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Abstract

Nowadays, the interest in electric propulsion is increasing due to the need to
decarbonize society. Electric drives and their components play a key role in this
electrification trend. The electrical machine is seeing an ever-increasing
development and extensive research is currently being dedicated to the
improvement of its efficiency and torque/power density. Although the standard
preliminary sizing of electrical machines equipping random windings is well
consolidated and is worldwide acknowledged to be a good starting point for the
design, there is a lot of research to do and currently on-going when it comes to
hairpin windings. Recently, hairpin windings are receiving more and more interest
from both industry and academia, as they are a promising solution to achieve the
above requirements all together. Compared to conventional random windings, it
inherently features lower DC resistance, higher fill factor, better thermal
performance, improved reliability, and an automated manufacturing process.
However, several challenges still need to be addressed, including electromagnetic,
thermal and manufacturing aspects. Of these, the high ohmic losses at high-
frequency operations due to skin and proximity effects (AC losses) are the most

severe, resulting in low efficiency or high-temperature values in the machine.

First, in this work, a comparative design is done using the classical sizing tools
available in the literature between two surface-mounted permanent magnet
synchronous machines, one featuring a random winding and one with a hairpin
layout. This part of the study aims at highlighting the hairpin winding challenges
at high-frequency operations and at showing the limits of applicability of these
standard approaches when applied to this technology. In the second step, a multi-

objective design optimization is proposed aiming to provide a fast and useful tool



to enhance the exploitation of the hairpin technology in electrical machines.
Efficiency and volume power density are considered as main design objectives.
The analytical and finite element evaluations are performed to support the

proposed methodology.

In the third stage, a changing paradigm is made for the design of electric motors
equipped with hairpin windings, where it is proven that a temperature-oriented
approach would be beneficial when designing this type of pre-formed winding.
Furthermore, the effect of the rotor topology on AC losses is also considered.
After providing design recommendations and finite element electromagnetic and
thermal evaluations, experimental tests are also performed for validation purposes
on a motorette wound with pre-formed conductors. The results show that
operating the machine at higher temperatures could be beneficial to the overall
efficiency, particularly in high-frequency operations where AC losses are higher

at low operating temperatures.

Another challenge of hairpin windings which is considered in this research relates
to the need of reducing the welding spots within the winding, thus increasing the
reliability of the welding process. Hence, the solution may be to adopt continuous
hairpin windings. Nevertheless, these involve open slot designs or special stator
arrangements, which can produce undesirable effects in motors, such as torque
ripple, increased permanent magnet losses, etc. The last part of the thesis focuses
on comparing the main electromagnetic performance metrics for a conventional
hairpin winding, wound onto a benchmark stator with a semi-closed slot opening
design, and a continuous hairpin winding, in which the slot opening is open.
Lastly, the adoption of semi-magnetic slot wedges is investigated to improve the

overall performance of the motor.
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Chapter 1

Introduction

1.1 Transportation requirements

The average energy efficiency of internal combustion engine (ICE) vehicles to
convert fuel energy into motion is between 10 and 20 percent. The residual fuel
energy is wasted in terms of heat or expelled into the air, which accounts for
nearly 80-90% of fuel waste. Therefore, more efficient, and further enhanced
performance vehicles are needed to reduce fuel consumption and greenhouse gas
exhaust emissions. Electrification of transportation is a well-accepted approach
that can significantly reduce oil dependence, fuel dissipation, and environmental
effects in transportation systems [1,2]. A great deal of ongoing research and
development is currently underway in the transportation sector, where vehicle
electrification plays one of the most critical roles in lowering emissions and
maximizing efficiency. In the years ahead, mobility will increasingly become
reliant on electrification. One of the key components in the powertrain of hybrid
electric vehicles (HEVs) and battery electric vehicles (BEVs) is the electric motor
[3]. Performance is highly dependent on the mass of vehicle components.
Consequently, maximizing power and torque density is an important objective in
the development of electric drives for transportation applications [4,5]. Traction
applications are driving the limits of high speed and power density with
breakthroughs in cores, magnets, and winding designs [6]. Nevertheless, while
higher speed means more power for a given torque, it also means additional losses

in cores and windings, thereby reducing overall efficiency Therefore, designing an



2 Introduction

electric machine that meets all the above objectives is a very complex task. In that
respect, the selection of a proper winding structure plays a key role. Overall, there
is not one optimal winding frame, but it depends on the application. In today's
perspective of prioritizing torque density, permanent magnet synchronous
machines (PMSMs) are extensively utilized as propulsion motors in traction
applications [7]. Most notably, internal PM machine (IPM) provides high power
density, high efficiency, and a wide speed range, all of which are requirements for

traction applications [8].

1.2 Traditional windings

When operating at a comparatively low frequency, the current distribution in the
armature conductors is normally uniform. In higher frequency ranges, if proper
precautions are not taken, skin and proximity effects may appear, resulting in
higher conductor resistances and losses. Various winding techniques, such as Litz
wires, have been introduced to alleviate these phenomena Nevertheless, these are
characterized by a low copper-to-insulation ratio within the slot (fill factor), high
manufacturing expense, and complicated forming and impregnation operations,
making them appropriate only for applications at very high frequencies

Applications in the area of transportation, and particularly the automotive sector,
are rather economical and therefore the most favourable solution is random
winding, which is featured by strands of larger cross-sections than those utilized
in Litz wire [9]. The active sides of each coil turn are arranged randomly against
each other. One of the main merits of this type of winding is flexibility. Random
winding varies from integer-slot windings to fractional windings, from single-
layer to multiple-layer structures, from distributed to concentrated configurations,
and from full-pitch to short-pitch layouts. While the random winding is a good
compromise between cost and performance, its fill factor is low, and the volume
and mass of the motor would be greater, so depending on the application, the

power density is relatively low. Also, the random distribution of conductors
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within the slots can cause the winding voltage distribution to be uneven,

undermining overall reliability [10].

1.3 Hairpin windings

The stator winding of traction machines also can be with form-wound windings or
hairpin winding consisting of flat rectangular conductors [11]. In high-power
density traction applications, hairpin windings are widely spreading and currently
seeing an ever-increasing interest in several documents [12—15]. The most
noticeable advantage of form-wound windings over random windings is the rise in
the slot fill factor, i.e., the ratio of conductive to insulating materials within the
slot. Rectangular flat wires can fit the shape of the slot perfectly when it is also
rectangular, i.e., when the slot has parallel sides along the radial direction of the
machine. To reinforce this concept, Figures 1-1(a) and (b) show the "layered"
round wire winding methods, while Figure 1-1(c) shows a rectangular wire

winding arrangement [16].

In this case, a flat rectangular copper wire is pre-formed into a hairpin shape and
inserted into the slot, then the open sides are properly twisted and welded to form
a coil. In comparison with round windings, the length of the end-winding is

shortened and, as a result, the DC copper loss is reduced [17].

Round winding

(a) (b) (c)

Figure 1.1 A qualitative view of a slot cross section for (a) regular round
winding, (b) modified round winding, and (¢) rectangular winding.
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In addition to this characteristic of the final winding, the flat and "massive" shape
of each hairpin leg reduces the DC copper loss generated by the active parts
compared to their round-wound counterparts. Furthermore, in a mass production
context, the production of hairpin windings can be favorable in terms of cost and
cycle time compared to the traditional, often manual, random winding method
[18]. Its main inherent advantages are a higher fill factor, better thermal slot
conductivity, lower DC resistance, better voltage distribution and an automated
fabrication process, which make hairpin windings suitable for the automotive
industry [19-22]. For all these reasons, in traction applications, hairpin techniques
are increasingly gaining attention due to their potential in reaching higher power
and torque densities [23-26]. Nevertheless, this technology also has some
drawbacks. One major outstanding issue is power loss at higher frequencies,
which limits the applicability of hairpin winding machines to high-speed
applications. Many methods have already been suggested to surmount this major

challenge, [2], [27-30] and ongoing research is focusing on this point.

1.4 Optimization

On the other hand, since the technology is relatively recent, not much research is
available on the design optimization of machines equipped with this type of
winding, while several studies concentrating on optimization techniques have
been proposed for electrical machines with random windings. For instance, the
analysis, design, and optimization of a PMSM destined for a campus patrol
electric vehicle were reported in [31]. Its optimization objectives included the
minimization of voltage harmonic content and torque ripple. The optimum stator
inductances and resistance of a PMSM were calculated in [32] using a particle
swarm optimization (PSO) method. Furthermore, the maximization of the flux-
weakening region was pursued in [33], where a sur-face-mounted PMSM was
optimized. In [34], the torque ripple of a PMSM under both transient state and

steady-state conditions was minimized through an analytical solution. A multi-
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physics optimization program based on a multi-objective genetic algorithm was
developed in [35], to achieve a trade-off solution among the electromagnetic,

mechanical, and thermal aspects.

Regarding hairpin windings, a design optimization was performed in [36], where
the objective of the optimization study was to minimize torque ripple, while little
consideration was given to the most crucial challenge of hairpin windings, i.e.,
high copper losses in the high-frequency operation. This is in consequence of skin
and proximity effects, in which the AC supply current flows in a fraction of the
conductor's cross-sectional area. These phenomena are accentuated in high-
frequency operation and lead to an increase in the effective conductor resistance

(and thus losses) [37].

A simple motor design for traction applications was presented in [38] but with no
optimization strategy being implemented. In [39], an induction motor equipped
with hairpin winding was optimized aiming at a low-cost and rare-earth-free
design. However, the number of hairpin layers in the slot was kept fixed, thus
limiting the degrees of freedom of the design optimization. Additional work has
been recently published on hairpin windings, but they focus either on modelling
aspects (e.g., AC loss estimation [30]) or preliminary calculations [40] or

sensitivity analyses [41].

1.5 Skin and proximity Effects

Considering the above, the combination of PMSM with hairpin windings
maximizes the torque density of the motor itself and, therefore, of the powertrain
and vehicle. However, the biggest issue with hairpin windings is the high-
frequency losses (i.e., AC losses). Figure 1.2 shows an instance of a current
density map in 6 fork windings within a motor slot. As it turns out, the current
density is not uniformly distributed in some conductors, thus causing an increase
in equivalent resistance and losses. In the general example below, the frequency

was set to a relatively high value, ie., 1 kHz, aiming to highlight the
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abovementioned high-frequency phenomena. Several methods have been recently
proposed to mitigate these phenomena in hairpin windings, especially the use of
unconventionally shaped conductors near the slot opening. However, all these
studies assume the effect of the rotor field is negligible on skin and proximity
effects, and thus the rotor usually is not modelled in the relevant analysis tools. In
addition, the positive effects of having reduced losses on the operating
temperatures have been shown, as well as investigations on the cooling systems to
be implemented when hairpin windings are adopted. On the other hand, for a
given hairpin layout, the effects of the operating temperature on the losses have
not been investigated so far. In fact, while the result is known for the DC losses,
i.e., the resistivity increases with temperature, the impact on AC losses is not
obvious, especially for variable speed/frequency operations. Therefore, although
the importance of ohmic loss evaluation and thermal analysis for PMSMs
equipped with hairpin windings has already been highlighted in previous studies,
the effect of temperature variation in hairpin conductors on AC losses at different

working frequencies is not detailed.

1.6 Continuous Hairpin winding

Concerning the production complexity, machine structure and performance, the
insertion direction of the rectangular wire windings can be in two methods,

including the radial direction and the axial direction.

where the radical insertion direction is the same as the traditional stranded wire
windings inserted from the slot opening to the slot bottom. Therefore, due to the
larger cross-sectional area of the copper conductors, the slot shape of the
rectangular wire winding machine is always the parallel slot structure consisting
of the open slot. However, the twisting can only be accomplished after the
rectangular wires have been inserted in the slots, which furtherly raises the

production difficulty [42].
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Figure 1.2 A general example showing the non-uniform current density
distribution in hairpin conductors during high-frequency operations.
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There are several methods to avoid the welding points of conductors in end-
winding. The most rational way for rectangular hairpin winding is using
continuous hairpin winding [43,44]. This method consists of performed elements
that build more than one coil. This reduces the number of welding spots. The
cycle time is also reduced, and the winding process is easier compared to
conventional hairpins. However, open slot structures or novel stator arrangements
are required to allow continuous insertion into the slots. Such concepts are
associated with new electromagnetic and production challenges. Manufacturing of
PMSMs equipped with continuous hairpin winding allows for easier and faster
insertion of the conductors into the slots radially, which have to be open, with
several drawbacks including an Increase in the Carter factor and the equivalent
length of the airgap, with a consequently greater reluctance of the magnetic path,
a Worsening of the harmonic content of the magnetic field, and an increase in the
torque ripple, due to the significant discontinuity of the magnetic permeability of
the stator core [45]. Open and closed slot openings have been ever a parameter to

control the electromagnetic performance of different types of motors [46,47].
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1.7 Summary of research

On the other hand, only a few works deal with a comparison in terms of design
procedure between random and hairpin windings [48-49]. Therefore, in chapter 2,
the aim is to use the classical sizing equations typically used for random-wound
electric machines and also for the preliminary design of machines equipping
hairpin windings. As a case study, a surface-mounted PM motor intended for a
traction application is considered and a comprehensive comparison between
random and hairpin winding designs is provided. Finite element (FE) evaluations
are also performed for validation purposes, finally highlighting the limits of
applicability of the classical sizing equations to the design of electrical machines

with hairpin windings.

In Chapter 3, the goal is to use dedicated optimization strategies for the design of
an electrical machine with hairpin windings intended for a race car application. As
a case study to further explore the above concepts, a surface-mount PMSM
designed " roughly" in [50] is considered. The design realized in [50] is based on
a stator with random winding, so the initial goal of this work is to transform the
random winding into a hairpin winding, while the second step is to move from a
"rough" machine design to an optimal one. For this purpose, two objective
functions were selected: maximization of the volume power density and
minimization of the power losses. These are indeed the most critical and
conflicting figures to achieve when hairpin windings are involved. Before
implementing the optimization process, first, a sensitivity analytical study is
carried out on the number of poles and slots per pole per phase. This led to
defining a starting machine design which is used to validate the analytical sizing
approach through the FE methodology. Once validated, the analytical tool is first
used to perform a study on the parameters mostly affecting the selected

objectives, and then to run the optimization to achieve an optimal solution. The
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use of the analytical sizing equations ensures a limited computation burden

compared to numerical-based (e.g., FE) approaches.

The fourth chapter tries to: (a) analyse the effect of temperature on the overall
losses, (b) investigate the impact of different PM rotor topologies on the overall
losses, and (c) analyse the effects on losses of both temperature and rotor
topologies. The benchmark machine considered for the investigations at hand is a
traction motor intended for racing car applications, whose full design process was
proposed in [51], including a multi-objective optimization carried out aiming to
maximize power density and minimize power losses. In this research, first, the
design of this benchmark motor is refined considering the realistic and
commercial dimensions of hairpin conductors. Then, the focus is on the
temperature and topology impact on DC and AC losses, which is the main aim of
this research. To carry out validation of the comparison between different
conditions, experimental parameters were tested at different temperatures and

frequencies for a motorette.

In the fifth chapter, investigations on the continuous hairpin winding are carried
out. To overcome the problems arising from the design of the stator slot opening,
it is possible to use magnetic or semi-magnetic wedges (M-W). In studies on the
use of the M-W, parameters included of torque average, motor efficiency, and
torque ripple are based on the motor geometry, rotor topology, air gap size, and
the permeability of M-W [52-54]. However, a motor equipped with a continuous
hairpin winding and suitable M-W has not yet been surveyed. In this research, it is
tried to have a comparison between a verified prototypes motor with a semi-
closed standard slot opening, an open slot with continuous winding and

continuous with M-W with a different permeability and find a proper one.



Chapter 2

Hairpin versus Round windings

2.1 Introduction

Although the standard preliminary sizing of electrical machines equipping random
windings is well consolidated and is worldwide acknowledged to be a good
starting point for the design, there is no proof of accuracy and confidence when it
comes to hairpin windings. In this chapter, a comparative design is done using the
classical sizing tools available in the literature between two surface-mounted
PMSMs, one featuring a random winding and one with a hairpin layout. The study
aims at highlighting the hairpin winding challenges at high-frequency operations
and at showing the limits of applicability of these standard approaches when
applied to this technology. For verification purposes, FE evaluations are also

performed.

2.2 Preliminary Design Process

2.2.1 Starting requirements and assumptions

The design process is initialized by defining some basic machine performance
requirements, such as output power, speed, voltage, and desired efficiency. The

values of such input parameters are listed in Table 2.1.

The second step is making some assumptions about the materials and the cooling

system. M330-50A and NgFcB are used for cores and PMs respectively, whereas
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natural convection is hypothesized as a heat extraction method. This permits
defining magnetic and electric loadings and the maximum flux density values
allowed in the various parts of the motor. Some additional choices on the outer
rotor diameter to axial length ratio, airgap thickness, PMs’ span, number of slots-
per-pole-per-phase and number of poles are initially made. The choice of the
expected speed and the pole number is based on the desired operating frequency
chosen for the design exercise, i.e., 200 Hz. For a fully fair comparison between
round and hairpin windings, the same number of slots-per-pole-per-phase, i.e.
g=3, is assumed and the stator structure is based on a distributed full-pitch, single-
layer winding. Given the low degrees of freedom allowed by hairpin windings, the
number of conductors per slot zq in both random and hairpin winding designs is

set to 4. A summary of all these parameters is provided in Table 2.2.

Considering the above and assuming the number of phases m equal to 3, the slot
number is calculated as Q=q-m-2p=72 and the number of winding turns per phase
as N= zq-q-p=48. Also, given the type of winding structure initially assumed, the
short pitch factor k¢ is equal to 1, while the distribution factor kq is calculated as
(2.1), where B is the slot pitch angle. The total winding factor ky is given by the
product of kep-ka.

sin (‘2—6)

kd = (21)

asind)
It must be mentioned that some of the design parameters which were considered
here as input design choices could be envisioned as output variables to be refined
according to design requirements and constraints. However, for the sake of this

chapter, the described design process is reasonable.

2.2.2 Sizing calculations

Having preliminarily selected the D/L ratio, the starting point for the motor sizing,

either with random or hairpin windings, is the torque expression given in (2.2). In
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(2.2) B is the RMS value of the fundamental airgap flux density Bmax obtained
from (2.3) using the Fourier series decomposition of a square wave waveform.
Equation (2.2) permits finding the values of D and L. Then, hypothesizing in the
PMs the same flux density as in the airgap, (2.4) can be used to determine the

thickness Im of the PMs.

The total area of Sausiors to be dedicated to the three machine phases can be
calculated using (2.5), where ki is the slot fill factor. Yoke thickness Wy and tooth
width W; can be calculated using (2.6) and (2.7), respectively. In (2.6), @, is the
physical flux per pole, whereas in (2.7) As is the stator slot pitch in meters. It
should be noticed that, so far, the sizing equations for both random and hairpin

winding designs are basically the same.

The only step where the hairpin design played a role was related to the decision of
fixing the number of conductors per slot, which is usually derived from the rated
voltage VL instead. However, the major difference in the calculations is dictated
by the choice of the fill factor. While for round windings kir is relatively low and,
thus, this is taken equal to 0.5, in hairpin windings the fill factor is higher, and it is
then assumed equal to 0.8 in this design exercise. These choices make the hairpin
design inherently more compact than the round design, i.e., the outer stator
diameter is smaller. Another important difference to mention is the slot shape. As
recalled in Section 2.1, a trapezoidal slot shape is envisioned for the machine with
random windings, whereas a rectangular shape is considered for the machine with

hairpin windings.

T=§D2LBA (2.2)
4Bg . pa
Brax = ﬂg.sm ( 18PoM g) (2.3)
-l
I = 5% (2.4)
Bag *
A= J-Sall slots-Kff (2.5)

D
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Table 2.1 Expected performance from prototype design
Parameter Symbol Amount
Output power P 37.7 kW
Speed nm 3000 rpm
Voltage Vio 370 V
Efficiency n 95 %
Table 2.2 Expected performance from prototype design.
Parameter Symbol Amount
Linear current density A 40 kA/m
Current density J 5 A/mm?
Airgap flux density Bag 08T
Teeth flux density B: 1.6 T
Yoke flux density By 14T
The residual flux density of PMs B: 1.05T
Relative permeability of PMs Um 1.05
Outer rotor diameter / axial length D/L 1.1
Air-gap thickness g I mm
Pole number 2p 8
Pole span opM 33°
Number of slots-per-pole-per-phase q 3
Number of conductors per slot Zq 4
_ %
Wy =ar (2.6)
W, = Zaets (2.7)
Bt

2.2.3 Power losses

Besides the design aspects, the most important factor to consider when designing

an electrical machine with hairpin windings is the AC Joule losses. In random

windings with stranded conductors, the AC losses can be neglected. Contrarily, in

hairpin windings, AC losses need to be carefully considered and determined.

Copper loss: In (2.8), the DC resistance Rpc of a machine phase depends on the

total length of one coil L, the number of turns in series N and parallel paths per

phase, the cross-sectional area of the conductor S. and the conductivity of the

conductive material o, as the Pouillet's' law. Resistance is highly dependent on

! Claude Pouillet
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the running temperature of the machine. Generally, machine resistances are first
analyzed at the design temperature or the maximum allowable temperature for the
selected winding type [6]. Likewise, the inverse of conductivity which has been
called resistivity (p), with a linear approximation has a relation with temperature
as (2.9). where a is called the temperature coefficient of resistivity, To is a fixed
reference temperature (usually room temperature), and p, is the resistivity at
temperature To. Alpha (o) is a temperature coefficient of resistance representing
the change in resistive change for each degree Celsius increase in temperature.
Materials’ specific resistance changes with temperature, just as it does for all

materials at 20° C. It is a positive value for pure metals, increasing temperature

resistance.
LC
Rpe = 5o, (2.8)
p(T) = po(1 + a(T — Ty)) (2.9)

Considering a uniform current distribution at any frequency in stranded
conductors, the losses associated with the DC resistance are the only contribution
to the random winding design. In hairpin conductors, skin and proximity effects
and the ensuing AC losses are usually determined through the ratio between Rac
and Rpc. For each layer k, this ratio (krk) is determined using (2.10), where o,
and & are expressed as in (2.11), (2.12) and (2.13), respectively. In (2.14), heo and
beo are the height and width of the sub-conductors, respectively; o is the supply
frequency; po is the permeability of vacuum and with an approximation, the

average resistance factor Kgr, over the slot could be found from (2.14) [6].

ke = @) + k(k = Dp(©) (2.10)
p(§) = E% (2.11)
Yo = 2 (2.12)

coshé+cosé
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,1 be
§ = heo 5 WHoOc - (2.13)

2
zi—1

kra =325 = 9(E) + 7 9(©) (2.14)

Iron loss: the laminations’ manufacturers usually give the loss density in W/kg, at
a specific frequency and flux density values. This includes both eddy current and
hysteresis losses. Analytically, iron losses can be found by dividing the magnetic
circuit of the machine into n sections, in which the flux density is approximately
constant. Once the masses mr. of the different n sections are calculated from the
volumes and mass densities, the losses Pren in these parts can be approximated as
in (2.15). Here, kren are “loss” coefficients that, for a synchronous machine, can
be imposed equal to 2 in teeth and 1.6 in the yoke; Pio,f is the loss density at 1T
and the designed frequency of 200 Hz; (B,, ) is the maximum flux density in the n-
th section (see Table 2.2).

2
Pre = Xn kren Pro (f—;) MEen (2.15)
Mechanical and additional losses: a preliminary approximation of the mechanical
losses can be also obtained using (2.16), where Pg and Py, are the friction and
windage losses, respectively; km is an empirical coefficient achieved from the
Reynolds constant for an Aluminum coolant that is set equal to 2816 at 200 Hz;
mre,r 1S the rotor mass. Measurement methods to determine the additional load
losses Pagda under sinusoidal supply conditions are given in the IEC 60034-2-1[55].
This loss value for a non-salient-pole synchronous machine is between 0.05 and
0.15 times the input power. For the sake of completeness, the formula for the
calculation of the volume power density is reported in (2-16). This is found
through the ratio between the output power P and the machine volume Vol, which

is defined once the main dimensions are all calculated.

Precn = Pg + By = k. Mpe .. 1076 + (2.16)
+2D3.n,,3L.10714
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P,
PDensity = Vo:lt (2.17)

(c) (d)

Figure 2.1 Machine geometries resulting from the preliminary analytical
design with (a) hairpin windings at 200Hz; (b) round winding at 200Hz; (c) hairpin
winding at 1000Hz; (d) round winding in 1000Hz

2.2.4 Design at increased frequency operation

To emphasize the high-frequency challenges of hairpin windings, the same design
exercise described above is performed by selecting an operating frequency of
1000 Hz. To do so, a rated speed of 15000 rpm is initially assumed and the rated
voltage value is increased up to 630 V. Other quantities like flux densities, current
density, expected output power and efficiency, materials, etc. are the same as the
design carried out at 200 Hz. This design should result in a smaller motor with
higher AC losses in the hairpin winding, thus eventually lowering the efficiency.
It is expected that the parameter & would be significantly increased at higher
frequency values in the hairpin winding machine design. Referring to (2.13), a
higher value of Pio is selected to take into account the frequency dependence of

iron losses.
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2.2.5 Summary of results

The geometries resulting from the preliminary analytical design process
introduced above are illustrated in Figure 2.2, where random and hairpin winding
machine designs at 200 Hz and 1000 Hz can be observed. A summary of the
results obtained through the formulas introduced above is provided in Table 2.4
for all the considered case studies. In general, smaller machine designs are
achieved by increasing the operating frequency, for both random and hairpin
windings. Consequently, volumes and masses are reduced at 1 kHz. Also, for a
given frequency, the core size decreases from round to hairpin. This causes a
reduction of iron losses by 24.6% at 200 Hz and by 24.2% at 1000 Hz. Unlike the
volume, it is irrefutable that with the choice of using a higher slot fill factor in the
hairpin winding designs the mass density in round winding becomes higher than
the hairpin one. The mass density in the round winding design is higher than in
the hairpin one by 8.4% at 200 Hz and 28.8% at 1000 Hz. The higher fill factor

also results in higher DC copper loss in the hairpin winding.

On the other hand, according to the hypotheses done above, the AC copper losses
are considered only for hairpin conductors and as expected, these are much higher
at high frequencies. The next section aims to validate the analytical results
through purposely built FE models of the machines and, most importantly, to
provide a critical analysis of the limits of applicability of the analytical sizing tool

for hairpin windings.

2.3 FE Analysis- Validation and Discussion

The geometries resulting from the preliminary sizing tool shown in Figure 2.2 are
imported into the FE-based MagNet software for validation purposes and for
carrying out in-depth critical analyses. A major difference in terms of modelling
consists of using “stranded” and ‘“solid” conductors for random and hairpin

windings, respectively.
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Table 2.3 Summary of the analytical designs for Random and Hairpin winding

Main parameter unit 200 Hz 1 kHz
Round Hairpin Round Hairpin
winding winding winding winding
Im (PM thickness) mm 3.36 3.36 3.36 3.36
D (outer rotor diameter) = mm 144.6 144.6 84.6 84.6
L (stack length) mm 159.1 159.1 93 93
w¢ (tooth width) mm 2.3 2.3 1.4 1.4
wy (stator yoke thickness) mm 12 12 7 7
D (outer stator diameter) mm  222.6 204.3 148.1 132
Stator core mass kg 15.36 12.47 3.96 3.12
Rotor core mass kg 20 20 4 4
Copper mass kg 17.72 253 6.96 16.16
PM mass kg 1.316 1.316 0.45 0.45
Pcu (DC copper losses) w 141 194 53 83.68
Pcuac (AC copper losses) A% 138 307 53 322.5
Pr. (iron losses) W 471.4 355.47 1809 1350
PM losses w 19.3 13.92 15.6 12.88
Pmech (mechanical losses) W 194 194 361.4 361.4
P.q (additional losses) Y 47 47 47 47

This allows taking skin and proximity effects into account when the machines
equipped with hairpins are analyzed. Also, when evaluating different frequency
operations, the frequency of the current sources used to feed the three machine
phases, as well as the speed imposed on the rotating components, are opportunely
set. A suitable transposition in the hairpin winding models is used to avoid the

presence of circulating currents among conductors [19].

2.3.1 Validation of analytical results

Before discussing the comparison between analytical and FE results in terms of
global output quantities, such as those reported in Table 2.3, the conditions in
Table 2.2 for flux densities should be fulfilled. From Figure 3 to Figure 6 plot the
flux densities hypothesized for the analytical sizing (see Table 2.2) as constant
quantities in red, whereas the FE results are shown in blue as a function of the
angular coordinate on a stator reference frame at a fixed rotor position. The three
subplots of these figures report the flux density absolute values in the teeth, stator

yoke and airgap of all the considered machines. In particular, the results for the
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motor with round windings at 200 Hz and 1000 Hz are shown in Figures 2.3 and
2.5 respectively, while those for the motor with hairpin windings at 200 Hz and
1000 Hz are shown in Figures 2.4 and 2.6. The match in any part of the studied
machines is acceptable when the analytical findings are compared to the

maximum flux density values obtained via FE analyses.

Regarding the output torque, Figure 2.7 plots the relevant trends for random and
hairpin designs at 200 Hz obtained via the FE model, whereas Figure 2.8 shows
the same quantities but at 1000 Hz. These torque evaluations are relatively close
to the values assumed in the analytical calculations, with errors ranging from

2.3% to 7.22%.

The exact average values are reported in Table 2.4, where also a comprehensive
summary of the two methods for both random and hairpin designs is provided, at
both 200 Hz and 1000 Hz. Most of the analytical values differ by 10% compared
to FE results. However, the AC losses present the highest inaccuracy when
comparing the two methods. For the hairpin design, the error for kru is =60% at
200 Hz and =63.6% at 1000 Hz. Consequently, the comparison in terms of overall
copper losses and efficiency is not accurate for hairpin windings, whereas for
random windings is reasonable. In Table 2.4, power, and torque densities for all
the motors have been also compared for the sake of completeness. Figure 2.8
shows the line-to-line voltage for both winding methods for 200Hz frequency
under full-load conditions and corresponding harmonic orders. The total harmonic
distortion (THD) for hairpin winding is 13.42% and for round, the winding is
14.6%. At this frequency, the 3™ and 5™ harmonic orders for the round winding
are higher than the hairpin ones by 7.5% and 7.8%. Furthermore, Figure 2.9
illustrates the line-to-line voltage for both winding methods for 1000Hz frequency
under full-load conditions and corresponding harmonic orders. The THD for
hairpin winding is 14.12 % and for round, the winding is 14.6%. At this frequency
also in lower harmonic orders i.e., 3 and 5™ for round winding are higher than

hairpin one by 3% and 17%. The higher THD back electromotive force (EMF)
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voltage causes frequent motor failure. Thus, the elimination of lower harmonic

orders for hairpin winding is easier than round winding suggested methods in [56]

with a multi-proportional resonant filter.

Round winding teeth at 200Hz
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Figure 2.2 Comparison of analytical (in red) and FE (in blue) flux density

values for the motor with round winding at 200 Hz in (a) teeth, (b) yoke and (c)
airgap

Table 2.4 Comparison between Analytical and FE results

Main parameter unit 200 Hz 1 kHz
Round winding  Hairpin winding  Round winding  Hairpin winding
Analytical FEM Analytical FEM Analytical FEM Analytical FEM
Pstator(stator power w 471.4 414 355.47 375 1809 1503 1350 1160
losses)
Pcu(DC copper loss) w 141 170.9 194 193 53 60 83.68 83.78
kru(Rac/Rdc) - 1 1 1.6 4 1 1 39 10.7
Pcu,ac W 138 170.9 307 763 53 60 322.5 892.8
Torque Mean value N.m 120.85 117.5 122.7 113.5 23.78 23.48 23.7 22.13
Volume power MW/m3 6.25 5.69 7.4 6.88 233 22.7 29.2 27.9
density
Mass power density Wikg 728.35 708.1 666.9 616.9 2503.24 2472.5 1781.4 1663
Volume torque KN.m/ 19.8 19.3 23.55 21.79 14.8 14.65 18.6 17.36
density m?
Mass torque density N.m/kg 232 2.25 2.12 1.96 1.59 1.57 1.13 1.06
Output power KwW 37.97 3691 38.55 35.66 37.35 36.90 37.23 34.77
Efficiency (%) 95.67 93.02 97.14 89.85 94.13 92.97 93.81 87.61
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Hairpin winding teeth at 200Hz
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Figure 2.3 Comparison of analytical (in red) and FE (in blue) flux density
values for the motor with hairpin winding at 200 Hz in (a) teeth, (b) yoke and (c)
airgap

Round winding teeth at 1000Hz
T

=
z 2 ! 2 ! 2l 2l NTH 2
o 1] I} 1] I} 1 |
om0
0 50 100 150 (a) 200 250 300 350

Round winding yoke at 1000Hz

T

0 50 100 150 (b) 200 250 300 350

Round winding airgap at 1000Hz
T T T T

|B|smooth(T)

|B|smooth(T)
o
(6]
T

0 1 1 1 | L 1 1
0 50 100 150 (©) 200 250 300 350

Figure 2.4 Comparison of analytical (in red) and FE (in blue) flux density
values for the motor with round winding at 1000 Hz in (a) teeth, (b) yoke and (c)
airgap
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Hairpin winding teeth at 1000Hz
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Comparison of analytical (in red) and FE (in blue) flux density

values for the motor with round winding at 1000 Hz in (a) teeth, (b) yoke and (c)
airgap
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Output FE torque in the hairpin and round winding designs at
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1000Hz
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2.3.2 Further considerations and discussion

Always for the sake of clarity and completeness, comparing the overall
performance of random and hairpin winding designs, it can be concluded that at
low frequency (200 Hz) the round winding design presents higher efficiency,
mass torque and power density than the hairpin winding. This is due to the larger
amount of copper used for the design of the latter. On the other hand, the hairpin
winding designs have higher volume torque and power densities than the random

winding ones at both the investigated frequencies.

Recalling that this work aims to prove the applicability of the classical
preliminary sizing equations also for machines equipping hairpin technologies, it
can be concluded that for an accurate estimation of AC copper losses and
efficiency, the analytical sizing tool cannot be used, regardless of the frequency at
which the machine is designed. On the other hand, this classical sizing approach
can be used for accurately estimating quantities, such as the output torque and
power, as it shows an acceptable accuracy (or at least similar to that achieved
when the sizing equations are applied to the design of machines with random

windings).

2.4 Conclusion

In this chapter, a comparative analysis was carried out between two surface-
mounted PMSMs for traction applications, one featuring a random-wound
winding with round conductors and the other one equipping a hairpin winding.
These two machine preliminary designs were performed at two different
frequencies, i.e. 200 Hz and 1 kHz, to highlight the high-frequency challenges

associated with hairpin conductors.

After the preliminary design process, carried out leveraging on the classical sizing
equations for electrical machines, FE models were built for validation purposes.

The comparative analysis showed acceptable accuracy for most of the
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electromagnetic quantities of interest. However, when it came to AC losses and
efficiency, the validity of the preliminary sizing tool highlighted significant
limitations, although an AC losses prediction model was implemented for hairpin
windings. Therefore, while for random-wound windings the classical sizing
equations could be used with a certain level of “safety”, hairpin windings require
more accurate and in-depth analyses and the relative sizing tools need to be

improved.



Chapter 3

Optimization Process

3.1 Introduction

The electrical machine, as already pointed out in the first chapter, is seeing an
ever-increasing development and extensive research is currently being dedicated
to the improvement of its efficiency and torque/power density. However, they also
have some drawbacks, such as high losses at high-frequency operations due to
skin and proximity effects. The optimal value or the best solution can be found
through the optimization process. The optimization problems include looking for
maximum or minimum value or using one objective or multi-objective. The state-
of-the-art multi-objective optimization method has made a strong motivation to
create a normal procedure to activate a new algorithmic contribution. This allows
us to find the most appropriate algorithm for the multi-objective problem. It is
desirable to have only a few solutions available for ease of decision-making. This
chapter uses general mathematical definitions to design a motor with a multi-
objective evolutionary algorithm (MOEA). This leads to find several members of
the Pareto optimal set in a single “run” of the algorithm, instead of having to
perform a series of separate runs as in the case of the traditional mathematical
programming techniques. In this chapter, a multi-objective design optimization is
proposed aiming to provide a fast and useful tool to enhance the exploitation of

the hairpin technology in electrical machines. Efficiency and volume power
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density are considered as main design objectives. Analytical and FE evaluations

are performed to support the proposed methodology.

3.2 Preliminary Design Process

3.2.1 Assumptions and Constraints

In [50], the whole propulsion system of a Formula SAE [57] car was designed,
with a detailed focus on the propulsion motor being the case study of this
research. The selection of the system architecture, i.e., a two-motor layout
implemented onto the rear non-steering axle, was based on budget considerations.
Additional constraints, such as the overall dimensions of the chassis and those
imposed by the race regulations were accounted for. When it came to the motor
torque-speed usage during an endurance event, the resulting reduced flux-
weakening region led to select the popular surface-mounted PMSM layout as the
most suitable for this application, also considering lower production costs in a
customized case, compared to interior PM or synchronous reluctance machine

layouts.

The Formula SAE car project must meet a series of technical constraints imposed

by the regulation. These are summarized as follows:

e The diameter of the wheels must be 2203.2 mm.

e The maximum power P required from the battery must not exceed 80 kW.
e The maximum allowed DC-link voltage Vpc must not exceed 600 V.

e There are no limitations concerning the number and the type of electric

motors.

A summary of the choices done in [50] is listed in Table 3.1. These are used as
starting points for re-designing the motor with hairpin conductors and applying an
optimization strategy to it. The main design parameters of the machine obtained in

[50], used as a benchmark here, are listed in Table 3.2. These are used as starting
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conditions for the analytical sizing tool implemented as the basis for the multi-

objective optimization, and equations are reported in the next subsection.

The design process is initialized by defining some basic machine performance
requirements, such as output power, speed, voltage, and desired efficiency [50].
The values of such input parameters are listed in Table 3.2. The second step is that
of making some assumptions about the core materials and the cooling system,
which are listed in Table 3.3, where also the main parameters used during the

design process are described.

Table 3.1 Design choices and requirements.

Parameter Condition
Motor topology Surface-mounted PM
Motor’s location Rear-axle
Maximum torque to wheels 600 Nm
Reduction ratio 10
Motor rated torque 30 Nm
Base speed 12740 rpm
Table 3.2Motor design parameters.
Parameter Value
Mechanical power P 40 kW
Line-to-line Voltage V 540 V
Surface current density J 13 A/mm?
Airgap flux density Bag 0.85T
Maximum tooth flux density B 1.6 T
Maximum yoke flux density By 14T
Linear current density A 70 A/mm
Targeted efficiency 95%
Table 3.3 Design choices and symbols.
Parameter Condition
Core material M330-50A
PM material N28AH

Cooling system
Stator winding

Fill factor
Outer rotor diameter [mm]
Axial length [mm]
PM span [deg]
Number of phases
Number of slots-per-pole-per-phase
Pole pair number

Natural convection
Distributed, full-pitch,
single layer
ke

"c&§§t~b
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Core materials and cooling system allow for defining magnetic and electric
loadings and the maximum flux density values allowed in the various parts of the
motor. Assuming the number of phases m is equal to 3, the slot number is
calculated as Q = q-m-2p, and the number of turns per phase as N = zq-q-p. Given
the type of winding structure initially assumed, the short pitch factor kcp is equal
to 1, while the distribution factor kg is calculated using (2.1). As the process to
have a preliminary design in chapter 2, the starting point for the motor sizing is
the torque expression given in (2.2) with a selected D/L ratio. Then, hypothesizing
in the PMs the same flux density as in the airgap leveraging on Gauss’ law, (2.4)
can be used to determine the thickness I of the PMs. This means that the PMs are
initially sized to meet the no-load requirements. In (2.4), Br and ur are the
residual flux density and relative permeability of the PMs. The total area of Saiisots
to be dedicated to the three machine phases can be calculated using (2.5). Besides
these design aspects, the most crucial factor to consider when designing an
electrical machine with hairpin windings is the AC Joule losses. As mentioned in
chapter one, in hairpin windings, AC losses need to be carefully considered and
determined. For ohmic losses (2.8) and (2.14) are the main equations to determine

the DC and AC losses for any slot.

3.3 Optimization Process

As mentioned in chapter 1, there are two objectives, i.e., the maximization of the
volume power density (see (2.17)) and the minimization of power losses (see
section 2.2.3), which are equivalent to maximizing efficiency. There are four
input variable parameters, i.e., pole pair number, slot per pole per phase number,
conductors’ number in the slots (N), and motor’s axial length. Additionally,
several constraints must be met for the optimization process. Therefore, an
MOEA could be used, which needs to set the weight of the input parameters based
on their effect on the two objectives, and a starting point for initializing the first

population. Using the equations introduced in chapter 2, a sensitivity analysis is
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first carried out to understand the dependence of the two objectives on the four
variable parameters. To define a sequential task decomposition, the outline of an
EA is needed. The detailed related outline, sequence, mutation, and recombination

processes have been provided in [58] as definitions 19 and 20.

The MOEA expects a single fitness value with which to perform the selection.
Additional processing is sometimes required to transform MOEA solutions’
fitness vectors into a scalar. Its sequential task decomposition includes initialized
population, fitness evaluation, which has a sub-level as vector transformation,
recombination, mutation, and selection. Figure 3.1 shows these decomposition
tasks in five sections which has the main loop for selecting the data between the

third and fifth levels [58].

2<2p<8 (3.1)
1<qg<8 (3.2)
10mm < L < 100mm (3.3)

V,_, <540V (3.4)
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Figure 3.1 Sequential task decomposition for MOEA.

3.4 Results

3.4.1 Preliminary Sensitivity Analysis and Validation of the
Analytical Model

Before using the analytical model for optimization purposes, it needs to be
validated against the more accurate FE method. Once validated, it can be safely
used for optimizations, thus saving computation time as opposed to FE. An initial
sensitivity analysis could be carried out by varying the number of poles and slots
per pole per phase while keeping the other parameters constant. The sensitivity
analysis results are illustrated in Figure 3.2, where power losses and volume

power density are taken as indicators to suitably select q and p. The best solution
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is achieved with p =4 and q = 2. The selected p-q combination represents the best
trade-off in terms of maximum power density and minimum power losses. In fact,
only two machines (referred to as “A” and “B” in the figure) achieve higher
power density values, but these feature much larger losses (by 8.9% and 23.9%,

respectively).

The dimensions analytically obtained are used to build the machine geometry and
a corresponding model within the FE-based software MagNet. Figure 3.3 shows
the FE model of the motor, enriched with a flux density map and field lines
distribution. Figure 3.4 plots the output torque obtained with the currents in phase
with the corresponding back electromotive forces, with an average value equal to
30.1 Nm being obtained. This matches well the torque value of 30 Nm assumed in
the analytical sizing. Besides the torque, the analytical and FE no-load voltage and
flux density values in the various parts of the motor are compared. Figure 3.5
shows a comparison between the fundamental harmonic of the line-to-line voltage
(red line) obtained from FE simulations and the corresponding sinusoidal
waveform assumed for the analytical sizing (in green), with an error lower than
1% being achieved. For completeness, the FE voltage waveform evaluated via FE
is also observed in Figure 3.5. In addition, Figure 3.6 illustrates the flux densities
in the airgap and the main iron parts of the motor, with the blue lines referring to
FE results and the red text relative to the analytical assumptions (see Table 3.2).
Good matching is observed, with an error ranging from 3% to 8%, thus allowing
us to conclude that the analytical sizing equations, although suitable for
preliminary sizing only, can be safely used for optimization purposes. In the next
subsection, the effect of some machine parameters on power density and power
losses are investigated before proceeding with the optimization. This study allows
weighting any of the input parameters in the multi-objective optimization process

which will be the focus of Section 3.4.3.
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3.4.2 Effective parameters

Considering the analytical equations reported in chapter 2 for motor design,
several parameters can be utilized to achieve the main design objectives of this
work, i.e., power density maximization and power loss minimization. Thus, a
sensitivity analysis is performed. While the results of this study can vary
depending on the power range, the geometrical and magnetic features, the airgap
thickness, etc., of the PMSM motor under analysis, for the case study considered
in this research the sensitivity study can provide useful information for a first
exploration of weight allocation during optimization. Assuming the hairpin motor
of the previous section as the benchmark, the parameters used for the sensitivity
study are normalized over the corresponding values of the benchmark machine.

Figures 7 and 8 show the total power losses and volume power density for the
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four input parameters, i.e., pole pair number, slot per pole per phase number,

conductor per slot number, and axial length. These parameters are changed “1-by-

1” in this first exploration. All the curves meet at 1 p.u., corresponding to the

benchmark machine. All the parameters have a non-negligible effect on both

power losses (Figure 3.7) and power density (Figure 3.8). According to the

methodology described in [58], the weight of each input parameter to be imposed

in the optimization can be found through these figures. Using a coefficient equal

to 1 for N, the pole pair number, the slot per pole per phase number and the axial

length feature coefficients equal to 1.38, 1.1 and 1.15, respectively.
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Figure 3.7 Effect of the input parameters on the total power losses.
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3.4.3 MOEA Results and Comparison

Regarding the mentioned sequential task decomposition of the optimization
method (see Figure 1), before any mutation, the constraints (3.1)— (3.4) should be
carefully considered. After running the optimization algorithm using 500
generations and 50 individuals per generation, the Pareto front shown in Figure
3.9 is finally obtained, where the last 50 designs are observed. Every sequential
task of the optimization process shown in Figure 3.1 has been implemented in the
Matlab environment. The optimal machine design is also highlighted in Figure
3.9, and its geometry is illustrated in Figure 3.9b, whereas in Figure 3.9a the
machine design resulting from the first sensitivity analysis is shown for the sake
of comparison. Table 3.4 compares the analytical results obtained for the motor
with round winding designed in [50], the motor with hairpin winding resulting
from the first sensitivity analysis, and the optimum one. With a focus on the

motors with hairpin windings, the main indexes such as efficiency, volume power
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density, volume torque density, and power losses have been improved by 0.15%,
10.55%, 12.3%, and 3.4%, respectively. For completeness, the full-load output
torque of the optimum motor obtained using FE is reported in Figure 3.10, with
the mean value being highlighted in red and equal to 30.2 Nm. Figure 3.11 shows
the comparison between three main characteristics i.e., total power loss,
efficiency, mass and volume power densities for equivalent round winding, the
first sensitive analysis designed motor and the motor designed with multi-

objective optimization. These improvements are highlighted in Table 3.4 in detail.

< »
e 5
80.6
(b)

Figure 3.9 Comparison between the geometries of (a) the first analyzed
motor and (b) the optimal motor.
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Table 3.4 Summarizing comparison among the benchmark motor [50], the hairpin
motor obtained through the first sensitivity analysis and the optimum hairpin

motor.
Parameters Round  Hairpin 1st Design Hairpin Optimal Improvement
pole number 6 8 8 -
slot/pole/phase 1 2 4 -
axial length 65 65 26 -
conductors/slot) 11 6 6 -
rotor radius 45 39.922 59 -
Tooth width 10 2 1.635 -
Yoke thickness 14 7.7 13.35 -
outer radius 85 58.79 80.6 -
Fill factor 60% 85% 85% -
Peak current (A) 140 80.56 63.7 -
Torque ripple (%) 16% 17% 8.97% 9.03%
Power loss (kW) 2 1.47 1.42 10.55%,
Efficiency 95.2% 96.45% 96.6% 0.15%
volume power density MW/m?)  16.75 67.3 74.4 12.3%
volume torque density (kNm/m?3) 13.21 49.65 55.76 3.4%
315 T T T T T T T
31}
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Figure 3.10 Comparison between the geometries of (a) the first analyzed

motor and (b) the optimal motor.
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motors in this chapter
3.5 Conclusion

In this chapter, a fast and accurate optimization tool was introduced for the
optimal exploitation of hairpin technologies in electrical machines intended for
traction applications. The optimization tool is aimed at maximizing power density
and efficiency, which are key figures for the application at hand. In addition,
given the challenges featured by hairpin conductors at high-frequency operations,
these two objectives are rather conflicting, thus making the machine design
complex. The optimization strategy, based first on a “one-by-one” sensitivity
study and then on the application of a multi-objective evolutionary algorithm,
proved that these two objectives can be pursued and achieved simultaneously,

with excellent performance enhancement being obtained.

As a benchmark case study, a surface-mounted PMSM equipping random
windings previously designed for a Formula SAE car was considered. Therefore,
the first exercise consisted of replacing the random winding with hairpin
conductors. A preliminary sizing was first carried out based on the requirements
of the application at hand. Then, the analytical sizing tool was validated against

FE evaluations, with a maximum error of =8%, thus making the analytical
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equations a safe means for the optimization procedure. A sensitivity analysis was
performed to suitably weight the optimization input parameters and, finally, the
optimization algorithm was run. The optimal motor, which was selected for
comparative purposes against the benchmark motor with random windings and a
non-optimal hairpin motor, showed very promising results and significant
performance improvements. In particular, the main indexes such as efficiency,
volume power density, and power losses, were improved by 0.15%, 10.55%, and

3.4%, respectively.



Chapter 4

AC and DC loss Analysis

4.1 Introduction

As already mentioned, the hairpin winding’s bottleneck is the high ohmic losses at
high-frequency operations due to skin and proximity effects (AC losses), resulting
in a negative impact on the temperature map of the machine. Nevertheless, while
it is well-known that DC losses increase linearly with the operating temperatures,
the AC losses trend needs further insight. By using the optimization process
introduced in chapter 3 for the design of hairpin winding, this chapter
demonstrates that operating the machine at higher temperatures could be
beneficial for overall efficiency, especially at high-frequency operations. This
suggests that a paradigm shift is required for the design of electric motors
equipped with hairpin windings, which should therefore focus on a temperature-
oriented approach. In addition, the effect of the rotor topology on AC losses,
which is often overlooked, is also considered in this research. The combination of

these effects is used to carry out observations and, Analytical and FE models are
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first used to assess the high-frequency losses in the proposed winding concept.
After providing design recommendations and FE electromagnetic and thermal
evaluations, eventually, an experimental test is also performed on a motorette
comprising different frequencies and temperatures to prove the findings of this

research.

4.2 Practical design

In chapter 3, an analytical model was used for optimization purposes, as it
presents a reduced computation time as opposed to an FEA. In this chapter, the
same analytical model was used, together with the multi-objective optimization, to
further improve the surface PMSM. The same objectives were set, i.e.,
minimization of power loss and maximization of power density as in (2.17). The
main difference between the design proposed in chapter 3 and that presented here
is that practical considerations were carried out here, while these were previously
neglected. First, the fill factor was updated from =~85% to =65%, which is a more
realistic value accounting for the conductors’ corner radius, the insulation
materials with their typical thicknesses, etc. Then, a higher operating frequency
was considered, which was obtained by increasing the number of pole pairs from
4 to 5. After the implementation of the MOEA, whose results are reported in the
Pareto front of Figure 4.1, a new optimal motor was achieved. This is shown in
Figure 4.2 for the sake of completeness. A comparative summary between the
optimally designed motor presented in Table 3.4 and the one carried out in the
present contribution is shown in Table 4.1. Although the newly assumed fill factor
was decreased, the power density and the overall losses (and thus the efficiency)
remained basically the same as in the previous design. It is worth mentioning that
all the comparative results reported in Table 4.1 were found without considering
the end windings, as the estimations of their length, weight, losses, etc., were
difficult to estimate analytically. However, the comparative exercise between the

two motors is fully consistent. The dimensions analytically obtained were used to
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build the machine geometry and a corresponding model within the FE-based

software Simcenter MagNet.
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Figure 4.1 Optimization results for the design of the surface PMSM with

hairpin winding.

Table 4.1 Design summary of the PMSM and comparison versus the previous

design in chapter 3
Parameter New Optimal Motor The Motor in [12]
Fill factor (%) 65 85
Outer stator diameter (mm) 173.27 161.2
Rotor diameter (mm) 124.8 118
Axial length (mm) 26 26
Slot-pole-phase 2 4
Pole number 10 8
Number of conductors per slot 6 6
Max. frequency (Hz) 1061.7 849.33
Efficiency (%) 96.1 96.6

Power density (MW/m?3) 74.1 74.5




Analysis of Ohmic Losses versus Temperature 45

Figure 4.2 The geometry of the newly designed optimal motor.
4.3 Analysis of Ohmic Losses versus Temperature

As mentioned in the previous sections, one of the most critical challenges of
hairpin windings is the high AC losses in the conductors, with that nearest to the
slot opening being the most stressed (see Figure 1.2). This phenomenon is
particularly evident at high operating frequencies. While the effect of frequency
on AC losses is well-known and studied, the impact of the temperature has not

been widely investigated, and thus this is the main target of this section.

First, considering the parameter kry, a value equal to 2 was taken as an acceptable
index in terms of the amount of AC losses against DC ones. Considering this, the
designed PMSM was analyzed via an FEA model, where the total DC and AC
losses in the hairpin conductors were calculated at various frequency values,
ranging from 0 Hz to =1.75 kHz. Figure 4.3 shows the DC and AC losses, where
the frequency at which kru = 2 is highlighted, i.e., =650 Hz. Furthermore, for the
sake of completeness, PM losses and core losses were also evaluated which,
added to the ohmic losses, contribute to the total power losses of the machine.
These results are plotted in Figure 4.4. It is worth highlighting that these losses
were found by considering an ambient temperature of 20 °C. However, all these

loss contributions are temperature-dependent, especially the ohmic losses. In fact,
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according to (2-8) and (2-9), the electrical resistivity of conductors changes
linearly with temperature. It was therefore expected that, when the steady-state
temperature was imposed on the conductors, the DC power loss would increase.
In contrast, as (2.13), the AC losses would not increase linearly as the AC
resistance depends on the current distribution, and thus the overall losses at the

steady-state temperature should be carefully investigated.

Therefore, a thermal analysis was carried out considering the power losses found
through the FEA (see Figures 4 and 5). The FE-based software Simcenter MagNet
Thermal was used for such purposes. Nomex 430 was used as slot insulation,
while Kapton was used as conductor insulation [59], and the slot was filled with
Epoxy resin. Furthermore, as boundary conditions, the outer stator environment
was covered by a water jacket at a temperature of 50 °C, an additional convective
heat transfer coefficient of 100 W/ (m2. °C) was assumed for the airgap, and a
perfect insulator was considered for the shaft. Figure 4.5 illustrates the
temperature map of the designed surface PMSM. It is worth highlighting that,
although the PM temperature was =120 °C, no demagnetization challenges were
expected as the selected PMs have the demagnetization knee in the third quadrant

of the B-H curve up to 150 °C.

All the temperatures in the various parts of the machine were then recorded and
transferred to the electromagnetic FEA model to calculate the losses at such
temperatures, which are considered steady-state ones. As expected, the DC loss in
the motor at steady-state was higher than that at ambient temperature, as observed
in Figure 4.6. Compared to the ambient case, the DC loss increased by =50%, but
the slope of AC losses (red line) decreased by =45% when a linear approximation
was performed around the point where kry = 2. This resulted in an increase of the
frequency value at which the AC-to-DC loss ratio, kru, was equal to 2, i.e., it went
from =650 (at ambient temperature) to ~1200 Hz (at steady-state temperature).
The changes in the core and PM losses from ambient to steady-state were not

significant. Therefore, the total power loss significantly depends on ohmic losses.
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Figure 4-7 shows the total power losses in both conditions. In fact, it informs that
the total power losses at the thermal steady state were higher than those at ambient
temperature up to =640 Hz, where the intersection between the two curves
occurred (see point ‘M’ in the figure). Above this intersection point, the total
power losses at steady-state temperature become lower than those at ambient
conditions. This finding leads to conclude that the operating temperature can play
a very important role in the overall losses in hairpin windings, thus suggesting that
a “temperature-oriented” motor design could enable higher efficiency levels in

such types of electrical machines.
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4.4 Analysis of Losses versus Rotor Topologies

4.4.1 Ohmic Losses versus Different Rotor Topologies

Besides the phenomena related to the temperature, another important aspect which
is often overlooked when analyzing losses in hairpin windings is the effect of the
rotor field. In this section, an analysis is carried out considering different rotor
topologies while keeping the same stator as the designed PMSM. Figure 4.8
shows the four-rotor topologies investigated, where the PM volume was kept the
same as the surface case. As seen, Topology 2 (Figure 4.8a) and Topology 3
(Figure 4.8b) were directly obtained from the surface layout (namely Topology 1)
by embedding the magnets into the core. Figure 4.8c shows an interior PM rotor
with the classical V shape (Topology 4), while Figure 4.8d shows an interior PM
rotor with the classical A shape (Topology 5). It is worth mentioning that these
topologies are not optimized as this would be out of the scope of this research.
The four considered topologies were investigated using the existing
electromagnetic FEA model as per the surface PMSM. Figure 4.9 shows PM loss,
total ohmic loss, and core loss versus frequency for the five rotor topologies. The
temperature, initially, was set at the assumed ambient value of 20 °C. Topologies
4 and 5 featured lower overall losses, while Topology 2 was the one with higher
losses, especially those in the core. This is true at any studied frequency value. It
is also possible to observe that the motor frequency had no significant effect on
PM losses in Topologies 3, 4, and 5. Concerning ohmic losses, Topologies 1 and 2
had no differences, while Topologies 3, 4, and 5 had a non-negligible effect, with
the last one being the more efficient. In summary, focusing on the ohmic losses
and taking as an example the losses at 800 Hz, the difference between Topology 1
and Topology 5 was 27.8%, thus proving that these aspects cannot be neglected in
machines equipping hairpin windings. For the sake of completeness, the field
maps at full-load conditions for all five topologies at 800 Hz are illustrated in

Figure 4.9.
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4.4.2 Analysis of Ohmic Losses versus Both Temperature and
Rotor Topologies

In this last section, the comparison among the rotor topologies is carried out
considering the steady-state operating temperatures of the machines. To do so, the
same procedure performed in Section 4 for Topology 1 was also carried out for
the remaining four topologies. This consisted of running a thermal analysis using
the losses at 20 °C, obtaining an accurate temperature map, and recalculating the
losses at these (steady state) temperatures. Figure 4.10 illustrates the DC power
losses at ambient and steady-state temperature conditions for the five different
rotor topologies. For Topology 1, the amount of DC loss was equal to that in
Figures 4.3 and 4.6. The DC losses at ambient temperature were the same for all
the topologies, as expected. On the other hand, a non-negligible difference was
registered at steady-state temperature due to the different steady-state
temperatures among the topologies. In Figure 4.11 the curves equivalent to Figure

4.7 for the other four topologies and their intersection points could be seen.

Figure 4.12 shows, for all five topologies, three frequency values: (1) the
frequency at which kru = 2 at ambient temperature, (2) the frequency at which kru
= 2 at steady-state temperature, and (3) the frequency intersection point where the
total ohmic losses at steady-state temperature become lower than those at ambient
temperature. It can be observed that this intersection point changed from one

topology to another.

In particular, the interior PM rotor layouts (Topologies 4 and 5) presented a
higher-frequency intersection point, thus highlighting reduced room for
improvement when a temperature-oriented design was adopted. For the sake of
completeness, Figure 4.13 shows the current density maps for all five topologies
at their corresponding frequency intersection points. Figure 4.14 reports the
instantaneous current density in the conductors within one slot, considering the

worst-case scenario. Topologies 4 and 5 present higher values of current density
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for the conductors closest to the slot opening (first, second, and third conductors),

whereas they feature lower current density values in the remaining ones.
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Figure 4.10 Comparison in terms of DC power losses among the five
considered topologies, at both ambient and steady-state temperature conditions.
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Figure 4.12
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4.5 Experimental test

As seen in Figure 4.7, the total loss at higher temperatures is lower than in

ambient conditions. To validate the above findings, an experimental campaign is
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carried out on a motorette wound with one-phase winding, made by pre-formed
conductors emulating the hairpin winding. A picture of the motorette is shown in
Figure 4.17. The motorette is manually wound for the sake of simplicity, i.e., to
minimize costs, resulting in oversized end-windings as observed in the figure.

Detailed specific parameters for the Motorette are in Table 4.3.

Figure 4.15 Motorette wound as q=2 as load equipped with hairpin

Table 4.2 Motorette’s specific parameters used as a load for the test

Parameters Description
Stator Inner Radius (mm) 70
Stator Outer Radius (mm) 111
Stack length (mm) 92
Slot width (mm) 9.1
Slot height (mm) 23
Conductor width (mm) 8.2
Conductor height (mm) 8.3

Slot per pole per phase 2
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For the sake of consistency with the sinusoidal supply assumptions used in both
analytical and FE evaluations, the signal feeding the motorette is first produced by
a SiC voltage pulse generator with a 60 kHz switching frequency and then,
filtered by a low pass LC filter with a cut-off frequency at 2 kHz to obtain an
output signal as close as possible to a pure sinusoidal waveform. The power loss
is measured by a precision power analyzer (PPA 5530) and an oscilloscope is
used to double-check the losses value and the signal waveforms. All
measurements are taken at the same temperatures which are set by the thermal
chamber used for this purpose. The whole test setup is shown in Figure 4.18
where the power analyser and oscilloscope, and the tests are performed at various
frequency values. As an example, Figure 4.19 shows the current waveform which
has a THD equal to 1.79% at 200Hz, which confirms that assuming a sinusoidal

distribution is rather reasonable.

Table 4.4 illustrates the results which have been achieved from the precision
power analyser at different frequencies and temperatures. It can be observed that,
for the highest frequency values (up to 1.2 kHz), the ohmic loss at low
temperatures is higher than that at higher temperatures, as per the FE results
reported in the previous sections (see Fig. 4.7). With the simulation of the
motorette in the FE-based MagNet software, the ohmic loss at different
temperatures and frequency values is shown in Figure 4.20a. It can be observed
that the power loss curves have a crossing point at 246 Hz. The result from the
experimental setup (Table 4.4) is illustrated in Figure 4.20b that the intersection
point is around 230 Hz. Therefore, in addition to confirming the simulation results
with a relatively slight error of 6 %, it physically and quantitatively justifies the

results of the motor ohmic loss curves.
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Table 4.3 Power loss (W) results achieved from the experimental test bench at
different frequencies and temperatures.

Temperature (°C) 20 50 80 100 120
Frequency (Hz)
0 0.46 0.52 0.57 0.6 0.61
200 0.576 0.595 0.6.05 0.6.11 0.618
250 0.6912  0.674 0.651 0.637 0.626
500 1.4112 1.376 1.321 1.301 1.279
1000 3.0528  2.978 2.876 2.815 2.767
1200 3.7152  3.624 3.511 3.426 3.368

Figure 4.16 Experimental setup testbench
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4.6 Conclusion

In this section, the focus was on ohmic losses in hairpin windings. The effects of
both operating temperatures and rotor topologies were analyzed in detail, taking a

sur-face-mounted PMSM intended for racing car applications as a case study.
The methodology consisted in:

(1)  Evaluating the loss performance of the considered motor at an assumed

ambient temperature of 20 °C via the electromagnetic FEA model.

2) Evaluating the temperature map of the considered motor via the thermal

FEA model considering the losses determined in (1).

(3)  Evaluating the loss performance of the considered motor via the

electromagnetic FEA model at the temperatures determined in (2).

4 Repeating the above tasks for motors featuring different rotor topologies.
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The main outcomes of this research are summarized in Figures 4.7 and 4.12,
where it can be seen that there exists a frequency value at which the losses at
higher temperatures than the ambient ones are lower. This is especially true for
the benchmark case study, where this frequency value was equal to 637 Hz. A
higher frequency value was found for the other four rotor topologies investigated,
ie.,, 704.7, 782.44, 909.25, and 1045.25 Hz, but still higher operating
temperatures seem to be beneficial when AC losses are involved. The findings of
this research indicated that a temperature-oriented design process for ma-chines
equipping hairpin conductors would be worthwhile in the context of reducing AC
losses in this winding technology. To experimentally validate these findings, a
motorette has been tested with different frequencies and temperatures. Besides the
experimental results that validated the accuracy of the simulation results on the
motorette, it justified the high-frequency behaviour of the AC loss of the motor at

the ambient and steady-state conditions in different frequencies.



Chapter 5

Continuous Hairpin winding

5.1 Introduction

One of the challenges of hairpin windings is the high number of welding spots
needed for guaranteeing the electric continuity among conductors. This also
makes the welding process critical from a reliability point of view. One possible
solution could be adopting continuous hairpin windings. However, these result in
open slot designs or special stator arrangements, which can produce undesirable
effects in motors, such as ripple torque, increased permanent magnet losses, etc.
This chapter aims at comparing the main electromagnetic performance metrics for
a conventional hairpin winding, wound onto a benchmark stator with a semi-
closed slot opening design, and a continuous hairpin winding, where the slot
opening is open. Finally, the adoption of semi-magnetic slot wedges is

investigated and aimed at improving overall motor performance.

5.2 The benchmark motor

The EM which is used as a benchmark for the investigations of this research is a
3-pole pair interior permanent magnet (IPM) synchronous motor preliminary
designed at the University of Nottingham. An angular sector of a 2D cross-section
of this motor is seen in Figure 5.1, where the main rotor and stator features can be
observed. The number of slots per pole per phase is 4 and the number of
conductors per slot is 8. The material used for the stator and rotor cores is NO20,

while N42UH is the permanent magnet material. The active stack length is 80mm,
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the outer diameter is 200mm and the airgap thickness is 1mm. The assumed rated
and overload current density values are 10 and 20 Arms/mm?2 respectively. The
base and maximum speeds are 5500rpm and 18000rpm. Figure 5.2a shows the slot
opening geometry of the benchmark motor, while Figure 5.2b and 2¢ respectively
show the open slot opening without and with M-W, aimed at hosting the

continuous hairpin winding.

Figure 5.1 An angular sector of a 2D cross-section of the benchmark motor.
(a) (b) (c)
Figure 5.2 The slot opening geometry: a) semi-closed, (b) open, (¢) open

with M-W.
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5.3 Conventional vs. continuous hairpin winding
performance comparison

5.3.1 First rotor position

In this section, a comparison is carried out between the benchmark motor
equipping a conventional hairpin winding (i.e., with a semi-closed slot opening)
and the modified motor with an open slot opening and continuous hairpin
winding. The comparison is made considering the main -electromagnetic
performance only, i.e., those which are expected to be most sensitive to the
change from semi-closed to open slot opening. In other words, average torque and
torque ripple vs. loading and current angle are studied. In particular, the loading is
modified ranging from no-load to maximum overload capability (i.e. from 0 p.u.
to 2 p.u.) and the current angle from 0° to 90°, corresponding to the combinations
I=I.,1¢=0 and 14=0,14=I, respectively. The above I and I symbols refer to the d-
axis and g-axis currents respectively, while I. is the current value referring to a

specific load condition.

Based on the FE model shown in Figure 5.1 and built in Magnet software, the
results relative to the mean torque vs. loading and current angle are shown in
Figure 5.3a for the motor with the semi-closed slot (conventional hairpin
winding), and in Figure 5.3b for the motor with the open slot (continuous hairpin
winding). For better clarity, the torque maps for both motors are reported in
Figure 5.3¢ and Figure 5.3d, where the torque values are highlighted at rated load
conditions (1 p.u.) and at a current angle which maximises the output torque. A
small difference is registered, while the whole set of differences at various loads
and at maximum torque operation are reported in Table 5.1, where the deviation
ranges from 0.12% to 1.88%, confirming the limited impact of opening the slot on

the output torque.

In Figure 5.4a and Figure 5.4b, the torque ripple in % is plotted vs. current angle

and loading for the motors with semi-closed slot and open slot, respectively. As
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expected, the impact on the torque ripple is significant. For example, as reported
in Figure 5.4, at 1 p.u. load, the torque ripple increases from =11.9% to =19.3%
when moving from the semi-closed slot design to an open one. Therefore, a
continuous hairpin winding layout may significantly deteriorate this performance
metric. In Table 5.1, these differences are referring to the control angle related to

the Maximum mean torque value for any load value.

Figure 5.5 shows the differences in % in terms of torque ripple between the motor
with a semi-closed slot opening and that with an open slot opening. It can be
noticed that, as expected, the torque ripple for the semi-closed slot opening design
is smaller than the open slot design for most of the analysed loading conditions

and current angles (positive values of the torque ripple difference).

However, under heavy loading operations (>1p.u.) and high values of the current
angles, the trend is inverted (negative values of the torque ripple difference) due

to saturation.
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Figure 5.4 Torque ripple heat map vs. current angle and loading for the

motor with (a) semi-closed slot and (b) open slot.

Table 5.1 Maximum mean torque value and their control angles for both semi-open
slot and open slot

Load(pw) 05 06 0.7 0.8 0.9 1 1.1 12 1.3 14 15 16 17 18 19 2
For the semi-open slot stator
Angle(®) 30 33 35 35 38 38 39 40 42 43 44 45 46 47 48 49
Max.T 478 585 693 80.1 91 1019 112.6 123.5 1343 1448 1555 165.8 176.1 186.3 196.4 206.3
For the open slot stator
Angle(®) 30 30 32 34 36 38 39 41 42 42 44 44 46 46 48 48
Max. T 469 575 682 79 90 100.8 111.5 1224 1333 1442 1553 166 176.8 1873 197.8 208
Torque difference (%)
188 17 16 14 1.1 1.1 098 089 0.74 041 0.13 0.12 04 0.53 0.71 0.82
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5.4 Investigation with Magnetic Wedge

The previous section has highlighted that the continuous hairpin winding, which
leads to the adoption of the open slot design, has a detrimental impact on the
torque ripple at various load and current angle values. To overcome this
challenge, M-Ws could be used. The choice of a suitable material for the M-W is
critical here, as the higher its relative permeability the lower the torque ripple is
expected to be. On the other hand, a too-high value of the relative permeability
increases the leakage fluxes and, in turn, output torque and high-frequency losses
in the windings can be negatively affected. The maximum mean torque value that
has been obtained with different control angles for any motor with six different
permeability amounts was obtained and is shown in Table 5.2. The results are
illustrated in Figure 5.6 when the control angle of equivalent to the maximum
torque value for different loads. Considering the above, M-Ws with relative
permeability values ranging from 1 to 20 are inserted in the proximity of the slot

opening as shown in Figure 5.1c. Mean torque and torque ripple are investigated
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vs. loading and current angle, as done in the previous comparative studies. The
results relative to the mean torque are illustrated in Figure 5.7 and can be directly
compared to those in Figure 5.3. The mean torque value for permeability values
between 5 and 10 is higher than in other situations, while it is 1% lower than in
the semi-closed slot case. Regarding the torque ripple, as expected, higher
permeability values lead to lower values of it, as shown in the corresponding heat
maps of Figure 5.8. In addition, at 1 p.u. and at a current angle which maximises
the output torque, the semi-closed slot has a 2% lower torque ripple than the best

case of continuous hairpin winding with M-W.

Table 5.2 Maximum mean torque value and their control angles with different

permeability
Load (p.u) 0.5 0.6 0.7 0.8 0.9 1 1.1 1.2 1.3 1.4 1.5 16 1.7 18 1.9 2
Angle 30 32 34 36 36 38 40 40 42 42 45 45 45 45 45 50
Perm=1 463 56.6 67.1 776 882 994 109.7 1204  131.2 1419 152.6 163.3 173.8 184.2 194.4 204.6
Angle 30 32 34 36 36 38 40 40 42 42 45 45 45 45 50 50
Perm=2 468 573 679 785 893 100.1 1109 121.7 132.6 1433 154.1 164.8 1753 185.6 195.8 206.2
Angle 30 32 34 36 36 38 40 42 42 42 45 45 45 45 50 50
Perm=5 474 58 686 793 90.1 1009 111.8 122.6 1334 144.1 154.8 1654 175.7 1859 196.1 206.2
Angle 30 32 34 36 38 39 40 42 42 42 45 45 45 45 50 50
Perm=10 47.6 582 68.8 79.5 90.1 100.8 111.6 122.2 132 143.4 1539 164.1 1742 184.1 194 203.8
Angle 30 32 34 36 38 38 40 40 42 42 45 45 45 45 50 50
Perm=15 47.6 58.1 68.7 79.2 89.8 100.4 111 121.5 132 142.4  152.6 162.8 172.7 1824 192.1 201.7
Angle 30 32 34 36 36 38 40 40 42 42 45 45 45 45 50 50
Perm=20 47.6 58 684 789 894 999 1104 120.9 131.2 141.5 151.6 161.6 171.5 181 190.5 200
Permeability=1 Permeability=2 Permeability=5
200 200 200 —_2pu
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Figure 5.6 The mean torque curves versus control angle (Deg.) for any

individual load (p.u.) in different M-W permeabilities and the specified control
angle equivalent to the maximum mean torque value
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5.4.1 Selection of the M-W permeability and comparison

To select the most

suitable M-W permeability value for the motor under

investigation, mean torque and torque ripple are studied under rated conditions (1

p-u.) and using a control angle which maximises the output torque. Figure 5.9a
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shows the mean torque vs. M-W relative permeability, while the torque ripple is
reported in Figure 5.9b. An M-W permeability value equal to 9 is chosen, as this
corresponds to the maximum mean torque value with an acceptable torque ripple
being achieved (i.e. 13.5%). In fact, increasing the permeability up to 20 does not
lead to significant benefits, i.e. the torque ripple decreases by 0.5% only when
moving from 9 to 20 (as highlighted in Figure 5.9). Comparing these results with
the open slot opening design without M-W (see Figure 5.4), the torque ripple is
reduced from =19.3% to =13.5%, while the semi-closed slot opening still presents
the lowest torque ripple (=11.9%). On the other hand, the mean torque remains

basically the same.

As done in Section 5.3, the difference in % in terms of torque ripple between the
motors with semi-closed slot opening and that with open slot equipping the M-W
(with relative permeability equal to 9) is plotted below in Figure 5.10. While for
most of the operating points under 1 p.u. the torque ripple is lower for the semi-
closed slot design (positive values of the torque ripple difference), above 1 p.u.
the trend is inverted due to saturation (negative values of torque ripple difference),

1.e. torque ripple is lower in the motor with M-W.
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5.4.2 Analysis of ohmic loss and efficiency

As already mentioned, the bottleneck of hairpin windings is the high losses at
high-frequency operation (namely AC losses) due to skin and proximity effects.
Introduced in (2.14) as the AC-to-DC loss ratio rather than different frequencies,
the Kru could be analysed from point-to-point FEM simulation for a comparison
between three stator slot opening topologies (i.e. semi-closed, open and open with
M-W). In this subsection, the AC-to-DC loss ratio Kru for the three-stator slot
opening topologies (i.e. semi-closed, open and open with M-W) is analysed. In
Figure 11, the comparison in terms of Kgru at various frequency values is
illustrated at 1 p.u. loading. It can be seen that the motor with M-W has the lowest
Kru value in the whole frequency range, while the open slot motor has the highest
Kryu values. It is to be borne in mind that the DC loss (i.e. the denominator of the
Kgru ratio) is the same for the three motors, meaning that an identical trend is

expected if the total winding losses were to be plotted vs. frequency.

The other important characteristic is the efficiency map in the whole Torque-
Speed curve. For these PMSM motors, the heat map plot of efficiency has been
achieved. Figure 5.12 shows the efficiency percentage difference between the
semi-closed slot and open slot opening with M-W motors until the rated speed has
the same efficiency value. Higher than that speed, the efficiency of the semi-
closed slot motor would be more. Besides, Figure 5.13 illustrates the Efficiency-
Torque-Speed map while showing the motor efficiency in lower frequencies
approximately is equal and at higher speeds, the open slot opening with M-W has
more efficiency rather than the open slot opening motor. These two figures show
that semi-closed slot has greater efficiency than or equal to the equivalent speed
and torque amount open slot opening with M-W permeability equal to 9. This
difference at the worst case is not higher than 1% in higher speed and 3 times of
rated speed and torque lower than 10 Nm. Also, this happens for this open slot

opening with M-W rather than the equivalent open slot opening motor.
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Semi-close slot versus motor with magnetic wedge
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5.5 Conclusion

In this chapter, an IPM was taken as a case study to investigate the adoption of a
continuous hairpin winding. In particular, this research presented a comparison
between conventional and continuous hairpin windings. The study was based on
the rationale that a continuous hairpin winding needs an open slot opening design
for its radial insertion, while the conventional counterpart can be inserted axially,
keeping the slot opening in its standard semi-closed arrangement. Considering the
above, the investigation was on the electromagnetic performance metrics which
were expected to be most sensitive to this slot opening layout change. In other
words, output torque and torque ripple were studied at different values of the
loading and current angle, while the AC losses were reported against the operating
frequency under rated load conditions. It was found that the open slot design
significantly deteriorates the torque ripple of the motor, but with minimal impact

on the output torque. However, under heavy saturation conditions, the overall
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situation improved. It was also found that the open slot design increases the
winding losses at high-frequency operation. To improve these performance
metrics without renouncing the continuous hairpin winding, the use of semi-
magnetic wedges was proposed, with excellent results being achieved with a value
of the wedge material’s permeability equal to 9. With such a precaution, the
torque ripple passes from ~19.3% to =13.5%, against the 11.9% registered for the
semi-closed slot opening case. Regarding the winding losses, the open slot design
presented the lowest values in the whole frequency range. In conclusion, while
further studies need to be carried out, this preliminary research proved the
potential applicability of continuous hairpin windings in electric motors for

transport applications.



Chapter 6

Conclusions

Traction applications are driving the limits of high speed and power density with
breakthroughs in cores, magnets, and winding designs. In today's perspective of
prioritizing torque density, PMSMs are extensively utilized as propulsion motors
in traction applications. In addition, hairpin windings are a key technology in this

direction, despite being characterized by high ohmic losses at high frequencies.

In this thesis, first, a comparative analysis was conducted between preliminary
designs of two machines with random and hairpin windings, with the study being
focused on investigating the performance at two different frequencies, i.e. 200 Hz
and 1 kHz. After the preliminary design process utilizing classical sizing
equations, FE models were built for validation purposes. The comparative
analysis showed acceptable accuracy for most of the electromagnetic quantities of
interest. Regarding the AC losses and efficiency in higher frequencies, the
comparative results illustrated that for random-wound windings the classical
sizing equations could be used with a certain level of “safety”, while hairpin
windings require more accurate and in-depth analyses and the relative sizing tools

need to be improved.

Based on the above conclusion, the next step was developing a fast and accurate
optimization procedure for the optimal exploitation of hairpin technologies in
PMSMs. The optimization tool was aimed at maximizing power density and
efficiency, which are key figures for transport applications. The optimization

strategy, based first on a “one-by-one” sensitivity study and then on the
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application of a multi-objective evolutionary algorithm, proved that these two
objectives can be pursued and achieved simultaneously, with excellent
performance enhancements being obtained. The optimal motor which was
selected for comparative purposes against the benchmark motor (intended for
racing car applications) with random windings and a non-optimal hairpin motor,
showed that efficiency, volume power density, and power losses, were improved

by 0.15%, 10.55%, and 3.4%, respectively.

A major contribution of this research was based on the studies of the effects of
both operating temperatures and rotor topologies on hairpin winding losses. The
main outcomes showed that there exists a frequency value at which the losses at
higher temperatures are lower than those registered at lower temperatures
(specifically at ambient temperature). For the benchmark case study, this
frequency value was equal to 637 Hz. A higher frequency value was found for the
other four rotor topologies investigated, i.e., 704.7, 782.44, 909.25, and 1045.25
Hz, but still higher operating temperatures seem to be beneficial when AC losses
are involved. Experimental results were also carried out to validate this concept. A
motorette wound with pre-formed conductors was used and tested in a thermal
chamber, and the ohmic losses were recorded at different frequencies and
temperatures. The experimental results confirmed the simulation findings,
highlighting that a temperature-oriented design process for machines equipping
hairpin conductors would be worthwhile in the context of reducing AC losses in

this winding technology.

The last step of this research was to investigate the feasibility of continuous
hairpin windings in place of standard hairpin layouts, to reduce or even remove
the welding spots. This part of the research featured a comparison between
conventional and continuous hairpin windings in terms of electromagnetic
performance only. The output torque and torque ripple were studied at different
values of the loading and current angle, while the AC losses were reported against

the operating frequency under rated load conditions. The results showed that the
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continuous hairpin winding, enabled by an open slot design, significantly worsens
the torque ripple of the motor, but with minimal impact on the output torque.
However, under heavy saturation conditions, the overall situation improved. It
was also found that the open slot design increases the winding losses at high-
frequency operation. To improve the performance, a semi-magnetic slot wedge
was proposed, and the torque ripple was improved passing from <19.3% to
~13.5%, against the 11.9% registered for the semi-closed slot opening case (i.e.
standard hairpin winding). Regarding the winding losses, the open slot design
presented the lowest values in the whole frequency range. In conclusion, while
further studies need to be carried out, this preliminary research proved the
potential applicability of continuous hairpin windings in electric motors for

transport applications.
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