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Abstract—In this study different methods of estimating the
additional ac winding loss due to eddy currents at open-circuit
are explored. A comparative study of 2D and 3D FEA, and
hybrid numerical and analytical methods is performed in order
to recommend feasible approaches to be employed. Axial flux
permanent magnet (AFPM) machine case studies are included,
namely a machine with open slots and a coreless configuration.
These machine topologies are expected to present a substantial
amount of ac winding loss, which would therefore need to
be considered during optimal design. This study is one of
the first ones to compare meticulous 3D FEA models with
more approximate, but faster solution methods which can be
employed in the optimization process. The study is comprehensive
and includes other discussions relevant to the subject matter,
including the selection of the number of turns, the effect of the
conductor cross section shape, the placement of each turn for
the two machines under study, and the meshing of the turns for
FEA based methods. Furthermore, the paper also proposes a
measurement method for additional open-circuit winding losses.

Index Terms—Eddy currents, skin effect, proximity effect, open
circuit winding losses, PM machines, axial flux, coreless.

I. INTRODUCTION

The eddy currents are the result of exposure to alternating
magnetic field and cause additional copper loss and temper-
ature rise. The alternating magnetic field can be due to the
ac current inside the same conductor (skin effect), or the ac
current flowing in the adjacent conductors (proximity effect).
In case of a permanent magnet (PM) excited electric machine,
the magnetic field causing eddy currents may also be due to
the leakage flux of the rotor PMs passing over the stator coils
(open circuit copper loss). This third source of ac copper loss
is discussed far less frequently in literature while it can be
more significant than the proximity losses [1], [2], especially
where frequency is not supper high. Some authors integrate
the open-circuit copper loss with the proximity loss [3].

Two axial flux PM (AFPM) machines in which the PM
passing loss is the largest source of ac losses in the winding
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are discussed. The additional conductor loss caused by rotor
PMs is more 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.

Several authors have analytically estimated the additional
ac copper loss [1], [4]-[8]. Two—dimensional FEA is used
in many studies [9]-[12] while 3D FEA has been employed
only very recently in few works [3], [13]. Hybrid methods
for the estimation of skin and proximity effect losses are also
investigated in [14]-[16]. Some of the concerns related to the
design of electric machines with reduced additional ac copper
loss have been addressed for example in [9], [17].

This paper further contributes to the subject matter by
studying AFPM machines and comparing hybrid numerical
and analytical, 2D and 3D FEA approaches of calculating
additional ac conductor loss. The comparison of quicker and
less accurate methods with meticulous 3D FEA results is
especially important for AFPM machines as the 2D models for
such machines may be overly simplified considering the 3D
flux linkage and leakage flux paths. The case studies include
two topologies where significant values of additional copper
loss due to the magnet flux is expected, namely, open slot and
air cored PM machines. One of the main goals is to assess the
accuracy of fast loss estimation methods that are more suitable
to be employed in the optimal design of AFPM machines,
which requires a large number of design evaluations.

The following section describes the eddy current calculation
methods employed in this study. The case studied air cored and
the open slot AFPM machine are discussed in section III and
IV, respectively. The loss estimation methods are employed
and the results are compared. In section V a measurement ap-
proach is proposed and the 3D FEA calculations are validated
for the open-slot machine with square conductors. The study
concludes in section VI.
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Figure 1: Illustration of wires with circular and rectangular cross section.

II. EpDY L0SS CALCULATION METHODS

The analytical methods for calculating eddy current loss,
P.44y, have been attempted in several publications. Majority
of these approaches originate from the following
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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. la, 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
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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. 1b, these losses can be calculated
as
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where B, and B, are the axial, in z direction, and tangential,
in ¢ direction, component of the flux density as shown in
Fig. 1b. 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 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 machines with conductors placed in slots, hybrid numer-
ical and analytical methods may be more feasible to employ
in optimization due to the faster solution time. Such mthodes
obtain B, via magnetostatic numerical methods and then
use it in analytical equations [14], [15]. In hybrid methods,
especial care is required in determining the sampling points
for acquiring the flux density distribution throughout the coil
cross section. This is also important in cases where the coil
pitch to pole pitch ratio is varying with diameter, which may
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Figure 2: The 3D model of the coreless machine under study. Each turn is
separately modeled and meshed.

Figure 3: A zoomed view of the tetrahedral meshes in the conductors of the
coreless machine from Fig. 2.

be the case for air-cored machines as the conductors position
is not constrained by stator teeth and slots.

This paper compares three methods of calculating open-
circuit eddy current winding losses for different case studies.
These include; 1) hybrid method that analytically calculates
the losses employing equation (2) with the flux density ob-
tained from a general 2D FEA model, without any detailed
turns modeling; 2) detailed 2D FEA; and 3) detailed 3D FEA
with meticulous turn-by-turn models.

If all the conductors are modeled and meshed correctly
considering the skin depth, the mesh size 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 instance, as it will be shown, 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.

III. CASE STUDY 1: AIR CORED AXIAL FLUX PM
MACHINE

Air-cored PM machines (also known as coreless or iron-
less electric 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, necessi-
tating 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.

The axial component of flux density in AFPM air-cored
configurations can be calculated reasonably accurately [18],
[19] using the following

B,, = i B, cosh (I:Tz) cos (l/cﬁg) ; “)
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where ¢ is the angular position of the conductor; z axial
position of the conductor, B,, maximum flux density of the pth
harmonic, 7, pole pitch, p number of poles. This makes the
use of fast and pure analytical methods for air cored machines
more convenient.

The exemplified coreless machine in this study is shown
in Fig. 2 and Fig. 3. For this 16 pole machine with 12
air-cored coils it was estimated that 72 turns can give the
desired torque constant. All turns are in series and Litz wire
application is not included. In order to calculate the winding
losses using the hybrid method, a general time transient 2D
FEA model is analyzed and flux density values are sampled
in the coordinates of the center of each turn. The flux density
is obtained by recording the variation of flux density in time.

Due to the axial symmetry shown in Fig. 4 and Fig. 5 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 [20].
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 should be noted
that such approaches for reducing the modeling efforts are
applicable for eddy current loss calculation at open-circuit or
cases where proximity effects are not considerable and the
eddy losses are mostly caused by the magnet flux.

The copper loss at open circuit is calculated with three meth-
ods for the coreless machine. The hybrid method estimates
about 520 W of ac copper loss, while 2D and 3D FEA estimate
611 W and 420 W respectively. The 2D model calculates the
flux density in the copper at the mean diameter where it is
the maximum, while closer to the ends the flux density would
have reduced, as shown in Fig. 6a. Considering that the eddy
current losses are proportional to the square of the flux density,
the overestimated flux by the 2D model can cause such a
significant difference between 2D and 3D results. Example
2D FEA results including conductor flux density and current
density are shown in Fig. 7.

Figure 4: 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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Figure 5: The flux density in the sampling points shown in Fig. 4 at different
time steps.

This over-estimation can also be partly attributed to ne-
glecting the end turns in the eddy current path by 2D FEA
and hybrid method. The end turns add to the resistance and
reduce the eddy currents. Moreover, the coreless machine can
be designed with varying coil pitch to pole pitch ratio with
diameter, for various reasons such as making maximum use
of space for conductors. Such effects cannot be captured by
common 2D models and utilization of correction factors and/or
quasi-3D models is recommended.

The calculation outcomes show that the coreless topology
within the ratings and constraints of this study, results in a
low efficiency performance. From the engineering point of
view it points out that an entire new technology such as
Litz wire needs to be employed. Therefore, further studies
for selecting number of turns and twisted strands and their
placement, taking the high cost of Litz wire technology into
account, needs to be carried out [21], [22]. The remainder
of the paper is dedicated to more conventional cases with
ferromagnetic core.
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Figure 6: (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.
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Figure 7: The 2D FEA model of the coreless machine under study: (a) flux
density distribution and (b) current density distribution in conductors at open-
circuit operation.

IV. CASE STUDY 2: OPEN SLOT STATOR CORE AXIAL
FLUX PM MACHINE

The second case study is an AFPM machine that employs a
stator core with open slots. The 3D model of the optimally
designed topology is presented in Fig. 8. The open slot

Figure 8: The 3D FEA model of the AFPM machine under study with open
slot stator core.
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Figure 9: The 2D FEA model of the optimally designed AFPM machine with
open slot stator core in which the circular conductors are utilized and placed
further away from the slot opening: (a) flux density distribution and (b) current
density distribution in conductors at open-circuit operation.

(a) (b) (©

Figure 10: The open slot bound coils with (a) 29 turns, (b) 23 turns, and (c)
14 turns.

machines due to their larger flux leakage, are prone to 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.

Larger flux density and hence eddy current for conductors
closer to the slot opening can be observed in Fig. 9. The eddy
current losses can be reduced by placing conductors further
away from the slot opening, Fig. 10. However, this reduces
slot fill factor and hence requires increasing the current density
and dc copper loss. The number of turns can be selected based
on this trade-off between dc and additional ac copper losses.
For this case study, the number and placement of the turns
is selected to achieve the minimum copper losses at the rated
frequency. The calculations are performed for different number
of turns. As seen in Fig. 11, in this machine, 23 turns achieve
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Figure 11: The winding dc and additional open-circuit eddy current ac losses
with different number of turns at rated load.
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Figure 12: The 2D FEA model of the AFPM machine with open slot stator
core, employing square conductors: (a) flux density distribution and (b) current
density distribution in conductors at open-circuit operation. Note the reduction
in flux density and current density compared to circular conductors in Fig. 9.

the best balance between dc and ac components of copper
losses. Other solutions, such as the use of larger number of
strands with smaller cross section can reduce the ac component
of the copper loss, while reducing the fill factor and increasing
the cost.

Another solution to reduce only the ac copper losses without
increasing other losses is to employ conductors with square
cross section, as shown in Fig. 12. The square shape of the
wires helps in condensing the coil for the same overall con-
ductor area, thus making it possible to locate the conductors
further away from the air-gap, while maintaining the same dc
copper losses. For this case study, the square wire dimensions
are selected to give the same overall conductor area as the
circular wires. The amount of reduction in losses for the
machine under study is presented in Fig. 13. For this example
study, it was observed that if the conductors with square cross
section are placed at the same slot depth as the circular one, the
overall conductor losses reduces due to greater slot fill factor,
although the eddy current losses in both types of conductors
are the same.

Similar to case study 1, three methods of eddy loss cal-
culation are employed. The hybrid method obtains the flux
density observed by each turn from a time transient general
2D FEA model. Detailed 2D and 3D FEA are also used to

=

:15 i, (CirELAF COPHEROE
8 e Sipuane concuciod
21z

E

S i

i

c 3

&

“ o

L] 0.z 0.4 0.6 0B 1
Elactrical frequency [kHz)
Figure 13: The additional eddy current copper losses at open circuit calculated

with FEA for cases with circular and square conductors. The overall conductor
area in both cases is maintained the same.

Figure 14: The mesh for the coil in the case study of the open slot AFPM
machine. The turns closer to the slot opening are meshed finer.

compare the results. The mesh plot in Fig. 14 shows fine mesh
for the turns closer to the slot opening and coarser mesh for
the conductors located deeper in the slot. This reduces the
computational efforts while maintaining the accuracy of the
results.

The ac copper loss calculations using different methods for
this case study are 4.2 W, 4.4 W, and 3.8 W with the hybrid
method, the 2D FEA, and the 3D FEA, respectively. Good
agreement between the three methods is observed. The slightly
higher loss predicted by 2D FEA is attributed to the higher
flux density estimation as the fringing and leakage at the ends
are not captured while 3D FEA as seen in Fig. 15, is capable
of taking the end effects into account.

V. EXPERIMENTAL STUDY

The experiments and FEA validation is performed for a pro-
totype AFPM machine with open slot and square conductors.
The 3D FEA can be done by meshing all the conductors or
only the top conductors that are responsible for the majority of
the losses, as illustrated in Fig. 16. The computational efforts
can be reduced without significant effect on the FEA results.

The separation of loss components, particularly ac and
dc copper losses is a difficult task [3], [9], [11], [20]. The
proposed method for open-circuit copper loss involves mea-
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Figure 15: (a) The flux density observed by the conductors. The reduced flux
density at the ends is due to the fringing and leakage. (b) The current density
distribution.

surements performed with two distinct coil placements that
have different clearances from the top of the slot.

First, the coils are placed closer to the air-gap by the help of
2 spacers. The motor with a spacer implementation is shown
in Fig. 17. Then the spacers are removed, as shown in Fig.
18, the coils are placed at the bottom of the slot. The spinning
loss, which includes the mechanical losses, such as friction
and windage, stator core losses, open circuit copper, and PM
losses, is measured in both scenarios. As confirmed by the
numerical computations, the additional copper loss caused by
the eddy currents when the conductors are placed further away
from the top of the slot is negligible. Therefore the additional
(open-circuit) ac copper losses can be calculated by subtracting
the two spinning loss measurements. The back EMF was
ensured to be the same for the two measurements.

The measurements are performed at different rotational
speeds and the results presented in Fig. 19. The FEA estima-
tions are in good agreement with measurement, particularly
for the larger speeds where the loss value is larger and hence
more feasible to measure.

(a) (b)

Figure 16: 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.

Figure 18: The prototype machine without spacers.
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Figure 19: The measurements of ac copper loss and validation of 3D FEA
calculations.



VI. CONCLUSION

This paper studies hybrid numerical and analytical methods
for the calculation of ac losses in conductors in axial flux
permanent magnet machines. Certain types of AFPM ma-
chines, feature a substantial amount of ac conductor loss, and
as such, this should be taken into account during the design
optimization stage. The determination of the optimal design
requires a large number of computations, and thus, there is a
need for a fast method to accurately evaluate these losses.

Comparative study is conducted for three calculation meth-
ods, including hybrid analytical and numerical, 2D FEA, and
3D FEA. A case study coreless AFPM machine is discussed
which is an extreme case where all the conductors are exposed
to the air-gap flux density, hence large eddy currents are
expected. The other case includes AFPM machine with open
slot, where the leakage flux may result in significant additional
loss for the conductors close to the slot opening. This machine
is prototyped with square conductors and an eddy current loss
measurement approach is proposed.

It is found that the hybrid method, which uses the flux
density variation across the conductors obtained using general
2D FEA in analytical equations yields results close to the
detailed time transient 2D FEA. The more accurate and
computationally expensive 3D FEA results are close to other
methods particularly for the open slot AFPM machine. This
suggests that for estimating the magnet passing eddy current
losses of the machine with stator core the 3D FEA may not
be required and the approximate methods may be acceptable.
The coreless structure with larger values of eddy loss requires
utilization of 3D FEA to take the 3D effects of the AFPM
structure into account.

An approach for the measurement of ac winding loss is
proposed and conducted for an open slot AFPM machine.
The measurements are in close agreement with the results
from 3D FEA. Other matters discussed are the selection of
the number of turns, the comparison of circular and square
conductors, and approaches for reducing mesh size and hence
FEA computational time.
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