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Abstract—This paper focuses on different calculation methods
of Joule losses in a winding and Halbach magnet arrays for air
cored axial flux motors. The classical approach (I) for winding
losses results in eddy current losses without proximity effect but
with induced currents for the passing magnetic field. The second
method (II) derives the frequency dependent resistance including
skin and proximity effects to calculate the winding losses due to
higher current harmonics generated by pulse width modulation
(PWM) excitation. The calculation of eddy currents (III) induced
by higher harmonics in the magnet array is used to evaluate two
different assembly strategies concerning the joule losses within
the magnets. Based on the results from these three methods,
final design decisions were made. A full-scale prototype in-wheel
hub motor was manufactured and measured to assess the chosen
design.
Index Terms—Halbach-array-based permanent-magnet motors,
air cored, direct drive, electrical machines, finite element methods, permanent magnets

I. I NTRODUCTION
Highly efficient in-wheel hub motors may drive urban light
weight vehicles in the near future. In order to optimize their
performance, all loss sources need to be determined and
minimized [1]. The AC resistances and losses in transformer
windings are subject of ongoing investigations [2]-[4] due
to the general need for both higher efficiency and minimum
cost. If a Litz wire is used for the motor winding, the same
findings for winding losses can be applied. The aim of the
current work is to separate the influences of combined skin
and proximity effects and the proximity effect due to external
fields applied to an axial flux stator winding. The classical
analytical approach is used to calculated the joule losses due to
external fields (method (I)). 2D FEA calculations visualize the
combined skin and internal proximity effect and the derived
specific frequency dependent resistance is used to compare
different Litz wire arrangements (method (II)). Segmentation
of magnets reduces the eddy current loss drastically [5],[6].
Rare-earth Halbach arrays are usually segmented and in this
paper the effect of isolating and non-isolating contacts between
the individual magnets is studied (method (III)).
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In order to achieve highest motor efficiency, these three
methods were analyzed and applied to realize a full-scale
prototype. The results from method (II) lead to the selection of
an appropriate Litz wire and method (III) is used to show that
additional electric insulation reduces the eddy current losses in
the magnet array considerably. No load measurements show
good agreement to method (I) and the measured efficiency
map can be used for subsequent vehicle simulations.
II. M ETHOD (I) - CLASSICAL ANALYTICAL APPROACH
Since the 1960s, the formulation
πσcu ω 2 d4cu B 2
(1)
64
is used to calculate the length specific power dissipation in
a wire exposed to a uniform magnetic field with peak flux
density B. In this equation σcu represents the electric conductivity and dcu is the diameter of the conductor. A sinusoidal
waveform of the magnetic flux density with the electric angular
frequency ω is assumed. Moreover the diameter is assumed
to be small compared to the skin depth. The orientation of
the magnetic flux density is perpendicular to the axis of
the conductor. Based on (1), different wire configurations
were investigated and summarized in Tab. I. It is obvious,
that the utilization of Litz wire for a stator winding with
comparatively high fundamental frequency (231 Hz in this
case) is recommend.
0
Pe−classic
=

III. M ETHOD (II) - 2D FEA WINDING ANALYSIS
The second approach using 2D Finite Element Analysis
(FEA) in the frequency domain models the individual strands
of the wires and to applies harmonic AC current excitations
with a series of frequencies. Both skin and proximity effects
are taken into consideration but without the exposure to
external field. It is important to note in this context that the
investigated motor has no iron core, so there are no iron
teeth. Instead, the winding is embedded and fixed in a resin
construction which magnetically behaves like empty space.
The analyzed interaction between the individual strands is
visualized in Figs. 1 and 2. Two different wire configurations
are compared under the same excitation of 1 A at 16 kHz.
Fig. 1 shows an example for a stranded rectangular wire with
30 strands of 0.5 mm diameter and Fig. 2 shows the result
for a rectangular wire of the same size but with 280 strands
of 0.15 mm diameter. Both skin and internal proximity effects
can be observed. The major difference between the two examples is the current density which varies between 2.19 A/mm2
and 2.61 A/mm2 in Fig. 1 and just between 2.85 A/mm2 and

TABLE I: Calculation of Classical eddy current losses, stator current fundamental frequency 231 Hz, peak flux density 0.85 T.
Wire
Single 1×dcu = 2.5 mm
Litz 30×dcu = 0.5 mm
Litz 280×dcu = 0.15 mm

Acu / mm2

Rdc20 / Ω/m

0
Pe−classic
/ W/m

Slot fill factor
Aslot =(2.5×3.6 mm2 )

4.91
5.98
4.98

3.6e-03
3.0e-03
3.5e-03

83.18
3.99
0.30

0.55
0.65
0.55

Fig. 1: 2D FEA result, combined skin and internal proximity
effect, current density distribution with sinusoidal excitation
Irms = 1 A@16 kHz, 30×dcu = 0.5 mm stranded rectangular
wire.

Fig. 3: Motor section considered in electromagnetic 3D FEA
(magnet array and winding encapsulation are semi-transparent.

Fig. 2: 2D FEA result, combined skin and internal proximity
effect, current density distribution with sinusoidal excitation
Irms = 1 A@16 kHz, 280×dcu = 0.15 mm stranded rectangular wire.

2.86 A/mm2 in Fig. 2.. The absolute values of the current
densities is not in the same range due to different fill factors. This comparison illustrates the current gradients within
individual strands, which cause increased local heating. The
current density field solution is used to calculate the ohmic
losses by
Z
1
0
Pe (ω) =
J∗ · J dA
(2)
2σ A
and with an applied excitation current of Irms = 1 A. The frequency dependent resistance can then be calculated according
to
P 0 (ω)
R0 (ω) = e2 .
(3)
Irms

By substituting the PWM current ripple amplitude of 2.75 A
and 5.5 A for 20 kHz and 10 kHz, respectively, the eddy current
losses due to skin and proximity effects without external field
effects are calculated, as shown in Tab. II. The comparison of
the influence of higher harmonic current components shows
again the superior properties of stranded wires especially for
higher switching frequencies.
IV. M ETHOD (III) - 3D FEA OF EDDY CURRENT LOSSES
IN THE MAGNET ARRAY

The current ripples generated by PWM excitation cause
eddy currents and consequently ohmic losses in the magnets
of an axial flux machine. A 3D FEA tool is used to model
(cf. Fig. 3) an ironless axial flux permanent magnet machine
(AFPM) and to calculate the performance and the already
mentioned magnet losses. The excitation was realized by a
sinusoidal current signal superimposed with a triangular signal
to simulate the PWM current ripple as shown in Fig. 5. A
result of a FEA example of the transient calculation (model
size 450.000 tetrahedral elements) is shown in Fig. 5. In this
case, the model was defined with isolation boundaries between
the touching magnet faces representing an adhesive layer. The
second example for the magnet assembly was investigated
without an isolation boundary in between and the results
showed that the ohmic losses increased from 2.5 W to 4.1 W.
Even though the absolute power loss compared to the overall

TABLE II: Frequency dependent resistance of different wire configurations obtained by FEA with current ripples of
2.75 A@20 kHz and 5.5 A@10 kHz.
Wire definition
Single 1×dcu = 2.5 mm
Litz 30×dcu = 0.5 mm
Litz 280×dcu = 0.15 mm

0
Rac
0 |10 kHz
Rdc

0
Rac
0 |20 kHz
Rdc

0
Pe−sp
|10 kHz
mW/m

0
Pe−sp
|20 kHz
mW/m

1.220
1.055
1.003

1.600
1.217
1.013

133.8
96.4
109.1

43.9
27.8
27.6

TABLE III: Motor design specification [7].

30
FEA input current /A

Description

20

Continuous output power
Peak power (10 s)
Speed at 80 km/h
Continuous torque
Peak torque (10 s)
Nominal torque/active weight
Peak torque/active weight
Nominal rms current

0

−20

Symbol

Nominal value

Pnom
Ppeak
nn
Tnom
Tpeak

3500 W
5Pnom
660 rpm
55 Nm
5Tnom
4.8 Nm/kg
24 Nm/kg
18.6 A

Inom

−30
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Fig. 4: Characteristic FEA current source input including
PWM ripples.
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(vi)

(iii)

(iii)

(ii)
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Fig. 5: 3D FEA result, current density plot, view on the surface
facing the winding, isolation boundary between the magnets.

losses is marginal, an adhesive layer between the magnets was
applied in the full-scale prototype which is described in the
next section.
V. R EALIZATION
The findings of the presented investigations were incorporated for designing and realizing an in-wheel hub motor, see

(i)

Fig. 6: Cross section of motor: (i) light-weight metal hub, (ii)
bearings, (iii) two equal CFRP half rims, (iv) air cored winding
with GRP connection to the hub, (v) two magnet rings made
of Halbach arrays, (vi) brake disk, [7].

[7]. The main motor specification is given in Tab. III and Fig. 6
shows the schematic cross section of the motor. The design
aims were minimum weight and high efficiency. Therefore,
light weight materials like CFRP & GRP (carbon & fibre
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GRP
connection

CFRP half rim

Fig. 9: Manufactured Halbach array attached to the CFRP half
rim.
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Fig. 7: Demonstration model of ironless in-wheel AFPM.
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Fig. 8: Winding before encapsulation.

reinforced plastics) parts, a light metal hub and an air cored
winding were used. To omit the rotor back iron, two Halbach
magnet arrangements were placed on the CFRP half rim
yielding an ironless in-wheel AFPM. A demonstrator is shown
in Fig. 7. The distributed Litz wire (280×dcu = 0.15 mm)
winding before encapsulation with PU (polyurethane) resin
through vacuum casting is shown in Fig. 8.
The CFRP half rim assembled with the segmented Halbach
ring is shown in Fig. 9. As described in the previous section,
the individual magnets are insulated an adhesive layer.
VI. M EASUREMENTS
To validate the structural, electromagnetic, and thermal
design, a functional prototype was operated on a test bench
and all relevant data was recorded. The measurement setup
is shown in Fig. 10. The AFPM was equipped with a forced
air cooling system including flow rate control to simulate
different vehicle velocities. The torque Ttt and the speed ntt
were measured by a Kistler 4503 torque transducer at the
connecting shaft to the load machine. For the performance

Control of cooling
airflow rate ,
PT100 temperatures

Ttt (t), ntt (t)

Fig. 10: Measurement setup.

tests and heat runs, the load machine was speed controlled
and the AFPM was torque controlled driven by a two level
inverter with external inductances to limit the current ripple.
The DC supply voltage vDC and the supply current iDC to the
inverter were recorded to calculate the drive efficiency and two
powermeters measured the line currents ia,b,c and the voltages
va,b,c . A Yokogawa WT3000 was used to get mean electrical
values with 500 ms averaging windows. For detailed current
and voltage analyses, a Yokogawa PZ4000 was used.
A. No load losses
A section of the demonstrator, shown in Fig.7, was cut
out to visualize the internal structure. Despite the absence of
a real winding (just encapsulation resin) and magnet arrays
(replaced by PU mold construction material), the demonstrator
was suitable to derive windage and frictional bearing losses.
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Fig. 11: No load measurements, comparison between dummy
and prototype.
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Fig. 13: Measured efficiency map.

VII. C ONCLUSION
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Fig. 12: Calculated efficiency map.

Since the bearing losses can be estimated analytically (calculation of the friction torque according to specification data
from the bearing manufacturer (SKF R )), the result of this
measurement are the windage losses. No load measurements
were also carried out on the prototype motor with an open
winding connection. The results are shown in Fig. 11. The
measured power losses and losses minus classical eddy current
losses according method (I) show good agreement. Based on
these measurements, the calculated efficiency map considering
no load and ohmic losses in the winding for this AFPM is
shown in Fig. 12. To compare the loss models with reality,
the efficiency map for motor operation (180 measurement
points) was measured and is shown in Fig. 13. The ohmic
losses in the magnents are not considered in the calculated
example, which may lead to the difference between Fig. 12 and
Fig. 13. For the application of the efficiency map in subsequent
vehicle simulations, the windage losses have to be determined
according to the surrounding flow regime that depends on the
wheel housing and the vehicle speed.

Two different methods for calculation of losses in stranded
wires are presented in this paper. Analytical and 2D FEA
calculations allow investigations on the influence of the number of strands versus copper fill factor and losses. To cover
all electromagnetic loss sources in an ironless axial flux
permanent magnet machine, a 3D FEA model is used to
calculate the eddy current distribution in the magnets due to
current ripples caused by PWM supply. An adhesive layer
or a small air-gap between the magnets has the potential to
reduce the losses considerably. The final result, a full-scale
prototype, is briefly described and measurement results are
used to validate the calculated losses and the corresponding
efficiency maps.
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