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3-D Numerical Hybrid Method for PM Eddy-Current Los ses
Calculation: Application to Axial-Flux PMSMs

R. Benlaming Student MembetEEE, F. Duba¥, S-A. Randi, D. Lhotellie?, and C. EspangtMember, IEEE

IENERGY Department, University of Franche-Comté (YFEEMTO-ST Institute (UMR CNRS 6174), Belfort, Fize
°Renault Technocenter, 1 Avenue du Golf, Guyanc&uance

This paper describes a three-dimensional (3-D) numial hybrid method (NHM) of the permanent-magnet (”M) eddy-current
losses in axial-flux PM synchronous machines (PMSNIsThe PM magnetic flux density is determined by usig the multi-static 3-
D finite-element method (FEM) at resistance-limited(i.e., without eddy-current reaction field). Basedon the predicted flux
density distribution, the eddy-currents induced inthe PMs and the 3-D PM eddy-current losses are callated by 3-D finite-
difference method (FDM) considering a large mesh. T 3-D calculation model is then based on a couplingetween the multi-
static 3-D FEM at resistance-limited and 3-D FDM. Tw 24-slots/16-poles (i.e., fractional-slot numbegxial-flux PMSMs having a
non-overlapping winding (all teeth wound type) with stator double-sided structure are studied: i) sudice-PM (SPM), and
i) interior-PM (IPM). To evaluate the reliability o f the proposed technique, the 3-D PM eddy-currentdsses are determined and
compared to transient 3-D FEM (i.e., magneto-dynamal 3-D FEM). The computation time can be divided by 2 with a difference
less than 12 %.

Index Terms—Axial-flux, eddy-current, finite-difference, finit e-element, permanent-magnet (PM) machines, resisteg-limited.

Different PM eddy-current losses calculation moaeid
I.  INTRODUCTION methods have been developed. A literature reviewdaty-
A Context of the Work current loss calculations can be found4i[6], and their

) ) _ references. The PM eddy-current losses can be latddu
HE PMSMs have become the most interesting choicgs).[43]:

for electric powertrains in automotive applicatipns

mainly the electric/hybrid/fuel cell vehicles -  (semi-)analytically or numerically;
(EVS/HEVSs/FCVs). This is due to their high torqueder - with a slotless or slotted stator structure;
and torque/power density performandéy However, the - in PMSMs equipped with surface-mounted,
PMs used in the electric machines, especially earéh (i.e., surface-inset or interior PMs with or without
NdFeB or SmCo), are sensitive to temperature, whiely skewed PM; _ .
cause their partial/irreversible demagnetizatidme ihcrease - with radial, parallel, axial, tangential or Halbach
of PM temperature is due to local eddy-currentdessaused magnetization pattern;
by magnetic flux density harmonics which are not - inrectangular, trapezoidal or circular PM shapes;
synchronous with the rotor rotational spge[6]. At no- - only with the PM magnetic field, the armature

reaction field or both;
with a two-dimensional (2-D) or 3-D model
formulated in Cartesian or cylindrical coordinates;
with or without the saturation effect;

- with or without considering the current penetration
effect on the PMs (i.e., resistance-limited or skin
limited).

load (i.e., af = 0 A with I the RMS value of stator current),
the eddy-current losses are caused by the relctar@ation
due to the stator slot-openinf and[6]. On load (i.e., at

I # 0 A), these rotor losses result from both stator islptt
permeance harmonics and magnetomotive force (MMF)
harmonics which are of two typgj-[5]:

- MMF harmonics caused by the discrete pOSItlonﬁ'he PM losses can be estimated from experimental

of stator winding conductors; . . .
: . L measurement using the loss segregation or thermiemet
- MMF harmonics caused by time harmonics in the
. ) . methods[4] and[7]-[19]. In order to reduce these losses,
stator current (e.g., sinusoidal, six-step . .
rectanaular PWM currents) the PM of each pole can be segmented circumfefigntia
guiar..... ' radially and/or axially [9]-[11], [14] and [20]-[25].
The PM eddy-current losses, caused by these noMoreover, by embedding PM in the rotor core, PMyedd
synchronous magnetic fields, are a well known mobln  current losses can be redud&@], [11], [22] and[44].

PMSMs design. Hence, the ability to predict thessés is It makes sense to use 2-D FERH7], [18]-[21] and[29]-

very important for the machine designers in order t [35] or (semi-)analytical equatiorf&]-[6], [12], [18], [20],
- maximize the machine performances, such af25], [29]-[32] and[36] to calculate the PM eddy-current
efficiency and torque/power density; losses in electric machine modeling. But the 2-Butations
- predict the thermal behavior of the machine forignore end-effects, causing a large error in the &ddy-
critical operating points, especially PM heating.  current losses. The calculation of PM eddy-curtesges in
multi-phase/-pole PMSMs is a 3-D problem by itsunat
because the eddy-currents are circulating alongsldaside
the PM volume. The 3-D analytic calculations aregiale in
few geometries with 3-D complex moddB], [13], [19],
[21], [23], [24], [27] and[33]-[35], or by using simple 2-D/3-
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D mathematical coefficients to correct the resatts2-D
models[21], [23], [24] and [37]-[39]. The most accurate
models are the 3-D FEN®]-[13], [15], [19], [22] and[23]-

[28]. Nevertheless, since the induced eddy-currentsbean
highly not uniformly distributed, it should be ndt¢hat a
fine mesh discretization may be necessary to atdyra
model skin effect, which, in turn, may lead to nuiced
instability issue$43]. However, these methods are very time
and memory consuming, in particular for 3-D geomediue
to the combination of the magnetic non-linearithe t
computation of the eddy-currents, and the requirgnie
model the relative movement between the rotor drel t
stator. Besides, the numerical techniques do nué lihe
advantage to be sufficiently explicit in compariswith

analytical equations. Therefore, they can hardlyubed in

iterative motor design optimizations and initial sidg

procedures where several parameters change inranges,

but allow analyze the detailed performance of pmesly
engineered machine (i.e., for
Nevertheless, in the literature, it is possible dtimize
electromagnetic systems from numerical metfjd8k[47].

design

smaller in size than their radial-flux counterparts
best suited machines for applications where the
axial space is limited (e.g., in EVS/HEVS/FCVSs).

The axial-flux PMSM can be integer or fractionaitsl
number with three/multi-phases having stator wigdin
patterns: distributed (i.e., overlapping), concated (i.e.,
non-overlapping), toroidal or ring-shaped. The tiawal-slot
non-overlapping  winding,
winding, has lower end-windings which decreasespeop
losses and thus increases efficiency. The coggidg@que
ripple are reduced as wéll] and[57]-[58]. Also, it is easier
to manufacture. However, the MMF is rich in spatial
harmonics, which may increase PM eddy-current 8§83

comparing to overlapping

B. Objectives of the Paper

The work in this paper takes part in the developrasa
S improvement of 3-D NHM for determining the 3-D PM
verification) eqdy-current losses in PMSMs. This method can Iptiexh
to different 3-D machines (i.e., radial, axial cartsversal-
flux PMSMs). Section Il describes the 3-D calculation

hybrid methods can be develogéd] and[40]-[42]. In [14]

on a coupling between the multi-static 3-D FEM at

and [41], Vansompel et al. propose a multilayer 2-D-2-D resistance-limited and 3-D FDM. The PM magneticxflu

coupled method for a SPM axial-flux machine. Thehoe
is based on the calculation of the one-dimensiairahap
flux density distribution using multi-static 2-D ME The 2-
D PM flux density distributed is then built to beed in a
time harmonic 2-D FEM in order to calculate the 3™

eddy-current losses. The results are compared thitke
obtained by transient 3-D FEM. J#0], Zhang et al. develop
a hybrid method by combining the magnetostatic 2EM

with a 3-D analytical model of induced eddy-curgeint the
PM. The 3-D eddy-current losses have been calcliatthe

density is determined by the multi-static 3-D FENl a
resistance-limited (i.e., without eddy-current ezt field).
Based on the predicted flux density distributidre eddy-
currents induced in the PMs and the PM eddy-cutosses
are calculated by 3-D FDM considering a large mesh.
this paper, the 3-D NHM of the PM eddy-current &sshas
been applied irsection Il to two 24-slots/16-poles (i.e.,
fractional-slot number) axial-flux PMSMs having am
overlapping winding (all teeth wound type) with teta
double-sided structure for: i) SPM, and ii) IPM rhies.

IPM radial-flux machine. The hybrid method has beenfhe studied machines are described in this secffan.

compared to 2-D and 3-D FEM. I@2], Okitsu et al.

propose a coupled 2-D and 3-D eddy-current analyils
the FEM. The flux density distribution obtainedrfrahe 2-D
magnetostatic FEM of the SPM motor has been us&dln
numerical model of only a PM, in order to evaluéite 3-D

PM eddy-current losses in the SPM motor. The reshdive
been compared with those obtained by transient=EM. In
this present paper, 3-D PM eddy-current losses hall

calculated using a numerical hybrid method (NHMplegal A,

to axial-flux PMSMs.

According to[48]-[50], and their references, the growing
interest for the axial-flux electrical machinescgrthe last
two decades can be explained by the high perforesant
these machines. Comparing to conventional elettrica
machines (e.g., radial/transverse-flux machinesbridy
excitation synchronous machines.[91]-[56], the axial-
flux PMSMs have a number of distinct advantages:

higher torque/power-to-volume/weight ratios;
higher efficiency;

easily adjustable air-gaps (i.e., without modifying
stator and rotor structure);

less noise and vibration levels;

better removing of the heating in the stator;

lower rotor moment of inertia;

lower end winding lengths;

evaluate the reliability of the proposed techniqtne, 3-D
PM eddy-current losses are determined and compeurie
ones obtained with transient 3-D FEM (i.e., magneto
dynamical 3-D FEM)[60]. Finally, the computation time
and precision are analyzed.

3-D NUMERICAL HYBRID METHOD OFPM EDDY-

CURRENTLOSSES

List of Assumptions
In the analysis, the following assumptions are whaned:

only rectangular PM shapes [sE&. 1 with (i,

u,, u,) the unit vectors of PM local axis system];
the PM magnetic flux density is determined by the
3-D FEM at resistance-limited (i.e., by neglecting
the electrical conductivity,,, of the PMs);

only the PM flux density component according the
PM magnetization direction is considered for the
induced eddy-currents in the PI\/E andB_); are
neglected the® = {0,0, B,};

the electric field in the PMs has two components:
E ={E, E,,0};

the 3-D mesh grid in the PMs [sE&. 1] for FDM

is uniform (i.e., the same elementary volumes are
considered).



B. Calculation Method Equations

1) Governing Partial Differential Equations for the
Electrical Field: In order to derive to governing partial
differential equations (PDEs), and by assuming tinet
term @D /at is negligible in comparison with the resultant
eddy-current density = {J,,J,, 0}, the Ohm's law

f =0Op" E (1)
the Ampere's law
rot (H) =] implying div (J) =0 (2)
and the Faraday's law for magnetism
0B
B=-2 (3)
rot (E) 5%

of Maxwell's equations are used.

Using (1) ~ (3), the governing PDEs for the electrical
field, in Cartesian coordinates, can be defined by

2 2 2
0°Ey  O0°E, __9’B @
dx? = 0y? dxadt
JE, JE.
ro oY (5)
0x dy

2) Solving of PDEs using 3-D FDM:he solution o{4)
and (5) will be obtained with FDMUFig. 1 shows the 3-D
mesh grid in the PM withi,(j, k) the indexes of the mesh
nodes in the PM local axis system (iiefor x-axis, j for y-
axis, andk for z-axis) whereh,, h,, andh, are respectively
the mesh heights in the various axes. For eaclt pbithe
grid, the terms of4) and(5) can be expressed by

t t
aﬁ _ EXi+1,j,k - EXi,j,k (6)
ox hy
E)} -Ef
aﬂ _ Yij+1k Vi jk @)
dy h,,
t ot t
azEy _ Eyi+1,j.k —2 Eyi,j,k Yi-1,jk 8)
axz hxz
t gt t
0°E, By e =2 vy T By )
vz 2
y hy,
t+At t+At t t
9°B, _ (Bzi+1,i.k B Bzi,j.k ) - (BZi+1,j,k - BZi,j,k) (10)
oxot h, - At
By using(6) ~ (10), (4) is defined by
gt . t t
a Eyi,j,k +b (Eyi,j+1,k Eyi,j—l,k)
. t t _
et C (Eyi+1,j,k Eyi—l,j,k) = (11)
t+At t+At t t
d- (Bzi,j,k ~Beisrjn T Brivajn T BZi,j,k)

PM magnetization

(1) 2> (i,j,k) (5]

2)2(Lik) | | o119t
(3) (i+1,,k) & WAIE VARE I hy
(4) 9 (i,j—l,k) 177

(5) D (ij+1,k) (4 1,

U

p

i & : :

hy
Fig. 1. PM mesh grid used for 3-D FDM.

and(5) is written

. t _ t _ . t _ t
€ (Exi.irk Exi+1,i.k) =f (Eyi,j,k Eyi,j+1,k)’ (12)
where
a=-2-(b+c)withbh =e? andc = f? (13a)
d=—e/At (13b)
e=—1/h, (13c)
f=1/h, (13d)

The electrical fieldt,,, for each layek and for each, in
3-D FDM, which is defined by11), is determined by
solving the following linear equation:

[ES] = [A]7* - [B] - {[BE4] — [BL]} (14a)

with

[E5] = (14b)

LY nm k4



_ r t+At
BZ]t.,l,k le:;.k
: t: At
Bzi,‘m,k le:;—n,k
t t+At
BZZ,I,k BZZ-,'—l,k
(81 =g, |and[Bgr] = g trac (1c)
By By
Bk B i
1 2 n
r[a]m,m [B]m,m 0 ] 1
[A] = [[Blmm ™ g 2 ()
[B]m,m
0 [Blmm [a]m,m n
1 2 n
[[y+]mm [y_]m,m 0 1
[B] = 2 ()
| [V_]m,m |
l 0 [y+]m,m n
in which
a ¢ 0
Cc .,
[l = o (140)
0 c a
[ﬁ]m,‘m =b- [I]m,m (14g)
[yi]m,m =4d- [I]m,m (14h)

where [[], . is the identity matrix okxx, and[n x m x []
represents the 3-D grid discretization.

The electrical fieldE,, for each layek and for each, in
3-D FDM, which is defined by(12), is determined by
solving the following linear equation:

[Ef] = [C]™* - [D] - [Ef] (15a)

with

(15b)

(15c)

1 . n
Slmm 0
o] = [1¥1m 1 (150)
0 [8lmm| ™
in which
1 -1 0
[8lmm = f R (15€)
0 1

3) 3-D Eddy-Current Losses in the PMShe
instantaneous 3-D PM eddy-current losggsare given by:

[

Substituting(1) in (16), and by using the results (f4) and
(15), the 3-D eddy-current losses of a PM, for eacletim
can be obtained by:

(16)

m

l
o=t 33 S (551

n
)]
i=1 j=1k=1

(17)

wherel;, is the volume of a PM.

The average 3-D total PMs eddy-current losggsover
an electrical cycl& = 2n/w, can be defined by:

T
2p
P =20 () = [ Pt (18)
0

wherep is the number of pole pairs.

I1l.  APPLICATION OF3-D NHM TOAXIAL -FLUX PMSMs

A. Axial-Flux SPM Machine

1) Description of the machineThe axial-flux SPM
machine studied has 24-slots/16-poles (i.e. fraatiglot
number) with double-stator and single-rotor (iléaman
type). This studied case is supplied by sinuso@atent
waveform.

The stators have a non-overlapping winding withideu
layer (i.e., all teeth wound type). The two statene
connected in parallel. The coils for each statoe ar
connected in parallel with 8 paths. TBghase windings
are star-connected. The winding schematic is degiah
Fig. 2(a) The core of two stators is made by rolling
magnetic steel sheets. The rotor is made of nomeatag
material. The PMs considered are NdFeB magnets.

The 24-slots/16-poles axial-flux SPM machine hasnbe
set up using Cedrat's Flux3D software package, an
advanced FEM based numerical field analysis program
[60]. The parameters of the machine have been senbto 3
FEM preprocessor in the application "Transient Magn
3-D" (i.e., magneto-dynamical 3-D FEM) consideriting
current penetration effect in order to determire3rD PM



i) 50 Nm @ 6,000 rpm [see Fig. 4(b). The losses are
‘| Zﬁ SI!: CETEENCN T BV | iﬂ i h q"l determined with the 3-D NHM aqd the transient 3BV
I ] I i F 1 I 10t For the 3-D NHM, the PM discretization|[i8 x 8 x 2]. The
e e e e e e e e e e = A different values of average 3-D total PMs eddy-enirfosses
| are reported INMTABLE I. It can be seen that the 3-D PM
Ut vt ot eddy-current losses calculation method is verycieffit in

”sz s terms of computation time and that it gives aceurasults
1 - —= — 1 comparing to transient 3-D FEM. The computationetiis
Hﬁf
I

mﬂj H ' ‘ﬂ » ~ | divided by 11 and the error is less than 9 %. it ke noted
| that the difference between 3-D NHM and transiedid 3
e TR B R s m e =22 FEM increases with the frequency because of the effect
@ [seeFig. 4]. However, the results obtained with the proposed
Periodicity condition technique are accurate for the considered operfiéggency
range (i.e.6,000 rpmcorresponding t800 H3.

Symmetry condition

(b)

Fig. 3. PM eddy-current density loops for axiabfISPM machine.

PM Eddy-Current Losses

T
=20 3D-FDM

a0+ oeo Full 3D-FEM b
—— Average (3D-FDM
----- Average (3D-FEM
§~ 30 lf li] l/:i b
= | [ N
8 A /! |
g ;L A | \
s 9 bod s 8 h T
Fi ial- - - i . i e S W 3 S W I
g. 2. Axial-flux PMSM (24-slots/16-poles) studi€a) non-overlapping i b o é A ; e
winding, (b) reduced SPM machine, afa) mesh. ] : \.0 /*/ °‘ : \\“ 5{4 o‘\& $ l‘ :
T T8 5 G 5 7 Ta;
c‘.&.z A]O / BBZ/ Q 0/ EG:;! & 5]-
eddy-current losses. The complete machine and the ’ \ I8 \f
boundary conditions for axial-flux SPM machine are 10 20 P
presented irfrig. 2(b). Due to the boundary conditions (i.e., Time steps
periodicity and symmetry conditions), the SPM maehi (a)
can be reduced into 3-slots/2-poles, one-stator (zaitl PM Eddy-Current Losses
rotor. The mesh (with 317,218 second order elemesits 0 ‘ : ‘
the machine is illustrated ifig. 2(c)This leads to reduce g
the calculation time. The main parameters of thaldbux — Average (3-D NHM
SPM machine are given fBLE Ill [seeAppendix]. S T Average (3-D FEM)
g l\ ¥
2) Results and Comparison with the Transient 3-D g ”\ A II\\
FEM: The distribution of PM eddy-current densities is g i J,oa lod £
shown inFig. 3. It can be seen that the eddy-currents a ! Lol 03 ‘\ . o% Lo
circulate in loops inside the PM volume. Thus, terent IR {/ 6 ES‘ = : s
density has only two components the PM local aycsesn, s 5‘5 \Jo [\{5 [ o éé
ie.,J = {JJ,,0}. The assumptio® = {E,, E,, 0} is then a/ o \g_m/
confirmed [sedl. A.]. 10 20 20
Time steps

Fig. 4 shows the instantaneous and average 3-D eddy-
current losses of a PM which are calculated forféHewing ()

; Fota ; Fig. 4. 3-D PM eddy-current losses of a PM foraflux SPM machine
operating points: i200 Nm@ 1,000 rpm[seeFig. 4(a), and for: (a) 200 NM@ 1,000 rpm and(b) 50 Nm@ 6,000 rpm



TABLE | important than for axial-flux SPM machine. Moregver
COMPARISONBETWEEN3-D NHM AND 3-D FEM FORAXIAL -FLUX from TABLE | andTABLE Il ’ it may also be noted that, fOI"

SPMMACHINE. . .
the same operating point, that the average 3-D Rits
PM total losses [W] Computation time eddy-current losses were reduced by embedding Ptiein
Operating : : rotor core
oints ) Transient ) Transient ’
P SDNAM - 3ppem 3P NHAM 3-D FEM
200 Nm 186.8 177.7
. . 1 3. -4 (- A 1 1 b A
£ S L
£.000 10 823 903 AR - JURHAE
, pm S—— — o — P— B § S S——— —
]|
i i ut v w1
B. Axial-Flux IPM Machine
1) Description of the machineThe axial-flux IPM U|2 f 1
machine studied has 24-slots/16-poles (i.e. fraatislot T e e ——
number) with double-stator and single-rotor (ilégman "‘i’ﬂﬂ’i’ T B T“Et{m“ TRHT
type). This studied case is supplied by sinusomatent  BELEN Iiﬂ“ LU DGR Kb UGG DG
waveform.

@

Periodicity condition

The winding distribution is similar to axial-flux P8/
machine. It is described Fig. 5(a) The core of two stators
is made by rolling magnetic steel sheets. The rasor
different from the SPM 24-slots/16-poles preseriefbre.
Indeed, the PMs are embedded in the rotor coregrbad
rolling magnetic steel sheets. The PMs considensd a
NdFeB magnets.

Dirichlet condition

As for the axial-flux SPM machine, the parameterseh
been sent to magneto-dynamical 3-D FEM. The coraplet
machine and the boundary conditions for axial-fléé
machine are presented kig. 5(b). Due to the boundary
conditions (i.e., periodicity and Dirichlet conditis), the
IPM machine can be reduced into 3-slots/2-poles-on
stator and half-rotor. The mesh (with 786,152 sdammler ®)
elements) of the machine is illustrated-ig. 5(c). This leads :
to reduce the calculation time. The main paramatétbe
axial-flux IPM machine are given ifTABLE Il [see
Appendix].

2) Results and Comparison with the Transient 3-D
FEM: In Fig. 6, it can be seen that the eddy-currents
circulate in loops inside the PM, which confirmseth
assumption of neglecting the electric field compune
according the PM magnetization.

Fig. 7 shows the instantaneous and average 3-D edd)ﬁ-_ _ . .
. ig. 5. Axial-flux PMSM (24-slots/16-poles) studida) non-overlapping
current losses of a PM which are calculated for the winding, (b) reduced IPM machine, ard) mesh.
following operating points: 200 Nm @ 1,000 rpm[see
Fig. 7(a), and ii) 50 Nm@ 6,000 rpm[seeFig. 7(b)]. The
losses are determined with the 3-D NHM and thesigam PM magnetization
3-D FEM. For the 3-D NHM, the PM discretization is
[4 x 8 x 2]. The different values of average 3-D total PMs
eddy-current losses are reportedlimBLE Il. The 3-D PM
eddy-current losses calculated by the proposedadedhe
similar to results obtained by 3-D FEM. It is irgsting to
note that the error is less than 12 %. In the cdsaxial-
flux IPM machine, the calculation time with 3D-FEA
divided by 25. This is due to the increase of cogeace
time of the non-linear system (i.e., the convergetime of
Newton-Raphson algorithm) for transient 3-D FEM.
Indeed, the increase of the convergence time isemor
significant with highly non-linear machines, suah the Fig. 6. PM eddy-current density loops for axiaixflPM machine.
axial-flux IPM machine studied. The skin effect less
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Fig. 7. 3-D PM eddy-current losses for axial-flv machine
for: () 200 Nm@ 1,000 rpm and(b) 50 Nm@ 6,000 rpm

TABLE Il
CoMPARISONBETWEEN 3-D NHM AND 3-D FEM FORAXIAL -FLUX
IPM MACHINE.
PM total losses [W] Computation time
Operating - -
points . Transient ) Transient
3-D NHM 3-D FEM 3-D NHM 3-D FEM
200 Nm
1,000rpm 122 13.9
50 Nm 2h20mn 58 h
187 188

6,000 rpm

IV. CONCLUSION

The eddy-current losses are generated in PMs of N\PMS
due to the spatio-temporal harmonics of the arreatur
reaction and/or because of the presence of statis 3he
computation of the eddy-current losses in PMs =egsary
during the design process of the machine to avaigh h
temperature  and  consequently the irreversible
demagnetization phenomenon. The calculation of ethes
losses is a 3-D problem by its nature, becauseetiuy-
currents are circulating in loop inside the PM vo&u The
most accurate models are the 3-D FEM. However,ethes
methods are very time and memory consuming. Inrciae
reduce the computation time, hybrid methods can be
developed.

A 3-D NHM for PM eddy-current losses calculation in
axial-flux PMSMs (i.e., surface-PM and interior-Riypes)
has been presented. Comparing to transient 3-D REM,
results obtained with 3-D NHM are accurate and the
calculation time is divided by 11 for the axial¥lliEPM
machine and by 25 for the axial-flux IPM machinéheT
error between the 3-D NHM and transient 3-D FEMe&ss
than 12 %. For a same operating point, it is istémg to
note that the 3-D total PMs eddy-current lossesedaced
by embedding PM in the rotor core (i.e., for théakRux
IPM machine). Moreover, the skin effect is less amant
than for axial-flux SPM machine.

The PM magnetic flux density, used for the PM lgsse
calculation, has been determined by the multi<t8tD
FEM at resistance-limited. Nevertheless, it shdédnoted
that the PM magnetic flux density can be obtaingd b
analytical or semi-analytical (i.e., subdomain noethor
magnetic equivalent circuit) methods. This studthvather
PM shapes (e.qg., trapezoidal or circular) will he tuture
work.



APPENDIX

TABLE IlI
PARAMETERS OF THEAXIAL -FLUX SPMAND IPM MACHINES (24-SLOTY16-POLES.

Values

Parameters Symbols Units

SPM IPM
Number of slots Qs 24 -
Number of pole pairs p 8 -
Number of layers N, 2 -
Number of series turns per layer-slot Ngs 80 -
Number of series turns per phase Ny 80 -
Number of the machine parallel paths Npp 16 -
Number of parallel paths per stator Nyps 8 -
Maximum current for the sinusoidal waveform #ér= 1,000 rpm Is max 260 255
Maximum current for the sinusoidal waveform fér= 6,000 rpm Is max 70 65
Outer diameter Doyt 240 mm
Inner diameter Di, 130 mm
Axial length of the PMs Ly 8 20 mm
Width of the PMs Wi 20 7 mm
Axial length of the rotor Lyo: 8 23 mm
Radial length of the PMs hp, 55 mm
Stator slot depth dg 22 mm
Stator slot opening Wy 12 mm
Stator slot-isthmus width Wy 4 mm
Stator yoke thickness Ly, 10 mm
Mechanical angular position between the rotor &edstator at the instant
t=0sec Ors0 -4 -15 deg.
Axial length of the motor Lot 78.4 95.4 mm
Relative magnetic permeability of the PMs Hom 1.05 -
Operating temperature of the PMs Ty 100 °C
Residual flux density of the PMsBj, Brm 1.15 T
Electrical conductivity of the PMs &}, Om 0.7x10 S/m

Volumetric mass density of the PMs DPom 7500 kg/n?
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