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Abstract

More stringent emission and fuel efficiency requirements for cars are leading to increased electrification of
drivetrains. There arises a need to be able to justify the significantly increased costs associated with the
electrification. One way to do this is to achieve new or improved functions using the new electric actuators
available at our disposal.

Significant number of publications are available that study making use of electrification to do basic functions
such as propulsion, regenerative braking and in some cases, direct yaw control. This project aims to go beyond
such basic functions, identify new functions and develop one of them with high potential.

First, brainstorming was done to identify new functions. These functions were subjected to detailed analysis
and rating to select the one with the highest potential. The vehicle configurations (location of motors, engine
and the wheels/axles they drive) were also analysed to identify the best among them. The selection process
yielded “Customise feel” as the best function.

Next, the function was developed to tune the transient yaw dynamics of the vehicle using an empirical
feed forward controller and the steering torque feedback using a model based controller. The steering torque
controller was rudimentary in design and was a proof of concept to show that effective control of steering
torque can be done. The yaw response controller on the other hand was a more comprehensive controller. The
controller parameters were determined through optimisation by Matlab’s Genetic Algorithm. The controller
optimisation was done for step steer manoeuvres at different speeds. The tuned controller was then validated
for different manoeuvres and scenarios.

The results of simulations run with these controllers on a comprehensive 9 degree of freedom vehicle model
are presented and it is seen that a yaw response time reduction of between 30% to 60% and a yaw overshoot
reduction of between 15% to 80% can be achieved in the step steer manoeuvres at different speeds. The steering
torque was also reduced by the targeted 30% effectively.

It is seen that the torque vectoring capability is very effective in controlling both the lateral dynamics and
the steering torque of the vehicle. This capability of torque vectoring therefore opens up new possibilities in
effective control of vehicle motion and hence in future active safety systems.

Keywords: customer functions, drivetrain electrification, torque vectoring, yaw response, steering torque
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Nomenclature

Symbol Description Units
m Total vehicle mass kg
ms Sprung mass kg
Izz Moment of inertia about Z axis (Yaw moment of inertia) kgm2

Iyy Moment of inertia about Y axis (Pitch moment of inertia) kgm2

Ixx Moment of inertia about X axis (Roll moment of inertia) kgm2

l Wheel base m
li Distance of axle i from vehicle center of gravity m
si Half track width of axle i m
Rw Wheel radius m
ωi Angular velocity of wheel i rad/s
ui Longitudinal velocity of wheel i m/s
vi Lateral velocity of wheel i m/s
δ Road wheel angle rad
ax,y Longitudinal (x) or lateral (y) acceleration m/s2

h0,r Height of center of gravity above roll axis m
h0,p Height of center of gravity above pitch axis m
hi,r Height of roll center of axle i m
hi,p Height of pitch center of axle i m
φ Roll angle rad
θ Pitch angle rad
kφ,i,kφ Roll stiffness of axle i and total roll stiffness N/rad
cφ,i,cφ Roll damping of axle and total roll damping i Ns/rad
kθ Pitch stiffness N/rad
cθ Pitch damping Ns/rad
α{f,r}{l,r} Slip angle of the left or right wheel on the front or rear axle rad
F{x,y},{f,r}{l,r} Longitudinal (x) or lateral (y) force of the left or right wheel on

the front or rear axle
N

∆T Difference in torques being supplied across an axle Nm
B,C,c0,c1,µ0,µ1 Tyre and road parameters for Magic formula -
κi Longitudinal slip of wheel i -
αi Lateral slip angle of wheel i -
σx,i Normalised longitudinal slip of wheel i -
σy,i Normalised lateral slip of wheel i -
σi Combined slip of wheel i -
γ Castor angle rad
β Kingpin inclination rad
dkpo Kingpin offset at wheel hub center m
u Longitudinal velocity m/s
v Lateral velocity m/s
r Yaw rate rad
Single track model
a Distance of front axle from vehicle center of gravity m
b Distance of rear axle from vehicle center of gravity m
Cf Front axle stiffness N/rad
Cr Rear axle stiffness N/rad
αf Front axle slip angle rad
αr Rear axle slip angle rad
Ffy Front axle lateral force N
Fyr Rear axle lateral force N
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1 Introduction

Increasing pressure from governments and environmentally aware customers to make more eco-friendly and
sustainable cars has led to the electrification of the drivetrain in recent decades. One of the early adopters
of this practice was the Toyota Prius and the Honda Insight. These cars were focused on mainly improving
efficiency over their pure fossil-fuel based counterparts.

While the Toyota Prius became quite successful, the Honda Insight failed to capture significant market
share. One of the reasons for this - and the reason why most hybrids are not very popular - is the cost. Adding
a heavy electric drivetrain and battery in addition to the existing engine significantly increases the weight
which in turn hampers handling, performance and fuel efficiency. To counter-act these effects, more expensive
lightweight and stiffer materials, more efficient batteries, etc. are required, which increase cost even further.
Due to this, it becomes hard to justify the large increase in cost for limited improvement in fuel efficiency.

However, over the years, due to even more pressure from legislation, there has been rapid drive to electrify
cars. So far, manufacturers have only been using a single motor electric/hybrid drive to power their cars. The
main advantage in these vehicles is the capability to perform regenerative braking which is to recuperate energy
from the moving vehicle by braking using the electric motor. This energy is otherwise wasted as heat from the
braking system in conventional vehicles.

Electric motors are powerful actuators which have a very short response time; shorter than traditional
hydraulic brakes or IC engines and are more precisely controllable. Having such powerful actuators at our
disposal open up lots of opportunities. Even with single motor configurations, the availability of an accurately
controllable high power and torque electrical actuator allows significant control over the vehicle dynamic
characteristics of the vehicle.

In recent years, due to the ever increasing electrification of drivetrains, there has also been a push towards
vehicle layouts with multiple electric motors. These offer even more opportunities in terms of precision and
response in control of the driveline. Additionally, increased electrification enables radically new vehicle and
driveline layouts. Due to high requirements on energy efficiency, there is an equally high demand on weight
reduction. This demand to reduce weight provides a strong incentive to achieve or improve existing functionalities
using the electric actuators thereby eliminating or downsizing some of the existing actuators. Additionally,
there is also the need to justify the increased cost. This can be done by developing new functionalities enabled
by the electrified drivetrain which would otherwise have not been feasible.

There is therefore a need to identify and analyse the new opportunities provided by the electrified drivetrain.
This project aims to do this.

In this project, the various new vehicle dynamic functions that are enabled by the electrification of the
drivetrain are identified through brainstorming and literature survey. These functions are then analysed in
detail with regards to their cost, potential benefit, actuators required, etc. Among these functions, one is
chosen, developed further and validated in this project.

Apart from the new functions mentioned in this report, currently available active vehicle dynamics systems
such as active roll bars, active dampers, etc. will become possible in terms of cost and size [21] due to the
availability of high voltage electric supply in the car. This would not only help towards alleviating some of
associated problems with electric vehicles such as worsening of handling and performance due to increased
weight, but even improve them beyond those of conventional vehicles.

Although currently not possible, when electric drivetrain technology matures, it may become possible to
eliminate friction brakes completely. It may also become possible to eliminate the power steering system and
maybe even the mechanical steering setup completely.

1.1 Objective

The objective of this project is to identify new functionalities that can be achieved in vehicles with electrified
drivetrains, select one with high potential, develop and validate it.

1.2 Limitations

To limit the scope of the project, certain constraints have been imposed.
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• Single motor configurations have been ignored since they do not offer much room to develop new
functionalities.

• For hybrid vehicles, only layouts with the internal combustion engine (ICE) at the front driving the front
wheels are considered since this is the predominant layout.

• Functions that use the current sensor set in a well equipped car are prioritized for development.
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2 Concepts
For the purposes of this project, there are three terms which are defined as follows:

• Function: A function is defined as a specific task that can be performed by the vehicle or the actuators
which may be of benefit directly or indirectly to the user. Functions can be either customer functions
which are immediately obvious to the driver or engineering functions which are not easily noticeable by
the driver but can be used as part of a bigger function. Eg., friction estimation is an engineering function
but friction display for the driver is a customer function.

• Configuration: Configuration refers to the positioning of the electric motors and the engine and the
wheels they drive. Each configuration is uniquely identifiable. Eg., a vehicle layout with engine driving
the front wheels and two electric motors each driving one rear wheel is a configuration.

• Concept: A concept is a combination of a function and a configuration. This enables accurate evaluation
of the function since the capabilites and effectiveness of the actuator set towards the specific function can
be evaluated. Eg., autonomous parking with a hybrid vehicle with an engine at the front driving the
front wheels and two electric motors at the front each driving one front wheel is a concept.

This chapter discusses the various new functionalities or the improvements of existing functionalities that
can be achieved with the electrification of the drivetrain. The various possible concepts, their requirements,
feasibility, etc. will be discussed. The different drivetrain configurations will also be listed and analysed in
terms of the new functionalities that can be achieved, the cost, feasibility, etc.

2.1 Functionalities

A brainstorming session was held in order to come up with new and varied ideas for functionalities. The ideas
and a brief description of these along with the minimum requirements to achieve these functionalities are
presented in section 2.1.1 followed by section 2.1.2 with a brief analysis of the functions and elimination of
some of them.

2.1.1 Function list

Table 2.1.1: New functionalities using electric drivetrain

Function name Function description Min. actuator requirements

S-4WD Switchable 4-wheel drive. Using DSLD in
the middle allows regen from 4 wheels and
4-wheel drive

One motor

DYC Direct yaw moment control using traction
of the motors [4, 13, 20, 22–24, 28]. Active
stability management using this allows for
less stable but more responsive vehicle setups

Independently driven wheels on
atleast one of the axles

DTPS Differential Torque based Power Steering us-
ing the motor torques [25]

Independently driven wheels on
the front axle

ADD Active driveline damping using the motor
torque [1]

Motor with sufficient power and
torque to be able to damp drive-
train oscillations

Autonomous
parking

Autonomous parking using the motors only
(steering system not used) [5, 16]

Independently driven wheels on
atleast one of the axles

Better slip and
traction control

The much faster response time of motors
allows for more accurate control of slip [14,
18, 20]

A motor atleast on the axle on
which the wheel slip is to be con-
trolled

2-1



Function name Function description Min. actuator requirements

WSE Wheel state estimator. Using electric ma-
chine built-in sensors one could estimate the
wheel speed and position eliminating need
for separate sensors [14, 20]

Individual motors for wheels

Improved colli-
sion avoidance

Can use a combination of braking and torque
distribution to brake and steer the vehicle
out of harms way

Nothing new required. Addition
of new motors will improve re-
sponse

APC Active pitch control can be achieved during
moderate braking by distributing the torques
to the front and rear appropriately

Atleast one motor on each of the
axles

DTB Dynamic front-rear torque biasing. Opti-
mum braking and very good regen. Traction,
handling and steering ability can be signifi-
cantly improved especially at the limit [8–12,
15]

Atleast one motor each on the
front and rear axle

ALKA Active lane keeping assistance Independently driven wheels on
one axle

Cooperative
driving

Since braking, turning and propulsion can be
achieved autonomously, cooperative driving
is now possible

Independently driven wheels on
atleast one axle.

Regen braking Recuperate energy while braking [2, 6, 19] Atleast one motor

PISC Post impact stability control [27]. Indepen-
dently driven wheels allows for more possib-
lities regarding the control of the vehicle.

Independently driven wheels on
one axle

Auto-parking
brake & hill
climb assist

Brakes can be actuated each time the vehicle
comes to a halt. No need to brake or activate
the parking brake manually. Vehicle doesn’t
move until driver taps the accelerator pedal

Atleast one motor

Torque vectoring Using independently driven wheels, torque
vectoring can be achieved which will improve
handling and traction.

Independently driven wheels on
an axle

Regeneration via
road

If electric propulsion on one axle and ICE on
the other, battery can be charged via road.

Motor(s) on one axle and ICE on
the other

Friction estima-
tion

With individually driven wheels, one could
do “longitudinal force neutral” interventions
so that some tyre contacts are temporarily
excited aiding friction estimation [14, 20]

Multiple motors

Rollover preven-
tion

Using motors to brake or provide traction to
prevent rollover [3]. Improvement of existing
functionality

Independently driven front wheels

Launch control Launch control can be achieved using the
electric machines

Independently driven wheels on
atleast one axle

Power-slide con-
trol

Getting into and maintaining a power-slide
could possibly be made easier using indepen-
dently driven rear wheels

Independently driven rear wheels

DMS Drive Mode Selector. Allows for different
drive modes such as “Optimal Path”, “Min
tyre wear”, “Min energy consumption”, etc.,
to be selected

Atleast two motors on one axle
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Function name Function description Min. actuator requirements

RGM Road Grip Maximization. Distribute torque
to wheels according to their capability or
as required [26] to maximize wheel capacity
utilization

Atleast two motors on one axle

FVC Force Vector Control. Control the direction
of tyre force. Maybe effective for path control

At least two motors on one axle

Customise “feel” Ability to customise the steering and brake
feel to “sporty” or “city” or “highway”, etc.

Aleast two motors on an axle

Autonomous
driving

Propulsion, braking and steering can be
achieved independent of driver input. Al-
lows for driving autonomously during some
scenarios like overtaking, garages, etc

Atleast two motors on one axle

ZEM Zero emission mode. For indoor driving,
short distance driving, parking, etc.

One motor

Mobile power
plant

Availability of an engine and a high voltage
electrical system allows for it to be used as
an emergency power source

One engine and motor and capa-
bility to recharge while stationary

Higher steering
angle

In-wheel motors enable higher steering wheel
angles

Two in-wheel motors at the front

Skid steering Very low turning radius enabled by differen-
tial wheel rotational speeds [7]

Atleast two motors on one axle

Speed based ride
improvement

Using wheel speed control to improve ride
over wavy or rough terrain

Atleast two motors on an axle

Power boost Provide short term power boost (even in the
power limited region)

One motor

SD Software differential. The effect of LSD,
DSLD, etc can be simulated. The wheels
can be locked or constrained left-right or
front-rear

Atleast two motors

Yaw damping By simulating locked differential, yaw damp-
ing can be achieved

Two motors on one axle

AWD All wheel drive One motor for each axle

ESC Electronic stability control. Intervenes when
vehicle is about to become unstable [18]

Independently driven wheels all
round

SME Safety margin estimation. Estimate the ad-
missible operating region for the vehicle and
keep the vehicle in that region.

One motor

Fuel efficiency
improvement

By cleverly using the engine and the motors
in the operating regions where they are most
efficient, recharging only when the engine is
at its most efficient, fuel efficiency can be
improved

One motor, an engine

Brake disc clean-
ing

Cleaning the brake disc by using force neutral
interventions

One motor on each axle

Brake condition
estimation

Estimate the brake state (temperature, wear,
etc) using force neutral interventions

One motor on each axle
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Function name Function description Min. actuator requirements

Vehicle proper-
ties estimation

Since motor torque is accurately known, vehi-
cle mass and maybe even weight distribution,
drag coefficient, etc can be estimated.

One motor

Environment
properties
estimation

Using the motor torque required to maintain
various speeds, the gradient, headwind speed,
etc can be estimated

One motor

Wheel lift con-
trol

Using traction torque and braking force si-
multaneously, wheel lift may be possible to
control

Motor driving the wheel to be con-
trolled

Rapid brake ap-
plication

Allows for rapid emergency braking. Substi-
tute for brake pre-fill function

Motor driving wheel which needs
the function

Drag free brakes Low motor response time allows higher gaps
between brake pad and disc reducing brake
drag

Motor driving wheel which needs
the function

Sensor assist Using the torque, speed and distance esti-
mation using motors, active safety functions
such as platooning, overtaking, etc., can be
improved

One motor

Drivability
enhancement

Compensate for lack of torque response from
engine using the elec. motors

Atleast one motor

2.1.2 Analysis

In the preliminary function analysis, customer functions that focus on vehicle dynamics are prioritized for
development.

The regen braking and fuel efficiency improvement functions can be eliminated from further analysis since
they are rather obvious functions although clearly important. The functions have been studied in detail in
both academia and industry. Additionally, these are very well known and therefore not the focus of this thesis.

Torque vectoring is more of a hardware capability in the vehicle and by itself doesn’t offer any advantages.
Clever use of this capability is more important and such control strategies are discussed later. Therefore, torque
vectoring as a functionality is not considered for further development. AWD is also a hardware capability and
offers some advantages even without any form of control strategy. However, the potential for further benefits
that can be obtained from good control of this capability is limited and is hence not considered for further
development. On the other hand, force vector control utilizing AWD is an idea for a low level control strategy
which can be used as part of higher level functions.

The large steering angle functionality is more of a hardware capability that is enabled by in-wheel electric
motors. The gain in wheel steering angle is limited by the steering linkages and wheel package and not by
the control of the motors. This functionality is therefore not considered for further development. ZEM or
indoor driving mode, the mobile power plant and the power boost functions have very little impact on vehicle
dynamics and are hence omitted from further analysis.

Rapid brake application is a substitute for brake pre-fill to enable emergency braking. This functionality is
enabled on its own when electric drivetrains are available due to their short response time and no additional
modifications have to be made. Drag free brakes is a CO2 reduction option wherein brakes with low drag and
higher gap between the brake pads and the discs are used since the response time of brakes are now guaranteed
with the help of electric machines. It doesn’t add any new vehicle dynamic functionality and is therefore not
considered further.

The different types of vehicle stability control systems can be classified as a) differential braking systems, b)
active steering systems and c) active torque distribution systems [17]. In [24], the authors make the case for
controlling the wheel tractive forces for more effective stability enhancement than active steering. Hence active
steering based manoeuvrability or stability functions will be given less priority. Additionally, since electric
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torque vectoring systems are generally a lot quicker than differential braking systems, torque vectoring based
functions will be prioritized as well.

The ESC, yaw damping and roll-over prevention functions can be enhanced with the presence of electric
machines. However, the DYC is a superior function that uses the same concepts to achieve better results.
These functions can be seen as a sub-function of the DYC and are hence not chosen for further development in
favour of the DYC. Similarly, the launch control function is a subset of the slip control function and is hence
not considered for development.

The Auto-Parking brake (APB) and Hill Climb Assist (HCA) are existing functionalities that can be slightly
enhanced with electric motors. No new functionality is added and hence the function is not considered for
further development. The same is the case with Active Lane Keeping Assistance. The function already exists
and no significant performance gain is forseen with electric motors.

The traction and handling improvement function through dynamic front-rear torque biasing was also not
chosen for further development in favour of other higher level functions such as DYC, RGM, etc.

Some functionalities offer very little enhancement for the users while requiring significant resources or
compromises. For instance, the APC and the wheel lift control systems are hard to realize as they require
significant torque inputs from the motors and the brakes and are very dependent on the suspension geometry.

The co-operative driving functionality or platooning is a rather tough function to realize in such a short
period. Additionally, the function largely involves processing data from various sources like video, radars, GPS,
etc., and using them to plan a path. Similarly, autonomous driving, PISC and collision avoidance are functions
that are too elaborate, very safety critical and cannot be realized in the short time frame.

With the speed based ride improvement function, the objective was to improve ride by controlling the wheel
positions over rough terrain so as to minimize some discomfort metric (pitch or roll or vertical travel). Another
possible way to improve ride is speeding up or slowing down the wheels so that longitudinal disturbances on
the vehicle are minimized. However, this function is quite challenging to implement in the time period and
therefore not considered for further analysis.

In the list of functions in table 2.1.1, several of them are engineering functionalities. These are no less
important for their lack of user appreciation since they may be used as part of - and might well be crucial to -
other high level functionalities. The safety margin estimation, vehicle and environment properties estimation,
friction estimation, sensor assist, brake disc cleaning and brake condition estimation, road regen, switchable
4WD, software differential active driveline damping and wheel state estimation are all engineering functionalities
and are therefore not considered for development in this project.

The remaining functions to be analysed are:

1. Direct Yaw Control (DYC)

2. Differential front wheel Torque based Power Steering (DTPS)

3. Improved Slip Control (ISC)

4. Autonomous parking (AP)

5. Power Slide Control (PSC)

6. Drive Mode Selector (DMS)

7. Road Grip Maximisation (RGM)

8. Customizable “feel” (CF)

9. Skid steering (SS)

10. Drivability enhancement (DE)

2.2 Reference Manoeuvres

In this section, the reference manoeuvres that are used to rate the various concepts in further concept evaluation
sections are described. Note that the concepts are not simulated using these manoeuvres but rather engineering
judgement is used to rate the concepts for their performance in these specific manoeuvres.

2.2.1 Longitudinal dynamics

To evaluate how well the available traction is utilized, the vehicle can be subjected to acceleration and
deceleration tests. The vehicle can be accelerated from and decelerated to standstill over a stretch of fixed
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length. Different road surfaces such as split-µ, step-µ along with a normal road can be considered. This
will show up any weakness in the slip control of individual wheels and how quickly it can adapt to changing
conditions.

For longitudinal acceleration response time, the vehicle is accelerated from a slow speed in a high gear. The
time the vehicle takes to reach a specified acceleration level is the longitudinal acceleration response time. This
helps to highlight the engine’s low-end power delivery.

2.2.2 Steering

The vehicle is driven at a constant speed with steadily increasing steering input. The steering torque during
this manoeuvre can be used to see how well the aligning moment curve is replicated.

For signal to noise ratio of the power steering system, the same test can be run on a rough gravel track.
Two other parameters of importance for the steering system is the maximum power and the maximum assist
torque which can be calculated from the motor torque ratings and the steering and the suspension geometry.

2.2.3 Lateral dynamics

To test the low speed manoeuvrability of the vehicle, the vehicle can be driven at a low speed with full steering
lock applied. Another test that can be done is to drive the vehicle in a tight circle of fixed radius at low speed
and measure the steering torque required. The steering torque required and the turning radius achieved in the
previous tests are good indicators of vehicle’s low speed manoeuvrability.

For the vehicle stability, the yaw response ratio (YRR) of the vehicle can be looked at. Since the vehicles in
this analysis may have torque vectoring on the front or the rear axle, for fairness, two tests can be conducted,
one while accelerating and one while decelerating. The test specification can be taken from the FMVSS126

standard. A sine with dwell steering manoeuvre is used in this test.
A simple step steer manoeuvre can be used to determine the vehicle’s lateral acceleration and yaw response

time. The same test can be used for determining the yaw damping performance of the vehicle as well. The test
specification can be taken from the ISO7401 standard.

The lateral acceleration gain of the vehicle can be determined by taking the lateral acceleration over the
steering wheel input when the vehicle is driven with a constant speed with a constant steering angle.

For the other evaluation criteria such as cost, comfort, scalability, etc., the evaluation is done subjectively
and no reference manoeuvres can be prescribed.

2.3 Concept evaluation

The concept evaluation and selection is carried out in several steps. First, the functions are evaluated for
their maximum value given no restriction on the vehicle configuration. This gives us a reference as to the
maximum value that each function can provide. Next, the configurations are evaluated for the maximum
enabled function value that they provide per actuator cost. Lastly, the functions are evaluated once again using
the best configuration as determined from the previous step. This gives an idea of the best function in real
world terms and when compared with the first step, gives an idea of how much each function is crippled with
the chosen configuration or how much it can be improved with a better configuration. This can be used to
support a decision to adopt a configuration with more freedom in order to extract more value out of the chosen
function.

2.3.1 Preliminary evaluation

In table 2.3.1, the functions listed in section 2.1.2 are evaluated based on how well they satisfy customer
requirements using a comparison matrix similar to the Pugh Matrix method. The ratings in this matrix are
based on engineering judgement. Note that cost of the function has been deliberately given a lower weight
since this is a concept study and not a feasibility study to see if the function is viable. The idea here is to
see if given an electric drivetrain powered vehicle, can additional functionalities be added to it that enhance
the driving experience. In this case, the four motor hybrid vehicle is chosen as the configuration since this
offers the maximum number of degrees of freedom thereby enabling one to extract the maximum benefit of
each functionality. Choosing this configuration allows us to see the maximum potential of each of the functions
in the best case scenario.
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The reference function in all the following comparison matrices is a rudimentary function that works as
follows:

• Under normal high speed driving, the vehicle is driven by the engine only. Partial energy recuperation is
done through the front motors (if available, else the rear motors) if the battery energy reserves are low
and the vehicle is driving straight.

• Under low speed city driving, the vehicle is powered by the front motors (if available, else the rear motors)
as long as the battery has sufficient charge. Otherwise, the engine powers the vehicle.

• While braking, the brake forces to the wheels are distributed in the same proportion as a typical IC
engine car. As far as possible, the braking is done through the e-motors, the remaining braking torque is
supplied by the hydraulic brakes.

• In case of instability and the ABS, ESC or the TCS is activated, the motors are shut off completely and
the hydraulic brakes and the engine take over.

Table 2.3.1: Function evaluation using comparison matrix for four motor hybrid vehicle
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Acceleration (normal) 2 0 0 ++ 0 0 + ++ 0 0 0

Acceleration (step mu) 1 0 0 ++ 0 0 + + 0 0 0

Acceleration (split mu) 1 0 0 ++ 0 0 + + 0 0 0

Long. acc. resp. time 2 0 0 0 0 0 0 0 + 0 ++

Str. tq. feedback 4 0 + 0 0 0 0 0 ++ − 0

Low spd. maneuvr. 4 0 0 0 0 0 0 0 + ++ 0

YRR (accelerating) 1 ++ 0 0 0 ++ + + + 0 0

YRR (braking) 1 ++ 0 0 0 0 + + + 0 0

Yaw resp. time 2 ++ 0 0 0 + + + + 0 0

Lat. acc. gain 1 + − 0 0 ++ + + − 0 0

Lat. acc. resp. time 1 + − 0 0 0 + + 0 0 0

Yaw damping 2 ++ 0 0 0 0 + 0 + 0 0

EM power req. 1 0 0 0 0 − 0 0 0 0 0

Recharge time 3 0 0 0 0 − 0 0 0 0 0

Comfort 4 0 + 0 ++ ++ 0 0 ++ ++ ++

Cost 8 0 + 0 − − 0 0 0 0 0

Robustness 6 0 0 0 −− −− 0 0 0 0 0

NVH 6 0 0 + 0 0 0 0 0 0 0

Weight 3 0 0 0 0 − 0 0 0 0 0

Space 2 0 + 0 0 − 0 0 0 0 0

Total 14 16 14 −12 −15 12 12 27 12 12

It can be seen from table 2.3.1 that the Customise Feel function has the best potential. One important effect
that is not captured here is that if one of the functions is implemented then other functions may become less
effective. The ratings in the table for each represent the scenario where the respective function and only that is
implemented. This ensures that there are no conflicts and that the highest benefit of the function is extracted.
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The cost criteria here refers to the cost of the additional sensors and hardware required and also the
development cost to ensure the function is production ready. It does not include the cost of the required
vehicle configuration itself. For instance, autonomous parking requires several sensors, more processing power
and extensive testing to ensure it is safe and can detect all obstacles. The expenses arising due to these are
included in the cost criteria. However, the cost comparison here is not really fair since several functions can be
implemented with a significantly simpler configuration. For instance the DYC function can be implemented
in a two motor front hybrid configuration. So the question now becomes whether each function should be
evaluated keeping the same configuration or if a different configuration should be used for each one. If a
different configuration is to be chosen, then a new question arises: what is the best configuration for each
function? This is tough to answer since most functions have a minimum requirement and any configurations
that offer more freedom usually result in better performance. Further, having a configuration that exceeds the
minimum configuration in most cases result in being able to better implement additional functions without
causing conflicts. Lastly, in a real car, multiple functions will be implemented on a single configuration and
hence it is better to have a fixed configuration and analyse the functions rather than choosing a different
configuration for each function.

To choose the best configuration, they are evaluated for their capabilities with respect to different functions
in table 2.3.2. The rating scheme is 0-1-2 for the functions where 0 means the function cannot be implemented
with the configuration, 1 means it can be implemented partially with limited functionality or performance and 2
means the function can be implemented properly. For the cost rating, the one motor-one engine hybrid vehicle
is taken as the reference and the configurations are rated with respect to this configuration. All functions have
equal weights. The cost criteria has a weight of 5 (values listed in the table already have the weights taken
into account). Here, the cost criteria refers to the cost of the actuators, their packaging and development of
the vehicle configuration. To simplify the selection process, all hybrid vehicles chosen in this project have
the engine in the front driving the front wheels. Additionally, single motor fully electric vehicles have also
been discounted since they offer nearly no room for new functionalities at all. Another novel configuration has
also been added for consideration. This configuration uses a single motor at the rear to achieve either torque
vectoring or propulsion (but not both simultaneously). As can be seen, the two motor rear hybrid configuration
comes out on top. This configuration also gives a few other important advantages such as AWD capability and
easier packaging as compared to the two motor front configuration. Even though the novel single motor rear
configuration comes very close to the two motor rear configuration, it is at a disadvantage since it cannot do
both torque vectoring and propulsion simultaneously. It also makes it harder to implement some functions.
This is not captured in the analysis.

Table 2.3.2: Actuator configuration selection

Configuration DYC DTPS ISC AP PSC DMS RGM CF SS DE Cost Total

Hybrids

f:2M 1 2 1 1 0 1 0 2 1 1 -5 5

r:2M 1 0 1 1 2 1 1 1 2 1 -5 6

f:1M,r:1M 0 0 2 0 1 0 1 1 0 1 -5 1

f:1M,r:2M 1 0 2 1 2 1 2 1 2 1 -10 3

f:2M,r:1M 1 2 2 1 1 1 2 2 1 1 -10 4

f:2M,r:2M 2 2 2 2 2 2 2 2 2 1 -15 4

r:1M,sw 1 0 1 0 1 1 1 1 1 1 -2.5 5.5

Pure electric

f:2M 1 2 1 1 0 1 0 2 1 2 -10 1

r:2M 1 0 1 1 2 1 1 1 2 2 -10 2

f:1M,r:1M 0 0 2 0 1 0 1 1 0 2 -10 -3

f:1M,r:2M 1 0 2 1 2 1 2 1 2 2 -15 -1

f:2M,r:1M 1 2 2 1 1 1 2 2 1 2 -15 0

f:2M,r:2M 2 2 2 2 2 2 2 2 2 2 -20 0
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In table 2.3.3, the concepts are evaluated once again for the two motor rear hybrid configuration. Note that
the Differential Torque based Power Steering system is omitted from this analysis since it cannot be achieved
with this configuration. As can be seen, the Customise Feel function still has the highest potential. It is also
easy to see that it is no longer as valuable as it was with the four motor hybrid configuration. This is because
without the motors at the front, the capability to customise the steering feel is lost.

Table 2.3.3: Function evaluation using Pugh Matrix for rear two motor hybrid
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Acceleration (normal) 2 0 + 0 0 + + + 0 0

Acceleration (step mu) 1 0 + 0 0 + + 0 0 0

Acceleration (split mu) 1 0 + 0 0 + + 0 0 0

Long. acc. resp. time 2 0 0 0 0 0 0 + 0 ++

Str. tq. feedback 4 ? 0 0 0 0 0 0 −− 0

Low spd maneuvr 4 0 0 0 0 0 0 0 ++ 0

YRR (accelerating) 1 ++ 0 0 ++ + + + 0 0

YRR (braking) 1 ++ 0 0 0 + + + 0 0

Yaw resp. time 2 ++ 0 0 + + + + 0 0

Lat. acc. gain 1 + 0 0 ++ + + 0 0 0

Lat. acc. resp. time 1 + 0 0 0 + + + 0 0

Yaw damping 2 ++ 0 0 0 + 0 + 0 0

EM power req. 1 0 0 0 − 0 0 0 0 0

Recharge time 3 0 0 0 − 0 0 0 0 0

Comfort 4 0 0 ++ ++ 0 0 + ++ ++

Cost 8 0 0 − − 0 0 0 0 0

Robustness 6 0 0 −− −− 0 0 0 0 0

NVH 6 0 + 0 0 0 0 0 0 0

Weight 3 0 0 0 − 0 0 0 0 0

Space 2 0 0 0 − 0 0 0 0 0

Total 14 10 −16 −15 12 10 15 8 12

To ensure that the best functions are selected, the top four functions from 2.3.1 - Direct Yaw Control
(DYC), Differential Torque based Power Steering (DTPS), Improved Slip Control (ISC) and the Customise Feel
(ISC) - are analysed once again in detail. The aim of this is to capture other characteristics, advantages and
disadvantages that have not been captured in the comparison matrices.

2.3.2 Detailed evaluation

2.3.2.1 Direct Yaw Control (DYC)

One limited kind of DYC that can be achieved during acceleration or braking is by varying the ratio of torques
being distributed between the front and rear axle. In this setup, sending drive or braking torque to the
appropriate axle is used to control the lateral force capacity of that axle and therefore control the yaw rate of
the vehicle. As mentioned, this method is limiting since, to affect the lateral capacity of an axle, the vehicle
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needs to be accelerating or decelerating and the tyres already need to be near their limit. This brings down the
number of situations where this method can be used and it also results in large vehicle side slip angles to be
generated. So even though, the yaw rate may be controlled, the vehicle will be offtracking significantly and
hence is unstable anyway. Hence this method of controlling yaw is not considered in this project.

A more common version of this function requires torque vectoring capability to apply a net yaw moment
on the vehicle. This torque vectoring capability is used to provide unequal torques between the left and right
wheels to generate a turning moment which in turn affects the yaw rate. The torque vectoring system is likely
to be more effective on the rear axle than on the front axle on a vehicle with 50-50 front-rear weight distribution.
This is because, since the rear axle is unsteered, all the torque difference is used to create a turning moment.
Whereas on the front axle, only the cosine component of the torque difference is used to create a yaw moment.
However, since the front wheels are steered, the sine component of the net drive torque on the front wheels can
be used to create the yaw moment as well. The problem with this is that to counter the cosine component of
the driving torque on the front wheels, the rear wheels have to be braked and this reduces their lateral force
capacity leading to higher sideslip angles. Note also that the weight distribution of the vehicle places some
limitations on how much torque vectoring can be done on each axle. For example, vehicles typically have a
weight distribution with more load on the front and this means more torque vectoring can be done on the
front axle. Overall, taking all factors into account, with the torque vectoring system on the front axle, more
unnecessary tractive work is performed which reduces the overall effectiveness of the DYC. Further, a torque
vectoring system on the front axle will affect the steering wheel feel as the unequal front wheel torques will
typically exert a net aligning moment on the steering system.

One disadvantage of implementing torque vectoring on only one axle is that while torque vectoring is being
done, other factors like steering feel, wheel slip, etc may be adversely affected. It may not be possible to
resolve conflicts between the requirements of different functions and hence it may not be possible to implement
different other functions.

A better scenario is when the torque vectoring system is implemented on both the front and rear axles.
This allows the conflicts between different functions to be better resolved. For example, in the case of DYC,
torque vectoring can be done on the rear axle while torque vectoring on the front axle will give the required
steering feel. Additionally, if the tyre forces at the rear axle saturate, torque vectoring can now be done on the
front axle leading to better yaw performance. Overall, even though torque vectoring on one axle is sufficient,
the additional degrees of freedom offered by the two axle torque vectoring system can be effectively utilised to
improve performance and enable other functions to be implemented.

2.3.2.2 Differential Torque based Power Steering (DTPS)

This function needs torque vectoring capability at the front axle. The idea here is to generate differential
torques at the front wheels which will then cause a torque to be applied on the steering system due to the offset
of the forces from the kingpin axis. It is important to note that the relationship between steering moment and
the differential wheel torques are different depending on whether the torques are generated by in-wheel motors
or in-board motors.

One issue with this function is that it influences quite a lot of other functions. Since this function has to be
active all the time, the influence is even greater. The differential torques cause a net moment to be applied on
the vehicle chassis and this can adversely impact the lateral dynamics of the car. The functions that could be
adversely impacted include DYC, DMS, RGM, SS and SD. Given a torque vectoring system on only the front
axle, the afore mentioned functions cannot be implemented alongside the power steering system. However,
given torque vectoring system on both axles, they can be implemented with some performance penalty. This is
because, the rear axle will have to compensate the front axle inputs and also apply additional inputs to satisfy
the second function.

An alternative implementation of this system is to just allow it assist the traditional power steering system.
This way the power steering system can be downsized and the differential torque based power steering kicks in
only when the normal power steering system can’t cope with the demands. For instance, during rapid lane
change manoeuvres (power limited) and kerb push off (torque limited), the DTPS system can assist the power
steering system. In the kerb push off case, since the vehicle is stationary, no other function is affected. On
the other hand, applying the moment during rapid lane change will improve the yaw response of the vehicle.
However, now the possibility to tune steering feel as required using the DTPS is virtually non-existent and the
cost benefits are also significantly lower since the hydraulic power steering system is retained.

One big downside is the difficulty in getting the correct steering feel using this system. The correct feedback
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torque required from the steering wheel during various scenarios is hard to define and the correct amount of
isolation from road disturbances while retaining steering feel might be hard to achieve. This is because the
steering torque generated by the motors depend on the kingpin offset, wheel radius, the castor and camber
angle and the kingpin inclination. These parameters can change as the steering wheel is turned or as the wheel
moves up and down, etc and hence the steering torque assist generated by the motors vary and it will be hard
to get the steering feel correct.

2.3.2.3 Improved Slip Control (ISC)

This function needs a motor to power the axle or the wheels on which the ISC function is to be implemented.
The advantage of using the electric motor to do this slip control is that the motors have a much shorter response
time and are better controllable and therefore can perform much better slip control compared to the traditional
hydraulic brakes. With one motor driving the axle, a select low slip control strategy can be implemented, i.e.,
the driving or braking torque is limited by the capacity of the wheel with lesser traction. For instance, during
split-µ scenarios, the braking torque for both wheels on an axle will be limited by the braking force that can
be applied on the wheel with lower friction. One advantage of this strategy is that since equal braking forces
are applied on the left and right wheels, no moment is applied on the vehicle and hence it will tend to go
straight without the steering being pulled to one side. The disadvantage is that the higher traction capability
of the wheel on the high-µ surface cannot be exploited. If necessary, the hydraulic brakes can be used to take
advantage of the wheel with high µ as well, but this will not be as effective since the hydraulic brakes respond
slower. If the wheels are independently driven, the individual wheel slips can be controlled and can be made to
take advantage of split-µ scenarios.

During hard acceleration, since the electric motors will be providing assist, when slip does occur, the motor
torques can be modulated to control slip while the engine torque can be kept constant or taken down slowly
if required. During braking, part of the braking (or fully if possible) can be done by the electric motors and
hence when the wheel slips too much, the regenerative braking torque can be modulated rapidly while the
hydraulic brakes can be kept constant.

This slip control can also be adopted to achieve rapid acceleration from standstill (launch control like in
sports cars). The slip can be held between a predetermined optimum level for best acceleration as long as the
throttle request is enough to cause the wheels to surpass the specified slip level.

2.3.2.4 Customise Feel (CF)

This function needs atleast one torque vectoring system on one axle. If the torque vectoring system is at the
front, it can be used to customise the steering feel or tune the lateral dynamics of the vehicle but not both. If
the torque vectoring system is at the rear axle, then steering feel customization cannot be achieved and instead
the lateral dynamics of the vehicle can be tuned by making it more responsive or damping the vehicle yaw rate
depending on the driver’s preferences. However, it needs to be noted that while changing the lateral dynamics,
the steering feel of the vehicle will most likely be affected. But this cannot be used to tune the steering feel
since this effect will be minor compared to the change in lateral dynamics. Additionally, if it can also achieve
propulsion, then the motor can be used to improve the throttle response by providing additional torque and
compensate for the engine’s response time. It can also act as a driveline damper for the engine at low speeds in
comfort mode.

If the torque vectoring system is available on both axles, then the front torque vectoring system can be
used to customise steering feel while the rear torque vectoring system can be used to customise the lateral
dynamics of the car. Since the steering feel customization only involves providing some differential torque to
adjust steering feel and not replace the steering system, the impact on lateral dynamics is minimal.

One important advantage with this system is that since the vehicle feel can be customised using the motors,
the basic vehicle setup can be set more neutral and the active systems can be used to make it more stable
or “safe” under normal conditions. This allows inherently better handling with the same level of safety as a
traditional IC engine car using the motors. In a market where hybrid and electric cars are seen as “boring”,
having a driver focused car will help improve customer perception and make them more favourable towards
hybrids and electric cars.

This function is a macro-function that includes - or atleast uses concepts from - Direct Yaw Control,
Differential Torque based Power Steering and Drivability Enhancement. The DYC function is used to tune
the lateral dynamics of the vehicle, concepts from DTPS to customise steering feel and DE to enhance the
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longitudinal dynamics and to adjust throttle sensitivity based on driver requirements. Appropriate combinations
of these three factors can make the vehicle feel more sporty or stable.

2.3.3 Final selection

The four functions chosen are evaluated once again using the comparison matrix. Even though the rear
two motor configuration was seen to be the best, the four motor configuration is chosen for further function
development and analysis. This is because, this allows more design freedom and opportunities to enhance the
control. Further, the DTPS (Differential Torque based Power Steering) cannot be implemented with the rear
two motor configuration. If a different configuration is chosen for the final vehicle prototype, the control can be
easily modified to work for the new configuration by simply disabling some of its subfunctions. The controller
performance will be reduced, but it will still work nevertheless.

Table 2.3.4: Final round of concept evaluation using Pugh Matrix for four motor hybrid
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Acceleration (normal) 2 0 0 ++ +

Acceleration (step mu) 1 0 0 ++ 0

Acceleration (split mu) 1 0 0 ++ 0

Long. acc. resp. time 2 0 0 0 ++

Aligning mom. curve 2 0 ++ 0 +

Signal to noise ratio 1 0 + 0 +

Max str. assist tq. 1 0 + 0 +

Max str. assist power 1 0 + 0 +

Min turning radius 2 0 + 0 +

Str. tq. req. for tight turn 2 0 ++ 0 +

YRR (accelerating) 1 ++ − 0 +

YRR (braking) 1 ++ − 0 +

Yaw damping 2 ++ − 0 +

Yaw resp. time 2 ++ + 0 +

Lat. acc. resp. time 1 + + 0 +

Lat. acc. gain 1 + 0 0 0

Scalability (2 motor front) 4 ++ ++ + +

Scalability (2 motor rear) 4 ++ 0 + +

Synergy with other func. 4 + − 0 ++

Comfort/Desired feature 4 0 + 0 ++

Cost 8 0 + 0 0

Robustness 6 0 0 0 −
NVH 6 0 0 + 0

Total 34 28 22 40

As can be seen from table 2.3.4, the Customise Feel function once again comes out on top and is chosen as
the function for further development in this project.
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2.4 Chosen function

In this section the scope and the limitations of the chosen functions are described. An outline of the objectives
and the method of operation for the function is also described. The reference manoeuvres which will be used to
evaluate the funcion is specified.

The scope of the Customise Feel function in this project is limited to the steering feel and the lateral
dynamics. The longitudinal dynamics component of the function is ignored. The torque vectoring capability
on the front axle will be used to tune the steering feel. Due to time limitations and the subjective nature of
steering feel, its tuning is limited to just providing assist to the steering system. In other words, it acts as a
power steering system. It is assumed that the vehicle is not equipped with a traditional power steering system.
The torque vectoring capability at the rear axle is used to improve the transient lateral dynamics of the car.
The objective is to reduce the yaw response time while at the same time reducing the yaw overshoot of the
vehicle during a rapid steering manoeuvre. The torque vectoring capability on the rear axle will also be used
to ensure that the torque vectoring done on the front axle with the aim of reducing steering effort does not
affect the yaw dynamics of the car. Note also that the objective of the controller is not to alter the steady state
lateral dynamics of the vehicle but instead to alter only the transient dynamics.

During the design and evaluation of the function, the vehicle will be tested using the step steer and the sine
wave steering manoeuvres from the ISO 7401 standard. In brief, the ISO step steer manoeuvre is defined as:

• The steering amplitude is chosen such that the steady state lateral acceleration for the steering amplitude
and the chosen vehicle speed combination is 4 m/s2.

• While driving the vehicle straight ahead at the chosen initial velocity, the predetermined step steer input
is applied to the steering wheel such that the time period between 10% and 90% of the steering input is
less than 0.15 s.

The sine wave steering input is specified as follows:

• The steering amplitude is chosen in the same manner as for the step steer.

• A single sinusoidal wave steering input is made at a frequency of 0.5 Hz.

• An additional test is also made with the same speed and steering angle but with 1 Hz frequency instead.

Figure 2.4.1 shows the step steer and the sine wave steering inputs that are used in the tests.
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Figure 2.4.1: Reference manoeuvres

For the steering assist part of the function, the vehicle will be tested at constant speed with a ramp steer
input. The aligning moment vs the front axle slip angle curve will be of interest here.

For purposes of validation the same tests as above will be performed with different specifications as well,
i.e., with different amplitudes, frequencies, ramp rates, etc. Additionally, the vehicle will be tested with a sine
with dwell steering manoeuvre to ensure that the controller does not worsen stability in extreme situations.

Both model based and empirical approaches will be used to design the controller. The empirical approach
will be used in combination with optimisation to achieve good controller performance. However, while this may
assure good performance, it may be difficult to use this controller as such emperical controllers will be tuned
for a specific case and may be difficult or infeasible to adapt to other conditions. To that end, keeping in mind
the performance achievable with such a system, a model based controller is also designed. These controllers are
likely to have slightly worse performance, but do not require significant re-tuning for different scenarios.
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3 Function Development

This chapter details the process adopted in developing the function, the issues faced, the controller performance
and the final design of the controllers.

3.1 Yaw response controller

The yaw response controller needs to be able to respond very quickly to steering inputs if it has to be able to
effectively alter the transient yaw dynamics of the vehicle. Additionally, the controller also needs to be very
robust as a false intervention could potentially cause the vehicle to become unstable and cause a crash. In
order for these two requirements to be satisfied, a feed-forward controller has been chosen. This also reduces
the risk that the controller alters the steady state dynamics of the vehicle.

In figure 3.1.1, the ideal and actual yaw rate of the vehicle at 150 km/h with a step steer input is shown. The
figure also shows the regions where the yaw response needs to be improved and where it needs to be damped.
The ideal yaw rate is assumed to be the steady state yaw rate as predicted by the linear model-matched vehicle
model for the steering input.
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Figure 3.1.1: Actual and Ideal yaw rate for a vehicle at 150 km/h and step steer input

The area where the yaw response has to be improved roughly corresponds to the region where the steering
angle is increasing. This area can be identified by taking the derivative of the steering angle and this can be
used as an input to the controller. A non zero derivative of the steering angle indicates that the yaw response
has to be improved. However, to ensure that the derivative is robust in the presence of noise, it is modified into
a derivative of the first order filter.

For the region where the yaw overshoot occurs, taking the derivative of a second order filter of the steering
angle might be of help. A second order filter has a frequency component and can be written as in equation
3.1.1 where ω0 is the natural frequency and ζ is the damping factor.

y =
ω2
0

s2 + 2ω0ζs+ ω2
0

x (3.1.1)

This frequency component in the filter helps in recreating the oscillating overshoot region of the yaw
response curve. Figure 3.1.2 shows the vehicle for a step steer manoeuvre at 150 km/h along with the signals
generated using the derivatives of the first and second order filters of the steering angle as mentioned above.
The derivative of the first order filter is used for yaw response and the derivative of the second order filter is
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used for yaw damping. Note that these two signals are scaled to be visible clearly and do not represent the
actual magnitudes or the sign in the case of the second order filter.
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Figure 3.1.2: Step steer at 150 km/h showing the signals used for yaw response and yaw damping control

Using a combination of the first and the second order filters it would be possible to reconstruct the behaviour
of the vehicle for a certain scenario. Therefore taking a suitable combination of the derivatives of the two
aforementioned filters, suitable response improvement and damping of the vehicle can be done. A controller
designed based on this idea is shown in figure 3.1.3. The parameters ci here are tunable and need to be
optimized for different scenarios. Note that a limit of 600 Nm of torque has been imposed on the total torque
difference that can be requested by both the yaw response and the steering torque controllers put together.

s

c1s+ 1

s

c2s2 + c3s+ 1
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c5
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−

∆Trear

Figure 3.1.3: Schematic of the empirical yaw response controller

The tuning of the parameters is done using optimisation. Matlab’s built-in Genetic Algorithm (GA) function
was used for the optimisation. Other algorithms including Swarm Optimisation and an own version of the
genetic algorithm were tried. However, Matlab’s version was seen to be faster overall even though the other
algorithms were slightly better in terms of consistently finding the optima.

In initial optimisation attempts, the fully detailed two track model was used. However, it was seen that the
optimisation runs took too long and the runs required more iterations to converge to a solution. Hence, it was
chosen to use a single track model for the optimisation process.

Before the linear bicycle model was used for optimisation, it is first matched to the two track model using
optimisation. The same step steer manoeuvre as defined by the ISO 7401 standard is used for the optimisation
as well as model-matching. For model matching, the objective function is taken as the sum of the areas between
the yaw rate vs. time and lateral acceleration vs. time curves of the single track and the two track model. The
two areas are weighted so as to be able to tune the matching between the two models. The objective function
can be written as shown in equation 3.1.2, where, t is the time at the end of the simulation, k is a constant
factor to ensure the magnitude of the objective function is reasonable and w is the weighting factor which can
be used to prioritize yaw or lateral acceleration match over the other. The parameter w lies in the range (0, 1).

3-2



Only one parameter is tuned during the model matching, which is the ratio of the front to rear tyre stiffnesses.

J(x) = k(w

∫ t

0

|ract − rideal|dt+ (1− w)

∫ t

0

|ay,act − ay,ideal|dt) (3.1.2)

The results of the model matching is shown in figure D.1.2. As can be seen, the linear model matches the
two track model very well in all cases. The only small deviation is in the yaw overshoot in the step steer case
at high speed and this is because there is now a significant amount of torque from the engine driving the front
wheels to keep it at constant speed. This torque eats away the front axle’s lateral capacity. This, in addition to
the fact that the two track vehicle has non-linear dynamic effects from roll and pitch cause the deviation in the
yaw overshoot. But more importantly, the steady state yaw rate is well matched in all cases.

Once the model matching is done, the single track model with the tuned tyre stiffnesses is used for the
controller optimisation. This optimisation is significantly more time consuming since five different parameters
are optimised now. Here, the objective function is split into two parts: the first part being the area between the
actual and the ideal yaw rate curves from the start of the steering manoeuvre till the time the actual yaw rate
hits the steady state yaw rate (“yaw response” part), and the second part being the area between the actual
and ideal yaw rate curves from the time the actual yaw rate hits the steady state yaw rate till five seconds
after the start of the steering manoeuvre (“yaw damping” part). These two parts of the objective function
are weighted depending on the vehicle speed and the required dynamic characteristics. Mathematically, the
objective function can be written as shown in equation 3.1.3 where, x is the set of design variables, k is just a
constant factor to ensure that the magnitude of the objective function does not become too small for the GA,
w is the relative weighting factor and is in the range (0, 1), Ts indicates the time when the steering manoeuvre
is started, Tss is the time when the actual yaw rate hits the steady state yaw rate and Te is 5 seconds after the
start of the steering manoeuvre.

J(x) = k(w

∫ Tss

Ts

|ract − rideal|dt+ (1− w)

∫ Te

Tss

|ract − rideal|dt) (3.1.3)

The optimisation is run for three different speeds: 50, 100 and 150 km/h. The steering angle is chosen such
that the steady state lateral acceleration level in each case is 4 m/s2. The weighting factor w is altered for
different speeds depending on the yaw response and damping requirements.

The optimisation was intially done for both a step steer and sine wave steering input. In case of the sine
wave steering input, the objective function changed to simply the area between the actual and ideal yaw rates
during a 5 second period after the start of the steering manoeuvre as shown in equation 3.1.4. However, it was
seen that the solution from the optimisation done for the step steer manoeuvre performed just as well and
hence the controller was not further optimised for the sine wave steering input.

J(x) = k(

∫ Te

Ts

|ract − rideal|dt) (3.1.4)

While optimising, it was noticed that successive optimisation runs did not always generate the same solution
even though their performance was roughly the same. This indicates that there are multiple global optima
instead of a single optimum. Additionally, it is not guaranteed that the same global optima is being determined
each time the optimisation is done. This makes it difficult to do gain scheduling to interpolate the control
parameters for different speeds. Hence this control algorithm may be difficult to implement in a vehicle.
However, it is still worth investigating since this control method uses optimisation to determine the best possible
solution and hence gives an idea of the maximum benefit that might be achieved using torque vectoring in
terms of transient yaw dynamics.

Several optima were determined and recorded by running multiple optimisation runs. Other validation tests
were run using these settings and the best among the optima was chosen as the preferred controller settings.

3.2 Steering torque controller

As mentioned before, while the original objective of this system is to adjust or tune steering feel, due to time
limitations and the subjective nature of steering feel, the objective was modified to just providing torque assist
to the steering system which is proportional to the self aligning torque at the front wheels.
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This steering torque controller is just a proof of concept that the motors can be successfully used to assist
the steering system or even replace the power steering system entirely. The aim of this controller is to reduce
the required steering torque by a constant fraction of the normally required steering torque.

The schematic of the steering torque controller is shown in figure 3.2.1.

+
−

Tstr

∆Tfront,actual
k

c 1/k
∆Tfront,request

Figure 3.2.1: Schematic of the steering torque controller

The controller uses the signal from the torque sensor on the steering column (Tstr). This torque is the sum
of the steering torque due to the tyre forces and the steering assist from the torque vectoring system. The
controller also has access to the torque difference currently being supplied to the front wheels (Tfront,actual).
The controller uses this to determine the current assist being provided which in turn is used along with the
steering torque signal to detemine the actual torque felt in the steering column due to the tyre forces alone, i.e.,
without the influence of steering assist.

Once the actual steering torque is known, this torque is then multiplied by the contant (c) to determine the
torque assist that needs to be supplied. This required torque assist is then translated into the wheel torque
difference (Tfront,request) which is a function of the wheel and steering geometry.
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4 Results and discussions

In this section, the results of the simulation using the various controllers and tunings are presented and analysed.
In section 4.1, the results corresponding to the yaw response controller alone (steering torque controller switched
off) are presented while in section 4.2, the results of the steering torque controller in combination with the yaw
response controller are presented.

4.1 Yaw response controller

Figure 4.1.1 shows the lateral dynamics and the torque vectoring done at 50 km/h during the step steer
manoeuvre.
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Figure 4.1.1: Vehicle performance at 50 km/h with empirical controller

Significant improvement can be seen in the yaw response of the vehicle. However, it can be seen in the
torque vectoring plot that the torque limit of 600 Nm is hit for the majority of the intervention. This indicates
that better response can be achieved with more torque. Note that since these manoeuvres are specified so as to
achieve 4 m/s2 of lateral acceleration, at low speeds, high yaw rates and therefore high yaw accelerations are
involved. This means the torque vectoring required at low speeds to achieve the same level of yaw response is
higher than at high speeds. The torque vectoring also reduces the lateral velocity overshoot.

One possible cause for concern is the lateral acceleration, which in the presence of torque vectoring has a
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small peak that is higher than the steady state lateral acceleration. This could cause the vehicle to become
unstable on low µ surfaces. Since this overshoot is caused by the torque vectoring to improve yaw response, the
parameters c1 and c4 (which control the yaw response part of the controller) are manually tweaked to yield
a slightly modified response where the lateral acceleration peak is eliminated as shown in figure D.1.3. This
however comes at a slight cost of the yaw response.

Figure 4.1.2 shows the vehicle response at 100 km/h.
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Figure 4.1.2: Vehicle performance at 100 km/h with empirical controller

It can be seen that now, the yaw response is improved dramatically with almost no yaw overshoot. The
torque profile shows a small negative torque region which indicates that the vehicle has a tendency to oversteer
which is actively being counteracted by the torque vectoring system.

The lateral velocity and the lateral acceleration profiles also show improvement in terms of smoothness.
The lateral velocity profile in particular does not show the reversal of direction which is seen in the passive
vehicle. It is yet unclear how this will be perceived by the driver.

Figure 4.1.3 shows the vehicle response at 150 km/h during a step steer steering manoeuvre.
It is seen that the yaw response of the vehicle in the presence of the torque vectoring at such high speed is

close to ideal. There is a small overshoot of the yaw rate. This is however very low compared to the passive
vehicle. The torque vectoring profile shows a significant amount of negative torque being applied to stabilise
the vehicle.

It can also be seen that the lateral acceleration and the lateral velocity profiles show a behaviour where they
reach the steady state conditions gradually. Once again it is unclear as to whether this is favourable or not in
terms of “feel”. In terms of stability however, it can be seen that the passive vehicle is less stable since there
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Figure 4.1.3: Vehicle performance at 150 km/h with empirical controller
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is a small overshoot in the lateral acceleration which is eliminated in the active vehicle. The lateral velocity
profile - which grows faster and reduces the overshoot - indicates a smoother turn-in response.

Tests have also been done using the sine wave steering manouevre. Note that all the sine wave steering
manoeuvres are done with the controllers tuned for the step steer case (in case of empirical controller). The
controller has been tuned for the speed but not specifically for the manoeuvre.

Figure D.1.4 shows the vehicle performance at 50 km/h during a sine wave steering manoeuvre. The yaw
response is significantly better in this case compared to the step steer manoeuvre. The yaw response time is
approximately halved without any adverse effect. The vehicle is also much quicker to get back to zero yaw
rate after the end of the steering manoeuvre. Significant amount of torque vectoring is done to cause this
improvement, however, unlike in the case of the step steer manoeuvre, the torque limit is not reached. This
indicates that in more realisitic driving scenarios, the torque vectoring limit of 600 Nm is unlikely to be hamper
the performance.

Figure D.1.5 shows the vehicle lateral dynamics at 100 km/h. Even better yaw response can be seen in this
case. The yaw response is almost immediate and the torque vectoring done to achieve this is less than in the
50 km/h scenario. It can also be seen that the controller does some torque vectoring at the end of the steering
manoeuvre to stabilize the vehicle.

The lateral dynamics of the vehicle at 150 km/h is shown in figure D.1.6. Not only is the yaw response
significantly improved, it can also be seen that the yaw overshoot both during and after the steering manoeuvre
are either eliminated or significantly reduced. The torque vectoring plot shows that a significant amount of
torque vectoring is done after the end of the manoeuvre to eliminate the yaw overshoot that occurs in the
passive vehicle.

It is interesting to note that the highest gain in yaw performance is achieved at high speed and is achieved
at the least cost. It is only at high speed that the yaw performance becomes important. Not only is the yaw
response improved at high speed, but also the safety and the feel of the vehicle is improved as the yaw overshoot
that is seen in the passive vehicle is almost eliminated.

Figure D.1.1 shows the vehicle yaw performance when non ideal motors are used. Until now, the motors
were assumed to be ideal, i.e., the motor delivers the requested torque instantaneously. While motors do
respond a lot quicker than traditional hydraulic brakes, these are located inboard while the brakes act on
the wheels directly. The motor torque on the other hand has to be transferred through maybe a gearbox,
driveshafts, CV joints, etc. All these have stiffness which cause a small delay in the transfer of torque to the
wheels. Additionally, there might be delay in the various sensors whose signals are used by the controller and
delay in the CAN network, etc which add up to effectively cause a delay in the motor torque supply. A motor
delay of 50 ms is tested with the controller.

As can be seen in figure D.1.1a, a small overshoot in the yaw rate is seen. This overshoot increases at higher
speed as seen in figure D.1.1b and at 150 km/h it gets even higher (figure D.1.1c).

If the motor response time is known, it can be taken into account while optimising the controller parameters.
This was done for the step manoeuvre at 150 km/h and the result of this optimisation is shown in figure D.1.1d.
As can be seen, while the controller performance is not as good as the case of the ideal motor, it is still far
better than the passive vehicle and the previous controller. This shows that the empirical controller can take
into account such new and unexpected effects by simply re-optimising the controller parameters.

4.2 Steering torque controller

The lateral dynamics, the torque vectoring and the steering torques during a ramp steer manoeuvre are
shown in figure 4.2.1. Four vehicle setups are simulated. For reference, the passive vehicle and the vehicle
with the previously described yaw controller (Direct Yaw Control, DYC) are also simulated and shown. The
steering torque controller (Power steering, PS) only and in combination with the DYC are simulated and their
performance analysed.

As can be seen, the yaw rate of the vehicle in all four cases are quite similar. The DYC is not intended to
change the steady state lateral dynamics and since the ramp steer is rather slow (3◦/s) it does not alter the
vehicle behaviour in this case. The vehicle setups with the PS do show a small deviation in the peak yaw rate.
This is because, the PS controller applies a significant amount of torque (the torque limit is hit) to achieve the
power steering. And since the lateral dynamics of the vehicle should not be affected, an equal and opposite
torque is applied on the rear axle as well. This has the side-effect of reducing the lateral capacity on both the
front and rear axles and hence the peak yaw rate and the peak lateral acceleration are slightly lower when the
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Figure 4.2.1: Steering torque assist and lateral dynamics at 50 km/h with ramp steer
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PS controller is on.

Another consequence of this is that the lateral velocity profile which is significantly different from the passive
vehicle or the vehicle with just the DYC on. Once again, since the lateral capacity of the tyres is reduced, the
side slip angles of the wheels have to be higher to achieve the same level of lateral force and hence the vehicle
lateral velocity is lower. This also causes a change in the body sideslip angle of the vehicle as well.

The steering torque profile shows, as expected, a 30% drop in steering torque. The shape of the steering
torque curve from the passive vehicle is replicated well with the power steering controller. Some variation is
seen in the shape near the region where peak yaw rate is achieved. This can be explained by looking at the
torque vectoring profile on the front axle. Since the peak torque limit is hit in this region, the full amount of
steering torque assist is not supplied and hence a small variation in the shape is seen.
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Figure 4.2.2: Steering torque assist and lateral dynamics at 50 km/h with step steer

The PS controller performance in the case of step steer at 50 km/h is shown in figure 4.2.2. When the
PS controller alone is on, it can be seen that the yaw response remains the same while the steering torque
requirement goes down by 30%. It can also be seen that the DYC and the PS controllers are independent in
terms of their performance, i.e., one does not affect the performance of the other. This makes their design
easier since they can be designed independently and used separately or simultaneously. It can be seen that the
torque limit is hit on the front axle briefly. This indicates that it might be difficult to replace the traditional
power steering system at low speeds with the current torque vectoring based steering assist system. It can
however, still be used to downsize the traditional power steering system and assist the same when required.

Figure D.1.10 shows the PS controller performance for the vehicle at 100 km/h with the step steer manoeuvre.
Once again, similar performance can be seen with the PS reducing the steering effort and the DYC improving
the yaw response. Lower lateral slip velocities and lower steering torques can be seen in the scenarios when the
PS system is switched on. The torque limit is no longer hit on the front axle. A small difference can be seen in
the steady state values of the yaw rate and the lateral acceleration when the PS system is on. A possible reason
is that the front axle’s lateral capacity is significantly reduced by the drive torque from the engine in addition
to the torque vectoring. The engine provides a drive torque to the front axle to maintain the vehicle speed.
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Sufficient drive torque is provided so as to counter-act the aerodynamic drag and the rolling resistance. Since
the aerodynamic drag is significant at high speeds, more drive torque is required (approx 147 Nm at 100 km/h)
to maintain the speed and hence the front axle’s lateral capacity is reduced when the torque vectoring is done
as well.

Note than when both the controllers are on simultaneously, the torque requests on the rear axle add up.
Care needs to be taken to ensure that the rear axle’s lateral capacity is not saturated. This is not very likely to
happen since the DYC only acts during transient and not during steady state. Since these controllers are only
tuned for the linear region, if they are used in such situations or in low-µ scenarios or in the non-linear region,
the controller is still expected to improve the vehicle dynamics although its performance may drop.

4.3 Validation

The controller is valiated in this section. Only the yaw controller is validated here as it has been tuned for only
specific scenarios and their performance in other scenarios is suspect. The steering torque assist controller is
more straight-forward and has worked well in several scenarios even though it has not been designed or tuned
with any one manoeuvre in mind.

The validation has been done by testing the controller under various test conditions, like different frequencies
for the sine wave, different amplitudes of steering and a sine sweep to determine the frequency response and
the phase shift of the yaw response. The validation tests for the specific manoeuvres have been performed at
150 km/h since this is a tougher scenario for the controller.
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Figure 4.3.1: Validation of the yaw controller at 150 km/h for different steering amplitudes

Figure 4.3.1 shows the validation runs using the step and sine wave steering manoeuvre. The steering
amplitudes were chosen so as to have a steady state lateral acceleration of approximately 2 m/s2 and 7 m/s2.
As can be seen, the vehicle with the controller performs better irrespective of the manoeuvre or the steering
amplitude. In the step steer manoeuvre at 7 m/s2, the improvement in the yaw response is not as good as it
could have been. However, it is important to keep in mind that the controller is now operating well within the
non-linear region of the tyres and hence the performance drop is understandable.

The controller performance under different frequencies of sine wave input was also tested. This is shown in
figure D.1.11. It can be seen clearly that the controller performs well at both 0.25 and 1 Hz. The yaw response
is improved and the overshoot at the end of the manoeuvre is reduced as well.

Interpolation of the control parameters was tried using Matlab’s interp1 function. The results from
this validation test are shown in figure D.1.12. Cubic and spline based interpolation worked well for speeds
between 50 and 150 km/h, but did not work well when extrapolation was required. Hence a simple linear
interpolation-extrapolation method was used. Even though such a rudimentary method was used, the controller
performance even with these parameters is seen to be quite good.
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Additionally, the controller was also tested for robustness against changes or variations in environment and
vehicle properties. Figure D.1.7 shows the controller performance when the friction coefficient is 0.6 and 0.8
instead of 1 for which the controller is tuned. While it is seen that the controller performance significantly
worsens, it can also be seen that the controller always improves performance as compared to the passive case.
It should also be noted that due to the lower friction, the controller is now operating in the non-linear region.

Figure D.1.8 and D.1.9 show the yaw velocity when the vehicle is tested with the step steer manoeuvre
at 150 km/h with different tyre stiffnesses and different weight distributions respectively. Once again, it can
be seen that while the controller performance worsens, it still manages to improve the vehicle performance as
compared to the passive case.

From the figures, it appears that the controller is far more sensitive to variations in environmental and
vehicle parameters than any changes in driver input.
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Figure 4.3.2: Frequency response and phase shift at 4 m/s2

Figures 4.3.2 and D.1.13 show the frequency response and the phase shift of the passive vehicle and the
vehicle with the yaw controller at 4 m/s2 and 7 m/s2 of lateral acceleration. The controller is evaluated
for the three speeds for which it has been tuned. As it can be seen, the controller improves the phase shift
in all cases and increases the frequency bandwidth of the vehicle as well. Only at 100 km/h and 7 m/s2 is
the controller’s contribution to the bandwidth not clear. Additionally, it also reduces the vehicle yaw rate’s
tendency to resonate with certain frequencies of steering inputs.

Since the target of the controller was mainly to decrease the reponse time of the vehicle (equivalent to
reducing phase shift), the improvement in bandwidth is not consistent. However, it can be seen that almost
always it improves the bandwidth and reduces the resonant peak. It also unfailingly reduces the phase shift of
the vehicle’s yaw response.

The controller performance during a sine with dwell steering manoeuvre at 150 km/h with 30◦ steering
angle is shown in figure D.1.14. As can be seen, the controller improves the yaw response and performance
of the vehicle significantly despite the fact that it is operating in the non-linear region now (7 m/s2). The
controller improves the yaw response, the overshoot and the Y RR of the vehicle significantly. The torque
vectoring plot shows a significant amount of torque vectoring being done and the torque supplied changing
rapidly. As a result, in this case, any response time for the motor might make a significant difference in the
performance of the vehicle.

Note that the steering profile plot in the two sine with dwell plots have been provided to get a reference for
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the time scale. These steering profile plots are not to scale.
Figure D.1.15 shows the vehicle performance once again for a sine with dwell manoeuvre at 150 km/h but

at 45◦ steering angle instead. The controller improves the yaw response and the decreases the overshoot and
the Y RR of the vehicle. However, at around 6 s, the controller does some unwanted intervention causing the
vehicle yaw rate to fluctuate. This may be received badly by the driver since it is very counter-intuitive that
the yaw rate increases and decreases even when the steering wheel is kept in the straight ahead position. But it
is important to note that now the controller is operating close to the limit (8 m/s2). Hence, while the “feel”
may be bad, the controller unarguably makes the vehicle safer in these conditions.

The controller was finally also tested for robustness against noise in the steering wheel angle signal. First,
the typical noise in a steering wheel angle signal had to be studied. It was seen that on average, a noise of
magnitude 0.025◦ and of frequencies upto 100 Hz could be expected in the steering wheel angle signal. For
the simulation, Gaussian White noise of 0.1◦ (4 times as much as the average) and 100 Hz frequency was
generated which was added only to the steering wheel angle signal going to the controller. The steering wheel
angle signal with the noise and the noise alone are shown in figure D.1.16. Simulations showed that the effect of
the noise was greater at higher speeds. The simulation results of the controller at 150 km/h with steering angle
noise are shown in figure D.1.17. It can be seen that the noise caused no noticeable change in the vehicle’s
performance. All the vehicle states (yaw rate, lateral acceleration and lateral velocity) show the same trend as
the case without any noise. The only difference was that, in the presence of noise, significant torque vectoring
oscillations are seen even during steady state. One possible reason for this could be the low values of the filter
parameters which, while making the controller more responsive, also make it more sensitive to noise. With the
default controller, during optimisation, a lower bound of 0.01 was set on the controller filter parameters. This
low value causes the increased sensitivity to noise.

Two possible solutions to this issue are investigated. In the first solution, the controller is re-optimised with
the lower bounds for the controller filter parameters raised to 0.03. The performance of the original controller
and this new controller are shown in figure D.1.18. As can be seen, the vehicle performance is slightly worsened,
but the oscillations in the torque vectoring are significantly reduced.

In the second solution, a dead-band filter is implemented on the steering wheel angle signal going to the
controller. The results of the simulation with this controller are shown in figure D.1.19. Note that the controller
parameters are the same in this case. It can be seen that the torque vectoring oscillations seen during steady
state are completely eliminated. The torque vectoring performance during transients are similar to the case
without the filter. If necessary, the two solutions can be combined to produce a controller that has no torque
vectoring oscillations at steady state and lower torque vectoring oscillations during transients at the cost of
slightly lowered performance as seen in figure D.1.20.
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5 Conclusions
The concept selection process showed that there are a large number of useful functions that can be achieved with
electrified drivetrains. During the brainstorming session, 46 new functions were identified. A large proportion
(60− 70%) of these functions can be implemented - in some cases with reduced performance or functionality
- on a two motor hybrid configuration. The functions affected not only vehicle dynamics but also comfort,
cost, weight reduction, safety and performance. There were also engineering functions which are not directly
noticable by the driver but can be used as part of other bigger functions to enable or enhance them.

While having four independently driven wheels is the best from the point of view of function implementation,
it was seen that having just two independently driven wheels on one axle enabled lots of new functions. Such a
layout (with torque vectoring capability) is especially intriguing from the vehicle dynamics and active safety
point of view as it enables autonomous driving (to some extent) and effective and quick control of vehicle
motion. Specifically, the hybrid layout with the engine at the front driving the front wheels and two electric
motors at the rear with each driving one of rear wheels was seen to be the best layout from a cost-benefit
perspective.

The simulation results of the function in various manoeuvres show that torque vectoring on the rear axle
can be effectively used to improve the yaw response of the vehicle. A yaw response time reduction of between
30% to 60% and a yaw overshoot reduction of between 15% to 80% were recorded in the step steer manoeuvre
at different speeds. The torque vectoring done to improve yaw response does modify the steering torque slightly
during transient cornering but is not expected to be significant enough to be a cause for concern.

Torque vectoring on the front axle was seen to be an effective way to achieve power steering. When used in
conjuction with torque vectoring on the rear axle, it can be used to reduce steering torque required without
significantly altering the vehicle’s lateral dynamics and can even be used to improve it. It was also seen during
the controller design that when the steering assist requirement was increased along with the lateral acceleration
level, the inner rear wheel had a tendency to spin. This indicates that there is a limit to the amount of
steering assist that can be provided. But this limit is less of an issue at lower speeds when there is less lateral
acceleration and therefore less load transfer. And since it is at low speeds that power steering is really required,
the limit on the steering assist becomes even less significant.

The empirical yaw response controller was seen to be very effective, robust and flexible. Preliminary tests
indicated that the empirical controllers closely matched the performance of model based controllers without
displaying any weakness. Incorporating the effects of new, previously unaccounted for disturbances is just a
matter of replacing the five controller parameters with new ones as was seen when accounting for the motor
response time. The controller itself does not need to be modified. This would not be possible with a model
based controller and would require a model/approximation of the new disturbance or influence.

The effectiveness of the torque vectoring system in controlling the yaw response as seen from the simulations
validates the hypothesis that the wheel traction forces can be used to effectively control vehicle motion as
opposed to using the road wheel angle of the steered wheels. This opens up radical new possiblities to use this
system to enhance or enable new active safety systems which use this capability to avoid dangerous situations,
override the user in case of user error and keep or even drive the vehicle away from harm.
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6 Future work
There are several avenues for future work:

• The current version of steering torque controller is quite rudimentary and is either switched on or off.
There is no speed dependency or lateral acceleration dependence. The steering torque controller can be
tuned to take these into account so that it provides more assist at low speeds and less assist at higher
levels of lateral acceleration to retain steering feel. Alternatively it can be used to assist the normal power
steering system only when the required assist goes above a certain threshold. Yet another possible mode
of operation for the steering torque controller which might be worth investigating is to nullify the impact
of the yaw response controller on the steering torque.

• It has already been shown that leveraging the wheel traction forces to control vehicle yaw response is
very effective. It might also be possible to extend this idea and control the vehicle motion as a whole
(taking into account vehicle lateral acceleration, lateral velocity, path, etc.) using the torque vectoring
system. This could be of huge benefit in enabling new or improving existing active safety functions and
this needs to be investigated.

• The possibility of eliminating the traditional power steering system in a small city car can be investigated.
In a small city car, where the steering torque assist required is not as high and where due to low speeds,
the impact on yaw dynamics is not that important, it might be possible to use the motors alone to provide
steering assist. For this study, low speed scenarios with tyre-road friction (due to scrubbing) being more
dominant will need to be considered.

• The controller can be extended to work in the non-linear region and limit-friction conditions as well. In
these cases, it will also be required to work in coordination with the brakes (which will be used by the
ABS, ESC, etc).

• A model based approach to the yaw response controller can be investigated. A preliminary investigation
into two possible approaches to this have already been investigated and are detailed in sections C.1
and C.2 in the appendix. This approach would eliminate any requirement to optimise the controller
parameters to various manoeuvres and configurations. Instead, with a sufficently detailed model, most
of the effects can be captured in the model and the required parameters can be updated as and when
required without any requirement for costly optimisation.
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A Data

A.1 Optimised control parameters

Table A.1.1: Tuned control parameters

Speed [km/h] c1 c2 c3 c4 c5 Comment

50 0.0364 0.0126 0.5373 0.2697 0.0019
100 0.0134 0.0162 0.2499 0.6355 0.1084
150 0.0100 0.0140 0.2725 0.7954 0.4583
50 0.0500 0.0126 0.5373 0.1300 0.0019 Reduced ay overshoot
150 0.0100 0.0101 0.2191 0.5911 0.5141 Compensated for motor delay
150 0.0300 0.0300 0.2893 0.6477 0.4284 Robust against noise in steering

wheel angle signal

A.2 Vehicle data

% ========================================================================

% vehicle_parameters

% - - - - - - - - - -

%

% Description: File defining vehicle parameters.

% ========================================================================

% == Enviromental Parameters

g = 9.81; % Gravitational Constant [m/s^2]

rhoair = 1.204; % Density of Air [kg/m^3]

% == Vehicle Parameters

m = 1675; % Vehicle Mass [kg]

Izz = 2617; % Yaw Moment of Inertia [kg m^2]

Iw = 1; % Wheel Moment of Inertia [kg m^2]

l = 2.675; % Wheel Base [m] (Required by VSE)

a = 0.4*l; % Distance from CoG to Front Axle [m]

b = 0.6*l; % Distance from C0G to Rear Axle [m]

s1 = 1.517/2; % Half Track Width Front [m]

s2 = 1.505/2; % Half Track Width Rear [m]

Rw = 0.316; % Tyre Radius [m]

nst = 15.9; % Steering Ratio [-] (Required by VSE)

AF = 2.17; % Frontal Area [m^2]

CD = 0.3; % Drag Coefficient [-]

fr = 0.01; % Coefficient of rolling resistance [-]

% == Tyre data

mu0 = 1; % Friction Coefficient [-]

mu1 = 6e-5; % Friction [N^-1]

c0=[21.3; 21.3; 21.3; 21.3];% Lateral Stiffnes Parameter 1 [-/rad]

c1 = 1.11E-4; % Lateral Stiffnes Parameter 2 [N^-1]

FzStatic=m*g/l*[b;b;a;a]/2; % Vertical Load at each Wheel

% [front;front;rear;rear]

Ca_f_ref = 2*94.17e3; % Linear front axle stiffness [N/rad]
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Ca_r_ref = 2*75.54e3; % Linear rear axle stiffness [N/rad]

h0r = 0.43; % Height of CoG above Roll Axis [m]

h1r = 0.045; % Front Roll Center Height [m]

h2r = 0.10; % Rear Roll Center Height [m]

h0p = 0.43; % Height of CoG above Pitch Axis [m]

h1p = 0.045; % Front Pitch Center Height [m]

h2p = 0.10; % Rear Pitch Center Height [m]

Ixxs = 800; % Roll Moment of Inertia [kg m^2]

Iyys = 2700; % Pitch Moment of Inertia [kg m^2]

mun = 200; % Unsprung mass [kg]

ms = m - mun; % Sprung mass [kg]

kPhi = 7e4; % Roll stiffness [N/rad]

cPhi = 8000; % Roll damping [N s/rad]

kLambda = 0.51; % Ratio of front-rear roll stiffness [-]

cLambda = 0.56; % Ratio of front-rear roll damping [-]

kTheta = 1e5; % Pitch stiffness [N/rad]

cTheta = 1e4; % Pitch damping [N/rad]

kPO = 0.050; % Kingpin Offset Wheel Center [m]

sR = 0.010; % Scrub radius [m]

kPI = 12*pi/180; % Kingpin inclination [rad]

castor = 4*pi/180; % Castor angle [rad]
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B Vehicle and simulation model

In this chapter, the vehicle and the simulation model built for the optimisation and the analysis of lateral
dynamics are discussed.

B.1 Single track linear vehicle model

A single track linear vehicle model was made for optimisation purposes. To ensure accuracy, this model is first
matched to the two track model using optimisation and then used.

αf δ

αr

Fyr Fyf

u

v

r

ab

l

Figure B.1.1: Single track vehicle model

In figure B.1.1, the single track vehicle model is shown. Since only the lateral dynamics are of interest, it
is a two degree of freedom vehicle model (v, r). The tyres are assumed to be linear without any load-based
non-linearity effects. Consequently, load transfer is not modelled either.

The equations of motion for the lateral acceleration and the yaw acceleration can be written as shown in
equation (B.1.1). Here, Cf and Cr are the tyre lateral stiffness and are constant. ∆T is the total difference in
the torques of the wheels requested by the controllers.

[
v̇

ṙ

]
=−


Cf + Cr
mu

Cfa− Crb
mu

+ u

Cfa− Crb
Izzu

Cfa
2 + Crb

2

Izzu


[
v

r

]
+


Cf
m

0

Cfa

Izz

s2
RwIzz


[
δ

∆T

]
(B.1.1)

B.2 Two track non-linear vehicle model

Figure B.2.1 shows the schematic of the two track vehicle model. This vehicle model has 9 degrees of freedom
(4 wheel degress of freedom, pitch, roll, yaw, lateral and longitudinal). This model is used to simulate the
actual vehicle response and is used to validate the optimal solutions obtained from the single track models.

Initial versions of the vehicle model also included an extra degree of freedom. The longitudinal displacement
of the sprung mass with respect to the unsprung mass was taken into consideration. However, it became clear
after a few simulations, that this had negligible impact on the simulation result and hence was removed from
newer versions of the model.

Initially, the model was made in Simulink and was used for optimisation. However, it was seen that
Simulink models were significantly slower compared to native Matlab script based models. The models were
hence converted into Matlab script based models.

Even though the model has equations to take into account the degree of freedom in the longitudinal direction,
this acceleration was forcibly set to zero since all the simulations being considered in this project are for the
purpose of investigating lateral dynamics and are at constant speed.

The model uses the Magic formula tyre model with combined slip implemented. The tyre model can be
described using the formula shown in B.2.1. Here, µ0 is the tyre-road friction coefficient, c0 is the normalized
tyre stiffness coefficient and µ1 and c1 are the non-linear load dependence parameters for friction and tyre
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Figure B.2.1: Two track vehicle model

normalized stiffness. C is a tyre parameter for the Magic formula.

F (σ) = µFz sin(C arctan(Bσ − E(Bσ − arctan(Bσ)))) (B.2.1)

where,

B = c/(µC)

c = c0(1− c1(Fz − Fz0))

µ = µ0(1− µ1(Fz − Fz0))

The tyre slip equations are shown in equation (B.2.2), where vx,i and vy,i are the wheel longitudinal and
lateral velocities in the wheel plane coordinate system.

αi = δi − arctan

(
vy,i
|vx,i|

)
κi =

ωiRw − vx,i
max(|ωiRw, vx,i|)

σx,i =
κi

1 + |κi|
σy,i =

tanαi
1 + |κi|

σi =
√
σ2
x,i + σ2

y,i (B.2.2)

In equation (B.2.1), it can be seen that the friction and tyre normalized stiffness depend on the normal
force on the tyre. To capture this non-linearity effect, the load transfer needs to be modelled accurately. Hence
the roll and pitch dynamics of the vehicle are taken into account. Figures B.2.2 and B.2.3 show the free body
diagram of the sprung and unsprung mass during roll. Here, φ represents the roll angle, h′ the height of
the center of gravity over the roll axis, hi represents the respective roll center height, li the distance of the
respective axle from the center of gravity and si represents the respective half track width. The equations for
load transfer during roll can be written based on these figures as shown in equations (B.2.3).

φ̈ = (msayh0,r − cφφ̇− (kφ −msgh0,r)φ)/(Ixx +msh
2
0,r)

∆Fz,i,r =
1

2si

(
mayhi,r(l − li)/l + kφ,iφ+ cφ,iφ̇

)
(B.2.3)

Similarly, the equations for load transfer during pitch can be written as shown in equations (B.2.4). Note
that the acceleration that influences pitch is not the full longitudinal acceleration of the vehicle but instead the
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longitudinal acceleration of the vehicle caused due to all forces except the aerodynamic drag. This is because,
the aerodynamic drag force acts close to in-line with the center of gravity of the vehicle and consequently
doesn’t contribute significantly to the pitch moment of the vehicle. This acceleration is represented as ax,p in
the equations.

θ̈ = (msax,ph0,p − cθ θ̇ − (kθ −msgh0,p)θ)/(Iyy +msh
2
0,p)

∆Fz,i,p =
1

2l

(
max,ph1,p(l − l1)/l +max,ph2,p(l − l2)/l − kθθ − cθ θ̇

)
(B.2.4)

A highly simplified powertrain model is used in the simulation. The engine drives the front wheels and
delivers any requested constant torque equally to the front two wheels. The electric powertrain can only deliver
torque vectoring, i.e., they can only provide equal and opposite torques to the wheels of each axle. A first order
filter has been added to the torques delivered by the motors. This was done in order to investigate the effect of
motor response time on the yaw dynamics. However, in normal simulations and optimisation, the motor is
assumed to be ideal. The time constant in these cases for the filters is set to 10−8 s which is negligible.

A simple brake model is also included in the model although it is not required for any of the manoeuvre
used in the simulations. The brake is modelled as shown in equation (B.2.5). The tanh function is used to take
into account the direction of wheel rotation when detemining the direction of braking force. The factor of 10 is
used simply to ensure that the tanh function is steep enough near zero wheel speed to ensure a good degree of
accuracy.

TB,i = FB,dmdRw tanh(10ωi) (B.2.5)

Using the equations set up until now, the force balance equation in the longitudinal direction can be written
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as:

ΣFx = max = m(u̇− vr)
Σ4
i=1(Fx,i cos δi − Fy,i sin δi) = m(u̇− vr) (B.2.6)

In the lateral direction, the force balance equation can be written as:

ΣFy = may = m(v̇ + ur)

Σ4
i=1(Fy,i cos δi + Fx,i sin δi) = m(v̇ + ur) (B.2.7)

The moment balance equation about the Z axis can be written as:

ΣMz = Izz ṙ

Σ4
i=1 ((Fy,i cos δi + Fx,i sin δi)li − (Fx,i cos δi − Fy,i sin δi)si) = Izz ṙ (B.2.8)

The wheel and suspension geometry is shown in figure B.2.4. While the steering torque due to braking
forces from the traditional brakes are a function of the scrub radius, the steering torque due to braking or
traction forces from the motors are a function of the kingpin offset. This is because, when the motor is used to
generate tractive or braking forces, the torque due to these wheel forces are reacted upon by the motor which
is inboard on the chassis, not connected to the steering system. The wheel forces themselves then act on the
steering system from the wheel center and hence the steering torque becomes a function of the kingpin offset.

(a) Kingpin offset, scrub radius and
kingpin inclination

(b) Castor trail and castor angle

Figure B.2.4: Wheel and suspension geometry

On the other hand, when the brakes are used, it locks the wheel and the steering system into one rigid unit
(the brakes are mounted on the suspension on which is also the steering tie rod). Hence, the torques due to the
wheel forces act directly on the steering system and are a function of the scrub radius.

The contribution of the longitudinal tyre force on one wheel to the steering torque can be expressed as
shown in equation (B.2.9). Here, dkpo is the kingpin offset, γ is the castor angle and β is the kingpin inclination.

Tstr =
cos γ√

cos2 β + cos2 γ − cos2 β cos2 γ
dkpoFx (B.2.9)

For the simulation, the ode15s solver was used. This is a stiff variable time-step solver that can handle
singular mass matrices.
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C Model based controllers

In this chapter, the work to be done in the future regarding the controller is described. In brief, proposals for
new types of controllers are presented.

C.1 Model based controller I

In this model based controller, a steady state reference generator and an inverse model is used to determine the
torque required.

Given the single track vehicle model, (eqn B.1.1) setting v̇, ṙ and ∆T to zero and solving for r, we get the
steady state reference generator. This expression is differentiated to get the target yaw acceleration, ṙ, which
will be a function of steering rate (δ̇).

These target states are then substituted in the inverse model to determine the required torque. The final
expression for ∆T will still be a function of the vehicle lateral velocity. But since the inverse model runs
continously as a dynamic model, the lateral velocity is also known.
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Figure C.1.1: Vehicle performance at 50 km/h with model based controller 1

Note that this controller has a steady state yaw rate as the target yaw rate and a target yaw acceleration
derived from the target yaw rate. This controller was tested on both the linear bicycle model and the two track
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vehicle model. It was seen that while the controller performed reasonably well at low speeds, it was prone to
yaw overshoot at higher speeds. This occured in the case of both the single track model and the two track
model where the issue was exacerbated.

To counteract this problem, a limitation was added to the torque vectoring so as to reduce the maximum
torque vectoring done at 150 km/h to 400 Nm from the usual value of 600. The torque limit and the speed
was determined experimentally.
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Figure C.1.2: Vehicle performance at 100 km/h with model based controller 1

Figures C.1.1, C.1.2 and C.1.3 show the controller performance with the two track model in the reference
manoeuvres.

The controller performance is comparable to that of the empirical controller. At low speeds, the yaw
response is slightly worse. At higher speeds, the model based controller performs better in terms of damping
while losing out to the empirical controller in yaw response. With the empirical controllers it would be possible
to adjust them so as to favour response over damping or vice-versa. However, it is not quite clear if the model
based controllers can be tuned in the same way.

C.2 Model based controller II

This is another type of model based controller where the torque is determined not based on a reference yaw
rate but instead based on a reference yaw acceleration.
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Figure C.1.3: Vehicle performance at 150 km/h with model based controller 1

Like in the other model based controller, this one involves a linear single track reference model that runs
in the controller. This model generates the vehicle states which the controller believes the vehicle has at any
point in time.

The controller also generates the expected steady state yaw rate for the current steering wheel angle. This
is determined by the equation (C.2.1) where Ku is the understeer gradient for the vehicle.

rss =
δ

l

u
+Kuu

(C.2.1)

This reference steady state yaw rate is used to generate the target yaw acceleration required for the actual
vehicle as shown in equation (C.2.2).

ṙtgt = (rref − rlin)/∆t (C.2.2)

This target acceleration is used in the yaw moment balance equation of the linear vehicle model equations
of motion (equation B.1.1) to determine the required yaw moment torque.

This controller was once again tested with both the linear single track and the two track vehicle model.
With the single track vehicle model, the controller made the vehicle yaw response close to ideal for all speeds.
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However, with the two track model, while the performance was better than the previous model based controller,
similar yaw overshoot problems were seen at higher speeds.

One possible explanation could be the non-linear nature of the tyres and the load transfer could be causing
the tyre stiffnesses to differ significantly from the linear model and hence the difference in performance.

To test this, the load transfer and the non-linearity of the tyres were built into the single track linear vehicle
model. Non-linearity of both the trye stiffness and the tyre-road friction coefficient were taken into account.
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Figure C.2.1: Vehicle performance at 50 km/h with model based controller 2

Figure C.2.1 shows the performance of this controller at 50 km/h with the step steer manoeuvre. It can be
seen that the yaw response of the vehicle is close to ideal. The small deviation from the ideal is most likely due
to the fact that the torque limit has been hit.

The vehicle yaw response at 100 km/h is shown in figure C.2.2. Here, it can be seen that the vehicle yaw
response is very close to the ideal. Even here, the controller makes full use to the torque vectoring capability
available. The lateral acceleration and the lateral velocity plots show similar behaviour as in all other cases
with the yaw controller.

Figure C.2.3 shows the yaw response at 150 km/h. Here, a small deviation from the ideal can be seen. This
is initally a bit surprising since the torque vectoring limit is not reached either. It appears as though controller
stops the torque vectoring too early.

This is because, at such high speed (150 km/h), there is quite a lot of drive torque going to the front wheels
to maintain the speed and eating away at their lateral capacity. This causes the vehicle to respond slower than
the controller expects and hence causes the deterioration in performance. This is not taken into account in the
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Figure C.2.2: Vehicle performance at 100 km/h with model based controller 2

controller as this information is not available with sufficient accuracy in a normal vehicle to be of use in the
controller.

C.3 Validation

In this section, the model based controllers are evaluated and validated.

The frequency response and phase shift of the model based controller I is shown in figure D.2.5. The model
based controller I performs nearly as well as the empirical controller. One of the minor differences is that the
model based controller performs slightly worse in terms of increasing the frequency bandwidth and maintaining
a flat frequency response curve while it is better at keeping the phase shift low. In other words, at higher
frequencies of steering input, the model based controller seems to favour yaw reponse over damping.

Figure D.2.7 shows the frequency response and the phase shift of the vehicle at 7 m/s2. In this case, there
is neglible difference between the model based controller and the empirical controller in terms of frequency
bandwidth. However, the model based controller still has a slight edge in keeping the phase shift low.

The frequency response and the phase shift of the second model based controller is shown in figure D.2.6.
This model based controller again has a small advantage in terms of maintaining low phase shift. This controller
however, while it does not maintain a flat frequency response curve, it does extend the frequency bandwidth.

Figure D.2.8 shows the frequency response and the phase shift at 7 m/s2. In this case, the controller
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Figure C.2.3: Vehicle performance at 150 km/h with model based controller 2

performs slightly better than the empirical controller at low speeds in terms of phase shift while losing out at
high speeds. Whereas with the frequency bandwith, the controller is clearly superior to the empirical one at
high speeds but equivalent at low speeds. Once again a possible explanation for the difference could be that the
model based controller does not account for the increased drive torque at the front wheels while the empirical
controller, in a way, does. Since several tunings were obtained for the empirical controller which were analysed
and the best one among them chosen, it is possible that the controller, in a way, compensates for this effect.

Figures D.2.1 and D.2.2 show the controller performance for the sine with dwell steering manoeuvre with
30◦ and 45◦ steering amplitudes respectively. This validation test was done mainly to verify that the controller
does not make the situation worse with torque vectoring. As can be seen, the controller performs similarly to
the empirical controller. There is very little difference between the two controllers in terms of performance.
The model based controller however, does seem to utilise the torque vectoring more.

Figures D.2.3 and D.2.4 show the performance of the second model based controller in the sine with dwell
manoeuvres. The controller performance once again is very similar to the empirical and the first model based
controller. All the controllers seem to have similar drawbacks as well. Especially, in the case of 45◦ steering
angle, the vehicle yaw rate plot shows the same fluctation just after the end of the manoeuvre. Since the model
based controllers are based on the linear model, it is understandble that their torque request at this point
changes significantly since the linear model being close to ideal, would follow the steering input closely.

Since the empirical model also shows the same behaviour (flaw), this indicates that the controller with the
optimised parameters accurately capture the dynamic behaviour of the vehicle.
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D Figures

D.1 Empirical controller
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(b) 100 km/h
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(c) 150 km/h
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Figure D.1.1: Vehicle performance with step steer and non-ideal motors
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(a) Step steer, 50 km/h
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(b) Sine steer, 50 km/h
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(c) Step steer, 100 km/h
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(d) Sine steer, 100 km/h
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(e) Step steer, 150 km/h
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Figure D.1.2: Model matching
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Figure D.1.3: Reduced lateral acceleration overshoot at 50 km/h
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Figure D.1.4: Vehicle performance at 50 km/h, sine wave steering input with empirical controller
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Figure D.1.5: Vehicle performance at 100 km/h, sine wave steering input with empirical controller
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Figure D.1.6: Vehicle performance at 150 km/h, sine wave steering input with empirical controller
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Figure D.1.7: Vehicle performance at 150 km/h on low µ surfaces
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Figure D.1.8: Vehicle performance at 150 km/h with different tyre stiffness
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Figure D.1.9: Vehicle performance at 150 km/h with different weight distribution
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Figure D.1.10: Steering torque assist and lateral dynamics at 100 km/h with step steer
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Figure D.1.11: Validation of yaw controller at 150 km/h for different sine frequencies
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Figure D.1.12: Validation of yaw controller for different speeds with the control parameters interpolated
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Figure D.1.13: Frequency response and phase shift at 7 m/s2
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Figure D.1.14: Controller performance in a sine with dwell steering manoeuvre at 150 km/h with 30◦ steering
angle
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Figure D.1.15: Controller performance in a sine with dwell steering manoeuvre at 150 km/h with 45◦ steering
angle
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Figure D.1.16: Steering angle profile with noise
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Figure D.1.17: Performance of original controller in the presence of steering wheel angle noise
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Figure D.1.18: Performance of original controller (OC) and re-tuned controller (RC) in the presence of steering
wheel angle noise
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Figure D.1.19: Performance of original controller (OC) with and without steering deadband filter (SDF) in the
presence of steering wheel angle noise
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Figure D.1.20: Performance of original controller (OC) and re-tuned controller (RC) with steering deadband
filter (SDF) in the presence of steering wheel angle noise
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D.2 Model based controllers
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Figure D.2.1: Performance of the model based controller I in a sine with dwell steering manoeuvre at 150 km/h
with 30◦ steering angle
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Figure D.2.2: Performance of the model based controller I in a sine with dwell steering manoeuvre at 150 km/h
with 45◦ steering angle
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Figure D.2.3: Performance of the model based controller II in a sine with dwell steering manoeuvre at 150 km/h
with 30◦ steering angle
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Figure D.2.4: Performance of the model based controller II in a sine with dwell steering manoeuvre at 150 km/h
with 45◦ steering angle
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Figure D.2.5: Frequency response and phase shift at 4 m/s2 of the model based controller I
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Figure D.2.6: Frequency response and phase shift at 4 m/s2 of the model based controller II
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Figure D.2.7: Frequency response and phase shift at 7 m/s2 of the model based controller I
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Figure D.2.8: Frequency response and phase shift at 7 m/s2 of the model based controller II
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