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Abstract—This paper proposes a new hybrid analytical and
numerical finite element (FE) based method for calculating
ac eddy current losses in wire windings and demonstrates its
applicability for axial flux permanent magnet electric machines.
The method takes into account 3D field effects in order to achieve
accurate results and yet greatly reduce computational efforts. The
new 3D FE-based method is advantageous as it employs minimum
simplifications and considers the end turns in the eddy current
path, the magnetic flux density variation along the effective length
of coils, and the field fringing and leakage, which ultimately
increases the accuracy of simulations. This study is one of the
first ones to compare meticulous 3D finite element analysis (FEA)
models with more approximate, but faster solution methods
which can be employed in the optimization process. The accuracy
of the 3D FEA calculations have been confirmed through tests on
a prototype axial flux permanent magnet machine. The proposed
method is applicable for cases with majority of ac copper losses
induced due to external magnetic flux sources, such as permanent
magnets. Examples of such machines designs are coreless or open
slot PM machines with conductors sizes smaller than skin depth.

Index Terms—Eddy current loss, ac winding loss, finite ele-
ment, 3D model, PM machine, axial flux motor.

I. INTRODUCTION

The accurate prediction of the power loss components
plays a vital role in the effective optimal design of electric
machines, and, in this respect, ac eddy current winding losses
are very important, especially in high-speed and high-power
density designs. In this case, the nonlinearity caused by the
large magnetic loading may increase the slot opening flux
leakage and result into winding losses even at open circuit
in addition to increased losses due to the proximity effects at
load operation [1]-[3]. Some of the concerns related to the
design of electric machines with reduced additional ac copper
loss have been addressed for example in [4], [5].

Several authors have analytically estimated the additional ac
copper loss [6]-[13]. Analytical methods are more straightfor-
ward to use, but typically employ many simplifying assump-
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tions, leading to approximate results. Numerical techniques,
such as finite element analysis (FEA), may be more accurate
with the downside of a laborious set-up process and substantial
computer resource requirements. Two—dimensional FEA is
used in many studies [2], [5], [14], [15] while 3D FEA has
been employed only very recently in few works [16], [17].
Hybrid methods for the estimation of skin and proximity effect
losses are also investigated in [3], [18], [19].

These hybrid methods generally employ the FEA calculated
flux density in one coil cross section in order to provide a
trade-off between accuracy and computational speed. On the
other hand, due to end effects, flux leakage and fringing, the
flux density observed by the winding in different cross sections
may not be identical and hence employing a 2D FEA model
may not suffice. For machines with considerable flux leakage
at the ends, hybrid methods that utilize 2D finite element
(FE) models can overestimate the losses. Additionally, the
accuracy is negatively affected because 2D models cannot take
into account the end path of the eddy currents. The possible
problems associated with sampling the flux density from a
2D FE model are discussed in more detail later in the paper.
Furthermore, it should be noted that electrical machines, such
as those of the axial flux type, in which the flux density in the
slots and winding conductors vary both in the axial and radial
directions, have a substantially three dimensional magnetic
flux path and require adequate 3D FE models.

This paper is a follow-up expansion of the conference papers
[20] and [21], and proposes a new hybrid method with minimal
simplifying assumptions. The proposed method is applicable
for cases where proximity losses due to adjacent conductors
are a smaller portion of overall ac component of copper losses.
This is usually the case for lower frequency machines, coils
with thinner dimension compared to skin depth, coreless, or
open slot PM machines. The proposed method is particularly
beneficial for radial flux PM machines with shorter stack
length and axial flux PM machines with larger split ratios (the
ratio of inner to outer diameter).

The analytical formulation is derived with the corresponding
equations and the results are compared with meticulous 3D
FEA of models with the windings detailed wire-by-wire. The
method is illustrated along with more conventional approaches
on example axial flux permanent magnet (AFPM) machines
with concentrated coils around the teeth and open slots, and
with a coreless stator structure, respectively. The additional
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Fig. 1: The geometries employed for the FE models of the AFPM machine
considered in the study. (a) Simplified 3D model with large equivalent single
turn coil, (b) 3D model with turn-by-turn representation of wire conductors,
(c) simplified 2D model with large equivalent single turn coil, and (d) 2D
model with detailed turn-by-turn representation of the wire conductors.

conductor loss caused by rotor PMs is significant in case of
open slot machines, due to the increased leakage flux, and an
extreme case occurs for air cored machines where the stator
core is eliminated and all conductors are exposed to the air
gap flux density.

The following section describes the validation of 3D FEA
based conductor ac current loss calculation with measurements
on a prototype machine. Section III presents a review of the
existing conductor ac loss calculation methods. The proposed
hybrid method is introduced in section IV, and its application
for air cored and open slot AFPM machines are discussed in
section V. The study concludes in section VL.

II. EXPERIMENTAL AND 3D FEA VALIDATION STUDY ON
A SPECIAL PROTOTYPE

The experimental validation of detailed 3D FEA, which
is employed later in the paper as a reference computational
method, is performed for a special prototype AFPM machine
with open slots and movable coils concentrated around the
teeth. Conductors with a square cross section, as shown in
Fig. 1, are employed in order to facilitate construction.

Four types of geometries for the FEA modeling of the
prototype AFPM machine are shown in Fig. 1. These include
2D and 3D models with a general large equivalent single turn
coil, Figs la and lc, and detailed turn-by-turn models of the

conductors, Figs. 1b and 1d. The proximity effects caused by
the ac current flowing in adjacent conductors is ignored when
the ac copper loss estimation relies on FEAs similar to Fig.
la and Fig. lc.

Throughout this study, the open slot cored AFPM design
utilizes circular conductors with radius of 1 mm or square con-
ductors 1.63x1.63 mm. The coreless design employs circular
conductors with 0.25 mm radius. As it is a common practice,
the wire dimensions are selected such that cross sectional
dimensions are smaller than the skin depth. The analysis are
done at max frequency of 1.6 kHz for cored AFPM machine
which leads to skin depth of 1.7 mm. In the case of coreless
machine the analysis are done at 480 Hz which results in skin
depth of 3.2 mm. At higher frequencies, a Litz wire based
design may be required, which is beyond the scope of the
current paper.

Wire insulation is directly included in finite element models
with turn-by-turn illustration. In case of crude models, the field
is constrained within each conductor such that no additional
losses are caused by neighbor conductors. ANSYS Electronics
Desktop is employed to perform the electromagnetic finite
element analysis [22].

The 3D FEA can be performed by meshing all the con-
ductors or only the top conductors that are responsible for
the majority of the losses, as illustrated in Fig. 2. With this
approach of fine meshing only the conductors located closest
to the airgap, the computational efforts can be reduced without
significant impacts to the accuracy of the FEA results. Three-
dimensional FEA results from Fig. 3 illustrate the current
density and flux density in the conductors, confirming that
the conductors closest to the airgap experience the highest
magnetic fields and hence power loss. As it is shown later in
Fig. 6, it has been ensured that coarse mesh of wires located
deeper in the slot does not have adverse effects on the accuracy
of the results.

An important point is that although the length of the mesh
elements for the wires located deep in the slot are not very
important, the mesh for the conductors closer to the slot
opening should be assigned carefully and accurately. The
length of mesh elements are assigned according to a mesh
convergence study and taking the skin depth into account such
that accurate estimation of copper losses is ensured.

The separation of loss components, particularly ac and
dc copper losses involves special procedures, such as those
described at [5], [14], [16], [23] . The proposed method for
open-circuit copper loss estimation leverages its dependence
on the distance of the coils to the outer surface of the rotor. The
machine is operated in open-circuit, and power loss measure-
ments are conducted. The open-circuit spinning loss includes
the mechanical losses, such as friction and windage, stator
core losses, copper losses due to PM field and losses in the
PM. Spinning loss measurements are performed on the special
motor prototype with two distinct coil placements that have
different spacing from the rotor outer surface through the air-
gap. Numerical computations confirmed that with increasing
spacing, the open-circuit eddy current winding copper loss
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Fig. 2: The 3D model of the prototype machine. The mesh can be fine for
(a) all conductors or (b) only for the top conductors that cause the majority
of open-circuit eddy current losses.
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Fig. 3: Three-dimensional FEA results of the modeled prototype machine,
operating at open-circuit and rated speed with fundamental frequency of 500
Hz, representing: (a) current density, and (b) flux density of the coils for the
open slot AFPM machine case study.

reduces, ultimately becoming negligible for large spacings.
In a first set of experiments, the coils are placed closer to the
rotor surface by inserting spaces in between the stator core and
the coils as shown in Fig. 4. In a second set of experiments,
the spacers are removed and the coils are placed at the very
bottom of the slot, further away from the airgap and rotor, as
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Fig. 4: The prototype machine with spacers.

Fig. 5: The prototype machine without spacers.

shown in Fig. 5. The size of the spacer is chosen to ensure that
when removed, the coils are far enough away from the rotor
surface that the eddy current losses are negligible. Another
approach would be to use dummy coils such that no copper
losses are included in this measurement. The spinning loss is
measured in both experiments and the open-circuit ac copper
loss is calculated as the difference between the results from
the two tests.

The measurements are performed at different rotational
speeds and the results presented in Fig. 6. The FEA estimations
are in good agreement with measurement, particularly for the
larger speeds where the loss value is larger and hence more
feasible to measure. The time required to set up the detailed
3D model and run the FEA is very long, over 48 hours. This
calls for a new method which can achieve accurate results with
significant reduction in required time.
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Fig. 6: The measurements of ac copper loss and validation of 3D FEA
calculations.



Fig. 7: Illustration of wires with circular and rectangular cross section.

III. METHODS FOR CALCULATING EDDY CURRENT
LOSSES

A. Analytical

The analytical methods for calculating eddy current loss,
Peqqy, have been attempted in several publications. Majority
of these approaches originate from the following

1 /do\?
Peddy=R<d‘f> , 1

where R is the resistance and ¢ is the magnetic flux seen by
the conductors. It can be shown that for a machine with N,
coil sides with the length of ¢, N, turns per coil with circular
cross section as shown in Fig. 7a, and N, strands per turn
with diameter of d, assuming no magnet flux leakage on the
end coils and all of the coil region exposed to a space uniform
flux density of B, varying sinusoially in time, the eddy current
loss can be estimated by

TN, Ny Nsd*B2w?o
128 ’

P eddy = ()
where w is the electrical angular speed and o is the conduc-
tivity of the coil. Similarly, for the case with rectangular cross
section conductors in Fig. 7b, these losses can be calculated
as

IN.N,N,whw?o

51 (w*Bg. +h°Bgs) s ()

P, eddy =
where B, and B, are the axial, in z direction, and tangential,
in ¢ direction, component of the flux density as shown in
Fig. 7b. The assumption of uniform B, in many cases is not
accurate due to skin effect, larger leakage flux at the top of
the slots, circulating currents in parallel conductors, etc.

The accuracy of simple calculations such as (2) and (3),
varies for different machine structures. For some topologies,
such as air-cored machines with no over-hang, these esti-
mations may be acceptable while for some other machines
analytical approaches need to be implemented more carefully.
For example, in machines where conductors are placed in slots,
each turn experiences a different flux density. Also, if the
conductor diameter is significantly larger than skin depth, the
variation of B, inside each turn is considerable. For instance,
hairpin or bar windings cross section usually observe a range
of flux density values at any given time.

Fig. 8: Eddy current 3D distribution in the conductors (top) and a typical eddy
current path considered in a 2D analysis, having a go and return path along
the conductor L.y and not including an end coil section.

B. Numerical Finite Element Analysis

It is possible to calculate the ac winding losses using
numerical models, such as FEA. This requires to model the
coils in detail, in a turn-by-turn and wire-by-wire approach.
Therefore, this is a complicated task, difficult to parametrize
and to employ in an optimization algorithm. The winding ac
loss estimation requires fine meshing according to the skin
depth, while the flux density can be estimated with a more
coarse mesh.

Two-dimensional FEA is easier to set up and is faster,
making it particularly suitable for large-scale parametric and
optimization studies. However, a major disadvantage is that it
cannot take into account the variations in the third dimension.
On the other hand, 3D models can take end effects and 3D flux
paths into account, but have the drawbacks of being laborious
to set up and computationally expensive.

If all the conductors are modeled and meshed correctly
considering the skin depth, the mesh size of the 3D turn-by-
turn model would be very large (over 8 million elements in
the case studies considered here). This necessitates use of high
performance computing (HPC) systems and supercomputers.
Another approach could be to fine mesh only the turns that
cause the majority of the losses. For example and as shown in
the previous section, for the open-slot AFPM machine most
of these losses happen at the top three layers of the winding.
Therefore, the rest of the turns can be meshed coarsely.

C. Hybrid Analytical-FEA Methods

Hybrid methods may provide, in principle, a satisfactory
compromise between accuracy and computational efforts for
estimating the ac eddy current component of copper losses.
For such methods, a combination of analytical equations and
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Fig. 9: The magnetic flux density in the conductors of a concentrated precise
wound coil placed in the slots of an example AFPM machine calculated with
2D (a) and 3D (b) FEA and illustrating the multi-dimensional variation of the
field.

FEA is employed. Typically, flux density values are sampled
from the simplified coil cross section representation of a 2D
FE model, e.g. shown in Fig. 1c. The flux density is then used
with analytical equations in order to calculate the eddy current
losses.

Using crude coil for hybrid method significantely improves
the FEA speed, however, it cannot take into account the
distortion of current density due to neighboring conductors.
Therefore, the proximity effects due to the adjacent wires or
skin effect are not considered. The latter can be less significant
if the wire size is smaller than the skin depth. In the case of
coreless or open slot permanent magnet machines, where the
majority of ac component of copper losses are due to PMs
passing over the conductors, this approach can still lead to
reasonable outcomes.

Although hybrid methods may lead to more accurate es-
timations than pure analytical methods, they have the risk
of inaccuracy due to the fact that they disregard 3D effects.
Neglecting end paths, as shown in Fig. 8§ may result into
underestimation of resistance and hence overestimation of
eddy current losses. The end turn paths become a larger
contributor to the resistance of the eddy current paths for
shorter coils, i.e., lower stack length in case of radial flux
machines or larger split ratio in case of axial flux machines.
Therefore, it is necessary to consider the entire path of the
eddy current loop. To do so, a correction factor is employed
as:

; “)

where L.y is the effective length of the coil and d. is the
conductor diameter. The above formulation of the correction
factor, K, has been originally introduced for the calculation
of eddy current losses in the screened-rotor of an induction
motor [24] and later adopted for the rotor retaining can of
PM excited machines [25]. In our study, K is employed for
calculating winding eddy current losses.

Another important reason for a possible overestimation
of eddy current conductor losses by 2D methods may be
attributed to not considering the magnetic field fringing and
leakage, and hence neglecting the reduction of the flux density
towards the ends, as illustrated in Fig. 9. Hybrid methods that
employ 2D models ignore the fringing in the third dimension
and typically result in larger and constant values of the flux
density along an entire coil side. This is particularly important
for machines with shorter stack length in the direction of
effective length. Moreover, for axial flux machines the non-
linear magnetic field along the radial direction can largely vary
and sampling the flux density at only one particular diameter
may not be truly representative of the flux density throughout
the entire coil.

For an example AFPM machine, the magnitude of the
flux density in each of the winding turns placed in the slot
and surrounding a tooth was estimated with one sample per
conductor using 2D and 3D models, respectively (Fig. 10).
The 3D samples are taken for each of the 21 turns placed
at equally distanced radial locations and then averaged. The
2D model was set-up for the mean diameter. The 2D model
overestimation of the flux density, particularly for the turns
that are closer to the top of the slot and closer to the teeth, is
noticeable.

The coreless AFPM machine example from Fig. 11 is
illustrative of the typical very large 3D variation of the flux
density in the stator windings. In order to account for this, one
solution would be to study multiple 2D models representative
of slices at different radial coordinates and combine their
contributions [26]. An increased number of 2D slices would
increase, in principle, the accuracy of the simulation at the
expense of increased computational time, but would not still
account for the end field, which makes the use of 3D models
worthwhile even more so.

IV. PROPOSED METHOD

The new method proposed in the paper employs a simplified
3D FE model with a single equivalent turn per coil as shown
in Fig. la. The model is solved through transient analysis,
however, it can be solved as a magnetostatic field problem or
as an eddy current problem, but with an ideal zero conductivity
set for the conductor. This is a suitable approach provided that
induced field does not modify the source field, which is the
case for resistance limited eddy current problems. Considering
that in high performance electric machines the conductors are
selected such that their dimensions are substantially lower
than the skin depth, the problem is resistance limited and the
eddy currents and their impact on the source field minimized.
Inductance limited problems, wherein the induced eddy cur-
rents affect the source field, therefore, are only of theoretical
interest in this context. The motivation for this approach is
that the mesh required for satisfactorily accurate flux density
calculations is substantially less dense than required for eddy
current calculations in the winding conductors, resulting in
faster solving and significantly lower computational resource
requirements.



The method is developed for circular conductors, as such
types are most commonly employed in electric machines,
with multiple arrangements including form wound, precise
tightly packed. In the case of rectangular wires, the dimensions
are limited to certain values, and parallel wires like multiple
strands in hand are not realistic.

Considering Ny, sections in the radial direction and a precise
winding configuration, as shown in Fig. 9:
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where P, . n, are the Cartesian coordinates of the nth point
to be sampled for the flux density value; Ny, the number of
sampling planes stacked in the direction of the effective length
of the coil with an equal distance of AL = L]{}—if between
them; N, and V., the number of turns in the circumferential
and axial directions, respectively, as shown in Fig. 12a; ID
and OD the inner and outer diameters; #; and 6, the inner
and the outer coil span angles, as illustrated in Fig. 12b.

It should be noted that for random windings, methods such
as the one described in [3] maybe further developed for 3D
application in conjunction with the new techniques described
in this paper. Also, it is important to carefully adapt the
flux density sampling to the problem. For example, if the
real conductor dimensions are larger than the skin depth and
the variations of flux density inside each conductor may be
considerable, multiple flux samples in each plane are needed.

The eddy current losses for a circular conductor can be
calculated based on a general analytical formulation:

(Lefp +2r)p

/dz 2
—-< —r dr

where R is the resistance; ®, the magnetic flux through the
conductors; and p the conductor resistivity. Each conductor
cross section can be divided into M segments as shown in
Fig. 8. Assuming constant flux density for each segment, one
field sample per segment may suffice.
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Fig. 10: (a) Schematic of a coil side placed around the tooth displaying
conductor identification numbers. (b) The flux density in each conductor,
obtained by space sampling 2D and 3D FEA results, respectively. The 2D
FEA typically results in an over estimation, especially for the conductors at
the top slot and closest to the tooth.

N, turns can be estimated as:
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where B, ,, is the nt" harmonic of the flux density in the
mt" section for the conductor associated with n, and n, at
the diameter D. The flux density of the m" section includes
the flux density of all sections that are inscribed in it (i.e.
B, = Z;Zi:l Bmz)

If the conductors are sufficiently small, the flux density
throughout the conductor cross section may be assumed con-
stant. Taking the variation of B along the effective length
from inner to outer diameter into account, and neglecting the
harmonics content, the eddy current losses of the machine with
N, coil sides are derived as:

’/'I'LefchdgngS
Peaay = 128
N, oD 2 (®)
D
E g / B (2,n¢,nz) dD
neg=1n,=1 eff

A discrete sampling along radial direction with N, samples
can be performed in which case the coordinates of the sample
points in the general 3D FEA model can be obtained from (5).



TABLE I: ADDITIONAL AC COPPER LOSSES IN THE WINDINGS DUE TO EDDY CURRENTS, CALCULATED WITH DIFFERENT FEA AND HYBRID METHODS
FOR OPEN-CIRCUIT AND FULL LOAD OPERATING CONDITIONS.

AFPM machine Eddy current loss 3D FEA Hy-3D 2D FEA Hy-2D
Coreless Open-circuit [W] 420.5 424.0 611.7 520.3
Open-slot machine  Open-circuit [W] 35.7 36.7 41.4 39.5
Open-slot machine  Full load [W] 44.7 48.5 57.0 49.4
Approximate FEA computational time 37 hours 35 minutes 2 minutes 12 seconds
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Fig. 11: The magnetic flux density in the conductors of an example AFPM
coreless machine calculated with 3D FEA. For such machines, the winding
is directly exposed to the airgap field, the magnitude and multi-dimensional
variation of which can be substantial, resulting in significant eddy current
losses.

Both (7) and (8) assume that within the coil side the largest
eddy current flow path follows the entire active length of the
coil with shorter paths being possible, as shown in Fig. 13.
The following equation, in which different eddy current paths
inside one conductor are specified with the index k, takes this
effect into consideration:

Nz kmaz

Ny
D> Cr B

neg=1n,=1 k=1

WLefchdgngs
128p

Peddy =

)
where C}, is the coefficient adjusting the resistance of each
current path and Bjqp 1 is the flux density within the Eth
current path. In the case of an odd number of samples, Ny,
along the coil side:
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Fig. 12: (a) The flux density sampling planes employed by the new hybrid
3D FEA method stacked in the direction of the main current flow. (b) Three-
dimensional sampling is performed also in order to take end effects into
account. The axial cross section schematic depicts the coil span and the in
inner and outer diameter as used in (5).
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Fig. 13: Eddy current paths with different length along the coil side.
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In principle, the proposed method can be developed and



applied for wires with a rectangular cross section. Neverthe-
less, this may be of lesser practical interest, because such
wires typically have larger dimensions, and hence the main
assumption of constant flux density within a conductor may
no longer hold. A solution would be to consider multiple field
samples for each wire cross section in both directions. The
implementation of such an approach would be complex and
require an additional stage for post-processing on yet another
discretization grid, which would preferably be rectangular and
would still need to be coordinated with the electromagnetic
FE triangulation that yields the B,s and B,. flux density
components. The full mathematical development exceeds the
space limitations of the current paper and the corresponding
principles are only summarized in the following.

For the case of a rectangular wire, (7) can be rewritten as:

Ny N
Z Z Z (Peddy,w + Peddy,h)

ng=lnz=1n=1

L
Pegay = Q—ffK 12)

where peday,w and peday,n are used to distinguish eddy current
loss as a result of flux density components in circumferential
and axial directions. These can be estimated as:
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where M,, and M, are the number of samples per conductor
cross section along the width and height of the cross section,
By, n and B,,, , represent the nt" harmonic of the flux
density in m!? and m’;lh section, respectively. In a similar
approach to the one introduced for circular wires, the flux
density of the m®" section includes all the sections that are
inscribed in it.

Following this approach, the proposed 3D hybrid method
would require M,, x M}, x Ny x N, x Ny, sampling points.
Although in principle this is possible substantial efforts are
required for implementation. The main objective of the current
paper is top focus within the space-limitations on the far more
widely used circular wires, which can be very thin in order
to minimize eddy current AC losses, and hence only one
sample per conductor is typically sufficient as illustrated by
the numerical studies presented in the following section.

V. VALIDATION OF THE PROPOSED METHOD

The proposed method is verified for a 24-slot 20-pole, axial
flux machine with open slots. Open slot machines and tend
to feature larger flux leakage, conductor eddy currents and
additional copper loss. The turns located on top of the slot
experience larger flux density and hence have higher loss.
Therefore each turn has a separate B, which may not be

uniformly distributed, necessitating separate calculation and
data sampling for each turn as shown in Fig. 10. The four
calculation methods considered are:

o 3D FEA: time-transient 3D FEA with detailed turn-by-
turn, i.e., wire-by-wire, representation of the winding
coils (considered the most accurate method),

o Hy-3D: the new hybrid method with samples of flux den-
sity obtained from a simplified 3D model (the proposed
method),

o 2D FEA: time-transient 2D FEA with turn-by-turn wire-
by-wire representation of the winding coils,

o Hy-2D: a hybrid method with samples from a simplified
2D FEA.

An example mesh plot used with the first method, the
detailed time-stepping 3D FEA, is presented in Fig. 14. The
hybrid methods studied, i.e., Hy-3D and Hy-2D , employed
time-transient analysis. Nevertheless, in principle magneto-
static analysis and adaptive meshing may also be used, which
could further reduce the computational time.

The results for different methods are presented in Table
I and include only the additional ac induced eddy current
losses in the windings and not the steady-state dc-type loss
component due to the main supply current. In Table I, the first
method listed, the 3D FEA, validated through measurements
in Section II, is considered as the most accurate approach and
its results serve as reference. The estimation differences for
the Hy-3D, 2D FEA, and Hy-2D methods are 3%, 16%, and
11% at open-circuit, respectively and 8%, 28%, and 11% on
load, respectively, illustrating the advantages of the new Hy-
3D method in terms of satisfactory estimation.

The results show increase in the additional winding loss
for load operating conditions. This is because the varying
flux density not only originates from magnets, but also the ac
current flowing in the coil. The input armature winding current
density of the under study air cooled cored AFPM machine
is about 1.5 A/mm?, however, due to eddy currents, at full
load it increases to about 9.5 A/mm? peak. At open-circuit
the current density is solely due to eddy currents and is about
6.5 A/mm?, that is the peak current density at fundamental
frequency of 1.6 kHz. Therefore, the majority of eddy currents
for this case study is due to PM passing over the winding. At
loads significantly higher than rated values, additional care
may be needed to ensure negligible proximity losses. Another
reason for higher ac copper losses at load can be attributed
to the increased variation of the flux density due to armature
reaction, causing distortion and asymmetry in flux lines.

The results of the proposed method are in agreement
with detailed 3D FEA in load operation as well as open-
circuit. Considering that the proposed method does not take
into account the possible skin losses and proximity due to
neighboring conductors, the satisfactory agreement between
results attests to a significantly higher PM flux contribution
to the ac copper losses and negligible proximity losses in the
case studies.

For a further verification of the efficacy of the proposed
method, it is also implemented on a coreless AFPM machine
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Fig. 14: The 3D mesh plot for the turn-by-turn model of the AFPM machine
with open slots.

with 12 coils and 16 poles, as shown in Fig. 11. Coreless PM
machines are attractive options for high speed applications due
to the elimination of the stator core loss. On the other hand, all
the conductors are exposed to the air-gap flux density hence
have larger eddy currents, which is more critical at higher
speeds. This forces the application of thinner conductors
and a larger number of turns and strands, necessitating the
consideration of expensive Litz wires. Therefore the estimation
of ac copper loss in the design stage in air-cored machine
topologies is of utmost importance.

Due to the axial symmetry shown in Fig. 15 and Fig. 16
the flux density observed by points 1 and 4, and also points
2 and 3 are the same. Furthermore, due to the rotation of the
rotor, modeling the flux density variation with time for a single
column of turns is sufficient. This indicates that modeling only
2 turns may suffice. This is especially interesting in case of
the detailed and computationally expensive FEA models [23].
Considerable reduction in computational efforts and mesh size
(90% less number of mesh elements) is achieved by modeling
only two turns for the coreless machine case study without
affecting the accuracy of the results.

It is observed that the additional eddy current losses cal-
culated for the coreless machine example are significantly
larger compared with the example open slot machine since the
windings in the former are exposed to the fundamental air-gap
flux density. The results show that the losses predicted by the
Hy-3D method are in close agreement with 3D FEA (Table I).
It should be noted that for the coreless machine studied, the
2D based methods do not provide accurate estimations.

The new Hy-3D method is faster by one order of magnitude
than the reference full 3D FEA and it is applicable for a wide
range of problems. Another advantage, as compared with 2D
formulations, which are typically faster, is that the proposed
hybrid method should be more accurate as it takes into account
the effect of end turns by considering both the return path
of eddy currents and also the variation in flux throughout
the effective length of the coils. The correction factor, K,
introduced in (4), for the considered example machines is

Fig. 15: The general 2D model for sampling flux density values employed
in the hybrid method. The coil cross section marked with dashed box is
zoomed in to show the location of four sampling points in the center of
round conductors.
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Fig. 16: The flux density in the sampling points shown in Fig. 15 at different
time steps.

0.98 in both cases, meaning that the correction due to the
end winding is minimal and the differences in results between
methods may be substantially associated with the 3D field
variation along the active sides of the coils.

It may be noted that such approaches for reducing the
modeling efforts are applicable for eddy current loss calcu-
lation at open-circuit or cases where proximity effects are not
considerable and the eddy losses are mostly caused by the
magnet flux.

VI. CONCLUSION

This paper studies numerical, analytical and hybrid methods
for the calculation of ac losses in the stator conductors of
axial flux machines due to the open-circuit field generated
by the rotor permanent magnets. In order to minimize such
losses, which can be otherwise significant, systematic design
optimization is required. The process typically involves a very
large number of candidate designs and thus, there is a need
for a fast method to accurately evaluate these losses. The
proposed hybrid analytical-FEA method provides a solution
in this respect.
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Fig. 17: (a) Flux density obtained from the 3D FEA model of the coreless
machine case study, illustrating the lower values closer to the end turns. (b)
The current density distribution.

The computational results for two different types of AFPM
machines show that the new method is superior to other
hybrid FE techniques in terms of accuracy and that its results
satisfactorily compare with reference detailed 3D FEA, while
reducing the computational time by one order of magnitude.
The new method achieves a trade-off between speed and
precision, making it suitable for different stages of the design
process of an electrical machine.
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