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Abstract -- The demand for high performance electrical
machines that combine high power density (kW/kg or kWI/L),
light — weighting and high efficiency have become more and
more important in recent years. In these machines, mitigation
of the parasitic losses associated with high — frequencies such as
skin and proximity effect losses and circulating current losses
due to flux leakage into slot become vital. This paper presents a
methodology for selecting optimum magnet wire size and the
slot winding height for minimum total loss (DC, Skin and
Proximity, and Circulating current losses) in the concentrated
winding of an interior permanent magnet machine using Finite-
Elememt approach.

Index Terms-- AC losses, conductors, high power density,
optimization, permanent magnet machines, windings

I. INTRODUCTION

HE automotive industry is going through an

extraordinary transformation, with a major focus on

vehicle electrification and this have intensified efforts in
design and development of height performance electrical
machines that combine high power density (kW/kg or
kWI/L), light — weighting and high efficiency [1]. With the
majority of the power loss within high power density
electrical machines often being generated in the stator
winding [2], it is necessary to reduce the copper losses and
improve the heat transfer mechanisms for such losses. The
main cause for winding failure is deterioration of insulation
property. It is been reported that 30% of motor failures are
due to insulation failure, 60% of which are caused by
overheating. For every 10°C of additional heat to the
windings, the insulation lifetime is halved [3]. Maximizing
the slot filling offers a solution to reduce the DC cooper loss
and achieve better thermal conductivity within the slot [4]. A
general way to maximize the slot filling factor and achieve
good thermal performance is to use rectangular conductors
with higher cross - sectional areas and evenly laying them
around segmented stator teeth in the form of preformed coils,
coupled with the use of higher thermal conductivity materials
[5]. However, the problem with the use of such bulky
conductors in high frequency applications is that, the
increase in apparent resistance of the windings is quite
significant and the copper loss is many folds larger than the
DC copper loss. Traditionally, to mitigate the loss associated
with AC effects in bulk conductors, the solution is to split the
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large conductor cross - section into smaller sections using
thin magnet wires connected in parallel. These magnet wires
are then randomly inserted into the slot to fill up the slot
area. However, the presence of slot flux — leakage, especially
near the slot, give rise to the problem of uneven current
sharing among the parallel strands or ‘strands — in — hand’ of
a conductor and circulating currents.  Various
countermeasures such as the practice of not placing windings
very close to slot openings exists [6] — [8].

Martin van der Geest in [9], showed that by placing the
conductors towards the slot bottom, the total losses can be
reduced, despite a decrease in slot filling factor. In [10], the
authors presented an analysis of loss distribution and thermal
conditions inside the slot using single conductor and 12
parallel strands model. The paper concluded that though the
AC losses in the winding with higher number of parallel
strands in greater than the solid conductor, the losses in the
former model is more evenly distributed. Authors in [11],
showed that by using rectangular flat wires in parallel teeth
slot, the copper filling factor can be increased. The paper
presented that by using the triangular free space between the
two layers and the free area near the slot top for cooling
pipes, the water jacket cooling can be removed and power
density of the machine increased. However, at high
frequencies the flat rectangular wires may incur significant
loss and laying the rectangular flat wires flat across the slot
causes manufacturing challenges and increase the production
cost. Authors in [12], experimentally verified that by
carefully controlling the shape of the bundles near the slot
top, the AC losses can be significantly reduced.

As described in literature, for high power density a higher
slot filling factor is desired. However, measured against AC
effects deject higher fill factor. Therefore, for any given slot
geometry, selection of an optimum strand diameter that
satisfy both the need of higher fill factor and lower AC
effects, combined with mechanical flexibility and ease of
manufacturing become a process of paramount importance.

In this paper, using randomly — wound round magnet
wires, a methodology to optimize the strand diameter and
slot winding height for minimum losses in the winding is
presented. Furthermore, it is shown that by optimizing the
parameters such as the strand diameter, number of parallel
strands and the winding height within the slot geometry, the
total losses in the winding can be optimally minimized.

The paper is organised as follows: Section Il introduces
the high speed machine under investigation and the
methodology used for analysis in this paper. In section Ill,
some of the simulation results and analysis are presented.



TABLE|

MACHINE PARAMETERS

Parameter

Machine Type
Rotor type
Magnet Material
Peak power
Rated torque
Rated / maximum speed
Winding Type
Efficiency
Cooling Type
Working Temperature

Specification

Three — phase PMSM
Interior Flat
N38EH
74 KW
126 Nm
2800 /10000 rpm
Concentrated
>95%

Water Jacket Cooling
-40 ~ 105°C

Fig. 1: Representation of slot with woundable area ABCD, winding
height H1 and horizontal strands layout

x% of Hl:'

Fig. 2: Representation of reduction of slot winding height from H1 to
Hn (x% of H1)
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Fig. 3: (a) Percentage of total strand area occupied by the insulation
coat (Grade 2), (b) Slot filling factor against the strand outer diameter
for H1.

TABLEII
LOSSES IN THE WINDING OF THE MACHINE FOR H1

d nominal Numbe Total conductors Total Loss in DC loss in Total loss (W)
diameter (mm arallel strands er slot Active Length (W)  Active Length (W) the end winding (W

17 1143.80 369.00 1321.80
1604.31 348.12 1772.31
1094.64 365.04 1270.64
1310.54 365.76 1486.54
1444.06 377.76 1626.06




Fig. 4: Models used for analysis with height H1, (a) 5 parallel strands,

(b) 11 parallel strands, (c) 18 parallel strands, and (d) 28 parallel
strands

(d)
Fig. 5: Models used for analysis with height (a) H2, (b) H3, (c) H4,
and (d) H4

TABLE I
COMPARISON OF LOSSES IN COMPONENTS FOR VARYING SLOT HEIGHT
(MAXIMUM TOTAL LOSSES OF EACH SLOT WINDING HEIGHT)

DC loss DC loss in

h - Total
in active end- Loss

Active
length S
parallel length winding
strands Loss (W) W W
1604.31
1142.4
1070.58
905

== Total Loss (W)

Losses (W)

H2 H3 H4
Slot winding height

Fig. 7: Comparison of losses in components for varying slot heights
(with minimum total losses from each winding height)

TABLE IV
COMPARISON OF LOSSES IN COMPONENTS FOR VARYING SLOT HEIGHT
(MINIMUM TOTAL LOSSES OF EACH SLOT WINDING HEIGHT)

Model - DC loss DC loss in
with ﬁ%g\t/ﬁ in active end-

parallel length winding
strands Loss (W) W

1094.64 365.04

845.05 429

791.79 473

764.72 525

813.66 656




B. Minimum total loss for each slot winding height

TABLE IV lists the comparison of the losses in the
components for varying slot winding height (minimum total
losses of each winding height). The models with minimum
total losses in the winding for each slot winding height were
selected for this comparison as shown in Fig. 7. Slot winding
height, H4, has the minimum total losses where the losses in
the active length of the winding reduces by approximately
30% when compared to H1, with a net reduction in the total
losses in the winding of 19.8%.
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Fig. 6: Comparison of losses in components for varying slot heights

(with maximum total losses from each winding height)

V. CONCLUSION

This paper presented a methodology to reduce the high —
frequency losses in the winding of a concentrated winding
interior permanent synchronous machine by optimising the
magnet wire size and slot winding height. Using FE based
models, it is shown that at the height, H4, which is 65% of
the original height, H1, minimum total loss in the winding
occur. This also allows for approximately 28% free space
towards the slot opening. Therefore, by optimizing the
winding height in the slot and selecting appropriate wire size,
the total losses in the winding as well the net copper used can
be significantly reduced. Further work on experimental
verification is been planned and will be presented in future.
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