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Popular summary in English

The ongoing transition towards electrification in the automotive industry is clear and
accelerating in most of the regions of the world. The electric powertrain, which propels the
electric vehicle, plays a vital role in this wave of electrification. The powertrain's primary
function is the conversion of electrical energy into mechanical energy. The powertrain
significantly influences the key attributes of electric vehicles, including performance, overall
system efficiency, and sustainability. For instance, powertrain design impacts the utilization
of rare-earth materials for vehicles who utilize PMSM and metals such as lithium, cobalt,
and nickel for batteries, whose extraction poses environmental concerns.

However, the electric powertrain encounters numerous demands and challenges from
various perspectives, making its design a complex and multidisciplinary task. This
complexity arises from the necessity to integrate expertise in mechanical engineering,
electromagnetics, thermal management, and cost analysis.

In most cases, designing and optimizing powertrain components in isolation and
subsequently integrating them does not typically yield an optimal powertrain design. The
interactions between components are often underestimated. For example, the energy
consumption of an EV is significantly influenced by the efficiency of all powertrain
components. Consequently, additional expenditure on more efficient electrical machines
or inverters can result in a more competitive powertrain design. However, due to the
system’s complexity, it is infeasible for an expert to consider all relevant correlations and
achieve a better trade-off among all the key performance indicators (KPI) for a holistic
design that meets vehicle-level requirements. The optimal powertrain design should balance
diverse and sometimes conflicting considerations. Designers should navigate these trade-
offs to identify optimal solutions.

Therefore, a system-level powertrain optimization methodology is imperative to achieve the
optimal powertrain design for a selected application with certain constraints.

This thesis undertakes a comprehensive exploration aimed at addressing key issues in
powertrain system design by modelling all primary components, including the EM, PEC,
and transmission. This approach seeks to identify and capture as many influential factors
as possible to evaluate how each affects the powertrain performance. By optimizing the
powertrain system rather than individual components, it is feasible to achieve a better
powertrain solution within given constraints.
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Chapter 1 Introduction

1.1. Background

The ongoing shift in the automotive industry towards electrification is evident, with notable
acceleration observed in regions such as Europe and China. According to [1], a total of 6
million new battery electric vehicles (BEVs) and plug-in hybrid electric vehicles (PHEV)
were delivered during the first half of 2023, an increase of 40% compared to the first half
year of 2022. Of these, 4.27 million were BEVs and 1.76 million were PHEVs. A detailed
examination of regional trends indicates a 37% increase in EV sales in China for the first
half of 2023, compared to 82% in 2022 vs 2021. Sales in Europe were up 28% in 2023
compared to just 15% in 2022. Additionally, the market in the USA and Canada
experienced a 50% increase in EV sales compared to the previous year.

The market share of EVs has shown a consistent increase across all major markets. In the
first half of 2023, BEVs accounted for 10%, and PHEVs for 4.1%, cumulatively
comprising 14.1% of global light vehicle sales. Norway had the highest market share of EVs
in the first 6 months of 2023, 75% for BEVs and 6% for PHEVs. China had 30.5%,
Europe 19.7% and USA 8.7%. For the full year of 2023, sales of up to 14 million EVs are
expected all over the world, a growth of 33% over 2022. By the end of 2023, 40 million
EVs in operation are expected. When it comes to the future, according to [2][3], it is
suggested that the global EV stock will reach nearly 240 to 380 million, accounting for over
10% of the total vehicle stock and representing over 35%-60% of all vehicle sales in 2030.

The automotive industry has reached a consensus regarding the irreversibility of
electrification and has intensified its investments in this area. This shift is driven by several
key factors.

Policy consideration is one of the primary driving forces. Facing the looming threat of
climate change, governmental authorities all over the world have implemented a series of
policy measures aimed at supporting vehicle electrification [4][5]. The EU has the strongest
regulatory pressure and shows the highest ambition to phase out the sale of petroleum fuel
based internal combustion engine vehicles by 2035 [6].



Technological progress for EVs is another driving force behind the rapid development of
the electric vehicle industry. It is well known that battery technology has always been crucial
for electric vehicles. The energy density of batteries has been consistently on the rise, while
costs have gradually decreased [7] [8]. These improvements have led to extended electric
vehicle range and increased price competitiveness.

At the same time, the rapid development of the EV market has geared up the expansion of
charging infrastructure [9]. This development is critical, as the widespread construction of
additional charging stations has markedly enhanced the convenience of charging EVs. Such
infrastructural advancements have played a pivotal role in alleviating the ‘range anxiety’
among consumers.

The evolution of electric vehicle research and development (R&D) has been another
noteworthy phenomenon in recent years. Initially, EVs were commonly developed as
retrofits on existing gasoline vehicle platforms. However, a significant shift has occurred in
the industry, with all original equipment manufacturers (OEMs) now transitioning to
dedicated electric vehicle platforms. This shift has not only enhanced the performance of
EVs but has also contributed to their increased price competitiveness in the automotive
market.

While the advancements in battery technology and other aforementioned aspects are pivotal
for the development of electric vehicles, the role of the electric powertrain, which propels
the EV, is equally critical in the ongoing wave of electrification. The powertrain converts
electrical energy into mechanical energy. This system significantly influences the key
attributes of electric vehicles such as performance, overall system efficiency and
sustainability. For example, the powertrain design affects the resource use of rare-earth
material for electrical machines and lithium, cobalt, nickel, and other metals for batteries
whose extraction have environmental impacts.

As it is shown in Figure 1.1, the electric powertrain confronts numerous demands and
challenges from various perspectives. One potential strategy to address some of these
challenges is through the downsizing of the powertrain system [10]. Downsizing offers
several advantages. Firstly, a smaller electric powertrain system enables more efficient use
of space. This aspect is particularly crucial in the context of EV design, where spatial
flexibility is a key consideration. Additionally, a smaller powertrain requires fewer materials
and resources, which can significantly contribute to reducing the overall manufacturing
costs and environmental impact of electric vehicles. This approach, while offering
substantial benefits, must be carefully balanced against potential impacts, such as system
thermal management.
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Figure 1.1 Trends of electric powertrain technology

Another attempt to address these challenges is the high-speed electrical machine (EM).
Increasing the maximum mechanical speed of the EM can enable it to deliver equivalent
power at a reduced torque. This adjustment potentially allows for a reduction in the
electrical machine size. However, this technique requires careful consideration of associated
trade-offs. One significant consequence of higher machine speeds is the increase in speed-
dependent losses and mechanical stresses. Additionally, a higher maximum speed of EM
requires a higher switching frequency in the power electronics converter (PEC), leading to
increased losses within the PEC. The higher EM speed also brings higher transmission ratios
and increased mechanical transmission (MT) complexity and losses on the transmission
side. These factors must be carefully weighed in the design and optimization for EV
powertrains.

In the realm of electric powertrain development, there is also a significant emphasis on
improving the efficiency of the powertrain. This emphasis has led to the widespread
adoption of permanent magnet synchronous machines (PMSMs) with rare earth magnets
[11], which is the predominant choice in the automotive industry. Concurrently, the
introduction of new winding techniques, such as hairpin windings, which improves the
winding filling factor, has led to reduced copper losses and higher torque density. However,
these advancements are not without their challenges. One notable issue is the increase of
AC (alternating current) copper losses, particularly at high operational speeds, alongside the
increase of manufacturing costs [12].



While numerous other innovative techniques in the field remain unmentioned, it is clear
that the design of the electric powertrain is a complex and multidisciplinary task. This
complexity stems from the requirements to integrate various fields of expertise, including
mechanical engineering, electromagnetics, thermal management, and cost analysis. The
optimal design of electric powertrains, therefore, requires a holistic approach that carefully
balances these diverse and sometimes conflicting considerations. For example, the selection
of EM topology and geometry, material use, winding layout, PEC semiconductor selection
and design, transmission gear design and gear ratio selection, etc. will contribute to the
system performance and system cost-effectiveness. Designers must carefully navigate these
trade-offs to arrive at the optimal solutions.

To meet this challenge, powertrain optimization for EVs has emerged as a significant area
of research. Many efforts have focused on improving the modelling and scalability of
different powertrain components. For example, a methodology to rapidly estimate the
performance of a scaled EM by varying the axial length, outer radius and number of turns
of a base EM design is introduced in [13][14][15]. The scaling of EM allows for quick

performance evaluations, making it feasible to conduct powertrain optimization.

Moreover, the performance of PEC is equally crucial in the powertrain optimization. In
[16], an analytical model for calculating losses in IGBT-based inverters has been developed
and integrated into system-level optimization. In [17], a scalable electro-thermal model for
PEC is implemented to estimate the losses and optimize semiconductor size.

Mechanical transmission also plays a vital role in determining the efficiency and
performance of the electric powertrain. In [18], the impact of the MT topology on
powertrain overall efficiency is carried out. Approach to size the gears and estimate the losses
of gears and bearings is discussed in [19]. These studies highlight the MT’s influence on

the overall powertrain performance.

As mentioned before, cost estimation is another critical component of powertrain
optimization, as it directly impacts the feasibility and scalability of EV technologies. In[20],
a detailed cost model for EM considering the material cost and the cost occurred during
the manufacturing process is implemented. Additionally, a model has been proposed to
estimate the overall powertrain cost using fixed material prices and empirical formulas,
resulting in computationally efficient models [21].

In this research, the work is built upon the work done by [22], where the modeling of
PMSM with traditional winding configurations is explored. This thesis extends this
foundation by incorporating hairpin winding in PMSM and conducting a detailed
evaluation of AC losses. Furthermore, the estimation of iron losses with taking harmonic
into account is performed. In addition to PMSM modeling, this thesis also encompasses
the modeling of induction machine (IM) and Permanent Magnet-assisted Synchronous
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Reluctance Machine (PMaSynRM), with a particular focus on the demagnetization of
ferrite magnets. The inverter model, which is detailed in [17], has been integrated into the
powertrain system as part of this work. Furthermore, the transmission model designed by
[19] is incorporated into the powertrain optimization process, facilitating the determination
of an optimal gear ratio to minimize energy consumption.

This thesis presents a comprehensive powertrain optimization methodology that effectively
captures the key design trade-offs impacting vehicle performance, both within individual
components and across them. The method relies on detailed performance and cost models
for all the powertrain components considered, including the electrical machine, power
electronics converter, and mechanical transmission. By optimizing the entire system rather
than individual components, this approach is able to identify optimal powertrain solutions
within a specific set of constraints. The proposed methodology has been applied to compare
various machine topologies for a specific application, evaluate the advantages of platform-
level versus vehicle-level powertrain optimization, and optimize 4-Wheel Drive (4WD)
powertrains with multiple traction machines.

1.2.  Objectives of the Thesis

Based on the overview in section 1.1, the following research questions motivate the work
in this thesis:

e What are the most relevant design trade-offs affecting powertrain performance and
cost?

e How can these trade-offs be captured, and their effects considered in the design of
electric powertrains for different applications?

The main objectives of this thesis are:

e Optimize powertrains of electric road vehicles in terms of both upfront and
operating costs, considering most relevant design parameters.

e Analyze and compare the suitability of three types of EMs from an optimized
powertrain perspective.

e Optimize the system level design and a suitable control for a 4-Wheel Drive
(4WD) EV comprised of two powertrains.

e Develop an optimization methodology for an electric powertrain platform and
explore the benefits of system commonality.



1.3. Contributions

The main contributions of this thesis are:

e Further development of the powertrain optimization framework introduced in

[22], integrating cost and performance (electromagnetic and thermal) models for
IMs and PMaSynRM:s.

e A detailed comparison of PMSM, IM and PMaSynRM for the optimization of a

representative EV powertrain, in terms of investment and operational cost.

e A design and optimization methodology for 4WD EVs comprising several traction
machines.

e A platform-based powertrain design and optimization methodology to quantify
the system benefits and drawbacks of standardization across different vehicle
segments.

1.4. Thesis Layout

This thesis has eight chapters.

Chapter 1 provides an overview of the current state of the EV market, highlighting the
critical role and design challenges of the electric powertrain. It also outlines the objectives
and significant contributions of this thesis.

Chapter 2 introduces the method to generate an EM database with a parametrized
geometry space. Then, the electromagnetic performance evaluation, thermal analysis,
scaling methods and cost estimation for the studied EMs are discussed.

Chapter 3 provides an overview of the design process for the mechanical transmission and
the power electronic converter.

Chapter 4 illustrates the system optimization methodology for electric powertrains ,
focusing on system efficiency and powertrain cost considerations.

Chapter 5 presents the comparison study for PMSM, PMaSynRM and IM from an
optimized powertrain perspective.

Chapter 6 explores platform-based powertrain optimization for electric passenger cars.

Chapter 7 extends the EV topology from 2WD to 4WD and performs preliminary
exploration on the system optimization for 4WD configuration.



Chapter 8 summarizes the conclusions that can be drawn from previous studies and suggests

several interesting topics for future work.
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Chapter 2 Electrical Machine Design

The design of EMs for electric vehicles depends on specific requirements, including
demands such as desired acceleration performance, top speed, gradeability, etc. PMSMs,
which utilize rare earth magnets, are often preferred due to their high efficiency and power
density [23]. This translates into lower energy consumption and extended driving ranges,
coupled with the capability to provide high torque density, making them suitable for most
passenger EV applications. However, the automotive industry faces challenges with
PMSMs, primarily due to significant fluctuations in the cost of rare earth materials and
concerns about supply chain stability [24].

Alternatively, IMs may offer a cost benefit over PMSMs as they do not require rare earth
magnets and are not susceptible to demagnetization. However, the notable drawbacks of
IMs include their relatively lower efficiency compared to PMSM and lower power factor,
which requires a higher inverter current and typically pronounced drop in peak power as
speed increases. This could increase overall energy consumption, potentially offsetting the
benefits of initial cost savings.

In light of these considerations, the PMaSynRM [25] has emerged as a promising
alternative for various applications, including EVs. PMaSynRMs utilize permanent
magnets that require fewer or no rare earth materials in comparison to PMSMs. This
attribute is advantageous in mitigating concerns related to the availability and
environmental impact of rare earth materials, making PMaSynRMs an increasingly viable
option in the context of sustainable automotive development. However, PMaSynRM’s use
of weaker magnets implies a lower torque and power density as well as a higher risk of
permanent demagnetisation

In this thesis, three types of machines have been considered, due to their suitability for EV
traction applications. Figure 2.1 shows examples of the geometry layouts for all three EM

types.

The process of EM design is affected by many criteria and various considerations should be
made. Achieving an optimal EM design for a given geometry is far from straightforward, as
the ideal configuration is heavily dependent on the specific requirements of the application.
For instance, an EM designed for a passenger EV, which typically operates at higher speeds,



would have different characteristics (size, geometrical proportions, amount of magnets if
applicable, etc...) than an EM intended for a commercial truck used in city distribution.
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(a) PMSM (b) PMaSynRM (c) IM
Figure 2.1. Electrical machine geometries for (a) PMSM, (b) PMaSynRM and (c) IM

The EM design is fundamentally an interdisciplinary endeavor, requiring a comprehensive
assessment that incorporates aspects of electromagnetics, thermal performance, mechanical
constraints, and cost considerations. A critical work of this process is the understanding of
electromagnetic behavior. This includes the analysis of the magnetic field, stator windings,
and materials to achieve desired performance characteristics such as torque, speed, losses,

and efficiency.

In addition, the thermal management of EM is crucial to prevent overheating, thereby
ensuring the EM’s reliability. Thermal analysis in EM design enables designers to identify
the machine’s operational limitations and enhance its potential through effective heat
management strategies.

Furthermore, the cost analysis for EM guides decision-making, ensures products’
competitiveness in the market, and supports the overall goal of making EVs more accessible
and affordable to consumers.

This chapter introduces the methods to address the questions and challenges in EM design.
It lays the foundation for the subsequent powertrain optimization. Building upon this
groundwork, a comparative analysis for the three types of machines from an optimized
powertrain perspective will be thoroughly explored in Chapter 5.
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2.1 EM Modelling Settings

2.1.1 Geometry Parametrization

The electromagnetic design of the EM takes advantage of a powertrain design and
optimization tool developed at the department of Industrial Electrical Engineering and
Automation (IEA) [26] and it is improved in this thesis with more EM topologies. The tool
makes use of FEMM [27], which is an open source 2D finite element (FE) modelling
software controlled with a script that is generated in MATLAB. The integration facilitates
the execution of FE simulations directly from MATLAB. Essential model and simulation
characteristics such as material properties, boundary conditions, meshing size and
convergence criteria can be adjusted in the script. This leverages parametrized EM geometry
to enable more nuanced and precise designs.

This section introduces four distinct rotor topologies spanning across three types of EMs.
The first type, PMSM, is explored through two specific magnet arrangements for the rotor
topologies: the single-V shape and double-V shape. These topologies are widely utilized in
various EV applications due to their high efficiency performance and high power density.

The second machine type under consideration is the PMaSynRM. Its rotor features a
unique arrangement of multi-layered cavities with deeply embedded permanent magnets.
This configuration is particularly noteworthy for its ability to enhance the reluctance torque
while simultaneously reducing costs by employing non-rare-earth magnets.

The third type is the IM, characterized by a squirrel cage rotor, showing high robustness
and cost competitiveness. It is important to note that other EM topologies, such as the
Switched Reluctance Machine (SRM) [28] and Electrically Excited Synchronous Machine
(EESM) [29][30], can also be accommodated within this tool.

The parametrization of these different topologies is illustrated in Figure 2.2, which helps in
understanding the structural differences among the topologies.

As it can be seen in Figure 2.2, to implement the FE model in FEMM automatically, the
stator and rotor are fully parametrized. The slot configuration can be defined as parallel,
accommodating hairpin winding, or the stator teeth can be set parallel to adapt traditional
round wire winding. The slot size can be adjusted by varying the stator yoke width and the
tooth width. For permanent magnet (PM) machines, the magnet size and placement are
variable parameters. Additionally, the rib width is predetermined based on mechanical
safety considerations.
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As for IMs, the model allows for variation in the number of rotor bars and the total bar
area, which are two crucial parameters in generating the IM database.

However, during the IM design process, a proper selection of stator slots and rotor bar
number is always a challenge [31]. There are several empirical rules that should be followed
when selecting the number of rotor bars to reduce torque ripple and avoid undesired
operations [32], as expressed in (2.1)-(2.4).

(a) Stator geometry

(b) Single-V shape rotor geometry (c) Double-V shape rotor geometry

12



(d) PMaSynRM rotor geometry (e) IM rotor geometry

Figure 2.2 Parametrization of different topologies for three types of EMs

Npar # N (2.1)
Npar # 30N, (2.2)
Npqr # 30N, ¥ N, (2.3)
Npar # Ng F N, (2.4)

where 7 is an integer, N is the number of stator slots, N, is the number of poles and Np g
is the number of rotor bars. Furthermore, only even numbers of rotor bars are considered
in order to avoid unbalanced magnetic pull between the stator and rotor [33].

The following table introduces the definitions of all parameters depicted in the figure.

Tabel 2.1. Parameter definitions for all EMs

Parameter Definition

Tso Stator outer radius

q Number of slots per pole per phase
W, Width of the stator yoke

Stator W, Width of the narrowest stator tooth

Kiron Factor to adjust W,,, and W,
W, Width of slot opening

h Height of tooth tip

Interface Loy Air gap length
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Tro Rotor outer radius
Ty Rotor inner radius
N, Number of poles
dpn Distance between magnet edges of the neighbour pole magnets
dmi Distance between magnet edge and rotor inner radius
Rotor hpm Height of the magnets
nhl Number of magnet layers
B Magnet placement angle
Ly Relative magnets position
Npar Number of rotor bars
Apar Ratio between the total area of rotor bars and the rotor area

The maximum mechanical speed of the EMs plays a crucial role in evaluating their
performance. It is determined by various factors, including EM geometry and layout of the
rotor, and yield strength of the material (electrical steel). The rotor should withstand the
centrifugal forces that arise at high speeds.

In this thesis, an analytical way to estimate the maximum mechanical stress for EMs [34] is
presented in (2.5), where Wpgx ms is the maximum mechanical speed determined by
mechanical stress, 0y¢q is the yield strength of the laminations, d;;, is the width of the
iron ribs, hyy, is the machine active length, my, is the total mass of the magnets and the
rotor between the magnets and the airgap, and 7, is the distance to the center of gravity
of Mgy, all expressed for one pole of the machine.

Oni . d L h
yield rib m
Wmax ms = (2.5)

Mact " Tact

Besides the constraints by mechanical stress limitation, there are two extra constraints
introduced when estimating the speed, as shown in (2.6) and (2.7).

Wmax ps = 60V,s/ 2115, (2.6)

Wmax_fs = 60f/p (2.7)
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Where Wpqx ps is the maximum speed determined by the predefined maximum peripheral
speed of rotor (Vg is set to 120 m/s). Wmqay fs is the maximum speed determined by the
predefined maximum electrical frequency (f). p is the number of pole pairs.

The maximum mechanical speed is then determined by selecting the lowest maximum
speed, as expressed in (2.8).

Wmax = min [wmax_ms: Wmax_ps» wmax_fs] (2.8)

2.1.2 Winding design

The requirement for maximizing the EMs’ power and torque density has led to a revolution
in winding technology [35]-[40]. A critical aspect of this evolution is to increase the slot
filling factor by replacing the traditional round-wound wires with rectangular conductors,
usually implemented as hairpins.

Hairpin winding is a configuration used in the stator of EMs, particularly in high-
performance EMs. The name of this winding configuration derives from its resemblance to
U-shaped loops or hairpins. It is designed to improve the efficiency and power density of
the electrical machine by reducing losses and improving the filling factor.

In contrast to traditional stator windings, where the coils are created using continuous wire
leading to longer end-turns and increased resistance, hairpin windings utilize many shorter
conductors, typically rectangular or square in shape, connected (welded) side by side. This
design significantly reduces the gaps between conductors compared to traditional round-
wire windings, resulting in a higher slot filling factor and lower thermal resistance.
Additionally, the shorter end turns of hairpin windings contribute to a reduction in the
direct current (DC) resistance of the winding. However, it is important to note that the
skin and proximity effect [40]-[43] at high speeds introduces a higher frequency dependent

loss, which will be discussed later.

The lower thermal resistance of hairpin windings facilitates more efficient cooling within
the stator. This allows heat generated by the winding to be more effectively dissipated,
thereby enhancing the thermal performance of the EM. As a result, hairpin windings enable
the EM to sustain higher current load without overheating. This capability translates into
either a higher power output for a given machine size or the possibility of designing a more
compact EM that can deliver the intended power compared to EM with traditional
windings.
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Figure 2.3 shows a rectangular slot for hairpin windings with 8 conductors/layers.

Figure 2.3 Hairpin winding with 8 layers

When generating the EM model, the winding design is not determined. Simulating the
same EM with different winding layouts (different number of layers) will increase the
simulation time dramatically. In this study, the hairpin winding is modeled as one single
conductor, as shown in Figure 2.2 (a). To explore more design possibilities, such as 4, 6
and 8-layer hairpin winding, a feasibility check for hairpin winding designs is implemented
for future winding exploration and the losses are evaluated for each feasible case.

For the EMs generated with FEMM, the default number of turns per phase can be
determined using the expression (2.9).

Ny = quc/Npp (2.9)

Where N; represents the number of turns, p denotes the number of pole pairs, q is the
number of slots per pole per phase, N, indicates the number of conductors per slot (with
a default value of 1) and Ny, is the number of parallel path (also with a default value of 1).

Although hairpin windings exhibit advantages in certain aspects, they have limited
flexibility in terms of feasible winding configurations. Consequently, it becomes imperative
to implement extra design guidelines. These guidelines verify the practicability of arranging
the conductors within the stator slots based on specific slot/pole combinations and
determine the number of viable parallel paths [39][45].

As the hairpin windings are formed with lap-winding topology, the number of conductors
in the slot should be even (There are ways of having an uneven number of conductors, but
this adds manufacturing complexity and increases the number of unique conductors

needed).

The series connection (Np,, = 1) is always feasible since all the phases have the same
impedance. However, when multiple parallel paths are required, it is crucial to ensure that
each parallel path exhibits the same impedance to avoid current unbalance and additional
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copper losses. To achieve this, the hairpin winding should be transposed, meaning each
winding path needs to be located in every layer of the slot. This is because the impedance
of the conductors in each layer is also different [35][39]. In order to ensure this, the
following rules need to be followed:

Rule I: the conductors that belong to the same parallel path have to cover all the layers of
the slot (ensure the same inductance for each parallel path).

When the number of slots per pole per phase, g, is higher than 1, the electro-motive force
(EMF) induced in the conductors of the adjacent slots is different.

Then the second rule is introduced as:

Rule 2: The conductors that belong to the same parallel path should be distributed in all
slots per pole of that phase (ensure the same back EMF for each parallel path).

The design rules can be converted to the analytical expressions as below:

N¢

2pq—
number of conductors per parallel path N 2 .
f perp 4 — pp _ 2Pq _ integer (2.10)

number of layers N¢ Npp

N¢
number of conductors per parallel path _ 2qupp __2pN

number of slots per pole per phase q Nppc = mteger (2'1 1)
An example of feasible number of turns for 3 different number of layers is shown in Figure
2.3 (b). It is worth noticing that in both the automotive industry [44] and academic
research [45], significant efforts are underway to model and analyze the 10-layer hairpin
windings. Table 2.3 presents a detailed illustration of feasible number of turns with specific
pole/slot combination.

Tabel 2.3. Feasible number of turns

p=3q=2
(v 1 2 3 6
N,
4 24 12 8 4
6 36 18 12 6
8 48 24 16 8
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2.2 Modelling of PMSM and PMaSynRM

2.2.1. FE simulation initialization

The EM performance evaluations are initiated with the FE models generated based on the
predefined parametrized EM geometry. A set of magnetostatic FE simulations for PM
machines are implemented with different current combinations and rotor positions, as can

be seen in Figure 2.4. Although the characteristics of PMSM and PMaSynRM differ
significantly, these two machine types can be described with the same equations.

For PM machines, iz and igs which represent the direct and quadrature axis currents
respectively, are introduced to decouple the applied stator current from the rotor position.
This simplifies the control and performance mapping on the machine [46]. enabling the
EM to operate more efficiently under various load conditions.

With this in mind, the normalized i; and ig which will be explained in the following
section, are taken as the FE simulation inputs for further EM efficiency optimization.
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[ XXX YY)
(XXX YY)
[ XXX X X
[ XYY X
(XXX X X
o000 00
XXX XN
(XXX XN}
o000 00
XXX NN
(XXX XX ]

Electri¢ rotor position [deg]

1
Iy H 0

-2 iy [
Figure 2.4 FE simulation inputs for PM machines

In the FE model, peak phase current values need to be assigned to each of the phases. These

values can be calculated as:

sin (0) cos (8) 1

I; 2m 2m id
’Ab] - \EkaS sin (6 — ?) cos (6 — ?) 1 [iq]]im, (2.12)
I, sin (6 + 2?”) cos (6 + 2?”) 1[0
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Where iz and iq are normalized values from the current vectors, 8 is the electrical rotor
position. The whole operation plane illustrated in Figure 2.4 should be scanned during the

FE simulation. ks is the winding filling factor, Ag is the slot area and Jip; is the initial

current density, which will be re-evaluated with the thermal model. \E is the power

invariant factor to keep the power identical during the Park and Clarke transformation.

2.2.2. Loss estimation

DC copper losses

The stator DC copper losses are determined by the DC resistance of the winding. The DC
resistance is determined by (2.13). pc,, is the resistivity of copper, 4 is the active length
of the winding and l,,4 is the length of the end turns.

loct + lona
Rs_DC = Pcu aCA kfen (2.13)
s

The copper resistivity is temperature dependent and determined by (2.14).

Peu = Po(1+ a(Trer — To)) (2.14)

where a is the temperature coefficient of resistivity, Ty is the reference temperature of the
winding to estimate the losses, Ty is a fixed reference temperature (usually room
temperature), and py is the resistivity at temperature Tj.

The length of the end turns for hairpin winding is estimated by (2.15)

_ (50 + Tro)
leng=—""—"

+ 4qwgcey (2.15)

Where wg is the width of the conductor in the slot, ¢, is a coefficient (c,y, = 1.2) to
compensate not considering the end winding extension and the distance between each
conductor.

Then the stator DC losses are estimated by (2.16)
Pcu_DC = Rs_DC(iczl + lé) (2.16)
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AC copper losses

For an EM with hairpin windings, the AC copper losses in the winding cannot be neglected
as they can be significantly increased due to skin and proximity effects [47][48]. A major
part of these AC losses is primarily caused by the current induced by time-varying leakage
flux in the slots.

A homogenized approach based on [34][49] is utilized with the assumption that the leakage
flux acting on the conductors in the slot flows in tangential direction, and 19 points are
selected to extract the data of flux density along the slot, which is shown in Figure 2.5.

Figure 2.5 Leakage flux distribution in the slot

The magnetic field varies at different positions along the slot, and the leakage flux close to
the air gap is more significant compared with that at other positions, which can be seen in
Figure. 2.6.

The leakage flux can be expressed as a sinusoidal waveform along the y axis, expressed as
in (2.17).

B = B - sin (w,t) (2.17)
Where B is the peak flux density and w, is the electrical angular speed.

A more accurate way to define the leakage flux is to include the harmonics of the leakage
flux. In that case, the flux density can be expressed as in (2.18).
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Figure 2.6 Leakage flux in the slot under certain operating condition

B = z By, - sin (mw,t) (2.18)
m=1,3,5,...

Where B, and w,, are the amplitude of the m-order harmonics for the leakage flux and
electrical angular speed of the first order harmonics of the leakage flux for this conductor,
respectively.

To illustrate how the AC losses are generated and estimated, a four-layer hairpin winding
is assumed, as shown in Figure 2.7 (a). w is the width of each conductor, h denotes the
height of each conductor and I, is the conductor length in the slot. The leakage flux,

Bieak, travels through the slot along the y axis. Based on the Maxwell-Faraday equation,
expressed as (2.19).

VXE=——
X - (2.19)

There will be eddy currents (electric field) generated in the conductor, causing current
unbalance along the x axis, which can be seen in Figure 2.7 (b).
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(a) Leakage flux in the stator slot (b) Circulating current in one conductor

Figure 2.7 AC losses due to the external magnetic field

When equation (2.19) is solved, it yields:

E=B-w, x-cos (wet)Z (2.20)

The AC losses in the conductor can be developed to a function of conductivity and electric
field according to (2.21)

. 1
Pcu_Ac=RAc'lgddy=.0']2=;'(0'E)2=0-E2 (2.21)

Then the average power loss can be determined with (2.22) where the average loss density
is integrated over a quarter of the conductor and multiplied by four.

lact fw/2 fh/2
Peyac = 4f f f oE?dx dydz (2.22)
X

z=0 Jy=0 Jx=0

When solving the integration in (2.21), the average power loss in one conductor becomes

(2.23).

1
Pewac =570 BZ-we?-h3-w-lyy (2.23)
It can be concluded that the AC losses depend on a square relation to the electrical angular
frequency and leakage flux in the slot. As the EM speed increases, the corresponding stator
electrical frequency also increases, leading to higher AC losses. The hairpin winding layout
also plays an important role in decreasing the AC losses. With more layers in the slot, the
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height for each conductor is decreased, which can dramatically reduce the AC losses.
However, with increasing the number of winding layers, considering the total insulation
for all conductors, the filling factor will decrease, which in turn affects the total copper
losses.

The insulation prevents electrical short circuits between adjacent windings or between the
windings and the stator cores [50]. The insulation thickness can be set as in (2.24) and the
liner thickness is set to 0.25mm.

0.085mm, Uy, = 400V
ins = (2.24)

0.17mm, U, = 800V

The DC and AC copper losses are assessed for different number of layers in the slot under
two rotational speeds, as shown in Figure 2.8. This comparison demonstrates how the
configuration of the hairpin winding and the EM speed influence the copper losses. It can
be seen that with more layers in the slot, the total insulation takes more space compared to
that with fewer layers, leading to a lower filling factor and thus higher DC copper losses.
The total copper losses at low speed may be higher with more layers. Taking the winding
complexity and cost into account, the selection of the number of layers for hairpin windings
should be considered from a system perspective.
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Figure 2.8 AC and DC losses with various settings
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Iron losses

Iron losses mainly occur within the magnetic cores due to the variation of magnetic flux
[51]. The losses found in the iron core are related to magnetic flux density B and
magnetizing frequency f as well as material parameters. The flux density data is collected
from the middle point of the stator tooth and yoke, which is displayed in Figure 2.9.

Figure 2.9 The positions where the flux density for tooth and yoke are collected

The flux waveforms for stator tooth and yoke are shown in Figure 2.10. As the flux
waveform is not sinusoidal, the harmonics of each waveform are derived.
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Figure 2.10 Flux distribution and harmonics for stator tooth and yoke under certain condition
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The estimation of iron losses is always challenging and can be influenced by various factors,
including the degradation of the magnetic properties, the harmonics of the magnetic field,
etc. In this thesis, the iron losses are estimated with the method proposed by Steinmetz and

Bertotti [51][52][53].

. oo 2 . oo 2 £2
Chyst Zm:1,3,5,... Bmfm + Ceddy Zm:1,3,5,...Bmfm
PF == m k
e Feltc
+C . 200 Bl.5f1.5 f
ex m=1,3,5,..”m Jm

fm =mf (2.25)

Where By, is the amplitude of the m-order harmonics for stator and yoke, f is the
frequency of the fundamental harmonic of the magnetic field, f, is the frequency of the
m-order harmonic of the magnetic field, m is the index for the harmonics order, and mg,
is the mass of the core. The coefficients for the hysteresis (Cpyst), eddy current (Cegqy) and

excess losses (Cpy) can be derived from the datasheet of the core material.

As the laminations are being processed throughout manufacturing, the loss characteristics
are affected. This includes the material structure close to the edges after cutting or
punching, as well as creating unwanted axially directed conducting paths when stacking the
iron core [34][54]. A correction factor ks is introduced (k¢ =1.8 in this thesis) to account

for the manufacturing effects on iron losses estimation.
Magnet losses

In permanent magnets, the losses are mainly caused by the eddy currents induced in the
magnets. A magnet can be seen as a conducting cuboid in the rotor. The magnetic field is
in the z direction, as shown in Figure 2.11. The eddy currents induced in the magnet are
illustrated as the circulating electric field in the xy-plane.

The magnetic field in the z direction under various operating conditions is shown in Figure
2.12. The static magnetic field doesn’t contribute to the losses in the magnet. The
alternating magnetic field can be seen as the sum of its harmonics.
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Figure 2.11 Induced electric field by external magnetic
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Figure 2.12 Magnetic field in magnets under various operating conditions

The induced electrical field in the magnet in the xy-plane can be derived from Faraday’s
law.
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—_E = = — (2.26)

The magnet losses can be estimated for one frequency component with (2.27) and finally
determined as in (2.28).

h l w
Pnag = f J J o(EZ + E})dxdydz (2.27)
z=0Yy=0Yx=0
_0w?Bin
2.2
mag = lhw Z Z 8(m2 n nz) (2.28)
m=1,3,5..n=1,3,5..

Where o is the electrical conductivity of magnets, [ is the length of the magnet, h is the
thickness/height of the magnet, w is the width of the magnet, w is the electrical angular
speed of the external magnetic field. By, M and 71 are values related with magnitude of
magnetic field and the order of harmonics.

A detailed derivation of (2.28) is given in Appendix A.
Mechanical losses

The mechanical losses of EMs are primarily due to bearing friction and windage. Bearing
friction losses originate from the friction between the balls and inner and outer rings. They
cannot be eliminated entirely even if lubrication is used to minimize these losses. Windage
losses are related to the friction between moving (rotating) parts and the surrounding air.

The estimation of the mechanical losses is also challenging. There are analytical ways using
fluid properties [34][55] to estimate the windage losses. Experiments using a non-
magnetized dummy rotor [56] to predict the mechanical losses are the most reliable.
However, it is not feasible in this study since a very high number of EMs are evaluated. In
this thesis, an approach based on analytical and empirical methods is proposed to estimate
the losses, which can be expressed in (2.29) and (2.30).
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kfric
Pfric = PfricO (nlo) (2.29)
Kwind
Puwina = Pwinao () (2.30)

Where Pfyic is the friction losses, Prrjco is the friction losses at reference speed (19), Pyying
is the windage losses, Pyinqo is the windage losses at reference speed (ng), n is the
mechanical speed, kfrjc and ky,inq are the coefficients to estimate each loss (kfric = 1
and kg = 2.6 in this thesis).

2.2.3. Performance evaluation

Once the FE simulations are completed, the data for electromagnetic torque, flux linkage,
flux density under different current combinations and rotor positions are collected for the
loss estimation. In this work, the maximum torque per ampere (MTPA) strategy, which
can ensure maximum torque generation and minimum copper loss (current) in the stator
winding, is selected to derive the optimal current combination for each operation point,
considering voltage and current limitations.

For PMaSynRM the same d-q reference frame system as for PMSM is used. Fig 2.13 (a)
and (c) show the phasor diagrams obtained for PMSM and PMaSynRM in steady state
condition, while Fig 2.13 (b) and (d) depict the iso-torque and iso-flux linkage contour
lines together with the loci of the MTPA and the maximum stator current lines.

The total torque of the PMSM and PMaSynRM is expressed by (2.31).

3
Tpy = Ep((Ld - Lq)[dlq + (pm[q) (2.31)

Where Lg and Lg are the d and q components of the inductances, @y, is the flux linkage
from the magnets. This equation shows the reluctance and magnet torque, which is given

by (2.32-2.33).

3
Trer = Ep(Ld - Lq)[d[q (2.32)

3
Tnag = Ep(pmlq (2.33)
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It is clear that due to weaker magnets used in the PMaSynRM, the magnet torque is lower
than that of PMSM for the same current rating. As the unique rotor structure of the
PMaSynRM (lower Ly than PMSM), the reluctance torque takes more proportion of the

total electromagnetic torque.

(a) Phasor diagram for PMSM

(c) Phasor diagram for PMaSynRM
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Figure 2.13 Phasor diagram and MTPA points for PMSM and PMaSynRM
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2.3 Modelling of IM

2.3.1. FE simulation initialization

For induction machines, the relationship between synchronous speed (w), rotor mechanical
speed (w,), slip frequency (wg), slip (s) and the number of pole pairs (p) can be expressed
as follows:

Ws = W — Py (2.34)
Wg = SW (2.35)

When performing the FE simulations, the rotor is kept fixed, meaning w,, = 0, hence the
slip frequency wy is identical to the synchronous speed (wg = w). FE simulations for IMs
are conducted with different current and slip frequency combinations, as can be seen in
Figure 2.14.
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Figure 2.14 FE simulation input for IM

As for IM, the peak phase current can be calculated as below.

Iphase_pk = kas]ini (2.36)

The active length of all simulated EMs is set to a fixed value. Due to symmetry
considerations, only 1/N,, of the EM needs to be modelled.
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2.3.2. Loss estimation

For the IM, as the current induced in the rotor bars is calculated in the FE simulations, the
copper losses for the rotor bars (Pzy pgr) can be derived from the FE simulation directly.
And the losses for the rotor end ring can be estimated with the assumption that the current
density in rotor bars and end ring are kept the same [50][59]. Then the end ring losses are
expressed by (2.37).

p _ 417 peuTroNpar (2.37)
cu_er NpAba’r

Where I is the induced current in the rotor bars, p,, is the resistivity of copper, 75, is the
outer radius of the rotor, Np4; is the number of rotor bars, Ny, is the number of poles, A4,
is the cross-sectional area of a single rotor bar and Py, ¢, represents the copper losses of the
end ring.

2.3.3. Performance evaluation

For IM, the stator phase current and slip frequency are used as inputs of the FE simulations.
The FE model is designed to perform a comprehensive parameter scan encompassing all
predefined input combinations. The FE model then outputs several key variables, including
torque, flux linkage, and flux density, among others. These outputs provide a quantitative
measure of the IM’s performance under varying conditions. The torque and flux linkage
contour map are then generated as a function of the stator phase current and slip frequency,
as illustrated in Figure 2.15.

It can be seen that the points conforming the MTPA correspond to the minimum stator
phase current for each torque level (i.e. the lowest point in each iso-torque line). Each of
these optimal operating points is characterized by unique stator phase current and slip
frequency values. The research objective of this thesis is to optimize the powertrain based
on the different EMs. Therefore, the estimation of IM parameters and current decoupling
are beyond the scope of this research. With this method, it is possible to directly extract the
electromagnetic data from FE simulations and perform the loss estimation.
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Figure. 2.15 Torque (blue) and flux linkage (pink) maps, MTPA points (red circle)

2.4 EM Scaling

When performing the powertrain optimization, one of the main objectives is to find the
most appropriate EM solution with multiple constraints and targets. This requires a large
search-space of EMs for the optimizer to explore. During the optimization, a huge number
of EM evaluations are made, leading to a high requirement on the computational efficiency
to perform the full optimization within a reasonable time. Meanwhile, the EM models in
the search-space should be accurate enough. In this work, one or more databases containing
thousands of EMs with different 2D geometries are generated as one of the inputs of the
powertrain optimization process. Each of these EM models is formulated using finite
element method, which ensures the model accuracy.

Within the pre-defined database, certain EM models, termed as "base machine”, act as
machine primitives or starting points. These base machines come with specific parameters.
One key feature of these base EMs is the active length, which is set as 200 mm in this thesis.
Additionally, they have a consistent number of turns, symbolized as N{' (N = pq), and
they operate with a pre-specified current density.

However, challenges arise when dealing with the complex and diverse requirements of real-
world applications. For instance, a specific application may require an EM solution with
different physical dimensions or winding layout, depending on the vehicle requirements: a
high acceleration requirement will translate into a high torque requirement, leading to
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potentially larger machines and higher currents. A high speed requirement will affect the
winding layout for a given traction battery voltage.

Considering the wide range of requirements, creating EM models with finite element
method to explore the optimal design is not only resource-intensive but also impractical.
Therefore, the scaling method [62][63] is introduced. Instead of building new EM models
with different variations with distinct dimensions and winding layouts, a scaling method
enables to adjust the existing base EMs to expand the design space and finally derive the
optimal design with the specific application requirements. By adopting such an approach,
the optimization process becomes significantly more efficient.

The base motor in the database can be scaled with three factors: k,, the ratio between axial
length of the scaled machine and the base machine, N¢, the desired number of turns, and
k,y, the ratio between peak and nominal current.

The first scaling factor is used to proportionally scale the axial active length of the base EM.
When changing the EM active length, the flux density remains consistent, and the torque
has a proportional relation with the relative scaling factor k,. This linear proportional
relationship also applies to flux linkage, active copper losses and core losses. However, the
losses from the end windings will not be affected as the length of the end winding is not

affected.

As the flux linkage has a proportional relation to N, scaling the number of turns can change
the back EMF for a given DC-link voltage to adjust the EM base speed. As the total current
in one slot is kept the same, the phase current of the EM and the PEC rating is affected
when the number of turns is changed.

The influences of scaling factors on the machine behaviors are shown in Table 2.4.

Tabel 2.4. Parameters of EM in the database

Variable Definition Scaling rules
Toec Torque vector Tyee = Thec * ka
Yaq Flux linkage Yaq = Vaq - Ka - (N:/N;)
RS act Resistance inside the slot R gt = Ry ace " kg
R; ena Resistance in the end windings Rs ena = R5 ena
I3q Stator current lag = I3q/(N:/N;)
U Induced voltage in d axis Ui = R5lg — wgg
Uy Induced voltage in q axis Uy = R5lg — waby
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Usmax Maximum induced voltage of base EM Ul max = max ( /U;Z +Uz%)
Nt idear Ideal number of turns with given DC-link voltage ma—w“ N
V2Usmax
Kne Change in number of turns kpe = %
t
Whoe Speed vector Wyee = Wyee * Kt
Ry o Resistance in the rotor end ring Ry or =Ry o
¥ bar Resistance in the rotor bars Ry par = Ry par " Ka
Pl s act Copper loss in the stator slot Py s act = Pous act " Ka
s end Copper loss in the end winding Py s ena = Pew s ena
o bar Copper loss in the rotor bar Pew v bar = Péur par " Ka
Plyrer Copper loss in the end ring Porer = Pourer
Sk hys Hysteresis loss in the stator yoke Pyk nys = Pyicnys Ko * Kne
Pk eady Eddy current loss in the stator yoke Pk cady = Py caay “Ka " kA
"k _exc Excess loss in the stator yoke Pyiexe = Pok exe ko " kit
P hys Hysteresis loss in the stator tooth Pennys = Pennys " Ka " Kne
Pih_eaay Eddy current loss in the stator tooth Pen cady = Pin edaay " Ka " kit
Py exc Excess loss in the stator tooth Pipexc = Pl exc " ka " kit
Pf* Power factor Pf = Pf*

The variables with stars represent the values from the base EM, m,, is the modulation index
(0.95 in this thesis), Up is the DC-link voltage. Taking all the variables from the base EM

and the scaling rules into consideration, a new scaled EM can be calculated.

Figure 2.16 demonstrates how the EM performance is affected with different number of
turns and active length for a given DC link voltage while the current density is assumed to

remain constant.
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2.5 PM demagnetization analysis

Demagnetization in PM machines, whether induced by demagnetization magnetomotive
force (MMF) or high temperature (rare-earth magnet), is a significant concern as it can
escalate EM losses and degrade the system performance, particularly under high
performance conditions [64][65].

Once demagnetization has occurred, a higher current is needed to achieve the same torque,
which may increase the demagnetization MMF and potentially result in further
demagnetization.

The PMaSynRM is often designed with multilayer flux barriers with embedded ferrite
magnets to improve its saliency and reluctance torque, as shown in Figure 2.2 (d). However,
ferrite magnets exhibit a relatively low coercivity and remanence compared to their rare-
earth counterparts. This makes ferrite magnets more susceptible to demagnetization under
certain conditions. Furthermore, the behavior of these magnets under different
temperatures differs significantly. Rare-earth magnets typically maintain their magnetic
properties over a broader temperature range compared to ferrite magnets. Ferrite magnets
experience a more significant decrease in magnetic performance at lower temperatures,
leading to a higher risk of irreversible demagnetization [66].

The demagnetization curve depicted in Figure 2.17 illustrates the behavior of a ferrite
magnet. When the flux density in the magnet falls below the flux density of the knee point,
the magnet will suffer irreversible demagnetization.

Demagnetization curve for Y34
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Figure 2.17 Demagnetization curves for Y34 @ 20 °C

The flux density distribution for PMaSynRM models under different currents and rotor
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positions is obtained through the FEA simulation. Two examples of the flux density
distribution obtained for a particular PMaSynRM are shown in Figure 2.18.
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Figure 2.18 Flux density distribution under different operating conditions

It can be seen that the positions located at the edge of the magnets in the sides of the flux
barrier are more susceptible to demagnetization under demagnetization MMF. Thus, the
flux density data is collected on regions susceptible to irreversible demagnetization during
the FEA simulations. The positions where the data is collected are presented in Figure 2.19.

Figure 2.19 PMaSynRM rotor with the data collecting positions

37



Figure 2.20 illustrates the flux density for all magnets at the selected positions under all
current combinations for the PMaSynRM example.

The yellow surface represents the flux density of the knee point at a temperature of 20°C,
where the flux density threshold for irreversible demagnetization is 0.18 T. It's evident that
the current in d-axis is the primary source of demagnetizing MMEF. Additionally, due to
cross coupling, the current in the g-axis also affects the demagnetization [67].

To prevent the irreversible demagnetization across all magnets, it is assumed that the
maximum current for the stator is determined when the current operating point is below
the knee point surface in Figure 2.18, denoted as Iy, representing the worst operating
condition in this study.

That being said, in many applications surviving Active Short Circuit (ASC) is a key
requirement for the EM. This operating condition can result in significantly higher -d
currents (sometimes between 2-4 times higher than the peak operational current) which
results into a higher risk of demagnetization. Such requirement can be included using the
same procedure as above, but it is not considered for this thesis.

Considering the default number of turns for the base EMs as N = q * p, the maximum
demagnetization MMF for each machine can be defined as follows.

MMFEyqx = Nt* * Imax (2.38)

Subsequently, the maximum allowed demagnetization MMF, ensuring the magnets remain
free from the risk of irreversible demagnetization, is set as the maximum MMF of the stator.
The process of demagnetization check is shown in Figure 2.21.

By incorporating the stator MMF limitation into the optimization process for PMaSynRM,
the analysis of the impact of demagnetization on powertrain performance can be initiated.
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Figure 2.21 Process of demagnetization analysis

2.6 EM performance validation

MotorCAD is a professional software dedicated to thermal and electromagnetic analysis for
a wide range of machine types. To validate the proposed EM model based on FEMM, a
double-V PMSM model with the same geometry and winding settings is created in
MotorCAD as shown in Figure 2.22.

Figure 2.22 EM geometry in MotorCAD and FEMM
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Both EM models utilize identical material model parameters and maintain the same current
rating. The EM model settings are listed in Table 2.5.

Tabel 2.5. Model settings for selected EM

Parameters Value
DC-link voltage (V) 800
Peak current (Arms) 246
Lamination stack (m) 104
Num. of conductors in slot 8
Parallel path 2
Magnet material N42UH
Lamination M250-35A

As depicted in Figure 2.23, the peak torque achieved with the FEMM model reaches 199
Nm, whereas the MotorCAD simulation produces a peak torque of 196 Nm.

In the FEMM model, the method to estimate iron losses involves a simplified approach by
collecting flux density data from the midpoint of the stator tooth and yoke. This method
may not capture the complete picture of the iron losses throughout the EM stator, due to
the flux density not being uniformly distributed in stator tooth and yoke. On the other
hand, MotorCAD utilizes FEA technique to estimate the iron losses, offering a more precise
evaluation. Consequently, the minor discrepancy in EM efficiency observed between the
two models is largely attributed to the difference in iron losses.
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Figure 2.23 Efficiency and losses comparison between FEMM (purple) and MotorCAD (black).

2.7 EM thermal model

In this study, 2D FE simulations are utilized and thus the end winding is not taken into
consideration. However, from the thermal management perspective, it is crucial to note
that the end winding is predominantly affected by the heat produced both by the winding
in the slot and by the end winding itself, often leading to the end winding reaching the
temperature limitation first. What is more, the thermal limitation determines the
operational constraints for the EM. Exceeding these boundaries not only reduces the EM’s
lifespan but also poses a risk of failure. Conversely, maintaining a significant margin from
these limits leads to an underutilization of the EM’s potential. Thus, thermal modelling for
EMs is essential in the process of EM design. When it comes to the powertrain
optimization, which requires fast and accurate estimation of thermal performance for
thousands of EMs with different geometries, the lumped parameter thermal model

[68][69][70] is introduced.
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The lumped parameter model employs a thermal network structure. Within this network,
the components in the EM that tend to have similar temperatures are grouped (lumped)
into a node. These nodes are connected with thermal resistances, which can be derived with
the heat transfer mechanisms of conduction, convection, and/or radiation between different
parts of EM.

2.6.1. Thermal model for PM machines

The thermal model for PM machines adopted in this study is depicted in Figure 2.24. This
model exemplifies the thermal network of a PMSM equipped with a 6-layer hairpin
winding. This example consists of 15 nodes which correspond to the outer case, the stator
yoke and teeth, the conductors inside the slot (C1 to C6) and the end turns (EW1 to EW3),
the magnets, shaft and bearings. The thermal resistances and capacitances are estimated
based on the geometrical parameters and material properties.

The input parameters for the thermal model include iron losses for the stator yoke and
teeth, as well as copper losses for each conductor within the slot and each end turn. Then
the steady-state temperature and time to reach the temperature limitations can be estimated.

Then the temperature rise due to the heat generated by the losses can be calculated with

(2.39),
AT =GP (2.39)

Where AT is the temperature rise of each node, P is the losses of each node and G
represents the thermal conductivity matrix.
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Figure 2.24 Thermal lumped parameter model for PM machines

2.6.2. Thermal model for IM

Regarding the IM, the thermal model excludes the magnets, instead introducing the rotor
bars and end ring into the analysis. It is important to note that the heat generation within
the IM occurs on both the rotor and stator sides. As a result, an additional cooling method
has been introduced specifically for the end ring. To simplify the model, the hairpin
winding inside the dashed ellipse is not illustrated in Figure 2.25 but it is the same as the
one presented in Figure 2.24.

In PM machines, the end windings are likely to be the first components that reach the
maximum allowed temperature, while for IM, it is normally the rotor cage. The maximum
operating temperature for the end windings in PM machines is set as 180°C. For the rotor
cage in IMs, this thermal threshold is also set at 180°C. Regarding the heat dissipation, the
heat transfer coefficient on the stator jacket of these machines is assumed to be 1400
W/m?K and 400 W/m?K for the shaft, 400 W/m?K for the end windings in PM machines,
and 200 W/m?K for the end ring in IMs. It should be noticed that these can be easily
altered to reflect different cooling solutions.

By utilizing this thermal model with the predefined thermal settings such as coolant
temperature, heat transfer coefficient of the cooling system, and maximum allowed
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Figure 2.25 Thermal lumped parameter model for IM

temperature, the current density of each scaled EM at nominal operating point can be
estimated. With these data, the third scaling factor, k,;, , which is a value greater than 1, is
used to determine the peak current of the EMs. This factor is essential in assessing the EMs’
ability to handle transient or peak load conditions, which are often encountered in real-
world, such as accelerating and overtaking.

It should be noted that the chosen heat transfer coefficient values serve as representative
benchmarks to illustrate the impact of the thermal model. These coefficients are subject to
several variations, including the flow rate of the coolant [70][71] and the specific structure
of the cooling system. Despite these, the implementation of a thermal model facilitates a
comparative analysis across EMs with diverse topologies. The introduction of the thermal
model brings us better understanding of the intricate relationship between the EM topology
and its thermal performance.

2.8 EM Cost model

The EM cost model is critical in the powertrain optimization process. It is important in
optimizing material usage, which is particularly crucial in applications where the cost of
materials contributes significantly to overall costs. Moreover, the cost model can help in
quantifying trade-offs between various EM designs, enabling a good balance between
performance and cost. High-performance EM designs may bring higher costs, however,
with a comprehensive cost model, it becomes possible to identify the point at which the
benefits of enhanced performance outweigh the additional cost.
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Once the selected base EM is scaled, the EM cost model is used to estimate its
manufacturing cost. The EM cost is determined by two primary factors: the cost of
materials used in the EM and the cost of the major manufacturing operations involved in
generating and assembling the physical components of the EM. The materials used in
constructing the EM are significant determinants of its cost. For PMSMs, the cost of rare
earth magnets constitutes a significant portion, often exceeding one third of the total cost
of the EM. This is particularly significant considering the fluctuating and sometimes steep
increases in rare earth material prices [72], as depicted in Figure 2.26.

Rare-earth metals price
350 T pri

Neodymium oxide price [$/kg]

0 1 1 1
2005 2011 2016 2022
Figure 2.26 Rare earth material price trends [73]

The material price used for PM machines and IM in this thesis is listed in Table 2.5.

Tabel 2.5. Parameters of EM in the database

Material Price (€/kg)
Lamination (M250-35A) 2.15
Copper 8.45 [74]
NdFeB (N42UH) 91
Ferrites (Y34) 5

In this thesis, the cost model is implemented based on the work in [20][75]. The cost of
the EM is determined by summing up the expenses associated with each manufacturing
process involved in its production. The cost evaluations for all manufacturing processes are
represented by (2.40), a simplified version originally introduced in [76].
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k(x, N) represents the cost of a part of the selected EM under a certain manufacturing
stage. This cost depends on the process itself x and the number of units N it produces. For
each process, different input parameters are required to estimate its corresponding cost.
They are investment cost in tooling Ky, cost of material Kp, quality loss q¢ (value between
1-0 representing rejection rate due to quality issues), cost during production K¢p, cycle
time per operation tg, cost during standstill K¢, standstill fraction g (value between 1-0
representing the share of stand still time), and wage cost Kp.

The costs of parts produced in a process are counted as input materials when used in
subsequent processes. The input materials for these operations can be sourced from one or
more processes. For example, when inserting the conductors into the stator, the stacked
stator and formed conductors are needed. Then the cost of material, Kp at process
‘conductor insertion” should be the accumulated cost from the previous process conductor
forming and the stacked stator, which can be expressed in (2.41).

v
Kp(%y0,N) = Z k(%1 N) (2.41)
u=0

x, and x,,_; denotes the present and previous process order. The second index u denotes
the number of process inputs needed to perform the present process.

Then the final cost can be expressed as (2.42):
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Figure 2.27 shows the manufacturing process for both PM machines and IMs. The cost
evaluation initiates with the detailed EM geometry and cost data. The cost data includes
the tooling investment, cycle time, personnel, operational cost and yield data (material
waste and quality) for each process.
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Figure 2.27 Manufacturing process for EM

In contrast to conventional windings, hairpin windings are crafted from rectangular
conductors that are shaped into a ‘hairpin’ configuration. These conductors are then
inserted axially into the stator slots. The process is completed by twisting and welding their
terminals to those of other coils.

For IM, the process related to magnets is disregarded. Instead, this is substituted by the die
casting process for the rotor cage. Rotor die casting is a technique where melted metal is
injected into a mold to form the rotor cage [78][79]. The material for the rotor cage varies
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between copper and aluminium. IMs have been utilizing aluminium die cast due to its
relatively low manufacturing costs. However, the cost advantage comes at a significant
efficiency loss compared to the copper die cast. This is crucial in the automotive industry,
where the powertrain system efficiency is highly valued. In this thesis, the copper die cast is
applied with detailed cost information to estimate the IM total cost.

Figure 2.28 shows the material cost distribution and the EM cost distribution which
includes both the material cost and manufacturing cost for a PMSM with a production
volume of 10,000 units.

Material Cost Cost with manufacturing
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I \iagnet
I Winding
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39%

48% 23%
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15% 12%

Figure 2.28. EM cost distribution with production volume of 10,000 units

As the fixed investment Ky, can be amortized by the total EM production, the EM cost is
highly dependent on the production volumes. Figure 2.29 explores the relationship
between the EM total cost and the production volumes. It highlights a critical insight: as
production volume increases, the EM total cost decreases due to the larger economies of
scale. However, it is important to note that the marginal reduction in EM cost begins to
fade away beyond a certain production volume threshold.

Additionally, the EM cost model can effectively demonstrate the impact of varying the
number of layers in hairpin winding on the overall EM cost. The winding configuration
using eight conductors per slot exhibits a lower total copper mass due to their reduced filling
factor compared to the same EM, with four- and six-conductor configurations. However,
it is crucial to consider that the manufacturing process for 8-layer hairpin winding is more
complex and time-consuming, translating into longer cycle times, subsequently escalating
the manufacturing costs, which can be also seen in Figure 2.29.
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Chapter 3 Transmission and PEC
Modeling

When designing the electric powertrain for the EVs, achieving an optimal solution requires
a broader perspective than simply evaluating the EM. This chapter explores deeper into the
other two components in the powertrain, mechanical transmission and power electronics
converter. This not only enhances our understanding about the powertrain but also paves
the way for a more precise and comprehensive evaluation of its performance. By integrating
these two components, it is possible to capture a holistic view of the overall system, shedding
light on associated costs, efficiencies, and other important characteristics that might be
overlooked.

3.1. Inverter design

In the electric powertrain, the inverter plays a crucial role in modulating and converting the
direct current (DC) from the battery or energy storage system into alternating current (AC)
required by the EM. In this study, the model of PEC should be computational efficiency
to ensure that the powertrain optimization can be performed within a reasonable time.
What is more, the model should be accurate enough in terms of losses estimation and
component sizing. The main objective of the PEC model and internal optimization target
is to find the optimum size, number of chips in the power module, as well as the DC-link
capacitor and estimate their corresponding losses.

For EV applications, silicon (Si) and silicon carbide (SiC) power device are the two main
choices for inverter applications. While Si is a traditional choice due to its cost-effectiveness
and good performance in a range of conditions, SiC is increasingly favored in high-power
and high-efficiency applications due to its superior properties, especially in terms of lower
losses and its ability to handle higher temperatures and switching frequencies [80].
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3.1.1 FElectro-thermal model

This thesis employs the inverter model developed by Hannes Bydén, which is detailed in
[17]. This model provides a comprehensive framework for the inverter design and
optimization. The inverter model is adapted to be integrated within the powertrain
optimization procedure presented in this thesis.

The inverter evaluation is based on a scalable electro-thermal model of power modules. For
each PEC, the minimum semiconductor chip size is calculated with an iterative process by
firstly calculating the semiconductor losses at the most challenging operating point (the
peak current condition). The thermal resistance is estimated based on the power module
materials and the chip size together with assumptions of heat spreading and chip-chip
interaction. The junction temperature is then calculated from the losses and thermal
resistance. SIC-MOSFET are used for the studies performed in this thesis , the power
modules are assumed to be liquid cooled with a heat transfer coefficient of 8 kW/mZK ,
the maximum allowed chip temperature is 175°C and the temperature of the coolant is set
to 65 °C. The capacitor is sized following the design rules presented in [81].

The scalable resistance, on-state voltage and switching losses are estimated by extracting
data from manufacturer datasheets of several power modules from same generation and
with the same packaging. Linear coefficients are used to compensate the turn-on, turn-of
and on-state resistance dependence on junction temperature. The inverter design process is
shown in Figure 3.1.

The design process begins with an assumption of the initial chip size (Acpip). The voltage,
current and power factor data derived from the EM model, combined with the calculated
on-state resistance and voltage drop, allow for the calculation of semiconductor losses. The
thermal resistance is estimated through an analytical model which has been validated against
a 3D FEM model, enabling the estimation of chip temperature with execution time (several
milliseconds) much shorter than 3D FEM. If the estimated temperature exceeds the
maximum allowed temperature (T ymqy), the chip size is be increased. However, if the chip
size exceeds a certain threshold, the number of chips (N¢p;p) should be increased and placed
in parallel until the junction temperature falls below the limitation. It is important to note
that the losses at all operating points will be estimated to facilitate further system
optimization.

The switching and conduction losses for the semiconductor (SiC-MOSFET) can be
estimated by (3.1) and (3.2).
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Figure 3.1: Flowchart of inverter design
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1 a’ (p) 7
Pcond,fW(T) = (g + D5 :TS ¢ ) 'ron,fw(Achip'Tj) 12 (3.2)
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In equation (3.1), the switching losses are estimated. The switching frequency is denoted
as fsw. The operating temperature and blocking voltage are represented by T; and V.,
respectively. T, and Vy. 5 are the reference values at which the energy losses are defined in
the datasheet. T, and K, are the temperature and voltage compensation constant. The
energy losses from the datasheet are represented by E. .
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The conduction losses for MOSFET are computed by (3.2) and (3.3). MOSFET is
assumed to be actively conducting in reverse during the freewheeling period. The losses are
generated from both forward and reverse conduction, but with different on-state resistance
Ton,fw and Top ry, Mg is the modulation index, cos(¢) is the power factor of the EM, , i
is the phase peak current of the EM.

3.1.2 Cost Model

After the main components of the inverter have been selected and optimized, the
production cost of the inverter is calculated. The total PEC cost consists of the cost of
subcomponents and the manufacturing related cost. The cost of many of these
subcomponents is not sensitive with the power rating of the converter and then assumed to
be fixed values [82]. The main cost driver is the semiconductors, and its cost is proportional
to the chip area. The cost models for both the components and the manufacturing steps are
developed based on the cost evaluation method for the EM and in close collaboration with
experts from the automotive industry. The process to manufacture a PEC is shown in
Figure 3.2.

[ Incoming hardware ] [ Mechanical process ] -

Control board components Power chips

& Gate drive components Heat sink

Power module N . Conformal
SMT assembly Soldering
X HVDC busbar HVAC busbar
Housing DC filter AC filter
v ¥ (]
N PCB N Friction stir HVDC busbar HVAC busbar Filter PCB
singulation welding assembly assembly assembly
assembl

Figure 3.2 PEC manufacturing process

Surface mount technology (SMT) refers to manufacturing technique where electronic
components are directly applied to the surface of a printed circuit board (PCB). For each
manufacturing process, the cost of material and corresponding manufacturing expense will
be estimated with predefined cost data.
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The cost model is benchmarked against example inverters from the automotive industry to
ensure that the cost is representative for high-volume production.

The cost data for the components can be found in Table 3.1.

Table 3.1 Component cost for PEC

Component Cost

Si-IGBT die 1 units/ mm?
Sic MOSFET die 3 units /mm?
DC-link capacitor 2 units /pF

Based on the cost data, the cost distribution for one PEC example is shown in Figure 3.3.
The main cost driver is the power module, and the manufacturing cost takes a considerable
amount of the total PEC cost.

Control board

Manufacturing cost

Gate driver Bulk capacitor

HVAC busbar and AC filter
HVAC intermediate busbar
HVDC busbar and DC filter

Current sensor

Housing

Heat sink

Power module

Figure 3.3 PEC cost distribution

3.2. Transmission design

Mechanical transmission plays a crucial role in electric powertrains. It converts and adjusts
the speed and torque from EM to the wheels. What's more, by adjusting the gear ratio, the
transmission can help operate the EM within its most efficient operating point with the
given drive cycle. The transmission model used in this thesis focuses on key component
optimization, such as the gear design, which affects the efficiency and cost performance for

55



the transmission itself. There is also an optimization for the gear ratio to improve the EV’s
overall energy efficiency, extending the driving range under specific battery capacity.

3.2.1. MT Modelling

In this thesis, the transmission model is developed by [19], which includes the sizing of key
components such as gears, shafts, and bearings, as well as the estimation of their power
losses. The method is mainly developed by Borg Warner in collaboration with LTH and is
summarized here for completeness. The primary goal of this transmission model is to
simultaneously minimize both the mass of the transmission and its power losses.

The planetary layout and layshaft layout are two different designs used in transmission
systems, primarily in automotive applications. A short overview of the different
transmission layouts can be seen in Figure 3.4.
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Figure 3.4 Overview of different transmission layouts [83]

The layshaft layout, recognized for its affordability, good efficiency, and reduced
complexity, has emerged as a popular choice for mass production in automotive industry.
Meanwhile, co-axial solutions have a reduced package size as the entire system is aligned
along the central axis. Although the co-axial planetary gear architecture presents the greatest
complexity and requires the most effort for integration and manufacturing, thus cost the
most among all candidates, its benefits are significant, mainly for the package space sensitive

EV applications [83][84].

The transmission in a vehicle can be designed with either a single speed or multiple speeds.
A single-speed transmission is much simpler in design compared to multi-speed
transmissions, as it has fewer moving parts, leading to it being lighter and less expensive to
manufacture. Additionally, single speed transmission can offer less wear and tear, lower
maintenance costs, and increased reliability. Consequently, these advantages have led to the
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single-speed transmissions being the dominant choice for passenger vehicles. However,
there are EV applications using multi-speed transmission, benefiting from its ability to
downsize the EM and make the EM operate in a more favorable efficiency range [85].

In this thesis, the focus is on single-speed and two-stage layshaft transmissions. Multi-stage
layshaft is characterized by their arrangement of more than two offset gear-sets. A multi-
stage layshaft transmission can achieve high overall gear ratios without having high gear
ratios at each individual stage, leading to reduced size. The layout of this transmission,

along with a description of the model inputs and outputs, are illustrated in Figure 3.5 and
Figure 3.6.
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Figure 3.5. Structure of the single-speed with two-stage layshaft configuration transmission [19]
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Figure 3.6. Inputs and outputs of the model

In the model, an iteration-based gear-set optimization process is introduced to find the
trade-off between transmission mass and power losses. The total transmission mass is

estimated by (3.4), which is adapted from [86].

2(grntD)Tpn (e1+e2974) (3.4)
9nkon 4 ’

Mgor = mp 2121=1
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Tp'z == ngTp’l (3.5)

gr, = gr/gn (3.6)

where T, , is the allowable torque on the shaft, kg, is the allowable load intensity factor, p
is the density of the gears, gr is the desired gear ratio for the transmission, gr;, is the gear
ratio for each stage, and e; and e, is the volume coeflicients of pinion and wheel,
respectively.

As some parameters are fixed values, (3.3) can be simplified to (3.7) as follows.
gri , gr* 1 2
Moe X 2g1y + o + o +gr+1+ o + grf (3.7)

When the total desired gear ratio is defined, the partial gear ratios gry and gr, will be
determined by minimizing the total mass of the whole transmission with the iteration-based
optimization.

The transmission losses are split up into load and non-load dependent losses. It mainly
includes gear loaded losses, gear non-loaded losses, bearing loading losses, bearing non-
loaded losses and losses caused by oil seals.

The gear loaded losses are primarily a result of friction in the gear mesh, which are related
with the torque applied to the pinion, the rotational speed, and other mechanical properties
as detailed in [87][88]. It can be expressed in (3.8).

_ fmTpnpcos (B)?
For = 9549M (3.8)
where Py, is the mesh power loss, f;, is the mesh friction coefficient, T, is the torque on
the pinion, ny, is the rotational speed of the pinion, § is the operating helix angle, and M

is the mesh mechanical advantage, which is a ratio of the force amplified by the gear mesh.

The bearing loaded losses are related with the bearing dynamic load, rotational speed and
bearing type , as expressed in (3.9) and (3.10).

_ beid{n

My, = oo (3.9)
— Mpn

P, = 5545 (3.10)

Where f}, is the coeflicient of friction, P is the bearing dynamic load, d,;, is the bearing
mean diameter, and i and j are exponents related with bearing type.
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The non-load dependent losses within the transmission system consists of windage losses
and oil churning losses [89][90]. These losses typically arise from the gear faces and tooth
surfaces, influenced by factors such as the rotational speed, oil properties, how deep the gear

is dipped in the oil.
_ 1.474f4un3D>7
Pewr = T ag10% (3.11)
apary Rf
p B 7.37fgun°D bm (3 12)
GW2 — A.1026 '
g

Where Pgyyq is the loss from the face of the gears, Pgyy, is the loss from the tooth surface,
fg is the gear dip factor, v is the oil viscosity, 1 is the rotational speed of the element, 4, is
the arrangement constant, Ry is the roughness factor, b is the total face width and D is the
outside diameter of the element.

Given that the transmission model is expected to be executed millions of times during the
powertrain optimization, its computational efficiency is critical. To address this, the model
optimizes two key parameters: the normal module (m,) and the number of teeth (z,) for
each gear. These parameters are important in defining the mechanical characteristics and
performance of the transmission. Other design parameters such as the helix angle, pressure
angle, and face width coefficient are maintained as constant values. These constants are
chosen based on empirical experience and previously validated values, ensuring both
reliability and practicality in the design process.

3.2.2. Desired gear ratio determination

To identify the optimal gear ratio for each stage of the transmission [91], the total desired
gear ratio should be determined before designing and optimizing the transmission.

Given the specific drive cycle and vehicle specifications, which are described in detail in a
subsequent section, achieving the desired gear ratio for the transmission involves an internal
optimization process. This process utilizes the scaled EM and designed PEC, both of which
should meet the vehicle’s performance requirements. Then the internal optimization
explores the optimal gear ratio among all feasible options, ensuring that the picked gear
ratio of the MT, together with the EM and PEC, can offer the lowest energy consumption.

For single-speed transmission, the feasible gear ratios of the transmission are determined
with satisfying the torque and speed requirements of the studied EV application, which is
shown in (3.13).
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Tmax,wheel < < Nmax,EM

Sgrs ————— (3.13)

Tmax,EM gr Nmax,wheel
During the internal gear ratio determination, the transmission efficiency is predefined as
fixed values for all possible gear ratios, without evaluating the complete transmission model
and achieving the corresponding efficiency maps. The use of pre-defined transmission

efficiency is a compromise that the system efficiency can be estimated while keeping the
computational time low.

Figure 3.7 shows an example of how desired gear ratio affects the system efficiency.
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Figure 3.7 Gear ratio vs energy consumption

It can be observed that among all feasible gear ratios, there is an optimal option bringing
the lowest energy consumption by adjusting the EM to operate in its most efficient area.

3.2.3. Cost model

The cost estimation of the transmission is derived from a collection of data sourced from
the transmission performance model. It contains extensive information of various
components, including gears, shafts, bearings, and housing, etc. The cost data employed
within the model is acquired directly from the suppliers, ensuring a high degree of accuracy.
Additionally, the model incorporates the manufacturing process, providing a
comprehensive view for the MT cost.

Similar to the EM cost model, the transmission cost consists of material and manufacturing
cost, and the manufacturing process is illustrated in Figure 3.8.
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Figure 3.8 Manufacturing process for transmission

Figure 3.9 (a) represents the transmission cost distribution with a production volume of
10,000 units. Figure 3.9 (b) illustrates the manufacturing cost, focusing on the cost
associated with producing a single gear. This figure presents a more detailed perspective,
highlighting the cost structure relevant to gear manufacturing.
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Figure 3.9 Transmission cost

61



62



Chapter 4 Optimization Methodology

As discussed in the introduction, in most cases optimizing the components in the
powertrain individually and integrating them together does not lead to an optimal system
design. The interactions between each component are often underestimated. For example,
EV energy consumption is strongly influenced by the efficiency of all components of the
powertrain. Hence the additional cost for a more efficient EM or inverter can often bring
more competitive powertrain design.

However, due to high system complexity it is not possible for an expert to consider all
relevant correlations for a holistic design with given requirements on vehicle level.
Therefore, a system level powertrain optimization methodology is presented in this thesis.

The goal of the powertrain optimization is to provide a system design, including EM, PEC
and MT, which should be able to satisty all the vehicle requirements and design constraints,
while minimizing or maximizing the objective function.

An overview regarding the structure and workflow of the optimization tool with the
optimization target is shown in Figure. 4.1. The system optimization involves three steps:

I.  Optimization initialization: initial setups for all components should be made,
including fixed settings such as cost data to evaluate each component cost, material
selections, thermal settings, voltage level, etc. The base EMs with different 2D
geometries in the database are the key inputs of the optimization process. The
requirements of the EV under analysis should be evaluated before the optimization
begins.

II. System optimization: an optimizer is selected to explore the optimal solution by
picking the design providing the minimum objective function (e.g. total cost of
ownership) with parallel computing technique.

III. With the obtained optimal and suboptimal powertrain designs, finer optimization
exploration can be an option for the designer.
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Figure 4.1 Structure of the powertrain optimization

A more detailed optimization process is illustrated, as shown in Figure 4.2.
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The input parameters for each component are set as fixed values except for the EM 2D
geometry. The vehicle specification and the drive cycle are defined to evaluate the vehicle
requirements and energy consumption. As one EM is selected from the database, the
optimizer generates several particles with random or predefined positions (i.e., the values of
the three scaling factors). How the optimizer works is introduced later in this chapter. Every
time a particle changes its position in the search space, a scaled EM is generated together
with the corresponding optimized PEC and MT design, and the new set of gear ratios is
also optimized to minimize the energy consumption. If the powertrain design cannot satisfy
the vehicle requirements and constrains (G,,), this design is discarded. The powertrain cost
and operating cost for the designs that meets all the requirements are calculated as the
objective function . This process is repeated until the optimization converges to a minimum
objective function value or the maximum iteration number is reached.

4.1.  Optimization inputs

As depicted in Figure 4.1 and 4.2, the optimization framework integrates inputs from
various components and the targeted application. The primary input for the EM is ‘base’
machines stored in the database with different 2D geometries. The generation of database
of the EMs is discussed in Chapter 4.1.3. The data stored in an EM from the database
contains all information needed for the further investigation, including torque, currents, all
losses and other electromagnetic, mechanical and thermal data.

Supplementary parameters, including lamination and magnet materials, winding layouts,
and cost data, are predetermined prior to initiating the optimization process. Furthermore,
the framework allows for the selection of multiple alternatives, such as traditional versus
hairpin winding techniques, IGBT or SiC semiconductors, and varying thermal
management settings, etc. These selections enable a comprehensive comparative analysis
within the optimization procedure. However, it is important to note that incorporating
such a wide range of variables increases the computational time. This trade-off between
computational efficiency and analytical depth must be carefully considered during the
optimization process. In this study, a workstation with 32 cores is applied to run the
optimization with parallel computing.

4.1.1. Powertrain configuration

Battery electric vehicles are propelled exclusively by electric powertrains, drawing power
from onboard batteries that can be recharged from external electrical sources. There are
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variations in BEV powertrain configurations, mainly between two-wheel- driven (2WD)
and four-wheel-driven (4WD) systems.

For 2WD BEVs, the powertrain can either be front-wheel drive (FWD) or rear-wheel drive
(RWD), which can be seen in Figure 4.3 (a) and (b). FWD BEVs have their EM or EMs
mounted at the front, driving the front wheels. This configuration is often preferred for its
efficiency in space utilization and cost-effectiveness, making it a common choice for
compact and city cars. On the other hand, RWD BEV:5 feature the EM or EMs at the rear,
driving the rear wheels. This setup is typically favored for performance-oriented vehicles, as
it provides higher traction and a more even weight distribution, which is advantageous for
acceleration and cornering dynamics [92].

4WD BEVs employ a dual-motor setup, with each pair of wheels being driven by its own
powertrain, shown in Figure 4.3 (c). This configuration allows for superior traction
performance [93]. A good selection of powertrain configuration and torque distribution
management between two powertrains can also bring better system efficiency performance
and potential cost reduction. While 4WD EVs tend to be more complex and expensive
than their 2WD counterparts, they are often found in higher-end BEV models.

(a) (b) (©

Figure 4.3 Powertrain configurations

In summary, the choice between FWD, RWD, and 4WD in BEVs is largely dictated by
the desired balance between cost, performance, and driving conditions, with each
configuration offering its own set of advantages. As the EV market continues to grow, these
diverse powertrain options enable a wide range of EV applications to cater to various
consumer preferences and needs.
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4.1.2. EV requirements

The vehicle requirements are the fundamental input of the optimization process. These
requirements primarily include two aspects: the peak and continuous power, and the peak
and continuous torque at different speeds. The peak power and torque are essential for
enabling the vehicle to accelerate from 0 to 100 km/h in a matter of seconds. Continuous

sloped roads for a long time.

torque, on the other hand, ensures the vehicle maintain certain speeds on both flat and

=

F, / F,

w

Figure 4.4 Vehicle layout [20]

The acceleration ability of an EV is influenced by several factors. The power and torque
generated by the electric powertrain are fundamental in determining its acceleration.
Higher output torque of the powertrain, especially at low speeds, contributes to quicker
acceleration. The grip or traction of the tires on the road surface, which is called adhesive
force, also affects the acceleration. It allows for higher torque transfer to the road without
tire slip.

Given a RWD EV and a flat road, the adhesive force can be defined as the maximum force
that the tire can exert against the ground. This force can be calculated by (4.1).

F _ mqug(lf - fhcg) (4‘1)
¢-RWD lw - muhcg

For a FWD EV, the adhesive force can be estimated by (4.2).

my,M,g(l + fhcg) (4.2)
Ly + myheg

F(p_FWD =
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Where my, is the friction coefficient, My, is the vehicle’s weight, g is the gravity, hcg is the
height of the centroid of the vehicle, [, is the wheelbase, lf is the length between the
centroid and front wheel, [, is the length between the centroid and rear wheel. As the
rolling resistance (f) is relatively small, lf — fh.4 and I + fh4 can be approximated to
lf and [, respectively. This reveals that RWD EVs have an advantage over FWD vehicles
in terms of acceleration, as they can sustain higher traction torque before the tires slip.

For 4WD EVs, the mass of the vehicle can be fully utilized, so the maximum traction force
is dependent on friction coefficient in (4.3).

F(p_4WD =m,M,g (4.3)

By this, a rough estimation of the acceleration time limit for 4WD vehicles can be made
without introducing customized tires or an extra acrodynamic kit.

tacc awp 1im = 2.83/my, (4.4)

To maximize the utilization of this traction limit (i.e., the adhesive force), it is assumed that
the peak torque requirement equals the traction limit. The peak torque requirement
determines the powertrain output torque, thus the size of each component, especially for
the EM or EMs. The base speed of the EM can be found by minimizing the maximum
power that meets the acceleration requirement. The continuous torque requirements [94]
can be estimated with different speed and road slope combinations. Figure 4.5 illustrates
the peak and continuous torque requirements on wheel side for a RWD EV example.
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Figure 4.5 Wheel torque requirements for a RWD EV
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4.1.3. EM database

As mentioned in Chapter 2, for different EV applications, the requirements for the EM or

EMs are diverse, covering electromagnetic performance, thermal behaviour, efficiency

performance and cost considerations. Considering the various constraints and

requirements, a large-scale exploration for the EM design is required. This thesis provides
a method to generate databases for PMSM, PMaSynRM, and IM with various 2D
geometries. The aim of creating these databases is to provide an extensive design space,

thereby enabling an optimization algorithm to effectively search for and identify the

optimal EM configurations for specific EV applications.

In Chapter 2, the EM topologies and the geometry parameter definitions are clearly

illustrated. A list of the parameters varied to generate the databases for the four different

EM topologies is shown in Table 4.1.

Tabel 4.1. Parameters to generate the database

Single-V shape PMSM

Parameter Values Units
Tso [90 100 110 120] mm
T1ro/Tso [0.6 0.65] -
N, [6 8] -
q [23] -
Kiron [0.95 1 1.05]
dpn [0.06 0.08 0.1 0.12](2r7,., /N,) mm
dmi [0.4 0.45 0.5](1;., — 174) mm
hpm [4.555.5 6] mm
Double-V shape PMSM
Parameter Values Units
Tso [90 100 110 120] mm
Tro/Tso [0.6 0.65] -
N, [6 8] -
q [23] -
Kiron [0.95 1 1.05]
dpni [0.06 0.08 0.1](27t7;.,/N,,) mm
dmil [0.4 0.45 0.5](13., — 174) mm
dpn2 [0.06 0.08 0.1](27t7;.,/N,,) mm
dmi2 [0.4 0.45 0.5](13., — 174) mm
hpm [4 5 5.5] mm
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PMaSynRM

Parameter Values Units
Tso [90 100 110 120] mm
Tro/Tso [0.6 0.65] -
N, [6 8] -
q [23] -
Kiron [0.95 1 1.05]
nhl [2 3] mm
B [0.4 0.45 0.5](1;., — 174) mm
hpm [4.555.5 6] mm
IM
Parameter Values Units
Tso [90 100 110 120] mm
Tro/Tso [0.6 0.65] -
N, [4] -
q [4 8] -
Kiron [0.95 1 1.05]
Npar [30 34 38 42 46 50 54 58 62 66 70 74] mm
Apar [0.1 0.12 0.14] mm

The parameters not listed in the tables are set as fixed values. It is important to highlight
that the decision to fix certain geometry parameters is primarily driven by considerations of
computational efficiency. Conducting analysis with these parameters as variables is feasible
but would require significantly greater computational resources. Such analysis could be
effectively implemented using more powerful workstations or leveraging cloud computing
capabilities.

Upon incorporating these parameters, the total number of different 2D EM geometries is
1152 for Single-V PMSM, 2592 for double-V PMSM, 864 for PMaSynRM and 900 for
IM.

The complete process to generate the database is shown in Figure. 4.6. All the base EMs in
the database are stored in Matlab as mat files for further optimization.
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Figure 4.6 Electrical machine database generation

4.2.  Objective function

The objective function to be optimized can be various powertrain properties. These
properties include, but are not limited to, individual component costs, overall powertrain
cost, system efficiency, total system weight, etc. The prioritization of these attributes varies
according to the intended EV application.

For instance, for cost-sensitive EV applications, the emphasis is often placed on minimizing
the total cost of the powertrain. This often leads to the selection of EMs that utilize less or
no rare-earth magnets, such as PMaSynRMs or IMs. However, this cost-driven choice may
result in a trade-off with system efficiency. The lower or non-utilization of rare-earth
materials in these EMs can potentially diminish system efficiency, subsequently increasing
overall energy usage and require a larger battery capacity, thus increasing the operational
cost.

It is essential to recognize that such decisions in powertrain design involve a complex
relation, where optimizing one aspect may lead to compromises in another. Consequently,
the selection of optimization objective must be carefully aligned with the specific
performance and economic considerations of the EV application. What’s more, due to the
system complexity, it is not possible for the designer to consider all relevant aspects when
designing the powertrain. Therefore, a multi-objective function is selected in this thesis, as

expressed in (4.5).

f(x) = z ki fi(x) (4.5)
i=1
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Where f(x) is the objective function, f;(x) is the sub-objective (powertrain cost, operating
cost, etc.), k; represents the weighting factor for each objective. It should be noted that the
sum of k; equals to 1.

When optimizing a drivetrain this way, the parameter sets are likely to be different for e.g.
a normal car vs a sports car, a private car vs a bus or a truck etc. The setting of the weighing
factors is thus not a purely technical choice.

4.2.1. Powertrain cost
Powertrain cost consists of cost of each key components in the system, as shown in (4.6).
Cpr = Cgm + Cppct+Cur (4.6)

Where Cgp, Cppe and Cyp represents the cost for EM, PEC and MT, respectively. It
should be noted that the cost for all components is achieved under the same production
volume and manufacturing cost assumptions.

In the automotive industry, the research and development (R&D) expenses for powertrain
systems constitute a significant portion of the overall investment, directly impacting the
final pricing of EVs. More details will be discussed when dealing with platform-based
powertrain optimization in Chapter 6.

4.2.2. Operating cost

The operating cost is estimated based on the energy consumption over one year and the
energy price. Before evaluating the energy consumption for the vehicle, a drive cycle should
be introduced.

The selection of a drive cycle for estimating the energy consumption of EVs is a critical step
in understanding and predicting their real-world performance. The selected drive cycle
should accurately represent the typical driving conditions the EV is expected to encounter.
For instance, the New European Driving Cycle (NEDC) and the Worldwide Harmonized
Light Vehicles Test Procedure (WLTP) [95] are commonly used in Europe, while the U.S.
uses the EPA’s drive cycles and China Light-duty vehicle Test Cycle (CLTC) is used in
China.

The intended use of the EV plays a crucial role in drive cycle selection. For example, a
commercial delivery EV would require a different cycle compared to a passenger vehicle,
due to different load conditions and stop-start patterns. In this thesis, the passenger EV is
studied and the WLTP drive cycle is applied. The drive cycle can be used to estimate energy
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consumption with analytical method or a simulation tool. The curve generated with
Simulink-based driver model shows a mismatch in speed with the reference drive cycle, as
depicted in Figure 4.7. Despite this discrepancy, the impact on the overall energy
consumption is minimal when compared to the results obtained using the analytical
method.
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Figure 4.7. Reference speed of WLTP drive cycle vs Speed with Simulink model.

Estimating the energy consumption of an EV using the selected drive cycle also requires the
EV specifications, including its weight, aerodynamic drag coefficient, rolling resistance
coefficient, and powertrain efficiency, etc.

Due to the consideration of computational time, the analytical method is used to estimate
the energy consumption, expressed in (4.7)-(4.10).

Pyneer(k) = (ma(k) + mg sin@ + mg C, cos 6 + %CdpAvvz(k))v(k) 4.7)

Pyt (k) = Pyneer(k) + Pgay () + Pily (k) + Py (K) (4.8)
PB_att(k) = Pwheel(k) - PEM(k) - PI;w(k) - PMT(k) (4-9)
EC = ¥p_o (Pate(k) + Pagee(K)) At (4.10)

Where Pypee (k) is the power delivered to the wheels at instant k, P;;ztt (k) and Pggs (k)
are the power delivered by the battery at instant k in motor and generation modes
respectively, m is the mass of the vehicle, a(k)is the vehicle acceleration at instant k, g is
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the gravity acceleration, 8 is the angle of the road, C, is the rolling resistance coefficient, C,
is the air drag coefficient, p is the density of air, A, is the frontal area of the vehicle, v(k) is
the vehicle speed at instant k and EC is the energy consumption over the drive cycle,
Finally, the operating cost is estimated by the product of the total annual distance travelled,
the energy consumption per kilometer and the energy (electricity) price.

4.3. Optimizer

In the context of powertrain optimization for EVs, the role of the optimizer is critical. Once
the objective function is set, the optimizer can explore the potential design space, which
includes all possible combinations of powertrain components. This exploration is to
identify the optimal design that meets the requirements and constraints. In this thesis, the
EM design space refers to the base EMs in the database and all feasible scaled EMs for each
EM topology.

In any optimization process, there are trade-offs to be considered. The optimizer evaluates
these trade-offs to understand the impact of prioritizing one objective over another, such as
the trade-off between cost and efficiency. The optimization is often an iterative process.
The optimizer uses algorithms to iteratively refine the design, gradually moving towards an
optimal solution. It assesses each iteration against the objective function and constraints,
and then makes the necessary adjustments. The choice of the optimization algorithm
decides how effectively and efficiently the optimizer can find the best solution.

In this work, particle swarm optimization (PSO) is used as the optimizer. It is known to
effectively solve large-scale nonlinear optimization problems [96]. In this work, the
optimizer has three dimensions (variables): the axial scaling factor k, the number of turns
N; and the overloading factor k,,,, which are the inputs for the scaling process. The values
of these three variables and resulted powertrain design should respect some boundary
conditions as below.

Optimization Target min ( f(EM;,q4, %))

x = (kg N¢, koyp)
s.t:ky; >0, k, €ER

Nt >0, Nt € Nt_feasible (4-11)
kop >1, kop €R
Gn(x)>0
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Where f(EMinq,x) is the objective function, EM;y,q4 is the index of the EMs in the
database, x is the vector representing the scaling factors. Gy, represents all powertrain
specific constraints such as overloading time limit (t;,), desired gear ratio boundary (g;),
maximum allowed temperatures for winding (Tying max)> etc. The constraints are

expressed in (4.12).

tov — t;v
g; —9Yr

*
Twind_max - Twind

G, (x) = (4.12)

*
Pmax - Pmax

The vehicle requirements are compared against the performance of the designed
powertrain. Any powertrain configuration that fails to meet the requirements is
consequently eliminated from consideration.

Before initiating the optimization, the search space will be predefined by (4.11). Assuming
there are N particles, the position of particle i at iteration t is defined as in (4.13),

X;(0) = (X[ (0, X, (0, X" (1) (4.13)
Besides the position, the velocity for each particle is defined as in (4.14),
AGRIUOAAGAAIG) (4.14)
At the next iteration, the position of each particle will be updated as
Xit+1)=X;t)+Vi(t+1) (4.15)

and the velocity is updated by the rule (4.16).

Vi(t + 1) = Winertia " Vi(t) +C - rand - (Xbest,i - X; (t))
+C, -rand - (Xbest - Xi(t)) (4.16)
Where Wipertig, C1 and C; are used to make the particles move to control the algorithm’s
performance, rand is a random number between 0 and 1, Xpeg; ; is the position that gives

the best f(EM;,q4,x) explored by particle i, Xpes is the position that gives the best
objective function explored by all particles.

The inertia weight factor, Wipertiq> is between 0 and 1. It determines how much should
the particle keep on with its previous velocity. The parameters C; and C; are called the
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cognitive and the social coefficients respectively. They control how much weight should be
given between refining the search result of the particle itself and recognizing the search
result of the whole swarm.
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Chapter 5 Comparison analysis for
PMSM, PMaSynRM and IM

from system level

In this chapter, a comparison between three EM topologies (PMSM, PMaSynRM and IM)
in an optimized EV powertrain perspective is made. In this comparison all powertrain
systems fulfil the same wheel performance requirements, and the MT and the PEC are
optimized together with the selected EM type. The thermal performance is considered
throughout the optimization process to ensure a fair assessment across all topologies. The
sum of the powertrain cost and the operating cost are used as the objective function.

The optimization methodology and detailed optimization process is explained in Chapter
4. The optimization inputs for this case study are illustrated in this chapter.

5.1.  Vehicle Specifications and optimization targets

The target application in this study is selected to be a RWD electric passenger car. The
specifications can be seen in Table 5.1.

Table 5.1 Vehicle specifications

Parameter Value Unit
Vehicle mass 1850 kg
Wheel radius 0.35 m

Drag coefficient 0.26
Rolling coefficient 0.008
Front area 236 m?

Top speed 180 km/h
Acceleration 7 s
(0-100km/h)
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Based on the specifications, the required peak wheel torque is calculated to be 3100 Nm
and peak power to be 135 kW with an overloading time duration of 20s, by means of drive
cycle simulation. The continuous performance is estimated to be about 55 kW at 180 km/h.
The performance requirements are presented in Figure 5.1, which also includes the
operating points for WLTC drive cycle used for estimating the operating cost.
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Figure 5.1. Vehicle requirement on wheel side

The objective of this optimization is to conduct a comparative analysis of various EM
topologies from a system level. The objective function is the total cost of the powertrain
cost and operating cost over one year, expressed as in (5.1).

f = (Cem + Cpgc+Cur) ke + Cop - (1 —k¢) (5.1)

The vehicle operating cost is estimated based on the energy consumption of the resulting
powertrains, energy price (assumed electricity price: 0.5€/kWh) and the annual mileage
(assumed value: 20,000km/year). The weighting factor plays a vital role in determining the
relative importance of the two objectives in the function, balancing the powertrain cost and
operating costs (system efficiency). In this study, k, is assigned with a value of 0.5, which
means the powertrain cost is depreciated over one year and is explained in results.
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Subsequently, all EMs in the databases are evaluated. This evaluation seeks to identify the
optimized EMs for each considered topology, facilitating a comparative analysis for all EM
topologies, including cost competitiveness and overall system efficiency. For instance, with
the same EM power rating, the PMaSynRM benefits from the utilization of low-cost
magnets, which in turn contributes to a reduction in the EM cost compared to the PMSM.
However, the PMaSynRM’s lower power factor requires a larger, and consequently more
costly PEC unit.

Moreover, selecting optimal EM designs for the comparative study serves to mitigate the
impact of different EM structures on the research outcomes. For example, a well-designed
PMaSynRM may demonstrate comprehensive advantages over an unoptimized PMSM. By
analyzing these aspects at the system level, the trade-offs in applying different EM
topologies can be effectively highlighted.

In addition to the aforementioned data, other relevant settings and constraints are outlined
in Table 5.2.

TABLE 5.2 Extra Settings and constraints

Component Settings/Constraints Value
DC-link voltage 800 (V)
PEC Semiconductor technology SiC-MOSFET
Switching frequency 10 kHz
Winding type hairpin
Possible number of layers 4,6,8
EM -
Maximum allowed 180 (°C)
winding temperature
Minimum overloading time 20 (s)
MT Maximum gear ratio 19

In this study, the DC-link voltage is set to 800V, with SiC being the chosen semiconductor
material due to its superior thermal and efficiency performance. For EM, the minimum
overloading time ensures that the optimized EM are capable of sustaining peak performance
for a duration longer than 20 seconds. The maximum gear ratio for the MT is constrained
by the limits of the maximum gear ratio for each gear stage.
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5.2. Results

5.3.1. Optimization results for all types of EMs

To have a better understanding of how k, affects the optimization results, a comparison is
done with two weighting factors: k. equals 0.5 and 0.1, meaning that the powertrain cost
is depreciated over one year and nine years. Figure 5.2 shows the optimization results with
over 1000 single-V PMSMs under two weighting factors.
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Figure 5.2. Designs with single-V PMSM under two weighting factors

Each circle in the graph represents an optimal powertrain solution corresponding to a
specific 2D EM geometry. The results demonstrate that when k_ is set to 0.1, the optimizer
favors solutions with more efficient powertrains, as the powertrain cost is depreciated over
nine years. In contrast, when k. is set to 0.5, the optimizer selects powertrain solutions with
lower powertrain cost but higher operating cost. As the powertrain cost is directly linked to
powertrain sizing, which is also a key performance indicator (KPI), a k. value of 0.5 is
chosen to reflect the impact of cost on overall performance.

The optimization outcomes for all machines are depicted in Figure 5.3.
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Figure 5.3. Optimal designs with all 2D geometries for each machine

In Figure 5.3, it can be seen that the feasible powertrain solutions with different EM
topologies overlap with each other. For example, even if the PMSM is known for having
better efficiency performance, it is observed that there are optimized IM-based powertrains
outperforming plenty of PMSMs regarding system efficiency.

Nonetheless, it is evident that the PMSM designs tend to demonstrate better efficiency
performance, and consequently, lower operating cost, in comparison to the other machine
types. With the same torque level, the PMaSynRM demands increased current to meet the
torque requirement, leading to higher copper losses and diminished efficiency performance.
Due to its lower torque and power density, larger PMaSynRMs are needed to fulfill the
requirements, offsetting the cost benefits brought by the cheaper magnets.

For IM, due to the extra losses generated from the rotor cage, it is less efficient compared
with the PM machines. However, it has the advantage of having low drag losses under the
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inactive state, making it potentially well-suited as secondary drive unit in dual-motor EV
configurations.

Figure 5.4 offers a comprehensive analysis of how various component parameters influence
performance across different EM designs.

An interesting observation from Figure 5.4 (a) is the impact of rotor topology on the
maximum mechanical speed achievable by each EM, assuming uniform mechanical
strength of the laminations. The analysis indicates a nuanced variation in maximum speed
performance among the different rotor configurations. Specifically, the double-V PMSM,
as depicted in Figure 2.2 (c), incorporates a broader rib for the air pocket at the bottom
compared to its single-V counterpart. This structural enables a higher mechanical speed
capability, which can be evaluated with the speed estimation equation in Chapter 2.
However, this is not a general conclusion that double-V PMSM shares advantage over
maximum mechanical speed, it is just led by the initial geometry settings for these two types
of machines.

Figure 5.4 (a) illustrates a trend that as the maximum speed of the EMs increases, the EM
cost shows a tendency to decrease. This highlights the industry’s drive towards developing
faster EMs as a means for achieving lower cost (smaller 3D size) and improving power
density. It should be noted that the rib widths are predefined for all EM topologies.
Modifications to rib width are found to influence the electromagnetic performance of EMs
significantly. For example, employing a narrower rib and bridge or rib-less and bridge-less
rotor structure can contribute to a reduction in leakage flux around the magnets, albeit at
the cost of compromised mechanical strength of the rotor, which requires laminations with
stronger mechanical strength or extra methods, such as carbon fiber sleeve, to ensure the
rotor’s mechanical robustness. This balance between structural design choices and their
impacts on EM performance highlights the complexity of optimizing EM designs for
enhanced efficiency and cost-effectiveness.

In Figure 5.4 (b), the relation between the EM power density and powertrain cost is
explored. It becomes apparent that PMSMs generally exhibit higher power density
compared to PMaSynRMs and IMs. This superior power density is a significant factor
contributing to the widespread popularity of PMSMs in the automotive industry.
Furthermore, among the PMSMs, the figure shows that the double-V shape PMSMs
demonstrate power density advantage over the single-V PMSMs. The higher power density
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in double-V shape PMSM:s is attributed to their ability to accommodate more magnets, as
illustrated in Figure 5.4 (c), and achieve higher reluctance torque. It should be noted that
the total EM mass only includes the weight of magnets, laminations, and windings. The
other parts, such as housing, bearing, shaft and other accessory parts are not included.

Figure 5.4 (d) shifts the focus towards the correlation between the total chip area of the
power module and the EM peak phase current. An obvious trend can be observed that the
chip area is proportional to the peak phase current of the EM, which is the most challenging
operating point for the inverter. However, certain solutions exhibit a relatively higher peak
current, yet a smaller total chip area compared to those with less peak current. It is found
that if the peak current is below a specific threshold, one single chip (Achip < Achipmax)
can handle the requirements (the maximum chip area for single chip is predefined in the
PEC internal optimization iteration). However, as the current increases, larger chips are
needed to maintain the junction temperature below the limitation. Then the chip area
surpasses the predefined area limit, leading to additional chips introduced in the power
module. The integration of multiple chips, arranged in parallel within the power module,
enhances the heat dissipation [17], thereby reducing the junction temperature rise for each
chip and thus smaller chips are allowed.

It is also noteworthy that, solutions employing PMSMs can exhibit lower phase current
and, consequently, a reduced total chip area compared to those utilizing PMaSynRMs and
IMs, which is due to PMSMs’ higher power factor. However, the optimal PMSM design,
represented as red and green diamonds in Figure 5.4 (d), are not positioned among the
solutions featuring lower current. Instead, they are situated at a higher current level, thus
driving the peak power of the two optimized PMSMs to exceed the necessary requirements.

To better explain this result, a powertrain solution employing a double-V PMSM,
distinguished by its lowest phase current, has been selected for comparison against the
optimal solution, which achieves the minimum total cost.

Figure 5.5 shows the 2D geometries for the optimized EMs with minimum phase current
and the minimum total cost. Table 5.3 illustrates the detailed information of the two
powertrains.
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Figure 5.5 2D geometries of the two selected double-V PMSM

TABLE 5.3 Comparison for two selected powertrains

Parameter Double-V PMSM with Optimal double-V
min. phase current PMSM
Active length (mm) 72 104
Max speed (rpm) 15910 20000
Peak power (kW) 154 202
Peak torque (Nm) 271 198
Phase peak current (A) 260 401
EM cost (€) 388 334
PEC cost (€) 616 636
MT cost (€) 291 255
Operating cost (€) 1260 1234
Total cost (€) 2555 2459

The PMSM with min. phase current exhibits a significantdy lower peak power in
comparison to the optimal PMSM, showing a phase current and therefore inverter sizing
and EM power, closer to the actual requirements of the studied application, which can be

seen in Figure 5.6.
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Figure 5.6 Torque envelope of two selected PMSMs

The optimal PMSM demonstrates a higher maximum speed due to its smaller rotor,
resulting in a reduced torque requirement and thus 3D dimension, subsequently a lower
EM cost. Moreover, the transmission also benefits from the reduced torque input from EM,
contributing to a MT cost reduction. Notably, the optimal PMSM exhibits better efficiency
performance, presenting the most cost-effective solution across all evaluated powertrain
solutions.

Variations in the material costs for both the EM and the PEC have a significant impact
their costs, which in turn, influences the outcomes of the optimization process. For
example, an increase in the price of SiC chips, leading to an escalation in PEC costs relative
to EM costs, drives the optimizer to prefer solutions characterized with lower current.

What's more, the significance of the objective function in this context cannot be
overlooked. The selection of specific optimization objectives fundamentally shapes the
optimization direction and determines results of the optimization process.

As in this thesis, the sum of powertrain cost and EV operating cost is considered as the
optimization target. The optimal powertrain solutions for each EM topology have been
identified and are denoted by diamond symbols in Figure 5.4. The optimal 2D EM
geometries for each optimized solution are shown in Figure 5.8 and the detailed
information of the optimized solution is provided in Table 5.4.

86



Table 5.4. Optimal EM design comparison

Parameter Single-V PMSM | Double-V PMSM PMaSynRM IM
Active length (mm) 75.6 104 120.4 155.6
Max speed (rpm) 17150 20000 14490 17630
Max torque (Nm) 233 198 278 225
Base speed (rpm) 7069 9711 5836 8995
Peak power (kW) 172 202 170 212
Phase peak current 375 401 398 407
(A)
EM mass 8.81 8.92 21.94 17.59
EM cost (€) 323 334 332 331
PEC cost (€) 626 636 637 628
MT cost (€) 262 255 261 245
Gear ratio 10.35 12.14 8.56 10.82

It reveals that the optimal EM designs demonstrate distinct 2D geometries and performance
characteristics. The peak power of the four optimized solutions all exceeds the actual vehicle
requirements, a decision aimed at achieving a more favorable overall cost.
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(a) Optimal geometry of single-V PMSM (b) Optimal geometry of double-V PMSM
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Figure 5.8 Optimal geometry of the optimized EM

The inherent high-power density of PMSM enables the optimizer to select comparatively
smaller-sized PMSMs. The difference in EM rotational speeds, especially when a single-
speed transmission is utilized, significantly influences the performance of the EMs, as
shown in Figure 5.9. The optimized PMaSynRM, characterized by a lower maximum

rotational speed, requires higher torque to meet the vehicle’s top speed and acceleration
demands at the same time.
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Figure 5.9. Performance comparison among three optimized machines
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In terms of effective mass, the PMSMs present the lowest total mass, with 8.81 kg for single-
V PMSM and 8.92 kg for double-V PMSM, respectively, showing outstanding advantages
over the other two EMs. Figure 5.10 presents a detailed material utilization for each
optimized EM.

Material usage comparison
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Figure 5.10 The material usage comparison

Given the significant cost associated with rare-earth permanent magnets [97], the total cost
of the two PMSMs are nearly equivalent to that of the larger PMaSynRM. The structure
of the IM results in the absence of permanent magnets, replaced instead by the copper rotor

cage, leading to more copper usage.

In terms of the EM efficiency, the IM is characterized by higher total copper losses and
lower iron losses relative to the PMSM and PMaSynRM. This results in a narrower high-
efficiency region for the IM, and high efficiency area shifting towards higher speed region.
Most operational points of the drive cycle fall outside the IM’s high-efficiency zone, leading
to a greater energy consumption throughout a cycle, as illustrated in Figure 5.11.

Figure 5.11 also indicates that the PMaSynRM based powertrain exhibits the lowest EM
cycle losses. However, as depicted in Figure 5.3, numerous PMSMs outperform the
PMaSynRM in terms of efficiency, though this comes at the cost of increased powertrain
expenses. As a result, the optimization algorithm selects solutions that sacrifice EM
efficiency to minimize powertrain costs, thereby identifying the optimal trade-offs under
the selected objective function.
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Figure 5.11 Losses for each optimized powertrain

Table 5.5 takes the optimal double-V PMSM based powertrain as an example and gives a

more detailed description of powertrain configuration with the efficiency maps of each
component.

TABLE 5.5 Optimal powertrain design with double-V PMSM

EM design Transmission design

Active length (mm) 104 Gear ratio 12.14

Num. of turns 12 Num. of teeth for gear 31/118
stage 1

Num. of winding layers 8 Num. of teeth for gear 37118
stage 2

PEC design
Num. of parallel path 2
Num. of chips 2
Peak current density (A/mm?) 25.5 Single ch12p area 47.2

(mm?)

Efficiency map
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5.3.2. Demagnetization analysis for PMaSynRM

As introduced in Chapter 2, PMaSynRMs are easy to be demagnetized when using magnets
with lower coercivity. This phenomenon typically occurs when a significant negative d-axis
current is applied, which can be the case in the field weakening region or during a fault
condition.

The structure of the optimal PMaSynRM from the optimization is shown in Figure 5.8 in
which the demagnetization is not considered. However, when the demagnetization
evaluation during the normal operation is included, it is found that there are no feasible
solutions which can fulfill the demagnetization requirements. The flux density distribution
of the optimal PMaSynRM shows that the magnets embedded in the sides of the flux barrier
are easily demagnetized, leading to all the solutions exceeding the EM dimension
constraints.

It is known that from Figure 2.16 that the magnets situated in the first layer (the layer closer
to the rotor surface) and the sides of the flux barrier are particularly susceptible to
demagnetization. This requires a reconsideration of the PMaSynRM design to ensure its
reliability under various operating conditions. Consequently, several geometry
improvements are made to prevent irreversible demagnetization. A new generated
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PMaSynRM database is introduced for the demagnetization analysis and one example of
the new geometry in the database is shown in in Figure 5.12.

Figure 5.12 PMaSynRM model

It can be seen that the magnets in the sides of the flux barrier are removed and the magnets
in the middle of the flux barriers are also placed further from the rotor surface. Furthermore,
thicker magnets are used within the generation of the new database.

An example of the flux density distribution for the selected PMaSynRM model is illustrated
in Figure 5.13.
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Figure 5.13 Flux density distribution under no-load and i; = —2 p. u. condition
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The flux density data along the magnetization direction is collected for all magnets at the
selected positions, as shown in Figure 5.14.

Magnet 1 Magnet 2

Figure 5.14 Flux density in magnetization direction for all magnets at selected position (20 ‘C).

With the new generated PMaSynRM database, the powertrain optimization is performed
with introducing the maximum MMF allowed as one constraint. The optimization results
with the new database are shown in Figure 5.15.

It can be seen that the EM designs considering the demagnetization have worse efficiency
and increased EM cost. This is due to the fact that the total MMF is limited, which can be
seen in Figure 5.15 (b), to reduce the risk of irreversible demagnetization for all magnets.
However, to satisfy the vehicle torque requirements, the dimension of PMaSynRMs in axial
direction need to be increased to output the required torque, leading to a higher machine
cost.

To evaluate how the demagnetization affects the PMaSynRM design, the optimal
PMaSynRM geometries for the optimal solutions are shown in Table 5.6.

Although PMaSynRMs in previous database exhibited comparative performance with
PMSMs, the advent of demagnetization concerns finds the rotor topologies unsuitable.
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Figure 5.15 Optimization results with the new EM database.
Red/Green circles and diamonds: PMaSynRM solutions without / with considering the demagnetization.

This stems from the fact that even under low stator MMF conditions, all machines in the
previous database fail to prevent demagnetization.

In response to this challenge, an improved rotor design has been developed, enabling the
new PMaSynRMs to withstand the demagnetization MMF. However, this enhancement
comes at a cost: fewer magnets are embedded in the flux barrier, resulting in reduced torque
and a decline in powertrain efficiency when performing powertrain optimization without
considering demagnetization. What's more, while the demagnetization limitation is
introduced to ensure the system reliability, the optimal PMaSynRM must lower its stator
MMEF, thereby compromising overall system performance.
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TABLE 5.6 Optimal PMaSynRM geometries under three scenarios

0.09r
0.08F
0.07r
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0.03f v
0.021
0.01r i
O0.&)2 0.04 0.06 0.08 0.1 0.12 00.02 0.04 0.06 0.08 0:1 0.12
(a) Opt. geometry without considering demag. (b) Opt. improved geometry without considering
demag.
Active length (imm) 120.4 Active length (mm) 142.5
EM cost (€) 332 EM cost (€) 353
Operating cost (€) 1238 Operating cost (€) 1283

0.08}

0.06

0.04}

0.02r

0.03 0.05 0.07 0.09 0.11

(c) Opt. improved geometry with considering demag.

Active length (mm) 2143
EM cost (€) 395
Operating cost (€) 1317

It's worth noting that the demagnetization analysis in this thesis primarily focuses on the
maximum current condition, with the current phase angle set at 90 degrees. However, the
risk of irreversible demagnetization could escalate further in the event of a short circuit [98]
[99][100]. Transient currents associated with such an event can be over twice the maximum
current rating, intensifying the risk of demagnetization.
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5.3. Conclusions

With all the discussions about the advantages and disadvantages of all types of EM, it can
be concluded that the optimal designs identified by the optimization process should not be
taken as the final solution. There are several powertrain alternatives that offer performance
closely aligned with those of the optimal designs. Moreover, the outcomes of the
optimization are influenced by a variety of factors, including but not limited to, the inputs
fed into the optimization algorithm, the objective function itself and demagnetization
analysis.

Given these considerations, a more refined optimization approach can be beneficial. This
could involve narrowing the scope of the EM database to focus on a subset of EMs that are
most relevant to the specific application requirements. Such a targeted approach can help
in filtering out less relevant options and concentrating the optimization efforts on the most
promising candidates.
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Chapter 6 Platform-based System

Optimization

This chapter presents a method to optimize an electric powertrain platform, capable of
addressing the needs of a wide range of vehicle types while taking advantage of economies
of scale and reducing time to market.

There are many efforts focusing on the electric powertrain optimization. In [63] and [101],
they employ holistic approaches to investigate the optimal design of electric powertrains,
considering multiple objectives. In [102], powertrain optimization methods are applied to
demonstrate how cross-platform optimization can help the original equipment
manufacturers (OEMs) create product strategies that are cost effective across a variety of
vehicle classes. In [103], a design method able to consider multiple electric powertrain
design problems and reduce the system costs by utilizing commonalities between the single
designs is proposed. In [104], a concurrent optimization framework to design shared
modular powertrain components for a family of battery electric vehicles is presented to
reduce the powertrain cost due to the higher volumes of the same component.

The implications of platform-based powertrain optimization extend beyond the automotive
sector, potentially benefiting the environment and society. By reducing the development
time and cost of powertrains, automakers can bring electric vehicles to market more quickly
and at more affordable prices, making them more accessible to a broader population.

In this chapter, when estimating the cost for the EM, the R&D cost is introduced to
examine its influence on the broader strategy of platform-based powertrain optimization
for EVs. Finally, this case study explores the benefits and constraints of platform-based
powertrain optimization by identifying the optimal powertrain designs with different
commonalities with EMs across three distinct vehicle classes.
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6.1.  Optimization process

The process of platform-based powertrain optimization is depicted in Figure 6.1. The
optimization process for single EV powertrain is the same as the process explained in
Chapter 5. The optimizer strives to find the optimal combination of scaling factors that
minimizes the objective function, denoted as f7.
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Figure 6.1 Platform-based powertrain optimization methodology

As it can be seen in Figure 6.1, the inner most loop contains optimizations for several
distinct EV classes. The optimization targets each EV class individually, aiming to achieve
the optimized powertrain configuration for each. This inner loop optimization is then
defined as Scenario 1. The objective function of Scenario 1 is expressed in (6.1),

Optimization goal of S1: min ( f(EM;j,q4,x)) (6.1)

Following the evaluation of all EMs in the database for all vehicle classes, the 2D EM
geometry that provides the lowest objective function, f5, is selected as the best EM solution
for the platform, which is defined as Scenario 2. The goal of this outermost loop of the
optimization is formulated in (6.2), aiming to find the optimal platform-based powertrain
design.

98



Optimization goal of S2: min (f;(EM;nq))

N (6.2)
fo(EMing) = D (Vi min{fy (FMing, %))]

i=1

The number of vehicle classes is depicted by N. For each class, V; represents the yearly

production volumes. However, as the optimal EM 2D geometry is identical for all classes

with scenario 2, the production volumes for many of the EM manufacturing steps are

increased. So, when estimating the EM cost with scenario 2, a crucial adjustment should

be made to reflect the benefits of economies of scale: the production volume for EM is
1 Vi

Consequently, a unique optimization run for scenario 2 becomes necessary. This run is
tailored to account for the increased production volumes and their impact on the EM cost.

6.2. Vehicle specifications for EV platform

The first step of platform-based powertrain optimization involves the identification of the
EV classes and representative EVs. This is crucial for acquiring a better understanding of
the requirements of each EV class.

Representative vehicles within these classes are then selected as benchmarks. In [105], two
distinct EV segments are examined, with the peak power of the EMs and maximum wheel
torque being determined from a large number of EV applications to perform the platform-
based optimization. In this chapter, specifications of several single-motor-driven EV
applications are collected and the weight, acceleration time and maximum speed of them
are illustrated in Figure 6.2, offering a clear overview of the varying specifications across the
selected EV applications.

Based on the work in [105] and the collected EV specifications, this study formulates three
classes of single-motor-driven EVs to perform an in-depth investigation into platform-
based powertrain optimization. The specifications for the three EV classes are shown in

Table 6.1.
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Figure 6.2. Key specifications for single-motor-driven EV applications

TABLE 6.1 EV specifications for three classes

Parameter Class A Class B Class C
Weight (kg) 1450 1650 1850
Front area (m?) 2.11 2.20 2.36
Drag Coefficient 0.32 0.31 0.267
Rolling resistance 0.008 0.008 0.008
Max speed (km/h) 160 180 225
Acceleration 0-100kph (s) 9 7.5 6.5
25% @40 kph
Gradeability
7% @ 80 kph

Based on the vehicle specifications listed in Table 6.1 and employing the WLTP as the
drive cycle, this study calculates the requirements for each EV class at the wheel side and
identifies the operating points of the drive cycle, which are depicted in Figure 6.3.
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6.3. Objective function

In the automotive industry, the research and development (R&D) expenses for powertrain
systems constitute a significant portion of the overall investment, directly impacting the
final pricing of EVs. This section introduces and quantifies the R&D costs associated with
EMs to explore the influence of these costs on the strategy of platform-based powertrain
design for EVs, particularly analyzing the potential cost reductions in powertrain systems
achieved by distributing the investments in EM development across multiple EV classes.

For a single EM product, the R&D cost is estimated at 10 million euros, including the
personnel cost, expenses for equipment and facilities, cost incurred during prototyping and
testing, etc. In the platform-based powertrain design process, where all EVs from the given
platform share the same EM topology, only one EV class bears the full R&D cost. For the
rest of the EV classes, certain cost segments are divided, leading to an estimated R&D cost
of 3 million euros for each.

The objective function for each presented EV application in Scenario 1, denoted as f; (x),
is same as the objective function defined in Chapter 5 and expressed as follows in (6.3):

fi = (Cem + Cpgc+Cyr) ke + Cop - (1 —k¢) (6.3)

It should be noted that the EM cost in this study includes material cost (Cgy material)s
manufacturing cost (Cgy_manufacturing) and the R&D cost (Cgp_gp) amortized over the
corresponding production volume (V;), as expressed in (6.4) and (6.5):

CEM = CEM_material + CEM_manufacturing + CEM_RD (6-4)
CRD_tot
Cem rp = v, (6.5)

The production volume and R&D cost for all EM products of corresponding EV classes
under two scenarios are listed below in Table 6.2.

TABLE 6.2 EV specifications for three classes

EM for EM for EM for
Class A Class B Class C
Volume 100 k 100 k 100 k
St R&D cost (€) 10M 10M 10M
Volume 300k 300k 300k
52 R&D cost (€) 10M 3IM 3M
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6.4. Results

This study only picks the database of double-V PMSM as input. The full optimization
process involves optimization for each EV class (scenario 1) and platform-based
optimization for three different classes of EVs (scenario 2), taking approximately one week,
showing the complexity and computational intensity of the task.

In order to facilitate an in-depth analysis and a better understanding of the optimization
process, the Class B application under Scenario 1 is selected as an example.

The objective function for Scenario 1 allows for exploring different weightings between the
two objectives: powertrain cost and operating cost (system efficiency). Figure 6.4 illustrates
the optimization results for the Class B EV, where two different weighting factors were
applied to the objective function.
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Figure 6.4 Powertrain designs with different weighting factors for Class B
Each circle depicted on the graph represents the optimal powertrain solution with a specific

2D EM geometry. The results clearly demonstrate that prioritization of powertrain cost
(k. = 1) leads the optimizer to favor minimization of the powertrain cost, at the expense
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of system efficiency. Conversely, setting the weighting factor k. to 0 results in the selection
of powertrain solutions that exhibit superior system efficiency performance while more
costly. Notably, the most efficient solution, achieved when the weighting factor k. is set to
0, demonstrates a nearly 0.67% reduction of the operational cost compared to the solution
obtained with a weighting factor of 1, at the cost of a 10% increase in overall system cost.

To have a comprehensive evaluation for the powertrain, the weighting factors for
powertrain cost and operating cost are set to 0.5 for each, meaning that the powertrain cost
is depreciated over one year.

The optimization process, as previously outlined, is conducted twice for scenario 1, each
time considering different EM production volumes. The optimal solutions (red and blue
stars) lay on the pareto front of each EV class under scenario 1 but different EM production
volumes, as shown in Figure 6.5. The EM cost will benefit from the larger economies of
scale. However, the cost reduction of the EM is not significant despite the increased
economies of scale. This can be seen in Figure 2.23, the EM cost benefit achieved by
increasing the production volume from 100 k to 300 k is limited. The solutions with blue
circles in Figure 6.5 are evaluated with the EM production volume of 300 k units per year
considering the R&D reduction benefits, which has a significant impact on the EM cost
even at a high volume. It’s worth noting that if each EV class takes their own optimized
powertrain, the EM cannot benefit from reduced R&D cost, meaning that the optimal
solutions marked with blue diamonds do not exist but are included as references.

The platform-based powertrain optimization results are illustrated in Figure 6.6 by
searching for the lowest objective function, f3, for the entire platform. The operating and
powertrain cost are average costs for each EV class. In this scenario, as the powertrain
solution is designed and optimized for the platform, it is inevitable that the system efficiency
or the powertrain cost is compromised, leading to higher operating costs or powertrain cost
compared with the reference solutions from scenario 1, which can be seen in Figure 6.5.
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Figure 6.5. Optimization results for all vehicle classes with different production volumes under scenario 1.
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Figure 6.6. Optimization results for all vehicle classes under scenario 2

Table 6.3 demonstrates the optimal EM 2D geometries for each class with two scenarios.
With scenario 1, each EV class shares their own optimized EM topologies and active length.
For scenario 2, all EV classes share the same EM topology but different active lengths to
satisfy corresponding EV requirements.

Table 6.3 EM geometries with two scenarios

Scenario 1 Scenario 2

Class A Class B Class C ClassA/B/C

090 X 81mm @90 X 104mm

$90 x 81/109/155mm

As previously noted, the reference optimal solutions primarily demonstrate the impact of
R&D costs on powertrain expenses. When comparing the optimal solutions in two
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different scenarios — represented by red diamonds (Scenario 1) and black squares (Scenario
2) — it becomes evident that Scenario 2, which involves sharing the same EM topology,
offers a significant cost advantage over Scenario 1. However, this cost benefit comes with a
compromise in powertrain efficiency for some applications. For Class A, while the operating
cost, in terms of powertrain efficiency, sees a marginal increase of 0.1%, there is a significant
reduction in powertrain costs of 4.1%.
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Chapter 7 4WD optimization

As previously stablished, EMs have significantly higher efficiency than ICEs, and can be
designed to have a torque-speed profile that allows them to use single speed transmission.
This is the dominant solution in passenger vehicles. However, this limits the system
flexibility to adapt to conflicting requirements. High accelerations and curb climbing
requirements demand high wheel torques and top speed requirements result into high wheel
speeds. From a powertrain design perspective, these requirements need to be balanced
through the optimization of the EM, inverter and transmission, as outlined in previous
chapters.

For single-motor-driven EV, the EM can maintain high efficiency under most conditions.
The peak efficiency can be over 95% but differs with different EM topologies, as discussed
in Chapter 5. However, their efficiency can drop by 10-20% in situations of low-speed
heavy load or high-speed light load compared to their high-efficiency area. Dual-motor
4WD configuration can expand the system’s high-efficiency range through various
powertrain combinations, thereby enhancing the system efficiency if equal vehicle
performance is assumed. Alternatively, if 4WD is used to improve system performance, as
commonly done in today’s EV market, a clever optimization of the primary and secondary
drive can mitigate the efficiency impact derived from having two electric powertrains when
compared with a single driven axle. For example, an IM can be introduced as the secondary
drive for 4WD EV, taking advantage of its attributes of higher efficiency at low torque and
high-speed region and lower no-load losses, while PMSM as the main drive unit.

The exploration on this subject attracts a lot of attention from academia and industry.
Research in [106] explored a 4WD system incorporating two identical IMs, employing
numerical EM loss models. Study in [108] concludes that evenly distributing torque
between two identical PMSMs has better efficiency performance. In [107]-[113], EMs of
differing power ratings and various power distribution control strategies for 4WD system
are analyzed, demonstrating enhanced efficiency in comparison to powertrains driven by a
single EM.

This Chapter investigates the 4WD system optimization, including several cases with
different system configurations, aiming to identify the optimal power rating for EMs on
each axle and optimal torque distribution strategy for a given 4WD EV application. This
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study tries to answer what would be a good way to compare the 4WD systems regarding
the trade-off between system cost and energy consumption.

7.1.  Vehicle configuration

As shown in Table 7.1, the selected EV applications offered in the market with two motors
share outstanding dynamic performance, with acceleration time varying from 4.4s to 3.6s.

Table 7.1 Examples of EVs with 4WD system [114]

o . Acceleration .
EV applications Weight (kg) 0-100km/h (s) Maximum power (kW)
. 390
Audi e-tron GT 2420 4.1 (175 PMSM + 215 PMSM)
400
Polestar 4 DM 2180 3.8 (200 PMSM + 200 PMSM)
390
BYD Seal 2260 38 (160 IM + 230 PMSM)
BYD Han 2325 3.9 380
’ (180 PMSM + 200 PMSM)
331
Tesla Model 3 DM 1899 4.4 (137 IM + 194 PMSM)
. . 360
Nio ET5 Touring 2265 4.0 (150 M + 210 PMSM)
Volvo EX30 1960 36 3(1)5

The application investigated in this study is also a 4WD high performance electric passenger
car. The powertrain architecture is shown in Chapter 4, Figure 4.2 (c), where each EM
drives an axle with fixed gear ratios. The specifications of the 4WD EV example are shown
in Table 7.2.

This 4WD EV can take full advantage of the traction torque, which can be seen from Figure
7.1 that over 350 kW peak power is needed to have the acceleration time lower than 3.8
seconds. The continuous power demand is around 100 kW when the vehicle operates at
maximum speed on flat road.
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Table 7.2 Vehicle specifications

Parameter Value Unit
Vehicle mass 2270 kg
Wheel radius 0.35 m

Drag coefficient 0.26 -
Rolling coefficient 0.008 -

Front area 2.36 m?

Top speed km/h
Acceleration
(0-100km/h) $

8000

7000

Wheel Torque [Nm]
w Py
o o
8 8

0 50

100

Traction limit
> IsoPower [kW]
O Peak Requirements
Q Cont. Requirements
Flat road
25% slope
X WLTC drive cycle

150 200

Vehicle Speed [km/h]

Figure 7.1 4WD torque requirements on the wheels
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7.2.  Methodology

For 4WD EVs, there are applications using two identical PMSMs or one PMSM and one
IM with different power rating. Two identical EMs can help reduce the R&D efforts and
lower the cost compared to the configuration with two individually designed EMs.
However, by introducing two distinct types of EMs or two EMs with different sizes, the
system can take advantage of their different attributes and thus lower the system cost and
energy consumption. In this study, several 4WD configurations are selected to explore the
differences and potential benefits among all the study cases, which can be seen in Table 7.3.

Case 1 utilizes two identical PMSMs, one for the front and one for the rear axle, as the
benchmark of this study. Case 2 still employs PMSM but with different power ratings,
varying from the minimum to maximum power rating factor. Case 3 introduces IM as the
secondary drive, trying to explore the potential of increasing system efficiency and lower
EM cost by taking advantage of IM’s different attribute.

TABLE 7.3 4WD system configurations

EM1 EM2 Power rating factor Notes

Case 1 PMSM PMSM a, =05 Two identical PMSMs

Optimal PMSM power rating

Case2 PMSM PMSM 1 € (@mins @1max) determined through optimization

Optimal PMSM and IM power rating

Case 3 PMSM M @1 € (@1mins E1.max) determined through optimization

The powertrain optimization process for the 4WD system is then illustrated in Figure 7.2.
The optimization process contains two independent sections: power rating determination
and torque distribution optimization. The purpose of the 4WD optimization is to find the
optimal torque distribution strategy between two EMs with optimal power rating for each,
resulting in the lowest 4WD system cost and operating cost.
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Figure 7.2 Powertrain optimization methodology for 4WD EV

In the power rating determination

section, the factor defining the power rating for each

EM is termed as @. The peak and continuous requirements for each EM are expressed by

(7.1).

\

P

PpkEMl = Q1 ko
PPkEMz =(1- al)Ppktot
Tk gm1 = 01Ty,

(7.1)
Tor em2 = 1- al)Tpktot

Tcon_EMl = Teont
T,

CONgpMm2

cont

Where Py, is the total power requirement, Ty, . is the peak torque requirement. Each
EM should be able to provide the continuous torque needed by the EV.
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The power rating factor should follow the rule expressed in (7.2) to make sure the peak
power of each EM is larger than its continuous power.

P P
cont < a, <1-— cont (72)
peak Ppeak

Once the power and torque requirements for each EM are allocated, two independent
powertrain optimizations will be performed. It is important to know that the two EMs are
independently optimized, assuming they are independently driving the EV. The
optimization goal of the two optimizations is to find the optimal powertrain solution on
each axle, which is evaluated by the objective function in (7.3),

f(x) = Cpr(EMing, x) + COp(EMind'x) (7.3)

With the two optimized powertrains/EMs, the second section of the 4WD optimization
process is involved. In this section, the torque distribution factor, @, is introduced to split
the total torque demand from the EV to each axle. The torque demand for each EM can
be substituted as:

IemiTar = a;Ty
(7.4)

Iem2Taz = (1 — ay)Ty

Where ggp1 and ggpp are the transmission gear ratio for each powertrain, Ty is the total

torque demand with the given drive cycle, Ty; and Ty, are the distributed torque for each
EM.

Then an offline map search method [115][116] is introduced to find the optimal torque
distribution between the two powertrains. With certain a, value, the losses for each
powertrain at all operating points of the drive cycle can be interpolated with the powertrain
efficiency map optimized from the first optimization section. With all @ value evaluated,

pt.

. . . . . opt. . . . . .
the optimal distribution ratio, a," ", can be found at each operating point to minimize the

total losses of the two powertrains.

The torque distribution optimization problem can therefore be formalized as follows:

min: { f(az) = Ploss,EMl(wEMledl) + Pioss,Em2 (wgm2, Ta2)} (7.5)

Pioss Ema are the losses for EM1 and Pjygg gy for EM2, @ can be varied within the range
of 0 to 1, where 0 and 1 signify FWD or RWD, respectively. Values greater than 0 but less
than 1 correspond to 4WD mode.
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It should be noted that it is assumed that there are clutches between the powertrain and
wheel of each axle, activated when one powertrain is disengaged (@, = 0 or 1), to avoid
the no-load losses. However, the incorporation of such clutches inevitably leads to elevated
cost and system complexity. Despite these considerations, due to the exploratory nature of
this research, the consequential effects and considerations related to the clutches are not
examined.

Once the optimal a; is explored for all the 4WD systems with different power rating, the
optimal a4 can be derived by (7.6)

opt.
min: { £(@) = Corp + Z0on (Pliey + Py ) AtCotel 7.6

Where N is the total amount of the operating points of the drive cycle, At is the time step
size and Cy is the electricity price.

7.3. Results

In the optimization of the 4WD system, the computational complexity is significantly
increased by the multiple power rating factors. The number of powertrain optimization
processes will be several times the number of base EMs in the database. To mitigate the
computational load for the 4WD optimization, a limited number of base EMs for PMSM
and IM are selected for the optimization.

For case 1, two identical PMSMs are utilized, meaning that the power rating factor is fixed
to 0.5. This simplifies the optimization process. The torque distribution strategy in case 1
is straightforward: a 50%:50% ratio is selected. This denotes an equal distribution of the
torque demand across both the front and rear axles.

Subsequently, the optimization for case 1 is carried out with the methodology proposed in
Figure 7.2 and the results are shown in Table 7.4.

TABLE 7.4 4WD system optimization results for Case 1

Powertrain Energy
Peak Power (kW) cost (€) consumption
(kWh/100km)
EM1 202 1486
14.7
EM2 202 1486
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The optimization process explored two identical powertrains, each with a peak power
output of 202 kW. The total power output of the optimized 4WD system amounts to 404
kW, surpassing the specified power demand. As discussed in Chapter 5, the optimizer is
aiming to explore the powertrain solution with minimizing the total cost, including the
operating cost. This leads to the optimized powertrains present feasible combinations of
winding layers and parallel paths that result in the base speed does not match exactly with
vehicle requirements, as shown in Figure 7.3.
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-
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o
o
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o
o

0 50 100 150 200 250
Vehicle speed [kph]

Figure 7.3 Speed-torque curve of optimized EM under case 1 (Blue) vs EV requirements (Red)

Case 2 expands the scope of the investigation to find the optimal power rating for the two
powertrains, while exploring the optimal torque distribution strategy. This analysis
encompasses the power rating factor of 0.5. It is important to distinguish that, unlike Case
1 where the EMs on each axle employed identical 2D geometries, the optimized EMs for
each axle in Case 2 may exhibit variations in their 2D geometrical configurations.

The outcomes of this case yield a set of powertrain configurations that demonstrate
interdependencies among EM geometries, power rating factors and the torque distribution
strategies.

This optimization process identifies the optimal power rating factor as 0.5, yielding a
maximum power output of 202 kW for EM1 and 202 kW for EM2, as shown in Table
7.5, with energy consumption 14.4 kWh/100km and 2.1% reduction compared to the
result of Case 1.

For each combination of vehicle speed and vehicle torque demand, the optimal torque

C . . opt
distribution ratio, azp

", can be derived based on the loss information of the powertrains.
The optimal torque distribution ratio for the two optimized powertrains is shown in Figure
7.4. When two powertrains with different efficiency characteristics are deployed, the

optimal torque distribution ratio is not always 0.5. This underscores the necessity of
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TABLE 7.5 4WD system optimization results for Case 2

Peak Power Powertrain ¢ oizzﬁﬁon
(kW) cost (€) (KWh/100km)
EM1 202 1486
14.4 (-2.1%)
EM2 202 1486

tailoring the torque distribution to match the efficiency profiles of the powertrains on each
axle.

_Optimal torque distribution factor for operating points ]

1500
0.9
1000
0.8
107
500
= 106
3
s oy 105
S
2 | 10.4
500
| 03
’ 0.2
-1000",
0.1
_1500 1 1 1 1 1 1 1
0 20 40 80 100 120 140

60
Speed (km/h)

Figure 7.4 Optimal torque distribution strategy for case 2

It should be noted that the optimal torque distribution factor is explored within the applied
drive cycle. When the peak torque and power is required, the two powertrains are equally
involved at the same time.

As discussed before, the 4WD system can benefit from the different characteristics of EM
on each axle. In comparison to PMSMs, IMs present a more cost-effective solution,
primarily due to their lower manufacturing costs. Notably, the efficiency profile of IMs
typically peaks in regions at high speed. This differential in performance characteristics
between PMSMs and IMs allows for an allocation of working tasks within the 4WD system,
where each EM type can be utilized that aligns closely with its high-efficiency region. For
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instance, the IM’s optimal efficiency at high speeds makes it particularly suited for EV
cruising.

With this in mind, an optimized PMSM and optimized IM are identified with the power
rating factor of 0.41. The maximum power output of PMSM is 185 kW and 268 kW for

IM, as shown in Table 7.6. With introducing IM, the 4WD system cost can be decreased
compared to that in Case 2, where two PMSMs are employed.

TABLE 7.6 4WD system optimization results for Case 3

Peak Power Powertrain Energy consumption
(kW) cost (€) (kWh/100km)
EM1
185 1343
(PMSM) 13.9 (-5.8% to case 1
-3.6% to case 2
?11\1\% 268 1442 ’ )

In case 3, the torque distribution for the 4WD system is shown in Figure 7.5, where most
operating points characterized by low torque and high speed are allocated to the IM, while
the majority of other operating points are assigned to the PMSM. This takes advantage of
the efficiency characteristics of each EM type.

Optimal torque distribution factor for operating points

1500
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1000
0.8
407
500
2 106
Zz
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3
g
S 104
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0 20 40 60 80 100 120 140

Speed (km/h)

Figure 7.5 Optimal torque distribution strategy for case 2
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The energy consumption of Case 3 demonstrates a reduction (3.6%) compared to that in
Case 2, as illustrated in Table 7.6. Furthermore, the cost of powertrain utilizing IM in Case
3 reveals a 6.7% reduction compared to the powertrain employed in Case 2. This cost
reduction is a direct consequence of the employment of IM, which are generally less
expensive than PMSMs due to the absence of rare-earth materials. By effectively integrating
the IM, the 4WD system achieves a more economical solution without compromising on
performance or efficiency.

Overall, the energy consumption in Case 1 is the highest among the evaluated scenarios, it
offers the most straightforward solution by employing two identical powertrains. However,
this approach simplifies the powertrain design process, reducing the effort required for
development. Case 3 offers the best performance regarding the powertrain cost and system
efficiency. Nevertheless, it increases the system complexity by employing two different

powertrain systems.

is study aims to address several critical questions, including determinin e optima
This study to add | critical quest luding det g the optimal
power rating between axles and exploring the most effective torque distribution strategy.
Throughout the optimization process of the 4WD system, various factors influence the

outcomes.

For example, the database comprising only 50 base IMs and 100 PMSM:s constrains the
potential to explore a better solution for the 4WD powertrain system. Better solutions can
be achieved with larger database and customized constraints for the three cases.

Furthermore, the assumption of two clutches on each axle introduces additional
considerations. Following the optimal torque distribution strategy between the two
powertrains could lead to frequent mode shifts. This is likely to incur extra energy losses
associated with clutch operation and potentially impact the Noise, Vibration, and

Harshness (NVH) performance of the vehicle.
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Chapter 8 Conclusion and Future work

8.1. Conclusion

In this thesis, detailed powertrain optimization is performed from a system level for electric
passenger cars. Chapter 2 introduces three different types of EMs and the method to
evaluate the EM’s performance from various aspects, including electromagnetic, thermal
and cost. Chapter 3 discusses the modelling for PEC and MT, which not only covers the
estimation of power losses but also internal sizing and optimization process. Chapter 4
briefly introduces the optimization structure, including the optimization inputs, objectives
and how the optimizer operates. In Chapter 5, a complete comparison analysis for the three
EM types is conducted, showing the advantages and disadvantages among the optimized
EMs with given EV application. In Chapter 6, an equally concerned problem in
automotive industry, the platform-based powertrain design is raised. With the selected EV
platform (three different EV classes), a series of powertrain products, which has the same
EM 2D topology, is designed by the methodology, showing good cost competitiveness
against the three individually optimized powertrains. The studies in Chapter 5 and 6 are
with 2WD EVs. Chapter 7 expands the analysis from 2WD EV to 4WD EV, trying to find
the optimal powertrain power rating for each axle and the optimal torque split ratio to have
the optimal system cost and efficiency.

The additional development of the tool based on FEMM has facilitated the design of
various types of EMs, including PM machines with various rotor topologies, IM, SRM and
EESM. Through postprocessing the raw data collected from the FE models using selected
algorithms, the EM power losses and other electromagnetic characteristics are derived.

Nevertheless, achieving optimal EM design requires a multi-disciplinary approach. For
example, the efforts to improve the EM’s performance, such as introducing new winding
techniques, thinner lamination materials and more efficient cooling system, inevitably leads
to a cost rise, which is also a concern in automotive industry. Balancing these factors
demands expertise in electromagnetics, materials, thermal dynamics, and cost analysis.

Furthermore, thinking from a system perspective during the powertrain design and
optimization is crucial, due to the complex interactions among EM, PEC and MT. For
example, increasing the EM mechanical speed can help downsize the EM and thus lead to
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higher power density. However, this may introduce elevated speed-dependent losses both
for the EM and MT.

Introducing hairpin winding increases these complexities. The discrete nature of number
of turns and the intervals between feasible winding configurations significantly influence
the phase current, thereby affecting power module design of the PEC, which is critical to
PEC cost and performance. These interactions complicate the task of finding an optimal
powertrain solution.

A comprehensive optimization approach requires both the performance and cost models.
With EM databases comprising thousands of base EMs as input, each subject to thousands
of powertrain solutions generated through the scaling methods and PEC/MT models, swift
evaluation becomes imperative. Consequently, all of these requires the applied models have
fast evaluation time.

In this thesis, the primary optimization input involves the base EMs, supplemented by fixed
input parameters for other components and the vehicle requirements. However, the
optimization tool possesses broader capabilities. Explorations can extend to different
material selections, alternative winding techniques, power module variants, multi-speed
transmissions and diverse thermal settings.

8.2. Future work

The efficiency of the powertrain is crucial in vehicle design, significantly impacting the
required battery capacity with a given range requirement. A more efficient powertrain
reduces the amount of energy drawn from the battery, thereby potentially decreasing the
battery size and cost. Introducing a battery model into the study allows for a more
comprehensive evaluation of the powertrain design, considering both performance and
economic factors.

With regard to the iron loss estimation, it is derived with the flux density data collected
from two positions in stator yoke and tooth, leading to lower accuracy compared to the
losses estimated by FEA method. Introducing supplementary data collection points across
the stator is worthy of being explored.

The choice of switching frequency in inverter can affect its losses. There are applications
using discrete or continuous switching frequency to reduce the PEC losses [22] [117],
compared to the fixed switching frequency in this thesis. The impact of varying switching
frequency on the PEC losses can be investigated in the future.
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The optimizations in this thesis have done on a balance between powertrain cost and
operational cost. Other aspects, like environmental impact could also be included in the
optimization process.

EESMs are emerging as a viable alternative to PMSMs in EV applications. This shift is
primarily due to their non-rare-earth material usage and superior field weakening
capabilities. Expanding the model to include EESMs will allow for an in-depth study of
these advantages.

As previously discussed, the size of the database significantly influences the optimization
process, with larger databases offering a greater possibility of identifying better powertrain
solutions. However, the generation of such databases through FE simulations is inherently
time-consuming. Furthermore, increasing the database size by reducing the geometry
variable intervals requires substantial computational resources, leading to significant time
escalation for database generation.

To address these challenges in future research, a hybrid strategy incorporating both FE
simulations and machine learning techniques can be adopted [118][119][120]. This
strategy could accelerate the database generation process, reducing both time and
computational resource requirements, thereby improving the powertrain optimization.
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Appendix A

Magnet loss estimation

Without the stator current, the magnetic field in magnets can be seen as constant. However,
with the influence of alternating current in the stator, the flux density waveforms in magnets
also vary with different rotor positions and stator current. However, the static magnetic
field does not contribute to the magnet losses. Therefore, the alternating magnetic field can

be expressed as sine waveform and uniform in magnetization direction. in (A.1).
B, = B, - sin (wt)Z (A.1)

The magnetic field can be described as a homogenous and periodical square-wave field in
xy-plane. The magnitude of the magnetic field in xy-plane changes along with the B-field
in z direction. That is, the B-field in xy-plane can be seen as constant along x- and y-axis
under certain time, which can be seen in Figure A.1.

oy Bo = B
-t—'o d—ﬂo
® ®
i) m
0 0
0 V\/ 0 1
x-axis y-axis

Figure A.1 Magnetic field in x- and y-axis of the magnet

The B-field in xy-plane can be formulated as a two-dimensional Fourier series in (A.2).
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4, v 1 SIS
Bz xy = Bq (;) Z _Sln Z E sm(a)t) (A.2)
m=1,3,5... n=1,3,5.

Where m and n is the order of the magnetic field harmonics, and w is the frequency of
the B-field in z direction. To simplify the equation, we define:

4 1
Binn = By (;)2 mn

mmn

m=— (A.3)
w

. nm

n=

(A.4)

is:

0B 0E, OE,
9t ax  ady
oo o0 (A.5)
= —wB,, Z sin(mx) sin(iy) cos(wt)
m=1,3,5... n=1,3,5

To satisty the given partial differential equation, it is assumed that the electrical field can

be expressed in (A.6 and A.7)

Ex=a z z sin (mx)cos (iy) cos(wt) (A.6)
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E,=b Z z cos (mx)sin(ny) cos(wt) (A7)
m=1,3,5...n=1,3,5
The partial derivative can be calculated.
9E, 0E, < SN
—= ——==(—mb+na) z Z sin (mx)sin(ny)cos(wt)
dx 0y
m=1,3,5..n=1,3,5...
Let
(=mb + na) = —wBy,
We can get:
nwB,,
a=————=
m? + n?
_ MwBp,
- M2+ 72
Thus, the electrical field can be expressed as in (A.8) and (A.9)
E - NwBn, = = L _ (A.8)
= = sin(imx)cos(ny)cos(wt)
m=1,3,5...n=1,3,5..
B = MmwByy, c c oo (A.9)
V= T2 cos(mx)sin(iny)cos(wt)

m=1,3,5..n=1,3,5..

The loss due to the eddy current distribution for one frequency component is:
h l w
Prag = J j J o(EZ + Ef)dxdydz
z=07y=0Yx=0
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ow?B2,

= W g e + 72

So, the magnet losses considering all the harmonics is expressed in (A.10)

- - ow?B2,
Prag =t ), ), e

m=1,3,5..n=1,3,5...

_ 323hW30w?B? i i 1
B 6 (L?m? + W2n?)m?n?
m=1,3,5..n=1,3,5...

(A.10)
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