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ABSTRACT

The 21* century vehicle on the road is expected to have such features which not
only increase the comfort and ride quality but also increase the safety of the
driver. For the different road surfaces and increase in traffic congestions, the
conventional safety systems are unable to provide the desired action. So, there is
a need to develop more and more accurate control algorithms which will be
effective in every situation.

Due to the ever increase traffic on Indian roads, the most frequently job
performed by the driver is to apply the brakes. The braking of the vehicle is not
only depends on the driver response, but also takes into number of factors like
road-tyre friction coefficient, slip ratio, longitudinal tyre force, longitudinal
velocity and lateral tyre force. Control of all these parameters is not done by the
driver alone. So, some controllers must be developed for assisting the driver to
avert such situations.

Sudden application of the brake torque increases the slip ratio which will
cause skidding of the wheels. Antilock braking system is a type of braking
system which applies and releases the brakes in quick succession to prevent the
wheels from locking. Earlier, number of controllers was developed to prevent
such lockage. Here, a control algorithm is developed for the brake torque in such
a fashion that the slip ratio will be maintained in the desired range.

Normally, the braking of vehicle is done when vehicle in straight path is
considered. When vehicle moves in the curved path, the effect of camber and fork
angle should be considered. The variable camber angle assists the braking in
curved path by increasing the contact path of the tyre with the road. But the
turning radius of the vehicle changes due to varying camber angle and fork angle.
Fork angle increases the stability of the vehicle at higher speeds.

While turning, the inner wheel always should have positive camber angle
and outer wheel should have negative camber angle. Variable camber mechanism
is developed to provide the camber angle to the front wheels while moving in a
curved path. Variable camber mechanism ensures no camber angle while moving
straight ahead to avoid bump steering.

For the analysis, bond graph modelling of various components is done.
Quarter car model, Bicycle model and four wheel model of the vehicles are
developed. Effect of camber and fork angle on the turning radius, stopping
distance and longitudinal speed of the vehicle is analysed. Relation between
camber angle and fork angle is also verified. It is also found that camber angle
provides additional steering to the vehicle. Analysis of wvariable camber
mechanism is done by using quarter car model.

Control algorithm of Antilock braking system is tested using bicycle
model and four wheel vehicle model. The control algorithm successfully keeps
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the slip ratio in the acceptable range and thus prevents vehicle skidding and better
steering control.

Keywords: Antilock braking system, Camber angle, Fork angle, Variable camber
angle mechanism, Bond graph, Quarter car model, Bicycle model, Four wheel
model.
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CHAPTER 1
INTRODUCTION

1.1 BACKGROUND AND MOTIVATION

Being the second most populous country in the world, now days India is also
threatened by one problem i.e., the growing number of vehicles on the Indian
roads and inadequate capacity to accommodate the traffic. Heavy traffic
congestion and endless list of highway accidents fuelled the motivation to
increase driver comfort, safety and convenience. So, well-designed and logically
controlled automated system will certainly lead to reduction in road accidents. As
braking is frequently applied while driving, therefore, effort must be made to
reduce the stopping distance as less as possible. One of such system is Antilock
Braking System (ABS). ABS holds and releases the brake pressure according to
some predefined logic and prevents wheel lockage and thus leads to shorter
stopping distance and better steerability. Effect of camber and fork angle on ABS

1s considered here.
1.1.1 Vehicle Dynamics

Vehicle dynamics is a branch of science which deals with the study of response
of vehicle in various in-motion situations. It includes the prediction as well as
calculation of the effect of various forces and moments on the vehicle. It includes
lateral vehicle dynamics, longitudinal vehicle dynamics, steering control,
automotive suspension, fuel economy and vehicle emission.

For any vehicle, the forces and moments acting on each wheel of the
vehicle have higher influence on the dynamics of the vehicle. Due to the vertical
load of the vehicle, the surface contact of the tyre with the ground is called

contact patch. All the tyre forces and moments are assumed to be at the centre of

the contact patch. Mainly, longitudinal tyre force (£, ), lateral tyre force (F,) and
self-aligning moment(M,) are considered for the dynamic analysis of the
vehicle. Some other important forces are aerodynamic drag force (F;) and rolling

resistance (R )of the tyre.



The Longitudinal tyre force(F,) depends on the slip ratio, normal load on the
tyre and the friction coefficient of the tyre-road interface. Part of the normal load
comes from the weight of the vehicle and the remaining part is influenced by the
fore-aft moment of the centroid of the vehicle during braking and acceleration.
This slip ratio(o,)is defined as the ratio of difference between the angular
velocity (QQJQ)and longitudinal vehicle velocity (x) of tyre to the linear speed of
the vehicle and longitudinal slip ratio during acceleration is expressed as
B thrt -X

e 1.1
O, (1.1)

For a driving wheel, étyn > X so, the net velocity of the tread is the
direction opposite to that of longitudinal velocity. There is a region in the contact
patch where there is no sliding motion with respect to the ground. This region is

called the static region. As the tyre enters this region, the top of the tread element
moves with the velocity étyn > X. Hence, the tread element bends forward. This
bending deflection is proportional to the slip velocity i.e., 9611 > X and the time
duration for which the tread element remains in the contact patch. Since the time
duration is inversely proportional to angular velocity of the tyre (ét}}’t). Hence the
bending deflection or the longitudinal force is proportional to slip ratio Oy .

The lateral tyre force (F)) is proportional the slip angle of the tyre. The
slip angle (f) of the tyre is defined as the angle between the orientation of the

tyre (o) and the orientation of the velocity vector of the wheel(6,) as shown in

Fig. 1.1.
Therefore slip angle is f=0—6,. In the static region of the contact
patch, there is no lateral displacement. If the velocity of the wheel is V' the

lateral component of the velocity is V'sinf  therefore, the magnitude of the
lateral deflection is proportional to the lateral velocity and time taken by the tyre
in the contact patch. Since the lateral velocity is proportional to velocity and slip
angle while the time spent is proportional to rotational velocity, therefore, lateral

force is effectively proportional only to slip angle.
2



Fig. 1.1 Tyre slip angle and lateral force

Some sophisticated models are also created to calculate the longitudinal

tyre force(F), lateral tyre force(F,) and self-aligning moment(M,). The
Pacejka’s magic formula tyre model calculate the longitudinal force, lateral force

and self-aligning moment for wide range of slip ratio and slip angle. The force
generated () is expressed as the function of input variable (x) as follow:

y(x) = Dsin[Ctan™"{Bx — E(Bx —tan"' Bx)}] (12)
Where, output variables (y)are: (F; x), (F y) and (M,) and input variables (x) are:
(o,) and (o).

The model parameter B accounts for stiffness factor, C accounts for

shape factor, D accounts for peak value and £ accounts for curvature factor.

Some other forces are aerodynamic drag force (£,) which is given as
1
F:i zzpCdAF(V;( +Vwind)2 (13)

where(p)is the mass density,(C;) is the aerodynamic drag
coefficient, (4;) is the frontal area of the vehicle, (V,) is the longitudinal vehicle
velocity and (V,, ;) is the wind velocity.

Another force is the rolling resistance (R ). Due to normal loads of the vehicle,
the tyre is deflected as it goes through the contact patch and then comes back to
its original shape after passing through the contact patch. The energy absorbed

3



during deformation is not completely recovered on regaining its original shape.
Therefore, the normal load (F)) is not symmetric and is more during first half of

contact patch. Hence it is said that the normal load is displaced by distance (dx)

as shown in Fig. 1.2.

T

dx
F,

Fig. 1.2 Schematic representation of rolling resistance
The moment (£ dx) due to the offset of normal load is balanced by rolling
resistance force (R r). Hence rolling resistance is given as

Fd
R =" (1.4)
,

1.1.2 Bond Graph

Nowadays, no one wants to waste money in doing experimental testing’s on
physical systems. As number of simulation software’s are available in the market
which are very inexpensive ways to model and analyse different physical
systems. One of such technique is Bond Graph modelling developed by H.M.
Paynter. Once the basic governing mechanism of any physical system is clear, its
bond graph can be prepared very easily and the rest of the information can be
derived from the bond graph itself. Thus bond graph portraits the exact physical
structure of the system. Bond graph is a common tool to model systems lies in
different energy domains.

Every system flow energy within itself and with surrounding. This energy flow in
bond graph is done through bonds. In bond graph, a modeller can break the
system into basic entities and once the modelling of the individual sub-system is
done, these sub-systems are put back to get the main system. In bond graph, the

4



basic elements are inertances, compliances and resistors. External sources are

named as source of effort and source of flow.
1.1.3 Antilock Braking System

Antilock braking system (ABS) is originally developed to prevent locking of
wheels during hard braking. But nowadays, it also applies the braking torque in
such a fashion that the slip ratio does not exceed the threshold values. Modern
ABS is equipped with speed sensors provided at each wheel which will identify
the locking of wheels; controller which receives the information from the speed
sensors and generate the corrective signals; valves which applies, hold or release
the brake pressure from the master cylinder to the brake callipers and last is pump
which put back the brake pressure in the lines once it is released by the valves.

The basic objective of the ABS is to hold or release the brake pressure
according to some logic, to prevent skidding of wheels. The ABS can be
classified according to number of channels and number of sensors. Number of
channels is the number of valves in the pressure line. Four-channel, four-sensor
ABS consists of speed sensors for all the four wheels and valves for all the four
wheels. So, all the four wheels are controlled individually by the controller.
Three-channel, four-sensor ABS consists of sensors for all the four wheels,
individual valves for the front wheels, but only one valve for the rear wheels.
Three-channel, three-sensor ABS are commonly found in pick-up trucks with
individual sensors and valves for the front wheels, but only one common valve
and sensor for rear wheels. One-channel, one-sensor ABS is found with pick-up
trucks with rear ABS. It has one sensor and one valve for the rear axle.

A major problem in ABS is the prediction of threshold values of slip ratio.
The process of determining whether wheels are going to lock is called prediction
and the slip ratio at this point is called the prediction point slip. The process of
determining whether or not the danger of locking is passed is called reselection
and the slip ratio at this point is called reselection point slip.
Different logic based controllers are there based on different algorithms. But the
basic motto is same of all the controllers-that is, to prevent skidding. Any
controller unit should not fail to indicate the wheel lockage, false prediction of

the lockage of the wheel and maintain slip ratios between threshold values.
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1.2 CONTRIBUTION OF THESIS

e [Effect of camber angle and fork angle on the stopping distance and
turning radius is stated.

e Effect of camber angle and fork angle on the longitudinal speed of the
vehicle is stated.

e For fixed steering angle, relationship between camber angle and fork
angle is stated.

e Stability of the vehicle is studied with ABS while maneuvering, for
particular value of camber and fork angle.

e Variable camber angle mechanism is modelled with the help of quarter
car model.

e Steering effect of camber angle is seen in four wheel vehicle model

e Control algorithm for antilock braking system for maintaining slip ratio

between 0.2—0.25.
1.3 ORGANIZATION OF THESIS

This thesis comprises of six chapters. The overview of the theses chapters is
given below for a clear and concise idea of the research. Chapter 1 explains some
basic concepts of vehicle dynamics, bond graph and antilock braking system.
These concepts are going to be used in the entire thesis.

In order to get a good grasp of the on-going research and latest
technology, Chapter 2 is given to literature review. All the information is written
in nut shell. The literature pertaining to bond graph, antilock braking system and
camber and fork angle is discussed. From the literature survey the objective of
the present thesis is discussed.

Chapter 3 deals with the basic concepts of bond graph modelling. Brief
understanding of the basic concepts are discussed for the modelling of systems
lies in different energy domains. The design of braking system is done. The bond
graph model is constructed. The kinematic equations for bicycle vehicle model
are derived which includes the effect of camber and fork angle. The major part of
the bond graph of bicycle model is based on these equations. Effect of camber

and fork angle on stopping distance and turning radius is studied.
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Variable camber mechanism attached with steering system is designed
and simulated in chapter 4. The bond graph of quarter car model is constructed to
analyse the mechanism. While taking a left turn the mechanism gives positive
camber angle to the left front wheel.

Bond graph of four wheel model of the vehicle body and subcomponents
are made chapter 5. Steering effect of camber angle is seen from chapter. Also
vehicle moves in circular path and with fixed speed for constant steering angle.
The controller applies the brake torque such that the slip ratio is always in
between 0.2—0.25.

Chapter 6 is for conclusion. The results are given chapter wise. Based on

the research, the areas where work can be done are stated for future exploration.



CHAPTER 2

LITERATURE REVIEW

2.1 INTRODUCTION

In the past few decades antilock braking systems and several different types of
controller have been mounted in different vehicles for increasing the vehicle
safety and stability. Different controllers are based on the measurement of
different parameters like tyre-road friction coefficient, slip threshold, wheel
deceleration and reference vehicle speed. Antilock braking system is a complex
system having components lies in several energy domains. Bond graph approach
is well suited for modelling of systems lies in different energy domains. Camber

and fork angle plays an important role in vehicle stability and steerability.
2.2 BOND GRAPH MODELLING

Bond graph represents the paths of exchange of energy within a system-structure.
Bond graph technique is comparatively easier in modelling of systems consisting
of several sub-systems which are residing in different energy domains and
formulation of system equations need not be required at first stage for bond graph
modelling and these equations are generated automatically by any standard bond
graph software. Bond graph modelling is a unified approach in modelling and
simulation of physical systems lying in different energy domains [1-2]. One can
interpret the energy interactions between different parts of the model and can
correct the computational problems by making necessary changes in the model.
Bond graph approach is extensively used to study the dynamic response of the
vehicle [3]. A four wheel model with electrically controlled brakes and steering
were developed to study the dynamic response of the vehicle [4]. The engine
model along with drive train and vehicle dynamic models with complexity were
developed in [5].

Note that bond graph is not a numerical solution tool; it is a representation
of the system-structure. A bond graph gives equations of motion with static and
dynamic constraints, but does not directly give its numerical solution. One has to

use normal numerical techniques to perform computational work. These



equations can be used to other modelling technique like Simulink in MATLAB.
The representation of lumped parameters and constraints in a bond graph model
expose the structure of the model. One can see the physical connections from the
model structure and interpret the energetic interactions between the components
of the model. At the same time, one can see the structure of the resulting
equations of motion and foresee the computational problems and thereby make
necessary changes to the model or the so-called conceptual prototype. That is
why a bond graph model lies somewhere between the physical system description
and its mathematical description in final differential algebraic equations form.
Bond graph modelling is ideally suitable for designing mechatronic
systems [6—7]. Moreover, they have been recently used for various hardware-in-
the-loop simulations and virtual reality applications [8-9]. Bond graph
representation of multibody systems with kinematic loops has been developed in
[10]. Other applications of bond graph modelling in mechatronic systems relate

to estimation [11-12], identification [13], fault detection [14—16] efc.
2.3 ANTILOCK BRAKING SYSTEM

The heart of any antilock braking system is its governing algorithm according to
which it continuously releases the break pressure and later reapplies it again
when condition of wheel lock-up is passed. The maximum value of adhesion
between the tyre and road does not occur at a fixed value of slip ratio, but it lies
within the range depending on the friction coefficient and vertical load. The
detailed literature review of antilock braking system is presented here.

A number of functional tests on Virtual Car (VC) in a Rapid Control
Prototyping environment (RCP) were performed in [17]. ABS algorithm had been
done in Matlab/Simulink. The algorithm was tested by Software In the Loop
(SIL) co-simulation with 20-sim (version 2.03), a vehicle dynamic simulation
model and a Simulink model of hydraulic circuit. The Slip Control Strategy
(SCS) controls the slip independently of all the four wheels. The SCS keeps the
slip in between the calculated threshold values. The Electronic brake distribution
(EBD), compensates the front-rear load transfer while braking, by limiting the

brake cylinder pressure on the rear axle. The Wheel Deceleration ABS Activation



(WDAA) algorithms identify any instability in the wheel and activate any
suitable action even when slip threshold is not reached.

A number of functional tests in the RCP environment were done. The
simulator was a multiprocessor system; the entire vehicle was splits into three
functional parts: the vehicle dynamic real-time simulator, the power train real-
time simulator and the body electronic simulator. It concluded that the internal
wheels has higher tendency to lock, so ABS reduces the brake cylinder pressure

on internal wheels. On low coefficient of friction (x), the mean pressure on the

front and rear axle were almost same because of small load transfer. On high

coefficient of friction (x), because of large transfer, the mean pressure of rear

axle should be kept significantly lower as compared to front axle.

The dependence of deceleration on primary speed for vehicles with ABS
and without ABS was studied in [18]. Deceleration of the vehicle without ABS
on dry road of asphalt surface decreases with increase in primary speed whereas
deceleration increases with increase in primary speed for vehicles with ABS. The
time of deceleration and the time of disbraking were usually less for vehicle with
ABS as compared to those without ABS on dry road of asphalt surface. In winter
condition, the vehicles without ABS were held up on a snow-covered surface of
the road more efficiently because the blocked wheels push and thicken the road in
front of them. The wheels of vehicle with ABS remain un-blocked and did not
contact with the wet surface of asphalt road and hence, deceleration was smaller.
However, ABS has one significant positive advantage as there is possibility of
driving the vehicle.

The braking of motorcycle while maneuvering a curved path with camber
or steering angle was studied in [19]. Motorcycle requires large camber and small
steering angle for maneuvering a curved path. Whereas, four wheel vehicle
requires small camber and large steering angle. ABS hydraulic modulator was
used to control the brake pressure. It contains a spool which is driven by motor
and moves vertically and thus, restricts the piston movement. When the driver
applies the brakes, high pressure oil supply is connected to the chamber and
enters the brake callipers. If the wheels are going to lock, the motor driven spool
moves upward. Therefore, piston was pushed upward by the oil pressure and thus

it restricts the high pressure oil supply to the chamber. Also, upward movement
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of the piston increases the volume inside the chamber and thus, reduces pressure
in the chamber as well as in the brake calliper connected to the chamber. An ABS
controller which uses camber angle and lateral acceleration to control brake
pressure, was used here [19]. A fuzzy sliding controller was used so that oil
pressure in the callipers always follows the reference pressure.

An ABS controller using bond graph was designed in [20] and then it is
applied to different vehicle dynamics model like bicycle and four wheel model.
In this ABS algorithm, brake torque was varied in accordance with the shifting of
longitudinal slip ratio between maximum and minimum value. Thus slip ratio is
maintained in a particular range called sweet-spot in order to have better stability
and steerability. The longitudinal force was dependent on longitudinal slip ratio
whereas, the lateral force and self aligning moment depends on vertical load and
lateral slip angle. These are calculated by Burckhardt’s formula. Four wheel
models were developed to study the effect of load transfer during braking. Load
transfer was from rear axle to front axle while braking and vice versa for
accelerating. Also, load transfer was from inner wheels to outer wheels while
maneuvering a curved path. Tests were conducted on different road conditions.

The combined regenerative and antilock braking system was studied in
[21]. The regenerative braking algorithm distributes the brake force depending on
various parameters. If the regenerative braking force was less than the required
maximum braking force, both regenerative as well as ABS will work together and
if regenerative braking force was more than the required braking force, only
regenerative braking was applied. During regenerative braking, vehicle uses the
motor as the generator to charge the regenerative battery which will provide the
extra torque during acceleration. Continuously Variable Transmission (CVT) was
used to maintain generator input speed constant during regeneration. The
variation of CVT with load transfer was much steeper as compared to without
load transfer. Sliding Motion Controller (SMC) was used to keep the slip ratio in
predefined range. Regenerative SMC based ABS was also analysed for four
wheel vehicle.

In conventional ABS, brake pressure was applied and released only to
prevent wheel lock-up [22]. This procedure wastes lot of compressed air. A slip
control makes only small adjustments to keep the wheels in optimum slip point
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and thus reduces the compressed air consumption. This leads to small air storage
system and energy used to compress air. A gain-scheduled slip controller was
developed. The controller was designed to ensure satisfactory gain for each
speed. Therefore, the controller switches between these predetermined gain
values according to vehicle speed. Due to sluggish response of ABS valves, a
new fast acting braking actuator was designed. The binary-actuated valves
operate in either fully open or fully closed states, with permanent magnets
holding each valve in a given state. A short electrical pulse alters the magnetic
field, causing the valve seat to snap to the opposing state, with the help of a
mechanical spring.

A sliding mode PMW slip-ratio controller was developed in [23].
According to the decision algorithm of the PMW sliding motion controller, 1
means electric motor was remained in the compressed process and —1 means that
electric motor was maintained in the decompressed process. The controller signal
varies between —1 to 1, therefore, rotation of the electric motor was not
continuous. The rotating time was proportional to the absolute value of the signal.
The PMW controller uses the P-R conditions consists of four prediction and eight
reselection conditions. If P condition was satisfied, the wheel was tending to be
locked and ABS releases the brake pressure. If R condition was satisfied, the
danger of wheel lockup was averted and brake pressure can be applied.

The control logic for ABS based on the measurement of longitudinal
forces was developed in [24]. Since, deceleration was not related only to the tyre
performance and slip was not measured but was computed by using estimated
longitudinal velocity of the vehicle. Thus, deceleration and slip calculation are
subjected to error. This control logic was independent of the measurement of
tyre-road friction coefficient. To set the two thresholds, condition of maximum
value of deceleration and maximum value of slip were used.

The improvement in the performance of ABS due to the information
provided by the smart tyres was studied in [25]. Smart tyres provide real-time
estimation of tyre-road contact forces and friction coefficient. Smart tyres contain
accelerometers which calculate the circumferential and radial acceleration during
passage of the accelerometer from the contact patch of the tyre. The signals of the
accelerometer were affected by the footprint area, the longitudinal, lateral and
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vertical load of the tyre, rolling speed and maximum available friction
coefficient.

The concept of limit braking for motorcycles, in which peak torque was
attained in 0.25 s was studied in [26]. Slipper clutch disengaged the rear wheel
from the engine when throttle was closed. Otherwise, brake torque was sufficient
to lock the rear wheel. High-bandwidth Proportional Integral Differential (PID)
slip-tracking controllers were used. Parameters of the braking control scheme
were optimized to get minimal final speed.

The condition of dampers and suspension affects the vehicle handling and
driving-safety significantly [27]. Worn bushes increase the clearance in the entire
suspension system leads to inadequate damping and inaccurate wheel guidance.
The brake force on the tyres with vehicle equipped with ABS with defected and
new dampers is studied. The wheel with defected damper loses the contact with
the road twice. The directional stability of the vehicle is badly affected by the
worn bushes.

The effect of transient load shifting due to cargo movement on ABS
performance was studied in [28]. Analytical and empirical mathematical models
were presented to describe the chassis, tire-road interface, wheel, brake
modulator, and cargo dynamics. Two strategies, a model-free table lookup and
model-based discrete nonlinear controller, were presented to regulate the ABS
modulator’s operation. These vehicle and controller dynamics had been
integrated into a simulation tool to investigate the effect of transient weight
transfers on the vehicle's overall stopping distance and time. Representative
numerical results were presented and discussed to quantify the ABS systems’

performance for various loading and operating conditions.
2.4 CAMBER AND FORK ANGLE

Camber angle has a strong effect on vehicle dynamics. Camber angle provides
the necessary lateral force which is required for cornering. Camber angle is more
important for two wheelers while cornering as compared to four wheel drive.
Fork angle plays a crucial role at high speed stability of the vehicle.

The characteristics of the motorcycle with added camber angle to the front

frame for two different steering conditions was investigated [29]. One with
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constant steering angle and constant camber angle and another was free steering
angle and constant camber angle. The front frame can camber with respect to the
rear frame moving through an angle about the horizontal axes. The cambering of
the front frame has a similar effect as of steering angle input but with less
sensitivity. Cambering has no effect on the rolling response of the vehicle.
Influence of cambering of the front frame in free control is similar but opposite to
that of fixed control steering.

The steady state turning of the bicycle to measure steering torque, steering
angle, bicycle, acceleration and angular velocity was studied [30]. 134 trials were
taken on nine different radii and three speeds and three rider lean conditions.
Torque sensor within the steering tube measures the torque transmitted between
the handle bars and the front wheel. Optical encoder was used to measure the
steering angle which was attached to the bicycle fork. Bicycle speed is calculated
by dividing the circumference of the front wheel with time required to complete
one revolution. Acceleration and angular velocity were measured by three-axes
accelerometer and single-axes angular rate gyros. It was demonstrated that the
lateral shift of the bicycle-rider centre of mass strongly influences the steering
torque. Whereas, steering angle is largely insensitive to rider lean. This proves
that steering angle is better parameter to consider as compared to steering torque.

Extreme cornering leads to rollover accidents, was studied [31]. The
effect of camber angle on overturning moment was studied. Camber angle is
considered as the lateral slip input of the model. Tyre camber angle has great
influence on the overturning moment of the vehicle. Vehicle fishhook simulation
was done for different tyre model to investigate the effect of camber angle on
vehicle dynamics.

Some important issues connected with wheel slip due to spin were
clarified [32]. The spin velocity was defined as the component of the rotational
velocity of a rolling body normal to the contacting surface. For a tyre, two
possible components of spin: camber and turning were distinguished. Different
from a homogeneous rolling body, the tyre with its peculiar structure may give
quantitatively different responses to each of these components. When comparing

the steady-state responses with side-slip and with pure turn slip (path curvature)
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of some analytical tyre models, it turns out that the aligning torque stiffness was
equal to the turn-slip side-force stiffness.

The lateral force of a tyre is a function of the sideslip and camber angles
[33]. The camber angle has a significant effect on the stability of a vehicle by
adjusting the required lateral force. To control the camber angle, we can use the
caster angle of the wheel. We introduce a possible variable and controllable
caster angle in order to adjust the camber angle when the sideslip angle cannot be
changed. As long as the left and right wheels are steering together according to a
kinematic condition, such as Ackerman, the sideslip angle of the inner wheel
cannot be increased to alter the reduced lateral force because of weight transfer
and reduction of the normal load. A variable caster mechanism can adjust the
camber angle of the wheels to maximise the lateral force, when needed.

LuGre model describes the three-dimensional tyre friction dynamics [34].
The model has a three-state lumped-parameter form and an analytical solution for
tyre static curves. It is simplified using the assumption of a constant slip speed
along the contact patch length. Two approaches to the introduction of a variable-
slip-speed effect are considered. The first is based on stepwise approximation of
the slip speed along the contact patch length, and the second includes a specific,
spatially distributed additive deflection term. Both approaches preserve the three-
state lumped-parameter model form and an analytical steady-state solution.

An analytical approach for estimating the longitudinal and the lateral
adhesive coefficients between the tyre and the road surface through the Pacejka’s
magic formula tyre model for both pure-slip and combined-slip conditions, were
derived [35]. The relationship between the vehicle velocity and the parameters of
the Pacejka’s magic formula tyre model was discussed in the study. One may
analyse the adhesive coefficient through genetic algorithm identification to search
for the parameters of the Pacejka’s magic formula tyre model from experimental
data. A test stand was set up for adhesive force experiments. Only brake slip was
studied in the experiments.

The steady-state cornering test using a sport-touring motorcycle was
performed in [36]. The measurement data from this test includes tyre force, tyre
moment, and tyre slip angle that have not been practically addressed in the
research of motorcycles, in addition to normal measurement results for velocity,
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steering angle, steering torque, roll angle etc. There was a strong relationship
between the motorcycle dynamics characteristics and the tyre slip angle.
Measurements were taken not only the with normal rider’s lean angle, but also
measurements in the case where the rider’s lean angle was intentionally changed,
in order to investigate the effects that a change in the rider’s posture has on the
variation in the measurement results of the motorcycle’s dynamics.

The effect of giving negative camber angle to the rear wheels of the wheel
chair was studied in [37]. Camber is known to affect the variables such as rolling
resistance, the wheel chair downhill turning moment on lateral slopes, the life of
the rear wheel ball bearing. The relation between the heights of the rear axle with
camber angle has quadratic relation. With positive castor angle, the external ends
of the rear axle moved downward. With negative camber angle, it first increases,
reaches a plateau and then decreases. The track width was a inverse function of
camber angle. Negative camber angle brings the centroid nearer to the rear
wheels.

The side slip and camber characteristics, like the forces and moments
generated as it rolls forward under different circumstances were measured [38]. It
required holding the vehicle at fixed orientation—that is, fixed camber angle and
steering angle. It includes a cart that holds the bicycle wheel in the desired
orientation, allows it to roll forward, applies a vertical load and measures the
lateral force that develops between the tyre contact patch and fixed vertical

surface.
2.5 OBJECTIVE OF THE PRESENT WORK

In most studies, braking of vehicle in a straight path has been considered. When
vehicle moves in a curved path, the effect of camber angle and fork angle should
be considered. The variable camber angle assists braking in a curved road but the
turning radius of vehicle changes due to varying camber angle and fork angle.
The bond graph model of bicycle vehicle is to be developed to study the effect of
camber angle and fork angle on the performance of ABS when it manoeuvres a
curved path. Variable camber mechanism is to be designed and analysed by using
quarter car model and at the end, four-wheel model is used to study the effect in

dynamic environment.
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CHAPTER 3

PERFORMANCE OF ANTILOCK BRAKING
SYSTEM FOR A BICYCLE VEHICLE MODEL

3.1 INTRODUCTION

Antilock braking system (ABS) is now-a-days is very much common in vehicles
as it increases vehicle’s safety and steerability. When brakes are applied to a
vehicle with ABS, while maneuvering a curved path, the camber angle increases
the contact patch of the tyre with the ground up to a certain extent and thus it
assists braking. Camber angle can be either positive or negative. When the top of
the tyre is tilted outward, it has positive camber angle and when the top of the
tyre is tilted inward, it has negative camber angle. Two wheelers always have
positive camber angle either they are maneuvering left or right. Two wheelers
require large camber angle and small steering angle while turning to reduce the
road traversed by them.

The vehicle should have small turning radius while maneuvering a curved
path. So fork angle should be such that it increases the stability of the vehicle at
higher speed and also has small turning radius. If the line drawn through the
steering axis meets the road surface slightly ahead of the contact point of the tyre
with the ground, it has positive fork angle and if it meets behind the contact point
of the tyre with the ground, it has negative fork angle.

Antilock braking system (ABS) maintains the slip ratio in such a range,
according to road condition, maximum frictional resistance can be achieved. In
this way ABS decreases the braking distance. It uses an on-off control strategy to
prevent locking of wheels and thus preventing skidding of the vehicle. Thus,
ABS increases the directional stability and steerability while braking. Friction
force between road and tyres during braking is a non-linear function of slip ratio.
Different ABS controllers have been developed to achieve highest coefficient of
friction between the road-wheel interface. The main limitation of conventional
ABS is that slip ratio is always maintained in a particular range (sweet spot zone)
for any type road condition (snow, wet or dry condition) rather than optimal

value.
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3.2 BOND GRAPH MODELLING

Bond graph is a graphical modelling tool which represents power exchanges
between different dynamical parts in a system. It provides a physical insight into
the dynamic behaviour of a system. The notation of causality provides a tool not
only for formulation of system equations but also for qualitative analysis of the
system behaviour, viz. controllability, observability, fault diagnosis, etc. With the
help of bond graph approach, a physical system can be represented by symbols

and lines, identifying the power flow paths.
3.2.1 Equal flow junction and equal effort junction

A simple circuit with a resistor, a capacitor, an inductor and a power source all
connected in series is shown in Fig. 3.1(a). The transmission of power from the
source is represented by a line connected to an element SE. SE represent source
of generalised effort. The line leading to the various elements are abstract
representation of paths of power and are called bonds as shown in Fig. 3.1(b).
Each of these bonds is associated with two power variables, generalised effort
and generalised flow. The constraint imposed by the circuit is such that the flow

(current) are equalised in the bonds.
f1=/2=73=/4 (3.1)
The constraint of equalisation of the flows is represented by inserting an
icon 1 at the junction point. 1 junction is an abstract representation of the

constraint of equation of flow along the bonds connected to it.

Resistor
R
el|fl
1
. 9 gt 4,2 @
< 4 2
3
3|13
| | ©
[ 1 C
Caoacitor
(a) (b)

Fig. 3.1 (a) A series electrical circuit and (b) its basic bond graph
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Similarly, Fig. 3.2(a) shows the circuit which imposed the constraint such
that effort (voltage) is equal in the bonds.
el=e2=e3=e4 3.2)

The constraint of equalisation of effort is represented by inserting an icon
0 at the junction point. Therefore, O—junction is the abstract representation of the

constraint of equality of effort along the bonds connected to it (Fig. 3.2(b)).

R
el|fl
1
E ’\) R I P ed 4 ~ 2 €2
—— SE 0 I
( 4 )
3
e3|f3
C
(@) (b)

Fig. 3.2(a) a parallel electrical circuit and (b) its bond graph
3.2.2 Reference power direction of bonds

Bondgraph is the physical representation of the general system. The left and
right, up and down, clockwise and anticlockwise are of no relevance. Therefore, a
general view point should be created from which any particular system
interpretation should be easily conducted. This is done by assigning reference
power direction to the bonds. If J stands for junction and E stands for element, the

half arrow represents the reference power direction as shown in Fig. 3.3.

Fig. 3.3 Power direction of the bond
3.2.3 Single port bond graph elements with causality

In bond graph modelling, the inter connection takes place through abstract
entities called energy ports. Each energy port is represented by a bond having
associated with two factors of power (flow and effort). It is observed that the
elements which have two terminals but single variable of energy associated with

them, have, in bond graph single bonds attached to them.
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Bond graphs have a notion of causality, indicating which side of a bond
determines the instantaneous effort and which determines the instantaneous flow.
In formulating the dynamic equations that describe the system, causality defines,
for each modelling element, which variable is dependent and which is
independent. By propagating the causation graphically from one modelling
element to the other, analysis of large-scale models becomes easier. In bond
graph notation, a causal stroke may be added to one end of the power bond to
indicate that the opposite end is defining the effort.

For capacitive element, E=kqg but f =%. Therefore, e = k| fdt

Since, [ (cause)ds, flow is the cause in capacitance. Similarly for inductive

element, P=mf , ezcjl—P dP =edt Therefore, P = Iedt. Thus, effort is the

5
t
cause in inductive element. Figure 3.4 shows representation of capacitive and

inductive element along with there causality.

J—Ck J—I:m
(a) (b)

Fig. 3.4 Representation of (a) capacitive and (b) inductive element along with
their causality

A resistor has no time-dependent behaviour. Voltage is applied and a flow
instantly obtained; or, a flow is applied and a voltage instantly obtained; thus, a
resistor can be at either end of a causal bond. Figure 3.5 shows representation of

resistor element.

J—/R J—R

Fig. 3.5 Representation of resistive element along with its causality
3.2.4 Two port bond graph element

There are only two kinds of two port bond graph elements, namely Transformer
and Gyrator. In the bond graph, transformer is represented as ideal electrical
transformer, a mass less lever efc. The transformer does not create, store or

destroy energy. It conserves power and transmits the factors of power with proper
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scaling as defined by the transformer modulus. The oriented arc indicates the way
the modulus is applied. The transformer is best explained by a mass less lever as

shown in Fig. 3.6.

\ FTQ
ei - €] 2 b
i AN

(a) (b)

Fig. 3.6 (a) Representation of transformer element and (b) a mass less lever
From the geometry, it can be written as F,=(a/b)F, orF, =rF, .
Where, r is the module of the transformer. Often, transformer with variable
modulii is presented as MTF.
The gyrators relate the relation between flow to effort and effort to flow.
The simplified example of gyrator is gyroscope. Whenever flow belongs to any
particular domain of energy is to the effort variable of the same or any other
domain of energy, the bond graph element gyrator is used to represent such an

action. Figure 3.7 shows representation of gyrator.

C M T
RN

Fig. 3.7 Basic representation of gyrator

3.3 RELATIONSHIPS BETWEEN CAMBER AND FORK
ANGLE

Many efforts have been made to increase the coefficient of friction between the
tyre and the road while braking. Most important method is by adjusting the

camber angle and fork angle of the vehicle. The expression of camber angle (¢)

as a function of fork angle (A1) and steering angle (&) is given as [39].
cos¢ = cosdsin® A +cos’ A (3.3)

From Eq. (3.3) it is clear that for a fixed steering angle i.e., for a fixed
turning radius of road, camber angle and fork angle are directly proportional to

each other. Since camber angle and fork angle decides the area of contact patch
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between the tyre and the road, their variation plays an important role in the
vehicle stability and steer ability specially while manoeuvring a curved path. As
today roads are very congested with vehicles, small turning radius is desired
during lane changing and also during parking. Also, while manoeuvring, contact
patch of the tyre with the road should be maximized so that braking of the vehicle
is efficient. It will be shown that stopping distance after applying ABS decreases
with the increase of positive camber angle reverse case happens and the for the

castor angle.
3.4 MODELLING OF MECHANICAL ABS

Tyres are the points of contact of the vehicle with the road. Rather tyres do not
make point contact, they deform due to the vehicle load and make a surface
contact called contact patch. All tyre forces and moments are considered to act at
the centre of the contact patch of the tyre. The Pacejka’s magic formula may be
used to calculate the longitudinal force, lateral force and self-aligning moment of

the tyres [40].

3.4.1 Lateral and longitudinal tyre forces

Longitudinal slip ratio (o) of the tyre is an important characteristic to find out
whether wheels could be locked during braking. This slip ratio (o, )is the ratio of
difference between the longitudinal vehicle velocity(x)and angular
velocity (étqu) of tyre to the linear speed of the vehicle and longitudinal slip ratio

during braking is expressed as

Ox =7 (3.4)

Lateral slip ratio(0,) is the ratio of lateral velocity () to the longitudinal

velocity (X) of the vehicle and it is given as

O'y=_

y
P (3.5)

According to the Pacejka’s magic formula the force or moment
generated () can be expressed as a function of input variable (X) as

y(x) = Dsin[Ctan™ {Bx — E(Bx — tan™ (bx))}] (3.6)
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Where Bis stiffness factor, Cis shape factor, Dis peak value and E'is curvature

factor and can be determined by measuring tyre forces and moments [41]. Output
variable () can be longitudinal force(F}), lateral force(F,)and self-aligning
moment (M,)and input variable(X)can be either longitudinal slip ratio(o,)or

lateral slip ratio(o,). Longitudinal force is generated due to longitudinal slip

velocity (X — gtyi”t) and lateral force and self aligning moment are generated due to

lateral slip velocity () as there is no initial lateral velocity. The main drawback
of Pacejka’s magic formula is that it does not take into account the dependence of
friction force on the velocity of the vehicle while braking. Though, this formula is
a good one during motion of the vehicle at constant speed, this model is not used

in this present work as velocity decreases during braking.
3.4.2 Design of braking system

Antilock braking system is a dynamic control system which prevents tyres from
locking up during braking and provides maximum frictional force by maintaining
slip ratio in an optimal range. If the value of slip ratio is high, it means angular
velocity of the tyre is decreasing much faster, during braking, as compared to
linear velocity of the vehicle. The grip of the tyre with the road is reduced and
skidding of the vehicle may occur. Therefore, the brake torque is required to be
reduced to increase the angular velocity of the tyre and thus the slip ratio reduces.
At low values of slip ratio, the grip between the tyre and road again reduces.

Therefore, the brake torque is varied such that slip ratio is maintained in a range

bounded by maximum (0 ,,,) and minimum (0,;,) slip values.

The main parts of mechanical equivalent ABS are servo motor, lever arm,
brake cable, return spring, brake rod, cam and brake shoe [42]. The voltage
supply to the servo motor is controlled by ABS controller. One end of the lever
arm is connected to the servo motor whereas other is connected to brake-rod
which rotates the cam. The movement of cam expands and contracts the brake
shoe. The return spring is used to come back to the initial position. The schema of
ABS is shown in Fig. 3.8(a).

The calculation of friction force between the tyre and the road is very

important in determining the amount of braking torque of the vehicle. Friction
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model given by Burckhardt is used here to calculate the friction coefficient. It is

given as

u(o,, %) =[C,(1-e )= Cyo, Je " (3.7)

1 l=—— SE:Tmotor

Brake rod

Kcs 1 Kiss
C

F T, .I:"d J~ -0-
ont| b e =) =——iSE

Tires

(a) (b)

Fig. 3.8 (a) Schema of mechanical equivalent ABS and (b) its bond graph model
[20].

Where constant parameter C}, C,, C;and C,are determined experimentally for
different road conditions. The values of these parameters for dry asphalt road

surface which is very much common in Indian roads are given in Table 3.1.

Table 3.1: Tyre-road friction parameters [43]

Road surface C C, (O C,

Asphalt, dry 1.029 17.16 0.523 0.03

The Burckhardt formula takes into account the velocity dependence of
frictional force of the vehicle which is very important while designing any braking

system. The relation between the braking torque (7)) and longitudinal slip ratio

(o) is given below:

0 O>0,..
Ti'+1 = T; O min o< O nax (38)
Tlvnax o< O-min

Braking torque should be zero if the value of slip ratio is greater than o,
and maximum braking torque must be applied if slip ratio is less than o, For all

other cases same braking torque is applied as in last step. The optimal range of slip
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ratio for which maximum frictional force can be obtained is 0.2—0.25 for all kind

of road conditions [20].
3.4.3 Bond graph of braking system

The bond graph model of ABS is shown in Fig. 3.8(b). The controlled amount of
voltage from the ABS controller is fed to the motor to produce torque (7o) and
is represented by the Se element. The mechanical losses are Tepresented by the
resistive element (R ). The cable stiffness (K, ) is represented by the C-element.
The return spring stiffness is K . The other end of the return spring is connected

to zero valued Se element which represents the ground. The output brake torque

is applied to the bicycle vehicle model.

3.5 BICYCLE VEHICLE MODEL WITH CAMBER AND
FORK ANGLE

A bicycle vehicle model is developed to study the effect of roll (¢), pitch (1)
and yaw (0) motions on ABS while manoeuvrings a curved path. Schematic

diagram of bicycle vehicle model is shown in Fig. 3.9 and its bond graph model

is shown in Fig. 3.10.

Fig. 3.9 Schema of bicycle vehicle model
3.5.1 Kinematic relations bicycle vehicle model and its bond graph model

The kinematic relations which are derived in [20] have been modified to study
the effect of camber angle (¢)and fork angle (1). Major part of the bond graph
model of the vehicle has been constructed based on of these relations. Front
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wheels are steered by an angle (§) . Normal and tangential component of velocity

of the front tyres are given by

v = (V+ écza)cosécosqﬁ—xsin ocosl (3.9)
Vﬁ=(j/+écza)siné‘cos¢+5ccos5cosl (3.10)

Similarly, normal and tangential component of velocity of the rear tyres

are given by

vmz(y_éczb)COS¢ (311)

v =X (3.12)

Newton-Euler equations based on external forces, inertial forces and
gyroscopic forces are given by

mva:mvbéczy-i-zFx (313)

mg,y=-m,0,x+3F, (3.14)
The bond graph of bicycle vehicle model has been constructed using Eq.
(3.9-3.14) and is shown in Fig. 3.10. Torque from the electric traction motor
(zy) 1s applied to the rear tyres whereas the braking torque (z;) from the ABS
unit is applied to the front tyres. Power bonds are represented by half arrows,
whereas information bonds are represented by full arrow. Vehicle inertial mass
(/:m,)and rotary inertia (/:J ,) is modelled at there respective 1-junctions
which represent the linear and angular velocity of the centroid of the vehicle in
the body fixed coordinate system.
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Fig. 3.10 Bond graph of bicycle vehicle model
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The two modulated 3-port R-field (MR-elements) implement the
Burckhardt formula. Tangential and normal components of the velocity are used
to calculate the slip ratio by using Eq. (3.4-3.5). Therefore, Burckhardt formula
(Eq. (3.7)) is used to calculate the coefficient of friction and hence to calculate

the longitudinal and lateral tyre forces.
3.6 PARAMETER VALUES AND SIMULATION RESULTS

The parameter values used in the simulation is given in Table 3.2. The value of
the constant parameters used in Burckhardt formula is taken from Table 3.1. The
control logic based on Eq. (3.8) adjust the brake torque such that slip ratio always
lies between 0.2—0.25. The road is considered as made of dry asphalt. The radius
of the wheel is 0.3 m. The length of the vehicle is 2 m.

Table 3.2: Parameter values of bicycle vehicle model

Subsystem Parameter values
Vehicle m,, =1000kg  ; _100kgm® a=1.0m h=1.0m
body v
2

Wheel J=100kgm™ . —03m

C,=1.029 C,=17.16 C, =0.523 C,=0.03
ABS o,..=025 0., =02
Motor V=100V R=0.10Q u=0.4Nm/A G=8

All simulations are performed in SYMBOLS Shakti software [44]. It is an
object oriented modelling and simulation technique which allows users to create
models using bond graph. It automatically derives the reduced system equations
from the bond graph model. The software has number of in-built as well as user
made capsules of different basic engineering components. High level control
analysis can also be performed using this software.

First, bond graph of the bicycle model is made in the bond pad and then
simulation is done in symbols simulator. The parameters are properly considered
and put in the simulator from Table 3.1 and Table 3.2. Then simulation is done
for different values of the camber and fork angle. The practical range of camber

angle (¢) is 0.2—-0.5 rad. and that of fork angle (1) is 0.3—0.8 rad. The value of
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steering angle () is kept fix to 0.1 rad. and is applied at t = 10 sec. ABS is
applied to the front wheels of the bicycle model whereas rear wheels are motor
driven.

3.6.1 Effect of camber angle without ABS

Figure 3.11(a) shows the variation of camber angle and for no fork angle while
manoeuvring a curved path. It shows that the path traversed by the vehicle
without camber angle which is a circle of diameter 52.22 m (base diameter). The
diameter of the path is reduced by 61.35 cm if the camber angle of 0.2 rad. is
considered and the path is reduced by 143.84 cm (with respect to base diameter)
if the camber angle is 0.3 rad. Also, there is decrease in the longitudinal speed of
0.43 mm/s for 0.2 rad. and 1.03 mm/s for 0.3 rad. (which is shown in Fig.
3.11(b)) with respect to the speed of 10.81528 m/s which is the speed of the
vehicle for without any camber angle. It is also observed from the Fig. 3.11(b)
that the speed of the vehicle reduces due to the starting of the yaw motion of the

vehicle at 10 s.
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Fig. 3.11 (a) Lateral displacement vs. longitudinal displacement of the centre of
vehicle for different camber angles while manoeuvrings a curved path and (b)
corresponding longitudinal speeds with no fork angle.

3.6.2 Effect of fork angle without ABS

Figure 3.12(a) shows that the path (thick grey line) traversed by the vehicle
without fork angle is a circle of diameter 52.22 m (No camber and fork angle is
provided to the wheel). The diameter of the circle is increased by 115.12 cm if
the fork angle of wheel is 0.2 rad. and the path is increased by 264.4 cm with

respect to the base diameter if the fork angle is 0.3 rad. Also, the longitudinal
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speed is increased by 0.26 mm/s for 0.2 rad. and increased by 0.58 mm/s for 0.3
rad. (Fig. 3.12(b)) with respect to the base speed of 10.81528 m/s.
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Fig. 3.12 (a) Lateral displacement vs. longitudinal displacement of the centre of
vehicle for different fork angles while manoeuvrings a curved path and (b)
corresponding longitudinal speeds with no camber angle.

3.6.3 Effect of camber and fork angle on turning radius without ABS

Figure 3.13(a) shows the effect of camber angle on turning radius for different
values of fork angle. It clearly shows that turning radius always decreases if we

increase the camber angle. So camber angle is inversely proportional to the
turning radius.
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Fig. 3.13 (a) Variation of camber angle with turning radius for different values of
fork angle and (b) variation of castor angle with turning radius for different
values of camber angle
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Similarly, Fig. 3.13(b) shows the effect of fork angle on turning radius for
different values of the camber angle. It also shows that turning radius always
increases if we increase the fork angle. So fork angle is directly proportional to
turning radius. Also for fixed turning radius, camber angle is proportional to fork

angle as proposed in [39].
3.6.4 Effect of camber and fork angle individually on ABS

The effect of camber angle and fork angle on ABS is shown in Fig. 3.14. Initially
the vehicle starts from rest and then it reaches at a speed of 33.6 km/hr at 8 s. At
10 s the vehicle is steered with a steering angle of 0.1 rad and the ABS is applied
at 15 s to stop the vehicle. It takes 1.5 s after applying the brake to stop the
vehicle. It is seen from Fig. 3.14(a), the vehicle exactly follows the path when
ABS is applied with no camber angle. Figure 3.14(a) shows that, the stopping
distance and turning radius both decrease with an increase in camber angle. So,
increase in camber angle is advantageous during braking but it can not be
increased after the specific limit (maximum limit of camber angle is 0.5 rad) as the
path of contact between the tyre and the road again starts decreasing after that
specific limit. Whereas, increase in fork angle decreases the stopping distance but
it increases the turning radius while manoeuvrings a curved path (Fig 3.14(b)) but

fork angle must be provided to the wheel to enhance the stability of the vehicle.
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Fig. 3.14 (a) Lateral displacement vs. longitudinal displacement of the centre of
vehicle for different camber angles with no fork angle and (b) Lateral
displacement vs. longitudinal displacement of the centre of vehicle for different
castor angles with no camber angle
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3.6.5 Effect of camber and fork angle for a fixed value of the other on ABS

Figure 3.15(a) shows the effect of camber angle while ABS is applied to the
vehicle maneuvering a curved path for a fixed value of fork angle of 0.3 rad. The
effect of fork angle while ABS is applied to the vehicle maneuvering a curved
path for fixed value of camber angle 0.2 rad is shown in Fig. 3.15(b). It is
concluded from Fig. 8, if the camber angle of 0.2 rad and fork angle of 0.3 rad is
provided to the wheel, both stability of the vehicle can be enhanced as well as the
vehicle follows the road. The slip ratio is maintained between 0.2 and 0.25 to
obtain the maximum frictional force between the wheel and road and it is shown
in Fig. 3.16(a). In Fig. 3.16(b), the vehicle speed and the corresponding speed of
front wheel on which ABS is attached are shown. The angular speed of the front

wheel is shown in inset during braking.
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Fig. 3.15 (a) Lateral displacement vs. longitudinal displacement of the centre of
vehicle for different camber angles with 0.3 rad fork angle and (b) Lateral
displacement vs. longitudinal displacement of the centre of vehicle for different
castor angles with 0.2 rad camber angle

3.7 CONCLUSIONS

Bond graph of bicycle vehicle model has been developed to see the effect of
camber angle and fork angle on ABS while manoeuvrings a curved path. It has
been concluded that camber angle decreases the stopping distance as well as
turning radius of the vehicle. On the other hand, fork angle increases the turning
radius of the vehicle. Increase in camber angle reduces the longitudinal speed of

the vehicle while turning. But increase in fork angle increases the longitudinal
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speed of the vehicle. For a fixed value of turning radius, if we increase the castor

angle, camber angle will also increases.
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Fig. 3.16 (a) Slip ratio with time and (b) vehicle speed and wheel speed with time

It is seen from the simulation results that for a particular value of castor
angle and camber angle, the stability of the vehicle can be increased as well as
the vehicle moves through the specified road. This model can be extended to the
four wheel vehicle model with load transfer effect. In the next chapter, the

variable camber angle mechanism can be developed along with ABS.
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CHAPTER 4
VARIABLE CAMBER MECHANISM

FOR QUARTER CAR VEHICLE MODEL

4.1 INTRODUCTION

Modern vehicles have many complex assemblies which adjust themselves
according to vast range of dynamic conditions imposed by the road slope, road-
surface, load shifts, pitch, turns, efc. To adapt to such conditions, most of the
static systems are replaced with complex mechanisms to adapt the dynamic-
environment encountered during driving. The parameters like camber and fork
angles are generally locked to some pre-set values. These parameters must be
varied in some acceptable ranges to efficiently handle different dynamic
conditions.

It is desired to provide vehicle with variable wheel camber which varies
in a range for better performance and vehicle stability. When the vehicle is
steered, the dynamic variable camber mechanism adjusts the wheels camber in
dynamic optimal proportion. Camber angle is the inward or outward tilt of the
wheel with respect to the vehicle viewing from the top. When the top of the
wheel is tilted towards the vehicle, it is said to have negative camber angle. If the
top of the wheel is tilted away from the vehicle, it is said to have positive camber.
During manoeuvring a curved path, the inward wheel must have positive camber
and the outer wheel must have negative camber for larger contact with road
surface. Thus leads to better vehicle performance in various road conditions.

A variable camber suspension system (VCSS) having sensor, controller
and camber adjuster was developed by Choudhery [45]. A suspension system
with camber adjustment mechanism while manoeuvring a curved path lowers and
draws inward the upper A-arm of the outer front tyre, thus provides the negative
camber angle to the wheel [46]. Two wheelers always have positive camber angle
either they are manoeuvring left or right. Two wheelers require large camber
angle and small steering angle while turning, whereas, four wheelers require large

steering angle and small camber angle.
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First, a variable camber mechanism is designed and then its bond graph is
modelled for the dynamic analysis of a quarter car model. Unequal length A-arms
suspension system is modified accordingly to get the dynamic variation in

camber angle. Quarter car model is used in the simulation.
4.2 DEVELOPMENT OF VARIABLE CAMBER MECHANISM

Steering of the vehicle determines the position of the wheel on the ground and the
stresses imposed on the wheels such that the wheel is in best position for the
transmission of forces and moments. When the vehicle is manoeuvring a curved
path, the centrifugal forces cause the vehicle body to roll, resulting in load
transfer from the inner wheels to the outer wheels. This causes the compression
of suspension of inner wheels and extension of suspension of outer wheels. The
roll provides negative camber to the outer wheels in conventional unequal length
A-arms suspension. For conventional unequal length A-arms suspension, when
wheels are encountered with ride height changes, provides suboptimal wheel
camber because the right wheel provides left steering effect and left wheel
provides right steering effect. Thus, for conventional independent unequal length
A-arms suspension, each wheel provides its own steering effect when vehicle
travels on variable height path. This condition is called bump steer. This action
causes decrease in direction stability and ride performance. So, it is desired to
have zero camber changes while moving straight ahead and dynamic variation in
wheel camber while manoeuvring.

The present variable camber mechanism provides zero changes in camber
angle while moving straight ahead, thus removes bump steer and provides
suitable camber while manoeuvring a curved path. This is done by providing a
connection with dynamic variation in camber and vehicle steering system. The
complete mechanism is discussed later.

Figure 4.1 shows the variable camber mechanism and steering system.
The system includes left front wheel, lower A-arms connected to the vehicle
frame, upper A-arms connected to the vehicle frame and camber adjustment
mechanism, a steering rack driven by a steering gear. The upper A-arm is
connected to the lower A-arm through hub carrier. The lower A-arms are

connected to the frame through pivot joints. Thus, lower A-arm is allowed to
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move up and down in an arc. The hub carrier is attached to the free end of the tie
rod at a ball joint connection.

The upper A-arm is also connected to the slide mount through pivot
joints. The slide mount is guided by a guide rod that freely penetrates through the
guide rod slot of the slide mount. The guide rod is attached to the frame at upper
attachment point and lower attachment point. Upper attachment point is not
shown in Fig. 4.1. The slide mount has a guide plate roller.

The tie rod is connected through ball joint to the guide plate. The guide
plate includes a guide groove. The roller of the slide mount fits in this groove.
The guide plate is placed horizontally in the chassis and attached to the steering
rack of the vehicle steering mechanism. The guide rod transfers the motion of
steering rack to the tie rod and also guides the slide mount roller in the guide
groove.

The flat portion of the groove ensures zero camber angle while moving
straight ahead. The profile of the guide grove is such that it limits the maximum
and minimum camber angle. Figure 4.1 shows the transition of the vehicle from
straight operating condition to left turn. As the guide plate moves, the slide mount
follower rolls within the guide plate groove. As the guide plate moves the left
direction, the guide plate’s grove forces the slide mount follower to move
outward and is forced upward by the upward portion of the guide plate groove.
The follower thus forces the slide mount to slide upward and outward, thus

provides positive camber angle to the left wheel.

(a) (b)

Fig. 4.1 Different views of variable camber mechanism
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43 BOND GRAPH MODEL OF VARAIBLE CAMBER
MECHANISM

The working of Variable Camber Mechanism (VCM) is analysed for its
modelling. Since, the variable camber mechanism is attached with steering
mechanism. Therefore, while taking left turn, steering wheel is rotated counter
clockwise direction looking from top, the steering gear also rotates in the same

sense and the rack is pushed inwards for the left wheel.
4.3.1 Kinematic analysis of variable camber mechanism

For the development of the bond graph of variable camber mechanism, its basic
fundamental equations should be formulated first on which the bond graph is to

be portrayed. The moment acting on the steering gear is in x-direction.
Therefore (QX) is the input to the steering gear. Due to this, the follower in the

groove moves in y-z plane. The movement is shown in Fig. 4.2(a). The equations

of motions derived from simple kinematic relation are given by
_)./1 Z)'/—éaninﬁ (41)
Z.l =z+ éxaCOSQ (42)
Where, (),,Z,)are the velocities at the ball joint of tie rod at the wheel end

and(y ,Z ) are the velocities at the centre of the follower. a is the distance

between them.

F,
(a) (b)

Fig. 4.2 (a) Displacement of the wheel due to rotation of steering gear and (b)
diagram of quarter car model
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Bond graph is constructed on the basis of these above equations. The wheel
displacements in different directions are measured to check whether it follows the
desired profile. For this, planar wheel (in the y-z plane) quarter car model is
considered here for the analysis. y-z plane is taken for the analysis of the wheel.

The quarter car model is discussed later.
4.3.2 Bond graph model

Bond graph model of the variable camber mechanism is shown in Fig. 4.3. The
torque applied by the driver of the vehicle is denoted by SE element connected at
the 1-junction. The inertia of the driving wheel is presented by I-element
connected at the same 1-junction. The steering gear is expressed by TF-element
with gear ratio x. The velocity of the guide plate in the y-direction and the
rotational speed of the pinion about x-axis, modulate the cam profile. The
velocities of the centre of the follower in y and z-direction and rotational speed
about x-axis are represented by three numbers of 1-junctions. Equations (4.1-4.2)
are used to calculate the velocity at the ball joint of the tie rod. The complete
profile has two parts—one for positive camber and the other for negative camber.
The cam may be represented as source of flow (SF). The linear and rotational
stiffness of the bar element is represented by C-element connected at the 0-

Junction. So, input to the wheels are forces F; and F, and moment M .

Fig. 4.3 Bond graph model of variable camber mechanism

4.3.3 Quarter car model

The schema of quarter car model is shown in Fig. 4.2 (b). The quarter car model

is used here to implement the variable camber mechanism. The wheel is in the y -

z plane. As shown in the Fig. 4.2(b), F,is the force in the vertical direction of
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the vehicle. Similarly, F is the force acting in the lateral direction of the wheel.

Here, m, is mass of the wheel and m, is the mass of the vehicle. The equations

of motion of vehicle is given by :

[mw " mjb jy +F), = Fyp + [mw " mjb jg sinag +m,GapZ — Ry — (KVZt +RVZt)sin TE (43)

1,6 =F,R,, — Rag + Fppy (4.4)
Where F,, F,and F, are the force acting on the wheel calculated from
Pacejka’s magic formula, force acting on the wheel in y -direction and torque
acting on the wheel due to camber mechanism respectively.

4.3.4 Bond graph of Quarter car model

The bond graph of quarter car model is shown in Fig. 4.4. The wheel is modelled
as rigid body with three degrees of freedom. The tyre-road normal contact force
and the gravity force acts along Z-axis. The three effort inputs are given to

1, 1,and]; junction. The stiffness and damping of the tyre is represented by C

and R respectively. The brake torque is applied to the wheel at 1 junction of the

wheel.
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Fig. 4.4 Bond graph model of quarter car model
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4.4 PARAMETER VALUES AND SIMULATION RESULTS

The analysis of variable camber mechanism is done by using quarter car model.
The complete parameter values used in the simulation are given in Table 4.1.

Pacejka’s magic formula (refer Eq. 3.6) is used for the calculation of the lateral

force.
Table 4.1: Parameter values of variable camber mechanism
Subsystem Parameter values
m,=15Kg R,=03m [ =20Kgm® K, =300000N/m
Wheel <
R,=200Ns/m R,=10°Ns/m R =10"Ns/m R,=0.0 Nm s/rad
Brake D=117 C=1.2 E=-2 B=8.33

As the vehicle is manoeuvring a left turn, it is moving in the
negative y direction and positive z direction. The profile of the guide grove is
shown in Fig. 4.5. Angular rotation of 0.05 rad is given in X -direction. From the

input data, the angle varies from 0—0.05 rad, displacement input in y -direction

varies from 0 to (—52.35) and displacement input in z-direction varies from 0 to

13.19 for left turn.

(b)

Fig. 4.5 The profile of the guide of variable camber mechanism

Fig. 4.6(a) shows the displacement iny -direction. Clearly the

displacement is from 0 to (—52.35) which clarify that the wheel is displaced
exactly according to the input in y -direction. Similarly, the displacement in

the z -direction is shown in Fig. 4.6(b). It also shows that wheel is moved by the
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exact distance as the input data. Figure 4.7(a) is the angular displacement in x -
direction. Since, the input of 0.05 rad is given, it is quite clear that the wheel is
displaced by the same amount. Figure 4.7(b) shows the similar curve is generated
by the model. Hence, positive camber angle is achieved by the left wheel of the

vehicle while taking a left turn.
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Fig. 4.6 (a) The lateral displacement of the wheel and (b) vertical displacement of
the wheel
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Fig. 4.7 (a) Angular displacement of the wheel is x direction and (b) the graph
between lateral and vertical displacement

4.5 CONCLUSION

The variable camber mechanism attached with steering system is developed and
this provides accurate camber angle to the wheels while turning. The bump

steering is completely eliminated while moving on road with variable height. The
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straight portion of the guide grove ensures that no camber angle is attained while
moving straight. The wheel attains the required camber angle while cornering.

Thus improves the vehicle stability and ride quality.

41



CHAPTER 5

VARIABLE CAMBER MECHANISM FOR FOUR
WHEEL VEHICLE MODEL

5.1 INTRODUCTION

The use of automobile is increasing worldwide which has motivated in the
development of number of driver assisted safety features. Modern automobile
vehicles are increasingly dependent on electromechanical sub-systems which
include sensors, actuators and feedback control systems and assist vehicle
stability, improves ride quality, reduce traffic congestions, increase fuel economy
and reduce vehicle emissions. Continuous improvement is required in the existing
control systems for more and more improvement in the vehicle performance.

Antilock braking system is a very important safety feature in modern four
wheel vehicle. Its uses an on-off control strategy to prevent the wheels from
locking even in situations where very hard brakes are applied and thus prevents
the wheels from skidding and helps in better steering of the vehicle. Now-a-days,
more and more stress is laid on improvement in the conventional ABS system.
Numbers of factors are considered in the ABS algorithm which includes slip
control, friction coefficient between tyre and road, wheel deceleration,
longitudinal braking force and many more. The sudden jumps in the road tyre
friction coefficient due to change in the road conditions also changes the amount
of steering required while maneuvering a curved path and does not follow the
nominal path . For roads with slippery surface, the vehicle travels on a trajectory
with larger radius and this condition is called under steering. Similarly, for roads
with higher friction coefficient, the vehicle follows a trajectory with small radius
and this condition is called over steering. Differential-braking based system can
be used to avoid such situation. By increasing the brake pressure on the left
wheels as compared to the right wheels, a counter-clockwise yaw moment is
generated and by increasing the brake pressure on the right wheels as compared
to left wheels, clockwise yaw moment is generated.

There is also load transfer from the rear axle to the front axle during

braking and vise versa during acceleration. The load transfer is from inner wheels
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to outer wheels while maneuvering a curved path. For accurate prediction of ABS
system performance, proper accounting of load transfer is to be required. The
load transfer mechanism during braking and turning cannot be represented in the
quarter car or bicycle model. Therefore, a four wheel model should be used for
accurate prediction of system performance.

For reducing stopping distance and steering angle, camber angle is to be
introduced in the four wheel model. Camber angle is represented as the angular
moment applied to the tyre about x-axis of the vehicle. Camber angle is said to be
positive, when the top of the tyre is tilted outwards with respect to the body of the
vehicle and is negative when the top of the tyre is tilted inwards. Variable camber
mechanism is already discussed in Chapter 4. Therefore, camber angle adds one
more rotation input to the tyre along with steering input and braking torque.

Bond graph modelling is a pictorial representation of physical systems. It
is vastly used for the analysis of system lies in different energy domains. It is best
used in the modelling and formulation of system equations lies in different
energy domains. It is not a numerical solution tool. Bond graphs gives the
equation of motion with static and dynamic constrains but does not give the
numerical solution directly. One has to use some numerical technique to get the

solution.
5.2 MODELLING OF FOUR WHEEL VEHICLE

The four wheel vehicle system comprises of seven subsystems. These are vehicle
body, suspension, wheel, steering, variable camber mechanism, (antilock)
braking system and differential. To assist the vehicle steering and for short
stopping distance, variable camber mechanism may be used. Therefore,
modelling of each subsystem is done to represent the complete model. The word
bond graph of the full vehicle model is shown in Fig. 5.1 where the bonds
represented by double lines are multiple bonds.

The conversion of flow variables from body fixed frame to inertial frame
and vice versa is done through coordinate transformation (CTF) block. The flow
variables at the interface of different subsystems are shown in Fig. 5.1. The
complementary power variables are omitted to maintain the clarity. The steering

wheel, antilock braking system and the variable camber mechanism (VCM) are
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represented by scalar bonds to the axle. Similarly, the electrical dc motors are
connected to the rear wheels and the vehicle body by scalar bonds. The wheels

are connected with the vehicle body through suspension.
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Fig. 5.1 Word bond graph of four wheel vehicle model
5.2.1 Bond graph of vehicle body

The bond graph modelling of the vehicle body is presented in this sub-section.
The vehicle is assumed to be symmetric with respect to the longitudinal axis.
Three linear displacements along the three body-fixed axes and three rotation
motions about those axes are used to describe the vehicle body. So it is a 6-DOF
rigid body. The rotary motion of the body is defined by the Cardan angles. The
Newton-Euler equations with attached body fixed axes aligned with principle
axes of inertia are used for the modelling the vehicle body. The Newton-Euler
equations of the vehicle body with attached body fixed axes aligned with

principal axes of inertia are given by

SF, =mi, +m (0, —7.6,)

(5.1)
SF, =mj, +m(x6,-20,) (5.2)
SF, =mz, +m(30, - 1.0,) (5.3)
M, =J,0,-0.0,J,-J,) (5.4)
M, =J.0,-6,0.(J,-J,) (5.5)
M, =J,0,-0,0,(J,~J,) (5.6)

44



The vehicle body is modelled as a rigid body and has six degrees of freedom, i.e.,
pitch, roll, yaw, heave, surge and sway motions. The rigid body motion of the
vehicle body is described with respect to a coordinate system rotating and
translating with it. This local coordinate frame attached at the centre of mass of
the body is assumed to be aligned with the inertial principle axes. First three
equations (Eq. (5.1)—(5.3)) are Newton’s equations which represents pseudo-
forces appear due to the use of body-fixed or non-inertial frame. Last three
equations (Eq. (5.4)—(5.6)) are Euler’s equations which accounts for the
gyroscopic moment. The liner and angular velocities used in the above Newton-
Euler equations are velocities as seen from a frame that is momentarily aligned
with the body-fixed principle axes.

Euler’s equations can be represented in the bond graph form through
Euler junction structure (EJS). To draw EJS let us consider a rigid body of

mass (m), moment of inertia about principle axes (x,y and z), as({,,,1,, and 1,),

angular velocities momentarily aligned along body fixed principle
axes(@,,0, and @,), as external moment component as(M ,M, and M,), and

external forces components as (F,,F, and F,). The EJS for a rigid body is shown

in Fig. 5.2(a). Similarly, Newton’s equations are modelled by using gyrator ring

structure.

I:m

Fig. 5.2 Bond graph model of (a) Euler equation and (b) Newton-Euler equation
[20].
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The Newton-Euler’s equations are represented in bond graph form by combining
both junction structures to form star shaped junction structure as shown in Fig.
5.2(b). So, Fig. 5.2(b) is the main building block of bond graph modelling of
vehicle body. The coordinate transformation block (CTF) are used in several
places to convert flow variables from body fixed frame to inertial frame and from

inertial frame to body fixed frame using rotation matrix.

For the vehicle body, @, =6

cx?

w,=0, o=0,1=J,1=J, ad

cy? z ~ Yezo cx? Ty
I,=J,. The suspension reference point coordinates are x, =a, y, =c, and

z,=—h. The bond graph model of the vehicle body is shown in Fig. 5.3. It models

the vehicle body inertia and transforms the three liner and three angular velocities
into velocities at reference suspension points of all the four wheels. The inertia is
coupled by a pair of gyrator rings. Three set of forces and moments act on the

vehicle body. First, vehicle body weight and aerodynamic forces (R

o) 1N the
inertial frame act on the body in non-inertial frame through coordinate
transformation (CTF). Secondly, engine torque which is in wheel frame is first
transformed from wheel to body fixed frame and then from body fixed to vehicle
body fixed frame to act on the body. Thirdly, the suspension forces and moments

which act in the inertial frame are transformed to get forces in body fixed frame.
5.2.2 Bond graph model of wheels

The bond graph model of wheel is similar to that of vehicle body. The wheel is
modelled as rigid body with six degrees of freedom. The inertias are coupled by a
pair of gyrator rings as shown in Fig. 5.4.

There are some basic differences between the vehicle body model and the
tyre model. The suspension reference points in the vehicle body are fixed points
whereas, the tyre-road contact point in the wheel is not a point fixed on the
wheel. It changes as the wheel rotates about the axle. The second difference is
that the wheel rotation about its axle axis does not change its orientation in the
inertia frame. Here, the wheel and its axle are assumed to be rotationally

symmetric about an axis.

The tyre-road normal contact forces and the gravity forces (SE:m_ g) acts
along z-axis. The vertical velocity of the wheel is calculated through a set of
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transformation at a 0 junction where the vertical stiffness and damping of the tyre
(K,and R, elements) are modelled. The angle ¢ used in the transformation is the

wheel tilt with respect to the ground, i.e., the angle of rotation of the wheel about

X -axis. The tilt angle may include additional camber angle.

R

C
T
“Meg | F
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b !
ssspension b Right-front!
Ercljc'rlcncc ,:'h ; i, s' 5 E
i l"]" : ],kpoim '
_________ =3 Iy i o, :
! N .y
ILeft-rear 1!- o :‘ Right-rear
jpo;nl ;:;: E ﬁ‘,..:g: po;nl
| lorarr 1o,
Fig. 5.3 Bond graph model of vehicle body [20].
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I/cosd)
> TF le—0
I4sing)
—TF

Fig. 5.4 Bond graph model of wheel [20].
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Port 1-6 are connected to the corresponding velocities of the suspension
reference points. The brake torque is applied to the front wheel at port 7 and
engine torque is supplied to the rear wheel through the port7. The steering torque
is applied through port 4.

5.2.3 Bond graph model of steering system

The Ackermann’s formulae are the basic building block of bond graph model of
steering system. The schema is shown in Fig. 5.5(a). The Ackermann’s equations
are given by

_ | (a+b)cos’ 5, +ctand, cos’ 6,
"| (a+b)cos*S—ctanScos’ 5 (5.7)

. (a+b)cos’ 5, —ctand, cos’ 5,
! (5.8)

(a+b)cos’ 5 +ctandcos’ &

The bond graph of steering system is shown in Fig. 5.5(b). The rotational

velocity (é’rcf) applied to the steering wheel is represented as SF which is

connected to the 1 junction. The rate of rotation of the left wheel and right wheel

about the z axis are represented at ljand 1j, junctions. The modulus of the

transformers are taken from Eq. (5.7-5.8).
5.2.4 Bond graph of variable camber mechanism

The schema of wheel camber representation is shown in Fig. 5.6. It is concluded

from the sketch that
x+c
tan g, = Wby
x+2c (5.9)
tano, = Ml
X

Therefore, while taking left turn the left wheel should have less camber

angle and right wheel should have more camber angle. It is calculated that, for

0 =0.1rad, the camber angle for the left wheel is 0.087 rad and for the right is
0.116 rad.
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The bond graph is shown in Fig. 5.6(b). The angular velocity (éref)is applied to

the 1 junction. The rate of rotation of the left wheel and right wheel about the x

axis are represented by 1, andl,, junctions. The moduli of the transformers are

calculated from equations given by

B {(h1 +h,)cos’ @, +ctang, cos’ al}
=

(h, +h,)cos’ a—ctanacos’ a (5.10)
_| (h+hy)cos’ @, —ctana, cos’
" | (B +h)cos’ a+ctanacos’ a (5.11)
Df_SDLQ
SF ————1§
7%
182 |—>Df—8‘2>1—6'2>g
, ] .
5.2
8 I =
s \o!
& i
Right
Front
Wheel
(b)
Fig. 5.5(a) Schema of steering system and (b) its bond graph.
et
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Fig. 5.6 (a) Schema of wheel camber and (b) its bond graph.
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5.3 PARAMETER VALUES AND SIMULATION RESULTS

The vehicle behaviour is obtained from the vehicle dynamic model by giving
reasonable input to various parameters. The parameter values used in the

simulation is given in Table 5.1.

Table 5.1: Parameter values of 4-wheel vehicle model with camber mechanism

Subsystem Parameter values

Vehicle M, =1600Kg J, =260 Kgm’ J =1110Kgm’ J,=1370Kgm’

body a=0.9m b=15m c=0.7 m

K, =10"N/m R =2000Ns/m K _=10"N/m R,,=2000Ns/m

Suspension K_,=80kN/m R_=500Ns/m K =10'Nm/rad R, =2000Nms/rad

K,=0 R,=0Nmsirad K, =10°Nm/rad R ,=360Nms/rad
m,=15Kg  J,=0.1Kgm’ J  =02Kgm’ J ,=0.1Kgm’
Wheel
r,=0.3m
00y =0.2 Oign=0.25 5,=0.01 k,=250 N/m
h4=0.15m  R_=0.04Ns/m K_=10"N/m K, =10°N/m
Brake
[=1m C,=1.029 C,=17.16 C,=0.523
C,=0.03
Steering  J =1Kgm® 0=0.24rad
wheel
Camber h,=0.25 h,=0.25 a =0.1 rad
mechanism

5.3.1 Effect of camber angle

Initially, the vehicle starts from rest and it attains a speed of 9.24 m/s at 3.8s.
Camber angle of 0.1 rad is applied after 4s. As the wheel takes left turn, left
wheel attains camber angle less than 0.1 rad and right wheel attains camber angle
more than 0.1 rad. When camber angle is given to the wheel, there is some liner

displacement in Y-direction and angular displacement in y -direction as shown in

Fig. 5.8. This shows that camber angle provides some additional steering effect.

So, less steering is required with the presence of camber angle. When camber
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angle is returned to zero on application, the vehicle continues to move in that
direction but its path becomes straight and no longer remains a curve as shown in
Fig. 5.9(b). So, camber angle guides the vehicle motion in the same sense as

steering mechanism does. Hence, camber angle provides additional steering while

maneuvering a curved path.

0.08 0.10 <
0.08 <
3 0.06 ]
g g 0.06 =
§ 0.044 §
%. g. 0.04 <
a a
3 0.02 3
0.02 =
0.00 0.00
2 3 Time (s) 4 3 ? ’ Time (s) ! °
(a) (b)
Fig. 5.7 Application of camber angle for (a) left front wheel and (b) right front
wheel.
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Fig. 5.8 Displacement due to camber angle in (a) Y-direction of inertial frame
and (b) y -direction of body fixed frame.

A constant steering angle of 0.24 rad is applied at 4s to see the behaviour
of the vehicle under constant steering angle. By giving a constant steering angle
the vehicle is expected to move in a circular path with almost constant speed.
Figure 5.10 shows the similar behaviour at constant longitudinal speed (x)of
3.035 m/s and Fig. 5.10(b) sufficiently proves that the vehicle maneuvers in a
curved path with constant radius.
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Fig. 5.9 (a) Application of camber angle with return and (b) displacement in Y-
direction of inertial frame.
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Fig. 5.10 (a) Longitudinal speed and (b) displacement in Y-direction for constant
steering angle.

5.3.2 Antilock braking system

Antilock braking system is an on-off control strategy to prevent the wheels of the
vehicle from locking. Different control parameters are considered in the ABS
algorithm to prevent wheel lockage. Here, slip ratio is maintained by the ABS
controller within two threshold values i.e., 0.2—0.25. Figure 5.11 shows the
behaviour of the vehicle under the application of antilock braking system. ABS is
applied at 5s after starting. Figure 5.11(a) shows that the brake torque is applied
in such a way so that vehicle slip is maintained between two threshold values.

The ABS algorithm removes the brake pressure when slip exceeds the upper
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threshold value and reapplies the brake pressure again when lower threshold is
reached. Thus, vehicle stops with discrete deceleration and it does not stop
continuously as shown by the wheel speed in Fig. 5.11(b). The vehicle stops

smoothly without any wheel lockage.

0.30 12
0.25 4 104
Vehicle speed (m/s)
—— Wheel speed (rad/s)
0.20 84
2
=1 =
I D
.E- 0.15 4 % 6
7
0.10 44
0.05 4 24
0.00 —_— — 0 T T T T T T T
2 3 4 5 6 7 0 1 2 3 4 5 6 7
Time (s) Time (s)
(a) (b)

Fig. 5.11 (a) slip ratio variation and (b) speed of vehicle and angular speed of
wheel when brakes are applied.

5.4 CONCLUSION

In modern automobile world, the main motto is to provide such a technology
which provides better handling on any road condition. It detects and assists the
driver from any sudden change in road condition. Here, antilock braking system
is developed which works on such a logic that it always maintain the slip ratio
between 0.2—0.25 with respect to different road conditions. The effect of load
transfer on braking and during maneuvering is also considered. Camber angle
also assists the driver by providing additional steering while maneuvering a
curved path. So, better steerability is achieved with the application of camber

angle.
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CHAPTER 6
CONCLUSIONS

6.1 CONCLUSION

Bond graph modelling of vehicles, variable camber mechanism and other
mechanisms is done to study the effect of camber angle and fork angle. From the
present work, it is concluded that turning radius as well as longitudinal speed
decreases on increasing the camber angle up to certain limit without ABS and for
no fork angle while turning. The turning radius increases while the longitudinal
velocity decreases on increasing the fork angle without ABS and for no camber
angle. It is concluded that for fixed turning radius, camber angle is proportional
to fork angle. The increase in camber angle, decreases both stopping distance and
turning radius while vehicle turns with ABS and for no fork angle. Whereas,
stopping distance decreases but turning radius increases for the increase of fork
angle with ABS and for no camber angle. For a fixed value of camber angle (0.2
rad) and fork angle (0.3 rad), both the stability of the vehicle is enhanced and
vehicle follows the road on application of ABS. The slip ratio is maintained
between 0.2—0.25 to obtain maximum frictional force between road-tyre
interface.

Variable camber mechanism is developed in Chapter 4 which ensures
zero camber angle while moving in a straight road when vehicle travels on
variable height path. Cambering of the wheel is done while taking a turn with this
mechanism. Some steering effect is also shown due to camber angle in Chapter 4.
Less steering is required with the presence of camber angle. In Chapter 5, four
wheel vehicle model was developed. The different components of the vehicle
were modelled with the help of bond graph. The camber mechanism was
developed on the basis of Ackermann steering mechanism in vertical plane.
Formation of sine wave in longitudinal direction and almost constant longitudinal
speed indicates that the vehicle is moving in a circular path for fixed steering
angle. Formation of square wave for wheel speed represents the on-off strategy of

antilock braking system.
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6.2 FUTURE SCOPE OF WORK

Based on the thesis, the following areas of work are suggested for future
exploration
e The range of variation of camber angle for which the vehicle have least
turning radius and stopping distance.
e The range of variation of fork angle for which the vehicle have least
turning radius and high speed stability.
e Refinement in the variable camber mechanism with the use of some logic
controllers and sensors.
e Reduction in stopping distance without skidding of the wheel by

developing more accurate control logic.
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