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General Analytical Model of Magnet Averag

Eddy-Current Volume Losses for Comparisor

Multi-phase PM Machines with Concentrate
Winding

Bassel AslanStudent membelEEE, Eric SemailmembeyIEEE, and Jerome Legranger

Abstract—this paper studies magnet eddy-current losses
in permanent magnet (PM) machines with concentrated
winding. First of all, space harmonics of magnetomotive
force (MMF) and their influence on magnet losses in
electrical machines are investigated. Secondly, analytical
model of magnet volume losses is developed by studying
the interaction between MMF harmonics wavelengths
and magnet pole dimensions. Different cases of this
interaction are exhibited according to the ratio between
each harmonic wavelength and magnet pole width. Then
various losses sub-models are deduced. Using this
analytical model, magnet volume losses for many
Slots/Poles combinations of 3, 5, and 7 phase machines
with concentrated winding are compared. This
comparison leads to classify combinations into different
families depending on their magnet losses level. Finally,
in order to verify the theoretical study, Finite Element
models are built and simulation results are compared
with analytical calculations.

Keywords—Concentrated ~ Winding, Eddy-Current,
Volume Magnet Losses, Multiphase Machine,
Automotive, MM F, Spatial Har monics, traction

. INTRODUCTION

Nowadays Permanent Magnet motors (PM) with
fractional-slot concentrated winding are becoming a
preferred choice for automotive applications, due to
their high torque/volume ratio, high efficiency, and
simple structure which means easy manufacturing,
maintenance, and recycling {2]. The main problem
with machinesof fractional-slot concentrated winding
is the existence of parasitic effects [3] which in certain
cases might be unbearable because of unbalanced
mechanical structure and/or high eddy-current magnet
rotor losses [4]. Therefore, many researches have
proposeda classification of this kind of machines in
order to help the designer to avoid bad choice of
Slots/Poles combination EB]-71. These
classifications arenanly basedon rotor global losses
with and without copper cladding
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The purpose of the paper is to provide for high speed
machines a classification based only on a general
analytical approach of eddy-current rotor magnet
losses. The interest of such classification is due to the
fact that rotor permanent magnets cannot be heavily
segmented as it is the case for electrical steel. Hence,
rotor magneteddy-current losses become one of the
most critical subjects in electrical machines at high
speedsThese losses can extremely heat magnets until
causing permanent demagnetization which leads to full
breakdown in the machine functionality [8]. Some
studies have been done regarding the effect of MMF
asynchronous spatial harmonics rotor losses in
synchronous machines {§9]-[10]. The results show
that some Slots/Poles combinations of concentrated
winding machines create undesired MMF spatial
spectrumof harmonics which can induce high level of
rotor losses These studies arbased on analytical
resolution of Maxwell equations (calculation of
magnetic vector potentia) in order b calculate eddy-
current magnet losses [411]. As the equations are
complex they are solved each time for a specific
structure. As consequence, it is difficult to deduce
general tendencies for the design®&esides, the
precision of the results is depending on the degree of
validity of assumptions used for the resolution of the
equations.

Another calculation point of view is presented in
few papers depending on traditional eddy-current
elementary paths division [1]L3]. Thus, simple
models of magnet volume losses are deduced but
always without taking into account the various MMF
spatial harmonic wavelengths that result from
concentrated winding structure.

Therefore, by considering the same kind of
calculation usedin [12]-[{13] the present paper is
concerned by the following investigation: how
wavelengths of MMF spatial harmonics in the air gap
interact with rotor magnet pole dimensions, causing
different levels of magnet losses?

The objective of tis paper is not to determine
precisely the amount of magnet losses for each
particular machine, but rather to develop a tool which
ersures a precise comparison of magnet losses between
generic machines taking into account their winding
topologies.

The first part of this paper explains the different
natures of MMF harmonics in the air gap depending on
their wavelengths (harmonics, sub-harmonics) or their
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relative spatial propagation speeds according ® th
rotor. In the second part analytical formulations of
magnet volume losses are developed considering
various models of ady-current paths in the magnet
pole which result from several ways of harmonic-
magnet interaction. Hence, for all MMF harmonics
orders, different sub-models of magnet volume losses
are built in orderto represent different shapes of
induced eddy-current circuitén this part, it is show
also how these shapes vary according to the ratio
between harmonic wavelength and magnet pole width.

The third part of paper uses the developed
analytical model in order to compare magnet losses in
different Slots/Bles combinations of 3, 5 and 7-phase
machines.This comparison is done considering only
winding topologies (MMF harmonics) and magnet pole
dimensions. Beside§inite Elements models for some
combinations are built in order to validate the
analytical comparison.

Il.  Magnet losses theory

In classical integral-slot winding machines, MMF
hasp regular repeated forms and its parasitic spatial

harmonics in the air gap are multiples of the
fundamental one.
lv — 2z Rrotor
14
. (1)
v=(2k+D)p =4, =—2d
2k+1

Atund = Ap» K€ IN; R oo, :radiusof rotor

p:numberof polespairs;v :harmonicorder
A, :wavelengthof theharmonicy

However, in the case of fractional-slot
concentrated winding, MMF can contain parasitic
spatial harmonics with various orders which may be
close to the fundamental or even lower (called sub-
harmonics) Fig. 1 (a) [14]:

- Harmonics close to the fundamental

Ap
p<v<2p<:>7</1v <A,

- Sub-harmonics

v<pe 4, >Aa,

The fact that concentrated winding machines are
accompanied with such MMF harmonics nominates
these harmonics as the main suspect of causing high
magnet losses. MMF parasitic harmonics rotate in the
air gap with different speed®/,) inducing currents in

rotor magnet blocks and causing magnet losses [6]
Magnet flux density variation resulting from stator

teeth can also produce certain amount of magnet losses
(called usually slotting effect) [15]16]. However, this

kind of losses depends mainly on the structure (teeth-
slots shape) and generally it has less importance at
high speeds, where crossing magnetic flux between
stator and rotor is highly reduced by flux weakening
procedure. Thus, in this paper only losses caused by
MMF parasitic harmonics are considered.

Each MMF harmonic has three characteristics
which can mainly affect losses level:
» the amplitude which decides the
magnetic flux density in the air gap;
» the relative speed in the air gafy,), with
respect to the rotor;
» the wavelength.

related

MMF fundamental harmonic advances in the air
gap wih a zero relative spedd, =V,,,), while

other parasitic harmonics have different relative
speedgV, ), . These moving MMF harmonics create
rotating flux density distribution of different
wavelengths in the air gap (see Fig. 1). Consequently,
by considering a reference point in rotor magnet
blocks, the frequency of magnetic flux
densityfg , resulting from the rotating harmonic can

be calculated [9]:

M) :va —-sgny, :Vvip_Sgr'
D) @
v |4
va = , -= frotor D‘E—Sgr'

frotor : FOtOr speed(turn/sec)
sgn: rotatingdirection of harmonicy

In Surface-Mounted PM machine (SPM) the same
rotating distributions of flux density which are
imposed by MMF harmonics in the air gap, are also
applied directly on magnet blocks. Consequently, these
blocks see almost the same distribution wavelengths as
in the air gap Fig. 1 (b). While, in the case of Interior
PM Machine (IPM), the wavelengths of flux
distributions which are seen by magnets are multiplied
by certain ratio due to the flux concentration structure.

This paper is interested in studying magnet losses
caused by the interaction between flux density
wavelengths4, and magnet pole dimensions ye)

(see Fig. 1 (b)). Hence, magnet poles are considered as
electrically isolated blocks, which is generally true in
electrical machines.
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Fig. 1 MMF space harmonics applied

Magnets in PM electrical machines are the only big
not segmented conductors in the rotor. This makes
them perfect targets of MMF parasitic harmonics
which induce long circuits ofdely-currents in them.

In this paragraph various eddy-currents paths in
magnets are proposed according to MMF-magnet
interaction. Joule losses caused by these currents are
then calculated. In order to simplify losses model
calculations some assumptions are imposed:

Magnet losses resulting from hysteresis and
slotting effect are not considered in this

Analytical model of magnet volume losses

on magnet poles in Pdhimes

analytical model, but only magnet losses
generated by MMF parasitic harmonics are
considered Obviously, at high speed where
much more magnet losses can be generated,
slotting effect becomes less important due to
flux weakening procedure.

Magnet losses are the sum of losses caused by
each sinusoidal rotating distribution of flux
density B, with a wavelength 4, resulting

from the MMF parasitic harmonic of the
orderv .

Flux density variation according to magnet
thickness €) and lengthlj is neglected.



e lron saturation and skin effect phenomenon are
not taken into account.

Finally, in order to make a fair comparison, magnet
volume losses R, =(LostPoweyVolume are

calculated in the model.

Next paragraph shows that, the configuration of
paths taken by eddy-currents in magnet block depends
on the ratio between the wavelengftof MMF

parasitic harmonic (which induces these currents) and
magnet block widttw. The four different situations of
interaction between magnet pole width and MMF
harmonic wavelength are illustrated in Fig 2 and
associated calculus is developed in the four following
paragraphs.

B Simgle Symmetric Loop Moving Asvimmetric Loops
)

W - Eddy4 nrrents ;
Paths 5 i 2N |

Fig. 2 different paths of eddy-current circuits acing MMF
wavelength and magnet width

A. Case with/l—v >2
w

If the wavelength(4,) of flux density distribution
resulting from an MMF parasitic harmorfic) is longer
than twice magnet widt{2xw) , the phase difference

of flux density between two points along the magnet
width is always less thab8(. Consequently, induced
current densities cross the magnet plan (width
thickness €) with a phase shift lower thad8®.
Nevertheless, the fact that magnet blocks are
electrically isolated forces the induced current to
circulate back forming a single symmetric eddy-current
loop as it is shown in Fig. 3 (a). In order to validate the
supposed current paths configurations, 2D finite
elements models similar to SPM machines are built. In
these models constant current with certain winding
topologiesin stators allow creating MMF in the air gap
with a single dominant constant harmonic, while
relative speedf magnets according to this harmonic is
ersured due to constant rotor velocity.

Since 2D models are used, the effect of current
looping back in each magnet block should be
compensated by imposing on current denity

J.J. J(x 2)dxdz=0
2D magnesurface

The result of finite elements simulation when
A, /w>2 s illustrated in fig.3 (b) where it can be

observed only one mode with single symmetric loop of
eddy-currents taking place through time. As well, other
instants of time with zero eddy-currents can be noticed.

Magnetic flux captured by one elementary eddy-
current path (X,Y) can be written:

X
D, = IBV(xt).ds: ds=2.a-X-dx
-X

. 2w Y |
B, (x,t)=B, »Sln(wvt+7x), a= <" w

14

CDe(X,t)zz'a'X%BV'/l

v sin(i—ﬂ X)sin(ot)

@, : magneticlux throughelementarypath

B, : flux densityamplitudeof MMF harmonicv
o, :ux densitypulsationin magnets=2-rz- fg,
| : magnetpolelength w: magnetpole width

Electrical resistance of an elementary current gath
is calculated:
ay 4AX  ApX(a®+1)
= e [ A S
R pedX pedY ea.dX
£ . magnetmaterial resistiviy
e: magnetpole thickness

Joule losses in an elementary current path can be
written:

a®-eB?w? 12X y

(Mf dr. = 2 p(a?+1)
dR=—C— 2 ©
Re sinz(Z X)-cos (e, t).dX

The factor cosz(a)vt) does not depend on X, which

means that Joule losses pass simultaneously by zero in
each elementary path. As a result, whép/w>2

magnet pole losses become zero at least twice in the
period Tg, =1/ fg, (see Fig. 3 (b)) and the mean value

of Joule losses in an elementary path will be:
Toy

2 2
(dR) === [(dR)at

BvO

3 2 2 2
~2 e B O Ay sin?(2Ex).dX
2. 7°p-(a”+1]) A,

Finally, magnet volume losses caused by an MMF



parasitic harmonie’ are calculated in the case (A):

[(er) J(er)

—_ 0 =-0
[(onl)v]a - magnetp0|eV0|Ume_ e.a.WZ
" ] a’B,w,? 4
ol k=g o X
/lvz A° A cos&W))— A sm(zn w)
16 ' 32722 A

\B, 650

) ]

1y .
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(b): 2D finite elements model of eddy-current density
distribution in magnets
Fig. 3 Eldy-current paths whert,, /w > 2

B. Case with2> ﬁ >1
w

In this case, eddy-currents paths take a form of
asymmetric variables logpwvhere their centers move
along the width of magnet pole with the same relative
speed as the harmiowv (Fig. 2). This variable
situation is a result of a phase shift higher th&e in
induced current densities along the magnet width. Two
symmetric cases are reached while eddy-currents are
changing their asymmetric paths. Furthermore
between these two symmetric limits magnet losses
vary from maximum to minimum without passing by
zero. An example of instantaneous losses in this case is
calculated by 2D transient finite elements analysis and
shown in Fig. 4 (d). Since losses calculation
considering all asymmetric situatioms complicated,
only two models of current paths which represent the
last two symmetric cases are built. Then, total magnet
losses are considered equal to the mean value
instantaneous lossasthese two limits

Fig. 4 (a), (b) represents the two symmetric cases of
eddy-current loops whed> 4, /w>1.

At the first symmetric situation losses calculations
are the same as in the cas¢w>2 where one
symmetric loop model is always valid. This situation
takes place because of two ideatiegions of induced
current density but with opposite directions. However,
in the case of2> 4, /w>1 this model is not valid at

any time but only whenp,t=7-k :keIN (see Fig. 4

(a)). Thus, using equation (3), the instantaneous value
of elementary path Joule losses when passing by one
loop symmetric situation is equal to:

3 2 2 2
dp =288 B A X G2 2T ) ox
zpla”+1) Ay

Then, instantaneous magnet volume losses in the first

symmetric situation of case (B) becem
2

a B a)
(GRSEE m
A, 2 3 2 ®)
8 (1 coséw))— sm( w)

V

The second symmetric situation takes the form of
two asymmetric current loops (according to their
centers). Each loop is a result of two regions of
induced current density with opposite directions and
with different width. Accordingly, each elementary
path in this loop is represented with two asymmetric
length sides. The wide side (go path) is proportional to
the wide region of positive flux density while the
narrow side (return path) is proportional to the negative
narrow one (Fig. 4 (b)).

The global narrow side of the loop is situated on



the edge of magnet pole with a Width—"éﬁ%" while
the thick one is situated in the middle with the width of
%"(see Fig. 4 (b)). Thanks to the symmetry in

situation 2, it will be enough to calculate instantaneous
magnet volume losses only in one of these two loops.
However, chosen elementary current paths should
respect the asymmetry imposed by the whole loop.

Fig. 4 (b) represents the coordinates of each
asymmetric elementary path according to the loop
center (coordinates center). It can be noticed that
elementary paths model is structured in order to scan
the asymmetric loop keeping the same center. Hence,

whenX :VEV—%V (the biggest elementary path) the left

side of the path becomes equal—t’eav— allowing to

cover the entire loop.

Wl 9
1

| Elementary Path

W

Svmmetric/Situation]

(a): first situation of eddy-current elementary pashfiguration
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(b): second situation of eddy-current elementari pat
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(d): Transient 2D finite elements calculation of metgonsses

Fig. 4 the two limit symmetric situations for eddy-cutrpaths
when2> 4 /w>1
2D finite elements simulations of eddy-current
density distribution at the two symmetric situations are
illustrated in Fig. 4 (c).
After moving the reference of coordinates to the
center of the right loop, magnetic flux captured by one
elementary eddy-current pattX(Y ) can be written:

X
D, = IBV(x,t).ds: ds=2-ﬂ
2-w-4,
Ay
2w-4,

~a- X -dx

. 2 V4
B, (x,t) =B, -sin(@,t + 7x+ E)

14



4-w-a-X-B, -4,
7-(2-w-41,)

2 2w-1,)-4,

Since the presented eddy-current paths model is

validate only for the second instantaneous symmetric
situation, magnet losses should be calculated at the

int 2-wW

X
‘ew-1) 4 )

D (X 1) =

- X)

instantswvtzng-k ke IN, which leads to:

LM) T _16-w?-a® X2-B,° 2,70,
- @t=n/2+mk 72 (2-w-1,)?
xsinZ(L;z-x)-cosz(M X)
(2~W—ﬂ«v)'ﬂvv (2~W_ﬂ'v)‘lv

Electrical resistancB,of an elementary eddy-current

path depends on the path configuration which is

variable with time This resistanc& at the second

symmetric situation is calculated:
2-w
2-w-4,
edY

2-X
2:Y

+ .
» e-dX

(Re)w~t:7r/2+7r-k =p-

5
2-w-4,

2 2
2.X 1+4O‘7W
(2 wW— ﬂ’v) : ﬂ“v
(Re)a)-t:ﬂ/2+7z-k =p: e.q-dX
Now, instantaneous Joule losses in an elementary

current path can be deduced:

(acDe(X't))Z
R = ()
P - 2.w?-a®-eB? A% 0°
e 2 2
2 2 4-a°-w
72 2w-a )2 W
Pt w0
2
«X | sinZ 2y s sin2 X | ax
. 2-w-4,

Then, eddy-current magnet volume losses generated in
one current loop of the second symmetric situation of
case (B) are calculated:

w A, w4
24 z .
e
b _ 0 =—20
([( vol)v]b)s2 magnet polevolume e w
.a-i
2

4w .q? 2 2
@w_iy 4, o
([(onl)v]b)SZ = - - 2 2 X
2 4.-w° -
2p? )
(2'W_ﬂ“v)'/1v
@w-1,)-42 2 247 1 1
e |t ()
16-w Via T we o (w-4,)
+ A sin’Z'W'”)
16 7-wW2 A,
a,° T
v 1+ cos 6
ey L AL ) ©
— 2. 4 .
_(2w-4,)"-4, -sin(w zr)

8-7[-W3(W—ﬂv) /11/
—_ . 2— . M - ° ° :

@w-4,) (2\;v Aﬂv @ W2 A))-A -cosfL T
8-72-wH(w-2,) Ay

Finally, mean value of magnet volume losses in the

case (B) can be identified:

_ ([(onl)v]b)81 + ([(R/m)v]b)sz

P — 7
[( vol)v]b 2 ( )
C. Case withl> A > 2
w 3

This case like the last one is based on variable eddy-
current paths forming symmetric and asymmetric
loops. The difference between the two cases is the
number of eddy-current loops which may appear where
a situation with three current loops can accrue in case
(C) (see Fig. 5 (a)). This difference leads towards other
two symmetric situations representing other minimum-
maximum of magnet losses.

o= Tk

B

b Y R — -l
Lt 20 A, =M Lo
w— A, w—2

Symmetric Situation 1

(a): first situation of eddy-cume elementary path configuration
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Fig. 5 the two limit symmetric situations fad@y-current paths

whenl> 4, /w> 2/3

It can be noticedni Fig. 5 (a) that the first symmetric
situation is composed of 3 symmetric loops. Thus,
equation (5) can be applied on the middle loop after the
replacement ovby w-1,and on the two external

loops after the replacement afby2- 4, —w.

[(onl)v ]ExternaILop = ([(onl (w-4,)), ]b)Sl
[(onl)v ]MiddIeLoop: ([(onl @ A, - W))v ]b)Sl

As a result, instantaneous magnet volume losses in the
first symmetric situation of case (C) can be deduced:

2x _ﬁ'v X on v IExternalLo
((Ro), J)s1 = =)o) S

w
)
N 24, _W)X[(onl)v]MiddleLoop
w
The second symmetric situation of the case (C) is
formed by two similar but asymmetric loops according
to their centers in the same way as in the second
situation of case (B) (see Fig. 5 (b)). Consequently,
equation (6) can be applied directly in order to obtain
instantaneous magnet volume losses in the second
symmetric situation of case (C).

((Ronv )52 =Ry ) s2 9)

Finally, mean value of magnet volume losses in the
case (C) can be identified:

RS B (GOBAREX (G

2
(10)

The case (C) is validated as well using 2D finite
elements model of current density distribution which
shows the presence of the two previous symmetric
situations Fig. 5 (c).

D. Case withﬂ—v < E
w 3

While magnet pole width is becoming longer than
MMF wavelength, new variable moving eddy-current
loops will be generated. Since every added current
loop generates locally the same amount of Joule losses
as the other loops, the influence of magnet width
increasing on total magnet volume losses becomes
smaller when it is much longer than MMF
wavelengthsv>> 4, .

Consequently, no need to consider all possible
situations of eddy-current loops but magnet width can
be divided inton integer parts where each part has a

width g/lv while the restv— ng/lv .

Magnet volume losses are calculated in these equal
parts as in the case (C) using equations (6), (8), (9),
and (10) after the replacementwf by 34, /2.

([(R/ol)v ]d ) Part =

((Poiw=24,/2)), 1) s + ((Rai(Ww=34,/2), ], s
2




The rest of magnet polev— ngﬂv is treated as a new

independent magnet piece with a width which
realizesO<w <34, /2. Accordingly, in order to
calculate magnet volume losses in the rest of width,
stages (A), (B), and (C) can be reapplied.

To conclude, the general equation (for all previous
cases) of magnet volume losses resulting from an
MMF parasitic harmoniqv) can be identified:

if i>2
w
W (R W), Ja 12 2, (R, D
w
if 2>Z—">1
w
on v]=
(Ron ] W-[(on.(W»V]wn-%ﬂv~([(on.)v]d>pan (11)
w
if 1>}L—V>g
w 3
W [Rr W) L+ 2 (R JyDear
w

while n = Wdiv(gﬂv) andw =w-— n-gﬂ,v

By observing previous equations, it can be noticed that
magnet pole length can also affect magnet volume

losses where it is included in all equations by the
ratio =1/w. Nevertheless, in equations (4), (5) the

2
ratio « appears only in the factor‘;—lwhich is
a“+

almost equal to 1 whem >>1. This factor is already
equal to 0.9 forr=3. Consequently, magnet pole
length has no effect on the level of magnet volume
losses when it is long in comparison with magnet
width. If the ratio « is lower than 1 the losses will be

(12

reduced simply by the famt— 1 The same
a“+
judgment can be accepted for equation (6) where
(2w/ 2, )-a

instead of o the factor can be found

Jewia)-1

W/ 2) < 1 within used ranges.

Jew/a)-1

By taking into account the last approximation and
depending on the global equation (11) Fig. 6 shows
how magnet volume losses vary with the different
MMF harmonics wavelengths in the case of SPM
structure. It can be seen that MMF parasitic harmonics
with relatively long wavelength (accordingp w)

with

produce more magnet losses than other harmonics.

This explains why MMF sub-harmonicsi(/w> 2,

case A) and harmonics close to the fundamental
(1< 4,/w< 2, case B have such a negative effect on
magnetvolume losses.

. A
In the special case wher& >>1, magnet volume
w

losses start to be constant as it can be seen in Fig. 6.
Moreover, the special case of magnet pole losses
treated in [13}{17] when homogeneous flux density
distribution is applied (No spatial harmonics), is

included in this developed model by makiﬂﬁv% —> 0

in equation (4):
B?w? w2

ﬂ“—"—)oo: Py =—x—F—
w 320 T arw?/i?)

clase- fundamenta

<2
w |
Asiib-harmontcs <9

w

Normalized magnet
volume losses
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Fig. 6 Impact of the wavelength of the MMF harmonics on
magnet volume losses in SPM structure (according to tigtial
model) for a givenw magnet width

Considering all rotating sinusoidal flux density
distributions resulting from MMF and assuming the
additivity of elementary losses, global magnet volume
losses model can be written using equations (11) and

(2):
Z[(onl)v]

P
ve(( MMF)specnun)

vol =
Vv
=

IV. Comparison of Slots/Poles configurations for
machines with concentrated winding

12)
o, = 2z frotorp

In this paragraph the analytical mod#&Pp) is used
to compare magnet volume losses of various
Slots/Poles multi-phase machine combinatioibe
consideration of 3, 5, and 7-phase machines expands
the number of possible configurations and allows
examining the influence of phase number on magnet
losses. Only useful combinations whose winding
topologies provide high fundamental or third winding
factors are concerned in this study [[4B]-{19].



The geometry of PM machines may have certain
influence on magnet losses [20]. However, the aim of
this paper is to examine the influence of wirgli
topologies in different Slots/Poles combinations on
magnet volume lossesHence, the effect of the
magnetic structure (materials and geometry) must be
neutralized. Therefore,it is supposed that all
combinations represent radial flux machines provided
with a surface-mounted magnets topology, where the
same magnet thickness and the same rotor are
considered. Consequently, the difference between
combinations according to flux densiti®; (resulting

from MMF harmonics) in magnets is related mainly to
winding topologies and to the injected current. By
neglecting iron saturation, these densitBs can be
considered proportional to the corresponding MMF
harmonics amplitudes, .

B, = Asvuax Fv (13)
Ao Constant related to the magnetic structure
F, : Amplitude of the harmoniez in MMF spectrum
Equation (13) replaces the flux densiti® in the
model by MMF harmonics amplitudés. These

harmonics can be calculated for all combinations using
their winding topologies. Wherethe fundamental
current harmonic is injected with different amplitude,
insuring the same linear current density in all
combinations. The last hypothesis combined with the
unified magnetic structure, allow the combinations to
produce the same torque in case of similar winding
factors. This makes the magnet losses comparison i
different topologies fairer. In Table, lcalculated
magnet volume losses are normalized with respect to
the lowest value in the case of 5-phase 25/10
considering the same factors, fqi0r Asruc fOr all

configurations.

Since this paper is concerned by the interaction
between MMF wavelengths and magnet width,
relatively long machines with non-segmented magnets
are considered. This allows neglecting the influence of
magnet length and deleting from the model, as it is
explained in paragraph 3.

In Table 1 three families of combinations can be
recognized. A green one with low level of magnet
volume losses in which we can find as example the
HONDA 3-phase machine 18/12. The combinations of
this family are potential candidates for high speed
applications  (automotive).  Moreover, 5-phase
combinations which belong to green family generate
the lowest magnet losses among all the others.
Combinations from the yellow family can be built and
run at low and maybe average speeds (TOYOTA 3-
phase generator 12/8), while red family configurations
will probably lead to magnet demagnetization at
average speeds because of heating linked to high
magnet losses level. In the case of single layer
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winding, MMF will be structured with a half number

of windings. Consequently, more harmful MMF
harmonics may appear then more magnet losses are
generated. This explains why all combinations of
single layer winding in Table 1 belong to the red
family.

TABLE |
Normalized magnet volume losses
Slots/Poles | 4 6 8 10 12 14 | 16
6 682 - | 198 | - B 138
9 - | 304 | 62.6 | 73.3 87.8 - -
12 - - | 16.0Q753 - 68.1 1 49.3
15 - - - | 102 - 22,5 | 251
18 - - - - | 7.11Q33.0 J11.9 | 151
21 - - - - - 523 -
24 - - - - - - 4.01
3-Phase Configurations
Slots/Poles | 2 4 6 8 |10 12 | 14 | 16 | 18
5 27.7 | 165 | 267 | 263 215 | 185 | 225 | 144
10 - | 623 | 18.3 | 41.5 66.2 | 71.2 | 65.5
15 - - (277 - 185|233 | 254|293
20 - - - | 1.56 4.59 1 26.9 § 9.92 | 26.5
25 1 5.36
5-Phase Configurations
Slots/Poles | 6 8 10 | 12 | 14| 16 18
7 96.3 | 130 | - - - -
14 3.70 [ 8.21 | 15.0 | 24.3 323 361
21 - - - | 3.66 16.6 | 10.83

7-Phase Configurations

| Double Layer Winding | | single Layer Winding |

Red (high Green (low
losses) losses)

Yellow(average
losses)

V. Impact of Magnet Segmentation in Flux
Plane on Eddy-Current Volume Losses

One of the important results given by the developed
analytical model is the remarkable influence of the
ratio 4, /w on magnet losses. This fact indicates that,
magnet segmentation (intmg segments) in width
direction (w-> w/ng) can influence magnet volume
losses. Obviously, in order to get such an effect on
losses, the segments should be electrically isolated.
This allows us to see each segment as a new magnet

pole.
By considering a specific MMF parasitic harmonic

(v) whose wavelengthi, is applied on the pole
widthw, the global equation (11) allows calculating
the variation of magnet volume losses with the pole



width. The results are presented in Fig. 7, where the
remarkable effect of pole circumferential segmentation
(in width direction) on reducing magnet losses can be

noticed when/\{l <1.

v
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Fig. 7 Impact of pole width on magnets volume losseso(datgy
to the analytical model)

VI. Finite Element Validation

In order to validate the losses analyticamparison
presented in paragrapk, 2D finite elements models
of five selected Slots/Poles combinations provided
with surface-mounted magnets are built.

These models have the same magnetic structure with
the same following parameters: rotor radius, efficient

length, air gap and magnet width, linear current

density, and total magnets volume. Hence, direct
magnet losses comparison is possible.

The 2D finite elements method (FEM) used, allows
the circulation of eddy-current in axial direction by
imposinga boundary condition of zero average current
in each magnet in axial direction.

Thus, the 2D calculus, which cannot take into
account the axial segmentation, can be considered as
the worst case for each considered Slot/Pole
combination.

Of course, a complementary 3D FEM should be
necessary in order to consider the impact of axial
segmentation on eddy-current losses if a particular
structure is considered. Nevertheless, it is reminded
that the main aim of th paper is to provide a modeling
for comparison of motors with different Slots/Poles
combinations and not to provide a precise calculus of
losses. Besides, the great impact of circumferential
segmentation is then clearly highlighted by considering
only a 2D-FEM calculus.

In order to compare the obtained results by 2D
calculation with those of the analytical modeling, it
was necessary to consider long structures with a high
ratio « =1/w in order to neglect, in the analytical
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modeling, the influence of magnet length and eddy-
current looping edges which cannot be taken into
account in 2D FEM. It can be seen indeed that in these
cases, the length is disappearing in the formula (%), (6
Using FE transient analysis, eddy-current losses are
evaluated in magnets as following:
5
1 * -2 0A
P(t)zz’(Jav'Jav): J:_O-E
P(t):
value

magnet losses at the instaht J,,: average

of current density in magnet at the instant
-
(average on 2D surfacedy : magnet conductivity A:

magnetic vector potential.
Neodymium magnets are used with an electrical
resistivity of 180(uQ-cm). Since spatial harmonics

of flux density are considered in this study, high mesh
density in magnets is adopted. This also allows taking
into account the impact of skin effect on magnet losses.
The average value of instantaneous magnet losses
is considered in the steady state when the period of
losses stabilizes (after 0.5 ms in the example of Fig. 4

(d).

Normalized Magnet Volume Losses 22 k0
600  (with respect lo losses
in 20/12 5-phase at 1000 RPM)

1000 9000

1000 £ 000
Rotor Speed (RPM)
012
w— 18-12
- 1512
- 1513

- 18-12

2010 5-Phese FEM - S.Phase Analytical Model
3-Fhase Analvtical Modes
5-Phase Analytical Mode
3-Phase Analytical Model

7-Fhase Analtical Mode

Fig. 8 Normalized magnet volume losses calculated using bc
finite element method and analytical model (equatidn

3-Fhaze FEM

5-Phase FEM

- 1812
a15-12
w1515 5-Pnace FEM

w1312 T.Phase FEM

In Fig. 8 normalized finite elements results of
magnet volume losses at different rotor speeds are
compared with losses given by analytical calculations
of Table 1. The topologies and MMF spectrums of
these five studied finite elements models are illustrated
in [21]. The convergence between FEM and analytical
curves shows how the proposed analytical model
allows comparing effectively different slot/pole
combinations of concentrated winding machines.
However, skin effect is not taken into account by the
developed analytical model, which may justifyeth
noticeable divergence between FEM and analytical
curves at high speeds in the case of 15/18 5-phase



machine. Especially that, its high poles number leads
to high frequencies of flux densities in magnets
increasing the influence of skin effect.

In what follows, example of use of paragraph V
results is given.

The analysis of Fig. 8 shows that the combination
5-phase 20 Slots/ 12 Poles is the best one concerning
the lossesNevertheless, in order to still reduce the
magnet losses, the harmonics that are at the origin of
them are researched. The main parasitic harmonic [21]

is (v=14) for this configuration with the
corresponding ratio:
2'71"Rrotor
w__2p _ v 14 146
A, 2-7-Rotor 2-p 12

14
The Fig. 7 suggests that a circumferential segmentation
of each magnet in two isolated pieces could be
interesting for reducing the losses. In Fig. 9 (a), the
new configuration with the segmentation appears. The
ratio is becoming then:
2z Rrotor
w_ 2x2-p _v =E=O.58
A 27 Rowor 4 p 24
14

According to the developed analytical model, the
drop in magnet losses due to this segmentation is about
22% as it can be seen in Fig. 9 (b). In both cases, with
and without circumferential segmentation, dynamic
magnet losses are also calculated 2B-FEM and
illustrated in Fig. 9 (c). The comparison between FE
and analytical results shows the coherence of the
proposed analytical model.

14

VIl. Conclusion

In this paper new analytical model for comparison
of magnet losses in PM machines with concentrated
winding is presented. The effect of different MMF
spatial harmonics on magnet losses level s
investigated. Furthermore, the interaction between
wavelengths of these parasitic harmonics and magnet
pole dimensions is studied. Then, analytical model of
magnet volume losses is developed and generalized
using various sub-models in order to cover all possible
forms of induced eddy-current paths configuration.

Using this analytical model, magnet volume losses
in various combinations of 3, 5, and 7 phase machines
are compared between them. Moreover, finite element
models are built in order to validate the analytical
equations, where simulation results show a good
convergence between analytical and FEM calculations.

Thanks to the presented model, magnet volume
losses of any Slots/Poles combination can simply be
compared, and scaled to losses of another combination
depending only on their winding topologies.
Consequently, the model can help designers to

12

compare  quickly  between many  winding

configurations of electrical machines, then to early
exclude bad choices without the need of long and
expensive finite element methods FEM. Furthermore,
by considering a specific machine structure,

sufficiently precise value of magnet volume losses can
be calculated using the analytical developed model.
Finally, since interaction between MMF spatial

harmonics and magnet width is considered by the
proposed analytical model, the influence of magnet
segmentation in width direction (circumferentially in

SPM) on reducing their volume losses is studied,
showing a remarkable impact of such a segmentation
on eddy-current losses.

(@) FE model

Normaized magnely volsmse losse

ferentsal

assees (W are

(b) Drop in magnet losses according to the analytical mod:

| &NV (rpogd
|
ol

l Timses fny

(c) Dynamic magnet losses calculated using 2D finite eleme
model
Fig. 9 Impact of circumferential segmentation on magpestes in
the 5-phase 20 Slots/ 12 Poles combination
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