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various methods of eddy current loss reduction, which are
limited and have not considered the 3D nature of the AFM
using SMC.
This paper investigates an alternative approach for AC
copper loss reduction in the machine coils using various
lamination steel sheets. The coils of the machine are made of
conductors with a diameter larger than the skin depth and in
a concentrated winding arrangement. Analytical methods
followed by 3D FEA were used in the analysis and the results
have been validated by experimental tests. Section two gives
the structure and AC loss analysis, which include eddy
current loss in stranded conductor, 3D FEA of coil AC loss
and coil mesh size effect on AC loss calculation. Approach to
AC copper loss reduction and overall performance simulation
were presented in section three. Section four gives the
prototype machine, experimental setup and machine
parameters. Experimental results were presented in section
five. Discussion in section six. Finally, conclusions and
references.

I. INTRODUCTION

II. STRUCTURE AND AC LOSS ANALYSIS

The majority of domestic applications require compact
electrical machines with high efficiency. One of the factors
that affect efficiency of a machines at high speed is AC copper
loss. This is due to the higher frequency of operation resulting
in skin-depths of the same order of size as the typical
conductor diameters [1]. Axial Flux Permanent Magnet
Machines (AFM) are one of the suitable machine types for
high speed and compact design due to their inherent shorter
axial length [2, 3].
The conventional method of AC loss reduction for
conductors is the use of Litz wire with twisted transposed
strands [4] however this is an expensive option. Litz wire also
results in a lower slot fill factor and consequently poorer
thermal performance [5]. Litz wires also exhibits a higher DC
resistance when compared to solid wire of the same cross
sectional area [6].
AC loss reduction in superconducting coils were
investigated in [7]-[11]. Similarly, AC copper losses reduction
and analysis of the ironless brushless DC machine used in a
flywheel energy storage system using multi-wires with
suitable winding wires arrangements was reported in [1]. A
method was proposed for the analysis of circulating current
losses in a stranded winding based on self and mutual
inductance as stated in [6]. However, AC losses in coated
conductors were presented in [12]-[15]. Transport AC loss
were discussed in [16]-[21]. Furthermore, a cable for lowered
AC loss was introduced in [22]. Much literature has proposed

The machine presented in this paper is a single-sided AFM
machine. Fig. 1, shows the solid half of the machine. The core
was made with Höganäs AB Soft Magnetic Composite (SMC)
Somaloy® 700HR 3P [23] and employs surface mounted
permanent magnets in a fourteen poles arrangement.
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Lamination sheet
Fig. 1. Solid half model of the machine.

A. Eddy Current Loss in Stranded Conductor
One of the problems in designing high speed electrical
machines is eddy current as a results of skin and proximity
effect in the conductors. Proximity effect is predominant in a
multi-layer conductor [24]. In this analysis only skin effect
was taken into consideration, since we have a single layer of
conductors in the slot. An accurate AC copper loss simulation
is required to ascertain the efficiency of the machine. This

The joule loss model assumes a stranded conductor of
diameter 𝑑 and radial length 𝐿 to model the cross sectional
area of the conductor, the eddy current can be assumed to
flow in concentric circular paths within this cross section with
varying magnetic flux density of peak value 𝐵 and angular
frequency 𝜔. Equation (1) gives the joule loss 𝑃 in single
conductor [25].
𝑃
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(1)
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where 𝑑 = 𝑤𝑖𝑟𝑒 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟, 𝐵 = 𝑝𝑒𝑎𝑘 𝑓𝑙𝑢𝑥 𝑑𝑒𝑛𝑠𝑖𝑡𝑦, 𝜌 =
𝑟𝑒𝑠𝑖𝑠𝑡𝑖𝑣𝑖𝑡𝑦.
Since, 𝜔 = 2𝜋𝑓
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where 𝐿 is the radial conductor length sitting in the field and
‘2’ accounts for each side of the coil. After substituting
equation (2) and (3) into equation (1), the joule loss is given
as equation (4).

𝑃𝑒𝑑𝑑𝑦 𝑙𝑜𝑠𝑠 =

𝜋 3 𝐵 2 𝑓2 𝑑4 𝐿
16𝜌

(4)

permeability of the free space which is given as (4π × 10-7
H/m).
A conductor diameter larger than the skin depth at the
operating frequency is used to evaluate the eddy current loss.
Fig. 3 compares the analytical and FEA calculated loss for a
stranded conductor positioned close to, and away from the
airgap. The analytical loss at 1.5 mm is 72% higher to 12 mm
from the airgap. Similarly, the 3D FEA loss at 1.5 mm is
71.8% higher to 12 mm from the airgap. The result show, as
expected, that the turns exposed to more airgap leakage do
have more AC loss and those further away experience less.
AC loss can be reduced in a machine by placing the
conductors further away from the air gap, however at the
expense of a much reduced slot fill factor. This work aims to
maintain a high slot fill and simultaneously reduce AC loss
in the coils.
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JMAG 3DFE probe feature was used to get the flux
density profile over an electrical cycle at the center of
conductor strand at mean radius. The peak value is then used
in the above loss calculation to get the analytical eddy loss of
the stranded conductor.
This calculation tends to neglect and/or underestimate the
loss since extra losses from flux leakage and higher
harmonics are not considered. A factor of 1.25 is used to
correct for that. As reported in [26], AC loss in the end
winding region is small when compared to that in the active
radial length of the machine winding due to the greater
exposure to slot leakage fields. Fig. 2, shows that the greater
AC loss region extends slightly beyond the active area due to
end region leakage.
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Fig. 3. Analytical and FEA loss.

B. 3D Finite Element Analysis of coil AC loss
3D FEA is carried out to ascertain AC loss at frequencies
up to 700Hz and coil current densities of 5A/mm2. Fig. 4,
shows the AC copper loss variation over the speed range. The
results showed that AC copper loss increases with frequency
squared. However, at high frequencies the current takes the
path of the lowest inductance [24]. The effective area for the
current at high frequencies is smaller than the DC equivalent.
The ratio between is the AC loss factor and varies with
frequency. Fig. 5, shows the current density distributions of
the cross section of the windings, the Skin effect is responsible
for AC current to distribute a proportion equal to 66.7% within
a layer one skin depth thick around the surface of the
conductor.
250

Fig. 2. Eddy current loss in radial strands outside active region.

The skin depth depends on the electrical properties of the
material and the current frequency as stated in [27] which can
be calculated using equation (5).
𝛿=√

𝜌

𝜋.𝑓.𝜇0 𝜇𝑟

(5)

where ρ and 𝜇𝑟 are electrical resistivity and the relative
permeability of the conductor respectively, and 𝜇0 is the
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Fig. 4. Influence of speed on AC copper losses.
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magnetic materials have relative permeability of 610 at 1.5 T
and 35 A/m, 700 at 1.5 T and 40 A/m, 830 at 1.5 T and 45
A/m. they are applied 0.05 mm above the coil and between
these and the airgap. The rThe laminations cover the full coil
upper face (slot openings and end windings) to provide airgap
leakage field shielding and reduce the resulting AC copper
loss. Segmented lamination sheets were proposed to break the
path of any eddy currents circulating in the plane of the
lamination.

Fig. 5. Current distribution in a conductor.

The 3DFE mesh size has a large effect on the accuracy of
the simulation, with a large mesh being unable to accurately
model the skin depth and current redistribution. Fig. 6 shows
the 3D finer mesh on coils, while Fig. 7 presents the loss
variation at different layer in the slot and different mesh size
on the coils. Mesh size should be similar order to wire
diameter.

A. Methodology
This sub-section will discuss the analytical model of the
lamination sheet. The analysis used a simplified machine
model as shown in Fig. 8, which tends to ignore the machine
curvature and the machine is represented in 2D, where the xaxis and y-axis represents the peripheral and axial direction
respectively. The magnetic flux entering the coils from the
magnet will see the lamination plane rather than the coils.
However, it will set up eddy current in the lamination sheet
which is not circulating as a results of breaks on the
lamination. The sheet tends to shield the coils from high flux
density.
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Fig. 8. 2D machine model.

Fig. 9, provides the mathematical model to analyse the
magnetic field from magnets in the airgap and the lamination
sheet surface using current sheet model.
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Fig. 6. Finer mesh on coils.
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Fig. 9. 2D current sheet machine model.
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Fig. 7. Loss at different coil mesh size.

III. A NEW APPROACH TO AC COPPER LOSS REDUCTION
The lamination steel sheets M235-35A, M270-35A and
M300-35A with conductivity of 1.70 MS/m [28], 1.81 MS/m
[29] and 2.0 MS/m [30] respectively were used. These

Certain assumptions were made in which the radial
direction of the machine is infinite with stator and rotor having
infinitely permeable boundaries. However, it tends to
underestimate the level of saturation in the lamination sheet.
This implies that the lamination sheet has a harmonic
distribution in the format shown in equation (6) as stated in
[31].
𝐾𝑛 (𝑥) = 𝐾́𝑛 𝑠𝑖𝑛𝑢𝑛 𝑥
(6)
Where 𝑢𝑛 = 2𝜋𝑛⁄𝜆 and 𝐾́𝑛 are based on the current
distribution.
The magnetic vector potential in AFM has only zcomponent, the lamination sheet have vector potential and
magnetic flux density as stated in [32]. The airgap magnetic
potential at any point and flux density in which the lamination
sheet is placed are given by equation (7) and (8) respectively.
𝐴𝑧𝑛 (𝑥) = −
𝐵𝑦𝑛 (𝑥) =

𝐽̀𝑛𝜇0 sinh 𝑢𝑛 ℎ
2 sinh 𝑢 𝑌
𝑢𝑛
𝑛

𝐽̀𝑛𝜇0 sinh 𝑢𝑛 ℎ
𝑢𝑛 sinh 𝑢𝑛 𝑌

𝑐𝑜𝑠ℎ 𝑢𝑛 𝑌 × 𝑠𝑖𝑛 𝑢𝑛 𝑥

𝑐𝑜𝑠ℎ 𝑢𝑛 𝑌 × 𝑐𝑜𝑠 𝑢𝑛 𝑥

(7)
(8)

The thickness of lamination was chosen based on the
availability. Fig. 10 shows the current density contour plots of
the proposed segmented design. It can be seen that, that the
lamination sheet tends to saturate at the tooth edges due to
increased flux penetration.

35A lamination sheet was better to M235-35A and M27035A lamination sheet.
Introducing the lamination sheet has a minor reduction on
induced EMF. Likewise the cost of AC loss reduction is a
commensurate minor reduction in torque due to the slight
increase in slot leakage inductance due to the present of a
lamination sheet.
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Fig. 10. Current density contour plots for lamination sheet

Fig. 11 shows the magnetic flux density contour plots of
the proposed segmented lamination sheet design. It can also
be seen that the lamination sheet tends to saturate at the
surface due to high concentration of flux penetration and
shielding.
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Fig. 12. Airgap flux density profile in z-axis.

The slot leakage inductance 𝐿𝑠𝑙 can be obtained based on
the inductance, co-energy and lamination sheet dimension
using equation (9) as stated in [32]. This inductance is
relatively small due to the number of turns in the slot.
2𝜇𝜊 ℎ𝑠 𝑙𝑎

𝐿𝑠𝑙 = 𝑁 2 [

Fig. 11. Magnetic flux density contour plots for lamination sheet

B. Overall performance simulation
3D FEA simulations were carried out to see the effect of
this new AC copper loss reduction technique on the overall
performance of the AFM and using the alternative lamination
sheets. The mesh size on the sheet is equal to one-third of the
skin depth. For effectiveness of this simple method, it must
work within the saturation limit of the lamination sheet as
reported in [7].
Since the magnetic vector potential in AFM machine has
only z-component. Fig. 12 presented the airgap flux density
profile simulated using 3D FEA in the z-direction. It can be
seen that the initial design peak-to-peak flux density of 1.60T
as compared to 2.31T, 2.10T and 2.33T for M235-35A,
M270-35A and M300-35A respectively. This increase in the
airgap flux density is due to flux penetration and shielding on
the lamination sheet and changes in slot leakage inductance.
However, it shows that in terms of airgap flux density M300-

3𝑤𝑠

+

𝜇𝜊 𝜇𝑟

𝑙 𝑙
𝐿𝑎𝑚𝑖𝑛𝑎𝑡𝑖𝑜𝑛 𝑡 𝑎
𝑤𝑠

]

(9)

where 𝐼𝑎 is axial length, 𝑙𝑡 is lamination thickness, 𝑤𝑠 is slot
width of slot, ℎ𝑠 is slot height and 𝑁 is number of turns.
The 𝜇𝑟𝐿𝑎𝑚𝑖𝑛𝑎𝑡𝑖𝑜𝑛 in equation (9) is relative magnetic
permeability of different lamination sheet. The effective
permeance of the coil is consider to be two–third of the
normal permeance of the slot due to the fill factor. With the
lamination sheet wedge design, the AC loss reduction was
possible as the machine slot leakage inductance can be altered
by using different type of lamination sheet.
The back EMF and the total loss of the machine can be
obtained from the simulation based on the following
equations:
𝐸=

𝑑𝜑
𝑑𝑡

𝑃𝑇 = 𝑃𝐼 + 𝑃𝐶
where

𝑑𝜑
𝑑𝑡

(10)
(11)

is the rate of change of flux linkage, 𝑃𝐼 is the iron

loss and 𝑃𝐶 is the copper loss.
Fig. 13 presents a comparison of the phase back EMF
simulated using 3D FEA. The Initial design peak phase back
EMF of 22.71V decreased to 21.92V, 22.44V and 21.89V for
M235-35A, M270-35A and M300-35A respectively. The
M270-35A positive peak has some distortion, however, this
might be due to saturation at a particular point on lamination
sheet. Information on the machine performance such as the
power and efficiency with a resistive load at unity power
factor used by the authors can be found in [33].
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The lamination sheets were placed on top of the coils with
insulation in-between, the coils were wound on a Nomax
thermal insulation paper 304 mm x 200 mm x 0.13 mm before
sliding unto the machine tooth. A Permabond adhesive ES
562 was used to fix the lamination sheet unto the insulation
paper. It is a single-part epoxy adhesive which flows like
solder. It should be noted that the surface was cleaned dried
before applying the adhesive.
The final machine assembly is shown on the test rig in
Fig. 15. The machine was connected to the high speed drive
using a torque transducer. The experiment was first started at
low speed and the speed were increased in steps of 1000 rpm.
At full load current during testing no noticeable temperature
rise was felt on the outer case. Measurement were taken from
the power analyser, torque transducer and the oscilloscope.

Fig. 13. Phase back EMF profile of the machine.

IV. PROTOTYPE MACHINE
A prototype machine was built and tested to verify the
projected simulation results. This section covers the
prototype construction and experimental setup. Table I list
the prototype machine parameters. Construction of the
machine with different lamination sheet is shown in Fig. 14.
TABLE I.
Parameters
Outer diameter
Inner diameter
Axial length
Magnetic gap
Magnet thickness
Magnet span
Magnet grade
Stator tooth depth
Stator tooth width
Stator core back thickness
Rotor core back thickness
Operating speed
Fill factor
Pole number
Electrical frequency
Skin depth
Conductor diameter
Coil number
Radial conductor length
Conductor diameter/skin
depth ratio

MACHINE PARAMETERS
Quantity
110
64
40
1
2.5
120
N35SH
25
5
10
12
6000
70
14
700
3.03
3.2
12
23
1.06

Unit
mm
mm
mm
mm
mm
Electrical degree
mm
mm
mm
mm
rpm
%
Hz
mm
mm
mm

Lamination sheet
transducer

Drive

Torque transducer

Machine

Fig. 15. Machine on high speed test rig.

V. EXPERIMENTAL RESULTS
The machine was tested in the laboratory, in which a three
phase resistive load bank were used at unity power factor.
Output power of the machine and torque were measured
using WT1600 three phase digital power analyzer and
Magtrol 5Nm torque transducer respectively. The voltage
waveforms were captured using 4 channel Tektronix MSO
4034 mixed signal oscilloscope.
A comparison of phase back EMF between designs with
different lamination sheets is shown in Fig. 16. However, Fig.
17 presented the first five harmonic analysis. The only
significant harmonic beyond the fundamental is the 2nd at
4.7% for the design with lamination sheet.
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Fig. 16. Phase back EMF comparison.
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The measured total loss comprise both the AC winding loss
and the iron loss. 3D FEA was carried out and iron loss has
been found. The bar chart in Fig. 18, presented a comparison
between the measured total loss of the machine and the
predicted total loss.

M300-35A

The 3D FEA and measured average torque comparison of
the machine initial design and design with lamination sheet
for AC loss reduction is shown in Fig. 21.
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Fig. 20. Machine efficiency comparison at full load current.

Fig. 17. Harmonics of the back EMF.
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As stated in [26], the AC loss is obtained from the total
measured loss by subtracting the FEA iron loss. Fig. 19,
shows the AC loss comparison for the initial design without
lamination sheet and the new method with segmented
lamination sheet for AC copper loss reduction. However, Fig.
20 compared the predicted 3D FEA and measured efficiency
of the machine for design without and with lamination sheet.
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Fig. 19. AC copper loss comparison.
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Fig. 21. Machine average torque comparison.
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VI.

DISCUSSION

It is clear in Fig. 18 that magnetic materials can be
implemented to control the airgap magnetic flux in a machine
to minimize AC copper loss. The total loss of the machine
decreased as a results of lamination sheet used as a slot and
end windings wedge. The percentage of loss reduction
depends on the conductivity of the lamination steel sheet. The
3D FEA total loss reduction for machine with segmented
lamination sheet M235-35A (231.73W), M270-35A
(221.81W) and M300-35A (207.81W) represents 23.64%,
30.40%, 48.08% and 30.09% respectively. However, the
measured total loss reduced from 313.52W for initial design
to M235-35A (238.68W), M270-35A (228.46W) and M30035A (214.05W) represents 23.87%, 27.13% and 31.73%
respectively.
The projected AC copper loss of the machine without the
lamination sheet was 206.21W as shown in Fig. 19. The
introduction of this simple technique has reduced the AC loss
of the machine as follows; segmented lamination sheet
M235-35A (121.30W), M270-35A (109.74W) and M30035A (105.84W) represents 41.20%, 46.78% and 48.67%
respectively. Furthermore, the experimental AC copper loss

for initial design 215.34W was reduced to M235-35A
(128.25W), M270-35A (116.39W) and M300-35A
(112.07W) which represents 40.44%, 45.95% and 47.96%
decreased respectively.
The 3D FEA initial design efficiency was 80.50% as
shown in Fig. 20 at rated speed increased to M235-35A
(91.79%), M270-35A (91.66%) and M300-35A (92.34%)
representing 11.29%, 11.16% and 11.84% respectively.
Moreover, the measured efficiency for the initial design was
78.09%, this increased to M235-35A (89.04%), M270-35A
(88.91%) and M300-35A (89.70%) which represent 14.02%,
13.86% and 14.87% respectively. The result shows that the
highest loss reduction occurs when a lamination sheet with
higher conductivity is used, due to high value of loss per kg
in the lamination sheet, however the more power loss on the
lamination sheet the less total AC copper loss in the machine.
One of the disadvantages of this method is the additional
Ohmic loss in the lamination sheet. However, there is a slight
decrease in the torque of the machine as shown in Fig. 21,
this also leads to decrease in the back EMF of the machine as
shown in Fig. 16. This decrease is due to changes in the slot
leakage inductance of the machine as a results of flux
shielding by the lamination sheet.
It can be seen from Fig. 21 that the machine initial
simulated average torque was 2 Nm, this reduced to 1.98 Nm
for the measured torque which represents 1% decrease.
However, the predicted average torque for M235-35A
(1.97Nm), M270-35A (1.96Nm) and M300-35A (1.96Nm)
represents a decrease of 1.5%, 2.0% and 2.0% respectively as
compared to initial simulated torque. Similarly, the measured
average torque M235-35A (1.95Nm), M270-35A (1.94Nm)
and M300-35A (1.94Nm) represents 2.5%, 3% and 3%
respectively.
The Initial design peak phase back EMF of 22.71V
decreased to 21.92V, 22.44V and 21.89V for M235-35A,
M270-35A and M300-35A respectively. From the above
analysis of this simple method, the segmented lamination
sheet M235-35A has the highest measured total loss of
238.68W as a results of additional losses on the lamination
sheet, but the segmented lamination sheet M300-35A has the
lowest measured total loss of 214.05W and better
performance.
Table II presented the measured performance summary of
the machine, in which the initial design and the new simple
method were compared.

VII. CONCLUSION
This paper examines a new method to reduce AC copper
loss in open slotted single-sided AFM machines using SMC.
The proposed method of placing a lamination sheet in the
plane of the airgap (between the coils and the airgap) has been
shown to reduce AC loss in the coils and at the cost of a
minimal reduction in torque. Overall efficiency of the
machine (including the additional losses in the lamination
sheet) is increased from 78.1% to 89.7% for M300-35A. This
has been achieved by approximately 48% reduction in
winding AC loss.
REFERENCES
[1]

[2]
[3]

[4]
[5]

[6]

[7]

[8]

[9]

[10]
[11]

[12]
TABLE II.

MEASURED PERFORMANCE SUMMARY

Parameters

Initial
design

M23535A

M27035A

M30035A

Speed (rpm)
Torque (Nm)
Torque ripples (%)
Change in Torque (%)
Total loss (W)
AC loss (W)
Change in cu loss (%)
Efficiency (%)

6000
1.98
4.03

6000
1.95
3.92
1.52
238.68
128.25
40.44
89.04

6000
1.94
3.01
2.02
228.46
116.39
45.95
88.91

6000
1.94
3.89
2.02
214.05
112.07
47.96
89.70

313.52
215.34
78.09

[13]
[14]

[15]

[16]

K. Liu, X. Fu, M. Lin, and L. Tai “AC copper losses analysis of the
ironless brushless DC motor used in a flywheel energy storage System”
IEEE Transactions on Applied Superconductivity, vol. 26, no. 7,
October 2016.
A. Parviainen, "Design of axial-flux permanent-magnet low-speed
machines and performance comparison between radial-flux and axialflux machines," Acta Universitatis Lappeenrantaensis, 2005.
A. Cavagnino, M. Lazzari, F. Profumo, and A. Tenconi, "A comparison
between the axial flux and the radial flux structures for PM
synchronous motors," Industry Applications Conference, 36th IAS
Annual Meeting. Conference Record of the 2001 IEEE, pp. 1611-1618.
H. C. Lovatt, V. S. Ramdenand, B. C. Mecrow, “ Design an in-wheel
motor for a solar-powered electric vehicle,” IEE Proceedings B,
vol.145, no. 5, pp. 402-408, 1998.
P. H. Mellor, R. Wrobel, and N. McNeill, “Investigation of proximity
losses in a high speed brushless permanent magnet motor,” in Conf.
Rec. 2006 IEEE Ind. Appl. Conf. 41st IAS Annual Meeting, Nov. 2006,
pp. 1514–1518.
A. Lehikoinen, N. Chiodetto, E. Lantto, A. Arkkio, A. Belahcen
“Monte Carlo analysis of circulating currents in random-wound
electrical machines” IEEE Transactions on Magnetics, vol. 52, no. 8,
August 2016.
M. D. Ainslie, W. Yuan, and T. J. Flack, “Numerical analysis of AC
loss reduction in HTS superconducting coils using magnetic materials
to divert flux” IEEE Transactions on Applied Superconductivity, vol.
23, no. 3, June 2013.
C. E. Oberly, B. Razidlo, and F. Rodriguez, “Conceptual approach to
the ultimate low AC loss YBCO superconductor,” IEEE Transactions
on Applied Superconductivity, vol. 15, no. 2, pt. 2, pp. 1643–1646,
June. 2005.
F. Gomory, M. Vojenciak, E. Pardo, and J. Souc, “Magnetic flux
penetration and AC loss in a composite superconducting wire with
ferromagnetic parts,” Supercond. Sci. Technol., vol. 22, no. 034017,
2009.
S. Safran, F. Gomory, and A. Gencer, “AC loss in stacks of Bi-2223/Ag
tapes modified with ferromagnetic covers at the edges,” Supercond.
Sci. Technol., vol. 23, no. 105003, 2010.
M. Vojenciak, J. Souc, and F. Gomory, “Critical current and AC loss
analysis of a superconducting power transmission cable with
ferromagnetic diverters,” Supercond. Sci. Technol., vol. 24, no.
075001, 2011.
F. Gomory, M. Vojenciak, E. Pardo, M. Solovyov, and J. Souc, “AC
losses in coated conductors,” Supercond. Sci. Technol., vol. 23, no.
034012, 2010.
E. Pardo, J. Souc, and M. Vojenciak, “AC loss measurement and
simulation of a coated conductor pancake coil with ferromagnetic
parts,” Supercond. Sci. Technol., vol. 22, no. 075007, 2009.
M. D. Ainslie, T. J. Flack, Z. Hong, and T. A. Coombs, “Comparison
of first- and second-order 2D finite element models for calculating AC
loss in high temperature superconductor coated conductors,” Int. J.
Comput. Math. Elect. Electron. Eng., vol. 30, no. 2, pp. 744–762, 2011.
M. D. Ainslie, V. M. Rodriguez-Zermeno, Z. Hong, W. Yuan, T. J.
Flack, and T. A. Coombs, “An improved FEM model for computing
transport AC loss in coils made of RABiTS YBCO coated conductors
for electric machines,” Supercond. Sci. Technol., vol. 24, no. 045005,
2011.
N. Amemiya, K. Yoda, S. Kasai, Z. Jiang, G. A. Levin, P. N. Barnes,
and C. E. Oberly, “AC loss characteristics of multifilamentary YBCO

[17]
[18]

[19]

[20]

[21]

[22]

[23]
[24]
[25]

coated conductors,” IEEE Transactions on Applied Superconductivity,
vol. 15, no. 2, pp. 1637–1642, June. 2005.
M. Majoros, B. A. Glowacki, and A. M. Campbell, “Transport ac losses
and screening properties of Bi-2223 multifilamentary tapes covered
with magnetic materials,” Phys. C, vol. 338, pp. 251–262, 2000.
M. Majoros, B. A. Glowacki, and A. M. Campbell, “Modelling of the
influence of magnetic screening on minimisation of transport AC
losses in multifilamentary superconductors,” IEEE Transactions on
Applied Superconductivity, vol. 11, no. 1, pp. 2780–2783, 2001.
M. Majoros, M. D. Sumption, and E. W. Collings, “Transport AC loss
reduction in striated YBCO coated conductors by magnetic screening,”
IEEE Transactions on Applied Superconductivity, vol. 19, no. 3, pt. 3,
pp. 3352–3355, June. 2009.
M. D. Ainslie, T. J. Flack, and A. M. Campbell, “Calculating transport
AC losses in stacks of high temperature superconductor coated
conductors with magnetic substrates using FEM,” Phys. C, vol. 472,
pp. 50–56, 2012.
M. D. Ainslie, W. Yuan, Z. Hong, R. Pei, T. J. Flack, and T. A.
Coombs, “Modeling and electrical measurement of transport AC loss
in HTSbased superconducting coils for electric machines,” IEEE
Transaction on Applied Superconductivity, vol. 21, no. 3, pt. 3, pp.
3265–3268, June. 2011.
N. J. Long, R. Badcock, P. Beck, M. Mulholl, N. Ross, M. Staines, H.
Sun, J. Hamilton, and R. G. Buckley, “Narrow strand YBCO Roebel
cable for lowered AC loss,” J. Phys., Conf. Ser., vol. 97, no. 012280,
2008.
AB, Höganäs "Typical data of soft magnetic composites from Höganäs
metal powders 3P Somaloy 700 HR," Höganäs AB publication. March
2011.
M. K Kazimierczuk, “High Frequency Magnetic Components” John
Wiley & Sons, Ltd. 2nd Edition, 2014.
R. J. Wang, M. J. Kamper, “Calculation of eddy current loss in axial
field permanent-magnet machine with coreless stator” IEEE
Transactions on Energy Conversion, vol. 19, no. 3, September 2004.

[26] R. Wrobel, D. E. Salt, A. Griffo, N. Simpson, and P. H. Mellor,
“Derivation and scaling of AC copper loss in thermal modeling of
electrical machines” IEEE Transactions on Industrial Electronics, vol.
61, no. 8, August 2014.
[27] A. D. Podoltsev, I. N. Kucheryavaya, and B. B. Lebedev, “Analysis of
effective resistance and eddy-current losses in multi turn winding of
high frequency magnetic components,” IEEE Transactions on
Magnetics, vol. 39, no. 1, pp. 539–548, January. 2003.
[28] P. Sergeant and A. P. M. Van den Bossche,”Influence of the amount of
permanent-magnet material in fractional-slot permanent-magnet
synchronous machines” IEEE Transactions on Industrial Electronics,
vol. 61, no. 9, September 2014.
[29] M. Centner, R. Hanitsch, U. Schäfer, “Comparison of high-speed
induction motors employing cobalt-iron and silicon electrical steel”
Proceedings of the 2008 International Conference on Electrical
Machines Paper ID 1386.
[30] W. A. Pluta “Some properties of factors of specific total loss
components in electrical steel” IEEE Transactions on Magnetics, vol.
46, no. 2, February 2010
[31] J. R. Bumby, R. Martin, M. A Mueller, E. Spooner, N. L. Brown and
B. J. Chalmers, “Electromagnetic design of axial-flux permanent
magnet machines” IEE Proc.-Electr. Power Appl., vol. 151, no. 2,
March 2004.
[32] D. C. Hanselman, “Brushless permanent magnet motor design” Magna
Physics Publishing, 2nd edition, 2006.
[33] N. Stannard, R. Martin, G. J. Atkinson, “Analysis of a novel stator
construction employing steel wire in place of laminations” IEEE
Transactions of Energy Conversion, vol. 32, no. 3, pp. 993-1001. 2017.

