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This paper describes a three-dimensional (3-D) numerical hybrid method (NHM) of the permanent-magnet (PM) eddy-current 
losses in axial-flux PM synchronous machines (PMSMs). The PM magnetic flux density is determined by using the multi-static 3-
D finite-element method (FEM) at resistance-limited (i.e., without eddy-current reaction field). Based on the predicted flux 
density distribution, the eddy-currents induced in the PMs and the 3-D PM eddy-current losses are calculated by 3-D finite-
difference method (FDM) considering a large mesh. The 3-D calculation model is then based on a coupling between the multi-
static 3-D FEM at resistance-limited and 3-D FDM. Two 24-slots/16-poles (i.e., fractional-slot number) axial-flux PMSMs having a 
non-overlapping winding (all teeth wound type) with stator double-sided structure are studied: i) surface-PM (SPM), and 
ii) interior-PM (IPM). To evaluate the reliability o f the proposed technique, the 3-D PM eddy-current losses are determined and 
compared to transient 3-D FEM (i.e., magneto-dynamical 3-D FEM). The computation time can be divided by 25 with a difference 
less than 12 %. 
 

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

I.   INTRODUCTION 

A.   Context of the Work 

HE PMSMs have become the most interesting choice 
for electric powertrains in automotive applications, 
mainly the electric/hybrid/fuel cell vehicles 

(EVs/HEVs/FCVs). This is due to their high torque/power 
and torque/power density performances [1]. However, the 
PMs used in the electric machines, especially rare-earth (i.e., 
NdFeB or SmCo), are sensitive to temperature, which may 
cause their partial/irreversible demagnetization. The increase 
of PM temperature is due to local eddy-current losses caused 
by magnetic flux density harmonics which are not 
synchronous with the rotor rotational speed [2]-[6] . At no-
load (i.e., at � = 0 � with � the RMS value of stator current), 
the eddy-current losses are caused by the reluctance variation 
due to the stator slot-openings [2] and [6]. On load (i.e., at 
� ≠ 0 �), these rotor losses result from both stator slotting 
permeance harmonics and magnetomotive force (MMF) 
harmonics which are of two types [3]-[5] : 

- MMF harmonics caused by the discrete positions 
of stator winding conductors; 

- MMF harmonics caused by time harmonics in the 
stator current (e.g., sinusoidal, six-step 
rectangular,…, PWM currents). 

The PM eddy-current losses, caused by these non-
synchronous magnetic fields, are a well known problem in 
PMSMs design. Hence, the ability to predict these losses is 
very important for the machine designers in order to: 

- maximize the machine performances, such as 
efficiency and torque/power density; 

- predict the thermal behavior of the machine for 
critical operating points, especially PM heating. 

Different PM eddy-current losses calculation models and 
methods have been developed. A literature review on eddy-
current loss calculations can be found in [4]-[6] , and their 
references. The PM eddy-current losses can be calculated 
[4]-[43]: 

- (semi-)analytically or numerically; 
- with a slotless or slotted stator structure; 
- in PMSMs equipped with surface-mounted, 

surface-inset or interior PMs with or without 
skewed PM; 

- with radial, parallel, axial, tangential or Halbach 
magnetization pattern; 

- in rectangular, trapezoidal or circular PM shapes; 
- 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). 

The PM losses can be estimated from experimental 
measurement using the loss segregation or thermometric 
methods [4] and [7]-[19]. In order to reduce these losses, 
the PM of each pole can be segmented circumferentially, 
radially and/or axially [9]-[11], [14] and [20]-[25]. 
Moreover, by embedding PM in the rotor core, PM eddy-
current losses can be reduced [10], [11], [22] and [44]. 

It makes sense to use 2-D FEM [2]-[7], [18]-[21] and [29]-
[35] or (semi-)analytical equations [2]-[6], [12], [18], [20], 
[25], [29]-[32] and [36] to calculate the PM eddy-current 
losses in electric machine modeling. But the 2-D calculations 
ignore end-effects, causing a large error in the PM eddy-
current losses. The calculation of PM eddy-current losses in 
multi-phase/-pole PMSMs is a 3-D problem by its nature, 
because the eddy-currents are circulating along loops inside 
the PM volume. The 3-D analytic calculations are possible in 
few geometries with 3-D complex models [8], [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 results of 2-D 
models [21], [23], [24] and [37]-[39]. The most accurate 
models are the 3-D FEM [9]-[13], [15], [19], [22] and [23]-
[28]. Nevertheless, since the induced eddy-currents can be 
highly not uniformly distributed, it should be noted that a 
fine mesh discretization may be necessary to accurately 
model skin effect, which, in turn, may lead to numerical 
instability issues [43]. However, these methods are very time 
and memory consuming, in particular for 3-D geometry, due 
to the combination of the magnetic non-linearity, the 
computation of the eddy-currents, and the requirement to 
model the relative movement between the rotor and the 
stator. Besides, the numerical techniques do not have the 
advantage to be sufficiently explicit in comparison with 
analytical equations. Therefore, they can hardly be used in 
iterative motor design optimizations and initial design 
procedures where several parameters change in wide ranges, 
but allow analyze the detailed performance of previously 
engineered machine (i.e., for design verification). 
Nevertheless, in the literature, it is possible to optimize 
electromagnetic systems from numerical methods [45]-[47]. 

Nowadays, in order to reduce the computation time, 
hybrid methods can be developed [14] and [40]-[42]. In [14] 
and [41], Vansompel et al. propose a multilayer 2-D–2-D 
coupled method for a SPM axial-flux machine. The method 
is based on the calculation of the one-dimensional air-gap 
flux density distribution using multi-static 2-D FEM. The 2-
D PM flux density distributed is then built to be used in a 
time harmonic 2-D FEM in order to calculate the 3-D PM 
eddy-current losses. The results are compared with those 
obtained by transient 3-D FEM. In [40], Zhang et al. develop 
a hybrid method by combining the magnetostatic 2-D FEM 
with a 3-D analytical model of induced eddy-currents in the 
PM. The 3-D eddy-current losses have been calculated in the 
IPM radial-flux machine. The hybrid method has been 
compared to 2-D and 3-D FEM. In [42], Okitsu et al. 
propose a coupled 2-D and 3-D eddy-current analysis with 
the FEM. The flux density distribution obtained from the 2-D 
magnetostatic FEM of the SPM motor has been used in 3-D 
numerical model of only a PM, in order to evaluate the 3-D 
PM eddy-current losses in the SPM motor. The results have 
been compared with those obtained by transient 3-D FEM. In 
this present paper, 3-D PM eddy-current losses will be 
calculated using a numerical hybrid method (NHM) applied 
to axial-flux PMSMs. 

According to [48]-[50], and their references, the growing 
interest for the axial-flux electrical machines since the last 
two decades can be explained by the high performances of 
these machines. Comparing to conventional electrical 
machines (e.g., radial/transverse-flux machines, hybrid 
excitation synchronous machines...) [51]-[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; 

- smaller in size than their radial-flux counterparts; 
- best suited machines for applications where the 

axial space is limited (e.g., in EVs/HEVs/FCVs). 

The axial-flux PMSM can be integer or fractional-slot 
number with three/multi-phases having stator winding 
patterns: distributed (i.e., overlapping), concentrated (i.e., 
non-overlapping), toroidal or ring-shaped. The fractional-slot 
non-overlapping winding, comparing to overlapping 
winding, has lower end-windings which decreases copper 
losses and thus increases efficiency. The cogging and torque 
ripple are reduced as well [1] and [57]-[58]. Also, it is easier 
to manufacture. However, the MMF is rich in spatial 
harmonics, which may increase PM eddy-current losses [59]. 
 

B.   Objectives of the Paper 

The work in this paper takes part in the development and 
improvement of 3-D NHM for determining the 3-D PM 
eddy-current losses in PMSMs. This method can be applied 
to different 3-D machines (i.e., radial, axial or transversal-
flux PMSMs). Section II describes the 3-D calculation 
method of the PM eddy-current losses which is then based 
on a coupling between the multi-static 3-D FEM at 
resistance-limited and 3-D FDM. The PM magnetic flux 
density is determined by the multi-static 3-D FEM at 
resistance-limited (i.e., without eddy-current reaction field). 
Based on the predicted flux density distribution, the eddy-
currents induced in the PMs and the PM eddy-current losses 
are calculated by 3-D FDM considering a large mesh. In 
this paper, the 3-D NHM of the PM eddy-current losses has 
been applied in section III to two 24-slots/16-poles (i.e., 
fractional-slot number) axial-flux PMSMs having a non-
overlapping winding (all teeth wound type) with stator 
double-sided structure for: i) SPM, and ii) IPM machines. 
The studied machines are described in this section. To 
evaluate the reliability of the proposed technique, the 3-D 
PM eddy-current losses are determined and compared to the 
ones obtained with transient 3-D FEM (i.e., magneto-
dynamical 3-D FEM) [60]. Finally, the computation time 
and precision are analyzed. 

II.   3-D NUMERICAL HYBRID METHOD OF PM EDDY-
CURRENT LOSSES 

A.   List of Assumptions 

In the analysis, the following assumptions are considered: 

- only rectangular PM shapes [see Fig. 1 with (��				
, 
��				
, ��				
) 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 PMs: ��				
 and ��				
 are 

neglected then �	
 = �0, 0, ���; 
- the electric field in the PMs has two components: 

�	
 = ��� , �� , 0�; 
- the 3-D mesh grid in the PMs [see Fig. 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 that the 

term ��		
 ��⁄  is negligible in comparison with the resultant 

eddy-current density �
 = ��� , �� , 0�, the Ohm's law 
 �
 � � ∙ �	
 (1) 

 
the Ampere's law 
 ���	��		
 															
 � �
    implying   !"#	��
 � 0 (2) 

 
and the Faraday's law for magnetism 
 

���	��	
 															
 � $	 ��	
��  (3) 

 
of Maxwell's equations are used. 

Using (1) ~ (3), the governing PDEs for the electrical 
field, in Cartesian coordinates, can be defined by 
 �%���&% ' �%���(% � $�%���&�� (4) ����& � $����(  (5) 

 
    2)   Solving of PDEs using 3-D FDM: The solution of (4) 
and (5) will be obtained with FDM. Fig. 1 shows the 3-D 
mesh grid in the PM with (i, j, k) the indexes of the mesh 
nodes in the PM local axis system (i.e., i for x-axis, j for y-
axis, and k for z-axis) where )�, )� and )� are respectively 
the mesh heights in the various axes. For each point of the 
grid, the terms of (4) and (5) can be expressed by 
 ����& � ��*+,,-,./ $ ��*,-,./)�  (6) 

����( � ��*,-+,,./ $ ��*,-,./
)�  (7) 

�%���&% � ��*+,,-,./ $ 2 ∙ ��*,-,./ ' ��*1,,-,./
)�%  (8) 

�%���(% � ��*,-+,,./ $ 2 ∙ ��*,-,./ ' ��*,-1,,./
)�%  (9) 

�%���&�� � 2��*+,,-,./+3/ $ ��*,-,./+3/4 $ 2��*+,,-,./ $ ��*,-,./ 4)� ∙ 5�  (10) 

 
By using (6) ~ (10), (4) is defined by 
 6 ∙ ��*,-,./ ' 7 ∙ ���*,-+,,./ ' ��*,-1,,./   …' 9 ∙ ���*+,,-,./ ' ��*1,,-,./  � ! ∙ 2��*,-,./+3/ $ ��*+,,-,./+3/ ' ��*+,,-,./ $ ��*,-,./ 4 

(11) 

 

 

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

 
and (5) is written 
 : ∙ 2��*,-,./ $ ��*+,,-,./ 4 � ; ∙ 2��*,-,./ $ ��*,-+,,./ 4, (12) 

 
where 
 6 � $2 ∙ �7 ' 9  with 7 � :% and 9 � ;% (13a) ! � $: 5�⁄  (13b) 

: � $1 )�⁄  (13c) ; � 1 )�⁄  (13d) 

 
The electrical field ��, for each layer k and for each t, in 

3-D FDM, which is defined by (11), is determined by 
solving the following linear equation: 
 =��/> � ?@A1, ∙ ?BA ∙ �?��/+3/A $ ?��/A� (14a) 

 
with 
 

=��/> �

CD
DDD
DDD
DDD
DD
E ��,,,,./⋮��,,�,./
��%,,,./⋮��%,�,./⋮⋮��G,,,./⋮��G,�,./ HI

III
III
III
II
J

 (14b) 



 

?��/A �
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DD
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E ��,,,,./⋮��,,�,./��%,,,./⋮��%,�,./⋮⋮��G,,,./⋮��G,�,./ HI

II
II
II
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J

 and ?��/+3/A �

CD
DD
DD
DD
DD
DD
E��,,,,./+3/⋮��,,�,./+3/��%,,,./+3/⋮��%,�,./+3/⋮⋮��G,,,./+3/⋮��G,�,./+3/ HI

II
II
II
II
II
J

 (14c) 

?@A �
1								 				2 ⋯ L

CDD
DE?MA�,� ?NA�,�?NA�,� ⋱ 0⋱⋱0 ⋱ ?NA�,�?NA�,� ?MA�,�HII

IJ 12⋮L
 (14d) 

?BA �
					1											 2 ⋯ L

CD
DE?P

+A�,� ?P1A�,�⋱ 0⋱
0 ⋱ ?P1A�,�?P+A�,� HI

IJ 12⋮L
 (14e) 

 
in which 
 

?MA�,� � Q 6 99 ⋱ 0⋱⋱0 ⋱ 99 6 R (14f) 

?NA�,� � 7 ∙ 	 ?�A�,� (14g) ?PSA�,� � S! ∙ 	 ?�A�,� (14h) 
 
where 	?�A⋇,⋇ is the identity matrix of ⋇U⋇, and ?L U V U WA 
represents the 3-D grid discretization. 

The electrical field ��, for each layer k and for each t, in 
3-D FDM, which is defined by (12), is determined by 
solving the following linear equation: 
 ?��/A � ?XA1, ∙ ?YA ∙ =��/> (15a) 

 
with 
 

?��/A �

CD
DD
DD
DD
DD
DD
E ��,,,,./⋮��,,�,./��%,,,./⋮��%,�,./⋮⋮��G,,,./⋮��G,�,./ HI

II
II
II
II
II
J

 (15b) 

?XA � :! ∙ ?BA (15c) 

?YA � 1 ⋯ L
Z?[A�,� 0⋱0 ?[A�,�\ 1⋮L  (15d) 

 
in which 
 

?[A�,� � ; ∙ Q 1 $1⋱ 0⋱
0 ⋱ $11 R (15e) 

 
    3)   3-D Eddy-Current Losses in the PMs: The 

instantaneous 3-D PM eddy-current losses ]� are given by: 
 

]� � ^ �%� ∙ !_ (16) 

 
Substituting (1) in (16), and by using the results of (14) and 
(15), the 3-D eddy-current losses of a PM, for each time t, 
can be obtained by: 
 

]� � _� ∙ ```a� ∙ 2��*,-,.% ' ��*,-,.% 4bc
.d,

�
-d,

G
*d,  (17) 

 
where _� is the volume of a PM. 

The average 3-D total PMs eddy-current losses e�, over 
an electrical cycle f � 2g h⁄ , can be defined by: 
 

e� � 2] ∙ 〈]�〉 � 2]f k]� ∙ !�l
m  (18) 

 
where ] is the number of pole pairs. 

III.   APPLICATION OF 3-D NHM TO AXIAL -FLUX PMSMS 

A.   Axial-Flux SPM Machine 

    1)   Description of the machine: The axial-flux SPM 
machine studied has 24-slots/16-poles (i.e. fractional-slot 
number) with double-stator and single-rotor (i.e., Kaman 
type). This studied case is supplied by sinusoidal current 
waveform. 

The stators have a non-overlapping winding with double 
layer (i.e., all teeth wound type). The two stators are 
connected in parallel. The coils for each stator are 
connected in parallel with 8 paths. The 3-phase windings 
are star-connected. The winding schematic is depicted in 
Fig. 2(a). The core of two stators is made by rolling 
magnetic steel sheets. The rotor is made of non-magnetic 
material. The PMs considered are NdFeB magnets. 

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



 

 
(a) 

 
(b) 

 
(c) 

Fig. 2.  Axial-flux PMSM (24-slots/16-poles) studied: (a) non-overlapping 
winding, (b) reduced SPM machine, and (c) mesh. 

 
eddy-current losses. The complete machine and the 
boundary conditions for axial-flux SPM machine are 
presented in Fig. 2(b). Due to the boundary conditions (i.e., 
periodicity and symmetry conditions), the SPM machine 
can be reduced into 3-slots/2-poles, one-stator and half-
rotor. The mesh (with 317,218 second order elements) of 
the machine is illustrated in Fig. 2(c).This leads to reduce 
the calculation time. The main parameters of the axial-flux 
SPM machine are given in TABLE  III  [see Appendix]. 
 

    2)   Results and Comparison with the Transient 3-D 
FEM: The distribution of PM eddy-current densities is 
shown in Fig. 3. It can be seen that the eddy-currents 
circulate in loops inside the PM volume. Thus, the current 
density has only two components the PM local axis system, 

i.e., �
 � ���, �� , 0�. The assumption �	
 � ��� , �� , 0� is then 
confirmed [see II. A. ]. 

Fig. 4 shows the instantaneous and average 3-D eddy-
current losses of a PM which are calculated for the following 
operating points: i) 200 Nm @ 1,000 rpm [see Fig. 4(a)], and 

ii) 50 Nm @ 6,000 rpm [see Fig. 4(b)]. The losses are 
determined with the 3-D NHM and the transient 3-D FEM. 
For the 3-D NHM, the PM discretization is ?8 U 8 U 2A. The 
different values of average 3-D total PMs eddy-current losses 
are reported in TABLE  I. It can be seen that the 3-D PM 
eddy-current losses calculation method is very efficient in 
terms of computation time and that it gives accurate results 
comparing to transient 3-D FEM. The computation time is 
divided by 11 and the error is less than 9 %. It can be noted 
that the difference between 3-D NHM and transient 3-D 
FEM increases with the frequency because of the skin effect 
[see Fig. 4]. However, the results obtained with the proposed 
technique are accurate for the considered operating frequency 
range (i.e., 6,000 rpm corresponding to 800 Hz). 
 

 

Fig. 3.  PM eddy-current density loops for axial-flux SPM machine. 

 

 
(a) 

 
(b) 

Fig. 4.  3-D PM eddy-current losses of a PM for axial-flux SPM machine 
for: (a) 200 Nm @ 1,000 rpm, and (b) 50 Nm @ 6,000 rpm. 
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TABLE I 
COMPARISON BETWEEN 3-D NHM AND 3-D FEM FOR AXIAL -FLUX  

SPM MACHINE. 

Operating 
points 

PM total losses [W] Computation time 

3-D NHM 
Transient 
3-D FEM 

3-D NHM 
Transient 
3-D FEM 

200 Nm 
1,000 rpm 186.8 177.7 

1 h 11 h 
50 Nm 

6,000 rpm 823 903 

 

B.   Axial-Flux IPM Machine 

    1)   Description of the machine: The axial-flux IPM 
machine studied has 24-slots/16-poles (i.e. fractional-slot 
number) with double-stator and single-rotor (i.e., Kaman 
type). This studied case is supplied by sinusoidal current 
waveform. 

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

As for the axial-flux SPM machine, the parameters have 
been sent to magneto-dynamical 3-D FEM. The complete 
machine and the boundary conditions for axial-flux IPM 
machine are presented in Fig. 5(b). Due to the boundary 
conditions (i.e., periodicity and Dirichlet conditions), the 
IPM machine can be reduced into 3-slots/2-poles, one-
stator and half-rotor. The mesh (with 786,152 second order 
elements) of the machine is illustrated in Fig. 5(c). This leads 
to reduce the calculation time. The main parameters of the 
axial-flux IPM machine are given in TABLE  III  [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 confirms the 
assumption of neglecting the electric field component 
according the PM magnetization. 

Fig. 7 shows the instantaneous and average 3-D eddy-
current losses of a PM which are calculated for the 
following operating points: i) 200 Nm @ 1,000 rpm [see 
Fig. 7(a)], and ii) 50 Nm @ 6,000 rpm [see Fig. 7(b)]. The 
losses are determined with the 3-D NHM and the transient 
3-D FEM. For the 3-D NHM, the PM discretization is ?4 U 8 U 2A. The different values of average 3-D total PMs 
eddy-current losses are reported in TABLE  II . The 3-D PM 
eddy-current losses calculated by the proposed method are 
similar to results obtained by 3-D FEM. It is interesting to 
note that the error is less than 12 %. In the case of axial-
flux IPM machine, the calculation time with 3D-FEA is 
divided by 25. This is due to the increase of convergence 
time of the non-linear system (i.e., the convergence time of 
Newton-Raphson algorithm) for transient 3-D FEM. 
Indeed, the increase of the convergence time is more 
significant with highly non-linear machines, such in the 
axial-flux IPM machine studied. The skin effect is less 

important than for axial-flux SPM machine. Moreover, 
from TABLE  I and TABLE  II , it may also be noted that, for 
the same operating point, that the average 3-D total PMs 
eddy-current losses were reduced by embedding PM in the 
rotor core. 
 

 
(a) 

 
(b) 

 
(c) 

Fig. 5.  Axial-flux PMSM (24-slots/16-poles) studied: (a) non-overlapping 
winding, (b) reduced IPM machine, and (c) mesh. 

 
 

 

Fig. 6.  PM eddy-current density loops for axial-flux IPM machine. 

 



 

 
(a) 

 
(b) 

Fig. 7.  3-D PM eddy-current losses for axial-flux IPM machine 
for: (a) 200 Nm @ 1,000 rpm, and (b) 50 Nm @ 6,000 rpm. 

 
TABLE II 

COMPARISON BETWEEN 3-D NHM AND 3-D FEM FOR AXIAL -FLUX  
IPM MACHINE. 

Operating 
points 

PM total losses [W] Computation time 

3-D NHM 
Transient 
3-D FEM 

3-D NHM 
Transient 
3-D FEM 

200 Nm 
1,000 rpm 12.2 13.9 

2 h 20 mn 58 h 
50 Nm 

6,000 rpm 187 188 

 

IV.   CONCLUSION 

The eddy-current losses are generated in PMs of PMSMs 
due to the spatio-temporal harmonics of the armature 
reaction and/or because of the presence of stator slots. The 
computation of the eddy-current losses in PMs is necessary 
during the design process of the machine to avoid high 
temperature and consequently the irreversible 
demagnetization phenomenon. The calculation of these 
losses is a 3-D problem by its nature, because the eddy-
currents are circulating in loop inside the PM volume. The 
most accurate models are the 3-D FEM. However, these 
methods are very time and memory consuming. In order to 
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-PM types) 
has been presented. Comparing to transient 3-D FEM, the 
results obtained with 3-D NHM are accurate and the 
calculation time is divided by 11 for the axial-flux SPM 
machine and by 25 for the axial-flux IPM machine. The 
error between the 3-D NHM and transient 3-D FEM is less 
than 12 %. For a same operating point, it is interesting to 
note that the 3-D total PMs eddy-current losses are reduced 
by embedding PM in the rotor core (i.e., for the axial-flux 
IPM machine). Moreover, the skin effect is less important 
than for axial-flux SPM machine. 

The PM magnetic flux density, used for the PM losses 
calculation, has been determined by the multi-static 3-D 
FEM at resistance-limited. Nevertheless, it should be noted 
that the PM magnetic flux density can be obtained by 
analytical or semi-analytical (i.e., subdomain method or 
magnetic equivalent circuit) methods. This study with other 
PM shapes (e.g., trapezoidal or circular) will be our future 
work. 
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APPENDIX 

 
TABLE III  

PARAMETERS OF THE AXIAL -FLUX SPM AND IPM MACHINES (24-SLOTS/16-POLES). 

Parameters Symbols 
Values 

Units 
SPM IPM 

Number of slots pq 24 – 

Number of pole pairs ] 8 – 

Number of layers rs 2 – 

Number of series turns per layer-slot rq/q 80 – 

Number of series turns per phase rq/t 80 – 

Number of the machine parallel paths  rtt 16 – 

Number of parallel paths per stator  rttq 8 – 

     

Maximum current for the sinusoidal waveform for r = 1,000 rpm �q	�u� 260 255 A 

Maximum current for the sinusoidal waveform for r = 6,000 rpm �q	�u� 70 65 A 

     

Outer diameter �vw/ 240 mm 

Inner diameter �*G 130 mm 

Axial length of the PMs x� 8 20 mm 

Width of the PMs y� 20 7 mm 

Axial length of the rotor xzv/ 8 23 mm 

Radial length of the PMs )� 55 mm 

Stator slot depth !qc 22 mm 

Stator slot opening  yqc 12 mm 

Stator slot-isthmus width yq* 4 mm 

Stator yoke thickness xq� 10 mm 

Mechanical angular position between the rotor and the stator at the instant 
t = 0 sec {zqm -4 -15 deg. 

Axial length of the motor x�v/ 78.4 95.4 mm 

     

Relative magnetic permeability of the PMs µz� 1.05 – 

Operating temperature of the PMs f� 100 °C 

Residual flux density of the PMs at f� �z� 1.15 T 

Electrical conductivity of the PMs at f� σ� 0.7x106 S/m 

Volumetric mass density of the PMs |}� 7500 kg/m3 
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