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Abstract

As electric vehicles (EVs) are seen as the future of transportation, there are two
signi cant challenges to overcome: range and cost. One e ective strategy to address
these issues is the optimization of powertrain components, which signi cantly impact
both vehicle range and overall cost. In powertrain optimization, particular focus
is placed on optimizing the electric motor and gearbox due to their crucial roles in
vehicle performance and EV e ciency. A two-speed gearbox con guration for EVs has
emerged as a solution to enhance dynamic performance and extend range. However,
this approach comes with drawbacks such as increased weight and cost, leading to
the prevalent use of single-speed gearboxes in the EV industry. Nonetheless, there is
potential for optimizing motor size through the integration of a two-speed gearbox.
The key question is whether the bene ts of a smaller motor and increased vehicle
range, enabled by a two-speed gearbox, outweigh its drawbacks. This study proposes
a systematic method for co-optimizing the electric motor’s sizing speci cations and
the gear ratios of a two-speed gearbox. This method achieved a 13% reduction in the
required motor power for a sub-compact vehicle’s speci ed 0-100 km/h acceleration,
along with a signi cant motor weight reduction of up to 25%. Additionally, energy
consumption was reduced by up to 3.8% for the EPA drive cycle while maintaining

the same acceleration performance.



This work is dedicated to my Parents, Grandmother, Family, and Friends



Acknowledgements

| would like to express my heartfelt gratitude to my supervisor, Dr. Ali Emadi, for his
support and guidance. His dedication and passion for his work have always inspired
me. | also extend my sincere thanks to my co-supervisor, Dr. Phillip Kollmeyer, for
his invaluable supervision and encouragement throughout my research project.

Special thanks go to Dr. Berker Bilgin and Dr. Ashish Sahu for their mentorship
in my industry project. | would like to thank Dr. Atriya Biswas for guiding me in the
early phases of my research. | am grateful to Dr. Fabricio Machado for his assistance
with gearbox loss calculations, to Alex for helping me with inverter loss calculations,
and to Batuhan for his assistance with motor electromagnetic analysis. | would also
like to thank Justin, Kevin, and Keaton for their technical support. My colleagues
and lab mates at MARC have been a constant source of support and camaraderie.

| am deeply grateful to my parents, grandmother, and sister for their unwavering
love and support. | am especially thankful to my wife, Mansi, for her love and constant
encouragement. Additionally, my friends, Brijesh, Dhruv, Ghatna, and Mayank, have
made my transition to a new country much smoother and more enjoyable.

This research was undertaken, in part, thanks to funding from the Natural Sciences
and Engineering Research Council of Canada (NSERC) and Canada Research Chair

in Transportation Electri cation and Smart Mobility.

Vv



Table of Contents

Abstract iii
Acknowledgements %
Notation and Abbreviations Xiv
1 Introduction 1
1.1 Background and Motivation . . . . ... .. ... .. ... .. ..., 1
1.2 Thesis Objective . . . . . . . . . . . . . . . 4
1.3 ThesisOutline. . . . ... .. ... .. . . . . 5
2 Multi-Speed Electric Vehicle Drivetrain and Optimization 7
2.1 Gearbox in Internal Combustion Engine and Electric Vehicles . . . . 7
2.2 Vehicle Performance Requirements . . . ... .. ... ........ 10
2.3 Single-Speed Gearbox in Electric Vehicles. . . . . ... ... ... .. 12
2.4 Multi-Speed Gearbox in Electric Vehicles . . . . . ... ... ..... 13
2.5 Optimization of Two-Speed Drive Train. . . . . ... ... ...... 21

3 Traction Motor Sizing Methodology and Limits on Torque and Gear

Ratio 25

Vi



3.1
3.2
3.3
3.4

3.5

Vehicle Parameters . . . . . . . . ... 25
Vehicle Resistances . . . . . . . . . ... .. 28
Motor Power Calculation for a Given Acceleration Performance . .. 31
Methods to Reduce Motor Power in Single-Speed and Two-Speed Gear-

bOX . . . . 35

Chevrolet Bolt Motor Teardown, FEA Model, Motor Scaling, and

Inverter E ciency Maps 47
4.1 Chevrolet Bolt Traction Motor Teardown Analysis . . . . .. ... .. 48
4.2 FEA Model Based on Nissan Leaf Motor Template for Chevrolet Bolt

4.3

4.4

Motor Characteristics . . . . . . . . .. ... .. ... .. ... 54
Motor Scaling and E ciency Maps for Lower Power and Torque Rated
Motor Models . . . . . . . . ... 57

Inverter Eciency Maps . . . . . . ... o e 63

Chevrolet Bolt Gearbox Teardown, Two-Speed Gearbox Design, and

Power Loss Maps 65
5.1 Chevrolet Bolt Gearbox Assembly . . . . . . ... ... ... ..... 66
5.2 Two-Speed Gearbox 3D Model . . . . .. .. ... .. ... ...... 69
5.3 Vehicle Model and Gear Shift Controller . . . .. ... ... ... .. 70
5.4 Gear Ratio Optimisation . . . . . ... ... ... ... ........ 73
55 GearDesign . . . .. . ... 78
5.6 Types of Gear Losses and Eciency Maps . . . .. .. ... ..... 81
5.7 Gear Ratio Eectson Gearbox Loss . . . .. ... ... ... ..... 86

Vil



6 Vehicle Performance, Weight, and Cost Comparison of Two-Speed

Gearbox with Single-Speed Gearbox Con guration 89

6.1 Vehicle Performance Comparison . . . .. . ... ... ... ..... 90

6.2 Weight and Size Comparison . . . . . . . . . . . .. ... . 97

6.3 Cost Comparison . . . . . . . . .. e e 100
7 Conclusions and Future Work 103

7.1 Conclusin . . . ... 103

7.2 FRuturework . . . . . .. 105
References 107

viii



List of Figures

1.1 Percentage of Overall Vehicle Cost by System for ICE and Electric
Vehicles . . . . . .

1.2 Proposed motor size and gearbox optimization workow . . . . . ..

2.1 Graphical representation of gearratio . . . . . ... ... ... ...,

2.2 Internal Combustion Engine (ICE) torque-speed characteristics . . . .
2.3 Electric motor torque-speed curve . . . . .. ... ...
2.4 Single-speed gearbox layout . . . .. .. ... ... L.
2.5 Two-speed gearbox supplied by tier-1 suppliers. . . . . .. ... ...
2.6 Manual transmission (MT) layout . . . . . ... ... ... ......
2.7 Clutchless Automated Manual Transmission (CLAMT) layout . . . .
2.8 Invervse Automated Manual Transmission (I-AMT) layout . . . . . .
2.9 Dual Clutch Transmission (DCT) layout . . . . ... ... ... ...
2.10 Continously Variable Transmission(CVT) layout . . . . . .. ... ..
2.11 Bosch CVT4EV model . . . .. .. ... .. ... .. .. .. .....
3.1 Chevrolet Bolt EV 2017 . . .. .. . . . . . . .. ...
3.2 Chevrolet Bolt EV powertrain . . . . . ... ... ...........
3.3 Dierent vehicle resistance vs. Vehicle speed . . . . .. ... ... ..
3.4 Bolt calculated and tested vehicle acceleration performance curves . .

iX



3.5 Required motor power vs. Motor Torque for 0-100 km/h acceleration

iN7.4seconds . . ... .. ... 36
3.6 Motor power vs. Motor Constant Power Speed Ratio (CPSR) for 0-100

km/h accelerationin 7.4 seconds . . . . ... ... ... ........ 37
3.7 Motor power vs. motor torque for 0-100 km/h acceleration in 7.4

seconds considering vehicle traction limit . . . . ... .. ... .. .. 38
3.8 Motor power vs. Motor Constant Power Speed Ratio (CPSR) for 0-100

km/h acceleration in 7.4 seconds considering vehicle traction limit . . 39
3.9 Traction force vs Vehicle speed for single-speed and two-speed gearbox 40
3.10 Vehicle acceleration performance for 129.2 kW motor with two-speed

gearbox and 150 kW motor with single-speed gearbox . . .. .. .. 42

3.11 Power interruption during shifting due to not satisfying condition shown

in Equation 3.5.3 . . . ... 44
4.1 Procured Chevrolet Bolt 2017 powertrain . . . . . . . ... ... ... 48
4.2 Chevrolet bolt stator assembly images . . . . . ... ... ...... 49
4.3 Stator assembly geometry . . . .. ... Lo 50
44 Rotorassembly . . . .. ... ... 51
45 Rotorshaft . . ... ... ... 51
4.6 Rotor lamination geometry . . . . . .. .. oo 52
4.7 Adjusted Nissan Leaf motor FEA model geometry . . . . . .. .. .. 54
4.8 Base 150kW motor Mpase) €CiENCY MAP . . . . . . ... L. 57
4.9 Scale motor torque-speed Ccurves . . . . . . . ..o 59
4.10 E ciency maps of scaled motor models . . . . .. ... ........ 61
4.11 Current control characteristics of selected motor models . . . . . . .. 62



4.12 Inverter e ciency map for base 150kW Mpase) motor . . . . . . . .. 63

4.13 Inverter e ciency maps for scaled motors . . . . .. .. .. ... ... 64
5.1 Boltmotorgearbox . . . .. ... ... ... .. 66
5.2 Boltgearbox 3D model . . . .. ... ... ... ... ... .. .. .. 67
5.3 Two-speed gearbox 3D model crossection . . . . .. .. ........ 69
5.4 Two-speed gearbox 3D model exploded view . . . .. .. ... .. .. 70
5.5 Forward-facing vehicle model . . . ... .. ... ... ........ 71
5.6 Gear shift controller model . . . . . . ... ... ... ... L. 72

5.7 M3 con guration EPA drive cycle energy consumption with di erent
gearratios . . . . . ... e e 74
5.8 My7s con guration EPA drive cycle energy consumption with di erent
gear ratios . . . . . .. e e e 75
5.9 Mgo con guration EPA drive cycle energy consumption with di erent
gearratios . . . . . ... 75
5.10 EPA motor core loss oM 399 motor for feasible gear ratio combinations 77

5.11 EPA motor copper loss oM 3o motor for feasible gear ratio combinations 78

5.12 Myase Single-speed gear € 7.05) eciencymap . . . . . . ... ... 84
5.13 M3qo low-speed gear ((=9.75) eciency map . . . . . .. ... ... 84
5.14 Moo high-speed gear (y=4.57) eciency map . . . ... ... ... 84
5.15 M5 low-speed gear (= 10.84) eciency map . . . .. ... .. .. 85
5.16 M 75 high-speed gear (4= 5.62) eciencymap . . . . . .. ... .. 85
5.17 M50 low-speed gear ((=11.92) eciency map . . . .. ... . ... 85
5.18 Mg high-speed gear (y=6.80) eciency map . . . ... ... ... 86

Xi



5.19 Gearbox loss comparison Mfy,asesingle-speed con guration withM zq9

and M50 two-speed conguration . . . . . ... 87
5.20 Churning loss comparison oMuase single-speed con guration with

M3go and M50 two-speed conguration . . . . . .. ... L. 88
5.21 Bearing loss comparison ®f ,asesingle-speed con guration withM zq

and M,go two-speed conguration . . . . .. ... L. 88
6.1 UDDS drive cycle energy consumption comparison. . . . . .. .. .. 91

6.2 Wheel force-speed low-speed and high-speed gear operating points of

M 390 motor con guration for UDDS drive cycle . . . ... ... ... 92
6.3 UDDS drive cycle powertrain components losses comparison . . . . . 93
6.4 HWEFET drive cycle energy consumption comparison . . . . . .. .. 94

6.5 Wheel force-speed low-speed and high-speed gear operating points of

M 300 motor con guration for HWFET drive cycle . . . . . ... ... 94
6.6 HWEFET drive cycle powertrain components losses comparison . . .. 95
6.7 EPA drive cycle energy consumption comparison. . . . . .. .. ... 96
6.8 EPA drive cycle powertrain components losses comparisons . . . . . . 97

6.9 Motor, gearbox and combined weight comparison for selected motor
models . . . . . . 100

6.10 Motor and battery cost reduction for two-speed con gurations . . . . 102

Xli



List of Tables

2.1
3.1
3.2
3.3

3.4
4.1
4.2
4.3
4.4
5.1
5.2

5.3
5.4
6.1

Vehicle performance comparison for single-speed and two-speed gearbox 22
Bolt vehicle parameters . . . . . . . ... .. oo 27
Bolt calculated and tested vehicle acceleration performance . . . . . . 34

Comparison of acceleration performance between 129.2 kW motor with

two-speed gearbox and 150 kW motor with single-speed Gearbox . . 42
Summary of motor torque and gear ratio limits . . . ... ... ... 46
Stator assembly measurement summary . . . . ... ... L L. 50
Rotor assembly measurement summary . . . . ... ... ... .... 53
Motor FEA model geometry details . . . . . . ... ... ... .... 55
Scaled motor model details . . . . . .. ... ... ... ... 60
Rotor assembly measurement summary . . . . .. .. .. ... .... 68

Calculated gear ratio limits for 130kW motor models of two-speed gear-

box layout . . . . . . . .. 73
Finalised gear ratio of two-speed gearbox layout motor models . . .. 76
Two-speed gear geometry data for scaled motor models . . . . . . .. 80
Motor and gearbox weight comparisoninkg . . ... ... ... ... 98

Xiii



Notation and Abbreviations

1sp

2D

2sp

3D

AMT

AT

CAD

CLMAT

CPSR

CVT

DCT

Single-speed Gearbox

Two-Dimensional

Two-speed Gearbox

Three-Dimensional

Automatic Manual Transmission

Automatic Transmission

Computer-Aided Design

Clutchless Automatic Manual Transmission
Constant Power Speed Ratio

Continuously Variable Transmission

Dual Clutch Transmission

Xiv



EV

FEA

ICE

IGBT

IPMSM

IVT

MGT

MT

oD

PF

PMSM

SPWM

TCU

Electric Vehicle

Finite Element Analysis

Internal Combustion Engine

Inner Diameter

Insulated-Gate Bipolar Transistor
Internal Permanent Magnet Synchronous Motor
In nitely Variable Transmission

Magnetic Gear Transmission

Manual Transmission

Outer Diameter

Power Factor

Permanent Magnet Synchronous Motors
Sinusoidal Pulse-Width Modulation

Transmission Control Unit

XV



Chapter 1

Introduction

1.1 Background and Motivation

Electric vehicles (EVs) are crucial for reducing carbon emissions in road transport,
contributing approximately one-sixth of global emissions. Nearly 14 million new elec-
tric cars were registered globally in 2023. This represents a 35% year-on-year increase,
with 3.5 million more electric cars sold in 2023 compared to 2022. This gure is more
than six times higher than in 2018, just ve years earlier [1]. However, electric cars
remain 10% to 50% more expensive than their combustion engine counterparts in Eu-
rope and the United States, depending on the country and car segment. Therefore,
the speed of the transition to electric vehicles depends on their a ordability. Addi-
tionally, range anxiety|the fear that an EV will run out of battery before reaching its
destination or a charging station|is a signi cant barrier to EV adoption. These two
challenges, the cost and range of electric vehicles, need to be addressed to increase
their adoption.

Optimizing the electric vehicle powertrain will play a crucial role in its adoption,
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as it directly impacts both the cost and range of electric vehicles. The electric vehicle
powertrain consists of an electric motor, gearbox, power electronics, and battery pack.
Enhancing the e ciency of these components reduces overall power losses, thereby
potentially decreasing the required battery size and cost for achieving a desired vehicle
range. Additionally, optimizing the size of these components is essential to reduce the
overall vehicle cost, as the powertrain components account for a signi cant portion
of the total vehicle cost. According to automobile benchmarking experts Munro
& Associates, the powertrain accounts for 51% of the total vehicle cost in electric
vehicles, compared to 18% in internal combustion engine (ICE) vehicles as shown in

Fig. 1.1 [2].

Figure 1.1: Percentage of Overall Vehicle Cost by System for ICE and Electric
Vehicles [2]
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This study focuses on optimizing the motor and gearbox within the EV powertrain
system. The single-speed gearbox layout is widely preferred in the industry due to
its simplicity and higher e ciency. Additionally, it is smaller and more cost-e ective
compared to other gearbox options. However, an electric motor with a xed gear
ratio in a single-speed gearbox must handle both torque and speed-demanding vehicle
applications, such as acceleration, gradability, and maximum vehicle speed. This
necessitates higher-rated power and torque for the electric motor. Since motor size
and weight correlate directly with its power and torque ratings, the size and weight
of the motor in a single-speed gearbox are also increased.

Moreover, Permanent Magnet Synchronous Motors (PMSMs) with Neodymium
Iron Boron (NdFeB) magnets are widely commonly used in traction applications
because of their superior torque density and e ciency [3]. However, NdFeB magnets
contain rare earth materials such as Neodymium (Nd) and Dysprosium (Dy), which
increase the cost of the motor and account for 20-30% of the total motor cost [4].
Therefore, as the motor size increases, its cost also rises, representing a signi cant
portion of the electric vehicle drivetrain costs.

This challenge can be addressed with a two-speed layout, where separate gear
ratios are designed for torque-demanding and speed-demanding applications. Inte-
grating a two-speed gearbox o ers the opportunity to reduce the required torque and
power rating of the motor. Consequently, this reduction decreases the size, weight,
and cost of the motor. Furthermore, the e ciency of the motor can be enhanced by
optimizing the shift schedule to maintain operation within its most e cient range
for longer periods. However, introducing an additional gear pair and gear-shifting

mechanism in a two-speed layout increases the system'’s weight, complexity, and cost.
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Additionally, the e ciency of the gearbox may decrease for certain applications due
to increased rotating components. Nevertheless, in some cases, a two-speed gearbox
proves more e cient than a single-speed gearbox, as will be discussed in the following

chapters.

1.2 Thesis Objective

The primary objective of this research is to determine whether the bene ts of a two-
speed gearbox, such as reduced motor weight and cost, can outweigh its drawbacks,
including increased weight and cost. A two-speed gearbox is also expected to enhance
vehicle range and improve performance. Supporting this, a study has shown that the
overall lifetime cost of a vehicle with a two-speed gearbox was lower compared to that
of a single-speed gearbox vehicle, even without reducing motor size [5].

The contributions of this thesis can be summarised as follows

1. Determining motor torque, maximum speed limits, and gear ratio constraints

for a two-speed gearbox con guration.

2. Conducting a teardown study of the Chevrolet Bolt motor and gearbox and

measuring the gearbox and motor geometry data.

3. Modeling Finite Element Analysis (FEA) motor models with lower power and

torque ratings using scaling laws for two-speed gearbox layouts.

4. Optimizing gear ratios to reduce energy consumption and sizing the gearbox

with the optimized gear ratio to calculate its weight.
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5. Designing a two-speed gearbox based on the Chevrolet Bolt single-speed gearbox
to analyze the impact on size and weight compared to the original single-speed

gearbox.

6. Comparing various optimized two-speed gearboxes with lower motor power and
torque rating con gurations against the single-speed gearbox con guration re-

garding vehicle performance, system weight, and vehicle range.

1.3 Thesis Outline

This thesis comprises seven chapters organized according to the proposed motor and
gearbox optimization work ow.

Chapter 2 discusses current gearbox technology in the automotive industry and
provides a literature review on gearbox and motor optimization for a two-speed gear-
box.

Chapter 3 presents the Chevrolet vehicle parameters and explains the method for
determining motor power based on required vehicle acceleration performance. It also
covers methods for determining motor torque, maximum speed, and gear ratio limits
for given vehicle parameters.

Chapter 4 presents data from the teardown study of the Chevrolet Bolt drive
units. It also details the FEA motor model, which shares characteristics similar to
those of the Chevrolet bolt motor, and its scaling for lower power and torque ratings.

Chapter 5 shares the Chevrolet Bolt gearbox details. It presents the 3D models
of both the single-speed and two-speed gearboxes. The chapter also discusses the

gear ratio optimization method and its results. It includes the design of gear macro
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geometry and gearbox with optimized gear ratios and analytically calculates gearbox
e ciency maps.

Chapter 6 compares the results of vehicle dynamic, economic performance, and
weight between single-speed gearbox con gurations and two-speed gearbox con gura-
tions with lower-rated power and torque motors. It also presents the cost comparison
of scaled motor models of two-speed gearbox con gurations with the base motor.

Chapter 7 concludes the work and discusses future research directions. The pro-

posed optimization work ow is summarized in Figure 1.2.

Figure 1.2: Proposed motor size and gearbox optimization work ow



Chapter 2

Multi-Speed Electric Vehicle

Drivetrain and Optimization

2.1 Gearbox in Internal Combustion Engine and
Electric Vehicles

Gearbox technology is very well-established in the Automotive industry. The gearbox
in a vehicle is essential for ful lling the wheel speed and torque requirements based on
a given engine or motor speed and torque with the help of gears. Gears are also called
the rotating lever, which increases or decreases the input speed or torque according
to its designed gear ratio. The gear ratio is a measure of the mechanical advantage
gained using gears. It represents the ratio of the number of turns the motor shaft
makes when the wheel turns once. It can also be represented by the ratio of wheel
torque to motor/engine shaft torque. A higher gear ratio means that there will be

greater torque multiplication, which will provide higher traction force but at the cost
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of rotational speed or vehicle maximum speed. On the other hand, a lower gear
ratio prioritizes vehicle speed over traction force. The graphical representation and

equation to calculate the gear ratio are shown in Figure 2.1.

Figure 2.1: Graphical representation of gear ratio

A vehicle's performance is primarily determined by the torque-speed curve of its
power source, whether it's an engine or a motor, as well as the type of gearbox used.
For a given power rating, the power source's torque-speed characteristic should main-
tain constant power over a longer speed range. This means that as the speed increases,
the torque will drop hyperbolically [6]. In conventional Internal Combustion Engine
(ICE) vehicles, maximum engine torque is not available at the initial engine speed,
and it has a lower speed band for maximum engine power, as shown in Figure 2.2.
Due to this, ICE vehicles require multiple gear ratios to form a constant power pro-
le over a larger speed range, which can be achieved through a multi-speed gearbox.
Friction clutches are used in the multi-speed gearbox to disconnect the engine from

the wheel during gear shifting.
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Figure 2.2: Internal Combustion Engine (ICE) torque-speed characteristics

Multi-speed gearbox con gurations can be di erentiated based on how the gear
shifting is performed. In a Manual Transmission (MT), gear ratios are changed by
the driver with the help of a shifting lever. In Automatic Manual Transmission
(AMT), Dual Clutch Transmission (DCT), and Automatic Transmission (AT), gears
are changed automatically based on the vehicle's demand. On the other hand, in Con-
tinuously Variable Transmission (CVT), the gear ratio can be changed continuously
by adjusting the diameter of the input and output pulleys.

In electric vehicles, the motor can generate its maximum torque from lower motor
speed and work at its maximum power for a wider speed band, as shown in Figure 2.3.
Due to these speci c characteristics, a lesser number of gear ratios or even a single-
gear ratio can satisfy the vehicle's torque and speed demand. Hence, the gearbox

layout in an electric vehicle is simple and compact.
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Figure 2.3: Electric motor torque-speed curve
2.2 \ehicle Performance Requirements

The gear ratio selected for a given motor and vehicle speci cations depends on the
vehicle's economic and dynamic performance requirements. Economic performance
is typically quanti ed in terms of the vehicle's energy consumption per unit distance
(Wh/km) during a given drive cycle. Dynamic performance encompasses the four

main requirements below.

1. Acceleration performance: Acceleration performance refers to how quickly a
vehicle can reach a speci c speed from a standstill. This is commonly measured
by metrics such as the time it takes to accelerate from 0 to 100 km/h or O to
60 km/h. In addition to motor power, the gear ratio signi cantly in uences
the vehicle's acceleration performance. A higher gear ratio results in increased

wheel force for a given motor torque, providing more thrust to the vehicle.

2. Vehicle's ability to overtake: The vehicle's ability to overtake refers to how

10



M.A.Sc. Thesis { Harsh D. Patel; McMaster University { Mechanical Engineering

quickly it can pass other vehicles at high speeds. This is often measured by the
time it takes for the vehicle to accelerate from, for example, 60 to 80 km/h or
80 to 100 km/h. This aspect of vehicle performance is primarily dependent on
motor power because, at high speeds, the motor operates within its constant
power region [7]. This implies that to accelerate faster at higher speeds, the

vehicle will require greater motor power.

3. Vehicle gradeability: Vehicle gradeability refers to a vehicle's ability to climb
steep slopes. It can be de ned as how much a vehicle can travel in the vertical
direction for a given horizontal distance. This parameter is typically expressed
as a gradeability percentage. Sometimes, gradeability is also de ned in terms
of the maximum slope angle the vehicle can navigate. For instance, a 100%
gradeability or 45 slope angle means the vehicle can ascend or descend 1 meter
vertically for every 1 meter of horizontal travel. This performance characteris-
tic is particularly important for vehicles operating in hilly terrain or crossing
bridges. [8] de nes the vehicle gradeability requirement as the vehicle's capa-
bility to maintain a 15 km/h speed on a 25 slope. The gradeability of a vehicle
primarily depends on the available traction force to overcome grade resistance,
which is in uenced by factors such as motor torque and gear ratio. A higher

gear ratio typically results in improved vehicle gradeability.

4. Vehicle maximum speed: A higher vehicle maximum speed is necessary for trav-
eling on highways, where speeds can reach up to 100 km/h, and some highways
in developed countries have no speed limits. This requirement is primarily in-

uenced by the motor's maximum speed, gear ratio, and motor power, enabling

11
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the vehicle to cruise at highway speeds. Achieving a higher vehicle speed ne-
cessitates a lower gear ratio for a given motor's maximum speed. Additionally,
motor power must be su cient to overcome air resistance at high speeds, as air
resistance becomes a major factor at higher speeds due to its quadratic propor-
tionality to vehicle speed. The next chapter on vehicle motor sizing will provide

a detailed discussion on vehicle resistance.

2.3 Single-Speed Gearbox in Electric Vehicles

The single-speed gearbox represents the simplest layout for electric vehicles, featuring
only one gear ratio achieved in either a single or two stages. Single-stage' or "Two-
stage' gear reduction refers to the number of gear reduction stages required in series
to achieve the desired gear ratio. Additionally, planetary gearboxes are utilized for
their co-axial and compact design. The schematic diagrams of single and two-stage
single-speed gearboxes are shown in Figure 2.4. Due to the absence of gear shifting in
this type of gearbox, it eliminates the need for clutches and shifting systems. Conse-
guently, it has fewer rotating components and lower rotating inertia mass, resulting

in improved gearbox e ciency, compact size, and lower cost. These advantages have
made it the most popular gearbox choice in the electric vehicle industry [9].

It is evident that to improve vehicle acceleration and gradeability performance,
higher wheel traction force is required, which can be achieved with a higher gear
ratio for a given motor torque. However, a Higher gear ratio will reduce the vehicle's
maximum achievable speed for a given motor's maximum rpm. So, the gear ratio
in the single-speed gearbox needs to be selected to satisfy both requirements, which

comes with some sacri ces in both torque and speed-demanding applications [10]. If

12
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(a) Single-stage reduction (b) Two-stage reduction

Figure 2.4: Single-speed gearbox layout

both conditions need to be satis ed without any compromise, motor power or motor
torque needs to be increased, which in turn increases the motor size and cost. At the
same time, the gear ratio in the EV should be selected in such a way that it tries to
keep the motor working points in the most e cient points for major working points

in a given drive cycle. Due to the xed gear ratio in a single-speed gearbox, the
motor has to work in di erent e ciency regions for varying wheel speed and torque

requirements in a single-speed gearbox [8].

2.4 Multi-Speed Gearbox in Electric Vehicles

A considerable amount of research has been conducted on multi-speed gearboxes
and CVT to enhance the dynamic and economic performance of electric vehicles.
Studies such as [11] and [12] have extensively reviewed and compared di erent types

of gearboxes for electric vehicles. Dierent gear ratios can be designed for torque

13
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and speed applications separately in a multi-speed gearbox, improving the vehicle's
dynamic performance. As the number of gears is added to the system, it allows the
motor to operate in the best e ciency region, but it also increases the number of
gears and shifting systems, leading to higher gearbox mechanical losses, weight, size,
and cost. For example, in [13], authors predicted that two-speed and three-speed
gearboxes would improve e ciency by 12% and 15%, respectively, for the FTP-75
drive cycle. Conversely, a four-speed gearbox would decrease e ciency by 11.7% for
the same drive cycle. Similar trends were observed in another study [14], where a
two-speed gearbox showed a 4% e ciency improvement, while a four-speed gearbox
showed no improvement in e ciency.

To be cost-competitive with single-speed EVs, multi-speed transmissions for EVs
must be introduced at minimal extra expense and must exhibit high e ciency. Among
di erent layouts, the two-speed gearbox stands out as simpler and more compact than
three-speed and four-speed layouts, making it the most researched gearbox layout for
electric vehicles. In a study [5], the lifetime cost of single-speed, two-speed, and CVT
gearboxes was calculated and compared, concluding that the two-speed gearbox has
the lowest lifetime cost. Production EVs such as the Porsche Taycan and Audi e-
tron GT have incorporated two-speed gearboxes [15], [16]. Additionally, some Tier-1
suppliers o er two-speed e-axles for electric vehicles, claiming improved dynamic and
electrical performance. Images of two-speed e-axles from Tier-1 suppliers Dana [17]
and GKN Automotive [18] are shown in Figure 2.5a, and 2.5b respectively. The type

of shifting system used can further di erentiate the two-speed gearbox.
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(a) Dana two-speed e-Gearbox [17] (b) GKN two-speed e-Axle [18]

Figure 2.5: Two-speed gearbox supplied by tier-1 suppliers

2.4.1 Manual Transmission

Manual Transmission (MT) is the conventional shifting type in a multi-speed gearbox,

in which a driver shifts the gears manually with the help of a shifting lever. The
schematic diagram of MT is shown in the Figure 2.6. In this type of shifting, the rst
clutch is actuated to disconnect the motor shaft from the gearbox. Subsequently,
the gear is changed by shifting the lever, which actuates the synchronizer. The
synchronizer is the friction clutch, which aligns the input shaft speed with the desired
gear speed [19]. However, MT is not the preferred type of gearbox in the EV because
the driver's driving pattern greatly a ects the shift quality, system e ciency, and

clutch life [11].
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Figure 2.6: Manual transmission (MT) layout

2.4.2 Automated Manual Transmission

If the manual shifting in a two-speed gearbox is replaced with electromechanical or
electrohydraulic actuators, this type of gearbox is called Automated Manual Trans-
mission (AMT). The shifting of gears in this gearbox is controlled by the Transmission
Control Unit (TCU). In the AMT, the main challenge of the shift strategy is to reduce

the torque interruptions during shifting to minimize the jerk [20]. Since the motor
has a relatively very low rotating inertia compared to ICE and can be controlled very
precisely and fast, the conventional clutch used in AMT can be eliminated [21]. This
type of layout is called Clutchless Automatic Manual Transmission (CLAMT). In
CLMAT, the input shaft speed is synchronized with the help of the traction motor
according to the desired gear speed. Moreover, the synchronizer can also be replaced

with a shifting sleeve with the precise control of the motor [22]. This characteristic
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of CLAMT makes it the simplest and most cost-e ective two-speed layout among the
other options [23]. The layout of CLAMT is shown in the Figure 2.7. For this study,

CLAMT is considered for two-speed gearbox.

Figure 2.7: Clutchless Automated Manual Transmission (CLAMT) layout

There are also variations of AMT using di erent shifting layouts to achieve a
smooth ride in gear shifting. In [24], Authors have proposed an Inverse AMT (I-
AMT) layout where they have kept the friction clutch to engage and disengage the
2nd gear directly from the motor and synchronizer for the 1st gear. The schematic

diagram of I-AMT is shown in the Figure 2.8.

2.4.3 Dual Clutch Transmission

Dual clutch transmission (DCT) is popular for smooth shifting in production vehicles.

In DCT, two co-axial shafts are connected from the motor to independent clutches
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Figure 2.8: Invervse Automated Manual Transmission (I-AMT) layout

assembled in one housing [25]. The two clutches independently connect the motor to
odd and even gears. Smooth-shifting is achieved by simultaneously controlling one
clutch engagement and the other's disengagement. Porsche Taycan EV has adopted
DCT type two-speed gearbox [26]. However, the DCT layout is relatively costly

because of its complex design. The schematic diagram of DCT is shown in Figure 2.9.

2.4.4 Continously Variable Transmission

In addition to the multi-speed gearbox, the application of CVT has been extensively
researched in many studies. CVT utilizes two tapered disc pulleys connected with
a belt, and the gear ratio is changed by adjusting the diameter of the pulleys by

altering the distance between the two tapered discs [19]. The schematic diagram of
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Figure 2.9: Dual Clutch Transmission (DCT) layout

CVT is shown in Figure 2.10. In CVT, the gear ratio is continuously adjusted without
any discrete gear steps, resulting in smooth shifting. Moreover, CVT can e ectively
operate the motor in the most e cient region for longer durations.

However, CVT incurs higher mechanical losses due to friction between the belt and
pulleys. Additionally, external power is required in CVT to apply pressure on the ta-
pered discs for precise gear ratio adjustment and to maintain contact between the disc
and belt. Consequently, CVT is considered the least e cient among other gearbox
layouts. Nevertheless, many researchers have conducted studies on CVT application
in EVs due to its better motor e ciency and jerk-free operation [27],[28],[13]. Fur-
thermore, suppliers like Bosch have introduced CVT for EV applications (CVT4EV),
claiming a 4% e ciency gain and 13% faster acceleration [29]. The image of the
launched CVT model from Bosch is shown in Figure 2.11 [30]. In addition to these
gearbox layouts, other designs such as In nitely Variable Transmission (IVT) and

Magnetic Gear Transmission (MGT) are discussed in more detail in [11].
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(a) High gear ratio con guration (b) Low gear ratio con guration

Figure 2.10: Continously Variable Transmission(CVT) layout

Figure 2.11: Bosch CVT4EV model[30]
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2.5 Optimization of Two-Speed Drive Train

A two-speed gearbox is the most researched multi-speed gearbox because it is simple
and has lower cost and weight compared to other multi-speed gearboxes, leading to
lower mechanical losses in the gearbox. Optimizing gear ratios for a two-speed gearbox
is important for both the dynamic and economic performance of a vehicle. While more
emphasis is placed on gear ratio optimization for dynamic performance, the vehicle's
economic performance is also improved by keeping the motor in its most e cient zone
for longer. This depends on the gear shift schedule, which determines the appropriate
gear to select for a given wheel torque and speed requirements. Therefore, both gear
ratio and gear shift schedule optimization are critical for achieving optimal economic
performance.

Extensive reviews on gear ratio and shift schedule optimization for two-speed gear-
box can be found in [31],[12]. Table 2.1 shows vehicle performance results obtained
with optimization for a two-speed gearbox (2sp) compared to those achieved with a
single-speed gearbox (1sp). Various global optimization techniques can be employed
to optimize both dynamic and economic performance. In references [32] and [33], gear
ratios were optimized using dynamic programming. Other studies, such as [34], [35],
and [36], utilized genetic algorithms to optimize gear ratios. Meanwhile, references
[37] and [38] employed particle swarm optimization and auto search methods, respec-
tively. However, the vehicle simulation model is generally simple and only takes a
short amount of time (3-5 seconds) to calculate the vehicle's performance. By setting
minimum and maximum gear ratio limits, it's possible to narrow down the feasible
gear ratio range for a speci c vehicle's performance. This allows for optimizing the

gear ratio within a feasible range using the exhaustive search or brute-force iterative
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methods without incurring high computing costs. This method has been utilized by

references [8], [39], [40], and [41].

Ref. Acceleration Maximum speed Economy improvement

1sp 2sp  1sp 2sp compared to 1sp
[32] 225s 181s 1127 147.7 11.4% (NEDC)
0-100 km/h (km/h) 7.3% (UDDS)
[8] 58s 49s 102 198 4.2% (NEDC)
0-60 km/h (km/h)
[39] 75s 7s 69.1 109.6 10.36% (NEDC)
0-50 km/h (km/h)
[34] 6.48s 522s 151 222 {
0-60 km/h (km/h)
[42] 9.1s 96s 787 103.2 8.7%
0-70 km/h (km/h) (NEDC+4*ECE15)

Table 2.1: Vehicle performance comparison for single-speed and two-speed gearbox

The majority of previous studies have assumed that gearbox e ciency remains
constant. Additionally, these studies have considered that two-speed gearboxes ex-
hibit a 1-2% decrease in e ciency compared to single-speed counterparts due to the
introduction of extra components. However, in [43], authors investigated the impact
of additional gear pairs on gearbox e ciency. Their ndings revealed that single-speed
gearboxes maintain an e ciency range of 94-97%, while in two-speed gearboxes, the
rst gear with a higher gear ratio experiences a slight decrease in e ciency ranging
from 0.1-0.7%. Conversely, the second gear, with a lower gear ratio, exhibits a 1%
increase in e ciency for highway driving conditions, which is crucial for extending

vehicle range.
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Besides enhancing vehicle performance, optimizing motor size is another advan-
tage of implementing a two-speed gearbox. The primary factors in uencing motor
size are power and torque. The torque of a motor changes in proportion to the square
of its diameter and linearly with its axial length [44]. Motor power requirements are
largely dictated by the vehicle's performance needs. As mentioned earlier, the acceler-
ation performance can be enhanced by using a two-speed gearbox. This enhancement
0 ers the opportunity to reduce the motor power needed to achieve a vehicle's desired
acceleration performance by incorporating the two-speed gearbox. Also, there is a
separate gear pair with a higher gear ratio for torque-demanding applications in the
two-speed gearbox. With the higher gear ratio, motor torque can be reduced. More
discussion on this will be in the next chapter.

Most studies on two-speed gearbox optimization have focused on gear ratio and
vehicle performance optimization. However, the optimization of motor parameters,
such as maximum speed, torque, and power ratings, has not been considered. Op-
timizing the gear ratio with xed motor parameters does not guarantee the optimal
solution for the system, as motor cost and weight are signi cant portions of the over-
all drivetrain. Some studies have optimized motor size with the help of a two-speed
gearbox. In [41], three di erent motors with motor torque ratings of 890Nm, 450Nm,
and 390Nm with the same motor power of 160kW were analyzed with single, two,
and three-speed gearboxes, respectively. The gear ratios and shift schedules were
optimized by minimizing Dynamic Performance Cost Function (DPCF) and Energy
Consumption Cost Function (ECCF). The study found that two-speed and three-
speed gearbox variants have better dynamic and economic performance even after

lower torque motors. The overall optimization trends of motor torque, maximum
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speed, and gear ratios have been analyzed for dynamic, economic, and comprehensive
performance in [10]. This study has utilized a genetic algorithm for optimization.

However, both studies have placed less emphasis on motor and gearbox e ciency
curves, which are crucial for calculating the vehicle's economic performance. In [41],
motor e ciency curves were scaled from lower torque-rated motors. In [10], motor
losses were interpolated from experimentally measured motor power losses for di erent
generated motor con gurations during optimization. Both approaches may not be
accurate. Therefore, in this study, an FEA model matching the Chevrolet Bolt motor
speci cations was created. This FEA model was scaled to di erent torque and power
ratings, and e ciency curves were generated using FEA software, which can provide
more accurate results. Additionally, this study will derive the motor's minimum
torque limit, contributing another valuable aspect to the research.

Moreover, both previous studies have considered a single e ciency map for the
two-speed gearbox without providing much clari cation on e ciency maps for di er-
ent gear ratios. Study [43] has shown that each gear in a two-speed gearbox will have
di erent e ciency maps due to the di erent gear ratios. This study employs the same
method for calculating gear ratios and has calculated e ciency maps for each gear.
Furthermore, economic shifting was considered to select the best gear that o ers the
optimal combined e ciency of inverter, motor, and gearbox, whereas the previous
studies only considered motor e ciency. Since an FEA motor model was used in
this study, accurate motor weight was calculated, providing a better understanding
of weight savings from the motor. Additionally, the gearbox weight was calculated for
the two-speed gearbox, clearly comparing the weight di erences between a two-speed

and a single-speed gearbox con guration.
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Chapter 3

Traction Motor Sizing
Methodology and Limits on Torque

and Gear Ratio

3.1 Vehicle Parameters

The Chevrolet Bolt 2017 model was considered for this study. The Bolt's drive unit
uses a permanent magnet synchronous motor (PMSM) with a single-speed gearbox.
Studies such as [45] and [46] have provided in-depth information on the Bolt's electric
drivetrain. However, detailed data on the Bolt's electric motor and gearbox is not
publicly available which will be measured and discussed in the next chapter. This
constitutes another contribution to this work. Images of the Bolt 2017 vehicle and
its powertrain are shown in Figures 3.1 and 3.2, respectively [47]. Vehicle parameters

used for this study are shown in Table 3.1.
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