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Abstract: Interior permanent magnet (IPM) machines with hairpin windings have attracted signifi-
cant attention in EV applications owing to their low DC resistance and excellent thermal capabilities.
In this paper, we present a comprehensive investigation of AC winding losses in IPM machines for
traction applications, including analytical modeling, the influence of design parameters, and finite
element (FE) verification. The proposed analytical model can predict the trends in AC winding losses
for any number of bar conductors and slot/pole combinations. The results of the parametric study,
obtained via the analytical model, are presented to examine the effects of key design parameters,
such as conductor width and height, phase arrangement, and slot-per-pole-per-phase (SPP). To
incorporate more practical issues into the analysis of IPM machines with hairpin windings, extensive
FE simulations were conducted. The results indicated that the AC winding losses decrease with an
increasing number of conductor layers and phases inside the slot.

Keywords: electric vehicle (EV); AC winding losses; interior permanent magnet synchronous
machine (IPMSM); bar-wound windings; one-dimensional (1D) analytical model; finite element
analysis (FEA); loss per torque density (LPTD)

1. Introduction

In the past decade, there have been significant technical advances in the electric vehicle
(EV) market to satisfy global environmental regulations. Furthermore, the demand for
improved energy efficiency [1] has increased. In particular, an electric drivetrain, which
typically consists of an inverter, a traction machine, and a reduction gear, is considered a
key technology for extending the driving range and improving fuel economy. Among the
different types of traction machines, interior permanent magnet synchronous machines
(IPMSMs) are the most popular in the market owing to their excellent torque density and
efficiency and their wide constant power speed ratio (CPSR) [2]. Although an interior
permanent magnet (IPM) machine exhibits the highest efficiency when compared to any
other type of machine, efforts are underway to further increase the efficiency of IPM
machines by advancing machine topologies, materials, and manufacturing techniques.

Recently, hairpin windings have been adopted by many EV manufacturers to reduce
fuel consumption over standard driving cycles, as well as production lead time. This is
because hairpin windings typically exhibit a higher copper fill factor, shorter end windings,
lower DC resistance, higher torque density, excellent thermal performance, and a highly
automated manufacturing process [3-6]. Unlike conventional random windings, hairpin
winding allows precise placement of each conductor within a slot and a consistent arrange-
ment of the end windings. Given these features, hairpin windings are highly effective in
oil cooling systems. [7,8]. Owing to more efficient cooling, the machine’s current density
increases significantly, resulting in a higher torque density.

A challenge involved in designing machines with hairpin winding involves vul-
nerability to skin effects and proximity effects due to its relatively large cross-sectional
area. Figure 1 shows contour plots, predicted via finite element (FE) analysis, to present
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three different distributions of current density as a function of skin and proximity effects.
Figure 1a,b show that the skin effect increases the current density as a function of operating
frequency, particularly near the surface, and the proximity effect significantly increases
the current density of adjacent conductors [5,9-13]. Therefore, it is important to carefully
design IPM traction machines with hairpin windings for high-speed operation.
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Figure 1. Current density distribution within a conductor(s) as a function of skin effects and proximity effects: (a) Single
conductor at 20 Apk, 2 kHz; (b) Single conductor at 20 Apk, 4 kHz; (c) Two adjacent conductors at 20 Apk, 2 kHz.

The following subsections provide a thorough literature review of selected techniques
for mitigating AC winding losses in IPM machines with hairpin windings.

1.1. Number of Conductor Layers

An effective technique for reducing AC losses involves increasing the number of bar
conductor layers within a slot. As the number of conductor layers increases, the cross-
section of each conductor decreases, and the impact of the skin and proximity effects
decreases, as shown in Figure 2. For example, AC winding losses at high frequencies
can be reduced by changing the number of conductor layers from four to six, as reported
in [14,15]. In [4,16], the current density and AC winding losses within a slot were calculated
using a one-dimensional (1D) analytical model as a function of the number of conductor
layers. The results showed that the AC winding losses are proportional to the number
of conductor layers. Unfortunately, no further analysis was conducted to investigate
the effect of the number of layers on other aspects, such as the copper fill factor and
manufacturing complexity.
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Figure 2. Slot-level current density contour plot (excitation condition: 80 Apk/conductor at 2 kHz): (a) 4 conductors; (b)

8 conductors.

In [17], analytical results using a 1D analytical model were compared with FE-
calculated results. The comparison showed that the two results are in decent agreement.
According to the FE-predicted results in [18], the optimal number of layers can vary based
on the driving cycle and operating point of the machine, and an increasing number of
layers does not always lead to lower losses.
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1.2. Conductor Geometry

The conductor geometry and aspect ratio can significantly affect the AC winding
losses. The average effect of the bar winding geometry on AC winding losses was analyzed
using analysis of variance (ANOVA) [19]. The results indicated that the calculated AC
losses are sensitive to the height of the bar conductor. The impact of the aspect ratio of the
bar conductors was analyzed using FE analysis, and the results showed that the optimal
conductor size for minimum AC losses is dependent on the excitation frequency [18].

A two-dimensional (2D) analytical model was used to calculate the AC winding losses
as a function of conductor width and height [20]. The results showed highly similar trends
to those in [18]. The results presented in [18,20] reveal that there does not exist a specific
conductor width and height that can guarantee minimum winding losses over the entire
operating region. The optimal conductor shape of a traction machine can be determined by
calculating the average losses throughout the driving cycle.

1.3. Asymmetric Conductor Arrangement

In general, large AC winding losses occur in conductors near the air gap owing to the
fringing effect [12,21]. To solve this problem, [22] proposed a method to reduce the total
losses by reducing the cross-sectional area of the conductor located close to the slot opening,
as shown in Figure 3. In addition, the FE-predicted results presented in [22] showed that the
application of an asymmetric winding layout can aid in improving machine performance in
terms of AC winding losses, efficiency, temperature, and continuous torque characteristics.

Current Density
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Figure 3. Slot-level current density contour plot of asymmetric four-layer conductors (80 Apk, 2 kHz).

A key constraint in this study involves maintaining the copper fill factor at a constant
value while the cross-sectional area of each conductor is varied in an asymmetric manner.
However, the average current density distribution is no longer uniform for asymmetric bar
conductors in the slot. Therefore, it is extremely important to avoid exceeding the specified
current density limits.

1.4. Winding Phase Arrangement

The winding phase arrangement is another important factor that affects the AC
winding losses in traction machines. The current density distribution and resulting AC
losses in the stator windings can vary significantly with the phase arrangement. In [23],
analytical and FE results were provided to analyze the effect of phase arrangements on
the current density distribution and winding resistance inside a single slot. The results
indicated that the winding resistance increases when there is only one phase inside the slot
(single-phase arrangement as depicted in Figure 4a), and decreases when two different
phases are placed in the same slot (two-phase arrangement as depicted in Figure 4b).
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Figure 4. Slot-level current density contour plot of four-layer conductors with two types of phase arrangements (80 Apk,
2 kHz): (a) Phase arrangement: AAAA; (b) Phase arrangement: ABAB.

A previous study analyzed the impact of the phase arrangement on AC winding losses
in a single slot using a 2D analytical model [20]. The results were similar to those in [23],
wherein the worst-case AC losses occur when the slot contains only single-phase coils, and
the losses decrease when the slot contains multiphase coils. Furthermore, the effect of the
phase arrangement on the AC losses of the entire machine was investigated using a 2D
analytical model [24]. The results are consistent with those presented in the literature.

Moreover, the change in phase arrangement can lead to a reduction in the winding
factor, and thereby in the average torque of the machine. Unfortunately, to date, there is a
paucity of studies on establishing a comprehensive understanding of AC winding losses in
IPM machines designed for traction applications. Table 1 summarizes a literature review of
AC losses in electric machines.

Table 1. Summary of literature review.

Subject Reference(s)
Number of Conductor Layers [4,14-18,20,25-27]
Conductor Shape (height & width) [18-20,25]
1D Analytical Model [3,4,16,17,23,25-29]
1D Analytical Model (Single-phase) vs. FEA [4,16,17,26]
1D Analytical Model (Two-phase) vs. FEA [23,25,29]
2D Analytical Model [20,24,25]
Random Windings vs. Hairpin Windings [3]
Temperature Variation by AC Losses [26]
Asymmetric Bar Winding [22]
Phase Arrangement [20,23-25]
Proximity Effect [11-13]
Slot Opening Effect [17,19]
Conductor Shape & Disposition [13]
Coil Split [9]
Winding Transposition [11]
Magnetic Wedge [30,31]
Impact of SPP [17]

In this study, we aim to provide a detailed and comprehensive investigation of AC
winding losses in IPM machines for EV applications, including winding configurations and
dimensions, analytical and numerical methods, manufacturing aspects, and loss mitigation
techniques. The major contributions of this study are as follows:

e Toinvestigate the effect of the number of layers, slots per pole per phase (SPP), and the
phase arrangement on AC winding losses using a 1D analytical model and verification
via FE analysis;

e To extend the winding loss analysis to the motor level and investigate the impact of
key operating points of EV traction machines;

e Toprovide a comprehensive comparative analysis of AC winding losses in several IPM
machines with different winding configurations under practical design specifications
and constraints.
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The remainder of this paper is organized as follows. In Section 2, we introduce a 1D
analytical model for calculating the current density and AC losses. The analysis results
obtained via the 1D model were verified using FE analysis. In Section 3, practical IPM
machines are designed using FE analysis and used to investigate the effect of the number of
conductor layers, SPP, and phase arrangement on each AC loss at the motor level. Section 4
presents the AC loss results for baseline IPM traction machines as a function of the number
of layers, SPP, and phase arrangement for key operating points that can represent standard
driving cycles.

2. 1D Analytical Model
2.1. Theory

Owing to the skin and proximity effects, a non-uniform winding current distribution
occurs inside the conductor at high frequencies [32]. Unlike random windings, the non-
uniform current distribution in hairpin windings cannot be neglected because of the large
cross-sectional area of the bar conductors. In this study, a 1D analytical model based on
Maxwell’s equations is used to consider the interaction between the nonuniform current
distribution and magnetic field distribution inside the slot area [25,32].

Figure 5 shows the slot geometry used in the 1D modeling without including the
insulation thickness and slot opening effect. Given that the 1D model assumes no field
variation along the y-axis, the effects of winding insulation and fringing fields are not in-
cluded in the analysis. However, these effects should not be ignored for practical purposes.
Therefore, they are investigated via FE analysis in later sections.

I,,e/% I,,_1e/%1

Figure 5. Slot geometry used in the 1D analytical model.

Several key assumptions used to simplify the 1D analytical model are as follows:

Pure sinusoidal currents flowing through the conductors

A magneto-quasistatic (MQS) field distribution

Negligible insulation thickness

Slots are fully opened

Lossless core material with infinite permeability

Only the z-axis component of the magnetic field and y-axis component of the magnetic
field intensity exist

The three fundamental Maxwell’s equations that were used for modeling the distribu-
tion of the current density and magnetic field in the conductor region are as follows:

_ _ouH
V XE= o 1)
VxH=] )
V-B=0 ©)]

where y denotes the relative permeability of the conductor material, E denotes the electric
field strength, J denotes the current density, H denotes the magnetic field intensity, and B
denotes the magnetic flux density. It should be noted that the displacement current was
ignored in the conductor region.
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Applying Ohm’s law yields the following equation:
J=0oE @)

where o is the conductivity of the conductor material.
Since the magnetic field intensity has the y-component only for this 1D problem,
substituting (1) into (2) after taking the curl of both sides of (2) yields:

1 ,,, OJHy

And the magnetic vector potential has only the z-component, the following expression

is derived as follows:
104,

H, = 6
Let the z-component of magnetic vector potential A for the m!* conductor to be:
Ay = Mme_’Y(x_xm) 4 Nme+’7(x_xm) 7)

where v = \/jwuo, w is the angular frequency of the time-varying field, and M and N are
the coefficients to be calculated.

Then, the magnetic fields of the (m — 1)th conductor and the m"”* conductor can be
expressed as follows:

Hy,mfl = _% [_Mmile*W(X*xmfl) + Nmile+7(x7xm,1)} ®)

Hy = —% [~ M7 63m) 4 N et 9

where x is the distance from the edge of the leftmost conductor (see Figure 5).
By applying the boundary condition between the slot and the conductors in Figure 5,
the following expression is derived:

Mye " — Nyet7 =0 (10)

th conductors, the following relationship is

By applying (10) to the m'" and m — 1
obtained as follows:

M1 — N1 = Mye " — Nyt 14 (11)

where d is the conductor height.
The net current constraint of each conductor is satisfied by Ampere’s law, which can
be expressed as in the following:

%ww (M (1= e71%) = Ny (1= 79)] = —Lel®n (12)

where Wy, is the conductor width, I is the current magnitude, 6 is the current phase angle.
The coefficients M, and N, satisfying the above boundary condition and net current
constraint are expressed as follows:

7d 7d ; :
5 = jOm m—1 o]0
Y L LR (13)
29Wy | sinh(yd) 5 cosh(%d)
ye*%d e*%dlmefem nl Ll
Ny = _c I i (14)
29yWy sinh(yd) = = cosh(%d)
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Substituting (13) and (14) into (7), the following expression is derived as follows:

d d ;
m—1 7 e~ 2 [l M-l

~ sinh(yd)

% Ly el Lief%
sinh(7d) 5 cosh (%)

Iiefgi

e—'y(x—xm) + pe
i=1 cosh(%)

e"""r(x_xm)
29Wy

(15)

yd
pe 2

T 29 Wy

-4
pe
+ 29 Wy

By substituting (6) & (7) into (2), the current density of the mt" conductor can be found
Mol et

as in the following;:
—y(x—2xm) _ +y(x—xm)
i=1 Cosh(%d) }e { ) }e :| (16)

Finally, AC losses P4c in the m!" conductor is derived as follows:

m—1 0.
I;el%
§ 1

j—1 cosh 77'1

7d .
e~ 2 Lyelom
sinh(yd)

1
e2 Lyelfm

g

sinh(yd)

J. = ’;4|:

Wyle 4
Pac = == [ 2 (17)

where [, is the axial (z-axis) length of the 1D model.

2.2. Slot-Level Analysis: Comparison of Current Density Using 1D Model

In this section, the slot-level current density distribution, calculated via the 1D model,
is compared with the FE-predicted results to verify the accuracy of the model. In addition,
the effects of the phase arrangement and conductor geometry on the current density
distribution are investigated. The FE analysis is conducted using JMAG-Designer software.

Figure 6 presents a comparison of the analytical and FE results in terms of the current
density distribution inside a single slot with eight conductors. A comparison of results
in Figure 6a,b reveals that the AC losses of the eight conductors, in which the A and B
phases are alternately arranged (ABABABAB), were smaller than those of the full pitch
arrangement (AAAAAAAA). When compared with the full-pitch configuration results,
the current density of the alternating phase arrangement was lower by a factor of 2. This
indicates that AC losses can vary significantly according to the configuration of the phase
arrangement under the same excitation conditions. Overall, given the assumptions, there
was an excellent agreement between the analytical and FE results. Hence, the proposed 1D
model can be used for different types of conductor layers and phase arrangements without
compromising accuracy.
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Figure 6. Comparison of analytical and FE results in terms of current density. (a) Phase arrangement: AAAAAAAA at
40 Apk, 2 kHz, (b) Phase arrangement: ABABABAB at 40 Apk, 2 kHz.

Many previous 1D analytical models assume that the current I, flowing inside the
m™ conductor is always the same, which limits the model’s applications when analyz-
ing problems with multi-phase slots and short pitch windings. However, the 1D ana-

h
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lytical model introduced in this paper is able to analyze the AC losses in a slot with
multi-phase windings when different current magnitudes and phases are applied to each
individual conductor.

Figure 7 illustrates the slot leakage flux flowing through a slot from one tooth to
another [33]. As shown in Figure 7, the conductor height d determines the area through
which the leakage flux passes. Thus, the AC losses are highly sensitive to changes in the
conductor height. However, the conductor width W, affects the circumferential path of the
leakage flux and has a relatively low impact on AC losses. This parameter mainly affects
the DC resistance of the winding.

Figure 7. Slot leakage flux lines.

Figure 8a, b show the total copper losses inside a single slot as a function of the
conductor width and height, respectively. As shown in Figure 8a, the total copper losses
monotonically decrease as the conductor width, Wy, increases. Conversely, Figure 8b
shows that the losses decrease to a certain value of conductor height and then start to
increase rapidly as the conductor height continues to increase. This is because the conductor
height d affects the skin depth of the conductor. According to [34], the optimal ratio of
conductor height to skin depth for minimal loss can be derived as follows:

140

120 ¢

= 100

Losses [W]
ey
.. Y

60

40

i

1 2 3 4 2 3 4
Conductor width [mm] Conductor height [mm]

@) (b)

Figure 8. Copper losses inside a single slot with four conductors (excitation condition: 200 Apk/conductor at 500 Hz: (a)
Copper losses vs. width, d = 3 mm; (b) Copper losses vs. height, W, = 3 mm.

15 025
fJ— 18
optimal (5 - (number of layers)2 -1 ) (1%

The calculated optimal conductor height for the model used in Figure 8b is 1.92 mm,
which is very close to the results shown in Figure 8b.
Section 2.3 presents a more detailed analysis of the remaining key design parameters.
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2.3. Motor-Level Analysis: Effects of Design Parameters

To calculate the total copper losses of the entire stator windings, the 1D analytical
model was extended to the motor level by connecting the conductors within a single slot
to form a three-phase stator winding. The analytical results were verified by comparing
them with the FE-calculated results. To ensure a fair comparison, some of the assumptions
introduced in Section 2.3 (i.e., no insulation, open slots, and sinusoidal current) were
applied to FE modeling. The main differences between the analytical model and FE model
include the effects of the core saturation, rotor MMF, and rotor rotation. Given that the
focus is on the stator-related design parameters, the same rotor structure is applied to all
designs, as shown in Figure 9.

Figure 9. Three winding layout configurations: (a) FP winding layout with single-phase conductors in each slot; (b) SP-A

winding layout with single-phase and two-phase conductors in each slot; (c) SP-B winding layout with only two-phase

conductors in each slot.

To compare the loss characteristics of the various winding configurations shown in
Table 2, the following constraints are considered for analytical and FE models:

Constant stator MMF (i.e., turns*current)
Stator inner radius: 75.4 mm

Peak current density at 400 Arms: 25 Arms/mm?
Back yoke thickness: 12.5 mm.

Table 2. Summary of key design parameters for baseline machines.

Parameter Values
SPP 2,3,4
Number of Layer 4,6,8
Phase Arrangement AAAA, AABB, ABAB
Winding Layout Full Pitch, Short Pitch A, Short Pitch B

The impact of SPP, number of conductor layers, phase arrangement, and winding
layout on the AC losses is analyzed in this subsection. To examine the effect of changes
in the number of slots and conductor shape on AC losses, SPP values were varied from
2 to 4. In addition, three different winding layout configurations were considered: full
pitch (FP), short pitch A (SP-A), and short pitch B (SP-B). As shown in Figure 9, SP-A
has slots filled with single-phase and two-phase conductors. Conversely, SP-B has only
two-phase conductors in each slot. By considering the aforementioned conditions, the
effects of conductor width and height, coil pitch, and phase configuration on the total
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5000

AC losses can be investigated by conducting a series of 1D and FE analyses based on the
information shown in Table 2.

Figure 10 compares the AC losses of each SPP based on the key parameters summa-
rized in Table 2 using the FE analysis (bars with light colors) and 1D analytical model (bars
with dark colors), respectively. As expected, the results are consistent with the findings
from Section 2. Specifically, as the number of conductors and phases inside each slot
increases, AC losses decrease. Closer inspection reveals that the optimal frequency at
which the minimum AC losses occur increases as the number of conductor layers increases.
Specifically, at excitation frequencies above 170 Hz, the lowest AC losses occur in models
with eight conductors per slot.

4500

Z 4000

3500

Losses [W]

3000

2500
4 Layer 6 Layer
Layer

(a)

I AAAA(FP)
N AABB(SP-A)
ABAB(SP-A) 4500
I A ABB(SP-B)
I ABAB(SP-B)

5000 5000
I AAAA(FP)
N AABB(SP-A)

I AAAA(FP)
N AABB(SP-A)

ABAB(SP-A) 4500
I A ABB(SP-B)
I ABAB(SP-B)
4000 = 4000

ABAB(SP-A)
I A ABB(SP-B)
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3500 3500
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Losses [W]

3000 3000

2500 2500

8 Layer 4 Layer 6 Layer 8 Layer 4 Layer 6 Layer 8 Layer

Layer Layer

(b) (c)

Figure 10. Comparison of AC losses for three SPP values. In the loss group of each layer, phase arrangements are in the
order of AAAA, AABB (SP-A), ABAB (SP-B), AABB (SP-B), and ABAB (SP-B). (excitation condition: 400 Arms, 200 Hz): (a)
SPP = 2; (b) SPP = 3; (c) SPP = 4 (bars with dark colors: 1D analytical results, bars with light colors: FE results).

The results in Figure 10 indicate that the 1D analytical model shows acceptable errors
in AC loss estimation when compared to the FE model, despite the differences between the
two models. In particular, a comparison of the two results showed very similar trends with
almost constant offsets. This indicated that the analytical tool can be used for screening
purposes in the early design stage if the predicted trends are as good as those obtained via
FE analysis. The major sources of offset error, as previously mentioned, are the combined
effects of core saturation, rotor MMF, and rotor rotation.

3. Analysis of AC Loss via Practical FE Models
3.1. Design Parameters and Simulation Conditions

Owing to the nature of the 1D problem, the ideal model introduced in Section 2 shows
several differences from the IPM machines used in production EVs. Although the core
saturation and rotor effects are included in the FE analysis in Section 2.3, there are other
features that must be included for a complete study. For example, typical commercial
IPM machines exhibit additional spacing within the slot owing to the winding insulation.
Furthermore, most commercial IPM machines adopt semi-closed slot openings to mitigate
torque ripple. Hence, including the effects of winding insulation and slot opening can lead
to a difference in estimating the AC losses because they affect the average torque and field
variations within the slot. This section discusses the results of a study that reflects these
practical issues. Additionally, the AC losses in the end winding region were calculated by
analytically modeling the geometry of the end winding.

By considering an example of an IPM machine with three SPP values, six conductors,
and a full-pitch winding arrangement, a cross-sectional view of the machine is shown
in Figure 11. The model contains gaps due to insulation materials and semi-closed slot
openings. Table 3 lists the design parameters of the IPM machine example. The remaining
baseline IPM machines with different SPP values and number of layers are designed
to reflect the same performance requirements listed in Table 3 and design constraints
introduced in Section 2.3.
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Figure 11. Cross section of the IPM model with three SPP values and six conductors.

Table 3. Design parameters for the baseline IPM machines.

Design Parameter Value
Peak Power 98 kW
Peak Torque at 400 Arms 290 Nm
Max Speed 15,000 rpm
Rotor Diameter 150 mm
Airgap Length 0.73 mm
Average Insulation Thickness 0.30 mm
Back Iron Thickness 12.50 mm
Magnet Material NMX-36EH (Hitachi)
Magnet Remanence at 100 °C 11T
Lamination Steel 35JN300 (JFE)

3.2. End Winding AC Losses

Until now, only in-slot AC losses were calculated using the analytical model and FE
analysis, and the losses in the end winding region were ignored for simplicity. However, it
is not unusual for the end winding to consume as high as 50% of the entire stator winding.
Therefore, the AC losses in the end winding must be considered to present a complete
analysis of winding loss. A diamond-shaped coil is assumed to calculate the length of the

end winding, as shown in Figure 12.

ltop
lclearance

lstack

A\

lclearance

Lyord™ lpottom
weld 4 ..................................

Figure 12. Diamond coil geometry.
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Figure 12 shows the geometry of the diamond-shape coil. The width of an individual
winding pin, w, is determined by the coil pitch and number of slots, which can be expressed
as follows:
coil pitch

w = 27r,,;
mid " umber of slots

(19)

where 7,,,;; is the distance from the center of the machine to the center of the slot.
The length of the crown-side end winding and weld-side end winding, l¢yown and lye4,
can be calculated as in the following:

lcrown = (%)2 + (Ztop)z (20)
lweld - \/(3;)2 + (lbottom)2 (21)

where I, is the distance from the end of the core to the end of the crown-side end winding,
Ibottom 1s the distance from the end of the core to the end of the weld-side end winding.
Finally, the total length of the diamond coil, I_total, can be calculated as follows:

ltotal = letack + 4lclearnace + 2lcrown + 2lweld (22)

Assuming a clearance gap, lciearance, Of 3 mm, I, equals 22 mm and ly,440,, €quals
31 mm for the design shown in Figure 12. Once total length is determined, total AC losses
can be calculated via FE analysis, assuming end windings are straight bars in the air.

3.3. Simulation Results of the Practical IPM Machines

To comprehensively understand the AC loss characteristics of the baseline IPM ma-
chines as a function of the machine performance, total mass, and material cost, an index
for the total winding losses per torque density (LPTD, unit: W/(Nm/kg)) was used. The
amount of rotor magnet contents, which is the most dominant cost component, remains
constant in the baseline designs owing to the same rotor constraint. Hence, the cost of a
machine remains proportional to the torque density metric under the given constraints.
Consequently, the LPTD index can be used to represent a machine’s performance in terms
of torque, mass, and cost.

Figure 13a presents a comparison of the LPTD values for the baseline machines,
including the end winding losses for peak torque conditions at 200 Hz. Figure 13b shows a
comparison of the AC losses in Watt for the baseline machines. Interestingly, the results in
Figure 13a,b are generally consistent with each other except for the two SP-B configurations.
This implies that the LPTD metric decreases as the number of layers and in-slot phase
number increase. The design with an SPP value of 2 exhibits much higher LPTD values
when compared to those with SPP values other than 2 irrespective of the number of layers
and phase arrangement. The lowest LPTD values occur when the stator windings adopt
SP-A configuration with eight conductors per slot. LPTD values are higher for the SP-B
configurations, owing to their lower winding factor. Figure 14 shows that the reduced
winding factor increases the total mass of the machines with the SP-A configuration.
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4. AC Loss Analysis at Peak Power and Partial Load Conditions

In addition to the loss calculations performed for a single operating point, it is impor-
tant to calculate the average loss over a vehicle driving cycle to complete the design of
a traction machine. However, these types of calculations require a significant amount of
time using the FE analysis. An alternative method of using selected key operating points
was introduced [14]. Among the several important operating conditions, high-speed and
light-load conditions are known to be crucial for vehicle fuel economy. In this study, partial
load conditions with 20% of peak torque, from 2000 to 15,000 rpm, were selected for the
AC loss analysis of the baseline IPM machines.

In addition to the representative operating points for fuel economy, peak power
operation is essential from the perspective of EV performance. Two operating conditions
at low and high speeds were selected to investigate the AC losses of the baseline IPM
machines during peak power operation. Figure 15 shows the selected operating conditions
at partial loads (see yellow diamonds) and peak power conditions (green circles).
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4.1. Peak Power Operation

Table 4 lists the magnitude and phase angle of the phase currents at the peak power
for two different speeds, 3000 rpm and 9000 rpm. The results in the table indicate that the
current magnitude decreases and phase angle increases in the high-speed, flux-weakening
operation region. Figure 16 presents a comparison of the LPTD values at peak power for
3000 and 9000 rpm. As shown, the LPTD values of the three IPM machines are similar
at 3000 rpm, where DC losses are dominant. However, the total copper losses increased
drastically at 9000 rpm, specifically for the machine with two SPP values. This implies
that the skin and proximity effects become increasingly important at this high speed.
The results are similar to the previous results, wherein the AC losses increase with an
increasing number of conductors. The lowest losses occur when an ABAB type of winding
arrangement with eight conductors is adopted.

Table 4. Current magnitude and phase (gamma) angle at peak power for two speeds.

Speed [rpm] Current Magnitude [Arms] Gamma Angle [°]
3000 400 55
9000 209.7 732

I PP = 2 I SPP =2
1400
T 1200
ill]l]tl
2, 800
E 600
-
400
ABAB(SP-B
AABB(SP-
Phase
@) (b)

Figure 16. Comparison of LPTD as a function of phase arrangement and conductor layer for three SPP values: (a) 98 kW at
3000 rpm; (b) 98 kW at 9000 rpm.



Energies 2021, 14, 8034

150f18

Phase

22

4.2. Partial Load Operation

Table 5 lists the magnitude and phase angle of the phase currents at 20% of the peak
torque for speeds ranging from 2000 rpm to 15,000 rpm. The results in the table show
that the current magnitude and phase angle increase as speed increases under the partial
load condition.

Table 5. Current magnitude and phase (gamma) angle at 20% peak torque for six speeds.

Speed [rpm] Current Magnitude [Arms] Gamma Angle [°]
2000 87 313
3000 87 31.3
6000 87 313
9000 116 64.5
12,000 155 75.3
15,000 196 80.1

Figure 17 shows a comparison of the LPTD of the baseline IPM machines for speeds
ranging from 3000 to 9000 rpm under 20% of the peak torque condition. The results are
similar to those in Figure 16. The results show a slight difference in the LPTD at low speeds
between the baseline machines. However, the AC losses rapidly increase as the speed
increases. This becomes more pronounced as the number of layers decreases. Additionally,
irrespective of the number of layers and SPP, the lowest LPTD always occurs for the designs
with SP-A (ABAB type) arrangement. Thus, as mentioned earlier, the worst-case losses
occur when SPP equals 2. This can be due to the relatively large cross-sectional area of the
bar windings of the machine with 2 SPP. Interestingly, the LTPD values were very similar
for both 3 SPP and 4 SPP, which is likely because the fill factor decreases as SPP increases.

Speed [rpm|

BB(SP-B) - % AABB(SP-B) - %
ABAB(SP-A) 2 Z 2 ABAB(SP-A) 2 2
AABB(SP-A) z 2 7 “ A z z °
AAAA(FP) ws & 2 AAAA(FP) TR
Phase - Phase E-
Speed [rpm] Speed [rpm]|
(b) ()

Figure 17. Comparison of LPTD under 20% of peak torque condition as a function of phase arrangement and speed for

three SPP values: (a) four conductors; (b) six conductors; (c) eight conductors.

To date, FE simulation results suggest that the total AC losses decrease as the number
of layers and SPP values increase. However, manufacturing complexity and cost also
increase if the number of individual hairpin windings is excessively high. Figure 18 shows
the number of hairpin windings required to manufacture the windings of an entire stator as
a function of SPP values and number of layers. As expected, the number of total winding
pins increases linearly as the number of layers and SPP values increase.



Energies 2021, 14, 8034

16 of 18

400 : : )
-8~ SPP=2 -
350 [|=% =SPP=3 1
2 SPP=4
=
-1
=
2
=
=
S
=]
P
W
=
£
=
.

Layer

Figure 18. Total number of hairpin windings as a function of SPP value and number of conductor layers.

Finally, the AC losses of the baseline machines can be reduced further if the machines
are fully optimized using multi-objective, multi-variable optimization algorithms [35-37].

5. Discussion and Conclusions

In this study, an analytical model was developed and verified via FE analysis to
investigate the effect of motor design parameters on AC winding losses. The primary
observations using the analytical model include the following:

e AC winding losses generally increase as the number of layers and phases increase
within the slot.

e  Conductor height d significantly impacts AC winding losses, and its effect becomes
increasingly important as the conductor height deviates from the optimal ratio, 5,ptimal,
considering the skin effect.

e  Conversely, conductor width Wy, primarily affects the DC winding losses as opposed
to AC losses.

e Ingeneral, the SPP values are inversely proportional to the AC losses when constrained
by the same conductor aspect ratio and the same MMF constraints.

The AC loss characteristics of practical IPM machines were investigated using LPTD
as a key performance metric. To ensure a fair comparison, baseline traction machines are
designed based on the same specifications and constraints. The major observations are
as follows:

e By changing the winding layout, AC losses can be effectively reduced, albeit at the
cost of average torque degradation.
Changes in phase arrangement leads to relatively low impact on the LPTD
Worst-case losses occur for the machines with SPP value of 2.
Conversely, a similar level of AC losses occurs for 3 SPP and 4 SPP machines, regardless
of the number of layers and winding layout.

Unfortunately, no experimental verification is included in this study owing to the
limited funding for this study. The construction of a full-scale prototype machine and
experimental segregation of AC winding losses for verification purposes are considered
highly challenging from financial and technical perspectives. Our future plans involve
experimental verification as well as optimization for the results presented in this study.

Finally, it should be emphasized that the generalization of all observations and con-
clusions presented in this study can lead to inaccurate or inappropriate decisions. Hence,
it is the designer’s responsibility to carefully select the type of winding configuration
based on the specific application requirements when designing a traction machine with
hairpin windings.
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