University of Bath

PHD

Development of active tilt control for a three-wheeled vehicle

Drew, Benjamin William

Award date:
2006

Awarding institution:
University of Bath

Link to publication

Alternative formats
If you require this document in an alternative format, please contact:
openaccess@bath.ac.uk

Copyright of this thesis rests with the author. Access is subject to the above licence, if given. If no licence is specified above,
original content in this thesis is licensed under the terms of the Creative Commons Attribution-NonCommercial 4.0
International (CC BY-NC-ND 4.0) Licence (https://creativecommons.org/licenses/by-nc-nd/4.0/). Any third-party copyright
material present remains the property of its respective owner(s) and is licensed under its existing terms.

Take down policy
If you consider content within Bath's Research Portal to be in breach of UK law, please contact: openaccess@bath.ac.uk with the details.
Your claim will be investigated and, where appropriate, the item will be removed from public view as soon as possible.

Download date: 28. Jan. 2023


https://researchportal.bath.ac.uk/en/studentTheses/91f88d04-5d1c-47e6-b75c-e8f0a0a08981

DEVELOPMENT OF ACTIVE TILT
CONTROL FOR A
THREE-WHEELED VEHICLE

Submitted by Benjamin William Drew
for the degree of
Doctor of Philosophy
of the University of Bath
December 2006

COPYRIGHT

Attention is drawn to the fact that copyright of this thesis rests with its author.
This copy of the thesis has been supplied on condition that anyone who consults
it is understood to recognise that its copyright rests with its author and no
information derived from it may be published without the prior written consent
of the author.

This thesis may be made available for consultation within the University library
and may be photocopied or lent to other libraries for the purposes of consultation.

NG



UMI Number: U601937

All rights reserved

INFORMATION TO ALL USERS
The quality of this reproduction is dependent upon the quality of the copy submitted.

In the unlikely event that the author did not send a complete manuscript
and there are missing pages, these will be noted. Also, if material had to be removed,
a note will indicate the deletion.

Dissertation Publishing

UMI U601937
Published by ProQuest LLC 2013. Copyright in the Dissertation held by the Author.
Microform Edition © ProQuest LLC.
All rights reserved. This work is protected against
unauthorized copying under Title 17, United States Code.

ProQuest LLC
789 East Eisenhower Parkway
P.O. Box 1346
Ann Arbor, Ml 48106-1346



o N AT R T 2 e e v
g‘U:"é!"f ERSYT v OF BATH
t LIBRARY

|66 16 AUG 2007




Contents

1 Introduction 7
1.1 Project Overview . . . . ... ... ... 7
1.2 Tilting Chassis Concept . . . . .. ... .. ... ... ...... 9
1.3 CLEVER Specifications . . . . ... .. ... ... ... ..... 10

2 Review , 13
2.1 Tilting Vehicles . . . . ... ... ... . ... ..... '. '. ‘. .. 13V

2.1.1 Narrow Vehicles . . . . . . oo oo v vt .13
2.1.2 Motorcycles . . . . .. ... oo 17
213 Trains . . . ... ... e 17
2.1.4 Tilting Three-Wheeler Chassis Arrangement . . . . . . . . 18
2.2 Vehicle Dynamics . . . . . .. .. ... ... e 24
2.2.1 Motorcycle Dynamics . . . . . ... ... .. ........ 24
2.2.2 Tilting Three-Wheeled Vehicle Dynamics . . . . . ... .. 27



CONTENTS

23 Control . ... ... ... e 29
2.3.1 Passive Tilt Control . . . .. ... ... ... ....... 29
2.3.2 Active Tilt Control . . . . ... ... ... ......... 29
2.3.3 Steer Torque and Driver Feel . . ... .. ... ...... 35

2.4 Actuation Systems . . . . ... ... e 36
2.4.1 Electric Actuation . . . ... ... .. ... ... . 0. 37
2.4.2 Hydraulic Actuation . . ... ... ............. 37

2.5 Solution for the CLEVER Vehicle . . . . ... ... ........ 39

Control 42

3.1 Introduction . ... ... ... .. ... ... ... .. 42

32 Simulation . . . . ... ... 43
3.2.1 Inverted Pendulum Model . . ... ... ... ....... 43
3.2.2 Direct Tilt Control . . ... ... .............. 44
3.2.3 Perceived Lateral Acceleration . . . . ... ... ...... 49
3.2.4 Demand Signal Calculation . .. .............. 50
325 ModelResults . . . .. ... ...... ... . ..... 52
326 Remarks ... ......... ... ... ... . .. 60

3.3 Controller Implementation . . ... ........ SRR 60

ii



CONTENTS

3.3.1 Control Algorithm . . . ... ... ... .. ........ 60
332 Hardware .. .. ... ... . ... ... 61
333 Software . . . . ... ... ... 65
3.4 Other Considerations . . . . ... ... ............... 7
3.4.1 Calibration and Trim of Transducers . ... ... ... .. 7
342 Overlean .. ..... ... .. ... . ... 7
35 Conclusions . . ... ... ... . ... ... e 78
Actuation 79
4.1 Introduction . . . ... ... ... ... .. ... .. 79
4.2 Design of Hydraulic System . . ... ... ............. 80
4.3 Hydraulic Circuit . . . .. .. ... ... ... ... .. ... ... 82
4.3.1 Proposed Design ... .................... 82
44 Linearised Model . .. ... ... ... ... ... . ... ..., 88
441 Valve. .. ... ... .. ... e 88
442 Actuators . . ... .. ... .. 89
4.4.3 Valve Actuator System . . . . ... . ... ......... 93
4.4.4 Determining Operating Conditions . . ... ... ... .. 98
4.4.5 Linear Model Results and Analysis . ... ... ...... 104

iii



CONTENTS

446 Frequency Response . . ... ................ 105
4.4.7 Closed Loop Position Control . . ... ... ... ..... 107
448 Remarks ... ..... ... ... . ... ... 109

4.5 Non-linear Dynamic Model . . . . . . .. ... ... ... ..... 110
4.5.1 MatLab-Simulink environment . . . . . .. ... ... ... 110
4.5.2 Assumptions/Simplifications . . . . . .. ... ... 110

4.5.3 Model Development . . . . . .. ... ............ 114
454 Results. . . ... ... . . L o oo 118
4.5.5 Final Components Selection . . . .. ... ... ...... 123

4.6 Concluding Remarks . . ... ... ... .. .. .......... 124
5 Vehicle Design and Construction 125
5.1 Introduction . .. ... ... ... .. ... . ... .. 125
52 Design Work. . . . . .. ... 126
5.2.1 Front Suspension and Steering . . . . ... ... ...... 127
5.2.2 Tilt Joint and Rear Subframe . . ... ... ........ 131
5.2.3 Actuator Positioning . . . . ... ... ... ... ... 131
524 Rear Suspension . .. ... .. .. ... ... 132
5.2.5 Transmission and Final Drive System . . . . . . .. .. .. 133

iv



CONTENTS

526 PumpDrive . . . ... ... .. ... o . 136
5.3 Construction . ... .. ... ... ... 137
5.3.1 Component Manufacture . . . . ... ............ 137
5.3.2 Chassis Subassemblies . . . ... ... ... ........ 138
5.3.3 Vehicle Frame . . . . . ... ... ... L 139
5.3.4 Installation of Components from Donor Vehicle . . .. .. 140
53.5 BrakingSystem . ... .. .. .. ... ... ... ... 141
5.3.6 Installation of Hydraulic Components . . . . . .. ... .. 142
5.3.7 Tilt Electronics and Controller Installation . . . . ... .. 144
5.3.8 Safetyequipment . ... ... .. ... . ... ....... 146
5.4 Commissioning of the Prototype . . . . . . ... ... ... .... 147
5.5 The Completed Development Prototype . .. .. ......... 147
5.6 Assembly of the Trim Vehicle . .. ... ... ........... 148
57 Conclusions . . .. ... ... .. ... 150
Vehicle Testing 153
6.1 Introduction . . .. ... ... .. ... .. ... . ..., 153
6.2 StageOne: Systems. . . ... ... ... ... .. ... ...... 154
6.2.1 Engine, Transmission and Braking Systems . . . . . . . .. 154



CONTENTS

6.2.2 Controller and Tilt Electronics. . . . . .. .. ... .... 155
6.23 Hydraulics. .. ........... ... .. ... ... 155
6.3 Stage Two: Active Tilt Actuation . . . . . ... ... ....... 156
6.3.1 ManualControl . . . . ... ... ...... ... . .... 156
6.32 NormalControl . . ... ................... 157
6.33 Othermodes . ................. . ...... 157
6.4 Stage Three: Driving . . . . . . ... .. ... ... ... ..... 157
6.4.1 Frequency Response . . ... ................ 158
6.4.2 Steady State Behaviour . . ... .............. 163
6.4.3 Transient Behaviour . ... ................. 167
6.4.4 Filter Development For Improved Valve Control . . . . . . 170
6.4.5 Results with Increased System Gain. . . . ... ... ... 174
6.4.6 Filter Frequency Sensitivity Analysis . . ... ... .. .. 175
6.5 Concluding Remarks . . ... .................... 179
Conclusions 181
7.1 Overview and System Selection . .. ... ... .......... 181
72 ActiveControl. . . . . . .. .. ... ... oo oo 184
7.3 Hydraulic Actuation . .. ... ................... 185

vi



CONTENTS

7.4 Prototype Construction and Testing . . . . . ... ... ...... 185
75 Further Work . .. ... ... ... . ... .. .. ... ... . 188
Bibliography 190

vii



List of Figures

1.1 Initial stylingconcepts . . . . ... ... ... .. ... ... .. 12
2.1 Forces acting a non-tilting narrow vehicle . . . . . . ... ... .. 14
2.2 Forces acting on a tilting narrow vehicle . . ... ... ... ... 15
2.3 Plan view of three-wheeled vehicle. . . . . . ... ... .. .. .. 16
24 1F1T tiltjoint . . . . . . . . . . . .o vt 19
2.5 1F3T tilting three-wheeled vehicle . . . . . . ... ... ... ... 20
2.6 General Motors Lean Machine . . . . .. ... ... ........ 21
27 Honda Gyro . . . . . . . . . . o i i i i ittt 21
2.8 Vandenbrink Carver . ... ... .. ... ... ....... ... 22
2.9 Mercedes-Benz F300 Life Jet . . . . .. ... ... ......... 23
2.10 Narrow body of 2F3T' . . . . . . . ... ... .. ... ... ..., 23
2.11 Motorcycle front-end geometry . . . . . . . .. ... ... 24
212 Shiftinrollaxis . . . . ... ... ... . . ... 25

viii



LIST OF FIGURES

2.13 Steady state cornering . . . .. .. ... ... L 26
2.14 Simulation results demonstrating counter-steer . . . . . . . . . .. 27
2.15 1F1T chassis with different roll axis positions . .. ... ... .. 28
2.16 Required tilt torque and power at actuator . . . . . ... ... .. 37
2.17 Hydraulic circuit design proposal . . . . ... ... ... ... .. 38
2.18 Initial styling illustrations . . . . ... .. .. ... .. ...... 40
2.19 The CLEVER Vehicle Styling Model . ... ... ......... 41
3.1 Tilting cabin represented as inverted pendulum .. ... ... .. 43
3.2 Block diagram of basic controlmodel . . . . ... ... .. .. .. 46
3.3 Root locus diagram for DTC system . . .. ... ......... 48
3.4 Comparison of response—P vs. PD control . . . . . ... .. ... 48
3.5 Root locus plot with PDcontrol . . . . ... ... ......... 49
3.6 Plan view of three-wheeled vehicle. . . . . . ... .. ... .. .. 51
3.7 Leananglecontrolmap. ... ... ................. 52
3.8 Simulation resultsforrun1 . . .. .. ... ... ... ... 54
3.9 Simulation resultsforrun2 . ... ... ... ... . ... ..., 54
3.10 Simulation results for runs3and4 . ... ... .......... 55
3.11 Acceleration results forruns 3and4 . . ... ... ... ... .. 55

ix



LIST OF FIGURES

3.12 Simulation results forruns 5and 6 . . ... ... ... ... ... 56
3.13 Acceleration results forruns5and6 . . .. ... ... ... ... 56
3.14 Simulation resultsforrun 7 . . ... ... .. o oL 57
3.15 Simulation results forrun8 . . ... ... ... o 0oL 57
3.16 Simulation results for runs 9, 10, 11and 12. . . . . . . . . .. .. 58
3.17 Simulation results forruns9and 12 . . . . .. ... ... ... .. 59
3.18 Photographs of the TD40 controller . . . . . . . ... ... .... 63
3.19 A schematic diagram of the signal conditioner and controller . . . 64
3.20 Flow diagram of main controlloop . ... ... .......... 66
3.21 Description of LCD display . . ... ... ... .......... 68
3.22 Mode 0: Manual Control . . . . ... ... ... .. ........ 68
3.23 Mode Change Display . . . .. ... ... .. ... ........ 69
324 Mode 1: NormalMode . . . . . ... ... ... ... .... 69
3.25 Mode 2: Map/Parameter Select . . .. ... ............ 70
3.26 Linear approximation of tangent function . . . . . . ... ... .. 72
3.27 Relationship between real and integer values . . . . .. ... ... 73
3.28 Flow chart for position demand calculation . . . . . ... ... .. 74
3.29 Flow chart for position control calculation . ... ... .. .. .. 76



LIST OF FIGURES

4.1 System as an inverted pendulum. . . . .. ... ... ... ... 80
4.2 Tilt angle and torque requirement . . . . . .. ... ... ..... 82
4.3 Proposed hydraulic circuit . . . ... ... ... ... ....... 83
4.4 Actuator lever arm against tilt angle . . ... ... ... ..... 84
4.5 Flow relationship: Actuator 1 . .. ... ... ... ........ 90
4.6 Flow relationship: Actuator 2 . . . . ... .. ... ........ 91

4.7 Schematic showing actuator forces and moments on tilting cabin . 92

4.8 Block diagram of complete system . . . . .. ... .. ... .... 93

4.9 Actuator extension versus tilt angle . . . . . . ... ... ... .. 95

4.10 Ellipse representing operating condition boundary and valve char-

acteristics . . . . . .. ... Lo o 100
4.11 Valve characteristics . . ... ... ... ... .. ......... 101
4.12 Valve characteristics on flow pressure diagram . . . ... ... .. 102
4.13 Plots to determine mean valuesof z, and P, . . . . . ... .. .. 102
4.14 Bode plot for linear hydraulics model . . . . ... ... ...... 107
4.15 Block diagram of closed loop system . ... ............ 108
4.16 Block diagram of closed loop system (contracted) . ... ... .. 108
4.17 Block diagram of closed loop system (contracted) . ... ... .. 108
4.18 Hydraulic simulation block diagram . . . . . ... ... ... ... 111



LIST OF FIGURES

4.19 Simulink blocks representing thepump . . .. ... ... ... .. 114
4.20 The unloading and check valves modelled in Simulink . . . . . .. 115
4.21 Simulink blocks representing the 4/3 control valve . . . . . . . .. 116
4.22 Simulink blocks representing the actuators and load . . . . . . . . 117
4.23 Simulation results for harsh ramp input . . . . . . ... ... ... 118
4.24 Simulation results for slalom (0.25Hz) . ........ ... ... 119
4.25 Simulation results for harsh slalom (0.33Hz) . ... ... ... .. 120
4.26 Simulation results for harsh slalom with side force introduced . . . 122

4.27 The effect of adding a first order lag in the unloading valve control 123

5.1 Frontendofvehicle. ... .......... ... ... ..... 127
5.2 Front suspensiondesign . . ... ... ... . ... ... .. 128
5.3 Front wheelhubandaxle. . . . ... ... ............. 128
5.4 Front swing arm mount detail design . . . . .. ... ... .. .. 129
5.5 Axle clamp detaildesign . . . ... ... .............. 130
5.6 Steeringsytem . .. ... .. ... ... ... .. 130
5.7 Section view of tilt joint . . . . . ... ... ... ... . 131
5.8 The tilt joint frame . . . . .. ... oo o 0oL i32
5.9 Actuator positioning . . . . .. .. .. ... Lo 133



LIST OF FIGURES

510 Rearsuspension . . . . . . . . . . i i it i e 134
5.11 Transmission assembly . . . . ... .. ... ... .. ... .... 134
5.12 Exploded view and assembly of the differential . . . . . . . . . .. 135
5.13 Modification to CVT output . . . . . ... ... ... ... .... 136
5.14 Crankshaft coupling for pump drive . . . . . . .. ... ... ... 137
5.15 Pump bracket for pumpdrive . .. ... .. .. ... ... 137
5.16 Part manufacture . . . . . . ... ... oL 0oL 138
5.17 Chassis sub-assemblies . . . ... ... ... ... ... ...... 138
5.18 The assembled cabin frame . . . . . . ... ... ... ....... 139
5.19 Complete vehicle frame . . . . . .. ... ... ... ........ 139
5.20 Engine installed in the rear frame . . . . . . . ... ... ... .. 141
5.21 Schematic diagram of braking system . . . .. ... ... ... .. 142
5.22 Pump drive system installed . . . . . .. ... ... ... ... .. 142
5.23 Fuel tank, oil reservoir and accumulator placement . . .. .. .. 143
5.24 Valveplacement . . . . . . . .. ... ... .. ..o 144
525 Dashboard . . . . . . ... ... . ... ... .. 144
5.26 Tilt and steer transducers . . . .. ... ... ... ... .. ... 145
5.27 Speed sensor location . . . . . . ... .. ... oo 146
5.28 Safety features of the development vehicle . . . ... ... .. .. 147

xiii



LIST OF FIGURES

5.29 Development prototype vehicle. . . . . ... ... ... ......
5.30 Complete development vehicle . . . . .. ... ... ........

5.31 Final show vehicle. . . . . . . . ... . .. .. ... .. ... ...

6.1 The prototype tilting from full right to full left in manual mode
6.2 Demandsignals . . .. ... ... ... ... ... . ... ...
6.3 Tilting system response to sinusoidal frequency sweep . . . . . . .

6.4 Tilt system transfer function frequency response estimate, ampli-
tude ratio (a) and phase shift (b) . ... .. ... ... ......

6.5 Left hand suspension displacement versus time . . . . . ... ...
6.6 Frequency response estimate relating demand angle to steer angle
6.7 Demand and response ofastepinput . . .. ... ... ......
6.8 Suspension displacement during step input . . . . . ... ... ..
6.9 Initial testing without (a) and with (b) overlean . . . .. ... ..

6.10 Actual (a,) and perceived (aper) lateral acceleration, and GPS po-

sition plot of manoeuvre . . . ... ... ... ... ... .. ...
6.11 Steer angle and Ackermann angles versus lateral acceleration . .
6.12 Tilt angle versus lateral acceleration for circles . . . . ... .. ..
6.13 Slow response leading to lift of inside inner wheel . . .. ... ..

6.14 Tilt angle and pressure plots during a ‘figure-of-8’ manoeuvre

xiv



LIST OF FIGURES

6.15

6.16

6.17

6.18

6.19

6.20

6.21

6.22

6.23

6.24

6.25

6.26

Inputs to controller and corresponding valve output . . . . . . .. 170
Moving average filtering method . . . . . . . ... ... ... ... 171
Bode diagram of a first order filter . . . . ... ... .. .. L. 172
Magnitude and phase of filters . . . . . . ... ... ... ... .. 172
Filtered valve output overlaying the original output . . . . .. .. 173
Filtered valve output with increased gain overlaying the original

output . . . . .. 174
Steer and tilt angles: systemgainof 1. . . ... ... ... .... 175
Steer and tilt angles: systemgainof2. . . . ... ... ...... 176
Steer and tilt angles, 1 & 2 Hz filter . . . . . . ... .. .. .... 177
Steer and tilt angles, 3 & 4 Hz filter . . . . . . . . R 177
Steer and tilt angles, 5& 6 Hz filter . . . . . ... ... ... ... 178
Steer and tilt angles, sscillation at steering wheel e 178

Xv



List of Tables

1.1

3.1

3.2

4.1

4.2

4.3

5.1

6.1

CLEVER Vehicle specifications . . . . . ... ... ........

Description of simulationruns . . . . ... .. ... ... ... ..

Transducers connected to controller analogue channels . . .. ..

Numerical data used in the linear hydraulic simulation model . .
Numerical data used in the hydraulic simulation model . . . . . .

Typical drag coefficients . . . . .. ... ... ... .. .. ....
Specifications of CLEVER development prototype . . . . . . . ..

Chassis modes observed during sinusoidal frequency sweep .

xvi

.. 159



Summary

The CLEVER Project was a European Union funded research project to design
and develop a low emission alternative vehicle for city environments, which aimed
to combine the comfort and safety of a conventional car with the small road foot-
print and high efficiency of a motorcycle. The project comprised nine industrial
companies and academic institutions from across Europe who collaborated to
prove the concept. The project resulted in the construction of five prototypes:
three were used for crash testing, one was used for chassis development, and one

was a show vehicle.

This thesis focuses on the design, development and testing of the novel tilting
system that was the focus of the research at the University of Bath. The role of the
chassis of CLEVER is to provide safe and predictable handling while satisfying
the requirements of the project. Due to the narrow wheel track, the CLEVER
vehicle needs to bank into corners in a similar manner to a motorcycle to maintain
stability. The requirement of car-like controls necessitates an active, automatic

tilting system.

The two primary components of the tilting chassis are an active control system,
which controls an actuation system that performs the tilting action. While previ-
ous work includes modelling and simulation of active control systems, none have
taken the steps to develop an actuation system with which to tilt a vehicle, and

none have developed a system appropriate for a serious means of transport.

Through evaluation and assessment of simulation and modelling work for both the
active control system and the hydraulic actuation system, the tilting system was
developed. Following detailed design work of the chassis systems, a development
prototype was constructed, including the implementation of the tilting system in
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hardware. The vehicle achieves the targets of the project with the results showing

an acceptable correlation with the simulation work.

It is proved that a tilting three-wheeled vehicle with one front wheel and a cabin
that tilts, which uses direct tilt control as its tilting strategy, can achieve a bal-
anced cornering condition. Good results for steady state handling were achieved,
however, as predicted in the simulation work, transient performance is limited.
A high control gain value required to provide fast response also increases the
moment applied between the upright rear unit and the tilting cabin. Aggres-
sive steering inputs from the driver allows the vehicle to generate cornering force
significantly before the tilting system reaches the balanced point, leading to a

dangerous condition and possible rollover.

While the CLEVER vehicle offers a tangible glimpse of an alternative vehicle con-
cept, which has achieved very positive public attention, further work, including
the investigation of alternative control strategies and more sophisticated control,

is required to enable the concept to succeed.



6/3 69

KL

8!

8!

8!

8!

8!

E%OM # !'#

o

o

o

.!0



O<':(
O<:'E
O<"(
0<
"k
"k
"k o
"k o
"k

2F



%

% &

(W AR NEENEEN|

7
# !
# I# # |
# |
I
n I
# 1
!
|
!
Il
!
("
!
!
Il
3
!
I
I # 1
! 7

%
%



Acknowledgements

Firstly, I would like to thank my supervisors, Dr Jos Darling, Prof Kevin Edge
and Dr Geraint Owen, for their support, guidance, help and patience throughout
the project, and Prof Andrew Plummer for his additional help. In addition, I
must express my gratitude towards my colleague and friend, Matt Barker.

I also appreciate the support and encouragement I received from my other col-
leagues, peers, friends and family. In particular, I thank my parents for proof-
reading this thesis, and Chris Lamming for his friendship, and for inspiring and
encouraging a curious engineering mind.

My thanks also extend to the project partners across Europe, who, through their
support for the project, enabled me to travel and experience a wide range of
cultures and places during the work.

I gratefully acknowledge the European Commission for the funding they provided
for the CLEVER Project under contract reference number G3RD-CT-2002-00815.
I also acknowledge the additional contribution that BMW AG made towards the
project, enabling the manufacture and construction of the development proto-

type.

Finally, I thank my wife, Elizabeth, for her everlasting love and support.



Chapter 1

Introduction

The need for personal mobility in urban environments has led to traffic conges-
tion and increased pollution. One solution is to increase the number of people per
vehicle through the use of public transport or car sharing. It is evident, however,
that most people prefer individual transport whenever possible. While conven-
tional cars provide high levels of passive safety and comfort, they have a large
road footprint and produce high emissions. Motorcycles consume minimal urban
space and are generally more fuel efficient per seat, but are considered unsafe
and offer no protection from the elements. The development of an alternative
vehicle concept aiming to marry the comfort and passive safety of cars with the
minimal urban space requirements and efficiency of motorcycles is the objective
of the EU-funded research project, CLEVER [1, 2]. One of the unique features of
this vehicle concept is a narrow wheeltrack. As such, a tilting chassis is required
to maintain stability. The subject of this thesis was the development, implemen-
tation and initial testing of the active tilting control system and its actuation

system.

1.1 Project Overview

The CLEVER Project is a collaborative research project comprising nine partners
from industry and academia. CLEVER is an acronym standing for ‘Compact Low
Emission VEhicle for uRban transport’. The role of the University of Bath is the

7



CHAPTER 1. INTRODUCTION

definition, development and design of the chassis and the chassis systems, includ-
ing the steering, suspension, transmission and braking systems, with the tilting
mechanism being the main focus. The target of the project was the production
of a proof-of-concept prototype that highlights new technologies that could be
employed in similar vehicles of the future. It is suggested that by 2012 in the
UK, there will be up to 20,000 vehicles in this ‘sub-car’ bracket [3].

One of the main focuses of the project is to produce an environmentally friendly
vehicle with low fuel consumption and carbon dioxide (CO2) emissions. A target
of 60 g/km was set (equating to an equivalent gasoline consumption of 2.41/100 km
(108 miles per gallon)), accompanied with the aim of reducing other hydro carbon
and nitrous oxide emissions to 10% of current Euro IV legislation [4]. (To put
these figures in perspective, a Ford Focus with a 1.6/,1 gasoline engine produces
CO emissions of 161 g/km, and has a combined fuel consumption of 6.71/100 km
(42 miles per gallon) [5].) One method of achieving these targets is by using an
‘alternative’ fuel. Compressed Natural Gas (CNG), while having a lower calorific
value than conventional gasoline, produces significantly less CO, than gasoline
or diesel fuel. The use of CNG as an automotive fuel is growing, but large areas
exist where the supply infrastructure is poor, so a new refuelling technology with
exchangeable gas cylinders is required.

In order to provide similar comfort levels to conventional cars, the cabin of
CLEVER must be fully enclosed. Occupant protection must also be compa-
rable to current city oriented cars which achieve a three star rating in the Euro
NCAP tests. To achieve this passive safety rating, a full safety frame is required
including crash elements and crumple zones that help reduce the high deceler-
ations experienced in an accident and prevent any intrusion into the occupant
space. In addition to occupant protection, a high level of pedestrian protection

is required.

CLEVER must also appeal to a large proportion of motorists, and as such, must
have conventional car-like controls. Preliminary market research conducted by
one of the project partners [6] determined that the vehicle must look good, be
safe, offer weather protection and not require further training or development of
skills, as is currently required to ride motorcycles. Another reason supporting the
need for car-like controls in CLEVER is vehicle classification. Current legislation

classifies such novel concepts on a case-by-case basis, categorising a vehicle as
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either a car or a motorcycle. Car manufacturers have a commitment to reduce
their overall fleet emissions to reach 140 g/km by 2009, and to 120 g/km by 2021
[7, 8] —motorcycles are excluded—and for CLEVER type vehicles to be included
in these calculations, the vehicle must be seen to replace conventional cars. One
of the outputs of the project is a proposal of a vehicle category situated between

motorcycles and cars.

Another target of CLEVER is to reduce the consumption of road space in urban
environments, as this would bring advantages with respect to parking and traffic
congestion—two CLEVER vehicles could fit in the space provided for one con-
ventional car. To achieve this, the external dimensions of CLEVER are fixed at
1 metre wide, 3 metres long and less than 1.4 metres high. To accommodate two
occupants within the vehicle, a tandem seat arrangement is proposed, with the
passenger seated behind the driver. This small vehicle size is also necessary to
achieve low fuel consumption; the reduced frontal area of such a narrow vehicle
reduces the aerodynamic drag [9)].

1.2 Tilting Chassis Concept

The role of the chassis of CLEVER is to provide safe and predictable handling
while satisfying the requirements set out above. The important requirements
having a large effect on the chassis arrangement of CLEVER are its external size

and its requirement for car-like controls.

Due to the narrow width of CLEVER, the wheeltrack is correspondingly small.
Vehicles have a tendency to roll out of corners, and those with a narrow wheel
track with respect to the height of the centre of mass could unload the inner
wheel, leading to roll-over. In order to maintain stability, a tilting chassis is one

possible solution.

In order to provide car-like controls in a narrow vehicle, the tilting system cannot
be controlled in a similar manner to motorcycles. Motorcycle control requires
rider skill in order to balance the lateral acceleration forces with the gravita-
tional forces acting on the vehicle and the motorcyclist. In addition, motorcy-
clists employ a subtle counter-steering input to enter and exit a steady state
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corner, whereas drivers of the CLEVER vehicle are not expected to input a simi-
lar counter-steering input with a steering wheel. For this reason, an active control
system must be employed to monitor the vehicle states and actively tilt the ve-
hicle automatically towards the centre of the turn. This tilting system must also
include an energy efficient actuation system to provide the tilting torque without

significantly impacting on the fuel consumption and emissions of the vehicle.

The objective of this research is the design and development of the control and
actuation systems employed in this tilting chassis for the CLEVER vehicle. An
initial investigation of previous and existing tilting vehicles is undertaken to es-
tablish the state of the art. From this research, the tilting system is designed,
and using simulation models, the active control system is developed. The actua-
tion system is also designed, and models were developed to evaluate the complete
tilting system. The system was then constructed in hardware including the imple-
mentation on a realistic dedicated prototype vehicle which was tested and tuned
to provide a stable, safe and agreeable driving characteristic, meeting the targets
of the CLEVER Project.

1.3 CLEVER Specifications

Table 1.1 is a summary of the initial target specifications for the CLEVER vehicle.

* indicates that these are drivers’ subjective assessments, on a scale from 0-10,

with 10 being an ‘excellent’ rating.

Figure 1.1 shows illustrations of the initial styling concepts for the CLEVER
vehicle.
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Chapter 2

Review

2.1 Tilting Vehicles

2.1.1 Narrow Vehicles

Narrow track vehicles have been identified as a possible solution to the problems
of congestion and emissions within a city environment [12]. The main issue with
narrow vehicles is their instability in corners. In general, vehicles with a narrow
wheel track relative to the centre of mass height are prone to rolling over in a
corner [13]—narrowness and reluctance to rollover are mutually exclusive traits

in narrow non-tilting 3- or 4-wheeled vehicles [14].

Figure 2.1 shows the rear of a narrow vehicle with the forces acting upon the
vehicle during a steady state turn to the right. Although the wheels have a width
in the diagram, this is shown for clarity; the contact patch is assumed to be
infinitessimally small at the centre point of the tyre.

Assuming that the tyres will not slide, the maximum lateral acceleration applica-
tion before roll over can be calculated when the vehicle is on the limit of rollover,
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