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ABSTRACT In high speed electrical machines, one of the main challenges that can be faced is the high
frequency losses in the machine windings due to both skin and proximity effects. This paper studies the
effect of using different types of magnet wires on the AC losses in the winding of high speed electric
machines. Using finite element modelling (FEM), the conductors are subdivided into multiple strands to
calculate the losses in each conductor and in each layer. Aiming at loss minimization, different arrangements
are introduced and compared at a wide range of frequencies. Further, four coil designs are prototyped
using different magnet wires or arrangements. Moreover, the design and performance are compared with
highlighting the pros and cons of each case. Eventually, recommendations are provided based on the obtained
results for a better selection of magnet wire.

INDEX TERMS AC losses, electric machines, electromagnetics, magnet wires, skin & proximity effects.

I. INTRODUCTION
This Nowadays, clean transportation is vital for the fight
against climate change. Also, the conventional fossil-fuel-
powered motors are being replaced by zero-carbon green
energy systems. That is why the industrial sector is highly
interested in solutions for transportation electrification and
sustainable electric mobility. The challenging characteristics
of electric vehicles (EVs), such as driving range and charging
times are rapidly changing. These improvements depends
mainly on efficiency and energy density of the electric pow-
ertrain. To this aim, innovation and development of energy
efficient electric machines is growing remarkably.

One of the main components that defines the electrical
loading capacity in the design of electrical machines is the
magnet wire, which is the enameled conductor used for the
machine windings. Recently, many manufacturers are deeply
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interested in studying different types of wires to guarantee
the design of high-efficiency machines with longer lifetime
and reduced size and weight. For instance, bad selection of
wires or even random allocation of conductors inside the slots
could cause an excessive amount of losses as well as poor fill
factor. Therefore, coil manufacturing with high reliability and
economic efficiency is necessary [1].

High speed electrical machines have been identified as
key technologies for EVs applications. In these types of
machines, high frequency currents, with fundamental fre-
quencies up to 1kHz, or even higher, pass through the
conductors resulting in additional losses due to skin and prox-
imity effects. This most likely appears in the open or semi-
closed slot geometry, particularly for the conductors near
the slot opening because they are exposed to high leakage
flux [1], [2], [3].

Many approaches have been used to estimate the eddy
current losses in the machine conductors including skin and
proximity losses. Table 1 presents an up-to-date list of recent
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TABLE 1. State-of-the-art in the evaluation of AC winding losses.

FIGURE 1. Different wire topologies. (a) Hairpin wires [22], (b) Single
round conductor [23], (c) Litz wires [24], [25].

studies regarding the estimation AC loss in high frequency
machines [4], [5], [6], [7], [8], [9], [10], [11]. Yet, most of
these studies were considering limited frequency range or
only one type of conductors, such as solid wires or stranded
wires [12], [13], [14], [15], [16], [17], [18], [19], or rectangu-
lar wires [20], [21]. Therefore, in this paper, different magnet
wire topologies and arrangements will be compared in a
wider range of frequencies up to 2 kHz including rectangular
hairpin wires, single round wires, and multi-strand or litz
wires.

First, the enameled rectangular hairpin copper wires are
a strong candidate for low and medium frequency electrical
machines. With the highly automated manufacturing process
of hairpin conductors, this technology is becoming more and
more popular in different drive applications such as electric
vehicles (EV) [26], [27], [28]. Compared to round or stranded
conductors, rectangular wires have the advantage of high
fill factor, which allows for lower losses at low frequencies.

A typical fill factor of such wires has a range between
60% - 70% [29]. However, at high frequencies, it may not
be the best choice due to the excessive AC losses. Besides,
there are extra procedures which are required for windings
assembly such as pre-forming process, inserting process, and
welding process [29], [30]. Fig. 1(a) shows an example of an
electrical machine utilizing hairpin windings [22].

Secondly, the single round wire is frequently used in elec-
trical machines due to its low-cost and high flexibility. This
is why it is the ideal choice for different slot areas such as
trapezoidal shape as shown in Fig. 1(b) [23]. However, one
of the main disadvantages of such wire is that it has a limited
copper fill factor, and therefore higher DC resistance and
limited thermal conduction.

Thirdly, when the machine windings are carrying a high
frequency current, the conductors are often divided into insu-
lated multistrands, so that the current has a better distribution
over the entire cross-section of each conductor. Also, for a
further reduction of the eddy current losses, a transpositioning
can be applied to the strands along the length of the wire, for
example by twisting the strands. This conductor is known as
Litz wire. With twisted insulated thin strands, litz wire has
been considered as a practical solution to mitigate the AC
losses in the conductors of the electrical machines, especially
at high frequency operation. Besides electrical machines, litz
wire has been a vital component in the design of many elec-
tromagnetic devices such as inductors [31], transformers [32].
The main problem of the multi-strand wires is the limited
fill factor specially with a high number of twisted strands.
A typical fill factor of the round extruded shapes of these
wires has a range between 35% - 45% as reported in [29].
Additionally, to obtain the maximum possible fill factor, such
wires can be designed in a profiled shapes such as rectangular
litz wire as shown in Fig. 1(c) [24], [25]. Such shape is
referred to as type-8 litz wire [33].

The main purpose of this paper is to take a step change
in the design methodology and the magnet wire selection for
electrical machines. This study is also targeting minimized
conduction losses at high frequency by balancing between
the AC and DC winding losses. Also, different topologies
for conductors arrangement will be introduced in order to
mitigate eddy current losses including proximity and skin
effects. Moreover, finite element analysis (FEA) will be used
to predict the AC copper losses at stranded level in which
the current density and losses in each strand can be evalu-
ated. Furthermore,, the performance of the four different coil
designs will be measured and compared including stranded
wire, litz wire and flat rectangular wire.

The paper is sub-divided as follows. In Section II, an ana-
lytical study is conducted for conductors at high frequency.
Section III will be devoted to the baseline electrical machine
and the behavior of current density at high frequency.
In Section IV and Section V, different factors affecting
the AC losses will be investigated. Also, different designs
will be simulated using FEM in order to mitigate the AC
high frequency losses. In Section VI, different prototypes
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of winding coils will be implemented and experimented
using either different magnet wires or different arrangements.
In Section VII, a material tradeoff is made using multi-
objective optimization. Finally, conclusions will be provided
in Section VIII.

II. ANALYTICAL FORMULATION OF CONDUCTORS
AT HIGH FREQUENCY
In order to calculate the power losses of a single conductor
at high frequency, the distribution of current density should
be evaluated. This can be carried out analytically using
Maxwell’s equations after assuming that the magnetic field
has quasi-stationary conditions.∇ × EE = −

∂ EB
∂t

∇ × EH = EJz
(1)

where E and B are the electric and magnetic fields, respec-
tively. Also, H and Jz are the field intensity and current
density vector along Z-axis, respectively. For linear material
properties, it is known that H = 1/µB where µ is the
magnetic permeability of themedium. Using the second order
differential equation of the current density vector along XY
plane shown in Fig. 2, the equation of Jz is given as follows.

∂J2z
∂x2
+
∂J2z
∂y2
= β2Jz (2)

β = jσµω (3)

where ω is the angular frequency (rad/s), and σ the
conductivity.

Since there is a big difference between the permeabilities
of iron and air, the partial derivative along the X-axis can be
neglected. Therefore, the equation of Jz can be simplified and
solved as follows.

∂J2z
∂y2
= β2Jz (4)

Jz (y) = C1eβy + C2e−βy (5)

In case of a single conductor, the coefficients C1,C2 are
obtained from the boundary conditions Hx (0) = 0, and
I = EJz · d ES. Accordingly, Jz is given by:

Jz (y) = (βI/ω) · (cosh(βy)/sinh(βy)) (6)

Using the expression of Jz (y) in the equation of the Joule
losses, the ratio the AC and the DC resistance ϕ (ζ ) is
obtained [34].

ϕ (ζ ) =
RAC
RDC
= ζ

sinh (2ζ )+ sin (2ζ )
cosh (2ζ )+ cos (2ζ )

(7)

where:

ζ = hc
√
0.5ωµσ (8)

ζ = hc/δ (9)

where hc is the conductor height, and δ is identified as the
skin depth. At high frequencies, when δ ≤ 2hc (i.e. ζ ≥ 2),

the ratio ϕ (ζ ) has a linear variation with ζ . Accordingly, the
effective cross section area is reduced and a higher current
density is introduced near the conductor surface. This is the
main reason for skin effect.

In case of multiple conductors, the following three bound-
ary conditions are applied.

Hx (0) = 0
I = EJz · d ES∮
EHx · dEl = I · (k − 1)

(10)

Accordingly, the current density in any conductor is obtained
as follows.

Jz,k =
βI
ω
·
kcosh(βy)− (k − 1)cosh[β(y− hc)]

sinh(βhc)
(11)

whereK is the conductor index as highlighted in Fig. 2. Using
equation (11), the current density is modeled for 8 conductors
at 1kHz as shown in Fig. 3. This will also be verified in the
following section using FEM. Now, the AC power losses in
each conductor can be calculated as follows.

PAC,k =
bcL
σ

∫ hc

0

∣∣Jz,k ∣∣2 dy (12)

where bc is the conductor width, L is the conductor axial
length. Finally, the AC power losses is calculated as follows
by considering uniform magnetic field distribution and an
infinite permeability ferromagnetic material.

PAC,k = π
bcL
24
ω2σB

2
oh

3
c (13)

where Bo is the peak value of the flux density.
From equation (13), it can be concluded that reducing the

rectangle conductor height (which is raised to the power of 3)
is one of the effective approaches to reduce the eddy current
losses. Another way is to reduce the variation of the magnetic
flux (Bo) across the conductors especially those near to the
slot opening where high leakage flux exists. Therefore, leav-
ing a space on top of the upper conductors is recommended
in high frequency machines.

FIGURE 2. Winding model at strand level for a single slot.

III. BASELINE MACHINE AND SIMPLIFIED MODEL
A. BASELINE ELECTRICAL MACHINE
A three-phase synchronous reluctance machine is proposed
as the baseline machine. Single-layer distributed windings
are used for the 48-slot stator. Also, an 8-pole interior per-
manent magnet (IPM) rotor is used. This combination pro-
vides a high winding factor of 0.966. The motor rated speed
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FIGURE 3. Current density analytical model results for 8 conductors
at 1kHz.

is 15,000 rpm, which results in a 1-kHz base frequency.
Further, the speed can be increased up to a maximum speed
of 30,000 rpm, resulting in a 2-kHz fundamental frequency in
the flux weakening region. The stator slots are designed with
a parallel-sided shape to achieve a high fill factor for the flat
conductors. The complete machine structure, winding layout,
and FE model are shown in Fig. 4. Moreover, the machine
performance is outlined in Fig. 5 under sinusoidal current
operation. As can be seen, the cogging torque and the torque
ripples are within the permissible limits (i.e. less than 5%).
One of the major challenges of such design is the high AC
losses due to the high magnetic field near the slot opening.
That is why, in this paper, different winding topologies are
investigated to mitigate the AC high frequency copper losses.

FIGURE 4. Reference three-phase IPM synchronous electrical machine:
Machine configuration and FE model.

B. SIMPLIFIED REFERENCE MODEL
In order to simulate all these possibilities, a model simpli-
fication is necessary, because FEM of a complete electrical
machine at stranded level is time consuming and sometimes
not possible. In [35], a quarter of the machine is modelled
including all parts; i.e. stator, rotor, and windings. The losses
of this model are used as a baseline to assess any simplifica-
tion of the machine. It was found that using a 1-slot model
can result in an overestimation of the losses by 4.7%. Also,
removing the rotor side can result in an underestimation of the
losses by 1.3% with respect to the baseline model. Accord-
ingly, the single slot model is used for evaluating the loss
and optimization of strand position. Similarly, this study is

FIGURE 5. Machine performance under sinusoidal current operation.
(a) Rated input current. (b) No load back EMF. (c) Average torque.
(d) Cogging torque.

simplified by using two-slots model of a real electric machine
as shown in Fig. 6(a). Due to space limitations in the paper,
some figures show only one slot. However, the simulations
are made for two slots.

C. CURRENT DENSITY AT HIGH FREQUENCY
In the conference version of this paper [1], the current density
distribution at strand level is investigated for eight layers of a
flat copper coil under the same current and frequency level.
The results of this study are briefly repeated here for clarity.
The current densities for the different layers are calculated at
multiple points on a vertical line crossing all the conductors,
and the magnitude and the phase angle values are shown
in Fig. 6(b). It can be seen that there is a major difference
between the current density distributions between the down-
stream and the upstream conductors. In the first conductor,
the current density is almost uniform, and its variation as a
function of position is nearly horizontal with a value lower
than 4 A/mm2. However, as we get closer to the slot opening,
the current density curve absolute value starts to become
higher. For instance, in the upper layer, the current densities
are very high at the upper and lower points with 33 A/mm2
and 22 A/mm2, respectively. Unlike the middle point in the
same conductor, which has 4 A/mm2. Moreover, in each
single layer, there is a 180◦ phase shift between the currents
in the upper and lower points. Thus, both points are carrying
the same current, but with the opposite directions.

In Fig. 7, the current density is investigated only for the
upper layer at different frequencies. As can be seen, there is a
big difference between low and high frequency operations.
In DC operation, the maximum current density does not
exceed 4 A/mm2. However, at 2 kHz, its value can exceed
60 A/mm2, i.e. 15 times higher. Thereby, it can be said that
the upper layer is the weak part in the coil design.

This crucial non-uniform current distribution – caused by
the skin and proximity effects – will result in the increase
of the apparent resistance of the coil. Accordingly, the AC
losses will remarkably increase at high frequency operation.
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FIGURE 6. (a) Investigated case studies using simplified model.
(b) Current density distribution at strand level for different layers in the
reference case study.

That is why, in this paper, different design possibilities will
be investigated in order to mitigate the AC high frequency
losses.

IV. WINDING DESIGN AND AC COPPER LOSS
If you are using Word, use either the Microsoft Equation
There are many factors that can affect the total winding losses
in the electrical machines such as conductor type (i.e. solid or
stranded), and the location of each conductor inside the slot.
In this section, the following factors are investigated.

FIGURE 7. Current density distribution for the upper layer at different
frequencies.

• Number of conductors
• Fill factor
• Number of strands
• Conductor arrangement
• Strand positioning

The losses in the reference 2-slot motorette can be divided
into two main components. The first one is due to the net
copper losses ( PCu), which is mainly the sum of DC and AC
copper losses, and the second one is due to the iron losses in
the machine core ( Pir ). The equation is expresses as follows.

PTotal = PCu + Pir (14)

PTotal = PDC + PAC + Pir (15)

A. NUMBER OF CONDUCTORS
For the same slot area, different numbers of conductors are
simulated as shown in Fig. 8. For a fair comparison, as the
number of conductors increases, the simulation current is
reduced by the same percentage so that the total ampere turns
(ATs) of each slot will be identical between the cases. For
instance, in the example shown in Fig. 8, the number of con-
ductors used are 2,4,8, and 10, so the simulation currents are
100A, 50A, 25A, and 20A, respectively. Under the same fre-
quency of 1 kHz, it can be observed that the maximum current
density has excessive value when using the 2 or 4 conductor
per slot. However, these values can be remarkably reduced as
the number of conductors increases to 8 or 10. For instance,
it has only 51% of its value when using 10 conductors instead
of 2 conductors.

In Fig. 9 (a), both copper and core losses are calculated
as a function of frequency for the different number of con-
ductors under the same ATs value. As can be seen, the
effect of number of conductors on the core losses is quite
limited. However, copper losses can be effectively attenuated
at high frequency by using higher number of conductors. For
instance, in Fig. 9 (b), the total power losses at 1 kHz can be
reduce by nearly 60% when using 8 conductors instead of
4 conductors. However, with the higher number of conduc-
tors, the manufacturing time and cost will increase specially
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FIGURE 8. Current density distribution for different numbers of
conductors under the same ampere turns and a frequency of 1 kHz.
(a) 2 conductors, (b) 4 conductors, (c) 8 conductors, (d) 10 conductors.

FIGURE 9. Power losses for different number of conductors at different
frequencies under the same ampere turns. (a) Loss components: net
copper loss, iron loss. (b) Total power loss.

if it is associated with welding. That is why trade-off should
be made in order to select the best feasible option.

Interestingly, at very high frequencies (e.g. 2 kHz), it is
noticed that the 2-conductors model has lower losses than the
4-conductors or 8-conductors models. Themain reason is that
proximity effect is increasing faster than skin effect at this
frequency zone.

B. FILL FACTOR
For the same number of conductors, the coil simulation is
conducted at different fill factors using different layer heights
as shown in Fig. 10. The fill factor could be reduced due
to the need for thicker insulation which more evenly affects
the copper distribution in the slot. Three different designs
are presented having a fill factor of 90%, 60%, 40%. The
corresponding conductor areas are A1, A2, and A3, respec-
tively. First, under dc excitation, as the height deceases, the

current density dramatically increases from 3.16 A/mm2(A1)
to 5.26 A/mm2(A3). However, under high frequency exci-
tation of 1 kHz as shown in Fig. 10, the maximum current
density unexpectedly has reduced despite the cross-sectional
area is getting lower (A1→3). Additionally, the total losses
of each case are calculated at different frequencies as shown
in Fig. 11. As can be seen, at frequencies up to 250 Hz,
the coil with the highest fill factor (A1) shows the lowest
losses. At higher frequencies between 250 Hz and 470 Hz,
relatively lower losses are realized by the second design (A2).
Above 470 Hz, the coil with lowest height (A3) has the best
performance. Therefore, it can be concluded that using of
larger size conductors does not necessarily mean that the
losses will be lower.

FIGURE 10. Current density distribution under different fill factor for the
same number of conductors. (a) 90% fill factor. (b) 60% fill factor. (c) 40%
fill factor.

FIGURE 11. Total power losses for different fill factors at different
frequencies.

C. NUMBER OF STRANDS
As mentioned in the previous section, the solid conductors
have the advantage of high fill factor. However, at high fre-
quency, this can be a major problem due to the high skin
and proximity effects. Alternatively, the stranded wires can
be a better option to avoid excessive high frequency losses.
Two different multi-strand coils are simulated. The first coil
has low number of strands (10 thick strands) and the second
one has high number of strands (45 thinner strands). The
current densities of both cases are compared with the solid
single flat copper coil as shown in Fig. 12 (a-c). At 1 kHz,
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FIGURE 12. Current density distribution for different number of strands
at 1 kHz: (a) Single solid conductor, (b) 10 strands, (c) 45 strands.

FIGURE 13. Total power losses at different frequencies, for three cases
with different numbers of strands as shown in Fig. 12.

the 10-strands wire has reduced remarkably the maximum
current density compared to the solid flat coil by about
35.7 % i.e. from 21.3 A/mm2 to 13.7 A/mm2. When the
number of strands increases further to 45 thinner strands,
it can be seen that the current density increases in the upper
conductor up to 28.1 A/mm2. Thereby, it can be concluded
that at a certain frequency level, increasing the number of
strands can be effective for reducing AC losses up to a certain
limit. The power losses of the three cases are compared at
different frequencies in Fig. 13. Obviously, the single solid
conductor has lowest losses up to 750 Hz. However, above
this frequency, the 10-stands wire will provide lower losses.
Nevertheless, at very high frequencies (above 1500 Hz), the
45-strand conductor shows a relatively better performance
compared to the 10-strands one. The results are shown in P.U.
So, the reference 1 P.U. is equal to the total power loss in the
flat copper coil at 100 Hz.

D. CONDUCTOR ARRANGEMENT
Stranded wires have various arrangements inside the slots of
electrical machines. This type of conductors can be randomly
placed inside the slot or it can be arranged in a regular
shape. For a more precise comparison, the stranded wires
are arranged in two regular shapes using the same number
of conductors and strands. In the first case, the conductors are
stacked vertically in one column with 8-horizontal-layers and
one 45-strands conductor in each layer as shown in Fig. 14(a).
In the second case, the conductors are arranged vertically
in 4 layers with two 45-strands conductors in each layer as

shown in Fig. 14(b). In terms of current density, it can be
noticed that using the vertical arrangement leads to increasing
the maximum current density by more than 75% at 1 kHz.

The copper losses are also compared in Fig. 15 within the
main frequency range (100 Hz – 2 kHz) and higher frequency
up to 10 kHz. Evidently, reducing the number of layers
increases the coil copper loss dramatically within the main
frequency range. Thereby, it can be concluded that placing the
conductors horizontally in one column on top of each is the
optimal arrangement for an electrical machine. It also worth
mentioning that the vertical arrangement shows only lower
copper losses at very high frequencies starting from 5 kHz.
So, such an arrangement may be suitable for other types of
applications such as high frequency wireless power transfer.

FIGURE 14. Current density distribution for different arrangements of
conductors at 1 kHz. (a) Horizontally-laid (8 layers × 1 conductor).
(b) Vertically-laid (4 layers × 2 conductors).

FIGURE 15. Net copper losses at different frequencies for two different
arrangements as shown in Fig. 14.

E. STRAND POSITIONING
In multi-strand windings, it is hard to control the position
of each strand inside the coil. To demonstrate the effect of
the uncontrolled positioning of the strands that would happen
in practice, two designs for a 10-strands coil are compared
with two different strand positionings as shown in Fig. 16.
In the first case, the strands position is ideal and each strand
has a fixed location. However, in the second case, using a
special pattern, the strands are transposed in such a way that
each strand has a different position in each layer. Thus, the
proximity and eddy current losses can be remarkably reduced.
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FIGURE 16. Different allocation of strands for the same 10-strand
conductor. (a) Non-transposed strands. (b) Transposed strands.

FIGURE 17. The electrical circuit for a 10-strand coil with 8 turns.

FIGURE 18. Effect of strands transposition on the net copper losses at
different frequencies.

The position of each strand is indicated by the small white
number inside each conductor.

The same electrical circuit is used to simulated both of
the 10-strands coils as shown in Fig. 17. It can be noticed
that the circuit has 10 parallel branches representing the
10 strands. In each branch there are 8 conductors for the pos-
itive slot in series with additional 8 conductors for the
negative slot.

The copper losses are calculated for both of the non-
transposed and transposed strands in Fig. 18 for a wide range
of frequencies between 100 Hz to 10 kHz, As can be seen,
the transposed-strand conductor has remarkably lower losses
compared to the one with fixed strand positions. The loss
difference can be clearly seen at higher frequencies rather
than lower frequencies. Furthermore, the copper losses are
compared at strands level and inspected for each individual

FIGURE 19. Copper losses at strands level. (a) Non-transposed strands.
(b) Transposed strands.

strand as shown in Fig. 19. When the strands has a fixed
position [Fig. 19(a)], the losses are high at the top and bottom
strands of each layer, which are 50% of the total number of
strands. However, with transposition [Fig. 19(b)], it is noticed
that 90% of the total number of strands have remarkably low
copper losses.

V. CORE DESIGN AND AC COPPER LOSS
The core design can also have an impact on the AC copper
losses. In this section, the following factors are investigated.
• Effect of adjacent slots
• Slot opening shape
• Rotor presence and airgap length
• Core material
All these case studies are simulated and compared in the

following subsections.

A. EFFECT OF ADJACENT SLOTS
In the previous sections, a single coil is simulated alongwith a
single E-core without any consideration of current in the side
slots. This section investigates if there is any possible impact
of the side slots on the copper and core losses. Accordingly,
the core is placed between two similar cores and the side coils
are carrying the same current. In Fig. 20(a), the side slots have
a current direction similar to the investigated coil, that is why
there are no flux lines in the side teeth of the investigated
coil. As a result, the associated core losses are much lower
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FIGURE 20. Effect of current in the side slots on the magnetic flux density
of the core at 1 kHz. (a) Same current direction. (b) Opposite current
direction.

FIGURE 21. Effect of side cores on the net copper losses and the core
losses.

as noticed in Fig. 21. On the other hand, when the side slots
have a reversed current direction as shown in Fig. 20(b), the
flux lines flow normally through the side teeth. Thus, the core
losses are closer to the single core case. As for the net copper
loss, the conduction loss seems to be unaffected by proximity
of the side coils as seen in Fig. 21.

B. SLOT OPENING SHAPE
The slot opening dimensions have a major impact on the
leakage flux, which in turn can affect the AC copper losses.
In this section, three common designs for the slot opening are
simulated in Fig. 22, which are open, semi-closed, and closed
slots. Also, the copper losses are calculated for each slot
shape as shown in Fig. 23. It is observed that the copper losses
have almost the same profile up to 800 Hz for all the cases.
However, above this frequency, the closed slot design seems
to have slightly lower copper losses. This is because the coil
upper layer is exposed to lower leakage flux. Additionally,
in terms of the saturation state of the teeth of the closed slot,
the tooth flux density is already increased to a level where the

FIGURE 22. Effect of slot opening shape on the leakage flux and the
magnetic flux density in the core at 1 kHz. (a) Open slot. (b) Semi-closed
slot. (c) Closed slot.

FIGURE 23. Effect of slot opening shape on the net copper losses at
different frequencies.

permeability starts to drop. This reduces total leakage flux
as well. On the other hand, the semi-closed slot causes the
highest copper losses, because the coil is exposed to relatively
higher leakage flux as shown in Fig. 22.

C. PASSIVE ROTOR PRESENCE AND AIRGAP LENGTH
In this section, the effect of the rotor presence is investigated
using variable airgap length as shown in Fig. 24(a, b). As can
be seen, when the rotor is fully aligned with the stator teeth,
the magnetic flux density increases remarkably, especially
at the teeth when comparing to the core without a rotor.
So, the permeability in the saturated parts of the teeth starts to
drop. This reduces total leakage flux. Accordingly, the copper
losses will be lower when the rotor side is in front of the slot
opening as shown in Fig. 25. It is concluded that the AC losses
are significantly impacted by the saturation state of the iron
(especially the teeth), which in this case has been realized by
reducing the air gap length. In a real machines, the saturation
state of the iron is a result of the combined rotor and stator
magnetic field. This total effect should therefore be taken into
account in the AC loss calculation. It also obvious that the
lower the airgap length, the lower the copper losses would be.
Yet, this is not a general case since the rotor can contain PM
field that is pushing the d-axis armature reaction field back
to the stator core causing more slot leakage flux and strong
circulation current issue.
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FIGURE 24. Effect of rotor presence on the magnetic flux density in the
core at 1 kHz. (a) Without rotor side. (b) With rotor side.

FIGURE 25. Effect of rotor presence and airgap length on the copper
losses at different frequencies.

D. CORE MATERIAL
The simulation of the single core is conducted for different
materials to investigate their impact on the AC copper losses.
Also, in order to allow maximum possible flux density within
each material, a rotor segment is added to each core as
shown previously in Fig. 24(b). The B-H curves of these
materials are shown in Fig. 26. These materials have different
saturation levels starting from above 2 T for the cobalt iron
(HIPERCO50) down to lower than 0.5 T for the soft ferrites.
Additionally, the corresponding copper losses are calculated
at Fig. 27. As can be seen, the losses in the air core coil seem
to be quite limited and the losses curve is nearly horizontal,
i.e. slightly affected by the higher frequency excitation. Using
soft magnetic materials with a saturation level lower than
1.5 T will result in a limited increase in the AC losses, spe-
cially at high frequency. Moreover, when the core magnetic
material has a saturation level above 1.5 T, the AC copper
losses increase exponentially with frequency.

VI. PROTOTYPING AND EXPERIMENTATION
In order to verify the simulation results, a motorette
(a fraction of the baseline machine ) in the form of E-core is
manufactured with 2 parallel-sided slots and open slot design

FIGURE 26. B-H curves of for the investigated different core materials.

FIGURE 27. Effect of different core materials on the net copper losses.

as shown in Fig. 28(a). For a fair comparison, four identical
E-cores from Fe-Si with four different winding samples are
prototyped. All the measurements are made at a fixed temper-
ature of 25◦C.A specially designed cooling jacket is also used
with a water chiller to maintain the temperature at a constant
level [see Appendix A]. Additionally, the test is performed
at each frequency level for less than 2 seconds, so that the
temperature of the coil samples remains unaffected for the
considered current level.

The first sample is the flat copper coil with 8 turns and a
rectangular cross sectional area of 5 mm × 2 mm as shown
in Fig. 28(a). With the relatively high tensile strength of this
thick copper wire, a special bending machine is used to make
it with a perfect fit within the slot area and with a minimum
end turn overhang. In the second sample, a parallel strand
wire is used to build a coil with the same number of turns.
Each turn has 10 insulated strands with 0.9 mm diameter as
shown in Fig. 28(b).

In the third and fourth samples in Fig. 28(c), a custom-
made type-8 litz wire is manufactured with a rectangular
shape. Each coil has also 8 turns, and each turn includes
45 insulated strands with 0.4 mm diameter. An outer thin
film is used to compress the strands together with an outer
dimensions equal to the flat copper coil, i.e. 5 mm × 2 mm.
Themain difference between both samples is the arrangement
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FIGURE 28. Assembled winding prototypes. (a) Flat rectangle.
(b) 10 strands. (c) 45 strands with two different arrangements.

FIGURE 29. Test setup.

of the conductors inside the slot as previously showcased
in Fig 14. In the third sample, the conductors are arranged
horizontally in one column with 8 layers, so that each layer
has only one conductor. However, in the fourth sample,
the conductors are arranged vertically in two columns with
4 layers, so that each layer has two conductors.

The four samples are tested using the test platform shown
in Fig. 29. It consists mainly out of a DC and AC voltage
sources, voltage and current sensors, and data acquisition
(DAQ) system. The DC source is used for the DC losses
measurements. Also, a linear amplifier of 40 A and 270 V
(Spitzenberger) is used as an AC variable voltage variable
frequency input source for the AC loss measurements. Addi-
tionally, voltage and current probes are used to measure the
voltage and the current of the test sample.Moreover, a dSpace
MicroLabBox 1202 is used as a real time interface and for
DAQ. There is also a PA4000 (Tektronix) power analyzer

FIGURE 30. The measured DC resistance of the different coils as a
function of temperature.

FIGURE 31. The measured AC component of the net copper loss at
different frequencies.

used to measure the AC and DC losses. A scope (Tektronix
TDS3054 4-Channel) is used to monitor the waveforms.
Finally, in order to perform the loss measurements at high
sinusoidal currents, the test sample is connected in series with
a water-cooled power resistor. This zero-inductance resis-
tance is useful to maintain sinusoidal current waveforms at
high frequencies.

As for the DC test, the DC losses of the different samples
are measured at different temperatures and the DC resistance
of each coil is calculated as a function of temperature as
shown in Fig. 30. As can be seen, the flat copper coil has
remarkably lower DC resistance because of the higher fill
factor along with the shorter end turns. On the other hand,
all the stranded types have higher DC losses due to the
relatively lower fill factor. Among the three stranded types,
the 10-strand coil has lowest losses due to the slightly high
fill factor with respect to the 45-strand types. It also noticed
that the DC resistances of the two 45-strand coils are almost
equal. The slight difference between them ismainly due to the
shorter end turns in the case of vertical arrangement resulting
in a slightly lower DC resistance.

The AC measurements are also conducted for all the coils
at different frequencies up to 2 kHz under the same current
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FIGURE 32. The ratio between the AC to DC losses at different
frequencies.

FIGURE 33. The percentage of AC loss from the net copper loss at
different frequencies.

level. The winding power loss is separated by subtracting the
iron loss from the total measured losses. An accurate iron loss
model was used for this aim. The results of all the figures
are shown in P.U. So, the reference 1 P.U. is equal to the
total measured power loss in the flat copper coil at 100 Hz,
as it will be shown later in Fig. 36. In order to calculate
the AC copper loss component for each coil, the computed
iron losses and the measured DC copper losses are subtracted
from the total measured losses. The AC component of the
copper losses (Pac) is compared for the different samples
as shown in Fig. 31. It can be seen that the 10 strands coil
has the lowest AC loss up to 1.1 kHz. Above this frequency,
using a 45-strands coil with a horizontal arrangement will
provide a lower AC loss. Moreover, it is observed that the flat
solid coil has excessive AC losses above 800 Hz. Also, the
ratio between the AC to DC losses is computed at different
frequencies as shown in Fig. 32. Additionally, the AC loss
component is calculated as a percentage of the net copper
losses (PCu) as illustrated in Fig. 33. It is clear that the percent
of AC losses is very high for the solid flat coil along almost
the entire frequency range. For instance, at 1 kHz, the flat
solid coil has 76.5% of its net copper losses only for the AC
loss component. At the same frequency, this percent is 55.5%,
38.9%, and 36.44% for the 45-strand-vertical coil, 10-strand
coil, and 45-strand-horizontal coil, respectively.

FIGURE 34. The total measured power loss components for the different
coils at different frequencies.

FIGURE 35. The net copper losses: comparison between simulation and
measurement losses at different frequencies.

The total power loss is also measured for each case as
shown in Fig. 34, including its three components, i.e. iron
loss, DC loss, and AC loss. In the solid flat coil, the AC
loss (i.e. the red line) crosses the DC loss (i.e. the aqua
line) at a low frequency of 400 Hz. In the 10-strand coil, the
AC loss stays under the DC loss up to a higher frequency
of 1500 Hz. In the 45-strand-horizontal coil, the AC loss is
completely under the DC loss for the specified frequency
range. On the other hand, the AC loss of the vertical arrange-
ment crosses the DC loss earlier at 750 Hz, despite they both
have nearly the sameDC losses. In terms of core losses, all the
four samples have almost the same exact level, since the tests
are conducted using the same core under the same ampere
turns.

Finally, the net measured copper losses are compared with
the simulated results as shown in Fig.35. Very good agree-
ment is achieved between both results after accounting for
the end turn losses. Also, the total power losses are compared
for the different coils in Fig. 36. It can be concluded that
using flat solid coil will provide the lowest total losses at low
frequency up to 700 Hz. Above 700 Hz, a 10-strands wire
will have a remarkably lower losses compared to the solid
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FIGURE 36. Comparison between the measured total power loss for the
different coils at different frequencies.

conductor. Above 1500 Hz, a 45-strand wire with horizontal
arrangement can even have a better performance compared to
the 10-strand coil. Moreover, along the specified frequency
range, the 45-strand-vertical coil has the worst case scenario
of losses. The only exception is frequencies above 1300 Hz,
at which this coil overcome only the flat solid coil. However,
it is expected that this coil will provide a better performance at
frequencies above 5 kHz, as verified in the simulation results.

To sum up, a comparison between the different coils is
summarized in Table 2 along with the specifications of each
case. It can be deduced that flat solid rectangular conductor
(Coil I) can have a high fill factor. However, a low frequency
operation is a must to guarantee a good performance. Also,
higher cost and longer time are required due to the hard
conductor formation, which may be associated with welding
in case of hairpins. On the other hand, an alternative option
of thick parallel multi strands (Coil II) can have a relatively
lower fill factor and longer end turns. However, a better
performance can be realized at medium frequency ranges.
Besides, there is no much time or cost are spent on the
conductors bending, due to the high flexibility. Finally, using
high number of strands combined with strands transposition
can result in a lower fill factor as in coil III. However, the
coil performance can be better at high frequencies starting
from 1.5 kHz. Moreover, if the same conductors are arranged
vertically, the losses can be even reduced starting from 5 kHz
as the case of coil IV. Additionally, the bending will be
relatively easier, which results in a shorter end turns and lower
coil weight.

VII. MULTI-OBJECTIVE OPTIMIZATION
Apart from electric losses, weight and cost play an important
role in the selection of the winding topology. That is why
using lightweight conducting material is highly important for
certain applications. Therefore, in this section, aluminum is
used as an alternative to copper. A parametrized model is
built with variable strand cross section areas and variable
materials for each strand using the reference coil with 8 flat
conductors. All input variables are highlighted in Fig.37 and
listed in Table 3. Targeting minimum loss, weight, and cost,

TABLE 2. Comparison between different winding topologies.

FIGURE 37. Parametric model at strand level.

10,000 designs are investigated in this optimization model.
The weight and cost are estimated for the baseline 48-slot
machine as shown in Fig. 38. It is noticed that the full copper
coil cases have low losses. However, the weight and cost are
very high. On the other hand, full aluminum coil cases have
relatively higher losses, but the weight and cost are remark-
ably lower. It is also noted that using a combination between
copper and aluminum in each slot results in minimizing all of
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FIGURE 38. Multi-objective optimization for the reference coil case with
8 flat conductors using variable strand material.

FIGURE 39. Prototyping of flat rectangle coil with hybrid material
conductors.

FIGURE 40. The measured total power loss for the hybrid coil compared
to the full copper one at different frequencies.

the losses, weight, and cost. In this particular case, it is found
that using 3 turns of copper with 5 turns of aluminum results
in nearly 60% weight reduction and 40% loss reduction.

The optimal design is then prototyped by joining a 3-turns
copper coil in series with a 5-turns aluminum coil in the same
slot as shown in Fig. 39. The aluminum coil is placed on top
of the copper one to limit the eddy current losses near the slot
opening. Finally, the losses in the hybrid coil are measured
at different frequencies and compared with those in the full

TABLE 3. Variables of the multi-objective optimization.

copper coil as shown in Fig. 40. As can be seen, the AC losses
are remarkably reduced at the high frequency domain.

VIII. CONCLUSION
In this paper, the AC losses for different wire topologies are
inspected at stranded level. The main contribution of this
study is that more parameters are investigated and validated
for the same slot topology than in any other previous work,
offering a quick overview to readers of the expected conduc-
tor losses for givenwinding details. Using finite element anal-
ysis, the eddy current losses and current density distribution
in the machine conductors are simulated for different conduc-
tor shapes or arrangements including rectangular, stranded,
and litz wires. Moreover, for a better mitigation of AC losses,
different factors that may affect the winding losses are stud-
ied, such as number of layers, fill factor, number of strands,
conductor arrangement, strands transposition, slot opening
shape, rotor presence, and core material. Furthermore, four
winding samples are prototyped using either different magnet
wires or different arrangements. The measured total power
losses are decomposed into three main components, which
are DC loss, AC loss, and iron loss. The AC components
for all the topologies are compared at a wide frequency
range.

The main conclusions are summarized in the following
points. Firstly, in terms of winding design:

• With higher number of layers, the AC losses decrease
by nearly 60%. However, the fill factor decreases and
consequently the DC losses increase. Besides, a higher
manufacturing cost will be required. That is why a
tradeoff is necessary to select an optimal number of
conductors based on the application frequency.

• Proper arrangement of the conductors inside the slot is
very crucial for limiting the AC losses. For instance,
when the 45-strand conductor is laid in 4 layers with
2 conductors per layer instead of 8 layers with 1 conduc-
tor per layer, the AC losses have almost doubled despite
using the same exact wire and the same number of turns
under the same operating conditions.

Secondly, in terms of operating frequency recommenda-
tions for the investigated cases:
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• Using flat solid coils is the perfect option at low fre-
quency up to 700 Hz, which is the typical range for many
types of electrical machines.

• Above 700 Hz, a multi-strand wire with 10 thick
strands can have a remarkably better performance up
to 1500 Hz.

• Above 1500 Hz, lower loss levels can be realized by
using 45 thin strands coils with horizontally-arranged
conductors and only one conductor per layer.

• The 45-strand coil with vertical arrangement can be used
at very high frequencies (i.e. above 5 kHz) for other
types of applications such as high frequency wireless
charging.

Thirdly, in terms of materials:
• Due to its higher resistivity, using aluminum instead of
copper near the slot opening can limit the AC losses.

• The hybrid coil combines the low losses with lowweight
and cost. So, it is the optimal choice at high frequency
domain for high speed electric drivetrains.

Finally, many factors can affect the selection of magnet
wire for electrical machines depending on the application
requirements such as frequency, wire flexibility, production
time, weight, and cost, or compact structure. So, when it
comes down to selection of wire, each option offers distinct
advantages in particular scenarios.

APPENDIX
In order to perform the AC loss measurements at a defined
temperature value, a specially designed cooling jacket is used
with a water chiller to maintain the temperature at a constant
level, as shown in Fig. 41.

FIGURE 41. Assembly of a test sample with a cooling jacket for
temperature control.
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