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Abstract

Traffic congestion is an important reason for driver frustration which in turn is the
main cause of human errors and accidents. Statistics reports have shown that over
90% of accidents are caused by human errors. Therefore, it is vital to improve
vehicle controls to ensure adequate safety measures in order to decrease the number

of accidents or to reduce the impact of accidents.

An application of mathematical control techniques to the longitudinal dynamics of a
vehicle equipped with an adaptive cruise control (ACC) system is presented. This
study is carried out for the detailed understanding of a complex ACC vehicle model
under critical transitional manoeuvres (TMs) in order to establish safe inter-vehicle
distance with zero range-rate (relative velocity) behind a preceding vehicle. TMs are
performed under the influence of internal complexities from vehicle dynamics and
within constrained operation boundaries. The constrained boundaries refer to the

control input, states, and collision avoidance constraints.

The ACC vehicle is based on a nonlinear longitudinal model that includes vehicle
inertial and powertrain dynamics. The overall system modelling includes: complex
vehicle models, engine maps construction, first-order vehicle modelling, controllers
modelling (upper-level and lower-level controllers for ACC vehicles). The upper-
level controller computes the desired acceleration commands for the lower-lever
controller which then provides the throttle/brake commands for the complex

vehicle model.

An important aspect of this study is to compare four control strategies:
proportional-integral-derivative; sliding mode; constant-time-gap; and, model

predictive control for the upper-level controller analysis using a first-order ACC



vehicle model. The first-order model represents the lags in the vehicle actuators and
sensor signal processing and it does not consider the dynamic effects of the vehicle’s
sub-models. Furthermore, parameter analyses on the complex ACC vehicle for

controller and vehicle parameters have been conducted.

The comparison analysis of the four control strategies shows that model predictive
control (MPC) is the most appropriate control strategy for upper-level control
because it solves the optimal control problem on-line, rather than off-line, for the
current states of the system using the prediction model, at the same time being able

to take into account operation constraints.

The analysis shows that the complex ACC vehicle can successfully execute TMs,
tracking closely the desired acceleration and obeying the constraints, whereas the
constraints are only applied in the MPC controller formulation. It is found that a
higher length of the prediction horizon should be used for a closed acceleration
tracking. The effect of engine and transmission dynamics on the MPC controller and
ACC vehicle performance during the gear shifting is studied. A sensitivity analysis
for MPC controller and vehicle parameters indicates that a length of the control
horizon that is too high can seriously disturb the vehicle behaviour, and this
disturbance can be only removed if a higher value of control input cost weighting is
used. Furthermore, the analysis indicates that a mass within the range of 1400-2000
kg is suitable for the considered ACC vehicle. It is recommended that a variable
headway time should be used for the spacing control between the two vehicles. It is
found that the vehicle response is highly sensitive to the control input cost
weighting; a lower value (less than one) can lead to a highly unstable vehicle
response. It is recommended that the lower-level controller must take into account
the road gradient information because the complex ACC vehicle is unable to achieve

the control objectives while following on a slope.

Based on the results, it is concluded that a first-order ACC vehicle model can be
used for the controller design, but it is not sufficient to capture the complex vehicle
dynamic response. Therefore, a complex vehicle model should be of use for the
detailed ACC vehicle analysis. In this research study the first-order ACC vebhicle
model is used for the complex vehicle validation, whereas the complex ACC vehicle

model can be used for the experimental validation in future work.
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Chapter 1. Introduction

1.1 Motivation

A large majority of the world’s vehicles operate on roads, rather than on rails, on the
air, or/in water. Highway congestion has become a serious problem in many urban
areas. The main cause of the congestion is the travel demand which has exceeded
the present highway capacity. The present highway capacity is not capable of
smooth traffic flow which results in traffic congestion, unnecessary delays and

accidents.

It was estimated by Fenton (1994) that in 2010 the travelling demand will be more
than double as compared to 1992 travelling demand. It was also estimated that the
average speed of vehicles during peak hours would drop to 11 mph in 2005 from 35
mph in 1995, which has a corresponding significant effect on productivity. Traffic
congestion costs around $100 billion each year in the United States because of delays
in productivity. The intensive vehicles emission, due to traffic congestion, affects the
environmental issues up to the critical level and poses an ever-increasing damage to
the public health. Each year around 2 billion gallons of fuel is wasted due to traffic
congestion. The intensive vehicles emission affects the environment up to a critical
level and poses an increasing damage to the public health. Along with the health
and environmental issues, safety and comfort levels for the drivers and other
passengers are significantly important (Terzano, 2001) in order to provide secure
journeys. It has been analysed in a study that the traffic congestion is a big reason
for personal frustration which in turn is the main cause of human errors and

accidents (Fenton, 1994).
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A statistical report (Report., 1992) has shown that over 90% of accidents are caused
by human errors. Only a small percentage of the accidents is caused by vehicle

component errors or due to weather conditions e.g. raining, slippery roads.

Table 1-1 shows the accident statistics on Great Britain roads, the figures shows that
car users account for most of the accidents (Unknown, 2009). Therefore, it is vital to
improve the present vehicle’s control to ensure the safety measures in order to
reduce the number of accidents or reduce the impact of the accidents. A reliable
highway infrastructure is required which can significantly reduce the causes of
these affects and ensure the safety and provide a comfortable less-stress driving.
The core problems or issues are the significant number of fatalities from car
accidents all over the world, especially in Great Britain, safety and control, traffic
congestion, vehicle emission, and environmental effects. Among these issues, car

accidents, safety and control of a passenger car have been focused in this study.

As the travelling demand increased over the years, the highway networks were also
expanded to meet the requirements. At some point it was not feasible to extend
them because, if the existing highway networks are further increased then this will
increase the economical burden coupled with high construction costs and the
difficulties faced in expanding the current highway infrastructure. Expanding the
existing highways is no more useful in most of the urban areas because of the
increasing travelling demands (Terzano, 2001). These social and economical
challenges have triggered interest in alternate methods to increase the highway

capacity.

In order to overcome these problems an efficient infrastructure for the highway
network is required. The concept of Automated Highway System (AHS) is one of
the approaches which are under considerable research to overcome the problems. In
the last few years the research work has been focused to investigate how safety
measures and comfort level in urban areas and highway transportation networks

can be improved by means of on-board intelligent driver assistance systems.
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1.2 The Concept of Automated Highway Systems

Significant research effort has been dedicated within the last 20 years to the
development of AHS (Huang and Chen, 2001; Shladover, 2005), most noteworthy
research group is the California PATH program at the University of California,
Berkeley (Hedrick et al., 1993; Hedrick et al., 1997, Swaroop, 1997). Its main
objectives are making the driving safer and more comfortable, and to develop the
means to reduce the undesirable traffic congestion on highways. These objectives
are achieved by making vehicles travel together in tightly spaced platoons. An AHS
system requires that only instrumented fully-automated vehicles are allowed on this
special highway while the other manually operated vehicles cannot operate on these
highways. Recent advances in the technology have facilitated the development of
the necessary components of an AHS. Over the last two decades, the technology
developments in control systems, computer technology, sensor technologies,
communication systems and data processing capabilities have provided
constructive support to automate the decision-making process and execution of

driving manoeuvres with greater accuracy.

An important aspect of AHS is the automatic vehicle itself which is intended to
improve the driver’s control and relieve the driver of some or all of the driving
tasks. An automated vehicle is equipped with different intelligent systems e.g. anti-
lock brake system (ABS), traction control system (TCS), adaptive cruise control
(ACC) system, and automatic collision avoidance systems. The automated systems
reduce the traffic congestion by enabling vehicles to travel in the form of platoon by
keeping a safe distance and provide driver assistance and help to reduce the driver
burden which certainly leads to reduced accidents (Rajamani, 2006). There are
number of approaches designed in the literature to increase the safety on the AHS.
ACC is one of the approaches which have attracted the attention of the vehicle
manufacturers and users in order to serve as a mean of providing comfort and
safety for the drivers. An ACC is an autonomous system which requires further
modifications and can significantly help to overcome the causes of the problems
stated in Section 1.1. This study focuses on the vehicles equipped with an ACC
system, and the problems associated with these vehicles have been reviewed in

detail in Chapter 2.
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1.3 Adaptive Cruise Control Systems

Standard cruise control is a familiar example of a longitudinal controller that
controls the speed of a vehicle. The control system operates on the throttle to
maintain the desired speed specified by the driver (Girard et al., 2005; Rajamani,
2006). The cruise control system can become a source of irritation for the driver if
he/she has to set the speed or disengage the cruise control in a heavy traffic. With
traffic continually increasing, the basic cruise control is becoming less useful. The
performance of cruise control can be improved by adding a distance sensor, radar
sensor, and equip the vehicle with a limited authority braking system which
controls the distance and relative velocities between a vehicle and a preceding
vehicle (Haney and Richardson, 2000). This modified cruise control system is
termed as Adaptive Cruise Control (ACC) and the vehicles equipped with an ACC
system are also termed as ‘thinking’ cars. ACC technology is widely regarded as a

key component of any future generations of intelligent cars (Ioannou, 2003).

There are number of upscale vehicles which are equipped with the ACC system.
Mitsubishi were the first to introduce a laser-based ACC system in 1995, although
their early system did not use the brake actuators and the speed could only be
controlled by throttle control and transmission down-shifting (Naranjo et al., 2003).
The other manufacturers who also offer an ACC system in their vehicles are; Audi,

BMW, Jaguar, Mercedes-Benz (Naranjo et al., 2003; Girard et al., 2005).

Ioannou (2003) stated that ACC vehicle is the first step for collision avoidance
systems and can be beneficial for future vehicle automation. A survey accomplished
by the Foundation for Traffic Safety (Unknown, 2008) has revealed that 76 % of the
ACC vehicle users are happy to use ACC technology in their vehicles. The other key
finding of this survey are that 38% of ACC users think that using ACC made them a
safer driver than using standard cruise control system and only 7% had the opposite
opinion. More than half of the ACC users have agreed that they tend to change lane
less frequently and using ACC system relieves them from stress while driving. It
has been noticed that most of the ACC users do not know about the ACC system
limitations and they have a false assumption that an ACC system would help avoid
a collision. This survey reveals that the old drivers prefer more ACC systems than

young drivers, as an ACC system can assist elder drivers more safely with less

4



Chapter: 1 INTRODUCTION

stress. Despite all this acceptance from the ACC system users, it was found that 30%
of the ACC users have reported a need for improvement in the current ACC system.
The areas suggested for the improvement are the occurrence of unsafe and

uncomfortable reduction or increase in the speed and the sensitivity of the system.

Out of these areas this study is focused on the improvement in the unsafe and
uncomfortable reduction in speed which also takes in account the physical
limitations of the ACC system- equipped vehicles. Thus, an ACC vehicle is required
to execute the higher deceleration manoeuvres to avoid the accidents or reduce the
severity of the accidents. During these manoeuvres it is necessary to investigate the
response of the ACC vehicle and its controllers. Because this sudden deceleration
may affect the controllers response which will in turn affect the ACC vehicle
response. Therefore, a detail understanding of an ACC vehicle is necessary under
these critical manoeuvres. Furthermore, an ACC vehicle requires an optimal control

strategy to execute these critical manoeuvres.

Reported killed or seriously
All reported casualties
Road Users injured casualties
2006 2007 2008 2009 2006 2007 2008 2009
Car Users 66.1 65.1 64.6 64.5 44 422 41.9 41.3
Motorcycle Users 9 9.5 9.3 9.3 20.3 22 21 21.6
Pedal Cycle Users 6.3 6.5 7 7.7 7.7 8.3 9 10
Others 18.6 18.9 19.1 18.5 28 275 28.1 271
Table 1-1 Accident statistics in Great Britain (road user’s percentage),
(Unknown, 2009).




Chapter 2. Literature Review

2.1 Introduction

The motivations discussed in Chapter 1 emphasize to improve the present vehicle’s
control to ensure the safety measures in order to reduce the number of accidents or
reduce the impact of the accidents. The intelligent vehicle proposed in order to
address these issues is equipped with the adaptive cruise control (ACC) system. The
main objectives for an ACC vehicle to achieve are to reduce the number of accidents
by executing the higher deceleration or transitional manoeuvres (TMs). A survey
reported a need for improvement in the current ACC system especially during the
unsafe/uncomfortable reduction in speed which should take in account the physical
limitations of the ACC-system equipped vehicles in order to avoid the collision or
severity of the collision. According to Ioannou (2003), an ACC system is the first
step for collision avoidance systems and can be beneficial to reduce significantly the
number of accidents or their severity. Before reviewing the relevant research work
conducted in the field of ACC systems, it is necessary to understand the nature of
the control model presented and the effects generated by difference sources on the

performance of an ACC system.

As mentioned above that during the critical TMs an ACC vehicle has to perform
high decelerations in order to avoid the collision from the vehicle in front of it or
from any other stationary and moving obstacle. An ACC vehicle consists of different
sub-models; the engine, transmission, and driveline (Connolly and Hedrick, 1999; Li
et al., 2010). In addition to that, an ACC vehicle comprises the upper-level and

lower-level controller models (Rajamani, 2006). Thus, the combined models consist
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of a large number of state variables which, during a TM, have a corresponding affect
on the performance of the ACC vehicle. Therefore, it is important to understand

from the previous studies that how these affects have been taken in account.

The dynamic response of an ACC vehicle is influenced by the desired control input
computed by the upper-level controller (Connolly and Hedrick, 1999; Rajamani,
2006). The desired control input in turn is affected by the variation in the states
variables of the ACC vehicle itself. There are number of forces which influence the
dynamic response of the ACC vehicle. These forces can be traction force,
aerodynamic force, force exerted due to rolling resistance in the tyre, gravitational
force, forces due to transmission up-shifting and down-shifting, brake force, and
come from a number of resources. The combined effect of these forces plays a vital
role in the overall stability characteristics of the ACC vehicle. Among these forces,
the brake force is the most influential force in order to perform a TM for the ACC

vehicle to avoid a collision with the preceding vehicle.

The motivations discussed in Chapter 1 lead to the need of a complex ACC vehicle
model for the longitudinal dynamic control which should reflect the physical
features of the realistic model, the characteristics of the sub-models, and a stable
coordination among these sub-models. It is also equally important to use an optimal
control method which can compute the control laws for the ACC vehicle to track
smoothly the desired acceleration commands and at the same time should respect
the unavoidable physical constraints associated with the vehicles equipped with the
ACC system. In this document the physical constraints have also referred as

operational constraints.

Significant amount of research efforts have been conducted in the areas of engine
dynamic control system, automatic transmission dynamic control system, and
drivetrain dynamic control system. The combination of all these sub-systems forms
a dynamic model of a complete vehicle which can be used to analyse and improve
the response of the real vehicle. This vehicle dynamic control model is useful to
improve the design characteristics of the sub-models, and can help to improve and
support the manufacturing process; can considerably help to understand the

physical characteristics of the entire system. Furthermore, this complex vehicle
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longitudinal dynamic control model will be analysed in this study using the

automotive vehicle following systems.

Automotive vehicle following systems are essential for the design of automated
highway system. An ACC system is one of the important control systems used to
provide safety and less-stress driving characteristics in the present upscale vehicles
(Haney and Richardson, 2000). Different control algorithms for the longitudinal
control of an ACC have been reviewed based on different spacing policies and

communication link between the vehicles.

In this chapter significant research work will be reviewed in the area of vehicles
equipped with adaptive cruise control (ACC) system. Section 2.2 outlines the basic
vehicle models for the longitudinal dynamics control. The aim is to explore the
vehicle powertrain models which can capture the essential dynamics of all the sub-
systems and can guarantee a stable coordination among the sub-models. The focus
here is to understand that how these models affect the vehicle overall performance
and what are their roles towards the control of the vehicle longitudinal dynamics. In
Section 2.3 various ACC vehicle models will be reviewed based on different vehicle
longitudinal dynamic control models. The ACC vehicle models range from simple
first-order models to complex vehicle models. These sections provide important
background knowledge about the ACC vehicle models developed in the previous
studies and help exploring the opportunities for a novel research work in the field

of automated vehicle systems.

2.2 Vehicle Dynamics Models

Modelling of the vehicle’s sub-models is difficult because the dynamic
characteristics of these sub-models are non-linear and time-varying. Basically, two
different types of model have been developed for the purpose of controller
synthesis. The 1st type is based on the physical models which are derived from
fundamental mathematical laws. The advantage of this type of model is that the
governing equations for the system are expressed in terms of physical parameters
and can be used to evaluate the controller performance for a range of different

operating conditions. The disadvantage of the physical model is that the nature of
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model is very complex and cannot practically calculate the actual parameters of the

system (Ramli and Morris, 1991).

The 2nd type is based on the empirical models where the models are based on the
measured data. The functional relationship between input and output is determined
by mapping techniques to obtain the steady-state response or by statistical
correlations to evaluate operation using measured engine data (Ramli and Morris,

1991).

2.2.1 Engine Models

Most of the engine models discussed in the previous studies are concerned with
combustion dynamics control, pollution formation control, or engine dynamics
control. There has also been a great deal of development in the area of automotive
powertrain system dynamics for control during automotive transmission up-

shifting and down-shifting of gear ratios.

Engine is a non-linear and time-varying system whose dynamic is mainly
influenced by an induction-to-power delay (Feng et al., 2005). One of the first engine
models studied was developed by (Powell, 1979). His model is a combination of
first-principle, physical laws, and identification techniques using empirically
obtained data for the specific engine. Powell (1979) study is mainly focused on
dynamic characteristics of throttle system, intake manifold dynamics, sonic EGR

valve, fuel injection system, and engine power system.

The state equations for the intake manifold are obtained by considering the law of
conservation of mass to the intake manifold (Cook and Powell, 1988; Cho and
Hedrick, 1989). Rajamani, R, (2006) has used the manifold pressure as a state
variable by considered the ideal gas equation to relate mass and pressure. The
engine rotational dynamics is concerned with the indicated torque, friction torque,

and load torque (Cho and Hedrick, 1989; Chaing et al., 2007).

Cook and Powell (1988) have presented a nonlinear model of a spark ignition
engine. Their engine model consists of a throttle body, intake manifold dynamics,

engine pumping phenomena, induction process dynamics, fuel system, engine

9
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torque generation, and rotating inertia. They have derived a linear model of the
spark ignition engine from the nonlinear model and produced the simulation results

using the static experimental data.

Cho and Hedrick (1989) have presented a concise mathematical model of
automobile powertrain dynamics, which consists of a four-stroke spark-ignition
engine with automatic transmission system. Their model captures the important
dynamics even during the transmission gear shifting, also including the throttle
input characteristics and dynamic constraints to remain in a certain gear ratio. All
the necessary friction forces and resistances have also been taken in account during
the simulation development process. Their work preserves the generic nature of the

modelling and can be adapted for a vehicle longitudinal dynamics control analysis.

Rajamani (2006) has studied mean-value spark-ignition engine models based on
previous studies. The engine models discussed are neither detailed cycle-by-cycle
models nor empirical models but are intermediate between these two categories and
can still predict the mean values of major engine variables, like crank shaft speed
and manifold pressure in time domain. According to his study such models can be
well utilized for longitudinal vehicle control applications. He has presented the
parametric mean-value engine models and mean-value engine models based on
engine maps, the steady-state engine maps have also been reviewed in his study.
Engine maps have been widely utilized in longitudinal dynamic control
applications. For a particular engine size, the engine maps can be generated with the
help of dynamometer tests which is very time consuming and expensive process
(Ganguli and Rajamani, 2004). Rajamani (2006) has presented the rotational
dynamic of the engine in the form of mathematical equation in terms of indicated
torque, pump torque, friction torque, and accessory torque. The mathematical

expressions for each term have also been presented.

Ganguli and Rajamani (2004) have also presented a similar mean value spark
ignition model as studied by Rajamani (Rajamani, 2006). They have further
extended their study to identify certain parameters of vehicle dynamic model which
can be derived directly by analytical methods and are not part of the standard sub-
model specifications, e.g. maximum intake flow rate (MAX), the volumetric

efficiency, and the constants associated with friction and pumping losses. The
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algorithm they have used to identify these parameters is least-square algorithm and
the parameter identification has been obtained directly from on-the-vehicle road
tests. Chaing, et al. (2007) have also presented a mean value engine model for a 4-
stroke single cylinder gasoline engine which uses an automatic throttle control for
maintaining a fixed speed. In these kinds of engine models the throttle plate is not
controlled mechanically using the accelerator but controlled electrically based on the
current powertrain operating conditions. These types of engines are only suitable
for the control of small cylinder gasoline engine such is mower where speed control

is needed.

Puleston, et al. (2001) have presented the non-linear sliding-mode technique in order
to control the speed on the automotive engine. The engine model presented in their
study is an empirical model, where, the engine torque, load torque, air mass flow in
and out are obtained through the experimental methods. A number of constants
have also been obtained for these variables using the experimental data. The main
objective of their study is to steer the engine speed to the desired engine speed
when subjected to the uncertainties in the system and the load torque disturbance

on the engine.

Ni and Henclewood (2008) have presented three different simple engine models in
order to compare the engine power and engine torque against the engine speed with
no dynamics included in these models. The three models they have presented are
polynomial model, parabolic model, and Bernoulli model and are based on steady-
state calculations. They have used these models for four engine’s specifications in
order to compare and obtain the best engine model. The four engines used are 2008
Mercedes CLS, 2006 Honda Civic, 2006 Pagani Zonda, and 1964 Chevrolet Corvair.
The simulation results obtained from these engines are then compared with an
empirical model in order to validate the three different approaches. The models
presented in their study are not suitable for the study carried out in this thesis as

these models doesn’t consider the dynamic involved in the engine and transmission.

A hybrid electric vehicle (HEV) engine model (Feng et al., 2005) has been reviewed
where an IC engine is combined with an electrical motor in order to run the engine
at its most efficient speed and to lower emissions and fuel consumption. The

differential equation presented for rotational dynamics is similar to what reviewed

11
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in Cho and Hedrick (Cho and Hedrick, 1989) and Ganguli and Rajamani (2004)
models. It has been stated in this paper that the addition of an electrical motor
lowers the emission and improves the fuel consumption but also increases the speed
oscillation which is disadvantage of using an electrical motor. In order to damp out
the oscillation they have used a Fuzzy-PID controlled governor which also
improves the fuel consumption, drivability and noise, vibration, harshness (NVH).
They have shown the engine profile for a transient operation, where, the engine
speed has increased from 1500 rpm to 4000 rpm which is meeting the requirements
of their controller. However, it doesn’t show in their result that the engine dynamics
considers the dynamics during the transmission gear shifting. It can be observed
that their simulation shows the engine speed during idling. Yi and Chung (2001)
and used a simplified engine model where the net engine torque is computed using

the steady state engine map based on the engine speed and the throttle angle.

2.2.2 Transmission Systems

Transmission is mechanical device that transmits power from engine to the wheels.
It provides different gear or drive ratios between the engine and drive wheels of an
automotive vehicle. Its main function is to enable the vehicle to accelerate from rest
through a wide speed range while the engine operates within its most effective
speed range. There are mainly three types of transmission system used in
automobile; manual transmission, automatic transmission, and dual clutch
transmission. The main objective of these three transmission systems is the same but

the objective is accomplished in an entirely different way.

A manual transmission is a geared system which reduces the road-load to a suitable
amount before engaging to the engine. It mainly translates the engine revolution
speed to an appropriate vehicle speed. In manual transmission system another
mechanical device called clutch, which is manually operated, is used in order to
engage or disengage the engine and transmission system. The clutch pedal is
stepped down during gear shifting and released smoothly after a proper gear is

engaged (Hong, 1996). A manual transmission is beyond the scope of this study but
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its basic principal is covered for the fundamental understanding of a transmission

system in comparison with the automatic and dual clutch transmission systems.

An automatic transmission performs the same purpose as the manual transmission
but it uses a torque converter between engine and transmission system rather than
using a manually operated clutch. The torque converter is a type of fluid coupling
that connects the engine to the transmission. A torque converter consists of a pump
(driving member), a turbine (driven or output member), and a stator (reaction
member). The pump is attached to the engine and turns at engine speed, and the
turbine is the input to the transmission (Cho and Hedrick, 1989). The main
advantage of using the torque converter are its fluid coupling property, its damping
characteristics and its torque multiplying characteristics (Cho and Hedrick, 1989;
Zhang et al., 2002). Usually an automatic transmission system consists of two
interconnected planetary gears, final drive unit, associated clutches and bands and
uses the clutch and band pressures information supplied by the transmission
hydraulics model to determine the transmission torque. The output of the torque
convertor is connected to the two interconnected planetary gears and the final drive
output is connected directly to the driveshaft of the vehicle (Zhang et al., 2002). The
transmission hydraulics model uses the engine speed, manifold pressure and
desired gear-ratio information to calculate the pressure build-up profiles in the
clutch cavities (Runde, 1984; Zhang et al., 2002). Vehicles equipped with automatic
transmission provide advantages such as easy operation, smooth acceleration and
safety. This transmission system selects gears automatically based on the power

required in various driving situations and conditions.

The third type of transmission is the dual-clutch transmission system, sometime
referred as twin-clutch or semi-automatic transmission system which works like a
two manual gearboxes (Goetz et al., 2005). In order to understand the working
principal of a dual-clutch transmission system it's necessary to understand the
conventional manual gearbox. In a manual transmission vehicle when driver wants
to change from one gear to another, he first presses down the clutch pedal. This
disconnects the engine from the gearbox and interrupts power flow to the
transmission. The driver then uses a stick shift to select a new gear which moves a
toothed collar from one gear to another gear wheel of different size. Once the new

gear is engaged, the driver releases the clutch pedal, which reconnects the engine to
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the gearbox and transmits power to the wheels. It can be observed from this
discussion that there is no continuous power flow from the engine to the wheels.
Instead, power supply changes from on to off to on during gear-shifting, this
phenomenon is called “shift shock” or “torque interrupt’ (Harris and Beckman, 2010).
On the contrary, a dual-clutch gearbox uses two clutches and has no clutch pedal.
Sophisticated electronics and hydraulics control the clutches in a similar way as in
automatic transmission system. Both clutches operate as an independent unit, one
clutch controls the odd gears, while the other controls the even gears. In this
arrangement, the gear can be changed without interrupting the power flow from the
engine to the transmission (Harris and Beckman, 2010). In this study an automatic
transmission system will be used, therefore, the dual-clutch transmission system has

not been reviewed in detail.

Cho and Hedrick (1989) has presented a two-state and four-speed automatic
transmission model and have simulated the transition between first gear and second
gear. The two states are the turbine speed and the reaction carrier speed. In their
model they have used a combination of two planetary gears which is also called
compound planetary gear set. The dynamic equations for the first and second gears
and the conditions to stay in gear and to start the transition between these two have
also been defined in their paper. The simulation results produced in their work has
been used for the validation for this thesis work. Zhang, et al. (2002) have also
presented a similar work which also describes the transient dynamics of a four-
speed automatic transmission system in order to investigate the transient
characteristics during the gear changes. A torque convertor model, hydraulic system
module, geartrain module and modules of clutches and bands have also been
developed in their paper. The transient characteristics are then used to determine

the optimum pressure profiles for the shifting elements.

Han and Yi (2003) have presented an automatic transmission model in order to
investigate the shift transient characteristics which is equipped with a Ravigneaux-
type planetary gear set. In their study optimum clutch pressure trajectories are
constructed and engine torque reduction characteristics are determined in order to

improve the shift transient characteristics.
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Short, et al. (2004) have presented a report on safety and reliability of distributed
embedded systems. They have developed mathematical models for the sub-systems
which comprise a complete vehicle model and can be used to analyse the
longitudinal dynamic of the vehicle. In their work they have adopted a different
approach to perform the transmission gear shifting. The shift maps for the
automatic transmission up-shifting and down-shifting are constructed in order to
perform the gear shifting, where the gear up or down shifting is performed as a
function of throttle input and the wheel speed. In their study they have used a 5-
speed automatic transmission system; however, they haven’t shown the dynamic

effects developed by the gear shifting in their simulation.

Wau, et al. (2008) have presented a fuzzy control strategy to perform the transmission
up-shifting and down-shifting using the shift maps. The control parameter to
operate the shifting is the vehicle acceleration. When the vehicle’s acceleration is
positive the system is controlled by up-shifting controller and when the vehicle’s
acceleration is negative the system is controlled by down-shifting controller. Runde
(1984) has presented a detailed automatic transmission model which intend to
control the dynamics during the transmission gear shifting. They have analysed the
transient effect on the overall vehicle performance during the first to second gear
shift. Rajamani (2006) have presented a simplified automatic transmission model
and have not discussed the necessary conditions for the gear up-shifting and down-
shifting. Their transmission model does not consider the planetary gear set and the

other elements associated with it.

2.2.3 Drivetrain Dynamics

A drive-train serves as a simple power transfer device between the transmission and
the vehicle. The angular velocity of the transmission output is the input to the drive
shaft. Cho and Hedrick (1989) and Hedrick, et al. (1993) have presented a three-state
drivetrain model where the three states are axle torque, front wheel speed and the
vehicle longitudinal speed. However, the differential equation for the wheel speed
in Cho and Hedrick model (1989) does not include the brake torque which means

that they have simulated the powertrain model using the throttle control only. On
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the contrary Rajamani (2006) has proposed a separate model for wheel dynamics
and vehicle longitudinal dynamics. He has established a direct relation between the
wheel angular speed and transmission speed. In his model the final gear reduction

in the differential is included in the transmission gear ratio.

The traction force generated by the tyre model or brake force applied to tyre model
is the function of longitudinal tyre slip ratio. The slip ratio can be defined as the
difference between the actual longitudinal velocity at the axle of the wheel and the

equivalent rotational velocity of the tyre (Chen and Shih, 2004; Rajamani, 2006).

Mathematically the longitudinal slip ratio is defined as (Fling and Fenton, 1981).

I, —V
o, = % (During deceleration) (2.1)
X
Iy @, —V
o, = v X (During acceleration) (2.2)
reff a,,

where, V., is the longitudinal speed of the vehicle, r.is the effective radius of the
wheel, and o, is the angular speed of the wheel. One can conclude from the
definition that when 0. = 0 the wheel is in perfect rolling i.e. moving without
slipping, on the contrary, when o, = 1 then the wheel is locked and pure sliding
occurs and this happens during the hard braking manoeuvre (Wong, 2008). A tyre
is subjected to different ground forces e.g. longitudinal force, normal force, and
lateral force. The longitudinal force is generated during driving and braking, the
normal force is due to the weight and load of the vehicle, and the lateral force helps

the vehicle in turning and manoeuvring (Chen and Shih, 2004).

The wheel dynamic model presented by Yi and Chung (2001) is the function of the
driving axle shaft torque, longitudinal forces, wheel rolling resistances, and wheel
brake torque. The driving axle shaft torque has been defined in terms of turbine
torque of the torque converter using the transmission gear ratio which includes the
final drive gear ratio. The longitudinal force presented in their paper is based on
empirical formula which is wusually obtained through the experimental

measurements. Rolling resistance is an opposing force to the motion of the vehicle
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and is roughly proportional to the normal forces acting on each tyre. Brake torque is

an opposing torque to reduce the speed the vehicle when ever desired (Wong, 2008).

Longitudinal dynamics of a passenger car is mainly influenced by longitudinal
traction force on front and rear tyres, aerodynamic force, rolling resistance, brake
torque, and gravitational force (Wong, 2001). Different differential equations of
motion have been developed and used in order to simulate the longitudinal
dynamic behaviour of a passenger car. Cho and Hedrick (1989), Rajamani (2006) ,
Short, et al. (2004), Yi and Chung (2001), and Hedrick, et al. (1993) have presented
different state variables for the longitudinal motion of a vehicle. The simulation

result by each study has been produced as expected.

2.2.4 Brake Systems

In the daily routine driving situations a human driver applies two different control
inputs in order to control the speed of a vehicle; the accelerator/throttle input and
brake input. The vehicle under these inputs is considered as an open loop system as
the vehicle doesn’t need to follow a desired variable. In the case of standard cruise
control system the vehicle has to follow a desired user-set speed and the control
system operates on the throttle input in order to maintain the desired speed, this
system is called a closed loop system. Furthermore, the safety and comfort level can
be improved if a vehicle is equipped with an ACC system. In the case of ACC
system the control system operates on throttle and brake actuators in order to
maintain a desired speed and a safe distance from a vehicle in front of it. As a
requirement of this study both, an open loop and a closed loop brake models have
been reviewed. In the case of closed loop brake model the desired brake torque is

the function of desired acceleration.

In the simulation scenarios the ACC vehicle has to perform critical TMs to reduce
the speed in order to avoid the collision with its preceding vehicle, only a throttle
control input cannot bring the vehicle in rest position within a short stopping
distance, a brake control system is also required to stop the vehicle and avoid the

collision with a preceding vehicle. Various brake control model have also been
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reviewed so a suitable brake system could be developed to perform the braking

manoeuvres.
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Figure 2-1 Brake system (Liang et al., 2003)

Figure 2-1 shows different components of one of the brake system used in modern
cars (Liang et al., 2003). A brake system usually consists of brake pedal, vacuum
booster, master cylinder, slave cylinders, actuator, solenoid valve, etc. With their
combination a higher multiple of the force applied on the brake pedal is obtained on
the wheels to reduce the speed of vehicle. The description and modelling details of
these components is not the part of this study. The brake actuator is controlled by a
solenoid valve; the hydraulic system which consists of a master cylinder and slave
cylinders generates pressure on the wheels. The brake torque obtained on the wheel

is proportional to this wheel pressure through a gain (Yi and Chung, 2001).

There are several factors which significantly influence the brake model behaviour.
Some considerable discussed are frictional coefficient, the effective radius of the
wheel at which the brake is applied and the servo effect (in the case of drum brake).
It should be noted that the friction coefficient is a non-linear function of wheel speed

and brake pad temperature (Hedrick et al., 1997).
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The initial automatic brake control model was presented by Maciuca, et al. (1994)
which achieved very good speed following in the experimental phase. Gerdes and
Hedrick (1996) have argued that the brake system for platooning control should
bypass the vacuum booster to avoid the delays in the time response. Maciuca and
Hedrick (1995) have developed a non-linear brake system for a vehicle-platoon
control. Based on the shortcomings in the previous models they have developed a
second generation brake controller which designed in a way to bypass the vacuum
booster in the automatic vehicle following mode while in the manual driving mode
the driver can still take advantage of the vacuum booster. They have identified that
the vacuum booster has a very low actuation bandwidth caused by the air flow
dynamics. This results in a weak control on the pressure in the vacuum booster. In
this way the bandwidth of the system has been increased by eliminating the air flow
dynamics in the vacuum booster. On the contrary, Liang, et al.(2003) have used a
variable parameter sliding mode control approach to reduce the errors generated in

the vacuum booster.

Yi and Chung (2001) have presented a solenoid-valve-controlled hydraulic brake
actuator model for vehicle collision warning/ collision avoidance (CW/CA) systems.
They have used a non-linear vehicle model to investigate the effects of brake control
on the vehicle’s response with CW/CA systems. They have developed an
approximated linear second-order system for the brake hydraulic dynamics where
the dynamic equations are defined in terms of brake pressure at the wheel. The
input to the system is given through the solenoid valve and the system works as an
open loop system. The brake pressure is related to the brake torque through a non-
linear function and does not consider the time constant of the brake line. They have
also developed a closed-loop brake model for a vehicle-platoon where the control
input to the brake system is the function of desired acceleration required to
maintain a safe distance from a preceding vehicle. They have used the sliding mode

control method for the brake model in order to achieve the desired objectives.
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2.3 Adaptive Cruise Control System

Control problems arising in automatic vehicle-following systems have been
receiving increasing attention, due to requirements for high safety and traffic
capacity. Decreasing inter-vehicular spacing is the major way to increase highways
capacity. There are several approaches that can be used to increase the traffic flow.
Automated vehicle is one of the approaches which are getting the attention from
manufacturers and the academia in order to provide safety and comfort to the
drivers and other road users. Other important aspects of the automated vehicles are
to improve the traffic flow, reduce the number of accidents, reduce the vehicle
emission and traffic congestions by maintaining a continuous traffic flow

(Shladover, 2005).

Two different approaches of an automated vehicle are reviewed here. One of them
requires the communication among the vehicles, and the road infrastructure
through navigation devices. These vehicles require a modified automated highway
system which should be equipped with computerised and navigation devices in
order to set the communication among automated vehicles. Important issue here is
that these automated vehicles cannot operate with the conventional vehicles. On the
other hand the vehicle equipped with an adaptive cruise control (ACC) system can
operate on its own and can travel with other conventional vehicles. An ACC is an
autonomous system which does not require modified road infrastructure to
communicate with other vehicles. An ACC vehicle (Liang and Peng, 1999; Swaroop
et al., 2001; Rajamani and Zhu, 2002; Sun et al., 2004; Girard et al., 2005; Martinez and
Canudas de Wit, 2007) is equipped with radar or a similar sensor to measure the

distance from a preceding vehicle.

In both approaches the vehicles travel in the form of a platoon. A platoon (automatic
vehicle following system) can be defined as group of vehicles travelling together
with relatively small spacing to improve capacity and to minimize the relative
velocity of the vehicles in case of emergency (Huang and Chen, 2001). The stable
behaviour of a platoon can be achieved if the individual vehicle stability and string
stability of the platoon are ensured (Rajamani, 2006). String stability of a string of
vehicles refers to a property in which spacing errors are guaranteed not to amplify

as they propagate towards the tail of the string (Swaroop et al., 2001; Rajamani and
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Zhu, 2002; Sun et al., 2004; Rajamani, 2006). In some studies a two-vehicle system
(Bageshwar et al., 2004; Bleek, 2007; Li et al., 2010) which consists of a preceding
vehicle and an ACC vehicle has been considered where a detailed analysis of the
ACC vehicle has been carried out. Noteworthy analysis have been carried out
during the critical driving situations using a simple ACC vehicle model (Bageshwar
et al., 2004) which requires further investigations when a lower level controller and a

complex vehicle model is used under the same critical driving situations.

ACC vehicle has two modes of steady state operation: speed control and vehicle
following control (Rajamani, 2006). In the speed control mode, much like a cruise
control system, ACC vehicle travels at user set speed. In the vehicle following mode,
ACC vehicle maintains a desired spacing from the preceding vehicle. ACC control
the throttle and brake to maintain that desired distance. The longitudinal control
model of an ACC vehicle is usually composed of two separate controllers, the upper
level controller and lower level controller (Connolly and Hedrick, 1999; Rajamani et
al., 2000). The upper level controller uses the range (spacing difference) and range-
rate (velocity difference) between the ACC vehicle and its preceding vehicle and the
ACC vehicle’s velocity and acceleration to determine the acceleration commands to
perform the manoeuvres required in the spacing-control law of the ACC vehicle.
The lower-level controller uses this acceleration signal to generate the throttle and
braking commands to track the spacing-control law computed by the upper-level

controller.

There are mainly two types of controllers for an ACC vehicle; longitudinal control,
which deals with the spacing regulation without considering the steering, and the
lateral control, which controls the steering of the vehicle to keep it in lane. This study
focuses only on longitudinal control of the vehicles equipped with ACC system, i.e.

the vehicles are moving in a straight line.

2.3.1 Vehicle Models for ACC Analysis

A number of vehicle models equipped with an ACC system have been reviewed in

the literature.
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2.3.1.1 Simple ACC Vehicle Models

Simple ACC vehicle models have been presented in the previous studies to analyse
the performance of the upper level controller. Some authors have used a
longitudinal vehicle model (Sheikholeslam and Desoer, 1993; Swaroop and Hedrick,
1999; Huang and Chen, 2001; Swaroop et al., 2001; Sun et al., 2004; Ferrara and
Vecchio, 2007) where input to the vehicle is the desired acceleration obtained from
the upper-level controller algorithm. While some authors have simulated the
desired acceleration computed from the upper-level controller (Peppard, 1974;
Rajamani and Zhu, 2002; Bageshwar et al., 2004; Yi and Chong, 2005; Rajamani,
2006) and have simulated the ACC vehicle’s acceleration by considering a first-order
lag due to finite bandwidth of the lower level controller. It has been argued by
Rajamani, R., (2006) and Li et al., (2010) that the desired acceleration cannot be
obtained instantaneously, therefore, a first-order lag due to the finite bandwidth of

the lower-level controller must be taken in account.

2.3.1.2 Complex ACC Vehicle Models

The desired acceleration obtained from the upper-level controller is then given to a
complex vehicle model which also incorporates the lower-level controller model
(Connolly and Hedrick, 1999; Li et al., 2010). The desired acceleration commands are
first received by the lower-level controller which computes the required throttle and

brake commands for the complex vehicle model to track the desired acceleration.

2.3.2 Control Algorithms

In literature, a number of control algorithms have been developed for the upper
level controller task. The control algorithm computes the desired acceleration using
the states information of the preceding and the ACC vehicle itself. Previous studies
reviewed have used a proportional-integral-derivative (PID) control (Peppard, 1974;
Murdocco et al., 2000), sliding mode control (Gerdes and Hedrick, 1997; Connolly
and Hedrick, 1999; Rajamani et al., 2000; Sun et al., 2004; Girard et al., 2005; Ferrara
and Vecchio, 2007), constant-time-gap (CTG) (Bageshwar et al., 2004; Rajamani,
2006), and model predictive control (MPC) (Bageshwar et al., 2004, Corona and
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Schutter, 2008; Li et al., 2010; Li et al., 2010; Zlocki and Themann, 2010). The relevant
studies in which these control strategies have been used will be reviewed in detail in

Section 2.3.6.

2.3.3 Spacing Control Strategies
2.3.3.1 Constant spacing

Different approaches to control the spacing between the vehicles have been
discussed in the literature. Swaroop and Hedrick (Swaroop and Hedrick, 1999) have
debated on the performances of a platoon based on different spacing strategies and
the information available for the controlled vehicle. They have presented different
control algorithms using the constant and variable spacing control strategies with
the information of reference vehicle, lead vehicle and preceding vehicle to the
controlled vehicle. They (Swaroop and Hedrick, 1999; Swaroop et al., 2001) designed
a decentralized controller which is based on a constant spacing policy where the
desired inter-vehicle distance is independent of the velocity of the controlled
vehicle. Swaroop and Hedrick (Swaroop and Hedrick, 1999) used the information of
vehicles in front of the controlled vehicle for vehicle following control algorithm.
They discussed the limitations and problems associated with other control strategies
like autonomous control, semi-autonomous control, controller with the information
of the reference vehicle only, controller with the information of lead vehicle and
preceding vehicle, semi-autonomous control with vehicle ID knowledge, controller
with information of only “r” immediately preceding vehicles, mini-platoon control
strategy, mini-platoon control with lead vehicle information. They argued that the
control algorithms which do not use the lead vehicle information result in the weak
string stability. Also these controllers are not robust to signal processing/actuator

lags.

2.3.3.2 Variable spacing

The ACC vehicle model presented by Bageshwar et al,, (2004), Liang and Peng
(1999), Sun et al., (2004), Ferrara and Vecchio (2007), Rajamani and Zhu (2002),
Girard et al., (2005), Martinez and Canudas de Wit (2007), Naranjo et al., (2003) have
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used a variable spacing control policy which is based on the headway time where
the desired inter-vehicle distance is not constant but varies linearly with vehicle’s
velocity. The headway time can be defined as the time taken by the follower vehicle
to reach the point where the preceding vehicle is at present speed (Naranjo et al.,
2003). As discussed above that the two important performance criteria, for vehicle
following control, are the individual vehicle stability and the string stability of the
platoon (Rajamani, 2006). For a constant spacing policy, ACC vehicle satisfies the
individual vehicle stability condition but the string stability condition is not
satisfied. Rajamani (2006) and Canudas de Wit and Brogliato (1999) have concluded
that the constant spacing policy is unsuitable for autonomous control operations.

Therefore, the headway spacing policy should be adopted for ACC systems.

Some studies (Yi and Horowitz, 2002; Wang and Rajamani, 2004) have focused on
the ACC vehicle’s impact on the traffic flow stability. Wang, ] and Rajamani, R,
(2004) have developed a new spacing policy called variable-time-gap (VIG) which
results in a higher highway capacity and a stable traffic flow as compared to
traditional headway spacing policy but at the cost of a decrease in safety. The inter-

vehicle distance is a non-linear function of the vehicle velocity in the case of VTG.

2.3.4 Interaction with Preceding Vehicle or Lead Vehicle

Different types of communication network among the vehicles travelling in the form
of a platoon have been presented. Global communication network, wirelessly
linking the vehicles, uses the highway infrastructure to transmit the lead vehicle
information to the following vehicles at the cost of introducing and maintaining
continuous inter-vehicle communication (Shladover, 1991). On the contrary,
local/decentralized communication network links the predecessor and follower
vehicles, where the controlled vehicle uses the relative information of the preceding
vehicle’s position, velocity and acceleration (Liang and Peng, 1999; Swaroop et al.,
2001; Yi and Chong, 2005; Ferrara and Vecchio, 2007) based on feedback
linearization. Global communication networks causes noise in the measurement and
inaccuracies in the performance of the platoon and increases the cost of the

operation (Sheikholeslam and Desoer, 1993). Global communication links, due to
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setting the link between the lead vehicle and the following vehicle through the

highway infrastructure, can be avoided by using the local communication network.

Sheikholeslam and Desoer (1993) presented a vehicle platoon model based on global
communication. They designed a control law in the case if the communication
between the lead vehicle and other vehicles is the platoon is lost or if there is no
communication between the lead vehicle and other vehicles. In the case of full
communication the deviation in vehicle spacing increases down the tail of the
platoon, resulting, a higher acceleration command for each vehicle in the platoon
downstream. They have analysed that with no communication these effects can be

reduced.

2.3.5 Transitional Manoeuvres for Accident Avoidance

An ACC vehicle operates in the speed control mode when there is no vehicle in
front of it (like a standard cruise control system). When a vehicle is encountered in
front of the ACC vehicle at a certain distance (this distance is defined by the range
of the radar sensor) then the mode of operation is switched to the vehicle following
mode (Rajamani et al., 2000; Rajamani, 2006; Li et al., 2010). It is not always necessary
that an ACC vehicle has to perform steady-state operations (Sheikholeslam and
Desoer, 1993; Liang and Peng, 1999; Sun et al., 2004; Zlocki and Themann, 2010) , it
might need to execute the transient operations, e.g. it might encounter a slower or
halt vehicle in front of it (Connolly and Hedrick, 1999; Bageshwar et al., 2004) in the
same lane or during a cut in (another vehicle comes in between ACC and preceding
vehicles when ACC vehicle is in vehicle following mode) from another lane (Kato et
al., 2002), or sudden braking applied by the preceding vehicle (Li et al., 2010; Li et al.,
2010) or stop & go scenario (Murdocco et al., 2000; Bleek, 2007; Martinez and
Canudas de Wit, 2007). In every situation the acceleration tracking capability of an

ACC vehicle must be of high accuracy (Rajamani, 2006).
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2.3.5.1 Acceleration limits and tracking capability during TMs

An ACC system provides safety and convenience and can be viewed as a first step
toward collision avoidance and future vehicle automation (Ioannou, 2003). During
the TMs, due to higher deceleration and unsafe/uncomfortable reduction in the
speed, an ACC vehicle must take into account the comfort level of the passengers.
This comfort level has been defined by applying the upper and lower limits to the
acceleration of the ACC vehicle (Bageshwar et al., 2004; Rajamani, 2006; Li et al.,
2010). The acceleration limits considered in Bageshwar et al., (2004) model are 0.25g
and -0.5g and in Li et al., (2010) model the upper and lower limits are 0.5 m/s2 and -
1.5 m/s? respectively. The acceleration limits assumed by Bageshwar et al., (2004)
are much higher than Li et al., (2010), therefore, the former acceleration limits have
been assumed in this study during the TMs to avoid the collision with the vehicle

infront of it.

It is equally essential for an ACC vehicle to accurately track the desired acceleration
commands computed by the upper level controller. Due to the inertia of the ACC
vehicle and the dynamic changes in the engine, torque converter, transmission
system, and lower-level controller the tracking capability is seriously disturbed
(Rajamani et al., 2000; Li et al., 2010; Zlocki and Themann, 2010). The critical TMs
simulated (up to upper-level controller level) by Bageshwar et al., (2004) have not
been analysed using the lower-level controller and a complex vehicle model, where,

the deceleration limits are higher than the previous studies.

2.3.5.2 Control objectives during critical TMs

Different approaches for an ACC vehicle model have been developed in previous
studies. The control objectives vary from situation to situation and the nature of the
model developed. For example, some researcher have investigated the string
stability (the spacing error never amplify down the platoon) of the platoon of ACC
vehicles (Liang and Peng, 1999; Rajamani et al., 2000; Rajamani and Zhu, 2002), some
researchers have analysed the lane merging and lane split operations (Huang and
Chen, 2001; Kato et al., 2002), others have focused on the ACC vehicle’s fuel
economy (Li et al., 2010; Li et al., 2010; Zlocki and Themann, 2010) and the driver’s
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response (Li et al., 2010). In all studies the common control objective for an ACC
vehicle is to track accurately the desired acceleration commands computed by the
upper level controller. During a critical TM the acceleration tracking task is more
challenging, because due to the deceleration limits an ACC vehicle is not allowed to
apply the necessary brake torque to avoid a collision with any object in front of it,
which causes the brake torque saturation. An important aspect that needs to be
investigated is the acceleration tracking capability of a complex ACC vehicle model
in the presence of internal complexities of the vehicle dynamics and within the

predefined constrained boundaries.

2.3.5.3 ACC vehicle’s operational constraints

There are mainly three types of operational constraints which are frequently
encountered in control engineering applications. The first two types are applied on
the control input variable and the third type of constraint is applied on the state
variable or the output variable (Wang, 2009). In the previous studies (Bageshwar et
al., 2004; Li et al., 2010; Li et al., 2010), for an ACC system the upper and lower
acceleration limits are translated as control input constraints. Collision avoidance
has been included as state constraint. The condition ensuring the ACC vehicle has a
nonnegative velocity has been also formulated as state constraints. All these
constraints will be included in the control algorithm formulation to execute the

required TMs.

2.3.6 ACC Systems Studies

In early studies, Peppard (1974) designed a PID feedback control algorithm for the
string stability of relative motion for individual vehicle which uses the velocity error
of that vehicle from a specified value and its distance error to the vehicle ahead and
the vehicle behind while a constant spacing policy has been adopted. His model
disregarded the actuation and sensing lags of the system operations. One drawback
of the PID controller is that if the controlled model is nonlinear and the initial
condition changes then it will be necessary to retune the controller gains in order to

keep the desired performance. As the technology advanced in the platoon dynamics
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control systems, PID controllers were modified and replaced by advanced
controllers. The widely used controllers in the literature are adaptive controller,
sliding mode controller, predictive controller, switching mode controller,

transitional controller and so on.

One of the initial platoon models for the automated longitudinal control of the
vehicles has been propoded by Shladover (1991) where the model is designed to
maintain a very small distance of 1 meter among the vehicles. He has focused on the
effects of severe manoeuvres, rapid changes in acceleration and jerks, measurement
noise and different vehicle propulsion dynamics (due to less responsive power-train
and dynamics of internal combustion engine which include both first-order and
transport lags). In his work he has simulated a five vehicle platoon which is
reaching the highest desired velocity of 2 m/s which is far less than the velocity
considered in the present research work. Also, 1 m distance among the vehicles

could possibly be critical if the dynamic of any of the vehicle is interrupted.

Canudas de Wit and Brogliato (1999) reviewed some stability issues regarding safe
control of the platoon of the vehicles. Their analysis shows that the conditions for
the string stability in the previous studies are not sufficient to avoid the collision.
They have observed that there are some initial conditions which lead to the vehicles
collision. They have referred the problem of designing the safe controllers for the
internal dynamics of the platoon of ACC vehicles as the objective for the future
work. Previous studies focused on the effects of parametric uncertainties on the
performance of the platoon. Shladover (1991) and Swaroop et al., (2001) have
analysed the behaviour of platoon in the presence of uncertainties in mass,

aerodynamic drag coefficient, and rolling resistance.

Sun et al., (2004) presented a model of a platoon of ACC vehicles and used sliding
model control method to compute the control laws for the following ACC vehicles.
The ACC vehicle has been analysed under the steady-state operation, only the
longitudinal dynamic model has been considered which does not include the
internal dynamics of the complex vehicle sub-model e.g. engine model, torque
converter model, transmission model with no brake input to the model as well.
They have estimated the parameters for the vehicles which can improve the stability

of the platoon under the parametric uncertainties due to varying road conditions
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like weather changes or road gradients. Their controller achieves the platoon

stability as the parameter estimates converge to their true values.

Rajamani and Zhu (2002) have developed a semi-autonomous ACC (SAACC)
system, where the ACC vehicle is equipped with radio receiver on its front bumper
and a radio transmitter on its rear bumper. The advantage of using these
equipments is that if the preceding vehicle is also equipped with the SAACC system
then the ACC vehicle can follow the preceding vehicle closer and if the preceding
vehicle is not equipped with radio devices that it follows as a standard ACC
equipped vehicle. They have only produced a design model of the upper level

control which does not include the complex dynamics of the real vehicle.

Girard et al., (2005) tested an Adaptive Cruise Control (ACC) and Cooperative
Adaptive Cruise Control (CACC) system using real-time, embedded, hybrid control
software while tracking the speed profile and vehicle following applications for
passenger vehicles. They have developed a two-vehicle system for ACC vehicle
analysis and have used the sliding mode control to obtain the control laws for the
ACC vehicle. According to their study the sensor used in an ACC vehicle is
subjected to the noise and requires heavy filtering and eventually cause a delay in
the system performance. They have replaced the position sensor with the wireless
communication link between the two vehicles where both vehicles can communicate
the information with each other; this modified system is called as CACC system. It
should be noted that this wireless communication system requires an advanced
highway infrastructure and cannot perform the operation with the conventional
vehicles. The ACC vehicle has been analysed under the steady-state operation and
within the small range of vehicle speed which does not reach the
acceleration/deceleration limits. Ferrara and Vecchio (2007) have presented the
platoon model of ACC vehicles which is based on the sliding mode control method.
They have developed the control strategies to avoid a collision with any obstacle in
front of it. Their proposed model does not take in account the complex dynamics of
the engine, transmission and brake models during the ACC vehicle analysis. Even
the velocity profiles of the following vehicles are unstable and noisy during the
transition operation and it takes longer time to achieve the steady state operation. A
robust control algorithm is required for the stable response of the ACC vehicle’s

analysis.
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Liang and Peng (1999) have also presented a platoon model which consists of ACC
vehicles. Again the control law is based on the sliding mode control method and the
ACC vehicle’s analysis is carried out for a steady state operation where the vehicles
are travelling within the comfort level. Here, comfort level means that the ACC
vehicles are travelling within the acceleration and deceleration limits. For the
simulation scenario they have presented the ACC vehicles do not need to apply the
brakes, therefore, no brake model is developed while a disturbance caused by the
lane changes have been included in the simulation program. A servo-level control
has been designed which ensures the string stability and the desired acceleration
commands are closely followed. With the growing popularity and wide acceptance,
it is necessary that a complex ACC vehicle should be analysed for critical driving

situations.

Yi and Chong (2005) designed an impedance control system which uses serial chain
of spring-damper to generate the link between the vehicles. The lead vehicle’s
information propagates to the following vehicles through the elasticity of the
spring-damper. The spring-damper is a force control strategy to minimize the effects
of forces exerted from uncertain environment. Although their model is stable in the
presence of noise and parametric uncertainties, it suffers in the situation when high
acceleration and deceleration are applied to any one of the platoon’s vehicle.
Martinez and Canudas de Wit (2007) proposed a non-linear model with simple
feedback loop to compensate for the un-modelled dynamics and external
disturbances and the control algorithm uses the acceleration signal of the lead

vehicle to maintain the safe distance among vehicles.

Huang and Chen (2001) introduced a control theorem for merging and splitting of
the vehicle platoon with other platoons based on a safe velocity profile which is
outside the scope of this study. Kato et al., (2002) proposed a model which uses the
current speed of the preceding vehicle as control input for the following vehicle;
tracking the maximum acceleration and deceleration coupled with road geometry
and adopted the real-time data transmission characteristics for the inter-vehicle
communication control. They have used the global positioning system (GPS) and
other communication devices in order to read the information of the preceding

vehicle or any other obstacle in front of it.
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Naranjo et al., (2003) has presented a fuzzy logic basic ACC controller where only
the throttle input is applied to the ACC vehicle model. They have used an electronic
interface to generate the electrical signal to the accelerator pedal using the onboard
computer. They used different reference velocity profile for the ACC vehicle
analysis which does not required any brake input for the ACC vehicle, also the

complex dynamics of the vehicle’s sub-models have not been covered in their study.

Rajamani et al., (2000) presented an ACC-vehicle-platoon model for the longitudinal
dynamic control analysis. Each vehicle model consists of the upper level and lower
level controller, the control algorithm in the upper and lower level controller is
based on the sliding mode control method. The platoon is analysed only for low
speed operation which only requires the throttle control and no brake control. The
vehicles have a communication link between each other and are based on a constant
spacing policy where the average spacing between the vehicles is 6.5 m. It should be

noted here that constant spacing could be critical in severe driving situations.

Hedrick et al., (1993) and Swaroop (1997) have presented a vehicle-platoon model
for longitudinal dynamic control for automated highway systems. They have
developed a detail model of the vehicle dynamics, upper-level and lower-level
control model. The control algorithm of the upper and lower level controller is
based on the sliding mode control based. The simulation results show the throttle
control for the following vehicles for the steady state operation and do not show the
brake control for the platoon. Their models do not cover the dynamic effects
generated by engine model, transmission model, and brake model. However, they
have shown the brake model for the lower-level controller and a switching logic
between the throttle and brake control. It can be seen in their results that the platoon
is manoeuvring within acceleration/deceleration limits and do not require brake
inputs to reduce the speed of the vehicles. Gerdes and Hedrick (1997) have
presented the engine and brake controllers, based on sliding mode control, for
automated highway system and a swtiching logic between these two controllers.
However, the velocity profile used for the vehicles changes within 3 m/s and the
acceleration response changes between 0.7 to -1 m/s? which does not require brake
control in order to control the speed of the vehicle. Also, the complex dynamics of

the engine and transmission modes have not been taken into the account.
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Connolly and Hedrick (1999) have presented a model to design the control laws for
the upper level controller of an ACC vehicle under TMs in an automated highway
system. The control algorithm in the upper-level controller is synthesized based on
the sliding mode control theory. The TMs they have considered are within the 2
m/s velocity difference and do not reach the acceleration or deceleration limits and
does not require brake actuator input to control the speed of the ACC vehicle. Their
model doesn’t consider the complex dynamics of the vehicle sub-models.
Bageshwar et al.,, (2004) have presented a two-vehicle system to analyse the ACC
vehicle response against the critical transitional manoeuvres where the ACC vehicle
reaches the acceleration/deceleration limits and requires the throttle and brake
inputs in order to track the desired acceleration and to avoid a collision with the
preceding vehicle. The control laws synthesized are based on the model predictive
control (MPC) theory which can incorporate the acceleration/deceleration
constraints within its control algorithm. They have design only the upper level
controller and have used a first-order ACC vehicle for their analysis without the
lower level controller model. Their analysis does not take in account the necessary
dynamic effects generated by the engine model, transmission model during gear
shifting, and brake model during the braking manoeuvres. Corona and Schutter
(2008) have developed an ACC vehicle model for a SMART car and have addressed
the piecewise affine (PWA) systems which are mainly based on MPC method. They
have used different strategies for PI and MPC control methods in order to compare
the features, advantages and disadvantages of each strategy. They have finally
constructed a comparison (in the form of table) Benchmark for the different vehicle

parameters and variables.

Zlocki and Themann (2010) have presented the unconstrained MPC based ACC
vehicle model which also uses a digital map which contains the information about
the surrounding environment such as lane inclination or maximum speed
limitations. The main idea of using this digital map is to develop an energy efficient
system as the fuel consumption and CO; emissions are the major issues for ACC
vehicle design after the desired acceleration tracking issue. They have used a hybrid
vehicle for the testing which operates under the throttle control. Li et al., (2010) have
addressed different issues related to an ACC vehicle in addition to the desired

acceleration tracking. The other issues discussed are the low fuel consumption and
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driver desired response characteristics. The control algorithm in the upper level
controller is based on the MPC theory where they have also incorporated the
constraints related to acceleration tracking, fuel consumption, and driver response
characteristics, however, the ACC is only decelerated up to -2.5 m/s2. Their
simulation results show that the ACC vehicle is unable to track the desired
acceleration precisely during the transition operation even in the presence of a first-

order lag in the lower-level controller formulation.

In critical driving situations a human reaction capability is not reliable in order to
avoid the accident because of the driver error during these emergency manoeuvres.
The major reasons of the human errors are the frustration caused by the traffic
congestion (Fenton, 1994) and the impact of shock in an emergency situation. On the
contrary, a control system can react significantly faster than a human reacting in the
same situation (Murdocco et al., 2000). In previous studies, an upper-level control
laws, using a simple ACC vehicle model, have been developed (Bageshwar et al.,
2004) for performing the longitudinal TMs where the deceleration limit is -4.9 m/s2.
The ACC vehicle model developed by Li et al., (2010) shows a poor acceleration
traction capability during a TM where the deceleration limit is only -2.5 m/s2. The
ACC model developed by Bleek, (2007) also tracks poorly the desired deceleration
of -3 m/s?, his model doesn’t consider the affects of the transmission system on the

controller performance.

In Section 2.3 various ACC vehicle models have been reviewed, the areas where
these models require improvement have been discussed. The review of previous
studies indicates that the complex ACC vehicle model has not been analysed for
critical driving manoeuvres where the vehicle reaches the acceleration limits and the
brake saturation occurs. It has also been observed that the dynamics effects
generated by engine model, transmission model and brake actuator during the

critical TMs have not been fully addressed in the previous studies.

The key features of a TM are to establish a zero-range-rate (relative velocity) at the
point where the ACC vehicle maintains the safe inter-vehicle distance (SIVD) and
avoid a collision with the preceding vehicle while performing the TM (Bageshwar et
al., 2004). During this TM the complex ACC vehicle should also take in account the

physical constraints discussed in Bageshwar et al., (2004). It is important to mention
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here that due to these deceleration limits an ACC vehicle is not allowed to apply the
necessary brake torque to avoid a collision with any object in front of it which
causes the brake torque saturation. Therefore, a robust control method is required in
order to cope with the nonlinearities of the complex vehicle model which can also
compute the control laws in the presence of physical constraints. It is also vital to
investigate the ACC vehicle response (using a complex vehicle model) when the
physical constraints are only applied within the upper-level controller algorithm
and the ACC vehicle has to obey it. These problems have been analysed in this
study using a detail longitudinal dynamic control model of a vehicle in the presence

of physical constraints.

24 Knowledge Gaps

The literature review shows that a significant amount of research work has been
developed in the area of ACC vehicles. A number of ACC vehicle models and
controller approaches have been developed which cover a wide range of ACC
vehicle applications. Although an ACC vehicle has been analysed for a variety of
situations in previous studies, its response needs to be investigated for the
critical/emergency driving situations and under the influence of internal
complexities of vehicle dynamics. Most of the work has been done, so far, for the
unconstrained response of an ACC vehicle which provides new leads to investigate
the constrained ACC vehicle response. The gaps in the reported research area are as

follows:

e The analysis of a complex ACC vehicle model with lower-level controller
under high deceleration manoeuvres and within the deceleration limit of up
to -0.5g. It is yet to be investigated how the complex vehicle model and
lower-level controller will respond under these emergency TMs in the
presence of internal complexities of vehicle dynamics and operational
constraints.

e The existing ACC vehicle models and control algorithms used for these
models are not capable of tracking the desired acceleration commands
during the TMs. Therefore, a deeper understanding of the entire system is

required.
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e Analysis and comparison of different control strategies for the upper-level
controller under the same critical driving manoeuvres is needed.

e Analysis of throttle and brake actuators response of the complex vehicle
model within the constrained boundaries is needed.

e Analysis of the dynamical effects of the vehicle’s sub-models on the

controller’s and vehicle itself is necessary.

2.5 Research Aims and Objectives

The aims of the research are to obtain deeper understanding of the ACC system and
to model and simulate the interaction between vehicle and the vehicle controllers.
The measureable objectives are to develop generic mathematical models and to
implement computer simulations in order to prevent pitfalls in practical design.
This research is targeted at improved ACC system along with better road safety for
reducing collision, casualties and deaths. After close examination of literature
presented in this thesis and to fill the gaps in the knowledge this study proposes to

meet the following study objectives:

e Toadopt and extend existing vehicle models and implement detailed models
containing all essential dynamic effects and nonlinearities in the considered
vehicle systems.

e To design and compare vehicle controllers for longitudinal vehicle dynamics
and for a generic set of critical/emergency manoeuvres by splitting the
control task in to appropriate levels of control.

e To perform validation of models and verification of different control
strategies and safety properties.

e To design a study methodology that can systematically analyse the ACC
vehicle response.

e To conduct parameter studies with the aim to assess the performance of
control system(s).

e Numerical testing of the complex ACC vehicle under the different situations.

a. For different ACC vehicle masses
b. For a different set of gear ratios

c. For a cut-in manoeuvre
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d. For different values of headway time

e. Onaroad gradient

The contribution of this thesis is towards the enhancement of the existing ACC
systems. An entirely simulation-based approach is used in this thesis, with initial
experimental data adopted from the existing literature. The vehicle and controller
models are analysed by developing a software code in the environment of Matlab.
The development of the overall system model includes the following stages of
activity: vehicle modelling, controllers modelling, and their interaction. This
analysis will help to improve the vehicle model and controller design parameters

and provide direction for further research to improve the ACC vehicle performance.

2.6 Thesis Outline

An overview of the thesis structure is shown in Figure 2-2. The contribution of each

chapter to fill the knowledge gaps is as follows:

Chapter 2: Chapter 2 presents the extensive literature review of the relevant studies
and the identification of improvements which can enhance the performance of the

ACC vehicle

Chapter 3: In Chapter 3, the following two types of the vehicle models will be
developed which will be used for the ACC vehicle analysis.

1. Complex vehicle model

2. Simple first-order vehicle model.

The complex vehicle model consists of engine model, torque convertor model,
transmission model, and drivetrain model. This vehicle model captures the
important dynamic even during the transmission gear shifting. The simple first-
order vehicle model is developed to analyse the upper-level controller using
different control strategies. Simple vehicle model is also used as a first-order lag
after the upper-level controller which corresponds to the lower-level controller

performance.
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The steady state engine maps are also constructed in this chapter in order to
perform the calculations for the lower-level controller. Usually the data for the
engine maps are provided by the manufacturers, but in this study the steady-state
engine maps are constructed offline by computation using the Matlab software. The
methodology of the research work carried out in this thesis is also presented in

Chapter 3.

Chapter 4 and Chapter 5: In Chapter 4 and 5, four well-known control methods;
PID, sliding mode, CTG and MPC method will be used to design the control-laws
for the upper-level controller. In these chapters, the ACC vehicle is based on the
simple first-order model. The idea of using a simple first-order ACC vehicle model
is to compare the performance of these control methods at the upper-level controller
level. After the comparison, the most appropriate, out of these four control methods
will be applied to the lower-level controller and the complex vehicle model for

longitudinal dynamics control of an ACC vehicle.

Chapter 6: In Chapter 6, the lower-level controller will be developed and the
complex vehicle model will be used for the ACC vehicle analysis under the high
deceleration manoeuvres. Robustness of the most suitable control method (among
four mentioned above) and the response of the ACC vehicle and its actuators
(throttle and brake actuators) in the presence of internal complexities of the vehicle
dynamics and within the constraint boundaries will be analysed. The testing and
sensitivity analysis of the ACC vehicle against some internal and external

parameters is also carried out in Chapter 6.

Chapter 7: Chapter 7 presents the conclusion of this study and highlights the
contribution of this study towards this research area. Further possible steps for the

future work have also been suggested.
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Figure 2-2 An Overview of the Thesis
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Chapter 3. Vehicle Modelling

3.1 Introduction

Vehicle dynamic models, adaptive cruise control (ACC) system, and platoon
longitudinal dynamic control models have been reviewed in Chapter 2. Various
ACC vehicle models (complex and simple vehicle models) for the longitudinal
dynamic control have been developed in previous studies based on different control
algorithms, different control strategies, medium of communication between ACC
and other vehicles in the same lane. In the literature, the ACC vehicle has been
analysed under various situations ranging from steady-state to transitional
operations. Knowledge gaps have been drawn and to fill these gaps the study aims
and objectives have been proposed in Chapter 2. The most important study
objective is to develop a complex vehicle model to control the longitudinal
dynamics which will be used to analyse the ACC vehicle response under high
deceleration manoeuvres of up to -0.5g. A complex vehicle model is developed in
this chapter. One of the important objectives of this study is to develop, analyse, and
compare four control algorithms (Section 2.6) used for the upper-level controller
under transitional manoeuvres (TMs) on a simple ACC vehicle model. In this
chapter the simple ACC vehicle model has also been developed which will be used
in Chapter 4 and Chapter 5 for the control algorithms analysis and comparison.
After comparison the most appropriate control algorithm will be used for the

complex ACC vehicle model in Chapter 6.

39



Chapter: 3 VEHICLE MODELLING

The research work available in the literature for the ACC vehicle is based on the
vehicle dynamic model, while the effects associated with the internal complexities of
the vehicle dynamics have not been addressed in detail. Here the internal
complexities of the vehicle dynamics can be defined as the dynamic effects
generated due to the automatic transmission up-shifting and down-shifting, sudden
throttle input variations, at uphill, especially during the sudden braking
manoeuvres while respecting the acceleration/deceleration limits and when the
brake force saturates. It is necessary to analyse and understand the response of the

vehicle following control law under these dynamic effects.

In this study a two-vehicle system is developed which consists of a preceding
vehicle and an ACC vehicle. In order to analyse the longitudinal dynamics of an
ACC vehicle a longitudinal vehicle dynamic model is required. The longitudinal
vehicle model presented in this chapter is useful in the development of control
systems for cruise control, adaptive cruise control and other longitudinal vehicle
control applications. It is assumed that the same longitudinal vehicle model will be
used for both vehicles. The complex vehicle model presented in this chapter will be
analysed under different throttle inputs, and road gradient in order to investigate
the behaviour of the vehicle during up-shifting and down-shifting. It should be
noted that the developed vehicle model operates as an open loop system when it is
used separately or for the preceding vehicle, while when it is used for the ACC
vehicle it will operate as close loop system because the throttle and brake
commands are determined by the feedback control laws obtained from the upper-

level controller.

The two major components of the longitudinal vehicle model are the powertrain
dynamics and the vehicle longitudinal dynamics. The automotive powertrain is
divided into the following sub-models: an engine model, a torque converter model,
an automatic transmission model, and a drivetrain model. The vehicle longitudinal
dynamics are mainly influenced by the longitudinal tyre forces, aerodynamic drag

forces, rolling resistance forces and the gravitational forces.

There has been a great deal of development in the area of automotive powertrain
system dynamics for control during automotive transmission up-shifting and down-

shifting. A complex automotive powertrain model based on the combination of Cho
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and Hedrick (1989) and Rajamani (2006) models is developed based on the physical
principles and captures the powertrain dynamics in the continuous-time domain
which consists of four states. Several physical assumptions are made to simplify the
mathematical modelling. To further simplify the model the gear up-shifting and
down-shifting in the transmission model is controlled by transmission look-up
tables (Kulkarni et al., 2006; Rajamani, 2006) rather than a complex planetary gear
system model. The look-up tables contain the gear up-shifting and down-shifting
schedules and the gear transmission takes place using the information from these
look-up tables. This approach has significantly saved the modelling and
computation time. The simulation results, using these look-up tables, will be

compared with the other automatic transmission models for the validation purpose.

Steady-state engine maps are constructed in this chapter. Usually the data for the
engine maps is provided by the manufacturers, but in this study the steady-state
engine maps have been constructed off-line by computation using the Matlab

software.

Figure 3-1 shows a vehicle model which comprises of the sub-models developed in
this study. The block diagram shows the inputs and outputs to each sub-model. The
power generated in the engine by combustion of fuel travels from engine to the
wheel through the crankshaft, torque convertor, transmission system, and driveline.
Finally, the vehicle longitudinal motion is captured in continuous time domain

using a set of differential equations.
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Figure 3-1 Block diagram for a single vehicle

This chapter outline is as follows. In Section 3.2 a mean-value engine model is
developed. In Section 3.3 a torque converter model is presented. Section 3.4 presents
5-speed automatic transmission model which is based on look-up tables. Section 3.5
presents a two-state drivetrain model. The complex vehicle model developed is
analysed against throttle and road gradient in Section 3.6. Section 3.7 presents 2nd
order and 1st order engine map models. Simple vehicle model for the controller’s
analysis is developed in Section 3.8. The methodology to achieve the objectives of
this study is laid out in Section 3.9. Finally, Section 3.10 presents the conclusions of

this chapter.

The subsequent sections present the modelling of an engine model, an automatic
transmission model, a drivetrain model, engine map models, and engine map

construction. These models have also been validated at the end of each section.
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3.2 Engine Dynamics

Most of the engine models are concerned with combustion dynamics, pollution
formation, or engine dynamics control. The engine model required in this study is a
dynamic engine control model. The type of engine model developed is called a
mean value model (Cho and Hedrick, 1989; Rajamani, 2006). A mean value model is
a mathematical engine model which is intermediate between large cyclic simulation
models and simplistic transfer function models. It predicts the mean values of the
engine states e.g. engine speed and the intake manifold pressure. The engine model
is developed as torque-producing device with one inertia where the engine torque is

the function of the throttle angle (o), mass flow rate of fuel (M, ), and the engine

speed (@, ).

In this chapter a 3.8L spark-ignition engine model with six cylinders and a five-
speed automatic transmission for a typical front-wheel-drive passenger car is
developed where the input to the engine model is the throttle angle (o). The
proposed mathematical engine model is used to control the longitudinal dynamics
of the vehicle and can be divided into different subsystems namely throttle body,
intake manifold, fuel injection, combustion chamber and torque production, and
crank shaft rotation. The block diagram for all these subsystems is shown in Figure
3-2. The inputs and outputs for each block are also shown in Figure 3-2. The input to
the throttle body is the throttle angle which can be controlled instantly and contains
no dynamic elements; on the contrary, the modelling of the intake manifold is quite
complicated. The input to the intake manifold is the air-fuel mixture. The
combustion model of the engine calculates the indicated torque developed in the
cylinders together with manifold pressure. The inputs to the combustion model are
the throttle angle, and air-fuel ratio. The accelerating torque produced at the vehicle
crankshaft is the difference between the indicated torque and the torque absorbed
by friction torque, pump torque, and the load torque. The output from the engine
dynamic is engine speed which is an input to the torque converter. The engine
speed is fed back to the combustion model in order to compute the volumetric

efficiency.

A continuous time domain, 2 state engine model based on the combination of Cho
and Hedrick (1989) and Rajamani (2006) models is developed, where the two states
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are intake manifold pressure (p.an) and the engine angular speed (). The intake
manifold can be defined as the volume between the throttle plate and the intake
valves of the cylinder. The mass of the intake manifold (.:) can be related to the

intake manifold pressure (pma:) using the ideal gas equation.

pmaanan = mman RTman (31)

where, Ty is the manifold temperature which assumed as constant, R is the gas

constant of air, and V.., is the intake manifold volume.

Load Friction
Throttle PumI()Tt ())rque 1;‘;‘1“)" Torque (Tj)
p load
Angle (a)  Ajr Fuel mixture | /
l Throttle l Intake .| Combustion .| Engine g
Body Manifold | 4 °| Chamber T "| Dynamics T "
Indicated Engine Speed
Torque (Tina) (@)

! Net Torque (Ter)

Volumetric Efficiency (77.0) |«

Figure 3-2 Block diagram for the engine model.

Taking derivative of Equation (3.1) gives the state equation for the intake manifold

pressure.

RT

A — man m
pman V ( man )

man

(3.2)

where, m_,, is the mass flow rate in the intake manifold. When the law of

conservation of mass is applied to the intake manifold then we get

m,,, =M, —m (3.3)

man al ao
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where, M, and M, represent mass flow rate in and out of the intake manifold i.e.

through the valve and into the cylinder respectively. Then Equation (3.2) becomes

: RTman : :
Pman = V—(mai - mao) (34)

The throttle body describes the transformation of throttle angle inputs to mass rates

of air entering the intake manifold M, , and is expressed by
m, = MAX -TC(«)- PRI (3.5)

where, MAX is the maximum flow rate of air through the throttle body. TC is the
normalized throttle characteristics and is a function of throttle anglea (Cho and

Hedrick, 1989).

(3.6)

oo 1—c0s(@.14459x% ¢ —1.0600) fora < 79.46°
1 fora > 79.46°

PRI is the normalised pressure ratio influence and is a function of manifold to

atmospheric pressure ratio. PRI can be defined as (Cho and Hedrick, 1989)

PRI :1—exp{9 (M—lﬂ (37)
Patm

M,,, the mass rate of air leaving the manifold (and thus, entering the combustion
chamber), is dependent upon engine characteristics, e.g. displacement volume V/,
volumetric efficiency 7,,, intake manifold pressure pu.,, and the engine speed ®,

and is described by (Rajamani, 2006)

. @, p
m,. = —2Vv, 3.8
ao nvol 471_ d RT ( )

man

Volumetric efficiency 7, is a complex function of the engine state a.. As discussed

above the engine model from Cho and Hedrick (1989) and Rajamani (2006) models
has been adopted in this study, the dynamics involved in the volumetric efficiency

is not clear. It is very essential to incorporate the volumetric efficiency dynamics in

this simulation model. Therefore, the 7,,, as a function of engine speed given in
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Heywood (1988) has been chosen to make the model more realistic and a similar

curve for 7, has been plotted and used for this model as shown in Figure 3-3.
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Figure 3-3 Volumetric efficiency as a function of engine speed

The second state concerns with the rotational dynamics of an engine. The crank

shaft follows the conservation of moment about a rigid shaft.

lew, =T, =T, =T, =T, (3.9)

where, T; is the engine combustion torque which is dependent on the ignition of a
cylinder charge of air, fuel and residual gas (Cook and Powell, 1988), Ty is the engine
friction torque, T, is the accessory torque and T, is the pump torque and represents

the external load on the engine. I, is the effective inertia of engine.

Equation (3.9) can be written as (Rajamani, 2006)

lo, =T

e’’e ne

t Tload (310)

where, Tnt = Ti - Ty - Ta, is the net engine torque after losses and depends on the
dynamics in the intake and exhaust manifolds of the engine and on the accelerator
input from the driver. Tiua is the load on the engine which represents the pump
torque T). Tiua is provided by the torque converter which couples the engine to the

transmission.

The indicated torque T; is generated by combustion and can be represented by

(Rajamani, 2006)
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H,m,m
T, =l (3.11)
a)e

where, H, is the fuel energy constant, 7;is the thermal efficiency multiplier, and
accounts for the cooling and the exhaust system losses, and m; represents the fuel
mass flow rate into the cylinder. The fuel mass flow rate m; is typically determined

by a fuel injection control system which attempts to maintain a stoichiometric air to
fuel ratio in the cylinder. It is assumed that the stoichiometric air fuel ratio is

successfully maintained in the cylinder and the fuel mass flow rate m; is related to

the outflow from the intake manifold into the cylinder of the engine as follows

(Rajamani, 2006):

m
m, = —=2 3.12
R 6.12)

where, Ly is the stoichiometric air/fuel mass ratio for gasoline (fuel) and Ais the
air/fuel equivalence ratio. The torque due to friction (T, is curve-fitted from

experimental data and is the function of engine speed . (Cho and Hedrick, 1989).

T, =0.1056 , +15.10 (3.13)

3.3 Torque Converter

The output from the engine dynamic model is engine speed which is in turn an
input to the torque converter. A torque converter consists of a pump (driving
member), a turbine (driven or output member), and a stator (reaction member). The
pump is attached to the engine and turns at engine speed, and the turbine is the
input to the transmission (Cho and Hedrick, 1989). The torque converter uses the
engine speed and transmission speed to compute the pump and turbine torques.
The turbine torque is used to accelerate the mechanical elements of the transmission.
The torque converter is a type of fluid coupling that connects the engine to the
transmission. The torque converter is used in automatic transmissions for several
reasons. First, its fluid coupling prevents an engine from stalling under high load

conditions (e.g., idling while in gear with no vehicle motion). Second, its damping
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characteristics isolate the drive-train from the engine firing pulses. Third, its torque

multiplying characteristics are desirable for vehicle accelerations.

The schematic of a torque converter in Figure 3-4 shows the input, output and load
associated with a torque converter. Engine speed is the input from engine model to
torque converter model and the turbine torque is the output from torque converter
model to the transmission model. The load from the transmission model is the
transmission shaft speed which is transmitted to engine model through torque

converter model in the form of pump torque.

Engine speed (0.) —» Torque converter ~[€— Transmission shaft speed (o)

Model .
Pump Torque (T,) <— —» Turbine Torque (Ty

Figure 3-4 Block diagram for torque converter model.

The equations for the pump torque T, and turbine torque T; can be found in (Cho

and Hedrick, 1989)

For converter mode (w:/wp < 0.9), the pump and turbine torques are given by:

T, =3.4325es —3m,” +2.2210x10° w, 0, — 4.60141x10° ,” (3.14)

T, =5.7656x10 2w, +0.3107x10 ° w_, —5.4323x10° @, (3.15)
t p p©t t

For fluid coupling mode (w:/ wp = 0.9), the pump and turbine torques are given by:

T, =T, =—6.7644x10 7 w,” +32.0024x10° w, 0, — 25.2441X10° 0, (3.16)
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The output from the torque converter i.e. turbine torque is the input to the
transmission model. When the torque converter is locked then the pump torque is
equal to the turbine torque and in term of load the pump torque is the load on the
engine from the wheels and the transmission systems. On the contrary the torque
converter is unlocked when the driver removes his foot from accelerator pedal and
applies the brakes. This allows the engine to keep running even if the driver brakes

to slow the wheels down.

3.4 Transmission Model

The output from the torque converter model is the turbine torque which is in turn
the input to the transmission model. The transmission output torque is used to
accelerate the vehicle against the aerodynamic drag load, the road friction, and road
gradient loads. The transmission model considered is a five-speed automatic
transmission model and also includes the final drive reduction in the differential;
therefore, the operating gear ratio also includes the final gear reduction in the
differential. Usually an automatic transmission system consists of several planetary
gears and associated clutches and bands (Cho and Hedrick, 1989) and uses the
clutch and band pressures information supplied by the transmission hydraulics
model to determine the transmission torque. The transmission hydraulics model
uses the engine speed, manifold pressure and desired gear-ratio information to
calculate the pressure build-up profiles in the clutch cavities. While in this study
instead of the complex mathematical automatic transmission model look-tables

(explained below) have been used for gear up shift and down shift operation.

Turbine Torque —> —» Wheel Torque

Transmission
o Model
Transmission shaft speed < [ &—— Wheel speed (@)
Figure 3-5 Block diagram for the transmission model.
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The schematic of a transmission model in Figure 3-5 shows the input and output
associated with a transmission system. Turbine torque is the input from torque
converter to transmission model and the wheel torque is the output from
transmission model to the wheel model. The load from the wheel model is the
wheel speed which is transmitted to torque converter model through transmission

model in the form of transmission shaft speed.

If the torque transmitted to the wheels is T, then for the steady-state operation
under the first, second or higher gears of the transmission, the torque transmitted to

the wheel is (Rajamani, 2006).

T, = T, (3.17)

Similarly, the relation between the transmission and wheel speeds is

@, = (3.18)

g
where, R; is the gear ratio on the transmission (g = 1, 2, 3, 4, 5) and Ry is the final
gear reduction in the differential. The value of R; depends on the operating gear and

increases as the gear shifts upwards.

Different automatic transmission models have been reviewed in Chapter 2 for
various performance objectives. To avoid the complexities and to save the
modelling and computation time mathematical model of a transmission system has
been replaced by look-up tables. The look-up tables (Kulkarni et al., 2006; Rajamani,
2006) have been used for a 5-speed automatic transmission up-shifting and down-
shifting as shown in Figure 3-6, Figure 3-7, and Figure 3-8. The operating gear is
determined by a gear shift schedule that depends on both the transmission shaft
speed and the throttle opening in case of Rajamani (2006) look-up tables in Figure
3-6 and Figure 3-7, while the operating gear is obtained by a gear shift schedule in
Kulkarni et al. (2006) look-up table in Figure 3-8 which is the function of the throttle
angle and the longitudinal vehicle speed. The control strategy to decide and select
the up-shifting or down-shifting control is the function of the acceleration of the
vehicle (Wu et al., 2008). When the acceleration is positive, the system is controlled

by the up-shift controller and when the acceleration is negative the system is
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controlled by the down-shift controller. The simulation results have been produced
using both look-up tables and have been validated with the other models available
in the literature. Note that the up-shift for each gear change occurs at higher speeds
in comparison with the down-shift for each gear as the throttle input from the driver

is higher.
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Figure 3-6 Gear up-shift schedules for an automatic transmission, (Rajamani,
2006).
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Figure 3-7 Gear down-shift schedules for an automatic transmission, (Rajamani,
2006).

Figure 3-6 shows the look-up table from Rajamani (2006) for gear up-shifting where
the gear shift schedule is based on the throttle input and the transmission shaft

speed. The transmission from 1st to 2nd gear takes place at highest transmission shaft
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speed; the transmission shaft speed reduces as the gear up-shift takes place for
higher gears and is lowest for the up-shift from 4t to 5t up-shift as shown in Figure
3-6. Similarly the gear down-shift from 5t to 4t gear takes place at lowest
transmission shaft speed and the transmission from 2nd to 1st takes place at the
highest transmission shaft speed as shown in Figure 3-7. The difference between the
gear up-shift and gear down-shift can be observed by comparing Figure 3-6 and
Figure 3-7, as one can see that for each gear there is higher transmission shaft speed
for up-shifting than the transmission shaft speed for down-shifting, for e.g. at full
throttle for 1st to 2nd up-shifting the required transmission shaft speed is 5050 rpm

and for 2nd to 1st down-shifting the required transmission shaft speed is 4150 rpm.

Figure 3-8 shows the gear shift schedule for up-shifting and down-shifting from
Kulkarni, et al (2006) model, here the gear shift schedule is the function of throttle
input and the vehicle longitudinal speed. Initially at 0 MPH speed and at constant
full throttle (90 degrees), 1-2 gear up-shift takes place at 33.2 MPH, as the speed of
the vehicle increases the 2-3 gear up-shift takes place at 52.5 MPH, 3-4 gear up-shift
takes place at 80 MPH, and 4-5 gear up-shift takes place at 95 MPH. Similarly,
assuming the full throttle, the gear down-shifting from 5-4 down-shift takes place at
89 MPH, the 4-3 down-shift takes place at 70 MPH, 3-2 down-shift takes place at
47.5 MPH, and 2-1 down-shift takes place at 30 MPH.

Gear shift schedule.

80
"'
&
g
=
=
E
(=4
S |\ N /7
46 50 60
vehicle speed [MPH]
Figure 3-8 Gear up-shift and down-shift schedules for an automatic

transmission, (Kulkarni et al., 2006)
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3.5 Drivetrain Model

A drive-train serves as a simple power transfer device between the transmission
system and the vehicle. A two state drive train model has been presented (Rajamani,

2006) where the two states are front wheel angular speed (@, ) and the longitudinal

vehicle speed (X) of the vehicle.
3.5.1 Wheel Dynamics

The output from the transmission model, as described in Equation (3.17), is the
wheel torque which is in turn the input to the wheel model. When the vehicle is
moving, the wheel is subjected to the ground forces as shown in Figure 3-9. The
ground forces on a wheel are normal force F, which is due to the weight and load of
the vehicle, the longitudinal traction/braking force F. which is generated during
driving and braking, and the lateral force F, which helps the vehicle in turning and
manoeuvring, or in the case of minimizing the disturbing effect of wind or other
side forces. The lateral force is not the part of this study, therefore, only the

longitudinal force F, is considered in the modelling.

270 deg
90 deg

Figure 3-9 Free body diagram of a wheel (Bertrand, 2006)
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During acceleration or braking manoeuvre, the contact patch (explained in next
section) between tyre and ground begins to slip. The longitudinal slip can be
defined as the difference between the actual longitudinal velocity at the axle of the
wheel V, and the equivalent rotational velocity o, of the tyre. The readers who
are interested to know how the longitudinal forces depend on the slip ratio are

referred to Solyom et al (2004). The longitudinal slip ratio is defined as (Fling and
Fenton, 1981).

ro, -V
o, = % (during braking) (3.19)
ro, =V
o, = % (during acceleration) (3.20)
o,

where, V; is the longitudinal speed of the vehicle, r is the rolling radius of the free-
rolling tire, and . is the angular speed of the wheel. One can conclude from the
definition that when o, = 0 the wheel is in perfect rolling i.e. moving without
slipping, on the contrary, when o, = 1 then the wheel is locked and pure sliding

occurs and this happens during some braking manoeuvre.

A front wheel drive vehicle is considered in this study and the differential equation
relating the wheel angular speed w.; wheel torque T, and the longitudinal tyre

force Fyris

| @y =T, —TqFy —R

w w

- Ty (3.21)

xf

where, 1.5 is the effective radius of the wheel which is the ratio of the longitudinal
speed of the tire centre to the angular speed of the tire, Ry is the rolling resistance in
the front wheel and Tiy is the front brake torque. R, is explained in the next section
as this vehicle is front wheel drive; therefore, the rear wheel is the non-driven

wheel.

The differential equation relating the rear wheel angular speed ®,, and the

longitudinal tyre force F,, at the rear wheel is

I,

=—r,F,-R,-T,

Xr Xr

(3.22)

wr r
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where, |, is the wheel inertia and is taken as 2.8 Kg m?2 and R, is the rolling

w

resistance in the rear wheel and T, is the rear brake torque.

The block diagram in Figure 3-10 shows the schematic of the wheel dynamics. When
the wheel torque is applied, a friction torque due to the friction force between road
and tyre and rolling resistance is generated. The wheel rotational dynamic is

controlled by this torques as defined by Equation (3.21).

Wheel angular speed (0,) €1  Wheel [ 1y Fx

le——
Wheel Torque (Ty,) —P Model Twf

Figure 3-10  Block diagram for wheel model.

Rolling resistance is an opposing force to the motion of the vehicle and is roughly
proportional to the normal forces acting on each tyre. This is the amount of energy
spent in deforming the tyre material in the contact patch. The contact patch is the
area where the tyre and road are in contact with each other as shown in Figure 3-11.
Energy is absorbed in deforming the tyre material due to the internal damping of
the tyre material and that amount of energy is not recovered even once the tyre
material leaves the contact patch and returns back to its original shape. This loss of
energy on the tyre is termed as rolling resistance. Wong (2008) has stated that the
rolling resistance is mainly caused by the hysteresis in tyre materials due to the
deflection of the carcass while rolling. The experimental results from the same
source present that 90-95% of the rolling resistance losses are due to internal
hysteresis in the tyre, 2-10% due to friction between the tyre and the ground, and

1.5-3.5% due to air circulating inside the tyre.
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Slip Angle, «

'

: < Contact Patch
: Deflected Tread Path
:<—— Undeflected Tread Path

Figure 3-11  Contact patch (Gorski, 2008)

A simple model for rolling resistance has been developed in Cho and Hedrick (1989)

powertrain model and has been chosen for this study.

R, =R, =0.001546 xmx g[N.m] (3.23)

3.5.2 Longitudinal Vehicle Dynamics

The external longitudinal forces acting on the vehicle include aerodynamic drag
forces, gravitational forces, longitudinal tyre forces and rolling resistances. If the
state equation for the rear wheel angular velocity in Equation (3.22) can be
eliminated for simplicity then a force balance along the vehicle longitudinal axis

yields (Cho and Hedrick, 1989).

mX=F; —F

aero

R
X _mgsin@ (3.24)
r

eff

where,

m = mass of the vehicle
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x = vehicle displacement [m]

Fyy =longitudinal tyre force at the front tyre
Faero = longitudinal aerodynamic drag force
g = gravitational acceleration

0 = gradient of the road

There are two main sources which can generate the aerodynamic resistance: one is
the air flow over the exterior of the vehicle body, and the other is flow through the
engine radiator system and the interior of the vehicle for the purposes of cooling,
heating, and ventilating. The former has more significant effect and accounts for
more than 90% of the total aerodynamic resistance of a passenger car (Wong, 2008).

The aerodynamic drag force on a vehicle can be represented as (Rajamani, 2006)
1 2
Faero = Epcd AF (Vx +Vwind ) (325)

where, p = air density , Cs = aerodynamic drag coefficient, Ar = frontal area, V,=

vehicle longitudinal velocity, and Vs = wind velocity.

The term Ar can be defined as the area calculated from the vehicle width and height
for passenger cars (Wong, 2008) which is roughly in the range of 79-84 % of the total
frontal area of a passenger car. Wong (2008) has used the following relationship

between the frontal area and the vehicle mass as:

Ar =1.6+0.00056(m—765) (3.26)

where, the vehicle mass (m) is in the range of 800-2000 kg.

When a driving torque is applied to a pneumatic tyre, a longitudinal force is
developed at the tyre-ground contact patch. This longitudinal tyre force on the
wheels is the force which moves the vehicle forward. Experimental results have

shown that the longitudinal tyre forces depends on (Solyom et al., 2004).
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a) the slip ratio (o)
b) the normal load on the tyre
c) the friction coefficient of the tyre-road interface

Longitudinal traction forces at the front and rear tyre as the function of slip ratio

are:

Foi =Cu0y (3.27)

(3.28)

where,

C, =longitudinal tyre stiffness of the front tyre = 80000 N

C,, =longitudinal tyre stiffness of the rear tyre = 80000 N

In this study, the friction coefficient of the tire-road interface is assumed as 1 and the
normal force is assumed to be a constant. Figure 3-12 shows the longitudinal tyre
force as a function of the slip ratio. It is assumed that the longitudinal force is
generated instantaneously and has been considered within the proportional range

with the slip ratio.
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tire force (N)

Figure 3-12  Longitudinal tyre force as a function of slip ratio (Rajamani, 2006)

For the purpose of detailed analysis, the longitudinal vehicle model will be
subjected to gear up-shifting and down-shifting using the throttle control and on a
gradient of the road. Simulations will be run to analyse the transient and steady-

state behaviour of the powertrain dynamic model based on the above control input

signals.

Table 3-1 shows all the powertrain parameters used in the entire vehicle model.
Most of the parameters are taken from Cho and Hedrick (1989) model. There are

two different types of gear ratios shown in Table 3-1; one is used for Rajamani (2006)

-2000

4000 T T i

J

3000 ‘

2000+

[

1000

acceleration

0}

1000 |

|

3000 | deceleration
’ (braking)
| J
-4000 1 L ) 5 2
0.4 0.3 0.2 -0.1 0 0.1 0.2 0.3 0.4
slip ratio

look-up tables and the other is for Kulkarni, et al (2006) look-up table.
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Powertrain Parameters

Engine displacement Va 0.0038 m?
Intake manifold volume Vinan 0.0027 m3
Universal gas constant R 287
Manifold temperature Tnan 293 K
Max. Flow rate of air in the intake manifold MAX | 0.1843 kg/s
Air/fuel equivalence ratio A 1
Stoichiometric air/fuel mass ratio for gasoline(fuel) L 14.67
Fuel energy constant [J/kg] H, 4.3e7J/kg
Thermal efficiency 1 0.32
Moment of inertia of engine I. | 0.1454 kg.m?
1st gear speed reduction ratio (Cho and Hedrick, 1989) R; 0.3424
2nd gear speed reduction ratio (Cho and Hedrick, 1989) R 0.6379
Final drive speed reduction ratio (Cho and Hedrick, 1989) R 0.3521
1st gear speed reduction ratio (Kulkarni et al., 2006) R: 0.3184
2nd gear speed reduction ratio (Kulkarni et al., 2006) R; 0.505

3rd gear speed reduction ratio (Kulkarni ef al., 2006) R; 0.73

4th gear speed reduction ratio (Kulkarni et al., 2006) R4 1

5th gear speed reduction ratio (Kulkarni et al., 2006) Rs 1.3157
Final drive speed reduction ratio (Kulkarni et al., 2006) R 0.3257
Moment of inertia of wheel L 2.8 kg.m?
Effective radius Teff 0.3 m
Longitudinal tyre stiffness (for both tyres) Cor 80000 N
Air density yol 1.225 kg/m?
Aerodynamic drag coefficient Ca 0.4
Wind velocity Vwind 10 m/s
Mass of the vehicle m 1644 kg

Table 3-1 Powertrain Parameters

The simulation results have been carried out in Figure 3-13 for a particular scenario

using a combined Cho and Hedrick (1989) and Rajamani (2006) model under the

same initial conditions, throttle input, speed reduction ratios in transmission and in

final drive and when an automatic transmission takes place from 1st gear to the 2nd

60




Chapter: 3 VEHICLE MODELLING

gear (Cho and Hedrick, 1989). The throttle input is ramped up from 0 to 100 percent
in 250 ms, since physically; the throttle cannot be changed instantaneously. In
addition, 25 Nm (T;), as an accessory torque is added to account for the driver’s

load.

The simulation result for engine speed from Cho and Hedrick (1989) model has
been reproduced in Figure 3-13 in order to confirm that the proposed vehicle model
in this study is producing satisfactory results so that this can be used for the ACC

vehicle analysis. The corresponding longitudinal speed is shown in Figure 3-14.

6000

5000

4000

3000

2000

Engine speed [rpm]

1000

Figure 3-13  Engine Speed during 1-2 gear up-shift

Figure 3-14  Vehicle Speed during 1-2 gear up-shift

Figure 3-13 shows the engine speed for the 1-2 gear up-shift. The transmission from
1st to 2nd gear is based on the Rajamani (2006) look-up table for the gear schedule

where the gear schedule is the function of throttle angle and the transmission shaft
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speed. The above result has been confirmed against the Cho and Hedrick (1989)
model. The simulation results show that the shift started at t = 6.03 s and ended at t
= 6.35 s. The corresponding engine speeds at that time were 5155 rpm and 3254 rpm.
These results show a close agreement with the Cho and Hedrick (1989) model and
ensure that the longitudinal vehicle model can be used for the two-vehicle system.
The longitudinal speed in Figure 3-14 has been validated with Cho and Hedrick
(1989) model. The simulation results for their model reaches up to 64 MPH where
the simulation result shown in Figure 3-14 shows the similar result and agrees well

with their model with the same initial conditions and at full throttle.

During the process of mathematical modelling many attempts have been made to
use the transmission down-shift pattern (Rajamani, 2006) shown in Figure 3-7 by
decreasing the throttle input or moving on the uphill. But due to inadequate
information given in Figure 3-7 for the transmission down-shifting the required
simulation results for engine speed and vehicle speed were not possible. Therefore,
a gear shift schedule (Kulkarni et al., 2006) shown in Figure 3-8 has been adopted for
the transmission up-shifting and transmission down-shifting where the gear
schedule is the function of throttle angle and the vehicle longitudinal speed.
Furthermore the simulations have been carried out using the Kulkarni et al. (2006)
look-up table. Figure 3-15 shows engine speed and transmission shaft speed for 5-
speed automatic transmission at full throttle using the Kulkarni, et al. (2006) gear
shift schedule as shown in Figure 3-8. The gear ratios used in Figure 3-15 are the
same as in the Kulkarni, et al. (2006) model as the gear shift schedule is from the

same model.
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Figure 3-15  Engine speed during 1-2-3-4-5 gear up-shift

Figure 3-16 shows the corresponding vehicle longitudinal speeds for the engine
speed shown in Figure 3-15. The simulation result in Figure 3-16 has also been
validated with Kulkarni, et al. (2006) model. The gear shift schedule is controlled by
the throttle angle and vehicle longitudinal speed as shown in Figure 3-8. The
throttle input to the engine model is 100 % and the gear up-shifts take place at the
velocities shown in Figure 3-8. The simulations for down-shifting are produced in
the later part of this chapter for different throttle inputs and on a slope. The down-

shifting are also based on the same gear schedule pattern (Figure 3-8).
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Figure 3-16  Vehicle Speed during 1-2-3-4-5 gear up-shift

Since the proposed powertrain model has been reproduced and validated against

the experimental results (Cho and Hedrick, 1989; Kulkarni et al., 2006) and the look-
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up table approach for the automatic transmission has also been justified, therefore,
this model is useful in the development of a longitudinal dynamic control system

for the vehicles equipped with ACC system.

3.6 Complex Vehicle Model Analysis for Longitudinal

Dynamic Control

In the previous sections the longitudinal vehicle model was analysed under a
constant throttle input (full throttle) right from the start of the simulations. This
section presents the longitudinal vehicle model analysis for a transient operation
under the throttle change and on a gradient of road to analyse the performance of
the proposed vehicle model. It is necessary to analyse the vehicle response when the

vehicle is undergoing through transmission down-shifting.

3.6.1 Throttle Change

Figure 3-17 and Figure 3-18 show the engine speed and the vehicle longitudinal
speed respectively of the vehicle under the throttle change. Figure 3-19 shows the
throttle input for this simulation. The vehicle initially reaches the steady state
condition in the 5t gear operation and then at t = 70 s the throttle input is ramped
down to 10 degrees within 10 s (Figure 3-19), and after t = 80 s the throttle input
remains at 10 degrees for the rest of the simulation. The drop of throttle input from

90 degrees to 10 degrees brings the vehicle down to 1st gear as shown in Figure 3-17.

The main purpose of this throttle drop is to simulate and analyse the behaviour of
the vehicle during the down-shifting. It is clear from Figure 3-17 that as the throttle
input drops down to 10 degrees the engine speed drops down and finally the
vehicle longitudinal speed reduces as well. This makes the transmission to move to
the lower gear ratios. Figure 3-18 shows the corresponding vehicle speeds at 10
degrees throttle input where the each down-shift takes place which is similar to the

gear schedule shown in Figure 3-8 (Kulkarni ef al., 2006).
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3.6.2 Gradient of Road

The proposed vehicle model has been simulated on a 15 degrees gradient of the
road to observe the down-shift transmission pattern. During this manoeuvre the
throttle input was maintained at 90 degrees, i.e. full throttle. Initially the vehicle is in
the 5t gear and under a steady state operation then at t = 70 s the vehicle is
subjected a slope of 15 degrees uphill. The vehicle speed decreases, when subjected
to the slope, till the point where 5-4 down shift takes place and decreases further till
the transmission comes back in the 1st gear as shown in Figure 3-20. The engine
speed in the first gear is high enough, this is because the driver is demanding the
high torque from the engine and using the full throttle input. The corresponding
vehicle speed is also shown in Figure 3-21 the down-shift for each gear takes place

according to the gear shift schedule shown in Figure 3-8.

T o | e Bl B i ,Hih niiIsiio |

Engine speed [rpm]
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Figure 3-20  Engine Speed during 5-4-3-2-1 down shift on a 15 degrees road slope
at full throttle
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Figure 3-21  Vehicle Speed during 5-4-3-2-1 down shift on a 15 degrees gradient
road slope at full throttle.

3.7 Development and Comparison of Mathematical /

Parametric Engine Models and Engine Map Models

As discussed in Chapter 2, the lower-level controller requires steady state engine
maps for the calculation of desired throttle angle for the following ACC vehicle.
Therefore, engine map models have been developed and compared with the
mathematical model in this section. In Section 3.2 a two-state
mathematical / parametric model for the engine dynamics was presented and the
simulation result were been produced during the 1-2 gear transmission under full
throttle in Figure 3-13. The two states are the intake manifold pressure (pu:) and the
engine speed (w.). The simulation results for p.u... and . have been produced using

different throttle inputs.

An alternate to the parametric model is the engine map (look-up map) which is
based on steady-state experimental data and is usually available from the
manufacturers. In this study an attempt has been made to construct the engine maps
for a second order engine model and a first order engine model respectively using
the parametric model. The engine dynamic model presented in Section 3.2 is used
to compute the intake manifold pressure (pnan) and the engine speed (w.) and then
the engine maps have been constructed using the steady state intake manifold

pressure (pman) and the engine speed (o) for the net combustion torque (Ther).

In the literature, the engine-map based models are mostly second order consisting

of two states, the intake manifold pressure (pm.:) and the engine speed (o), or first
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order consisting of only one state, the engine speed (®.). The second order system is

analogous to the parametric model described in Section 3.2.

Figure 3-22 shows the block diagram for the three similar engine models with the
same throttle input and the engine states as outputs. The difference between the
three models is that the parametric model obtains the parametric function, e.g. T,

from the set of parametric equations explained in Section 3.2, while the engine map

models obtain the T,.r and M, from the engine.

\4

@e
Parametric [
- Model
> Pman
. _> (1)6
Throttle Eni}{‘;gg‘ap
> > Tne
nput () (2nd order) t
——  Pman
Engine map Toa
Model —> o,

(1st order)

Figure 3-22  Block diagram for three models for the same input and output

The purpose of the comparison of the parametric model and engine map model is to
confirm that the engine model is producing the similar results for the engine speed
under the same throttle input. The first order engine map model has also been
developed and compared with the parametric model to ensure that for the same
throttle input, as in parametric model, the engine speed is the same as for the

parametric model.
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3.7.1 Second Order Engine Model Based on Engine Maps

The two equations of the second order engine model are described as follows:

The state equation for the intake manifold pressure is as follows:

. RT an /s .
Pman = V—(mai - mao) (329)

man

All the parametric functions in Equation (3.29), except M, (@, Ppman), have been
computed using the parametric equations described in Section 3.2. Tt (@, pman) and
My, (@, , Ppan) are obtained from the engine map. The state equation for the engine

rotational dynamics is as follows:

Iea)e :Tne

t Tload (330)

where, Tt (@, pman) is obtained after the losses from the engine map constructed in
Figure 3-24. Tiua is the load torque from the torque converter and represents the

external load on the vehicle.

To draw the engine map for T (@.pman) the tabular data is required for a pair of
engine speed and manifold pressure. The data has been computed using the
computer simulation as shown in Table 3-2 which shows the partial data for puam
(10kPa - 13.91kPa). For each pair of (@ pmam) there is a corresponding value for Ty
(@, pman). For constructing an engine map such tabular data is essential for the
specific type of engine. Every engine has its own engine map based on the (@, pman)
pair. Based on Table 3-2, the engine map has been constructed in Figure 3-24 for the
manifold pressure ranging from 10 kPa to 100 kPa. The engine map drawn in Figure
3-24 shows the Tu(@,pmn) as the function of engine speed and the manifold

pressure.
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Angular Manifold Pressure, pua(kPa)
>N speed(m,)rad/s 10 11.30 1261 1391
1 52.0000 -0.3534 2.2863 4.9261 7.5658
2 80.1053 -2.4261 0.3304 3.0869 5.8434
3 108.2105 -4.4988 -1.6255 1.2477 4.1210
4 136.3158 -6.3119 -3.2880 -0.2642 2.7597
5 164.4211 -8.0732 -4.8920 -1.7107 1.4705
6 192.5263 -9.2114 -5.7915 -2.3716 1.0484
7 220.6316 -10.0386 -6.3394 -2.6403 1.0589
8 248.7368 -11.4113 -7.5041 -3.5969 0.3103
9 276.8421 -13.3283 -9.2841 -5.2398 -1.1955
10 304.9474 -15.5185 -11.3727 -7.2270 -3.0813
11 333.0526 -18.2529 -14.0767 -9.9005 -5.7243
12 361.1579 -21.1178 -16.9282 -12.7385 -8.5489
13 389.2632 -24.6306 -20.5121 -16.3935 -12.2750
14 417.3684 -28.1444 -24.0970 -20.0497 -16.0023
15 445.4737 -32.4097 -28.5316 -24.6534 -20.7753
16 473.5789 -36.6750 -32.9661 -29.2571 -25.5482
17 501.6842 -41.5902 -38.1353 -34.6804 -31.2255
18 529.7895 -46.6341 -43.4500 -40.2659 -37.0817
19 557.8947 -51.3657 -48.4117 -45.4576 -42.5035
20 586.0000 -55.9424 -53.1982 -50.4539 -47.7097
Table 3-2 Tabular data for an engine map for Tt (@, Pran)
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Figure 3-25 T, as a function of . for different fixed manifold pressure pyuan
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Figure 3-26 M, (@, pman) as a function of pua for different fixed engine speeds w.

Another analysis, shown in Figure 3-25, reveals that for every fixed manifold-
pressure pua: the magnitude of T, initially increases as a function of engine speed

and reaches to a maximum and drops down for higher values of engine speed. The

72



Chapter: 3 VEHICLE MODELLING

result shown in Figure 3-25 has been compared with Fig. 9-4 (Rajamani, 2006) for

the same variables and shows a good agreement with it. Figure 3-26 shows the mass
outflow rate from the manifold M,, (@, pmmn) as a function of manifold pressure pyan
for various fixed engine speed @. which can be compared with Fig. 9-5 (Rajamani,
2006). At lower @ M, is not increasing significantly, while at higher w. M, is

increasing as a function of pyun.

Figure 3-27 shows the structure for the second order engine map model. The input
to the engine map model is the throttle input and the outputs are the engine speed
@, and the intake manifold pressure p.... At each time step the states are fed back to

the engine map to compute the T for the next step.

Thet (e, Pinan)
» State 1 > O
Throttle Engine
input(a) ——» maps
» State 2 > Pman
A Thret CUe,Pman)

Figure 3-27  Engine map structure for the second order engine model

3.7.2 First Order Engine Model Based on Engine Maps

If the intake manifold filling dynamics are ignored then the second order engine
model in Section 3.7.1 can be reduced to the first order engine model where the
engine dynamics has only one state, the engine speed @. (Rajamani, 2006). These
engine models based on engine maps are essential for the lower-level controller of
the ACC vehicle to compute the desired throttle angle to track the desired

acceleration.
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The state equation of the engine dynamics is as follows:

L, =T, —Toug (3.31)

ne

where, T (2, @) is obtained after the losses from the engine map constructed in
Figure 3-28. Tiua is the load torque from the torque converter and represents the
external load on the vehicle. Ty (a, @) is determined as a steady state function of the

throttle angle a and engine speed ..

B0
5000

MNet combustion torque [Nm]]

4000

4 00

e "
throttle angle (deg) o Engine speed [rpm]

Figure 3-28  Engine map for Ty as a function of a for various fixed values of .
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Figure 3-29  Engine map for Ty as a function of a for various fixed values of @
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Figure 3-30  Engine map control structure for first order engine model

Figure 3-30 shows the control structure for the first order engine map model. The
input to the engine map model is the throttle angle and the output is the engine
speed @.. At each time step the state variable is fed back to the engine map to

compute the T, for the next step.

The simulation results in Figure 3-31, Figure 3-32, and Figure 3-33 for engine speed,
vehicle longitudinal speed and the vehicle displacement respectively show the

comparison of parametric engine model and the two engine models based on engine
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maps for 1-2 gear up-shifts. The comparison show that all the three models agree
well (overlapping) with each other and that verifies that the engine maps

constructed in Figure 3-24 and Figure 3-28 are producing the satisfactory results.
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Figure 3-31  Engine Speed during 1-2 gear up-shift for three models
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Figure 3-32  Vehicle speed during 1-2 gear up-shift for three models

The engine map model has been validated with the parametric engine model. The
reason for the validation is to ensure that the results from the engine map models
match well with the parametric model because these engine maps will be used for
the lower-level controller of the ACC vehicle in Chapter 6. The control input to all
models is the same throttle input. The validation has been performed for different
throttle inputs and the transient and the steady-state behaviours have been

compared.
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Figure 3-33  Vehicle displacements during 1-2 gear up-shift for three models

3.8 Simple ACC Vehicle Model

A simple ACC vehicle model used in the previous studies is based on a first-order
lag (Rajamani, 2006; Li et al., 2010). This lag is considered in the control input
command computed by the upper-level controller. In this thesis, it is referred as
first-order vehicle model. This lag corresponds to the lower-level performance and
comes from brake or engine actuation lags and sensor signal processing lags. This
first-order model is used between upper-level and lower-level controller (Figure

3-34) can be defined as (Rajamani, 2006; Li et al., 2010).

K(t) + X(t) = u(t) (3.32)

where, X, X and X are the absolute position, velocity, and the acceleration of the
ACC vehicle. u refers to the control input commands computed by the upper-level
controller. 7 is the time lag corresponding to the lag in the lower-level controller
performance. Analytical and experimental studies show that 7 has a value of 0.5 s
(Rajamani and Zhu, 2002; Rajamani, 2006) and the same value is used in this study.
It should be noted that the first-order model does not consider the dynamics of the

vehicle sub-models.
The first-order model is used for two following important reasons:

1. It is used for the analysis of the upper-level controller using four control
methods: proportional-integral-derivative (PID), sliding mode, constant-

time-gap (CTG), and model predictive control (MPC). The upper-level
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control can be designed because the vehicle dynamics and nonlinearities
from engine, transmission, are aerodynamic drag are not considered in the

first-order model.

2. The simulation results obtained from the first-order model will be used for

the validation of the complex ACC vehicle analysis.

3.9 Methodology

Different control laws for a vehicle equipped with ACC system have been designed
in the literature and in most of the studies the ACC vehicles are travelling in a form
of platoon (Rajamani and Zhu, 2002; Sun et al., 2004; Ferrara and Vecchio, 2007). A
platoon (automatic vehicle following system) can be defined as a group of vehicles
travelling together with relatively small spacing to improve the road capacity and to
minimize the relative velocity of the vehicles in case of emergency (Huang and
Chen, 2001). In the literature different control algorithms for the longitudinal
dynamic control of a platoon have been discussed based on different spacing control
policies and the communication link among the vehicles of a platoon. In many cases
the research work has been devoted to the upper-level controller for different
spacing control policies and different communication media and then the control
law is applied to a first-order ACC vehicle model (Bageshwar et al., 2004; Rajamani,
2006).

Some researchers have presented an ACC vehicle dynamic model where the desired
acceleration commands computed from the upper-level controller are given to the
lower-level controller of the ACC vehicle which determines the desired throttle
input for the ACC vehicle to track the desired acceleration (Hedrick et al., 1993;
Swaroop, 1997). In previous studies, the ACC vehicle dynamic models have been
analysed within the comfort level of the driving, i.e. the ACC vehicle does not reach
the acceleration/deceleration limits. These vehicle models do not consider the
important dynamics of the vehicle’s sub-models. The comfort level of an ACC

vehicle is disturbed when subjected to abrupt and sudden brake forces.

In the literature, ACC vehicle’s control laws have been designed for a steady-state

vehicle-following mode (Hedrick et al., 1993; Sun et al., 2004). It is not always
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necessary that an ACC vehicle should operate in the steady-state vehicle following
mode, it might have to respond to sudden variations occurring in the preceding
vehicle dynamics which could be due to throttle input change or brake input.
Another possible scenario is when an ACC vehicle encounters a slow or halt
preceding vehicle and has to switch from speed-control mode to vehicle-following
mode. The effect of noise on the ACC vehicle’s sensors can also lead to the
disturbance in the computation of the specified inter-vehicle distance (SIVD) which
in turn can disturb the behaviour of the ACC vehicle and generate a transitional
manoeuvre. Under these transient operations an ACC vehicle must perform a

transitional manoeuvre and then restore to the steady-state operation.

There are mainly two types of controllers designed in previous studies for an ACC
vehicle analysis: longitudinal controller, which deals with the spacing regulation
without considering the steering; and, lateral controller, which controls the steering
of the vehicle to keep it in lane. This study focuses only on longitudinal control of a

two-vehicle system, i.e. the vehicles are moving in a straight line.

In this study a two-vehicle system, which consists of a preceding vehicle and an
ACC vehicle, is developed which is represented by the block diagram as shown in
Figure 3-34. Each vehicle’s longitudinal motion is captured in continuous time
domain using a set of differential equations. The longitudinal motion of the
preceding vehicle and the ACC vehicle is measured by the upper-level controller in
order to compute the desired acceleration commands. Since the desired acceleration
is not a true input, a lower-level controller is required to determine either a throttle
input or brake input in order to track the desired acceleration (Connolly and
Hedrick, 1999). The lower-level controller then determines the required throttle and
brake input commands for the ACC vehicle in order to track the desired acceleration
computed by the upper-level controller. The information of the longitudinal motion
of ACC vehicle is fed back to the upper-level controller to establish a feedback
closed loop system (Figure 3-34). A first-order is considered in the control input

command computed by the upper-level controller (as discussed in Section 3.8).
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Figure 3-34  Block diagram for a two-vehicle system consisting of a preceding and
an ACC vehicle.

The preceding vehicle, usually referred to as lead vehicle, is independent of the
ACC vehicle, travels on its own and there is no any communication between the
two vehicles. The onboard radar sensors of the following ACC vehicle measure the
longitudinal motion of the preceding vehicle and this information is used by the
upper-level controller to calculate the instantaneous desired acceleration commands

for the ACC vehicle to perform the manoeuvre.

A detailed analysis of the complex vehicle longitudinal dynamic control has been
carried out in Section 3.6. Before analysing the lower-level controller and the
complex ACC vehicle model, it is important to understand the design of the upper-
level controller and investigate the control strategy used for the upper-level
controller. A first-order lag is also considered after the upper-level controller which
corresponds to the performance of the lower-level controller (explained in Section
3.8). An important aspect of this study is to investigate the response of the upper-
level controller using different control strategies employed in previous studies. Four
well-known control methods: PID, sliding mode, CTG, and MPC methods will be
used to design the control laws for the upper-level controller. The simulation results
obtained from these control methods will be compared and the most appropriate
among them will be used for the lower-level controller and the complex ACC
vehicle analysis. For the purpose of upper-level controller analysis, the simple first-
order ACC vehicle model (Section 3.8) will be used in order to investigate the

upper-level controller response exclusively. It is important to mention here that in
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all the simulation analysis the preceding vehicle is based on the complex vehicle
model. As the last objective, the complex vehicle will be tested under different

situations and for different parameters as discussed in Section 2.4.

3.10 Conclusions

In this chapter a 5-speed automatic transmission powertrain model has been
developed for the longitudinal dynamic control of a vehicle. The proposed model
captures the powertrain dynamics in the continuous-time domain. A simplified
approach for gear up-shifting and down-shifting using the gear schedule maps
(Figure 3-8) has been proposed where the transmission gear up-shifting and down-
shifting is triggered using the look-up maps based on the throttle input and
vehicle’s longitudinal speed information (Kulkarni et al., 2006). The simulation
results obtained from the proposed model have been validated against previous
studies (Cho and Hedrick, 1989). Different throttle inputs and a road gradient have
been applied to the vehicle in order to analyse the response of the complex vehicle
model. It has been observed that the vehicle longitudinal dynamics is precisely

controlled using these input commands.

This complex vehicle model can be used for the ACC vehicle analysis for
longitudinal dynamic control. Due to the lower-level controller computing the
throttle and brake input commands for the ACC vehicle, the proposed complex
model is also controlled using these two control inputs. This complex vehicle model
will be used for both vehicles in the two-vehicle system (Figure 3-34) which consists

of a preceding vehicle and an ACC vehicle (following vehicle).

Two engine models, a second order and a first order engine model, based on engine
maps have also been developed in this chapter. The simulation results obtained
from engine map models have been compared with parametric engine model. This
comparison ensures that the engine maps are producing the required satisfactory
results. The validation of engine maps is necessary because these engine maps will
be adopted in the lower-level controller in order to compute the required throttle

commands for the complex ACC vehicle model.
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This chapter also presents a simple ACC vehicle model which will be adopted for
the upper-level controller analysis and the complex vehicle validation. A first-order
lag has also been incorporated in this simple vehicle model which corresponds to

the performance of the lower-level controller.

The methodology to accomplish the research study objectives has also been
discussed in this chapter. In Chapter 4 and Chapter 5, the first-order ACC vehicle
model will be employed in order to compare four control strategies, namely,
proportional-integral-derivative (PID) control, sliding mode control, constant-time-
gap (CTG), and Model Predictive Control (MPC) method. Based on their analyses
and comparison the most suitable control algorithm will be adopted for the lower-

level controller and the complex ACC vehicle analysis in Chapter 6.
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Chapter 4. ACC Vehicle Analysis for PID,
Sliding Mode, and Constant-
Time-Gap Methods

4.1 Introduction

A 5-speed automatic transmission powertrain model to control the longitudinal
dynamics of a vehicle has been developed in Chapter 3. The powertrain model has
been simulated for different input command, mainly from throttle input and a
positive road gradient. The simulation results obtained from the powertrain model
have been validated against previous studies and show a good agreement with
them. The developed vehicle longitudinal dynamic model will be used for a two-
vehicle system developed in this study which consists of a preceding vehicle and an
adaptive cruise control (ACC) vehicle. The main focus is to investigate the complex
ACC vehicle response during critical transitional manoeuvres (TMs) under the
influence of vehicle internal complex dynamics and within constraint operational

boundaries.

The longitudinal control model of an ACC vehicle is usually composed of two
separate controllers, the upper-level controller and lower-level controller (Connolly
and Hedrick, 1999; Rajamani et al., 2000). Before using the lower-level controller
and complex ACC vehicle model for the ACC vehicle analysis, it is important to
understand and synthesize the upper-level controller model and the control

strategies used for it.
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A control system can be defined as a system which consists of interconnected
components, designed to achieve a desired objective. The main purpose of a
feedback system is to control the behaviour of a system in order to benefit the
society, provided that the nature of the controlled system is well understood and
modelled. Typically, a controller can be viewed as a function of state variables, or as
a dynamical system driven by certain system outputs. There are many different
types of controllers being used in industrial processes, chemical process systems,
mechanical systems, electrical systems, and economical processes. These controllers
could be anything ranging from a simple classical proportional-integral-derivative
(PID) controller to the most sophisticated non-linear controllers. The challenging
task for a controller is to perform well in spite of uncertainties present in a system

(Dorf and Bishop, 2001).

The system to be controlled in this study is a two-vehicle model, Figure 4-1, which
consists of a preceding vehicle and an ACC vehicle. The objectives for the ACC
vehicle are to establish and maintain a specified inter-vehicle distance (SIVD) with
zero range-rate behind the preceding vehicle under steady-state and TMs. A TM can
be defined as a manoeuvre performed by the ACC vehicle to establish the SIVD
using measurements of range, range-rate, and the ACC vehicle velocity and
acceleration. There are two requirements for a successful TM: (1) the ACC vehicle
must establish a zero range-rate when at the SIVD; and, (2) the ACC vehicle must

avoid a collision with the preceding vehicle (Bageshwar et al., 2004).

X1 >
X2 > Preceding vehicle
ACC vehicle
> N
o —Oo— OO
Figure 4-1 A two-vehicle system
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This chapter focuses on the study of Adaptive Cruise Control (ACC) System for a
passenger vehicle, ACC system components, ACC system limitations, and the
important features of the ACC system which play a significant role to control the
longitudinal dynamics of an ACC vehicle. Two modes of operation of an ACC
vehicle, namely speed control mode and vehicle following, and the switching
between these two modes, the effects of transitional manoeuvres on the ACC
vehicle’s longitudinal dynamics when it is operating in the vehicle following mode

are covered here.

One of the important objectives of this study is to develop and analyse the upper-
level controller using four well-known control strategies under steady-state and
transitional operations. The four control strategies used for the upper-level

controller analysis are:
(1) Proportional-Integral-Derivative (PID) Control
(2) Sliding Mode Control
(3) Constant-Time-Gap (CTG) Control
(4) Model Predictive Control (MPC).

The first three control strategies will be developed and analysed in this chapter and
the fourth control method will be developed in Chapter 5. In these controllers
analysis, the preceding vehicle is based on the complex vehicle model which
includes engine, torque converter, transmission, and drivetrain models (Section 3.2
to Section 3.5) and the ACC vehicle model is based on the first-order vehicle model
(Section 3.8). A simple first-order ACC vehicle model is used to compare the
performance of these control methods at the upper-level controller level under the
same critical encounter scenarios between the two vehicles. After the comparison,
the most appropriate out of these four control methods will be applied to the lower-
level controller and the complex vehicle model for longitudinal dynamics control of
an ACC vehicle in Chapter 6. It should be noted that due to the finite bandwidth of
the lower-level controller the ACC vehicle will be unable to track the desired
acceleration commands. Therefore, the ACC vehicle model must consider the finite

bandwidth of the lower-level controller (Rajamani, 2006). Based on this

85



Chapter: 4 ACC VEHICLE ANALYSIS FOR PID, SLIDING MODE AND
CONSTANT-TIME-GAP METHODS

consideration the upper-level controller is designed and then the first-order ACC

vehicle model is used.

The simulation scenarios considered for all controllers analysis range from steady-
state to transitional operations. In the first scenario, the same initial conditions have
been considered for both vehicles, i.e. same initial velocities. The only initial
condition that differs is the initial position of both vehicles. Once the controllers are
analysed for this simple scenario, then more complexities are added in the
simulation scenarios to analyse the stability and robustness of each controller. In the
second and third scenario, a high speed ACC vehicle encounters an accelerating or a
halt preceding vehicle in the same lane. Under these scenarios the ACC vehicle
exceeds the deceleration limit of -0.5g. The results obtained from each control

algorithm are compared and discussed in detail.
The main tasks for the control methods to perform on the ACC system are:
1 Track smoothly desired acceleration commands

2 Reach and maintain a SIVD in a comfortable manner and at the same

time react quickly in the case of dangerous scenarios.
3 System performance optimization.

4 Optimize the system performance within defined constrained

operational boundaries.

There are many benefits of the entire system from a control point of view, e.g. in
case of emergency manoeuvres the control system can react significantly faster than

a human reacting in the same situation.

This chapter outline is as follows. In Section 4.2 the ACC system with its
fundamental features, its components, and its limitations are explained. In Section
4.3, the PID control method and its application to the two-vehicle system are
presented. In Section 4.4, sliding mode formulation is presented and its application
to the two-vehicle system is analysed. In Section 4.5, CTG algorithm is applied to the

two-vehicle system. Finally, Section 4.6 presents the conclusions of this chapter.
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4.2 Adaptive Cruise Control System

A standard cruise control system enables a ground vehicle to control its longitudinal
speed. A desired speed is selected by the driver, and a control system operates on
the throttle to maintain this desired speed (Girard et al., 2005; Rajamani, 2006;
Ferrara and Vecchio, 2007). ACC systems have been developed as an enhancement
to the standard cruise control systems. In addition to the speed control mode, an
ACC-system equipped vehicle can also regulate the set speed to maintain a SIVD
from a preceding vehicle (Liang and Peng, 1999; Haney and Richardson, 2000;
Girard et al., 2005). This additional feature is termed as vehicle following mode. The
control law for the vehicle following mode is computed using onboard radar
sensors that measure the range (relative distance) and the range-rate (relative
velocity) between the ACC vehicle and the preceding vehicle (Liang and Peng, 1999;
Bageshwar et al., 2004; Rajamani, 2006). Therefore, both throttle input and brake
input are required to control the distance and the relative velocity between an ACC
vehicle and a preceding vehicle. In the vehicle following mode the SIVD is a
function of the preceding vehicle’s velocity (Bageshwar et al., 2004). SIVD is the
spacing control policy between the two consecutive vehicles, and in this study it
varies with the speed of the preceding vehicle. In the literature (Ferrara and

Vecchio, 2007) it is termed as headway spacing control policy.

The headway control can be viewed as a composition of two separate operations:
transitional operation and steady-state operation. At the point of contact with the
preceding vehicle, an ACC vehicle tends to establish the SIVD with the preceding
vehicle by tracking a transition trajectory which is called the transitional operation
and then maintains the required SIVD with the preceding vehicle, which is known
as steady-state operation. During the transitional operation, the ACC vehicle has to
decide when to switch from speed control mode to vehicle following mode and use

a control strategy to manoeuvre the vehicle to establish the SIVD.

87



Chapter: 4 ACC VEHICLE ANALYSIS FOR PID, SLIDING MODE AND
CONSTANT-TIME-GAP METHODS

4.2.1 Vehicle Controllers

The longitudinal controller system of an ACC vehicle is usually composed of two
separate controllers, the upper-level and lower-level controllers (Rajamani and Zhu,

2002), Figure 4-2.

Information from
preceding vehicle

l

Upper-level controller

A
Desired l Error signal

acceleration

Lower-level controller

l

Desired
throttle/brake input

Figure 4-2 ACC vehicle longitudinal control system (Rajamani, 2006)

The spacing control law is designed within the upper-level controller model of an

ACC vehicle where the kinematic relation between the range (R) and range-rate (R)
between the two vehicles and the ACC vehicle velocity and acceleration are used to
compute the desired acceleration for the lower-level controller (Bageshwar et al.,
2004). The lower-level controller uses this desired acceleration command to generate
the required throttle and braking commands for the ACC vehicle to track the
spacing-control laws computed by the upper-level controller (Girard et al., 2005).
The error signal generated due to differences in the longitudinal motion of the
preceding vehicle and the ACC vehicle is sent back to the upper-level control where

the desired acceleration for the next time step is calculated.
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4.2.2 Range vs. Range-Rate Diagram

The terms range, range-rate and switching between different modes of operation of
an ACC vehicle can be exemplified well by constructing a range versus range-rate
diagram using the kinematic relationship between range and range-rate (Bageshwar
et al., 2004; Rajamani, 2006) to illustrate the requirements of transitional operation,
as shown in Figure 4-3. A negative range means that the ACC vehicle has collided
with the preceding vehicle. Figure 4-3 shows the regions and conditions for the
switching between the different control modes of an ACC vehicle. Based on the
measurement of range and range-rate, an ACC vehicle selects the control mode and
decides when to switch between these modes. The region above the dashed line is
for speed-control mode (cruise control) and the region between the dashed and
solid line is for vehicle-following mode. The region below the solid line shows that
the deceleration by the ACC vehicle is not enough and the driver should take
control of the vehicle to avoid the collision by applying emergency braking or by
lane changing (Rajamani, 2006). This study is focused on the transitional
manoeuvres when an ACC vehicle is operating on vehicle-following mode, and on
the switching from speed-control mode to the vehicle-following mode. The range
vs. range-rate diagram plays a vital role in computing the desired acceleration in
order to follow a preceding vehicle at a safe distance. Different properties of the
relation between range and range-rate can be discussed. For example, the relation
between range and range-rate shows different trends of motion for an ACC vehicle
and how the switching between speed-control mode and vehicle-following mode is

initiated. The details of these properties will be discussed.

For a more in depth understanding of the range vs. range-rate diagram one can
study Figure 4-3 by developing a relation between range and range-rate. The range
between the two consecutive vehicles depends upon the range-rate of the two
vehicles (Rajamani, 2006). For example, when the range-rate is positive i.e. when in
the right half of the range vs. range-rate diagram, the range will always increase,
while the range-rate is negative i.e. in the left half of the range vs. range-rate
diagram, the range will always decrease. In other words, in the right-half plane an
ACC vehicle always encounters a faster preceding vehicle and travels under throttle
control, while in the left-half plane an ACC vehicle always detects a slower or halt

preceding vehicle and operates under brake control in the same lane on a highway.
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Figure 4-3 Range vs. range-rate diagram (Rajamani, 2006)

4.2.3 System Components

An ACC system is an autonomous system because it does not depend on the
wireless communication with the other vehicles on the highway. An ACC system
makes its control decision based on information captured from its preceding vehicle
through its sensors and the corresponding action is performed by using some
advanced actuators. The important components of an ACC vehicle are sensors,

throttle system, and brake system.

4.2.3.1 Range sensor

The most important component in an ACC system is a sensor which measures the
distance, the relative speed, and the relative position of the preceding vehicle. This
sensor is usually called range sensor and different types of a range sensor, e.g.
optical, laser, and radar, have been discussed in the literature. Among these three
types of range sensor, the radar sensor has been used in the previous studies due to
the following reasons: (1) a measurement up to 150m is achievable; (2) a range

sensor can be packed behind plastic surfaces; and, (3) the most important is its
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performance which is less sensitive to weather conditions. The radar sensor used in

ACC vehicles operates at a frequency of 77 GHz (Haney and Richardson, 2000).

4.2.3.2 Throttle system

In the speed-control mode like, as in cruise control system, the driver sets the
desired speed of the ACC vehicle and the control system operates on the throttle to
maintain a desired speed. In the vehicle-following mode, the throttle angle is
controlled by the signal received from the lower-level controller. The lower-level
controller determines the desired throttle angle based on the desired acceleration
commands computed by the upper-level controller. It is assumed that the driver has
the control of the steering of the vehicle at all time when ACC vehicle is in vehicle-
following mode unless a critical situation arises when the driver interaction is

required to control the ACC vehicle in order to avoid collision.

4.2.3.3 Braking system and traction/braking force saturation

An ACC system is designed to provide comfort to the driver and other passengers
and to help improve the safety in an uneven or critical driving situation. An ACC
system equipped vehicle uses the throttle actuator and brake actuator to accomplish
these objectives. It is the requirement of the braking system to apply the brake
smoothly without exceeding the comfort level which can be defined by the
maximum deceleration level when brake torque is applied i.e. -0.5¢ (Bageshwar et
al., 2004). The brake system of an ACC system is controlled by the control signal
received from the lower-level controller. The lower-level control computes the
desired brake torque based on the desired acceleration commands computed by the
upper-level controller. In this study a number of critical driving manoeuvres have
been simulated when the brake torque reaches the saturation level, i.e. no further

brake torque can be applied once maximum value is reached.
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4.2.4 System Limitations

An ACC system attractive for the automobile manufacturers and most of luxurious
vehicles, Mercedes, Sedans, Lexus LS340, etc, are equipped with an ACC system.
Due to its advanced features, it relieves the driver of stress associated with tiresome
driving tasks such as maintaining speeds on long journeys, driving behind other
vehicles in congested traffic, safety assurance. Despite its advanced functions an
ACC system also contains some operational and physical constraints. Two physical
constraints for an ACC vehicle have to be incorporated in the formulation of the
upper-level controller, used for the vehicle-following control law. Firstly, the ACC
vehicle is not permitted to have a negative velocity during a transitional manoeuvre,
and secondly, the ACC vehicle is assumed to have limited accelerations: a lower
limit equal to -0.5g and an upper limit equal to 0.25g (Bageshwar et al., 2004).
Equation (4.1) and Equation (4.2) show the two physical constraints applied on this

ACC vehicle model during the high deceleration (transitional) manoeuvres.

X,(t) >0 (4.1)

Upin SU(t) <u 4.2)

max

It should be noted that the lower acceleration limit implies that the ACC vehicle
cannot apply the necessary brakes to avoid the collision with the preceding vehicle.
Even while providing a support for the driver, he/she still remains responsible for
the vehicle handling while performing lateral manoeuvres and in a complex
decision making. According to a study (Troppmann and Hoger, 2006), an ACC
vehicle is activated in highways or motorways, and when the long journeys are
required. An ACC vehicle still cannot allow the control operation in congested city

environment.

Initial conditions for the transitional manoeuvres are based on the range, range-rate,
and the ACC vehicle velocity and acceleration when the preceding vehicle is first

encountered. The possible initial conditions are those for which the ACC vehicle
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avoids the collision with the preceding vehicle, while reducing its speed from its
initial velocity to the velocity of the preceding vehicle. The minimum range required
for the ACC vehicle can be computed using the maximum available deceleration for
the ACC vehicle for the transitional manoeuvres (Bageshwar et al., 2004). The same
initial conditions determined by Bageshwar (2004) model have been adopted in this
study which corresponds to the possible deceleration level to reduce the speed of

the ACC vehicle in order to avoid the collision with the preceding vehicle.

4.3 PID Control Architecture

The PID control approach is simple and easy to implement. It is widely applied in
industry to solve various control problems. It has been estimated that 98% of all
control systems in the pulp and paper industries are controlled by PI controllers,
and in process control applications, more than 95% of the controllers are based on
PID controllers (O'Dwyer, 2009). The ability to keep the controlled variable response
close to the desired closed-loop response has gained a considerable acceptance in
the chemical process industries because of its simplicity, robustness and successful
practical applications (Lee et al., 1998). The PID controller has been a convenient
method of compensation in wide range of applications where a simple control
system is used or where a lengthy modelling and design process is unacceptable
(O'Dwyer, 2009). In this section, the basic PID control architecture is presented and

then it is applied to the two-vehicle system.

e(t) Traction Actual
Desired P Force Velocity
Velocity 4 \ u X (Output)
I —> | Control > Vehicle >
Element Model
i D
Feedback Signal

Figure 4-4 Block diagram for the PID feedback control system
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Figure 4-4 shows the schematic diagram of a classical PID controller for the two-
vehicle systems. Before analysing the two-vehicle system using the PID control
approach, it is necessary to understand the PID control algorithm. Basically, the PID
controller operates as a closed-loop system where an error signal e(t) which is the
difference between the desired input (desired velocity) and the actual output
(actual velocity) is applied to the PID controller. The PID controller then determines
both the derivative and the integral of this error signal e(t). The control signal (u)
generated by the PID controller is merely equal to the proportional gain (Kp) times
the magnitude of the error signal e(?) plus the integral gain (K;) times the integral of
the error signal e(t) plus the derivative gain (Kp) times the derivative of the error
signal e(t),Equation (4.3). The control element then produces the correspondent
traction force for the ACC vehicle to follow the preceding vehicle at a safe desired
distance.

u=Kee(t)+K, [edt+ KD% (4.3)

With the initial error signal e(0), the control signal (1) is computed and sent to the
vehicle model which produces a new output (actual velocity), this new output
signal is fed back to be compared with the desired input (desired velocity) which
generates a new error e(t), the new error e(t) is sent again to the controller which also
computes the integral and derivative of this new signal. The new output signal is
sent back as a negative feedback signal such as the objective is to steer the e(?)

toward zero.

The error signal to the PID controller is the difference between the velocities of the
two vehicles. The three components of the PID controller: proportional, integral,
and derivative, play their corresponding role in order to improve the performance
of the PID controller, e.g. the proportional controller can influence the rise time but
it is unable to eliminate the steady-state error. The task of eliminating the steady-
state error is monitored by the integral controller. Eliminating the steady-state error
may result in worse transient response. To avoid that and to improve the stability of
the system the derivative action is used. It should be noted that these three
controllers are co-related to each other, if one of the controller gain change then it

has a corresponding effect on the other two. One by one, all three control gains are
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selected and the best combination of the three is selected which improves the
stability of the system. In the tuning process, each control gain is varied while
keeping the other two fixed such as a further improvement in the control output can

be achieved (Visioli, 2006).

4.3.1 PID Control for Two-Vehicle System with Headway
Spacing Policy

In the early stage of this study a PID control strategy was used for the upper-level

controller of the ACC vehicle and the analysis was carried out for different

transitional manoeuvres. The PID control algorithm is applied on the upper-level

controller of the ACC vehicle to analyse the performance of the ACC vehicle. The

PID control law for the follower ACC vehicle can be expressed as:

u:KP(Xl_XZ)_'_KI(Xl_XZ_hX2)+KD(xl_X2) (4-4)

where Kp, Kj, and Kp are the controller gains, x; and x; are the actual positions of the
preceding vehicle and the follower ACC vehicle respectively. The longitudinal
states of the preceding vehicle are obtained from Equation (3.24) and the
longitudinal states of the ACC vehicle are obtained from Equation (3.32). The term

hx,is called headway spacing policy where the spacing (SIVD) between the two

vehicles varies linearly with the vehicle’s speed such that the headway time (h)
between the two vehicles remains constant. The headway time (/1) can be defined as
the time taken by the follower vehicle to reach the point where the preceding
vehicle is at present speed (Naranjo et al., 2003). In this study, h is assumed as 1 s
(Bageshwar et al., 2004; Rajamani, 2006). The control input (u) is the desired
acceleration command applied to Equation (3.32) to determine the response of the

first-order ACC vehicle model.

Rajamani (2006) has used the PID controller for the speed control of a cruise control
system. Peppard (1974) designed a model for the string stability of relative-motion
between the vehicles based on the PID feedback control algorithm for individual
vehicle which uses the velocity error of the controlled vehicle from a specified value

and its distance error to the vehicle ahead and the vehicle behind it. A constant
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spacing policy has been adapted in this model. Peppard (1974) did not consider the
measurement of error propagation towards the tail of the platoon, instead, Peppard
(1974) investigated the relative-motion stability of the vehicles and his model
disregarded the actuation and sensing lags of the system operations. In this study an
attempt has been made to use the PID controller for an ACC vehicle when it is
operating in the vehicle-following mode. The PID control algorithm has been used
in order to compare the performance of the ACC vehicle when the MPC method is
used for the same two-vehicle system (Chapter 5) under the same operating
conditions. Different situations which consist of different encounter scenarios of the

preceding vehicle and the ACC vehicle have been considered as follows.

4.3.1.1 Preceding vehicle with throttle input of 50 degrees and same initial
conditions for both vehicles

There are different scenarios which have been considered for the two vehicle system
as discussed in Section 4.1. In the first scenario, the same initial conditions, i.e. same
initial speeds and same initial accelerations accept the vehicle positions for both
vehicles are considered, the throttle input for the preceding vehicle is set to 50
degrees for the entire simulation time of 30 s. The upper-level controller is based on
a PID control algorithm and the ACC vehicle model used is a first-order model
(Section 3.8). The PID controller gains in all scenario are obtained using the famous

Ziegler-Nichols method as shown in the Table 4-1.

Control Type Kp Ki Kp

PID 0.6K,, 2Kp/ P, KoP./ 8

Table 4-1 Ziegler-Nichols method

where K is the proportional gain at the point when the output of the system starts
to oscillate while setting the integral and derivative gain to zero, and P, is the total
oscillation period. For the ACC vehicle model, K, =2.2 and P, =5 s (Franklin et al.,
2006).
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In this scenario as shown in Figure 4-5, both vehicles are starting from rest and the
initial positions of the preceding vehicle and the ACC vehicle are 10 m and 0 m
respectively. Figure 4-5(a) shows that the first-order ACC vehicle model maintains
the same speed as the preceding vehicle. The acceleration of the ACC vehicle is
matching well with the preceding vehicle acceleration, Figure 4-5(c). The positions
of both vehicles are shown in Figure 4-5(c). The ACC vehicle, starting 10 m behind
the preceding vehicle, follows the preceding vehicle using the headway spacing
policy, which can be seen in Figure 4-5(d). During this simple manoeuvre, the ACC
vehicle has successfully established and maintained the desired SIVD between the
two vehicles, Figure 4-5(d). It should be noted here that Figure 5-4(c) also shows the
acceleration profile of the preceding vehicle. This profile shows the dynamic effects
during the gear shifts at t = 2.4 s (1-2 gear shifting) and at t = 11.6 s (2-3 gear
shifting). The gear transmission takes place automatically based on the information
of the throttle input and the longitudinal velocity as discussed in Section 3.4. The
ACC vehicle’s doesn’t show these dynamic effects because the vehicle’s sub-models

are not considered in the simple vehicle model.

Since the ACC vehicle has smoothly performed in this simple scenario, therefore,
the ACC vehicle will be analysed now for the complex situations using the PID

control algorithm.
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4.3.1.2 Preceding vehicle with throttle input of 50 degrees and different initial
conditions for both vehicles

In the second scenario as shown in Figure 4-6, both vehicles start with the different
initial speeds and different initial positions while the throttle angle for the preceding
vehicle is kept constant at 50 for the entire simulation time of 20 s. The baseline
scenario is that an ACC vehicle travelling at 30 m/s (67 MPH) in the speed control
mode detects a preceding vehicle which is accelerating from 10 m/s (22.34 MPH),
the ACC vehicle is 60 m behind the preceding vehicle when it detects the preceding
vehicle. The ACC vehicle response, using the PID control method, has been
analysed for two different situations: (1) the ACC vehicle has no acceleration limits
and (2) the ACC vehicle is restricted to the acceleration limits. In situation (2), if the
acceleration command computed by Equation (4.4) is less than the deceleration

limit, then the acceleration command is set equal to the deceleration limit.

The velocity of the ACC vehicle for both conditions is shown in Figure 4-6(a), the
velocity profile, with limited acceleration, establishes first the SIVD and then
maintains the zero-range-rate behind the preceding vehicle; this manoeuvre can be
well understood by observing acceleration graph in Figure 4-6(c). The ACC vehicle
without the acceleration limits, only concerns with establishing a SIVD with zero-
range-rate and is unable to meet the other requirements of the transitional

manoeuvre.

Figure 4-6(b) shows the corresponding positions of the two vehicles for this
scenario. The initial relative distance between the two vehicles is 60 m. In response
to the initial deceleration commands computed using by the PID control method;
the ACC vehicle decelerates and successfully establishes a SIVD with a zero range-
rate behind the preceding vehicle based on the headway spacing control policy for
both limited and unlimited acceleration conditions. Once the SIVD is established,
the ACC vehicle maintains the steady-state operation with a SIVD, which is the
function of the vehicle speed. Figure 4-6(d) shows the range (relative distance)
between the two vehicles. It can be seen that the ACC vehicle is smoothly
establishing the desired SIVD after the transitional operation. It has been observed
from this analysis that the ACC vehicle, using the PID control algorithm, has

performed all the control tasks discussed in Section 4.1.
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Figure 4-6 (@) Velocities of the vehicles, (b) Positions of the vehicles, (c)
Accelerations of vehicles, (d) Range between both vehicles

4.3.1.3 ACC vehicle response against a halt preceding vehicle

In the third scenario considered below, an ACC vehicle detects a halt vehicle in
front of it. The initial speed of the ACC vehicle is 30 m/s, and it is 110 m behind the
preceding vehicle. This encounter scenario has also been analysed for two different
situations; (1) ACC vehicle with unlimited acceleration, (2) ACC vehicle with
limited acceleration. In situation (2), if the acceleration command computed by
Equation (4.4) is less than the deceleration limit, then the acceleration command is

set equal to the deceleration limit.

The simulation results for both conditions are shown in Figure 4-7. It can be seen
with unlimited acceleration, the ACC vehicle successfully performs the TM (dashed
line). In the case of acceleration limits (dashed-dotted line), the ACC vehicle cannot
meet the required control objectives of establishing the desired SIVD with zero
range-rate and collides with the preceding vehicle as shown in Figure 4-7(b)
(dashed-dotted black-line). During this TM, the ACC vehicle is executing a negative
velocity, Figure 4-7(a) (dashed-dotted black-line), which does not satisfy Equation
(4.1) constraint. The initial commands computed by the PID control law for the ACC
vehicle is to accelerate rather than to decelerate, Figure 4-7(c). If the initial
commands are to accelerate then the deceleration limits would not allow using the
necessary brakes to avoid a collision with the preceding vehicle. It is essential that
ACC vehicle must decelerate to avoid the collision. After analysing this scenario, it

can be concluded that the PID control law is not feasible for these kinds of

101



Chapter: 4 ACC VEHICLE ANALYSIS FOR PID, SLIDING MODE AND
CONSTANT-TIME-GAP METHODS

transitional manoeuvres of the ACC vehicle, because, the PID control algorithm

does not include either the state constraints or the control constraints in its

formulation.
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Basic ordinary PID controllers are used for the distance control of an ACC vehicle.
These controllers are easy to set up and allow high performance on the micro-
controller due to low demands of calculating power. Problems arise, if several
variables have to be controlled within the constrained boundaries, e.g. states and
control constraints as we have seen in the above simulation results. It has been
observed that the functionality of the PID controller is limited and approaches for

stability determination of more than one variable are complicated.

4.4 Sliding Mode Control Method

Sliding mode is an advanced type of variable structure system. Sliding mode control
is an efficient tool to control complex high-order dynamic plants operating under
uncertainty conditions. Sliding mode control can be conveniently used for both non-
linear systems and systems with parameter uncertainties due to its discontinuous
controller term. That discontinuous control is used to negate the effects of
nonlinearities and/or parameter uncertainties (Utkin et al., 1999). The sliding mode
approach is used in this study for the longitudinal dynamic control of an ACC
vehicle in order to minimize the effects generated due to the nonlinearities in a
vehicle dynamic model. Before using sliding mode method for an ACC vehicle
system it is necessary to understand the structure and algorithm of the sliding mode
method. The subsequent section describes the sliding mode method and its
properties, and an example is given illustrate and understand how the sliding mode

method controls the system dynamics.

The sliding mode control approach is used in a dynamic system which is governed
by ordinary differential equations with discontinuous right-hand sides. The term
sliding mode was first used in the context of relay systems. It may happen that the
control as a function of the system state switches at high (theoretical infinite)
frequency; this motion is called sliding mode (Bhatti et al., 1999). The sliding mode
approach is method which transforms a higher-order system into first-order system.
In that way, simple control algorithm can be applied, which is very straightforward
and robust (Utkin et al., 1999). The two main properties of an ideal sliding motion

are the disturbance reduction and order reduction. These are the key properties that
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have motivated the study of controllers which induce sliding motions (Edwards and

Spurgeon, 1998).

The major advantage of sliding mode is low sensitivity to plant parameter
variations and disturbances which eliminates the necessity of exact modelling.
Sliding mode control enables the decoupling of the overall systems motion into
independent partial components of lower dimension and, as a result, reduces the

complexity of feedback design (Utkin, 2008).

4.4.1 The Sliding Surface

Variable structure control (VSC) systems, as the name suggests, are a class of
systems where the control law is changed during the control process according to
some defined rules which depends on the state of the system (Edwards and
Spurgeon, 1998). Due to nonlinearities and uncertainties in a system the control
objectives cannot be achieved with a strict pairing (gains) on one
sensor/controller/valve. One needs the flexibility to change the pairing
automatically, as part of the control systems. This section provides understanding of
a VSC system as a high-speed switched feedback control resulting in sliding mode.
For example, the gains in each feedback path switch between two values according
to a rule that depends on the value of the state at each instant. The purpose of the
switching control law is to drive the nonlinear plant’s state trajectory onto a pre-
specified (user-chosen) surface in the state space and to maintain the plant’s state
trajectory on this surface for subsequent time. The surface is called a switching
surface. When the plant state trajectory is above the surface, a feedback path has one
gain and a different gain if the trajectory drops below the surface. This surface
defines the rule for proper switching. This surface is also called a sliding surface
(sliding manifold). Once intercepted, the switched control maintains the plant’s
state trajectory on the surface for all time steps and the plant’s state trajectory slides
along this surface (Edwards and Spurgeon, 1998; Bhatti et al., 1999; Utkin et al.,
1999).

The most important task is to design a switched control that will drive the plant

state to the switching surface and maintain it on the surface upon interception. For
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the purpose of illustration, a simple example has been demonstrated below to

understand the structure of sliding mode control technique.

Consider the double integrator given by (Edwards and Spurgeon, 1998)

y()=u(t) (4.5)

Then the feedback control law for variable structure is given by

-1 if s(y,y)>0
u(t) = . v 3./) ! (4.6)
1 if  s(y,y)<0
The switching function is given by
s(y,y) =my+y (4.7)

where, s is the sliding surface which defines the switching of the control input given
in Equation (4.6) and is used to decide which control structure is in use at any point

(y,y)in the phase plane, m is a positive design scalar. Equation (4.6) is usually

written in the form:

u(t) = —sgn(s(t)) (4.8)

where sgn(o) is the signum, the sign function. The signum function can be

expressed by the property such that

ssgn(s) =|s| (4.9)
A high frequency switching between the two different control structures takes place
as the system trajectories repeatedly cross the line s. This high frequency motion is

also called as chattering (Utkin et al., 1999). This motion when restrained to the line

satisfies the differential equation obtained from rearranging s(y,y) =0
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y(t) = -my() (4.10)

This represents first-order decay and the trajectories will slide along the line to the

origin as shown in Figure 4-8.
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Figure 4-8 Phase portrait of a sliding motion

Such dynamical behaviour is described as an ideal sliding mode or an ideal sliding
motion and the line is termed as sliding surface. During sliding motion, the system
behaves as a reduced-order system which is apparently independent of the control

(Utkin et al., 1999). It is necessary for the control input to maintain S(y,y) =0 and

the condition which guarantees that s(y,y) =0 is

$$<0 (4.11)

Which is referred as the reachability condition (Edwards and Spurgeon, 1998; Bhatti
et al., 1999). Figure 4-8 shows a phase portrait of the sliding motion which is a plot of
velocity against position and it shows the state trajectory (red line) starting from an

arbitrary initial condition moves toward the sliding surface (black line).
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4.4.2 Sliding Mode Control Technique for a Two-Vehicle
System

The above discussion gives a brief understanding of the sliding mode control
technique and this technique has been applied on a simple example and the
simulation result has been shown and discussed. The sliding mode control
technique is now applied to a two-vehicle system which consists of a preceding
vehicle and an ACC vehicle. Ferrara and Vecchio (2007) longitudinal dynamic
model for a follower vehicle has been considered using sliding mode controller

which is based on headway spacing policy.

The longitudinal states of the preceding vehicle are obtained from Equation (3.24)
and the longitudinal states of the ACC vehicle are obtained from Equation (3.32). A

variable d = x, —X,is introduced which is the relative distance between the

preceding and ACC vehicle measured by ACC vehicle. The control objective is to

make the relative distance d be equal to

L(X,) = hx, (4.12)
where, h is the ‘headway time’. With reference to the ACC vehicle, the separation
error is

e=L(x,)—d =hx, —x, +X, (4.13)
The control objective can be redefined as to manoeuvre this error (e) to zero, by

using the sliding mode control approach (Edwards and Spurgeon, 1998; Utkin et al.,

1999), one can select this error as a sliding variable

S=e=hx, — X, +X, (4.14)

According to Edwards and Spurgeon (1998) and Utkin (1999), the control law (u)

has to satisfy the so-called ‘reaching condition’.

SS <78 (4.15)
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With 5 positive constant. Equation (4.15) shows that a suitable choice of the control

signal has to guarantee

S =—nsgn(S) (4.16)

where 7 is chosen sufficiently high to satisfy Equation (4.15), which automatically

proves that the sliding manifold S =0 is reached in finite time (Edwards and

Spurgeon, 1998). By differentiating Equation (4.14) with respect to time, one has

S=hu—x, +X, 4.17)

By substituting Equation (4.16) in Equation (4.17), it is possible to determine the
acceleration which the ith vehicle should exhibit to satisfy condition Equation (4.15),

i.e.

u =%(—nsgn(8) - X, + %) (4.18)

The control input () is applied to Equation (3.32) to determine the response of the
first-order ACC vehicle model. After several attempts, the 7 is selected as 2, which

gives the satisfactory results.

4.4.2.1 Preceding vehicle with throttle input of 50 degrees and same initial
conditions for both vehicles

In the first scenario, same initial speeds and same initial accelerations accept the
vehicle positions for both vehicles are considered, the throttle input for the
preceding vehicle is set to 50 degrees for the entire simulation time of 30 s. The
upper-level controller is based on the sliding mode control method and the ACC
vehicle model used is a first-order model (Section 3.8). In this scenario, both vehicles
are starting from rest and the initial positions of the preceding vehicle and the ACC

vehicle are 10 m and 0 m respectively.
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In the case of sliding mode method, both the control input (1) and the acceleration
of the first-order ACC vehicle (which is actually a first-order lag in the control input
(u) command) model have been plotted in Figure 4-9(a). The control input (u) is
computed using the sliding surface, Equation (4.14). Using a suitable value of # (17 =
2), the control input (u) satisfies the condition in Equation (4.15) and makes the
system state to move towards the sliding surface and reach it in finite time Figure
4-9(e). A high frequency switching takes place as the system trajectories repeatedly
cross the sliding surface and this high frequency motion is called chattering. The
parameter 1 decides the rate of convergence of system states towards the sliding

surface and the magnitude of chattering in the sliding mode.

The effect of the chattering is not significant during the u computation. It has been
noticed that when u is applied to the first-order ACC vehicle model, the lag (r = 0.5
s) in control input (u) results in the higher magnitude of chattering. This is due to
the discontinuous reaching condition Equation (4.16). The effect of this chattering
can be seen in Figure 4-9(a). Using the smaller values of lag (1) reduce the
magnitude of chattering. The lag is considered due to lag in actuators, the
bandwidth of the lower-level controller that tracks the desired acceleration and
filtering of the radar sensor. The chattering can be avoided by keeping into account
the dynamics of the actuators in the model and by improving the bandwidth of the

lower-level controller or by using a linear reachability condition.

Figure 4-9(b) shows the velocities of both vehicles, Figure 4-9(c) shows the positions
of both vehicles, Figure 4-9(d) shows the range between the two vehicles, and Figure
4-9(e) shows the phase portrait for the ACC vehicle. These results seem promising
during the steady-state operation. The velocity of the ACC vehicle is matching well
with the preceding vehicle velocity Figure 4-9(b), the ACC vehicle is obeying the
headway spacing law and tracking the desired SIVD Figure 4-9(d), and the most
importantly, the ACC vehicle is switching to the sliding surface (phase portrait) and

follows it for the rest of the simulation time Figure 4-9(e).

In has been observed from this simple scenario, due to the chattering effect the
sliding mode control method is not suitable for the two-vehicle system considered
in this study. As this study is focusing on the critical TMs, therefore, the chattering

effects will be higher under these manoeuvres.

109



Chapter: 4 ACC VEHICLE ANALYSIS FOR PID, SLIDING MODE AND
CONSTANT-TIME-GAP METHODS

position[m]

acceleration [m/s?]

Vehicle speed [m/s]

== ACC vehicle (

——-desired acceleration

preceding vehicle

1st order model)

[ ) SN F N FU U DU
[s) 5 10 15 20
timel[s]
()
30

,.' preeding vehicle
o o =-= ACC vehicle
o} 2 4 5] 8 10 12 14 16 18
time [s]
(b)
400

300

200

100

20

p

== ACC vehicle

receding vehicle

8 1

o] 12 14

time[s]

©)

110

16 18 20



Chapter: 4 ACC VEHICLE ANALYSIS FOR PID, SLIDING MODE AND
CONSTANT-TIME-GAP METHODS

30

N
o

N
(=]

Range [m]

-
(=]

&

7 " [——actual SIVD
o < —-— desired SIVD
o} 2 4 5] 8 10 12 14 16 18 20
time[s]
(d)
30
25+

10

velocity[m/s]
T

P == ACC vehicle
0 - —Sliding surface
5 10 15 20 25 30

relative position[m]

(e)

Figure 4-9 (a) Accelerations of vehicles, (b) Velocities of vehicles, (c) Positions of
vehicles, (d) Range between both vehicles, (e) phase portrait

4.5 Constant-Time-Gap Law

In the above discussion PID and sliding control methods have been used for an
ACC vehicle analysis under steady-state and transitional manoeuvres as defined in
Section 4.1. The results from each method have been produced and their short
comings have been discussed. The next step is to use a more suitable control method
for an ACC vehicle analysis when it is going through the TMs. A control method
which is now used for the ACC vehicle analysis is the constant-time-gap (CTG) law,
which can be used for the autonomous control of the ACC vehicle (Rajamani, 2006).
The upper-level control algorithm is based on the CTG control method and the ACC

vehicle model used is a first-order model (Section 3.8).

The control law for CTG policy can be defined as:
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() = = (RE) + Zere ) (4.19)
where,

R(t) =%, (t) = %, (t) (4.20)

S(t) = X, (t) — X, (t) + hx, () (4.21)

The control input (u) is the desired acceleration command applied to Equation (3.32)
to determine the response of the first-order ACC vehicle model. R is the range
between the two vehicles, x; and x; are the actual positions of the preceding vehicle
and the follower ACC vehicle respectively. The longitudinal states of the preceding
vehicle are obtained from Equation (3.24) and the longitudinal states of the ACC

vehicle are obtained from Equation (3.32). & Refers to the inter-vehicle error, A is

a constant weighting factor between R and & The constant /1 and A are selected
to provide the vehicle with individual vehicle stability and string stability of the
platoon of vehicles (Swaroop and Hedrick, 1999; Rajamani and Zhu, 2002;
Bageshwar et al., 2004). The requirement for a following vehicle to be individually
stable can be defined as that the spacing error between itself and the immediately
preceding vehicle should converge to zero when the preceding vehicle is not

accelerating. For a following vehicle to be individually stable A.;g should be greater

than zero. For the above model h and A.;; have been assumed to be 1 s and 0.4

respectively (Bageshwar et al., 2004; Rajamani, 2006). The CTG control algorithm
will be analysed under the same situations discussed in Section 4.1, and the

simulation results obtained will be compared with the other control methods.

4.5.1 Preceding Vehicle with Throttle Input of 50 Degrees and
Same Initial Conditions for Both Vehicles

In the first scenario as shown in Figure 4-10 both vehicles are starting from the rest

position. The initial positions of the preceding vehicle and the ACC vehicle are 10 m
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and 0 m respectively, and the throttle input for the preceding vehicle is 50 degrees
for the entire simulation time. The desired inter-vehicle distance between the two
vehicles is based on the headway spacing policy, where the inter-vehicle distance is

the function of the preceding vehicle velocity.

The ACC vehicle recieves the desired acceleration commands computed by CTG
spacing policy and then maintains a steady-state operation for the rest of the
simulation. It can be seen in Figure 4-10, the ACC vehicle is smoothly tracking the
desired acceleration commands and following the preceding vehicle with the zero-
range-rate and maintaining a safe distance from the preceding vehicle. Figure
4-10(a) shows that the ACC vehicle speed is matching closely with the preceding

vehicle speed.

Figure 4-10(b) shows the positions of both vehicles, the CTG spacing control law
manoeuvres the ACC vehicle to establish and maintain desired SIVD, Figure
4-10(d), according to the headway policy behind the preceding vehicle. Figure
4-10(c) shows the accelerations of both vehicles, the acceleration of the ACC vehicle
matches well with the preceding vehicle acceleration. This analysis shows that the
CTG spacing control policy can be used for the ACC vehicle analysis under the

similar steady-state operations.

Vehicle speed [m/s]

preceding vehicle
—— ACC vehicle

113

25 30



Chapter: 4 ACC VEHICLE ANALYSIS FOR PID, SLIDING MODE AND
CONSTANT-TIME-GAP METHODS

position[m]

— preceding vehicle
— ACC vehicle

time[s]

(b)

25 30

acceleration [m/s?]

—— preceding vehicle
—— ACC vehicle

time[s]

20

25 30

30
25
— 20
E
g 15
=
g
B O T
5: K T e P — actual SIVD
o [ . } P == desired SIVD
0 10 15 20 25 30
time[s]
(d)
Figure4-10  (a) Velocities of the vehicles, (b) Positions of the vehicles, (c)

Accelerations of vehicles, (d) Range between both vehicles
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4.5.2 Preceding Vehicle with Throttle Input of 50 Degrees and
Different Initial Conditions for Both Vehicles

In the second scenario, both vehicles start with the different initial speeds and
different initial positions, the throttle input for the preceding vehicle is set to 50
degrees for the entire simulation time of 20 s. The baseline scenario is that an ACC
vehicle travelling at 30 m/s in the speed control mode detects a preceding vehicle
which is accelerating from 10 m/s, the ACC vehicle is 60 m behind the preceding

vehicle when it detects a preceding vehicle.

The ACC vehicle response has been analysed for two different situations: (1) the
ACC vehicle has no acceleration limits and (2) the ACC vehicle is restricted to the
acceleration limits. In situation (2), if the acceleration command computed by
Equation (4.19) is less than the deceleration limit, then the acceleration command is

set equal to the deceleration limit.

Figure 4-11(a) shows the ACC vehicle velocity, situation (2), manoeuvres quickly to
reach the preceding vehicle’s velocity than the ACC vehicle velocity profile without
acceleration limits. Figure 4-11(b) shows the positions of both vehicles and the ACC
vehicle distance, relative to preceding vehicle, can be seen in Figure 4-11(d). During
the TM, the ACC vehicle establishes and then maintains the desired SIVD, Figure
4-11(d). ACC vehicle accelerations for both situations are shown in Figure 4-11(c).
The ACC vehicle, without the acceleration limits, only concerns with establishing a
SIVD with zero-range-rate and is unable to meet the other requirements of the TM.
It has been observed that with acceleration limits included, the ACC vehicle, using
the CTG control algorithm, has performed all the control tasks discussed in Section

4.1.
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Figure 4-11  (a) Velocities of the vehicles, (b) Positions of the vehicles, (c)
Accelerations of vehicles, (d) Range between both vehicles
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4.5.3 ACC Vehicle Response against a Halt Preceding Vehicle

In the third scenario, an ACC vehicle detects a halt vehicle in front of it. The initial
speed of the ACC vehicle is 30 m/s and it is 110 m behind the preceding vehicle.
This encounter scenario has been analysed for two different situations; (1) ACC
vehicle with unlimited acceleration, (2) ACC vehicle with limited acceleration. In
situation (2), if the acceleration command computed by Equation (4.19) is less than
the deceleration limit, then the acceleration command is set equal to the deceleration

limit.

The simulation results for both conditions are shown in Figure 4-12. It can be seen
that with unlimited acceleration, the ACC vehicle successfully performs the TM
(dashed line). In the case of acceleration limits (solid line), the ACC vehicle cannot
meet the required objectives of establishing the desired SIVD with zero range-rate
and collides with the preceding vehicle as shown in Figure 4-12(b) (solid line).
During this TM, the ACC vehicle is executing a negative velocity, Figure 4-12(a)
(solid line), which does not satisfy Equation (4.1) constraint. Also the initial
commands computed by the CTG control law for the ACC vehicle is to accelerate
rather than to decelerate, Figure 4-12(c). If the initial commands are to accelerate
then the deceleration limits would not allow using the necessary brakes to avoid a
collision with the preceding vehicle. It is essential that ACC vehicle must decelerate
to avoid the collision. After analysing this scenario, it can be concluded that the CTG
control law is not feasible for these kinds of transitional manoeuvres of the ACC
vehicle, because, the CTG control algorithm does not include either the state

constraints or the control constraints in its formulation.
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Figure 4-12  (a) Velocities of the vehicles, (b) Position of the vehicles, (c) Absolute
acceleration of both vehicles

4.54 CTG Law Sensitivity to Parameter Changes

In this section a parametric study for the CTG law has been carried out. The CTG
spacing control law has been analysed for different values of weighing factor (Aqrg )

and the headway time (h). It is necessary to understand that how these parameters
affect the performance of an ACC vehicle especially when the ACC vehicle is
executing a TM. The situation in Section 4.5.2 is considered for the parameter study
as the ACC vehicle smoothly performs the TM for the selected parameters. Since the
variation in headway time (i) will have a similar effect on the ACC vehicle
performance, whether it’s PID, sliding mode control method or CTG spacing control

method, therefore, its variation is only considered for CTG law.
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4.54.1 ACC vehicle response to weighing factor variation

Figure 4-13 shows the ACC vehicle performance for different values of weighing

factor (Acrg ), and by definition A is the weighing factor between range-rate (R )
and inter-vehicle spacing error (6). The actual value of Acg considered for the CTG
spacing control law is 0.4 which has been compared against Ac;g = 0.2 and A =
0.6. The comparison shows that there is a small effect due to the changes is Acrg on

the ACC vehicle performance during the transition behaviour. It is clear that A

variation has no effect during the steady state operation of the ACC vehicle. After

this analysis it can be concluded that the spacing error converges to zero within the

range of A considered in this analysis and the individual closed-loop performance

of the following vehicle is retained.
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Figure 4-13  (a) Velocities of vehicles, (b) Position of vehicles, (c) Acceleration of

vehicles, for different values of weighing factor Acrc

4.5.4.2 ACC vehicle response to headway time (h) variation

Figure 4-14 shows the ACC vehicle performance for different values of headway
time (). The actual value of h considered for the CTG spacing control law is 1 s
which has been compared against i = 0.5 s and h = 1.5 s. This comparison shows a
very interesting behaviour of ACC vehicle because the variation in h shows a
significant effect on the performance of the ACC vehicle not only during the
transitional operation but also during the steady-state operation. For the lower
value of h = 0.5, it takes longer to steer to the zero range-rate. Also during the steady
state operation and at high speed the SIVD between the two vehicles becomes
smaller. For example, at t = 15 s the vehicle speed is 30 m/s and the SIVD between
the two vehicles is 15.08 m. It is, therefore, dangerous to follow the preceding
vehicle at such a small distance (in the case of emergency situation). For a higher
value of h = 1.5, the deceleration process and catching up the zero range-rate take
longer than the other two h values. Due to the higher value of & the corresponding
SIVD is higher, e.g. at t = 15 s the SIVD between the two vehicles is 44 m which will
cause an increase in the average journey times or other vehicles might cut-in

between the two vehicles.
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Figure 4-14  (a) Velocities of the vehicles, (b) Position of the vehicles, (c) Absolute

acceleration of vehicles, for different values of headway time (h)

4.6 Conc

lusions

This chapter is an attempt to study and understand the ACC system and together

with controller strategies used for the upper-level controller. The two-vehicle
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system which consists of a preceding vehicle and an ACC vehicle has been
presented for an ACC vehicle analysis under steady-state and transitional
manoeuvres. The ACC vehicle model considered in this chapter was a first-order
vehicle model. The importance and function of the key components of an ACC
system have been covered and two basic modes of operation, speed control and
vehicle following mode, of an ACC vehicle have also been discussed. The two most
important controllers of an ACC vehicle, upper-level controller and lower-level
controller, have also been discussed and their respective tasks have been studied.

The lower-level controller model will be developed in Chapter 6.

Three control methods, PID, sliding mode, and CTG spacing control, have been
used for the upper-level controller to analyse the first-order ACC vehicle response
under simple and complex situations. The simulation results obtained from PID and
CTG methods for the first situation and second situation are satisfactory (even with
the acceleration limits applied in the second situation). In has been observed that
using these two control methods, the ACC vehicle is establishing the desired SIVD
based on the headway-spacing policy, performing the control tasks discussed in

Section 4.1 and executing smoothly the required TMs (Section 4.1).

The analysis carried out in the third situation shows that these two control methods
(PID and CTG) can establish the required SIVD with the zero range-rate when no
acceleration limit is applied on the control input (1), and the ACC vehicle exceeds
the acceleration limits (-0.5g). When the acceleration limit is applied to the control
input (1), the ACC vehicle is unable to achieve the required control objectives
described in Section 4.1. The ACC vehicle is initially accelerating whereas it should
decelerate straight away for the given initial range between the two vehicles. Also,
the ACC vehicle is executing negative velocity, which does not satisfy the constraint
in Equation (4.1), and finally, it cannot avoid the collision with the halt preceding

vehicle.

The parametric analysis for the CTG control law has also been carried out by
changing its two parameters: weighing factor and headway time. The analysis

shows that the CTG is more sensitive to headway time than to the weighting factor.
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In this chapter, the first-order ACC vehicle model has also been analysed using the
sliding mode control method. After presenting the basic structure of a sliding mode
technique using a simple example it has been applied to the two-vehicle system. In
the first analysis the control input (1), computed using the sliding mode control
approach, tracks well the acceleration of the preceding vehicle. But, when u was
applied to the first-order ACC vehicle it results in high amplitude chattering. It has
been observed that this chattering is due to the lag in the first-order vehicle model.
Due to this chattering characteristic, sliding mode control method is not suitable for
the two-vehicle system developed in this study. Because, the simple ACC vehicle is
based on the first-order lag which corresponds to the lag in the lower-level

controller performance.

After analysing the PID, sliding mode, and CTG control methods for the ACC
vehicle analysis, it has been found that none of the three methods is suitable for the
ACC vehicle analysis under the critical TMs. Because these control methods cannot
take into account the operational constraints in their formulation. Therefore, it is
essential to use a more robust control technique which can incorporate the
constraints in its formulation and is able to compute the desired acceleration
commands for the ACC vehicle under the TMs. In the next chapter (Chapter 5) a
model predictive control (MPC) algorithm will be used for the two-vehicle system.
Simulation results, under the same situations, obtained from MPC control method

will be compared with the control methods presented in this chapter.
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Chapter 5. Model Predictive Control for a
Simple ACC Vehicle

5.1 Introduction

In recent years, the technology developments in control systems, sensor
technologies, communication systems and data processing have provided
constructive support to automate the decision-making process and execution of
driving manoeuvres with greater accuracy. With the current advancement in control
systems, the dangerous driving task performed by a driver can be replaced by
modern control techniques. There are a number of control algorithms available in
the control engineering world which can safely cope with the nonlinearities and

uncertainties within the constraints boundaries of complex systems.

A two-vehicle model has been developed in Chapter 4 which consists of a preceding
vehicle and an adaptive cruise control (ACC) vehicle. The preceding vehicle was
based on the complex vehicle model which has been developed in Chapter 3
(Section 3.2 to Section 3.5), and the ACC vehicle was based on a first-order model
(Section 3.8). The ACC vehicle was analysed for different encounter scenarios with
the preceding vehicle. Three well-known control strategies, proportional-integral-
derivative (PID), sliding mode and constant-time-gap (CTG) control methods, have
been used to control the response of the first-order ACC vehicle under steady-state
and transitional operations. Simulation results have been produced and discussed
and it has been observed that none of the above control methods are suitable for the
ACC vehicle analysis when it is going through critical transitional manoeuvres

(TMs).
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The reason found is that these control algorithms are unable to take into account
operational constraints. As this study considers the TMs, corresponding to critical
driving situations, during these TMs an ACC vehicle needs to use sudden brake
input to avoid a collision, within the operational constraints boundaries, with the
preceding vehicle. Therefore, a robust controller technique is needed in order to
achieve the required control objectives. The operational constraints referred to the
control input, states and collision avoidance constraints as discussed in Chapter 4

will be later explained in this chapter.

In this chapter, the model predictive control (MPC) control algorithm is presented.
The basic structure of a prediction model used in the MPC algorithm is discussed
with the fundamental requirements for the MPC control system. This MPC control
structure is then applied to a two-vehicle system. The MPC control approach is used
to control the longitudinal dynamics of the ACC vehicle when the ACC vehicle is

executing critical TMs under operational constraints.

The two-vehicle model developed in Chapter 4 will be used in this chapter in order
to analyse the upper-level controller response of the ACC vehicle. The preceding
vehicle is based on the complex vehicle model which include engine, torque
converter, transmission, and drivetrain models (Section 3.2 to Section 3.5), and the

ACC vehicle model is based on the first-order vehicle model (Section 3.8).

A simple first-order ACC vehicle model is adopted to analyse the performance of
the MPC control method at the upper-level controller level under the same critical
encounter scenarios between the two vehicles as used for the three control methods
in Chapter 4. After the analysis, the desired acceleration commands, computed by
the upper-level controller, will be applied to the lower-level controller and the
complex vehicle model for longitudinal dynamics control of an ACC vehicle in
Chapter 6. It should be noted that due to the time lag in the performance of the
lower-level controller the ACC vehicle will be unable to track the desired
acceleration commands. Therefore, a lag is considered in the form of first-order
ACC vehicle model which corresponds to the lags from brake or engine actuation

lags and sensor signal processing lags.

A discrete-time state-space prediction model is developed in this chapter which will

be used to predict the future control inputs for the ACC vehicle. Using the MPC
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based upper-level controller, the first-order ACC vehicle is analysed under the
critical TMs and in the presence of operational constraints. In the scenarios
considered, a high speed ACC vehicle encounters an accelerating or a halt preceding
vehicle in the same lane. Under these scenarios, the ACC vehicle has to apply the
sudden brake input in order to avoid a collision from the preceding vehicle. This
causes the ACC vehicle to exceed the deceleration limit of -0.5g, where, the control

objective for the ACC vehicle is to execute these manoeuvres under this limit.
The main tasks for the MPC control method to perform on the ACC system are:
1 Track smoothly desired acceleration commands

2 Reach and maintain a safe inter-vehicle distance (SIVD) in a comfortable

manner and at the same time react quickly in the case of dangerous

scenarios.
3 System performance optimization.
4 Optimize the system performance within defined constrained

operational boundaries.

There are many benefits of the entire system from a control point of view, e.g. in
case of emergency manoeuvres the control system can react significantly faster than

a human reacting in the same situation.

The chapter outline is as follows. In Section 5.2, a general MPC approach is
explained and the formulation of a discrete-time state-space prediction model is
presented. In Section 5.3, the MPC control algorithm is applied on the two-vehicle
system in order to analyse the first-order ACC vehicle model. In Section 5.4,
simulation results are presented and discussed in detail. In Section 5.5, a parametric
analysis of the ACC vehicle is carried out for different controller’s parameters.

Section 5.6 presents the conclusions of this chapter.
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5.2 Model Predictive Control Systems

Over the last decade noteworthy progress has been achieved in the field of MPC
(Mayne et al., 1999; Camacho and Bordons, 2004; Wang, 2009), which is also known
as receding horizon or moving horizon control. MPC method is receiving a
significant acceptance from researchers in both industrial and academic circles
because of its design methodology. Important issues such as plant optimization and
constrained control which are critical to industrial engineers are naturally
embedded in the design of MPC method. MPC is one of the few control techniques
which is capable to deal with constrained system simultaneously providing an
optimal control for a certain performance index (Richard and How, 2005; Magni et

al., 2009).

There are three important features of MPC method which make it attractive to
process industries and academics: (1) the MPC design formulation uses a
completely multivariable system framework where the performance parameters of
the multivariable control system are related to the engineering aspect of the system,
however, they can be understood and tuned by engineers; (2) the ability of the
design methodology to handle both soft and hard constraints in a multivariable
control framework. This is useful to industry where tight profit margins and limits
on the process operation are inevitably present; and, (3) the capability to perform

on-line optimization of the process (Wang, 2009).

There are numerous applications of MPC controller ranging from process
industries, e.g. chemical industries, cement industries to the control of other
processes and system e.g. robots, clinical anaesthesia, drying towers, PVC plants,
steam generators, and servos (Camacho and Bordons, 2004). The efficient
performance of these applications shows that the MPC technique has the capacity to
achieve highly efficient control systems which are able to operate during long
periods of time with hardly any intervention. The various MPC algorithms only
differ amongst themselves in the type of model used which represent the control
system and the cost function to be minimized (Camacho and Bordons, 2004). For
example, in the case of a satellite, the optimization is for jet thrust needed to bring it

to a desired trajectory that consumes the least amount of fuel.

127



Chapter: 5 MODEL PREDICTIVE CONTROL FOR A SIMPLE ACC VEHICLE

For a more comprehensive approach, the MPC can be defined as a control technique
in which a system’s behaviour is predicted in order to generate an optimised control
input. The characteristics of the system’s dynamic behaviour and a set of future
control inputs are used to predict the system behaviour. The predicted future
system states can then be compared against a set of future target states, while at
each time step the set of future control inputs continuously computed in order to
ensure that the predicted future states agree with the target future states (Rowell,

2007).

From a control strategy point of view, the MPC control strategy can be well
understood by comparing with the control strategy used by a car driver. The driver
knows, in advance, the desired reference trajectory to follow for a finite control
horizon. He then uses the car characteristics (mental model of the car) to decide
which control action, e.g. accelerator, brakes, steering, to take in order to follow the
desired reference trajectory. Only the first control action is used at each instant and
the procedure is repeated to the next control decision in a receding horizon manner.
It should be noted that using a classical control scheme, such as PID, the control
actions are taken (in case of driving a car) are based on the past errors, i.e. the driver
looking through the rear view mirror to observe what is happening behind as he is
moving forward, while MPC control method uses more information (the reference
trajectory) in order to perform the same task and provides improved closed-loop

stability and can comfortably cope with nonlinear systems.

The desired inter-vehicle distance between the two vehicles is directly proportional
to the velocity of the preceding vehicle (Bageshwar et al., 2004). It should be noted
that the human eye cannot capture precisely the required safe inter-vehicle distance
(SIVD) behind the preceding vehicle. Even with the driving experience, the driver,
due to his incapability to respond quickly and accurately to the dynamic changes of
the preceding vehicle, cannot establish the zero range-rate with the preceding

vehicle.
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5.2.1 MPC Control Algorithm

There are some fundamental features of a MPC control algorithm which
differentiate it from other control methods: its capability to develop explicitly a
prediction model to predict the process output at future time instants (horizon), the
ability to design a reference path that the controller attempts to follow, calculation
of a control sequence minimizing an objective function, and receding strategy;
which means that at each instant the horizon moves forward to the future by
applying the first control signal of the sequence calculated at each step (Camacho
and Bordons, 2004). MPC forms a prediction model to predict the future response of
the system by using a known set of future control input, and by making use of the
known system response to controlling inputs (Rowell, 2007). Before developing the
MPC control algorithm it is necessary to understand the fundamental driving

features of the MPC approach.

5.21.1 Moving horizon window

The moving horizon window also referred as time-dependent window which can
start from any arbitrary time ¢ to the prediction horizon t; + Np fori=1, ... ,Np. The
prediction horizon (Np) defines how far ahead in time the future output states are
predicted and its length remains constant. However, f; which actually starts the

optimization window, increases based on sampling instant (Wang, 2009).

5.2.1.2 Receding horizon control

Different approaches are available in the literature (Mayne et al., 1999; Magni et al.,
2009; Wang, 2009) to understand the concept of receding horizon control. The
methodology of the MPC controller is characterized by the following strategy as
shown in Figure 5-1. A discrete-time setting is assumed, and the current time is
labelled as time step t. A set-point trajectory shown is the absolute target for the
system to follow. It is unlikely that the system will follow exactly the set-point
trajectory. The reference path is therefore a newly defined path which starts from
the current output at time t and defines an ideal path along which the plant should

return to the set-point trajectory. The reference path defines an important aspect of
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the closed-loop behaviour of the controlled system. The reference path can be
chosen as an exponential function to reach the set-point trajectory within a finite
time, or it could be a linear path, quadratic or any other chosen path which meets
the set-point trajectory after a specified time (Rowell, 2007). It is therefore the new

reference which the system aims to follow, Figure 5-1.

A MPC controller has an internal model which is used to predict the behaviour of
the plant, starting at the current time ¢, over a future prediction horizon (Np), Figure
5-1. Using the current output state information y(t) of the system and with defined
future control inputs u(t + m | f) for m =0,..., N¢, the system’s predicted outputs y(t
+m | f) for m = 1,..., Np are obtained up to a limited prediction horizon (Np)

(Maciejowski, 2002; Camacho and Bordons, 2004).

The set of future control inputs u(t + m | ¢) for m = 0,..., Nc is determined up to the
control horizon (N¢), Figure 5-1, by optimizing determined criterion in order to keep
the process as close as possible to the reference path (Rowell et al., 2008). This
criterion usually takes the form of a quadratic function of the errors between the
predicted output signal and the predicted reference trajectory, also taking into
account the control effort input. The length of Nc defines that after a certain interval
there should be no variation in the future control signal (Camacho and Bordons,
2004). Changes in the control input are weighted and accumulated in the quadratic
function. During this process an online calculation is used to explore the state
trajectories which are actually based on the current state and then a cost minimizing

control strategy is determined until time ¢ + Nc.

Once the future control inputs are determined then only the first element of the set
of future control inputs is applied as the input signal to the plant. Then the whole
process of output measurement, prediction and set of future control determination
is repeated. One time instant later: a new output measurement is obtained; a new
reference trajectory is defined; predictions are made over the horizon; a new set of
future control inputs is determined; and finally the next input is applied to the
plant. During this process the length of the prediction horizon remains the same as
before, but slides along by one sampling interval at each step, this way of
controlling a system plant is often called a receding horizon strategy (Maciejowski,

2002; Wang, 2009).
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Figure 5-2 shows the basic structure of the MPC control method and is used to
implement the receding horizon strategy. A prediction model is used to predict the
future plant outputs, based on past and current values and on the optimal future
control actions. The actions are computed by the optimizer which takes into account

the cost function as well the constraints (Camacho and Bordons, 2004).

Set-point trajectory

Control inpu/

u(t)

v

t H+1 o Hm t+Np

Figure 5-1 MPC strategy: basic idea (Maciejowski, 2002)

Past Inputs and Outputs Reference
Predicted Trajectory
Outputs +
Model >
- T\

Future Inputs

Optimizer

A

Future Errors

Cost Function Constraint

Figure 5-2 Basic Structure of MPC (Camacho and Bordons, 2004)
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5.21.3 Control objective

At each time ¢, the state information is sampled in order to predict the future control
strategy. The state information denoted by y(f) is a vector which consists of relevant
information of the states of the plant. The vector y(#) is usually measured directly
using sensors or in some cases where the precise measurement is not possible it can
be estimated. Once the sampling process is completed this information is then
compared with the desired value (reference path), this comparison then generates
an error function which is based on the difference of these two values. This error
function is formulated as a cost function, ‘J’, which consists of elements relating to
the system’s output accuracy and control effort input. The cost function also
incorporates the weighting which penalizes the control input u(t) for the desired
closed-loop performance. The control objective is to minimize this cost function
within the optimization window and by doing so the optimized control action is

determined (Wang, 2009).

5.2.2 Formulation of Prediction Model

For the purpose of illustration of the MPC control algorithm a linearized,
continuous-time, single-input and single-output (SISO) system is considered and is

described by:

X = AX +BuU (5.1)

y=Cx+Du (5.2)

where, x is the state variable, u denotes the control input, y is the system output, and
A, B, C, D are the discrete-time state-space matrices. It is implicitly assumed, due to
the principle of receding horizon control, that the control input u cannot affect the
output y at the same time, therefore, the system matrix D = 0 in the system model

(Wang, 2009).

In the MPC literature the system to be controlled is usually modelled by a discrete-
time state-space model (Mayne et al., 1999; Li et al., 2010). Therefore, the continuous-
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time state-space model (Equation (5.1) and Equation (5.2)) is transformed into a

discrete-time state-space model as:

X(k +1) = Ax(k) + Bu(k) (5.3)

y(k) = Cx(k) (5.4)

where, k represents the kth sampling point. MPC control algorithm is based on a
prediction model and the main objective to develop a prediction model is to predict
the future response of the plant based on a set of future control inputs. This
prediction is performed within an optimization window, the length of this
optimization window is assumed as Np which is the number of samples and each
sample is denoted by the time ki, ki > 0. At each sampling instant k;, the state
information vector x(k;) is measured which provides the current plant information.
Having the current plant information x(k;), the future state variables are then

predicted for Np number of samples, the future state variables can be defined as:

(K, +1] k), X(K + 2K ),ooesX(k + M K)o x(k + N, k) (5.5)

where, x(ki + m | k) is the predicted state variable at k; + m with the given current
plant information x(k;). Similarly given the current plant information x(k;), the set of

future control input, which minimizes the cost function J, are denoted by:

Au(k;), Au(k; +1),..., Au(k; + N —1) (5.6)

where Au(k) = u(k) - u(k-1) is the control increment., Nc¢ is called the length of control
horizon and it is defined as the number of parameters used to capture the future
control trajectory (Maciejowski, 2002). It is important to note that the length of Nc is

chosen less than or equal to the length of prediction horizon Np.

Using the discrete-time state-space model, the future state variable in Equation (5.5)
can be calculated sequentially using the current state vector and the set of future

control parameters.
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x(k; +1|k.) = Ax(k.) + BAu(k;)
x(k; +2|k,) = Ax(k, +1) + BAu(k; +1) = A?x(k.) + ABAu(k,) + BAu(k. +1)

x(k; + Np [ k) = A% x(k;) + AN "BAu(k;) + AN ?BAu(k; +1)
+,.. A BAU(k; + N —1) (5.7)

Similarly, using these predicted state variables, the predicted output variables can

be determined as:

y(k, +1[k;) = CAx(k;) + CBAu(k;)
y(k +2] k) = CAX(k; +1) + BAu(k; +1) = CA>x(k,) + CABAu(K, ) + CBAU(k; +1)
y(k; +3k;) = CA*x(k;) + CA’BAU(K;) + CABAU(K; +1) + CBAU(k; +2)

y(k; + N, | k;) = CA" x(k;) + CA""*BAu(k;) + CA""*BAu(k; +1)
+...+CAN N BAu(k, + N, —1)

(5.8)
It should be noted that all the predicted variable are expressed in terms of current
state variable information x(k;) and the future control input Au (ki + j), where j =

0,1,2,..,N.-1.

The above equations can be written in the vector form as

Y:[y(ki +11k;) vk +2k)  y(k +3[k;) ... y(k +Np Iki)]T (5.9)
AU=[Au(k,) Au(k, +1) Au(k, +2) ... Au(k, +N. -D (5.10)

where, the dimension of Y is Np and the dimension of AU is N¢. Equation (5.9) and
Equation (5.10) can be re-written into a state space expression, calculating all system

outputs using the initial states x(k;) and vector of predicted control inputs AU as:

Y = Fx(k,) + PAU (5.11)

where,
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FCA

CA?
F=| CA® (5.12)

_CANP_

and
[ CB 0 0 0 ]
CAB CB 0 0

®=| CA’B CAB cB - 0 (5.13)

|CA™'B CA™?B CA%™?B ... CA%™B|
For the detailed understanding of discrete-time state-space model (Equation (5.3))

and its transformation into the state-space model (Equation (5.11)), the reader is

referred to the book written by Wang, L, (2009).

5.2.3 Control Input Optimization

In general, the MPC control algorithm, within its control structure, develops a cost
function | which reflects the control objective. Within a prediction horizon the
objective of the predictive control system is to bring the predicted output as close as
possible to a given set-point trajectory. It is assumed that the set-point trajectory
remains constant within an optimization window and is updated depending upon

the desired state of the controlled system (Wang, 2009).

The cost function ], that describes the control objective, can be defined as

J=(R,-Y) (R, -Y)+AU RAU (5.14)

The cost function | consists of two separate terms, the first terms is meant to
minimize the error between desired output and the predicted output while the
second term deals with the size of AU when the cost function | is made as small as

possible.
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R=RI ne-Ne (R =0) where R is used as a tuning operator for the desired closed-

loop performance (Wang, 2009) which penalizes the control input vector (AU). R; is

the vector that contains the desired state information and can be defined as:

Np

RI=[ 1 ... 1 rk) (5.15)

where, (k) is the given set-point signal at sample time k;. The control objective can
briefly be defined as to find the best control parameter vector AU such that an error
function between the set-point and the predicted output is minimized (Camacho

and Bordons, 2004).

The next step is to find the control parameter vector AU which can be obtained by

substituting Y in Equation (5.14) and re-arranging as:

J=(R, —Fx(k )" (R, —Fx(k,))—2AU"®" (R, —Fx(k,)) + AU" (@' @+ R)AU

(5.16)
Taking the first derivative of the cost function J:
oJ T -
— =2® (R, —Fx(k;))+2(® @+ R)AU, (5.17)
O0AU
And the necessary condition of the minimum ] is obtained as
9 0, (5.18)
O0AU
From which the optimal solution for the control signal can be found as
AU= (@ ®+R)*®" (R, —Fx(k,)) (5.19)

Once the control parameter vector is calculated then only the first element is applied

to the controlled system.
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5.3 MPC Prediction Model for the Two-Vehicle System

A general MPC control algorithm has been explained in Section 5.2 explaining a
state-space representation of the predicted future states and future outputs of the
controlled model while using the different control and prediction horizons. In this
section the MPC control algorithm is applied to the two-vehicle system which
consists of a preceding vehicle and a following ACC vehicle (developed in Chapter
4). The preceding vehicle is based on the complex vehicle model which includes
engine, torque converter, transmission, and drivetrain models (Section 3.2 to Section

3.5). The ACC vehicle is based on the first-order vehicle model (Section 3.8).

The first-order ACC vehicle model used to analyse the upper-level control laws can

be defined as (Equation (3.32))

7%, (t) + X, (t) = u(t) (5.20)

where, x; is the position of the ACC vehicle and u(t) is the control input. Equation
(5.20) is used as an assumption for designing the upper-level controller(Li et al.,
2010), where, T refers to the time lag in the performance of the lower-level controller.
For the MPC control algorithm a discrete-time state-space model is required. The
above continuous-time model can be re-written in a discrete-time state-space model

as:

X, (t+T) 17T 0 | x,(t) 0
X,t+T)|={0 1 T | %)+ 0 u(t) (5.21)
X,t+T)) |0 O 1T X, (t) L

T T

where, T is the discrete sampling time of the ACC system and assumed as 0.1 s and
T is assumed as 0.5 s and comes from different sources, e.g. brake or engine
actuation lags and sensor signal processing lags (Rajamani et al., 2000; Bageshwar et

al., 2004).

The information of the longitudinal states of both, preceding and ACC, vehicles is
used by the upper-level controller to determine the control input u(t) for the first-

order ACC vehicle model. The longitudinal states of the ACC vehicle are obtained
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from Equation (5.21) and the longitudinal states information of the preceding
vehicle is obtained from Equation (3.24). The desired acceleration command (X) is
then obtained for the lower-level and the complex ACC vehicle models which will
be used in Chapter 6. This desired acceleration command (X,) is used as an input

for the lower-level controller model because within the lower-level controller
formulation the desired net torque (T..:) is expressed as a function of this desired
acceleration command. The desired net torque (T.) is then used to compute the
desired throttle or brake commands for the complex ACC vehicle model which is

presented in Chapter 6.

5.3.1 Coordinate Frame for Transitional Manoeuvres

It is of paramount importance to develop and understand the mathematical relation
between the state variables of the first-order ACC vehicle and the preceding vehicle.
The control objectives for the ACC vehicle are to establish a safe inter-vehicle
distance (SIVD) with the zero range-rate and within the operational constraints
boundaries. The operational constraints are referred to the control input, states and
collision avoidance constraints. The desired SIVD between the two vehicles varies
linearly with the preceding vehicle’s speed such that the headway time (1) between
the two vehicles remains constant (SIVD = htpreceing). The headway time (h) can be
defined as the time taken by the follower vehicle to reach the point where the
preceding vehicle is at present speed (Naranjo ef al., 2003). It should be noted that
the measurement of range, range-rate, and ACC vehicle velocity can be used to

obtain the velocity of the preceding vehicle.

A coordinate frame (Bageshwar et al., 2004) as shown in Figure 5-3 travels with a
velocity equal to the preceding vehicle velocity. This frame is used to determine the
ACC vehicle motion relative to the preceding vehicle. The origin of this frame is
situated at the desired SIVD and the objective of the TM is to steer the ACC vehicle
to the origin of this frame in order to set up the zero range-rate with the preceding

vehicle, where, R is the range (relative distance) between the two vehicles.
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—— SIVD —

e —»

R
ACC vehicle Preceding vehicle
[ i p—
Q @) O O
0
Figure 5-3 Coordinate frame for transitional manoeuvre.

Using this coordinate frame (Figure 5-3) for TM, the discrete-time state-space model

of the error vector between the two vehicles can be defined as:

e, = Ae, +Bu, (5.22)
y, =Ce, (5.23)
where,
err, —(R-SIVD)
e, =|érr, |= R (5.24)
err, X,

where, erry is spacing error, €IT, is range-rate (relative velocity between the two

vehicles), and €T, is the absolute acceleration of the ACC vehicle. Each element of

the error vector (ex) is the quantity which is measured by the ACC system and the
control objective is to steer these quantities to zero (Bageshwar et al., 2004). uy is the
control input, and yx is the system output at time step k. The system matrices A and

B can be obtained from the comparison of Equation (5.21) and Equation (5.22).
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(5.25)

_|
8| Jdo o

And the system matrix C is defined as (Bageshwar et al., 2004):

(1 00 ]
C= (5.26)
0 -1 0

Using the MPC control approach, at each sampling instant k;, the error vector (ex) is
measured which provides the current error between the two vehicles. Having the
current error information (ex), the future errors are then predicted for N, number of
samples (Np is the length of optimization window), the future error can be defined

as:
ek, +1]k.),e(k, +2k),....e(k, +m|k.),....e(k + N, | k.) (5.27)

where e(k; + m | ki) is the predicted error variable at ki + m with the given current
error information e(k;). Similarly given the current error information e(k;), the set of

future control input, which minimizes the cost function J, are denoted by:
Au(k,), Au(k; +1),..., Au(k; + N —1) (5.28)

where Au(k) = u(k) - u(k-1) is the control increment, Nc is called the length of control
horizon and it is defined as the number of parameters used to capture the future
control trajectory (Maciejowski, 2002). It is important to note that the length of Nc is

chosen less than or equal to the length of prediction horizon Np.

The MPC controller forms a cost function (Equation (5.14)) which consists of these
errors (ex) and the control input which determines the best set of future control

inputs to balance the output error minimisation against control input effort.

Repeating the derivation steps from Equation (5.7) to Equation (5.19) one can find
the optimal solution for the control input which is the function of current error

information e(k;).
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AU=(®@'®+R)"®" (R, -Fe,) (5.29)

Np
where, R, is the set-point vector (R! = |1 1 ... 1] r(k,)) and r(ky is the given

set-point signal at sample time k;. For this study, r(k;) = 0. Because the control

objectives are to steer the error vector (ex) to 0, i.e. the spacing error (errr) should
steer to zero so the desired SIVD could be achieved, range-rate (€rr,) should
converge to zero so the ACC vehicle follow the ACC vehicle with the same velocity,

and the absolute acceleration (€rT, ) should steer to zero so the ACC vehicle moves
with the constant speed. R=RI,_, (R >0) where R is used as a tuning operator
C [}

(scalar value) for the desired closed-loop performance (Wang, 2009) which, in this
condition, consists of a single element and weights the control input command. For
the predictive model developed R = 1. F and @ matrices are defined in Equation

(56.12) and Equation (5.13) respectively.
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At each time step k the MPC algorithm determines a sequence of control input

(AU,...AU_,) to minimize the cost function | (Equation (5.14)). The parameters

which have been used in the MPC controller formulation are shown in Table 5-1.

Parameters Symbol Value
Discrete time sample T 0.1s
Time lag T 05s
Tuning operator R 1
Set point r 0
Headway time h 1s
Prediction horizon Np 230 samples
Control Horizon Nc 3 samples
Upper acceleration limit Umax 0.25g
Lower acceleration limit Unin -0.5¢g
Table 5-1 Controller parameters

A comparison study carried out in Wang, (2009) shows that the length of Np effects
significantly the closed-loop stability and performance of the system. With short
prediction horizon, the closed-loop predictive control system is not necessarily
stable. Therefore, a long prediction control horizon should be considered to
guarantee the closed-loop stability, and for this characteristic Np is also called a

tuning parameter.

Different lengths of the prediction horizon have been tried. Using a short prediction
horizon (Np), the closed-loop performance of the controller was not stable. The
stable performance of the controller is obtained by using a higher length of
prediction horizons. In the following simulations the prediction horizon Np

assumed is 230 samples and the control horizon Nc is assumed 3 samples.
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5.4 Simulation Results and Discussion

The two-vehicle system is analysed under different encounter scenarios to perform
the TMs. The simulation results are produced to evaluate the performance of MPC
based upper-level spacing-control laws under these critical TMs. The main
objectives of the analysis are to manoeuvre the first-order ACC vehicle to the
required SIVD with a zero range-rate while avoiding a collision with the preceding
vehicle and at the same time satisfying the operational constraints. It should be
noted that the first-order ACC vehicle model does not consider the nonlinearities
and complex internal dynamics of the vehicle sub-models. A parametric and
sensitivity analysis of the first-order ACC vehicle is carried out against the MPC

controller parameters.

During the control algorithm formulation, the operational constraints are
incorporated in the MPC controller formulation. The constraints incorporated are
control input constraint which corresponds to the acceleration limits of the ACC
vehicle Equation (5.30), state constraint which means that the ACC vehicle cannot
have a negative velocity Equation (4.1), the collision avoidance has also been
formulated as state constraint Equation (5.32), and terminal constraint which refers

that the ACC vehicle should establish a SIVD with the zero range-rate.

The control input constraint included in the MPC control formulation is:

Upin < U < Upgy (5.30)

As mentioned above in Section 5.2.2 that the dimension of AU is Nc and Nc is 3
samples, therefore, the constraints are fully imposed on all the components in AU

and can be translated to the six linear inequalities as
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1 0 0 Upe — UK —1) ]
0 1 0 Upay — UK —1
AU(kI) max ( 1 )
0O 0 1 Upax — UK —1)
Au(k; +1) | < (5.31)
-1 0 O Upin + UK —1)
Au(k; +2)
0 -1 0 Ui + UK —1)
0 0 -1 Upin +U(K; —1) |

And the state and collision avoidance constraints incorporated in the MPC control

err, | _ SIVD 530
yk - _érrk - Vpreceding ( )

SIVD =hv

formulation are:

(5.33)

preceding

where, h is the headway time.

5.4.1 Preceding Vehicle with Throttle Input of 50 Degrees and
Different Initial Conditions for Both Vehicles

In this scenario, both vehicles start with the different initial speeds and different
initial positions, the throttle input for the preceding vehicle is set to 50 degrees for
the entire simulation time of 20 s. The baseline scenario is that an ACC vehicle
travelling at 30 m/s in the speed control mode detects a preceding vehicle which is
accelerating from 10 m/s, the ACC vehicle is 60 m behind the preceding vehicle

when it detects a preceding vehicle. The initial error vector (e) for this situation is:

err | (—(R-SIVD)) (-(60-10)) (—50m
e(0)=| érr, |= R = 20 =|20m/s (5.34)
érr, X, 0 0

The ACC vehicle response has been analysed for two different situations: (1) the
ACC vehicle without any constraint considered, and (2) the ACC vehicle with all

constraints incorporated in the formulation of the MPC control algorithm.
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The result shows for both situations (Figure 5-4) that the ACC vehicle performs the
required TM successfully by initially manoeuvring to set up the desired SIVD and
then maintaining it for the rest of the simulation with the zero range-rate. The
comparison shows in Figure 5-4(a) that the ACC vehicle, situation (2), manoeuvres
quickly to reach the preceding vehicle’s velocity than the ACC vehicle velocity
profile without acceleration limits. Figure 5-4(b) shows the positions of both
vehicles. The ACC vehicle distance, relative to preceding vehicle, can be seen in
Figure 5-4(d). ACC vehicle accelerations for both situations are shown in Figure
5-4(c). The ACC vehicle, without the control input constraint, only concerns with
establishing a SIVD with zero-range-rate and is unable to meet the other
requirements of the TM. It has been observed that with control input constraint
included, the ACC vehicle, using the MPC control algorithm, has performed all the

control tasks discussed in Section 5.1.

Figure 5-4(b) shows the positions of both vehicles. With the initial range of 60 m the
simulation starts and then the ACC vehicle initially reduces the range, Figure 5-4(d),
once the desired SIVD is achieved the ACC vehicle then continues to follow the
preceding vehicle. It should be noted that after establishing the SIVD the preceding
vehicle’s velocity is continuously increasing so the desired SIVD and it can be seen
in Figure 5-4(d) which shows the range between the two vehicles. Once the SIVD is

established then the range between the two vehicles becomes equal to the SIVD.

One can conclude after analysing the ACC vehicle response under two different
encounter scenarios that the MPC control algorithm can successfully manoeuvre the
ACC vehicle, with the given initially conditions, to the desired SIVD and with the
zero range-rate. Another advantage of using the MPC control algorithm is that the
MPC can incorporate the constraint in its formulation which improves the system

stability and robustness.

The validation of these results has been performed by comparing with the
Bageshwar, et al., (2004) results. The comparison shows a good agreement between
the two results because the first-order ACC vehicle is achieving the required control
objectives. It should be noted that the Bageshwar, et al., (2004) results does not show
any detail about the preceding vehicle, e.g. what is throttle input for the preceding

vehicle, engine details, gear ratio, etc. Also the behaviour of the preceding vehicle is
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not convincing enough to show the actual vehicle behaviour. On the contrary, in
this study the preceding vehicle is also based on the complex vehicle model, which

means a realistic reference target for the ACC to achieve.
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Figure 5-4 (a) Velocities of the vehicles, (b) Position of the vehicles, (c) Absolute
acceleration of both vehicles, (d) Range

5.4.2 ACC Vehicle Response against a Halt Preceding Vehicle

In this encounter scenario, the ACC vehicle, in the speed control mode, with an
initial velocity of 30 m/s detects a preceding vehicle which is at rest at a distance of
110m. In this scenario the ACC vehicle model has to decelerate from 30 m/s to the
rest position. The spacing error between the two vehicles is -110 m and the initial
range-rate between the two vehicles is 30 m/s as shown in Equation (5.35).
According to Bageshwar (2004), this scenario is possible to avoid the collision as for
the given range-rate of 30 m/s, the required minimum range is 106 m to decelerate
to the velocity of the target vehicle. The required SIVD in this scenario is at the
origin of the coordinate frame (Section 5.3.1) of the TM which remains constant
throughout the length of the simulation as the preceding vehicle’s velocity is equal

to zero.

Based on this encounter scenario the initial error vector can be defined as:

err —(R-SIVD) —(110-0) —110m
e(0) =| érr, |= R = 30 =|30m/s (5.35)
err, X, 0 0

where, -110 m is the initial spacing error, 30 m/s is the initial range-rate, and the 3rd
element of the vector is the absolute acceleration of the ACC vehicle. It should be

noted that the spacing error is equal to -(R - SIVD), here R is the initial range
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(relative distance) which is 110 m and SIVD is the specified inter-vehicle distance

which is 0 m in this case.

The simulation results in Figure 5-5 show the ACC vehicle response for two
different situations. In the first situation, the ACC vehicle is analysed without using
any constraint. In the second condition only the control input constraint is included
in MPC formulation while the states and collision avoidance constraints are not
included in the control algorithm. It can be seen in Figure 5-5(c) that without any
constraints the ACC vehicle’s acceleration is going below -0.5g m/s?, the ACC
vehicle successfully executed the TM and can establish a the SIVD with the zero
range-rate with the preceding vehicle. However, an ACC vehicle should obey the
constraints in any of its mode of operation and in any driving situation. With the
control input constraint included only, the ACC vehicle cannot establish a safe SIVD
and smashes with the preceding vehicle as shown in Figure 5-5(a). The control input
commands for both situations are shown in Figure 5-5(d). It can also be observed
from Figure 5-5(b) that the ACC vehicle is travelling with a negative velocity. This is
due to the reason that the states constraints and collision avoidance are not included
in the controller formulation. Therefore, it is necessary to include states constraints

and collision avoidance in the formulation of the MPC control algorithm.
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Figure 5-5 (@) Position of vehicle, (b) Velocity of vehicle, (c) Absolute
acceleration of vehicle, (d) Commanded acceleration

Figure 5-6 shows the same simulation scenario as shown in Figure 5-5 but this time
the states and collision avoidance constraints are also included in MPC algorithm.

The MPC control law computes initially the deceleration commands for the ACC
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vehicle, Figure 5-6(d). After reaching the deceleration limits the deceleration
commands remains active till t = 5.93 s followed by the acceleration commands to
bring the velocity of the ACC vehicle down in order to establish the SIVD with the
zero range-rate. The velocity of the preceding vehicle is zero during the entire
simulation time so the SIVD. It can be seen in Figure 5-6(a) that the ACC vehicle
established the required SIVD and manoeuvres to the origin of the coordinate frame
(Section 5.3.1) with the zero range-rate. Therefore, it is necessary to include control
input, states and collision avoidance constraints in the controller formulation in
order to execute the TM successfully and avoid the accident with the preceding

vehicle.

These results have also been validated against the Bageshwar, et al., (2004) model.
The simulation produced in Figure 5-6 matches well with their results. It should be
noted that in their results the simulation was stopped when the ACC vehicle came
to a complete halt while its absolute acceleration still shows a negative sign. This
does not show the complete response of the ACC vehicle. On the contrary, Figure
5-6 shows the ACC vehicle response for a longer time to emphasize that all the

control objectives have been achieved.
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Figure 5-6 (a) Position of vehicle, (b) Velocity of the vehicle, (c) Absolute
acceleration of ACC vehicle, (d) Commanded acceleration

5.5 Parametric and Sensitivity Analyses

In this section, the first order ACC vehicle model is analysed for different initial

conditions, for different initial range while keeping the range-rate constant and
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against different MPC controller parameters. The purpose of these analyses is to

investigate the ACC vehicle behaviour against these different situations.

5.5.1 ACC vehicle Response against a Halt Preceding Vehicle
with Different Initial Conditions for the ACC Vehicle

For the purpose of sensitivity analysis, the response of the ACC vehicle has been
analysed for a scenario where the preceding vehicle is at rest but in this scenario the
initial conditions are different. An ACC vehicle with its initial speed of 25 m/s
detects a halt preceding vehicle at a distance of 80 m. The initial error vector for the

considered encounter scenario is:

err —(R-SIVD) —80m
e(0) =| érr, |= R =|25m/s (5.36)
érr, X, 0

It can be seen in Figure 5-7 that the ACC vehicle smoothly achieves the required
objective (Section 5.1) in the presence of control input, states and collision avoidance
constraints. Figure 5-7(a) shows the position and velocity of the ACC vehicle and
Figure 5-7(b) shows the absolute acceleration (top) of the ACC vehicle and
commanded acceleration (bottom) for the ACC vehicle. Again the initial acceleration
commands computed by MPC control law are to decelerate to reduce the speed of

the ACC vehicle to avoid the collision with the preceding vehicle.
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Figure 5-7 (a) Position and velocity of the ACC vehicle, (b) Absolute acceleration

of ACC vehicle and commanded acceleration

5.5.2 ACC Response for Different Initial Range

The Figure 5-8 shows the response of the ACC vehicle for different initial ranges.

The encounter scenario is same as shown in Figure 5-6. The initial range in Figure
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5-6(a) is 110 m which is the minimum possible range between the two vehicles for
given range-rate to avoid a collision with the preceding vehicle. If the range is below
106 m for same range-rate then according to Bageshwar, et al (2004) the ACC vehicle
cannot avoid a collision with the preceding vehicle. In this section, the initial ranges
of 105 m and 115 m have been used to analyse the behaviour of ACC vehicle while
rest of the parameter are kept same. The aim of this simulation is to validate the
ACC vehicle’s performance against Bageshwar’s, et al (2004) analysis and to
examine the ACC vehicle’s behaviour when the range is above and below 110 m.
Figure 5-8(a) shows the position and velocity of the ACC vehicle and Figure 5-8(b)
shows the absolute acceleration (top) of the ACC vehicle and commanded
acceleration (bottom) for the ACC vehicle. For the initial range of 105 m Figure 5-8
(@) shows that ACC vehicle is unable to perform the TM and cannot avoid the

collision with the preceding vehicle.

For the range of 115 m, which is higher than 110 m, the ACC smoothly performs the
TM Because of the higher range the ACC vehicle has plenty of time to reduce its
speed and stop behind the preceding vehicle. It is, therefore, can be concluded that
the initial values computed by Bageshwar et al (2004) are appropriate and can be

used for the two-vehicle encounter scenario in this study.
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Figure 5-8 (a) Position and velocity of the ACC vehicle, (b) Absolute acceleration

of ACC vehicle and commanded acceleration

5.5.3 ACC Response for Variable Control Input Cost Weighting
(R)

In this section the sensitivity of the ACC vehicle has been analysed for different
control input cost function weighting R. The actual value of R used in the above
simulations is 1 and the other two values used for R are 10000 and 20000 which
correspond to the two different levels of a tight control where a tight control means
a higher optimized effort. Figure 5-9(a) shows the position and velocity of the ACC
vehicle and Figure 5-9(b) shows the absolute acceleration (top) of the ACC vehicle
and commanded acceleration (bottom) for the ACC vehicle. It can be seen in Figure
5-9 that due to the higher values of R the magnitude of the control input is
significantly reduced and it takes longer for the state variables to reach the desired
values. It should be noted that higher the value of R delayed the response of the
ACC vehicle.
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Figure 5-9 (a) Position and velocity of the ACC vehicle, (b) Absolute acceleration

of ACC vehicle and commanded acceleration

5.5.4 Sensitivity Analysis against N¢ Variation (Section 5.4.1
Scenario)
In Figure 5-10 the encounter scenario of Figure 5-4 has been considered where both

vehicles are in motion. Nc chosen in Figure 5-4 was 3 samples and in Figure 5-10 Nc
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= 5 samples is chosen. The effect of higher value of Nc has been analysed which
shows that the control energy is distributed over a longer period of future times and
this distribution causes a corresponding reduction in the control input magnitude,
resulting error generation and causing a loss of control and this can also be termed
as a ‘loose” control because the initial acceleration commands are to accelerate rather

than decelerate Figure 5-10(c).

It has been observed that this error in the ACC vehicle response can be reduced by
increasing a higher value of R which is the control input cost weighting function.
Using R = 5 the desired control objectives have been achieved i.e. the ACC vehicle
establishes the SIVD with the zero range-rate. This analysis shows that higher the
values of Nc higher the error generation and that error can be controlled by
increasing the cost weighting function (R). For Nc = 5 samples the value of R =5 is

suitable, if a Nc > 5 then a higher value of R is required to achieve the control

objectives.
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Figure 5-10  (a) Position of the vehicles, (b) Velocity of vehicles, (c) Acceleration of

vehicles, (d) Range between two vehicles

5.5.5 Sensitivity Analysis against N¢ Variation (Section 5.4.2
Scenario)

In Figure 5-11 the ACC vehicle analysis is carried out for a different value of Nc.
Figure 5-11(a) shows the position and velocity of the ACC vehicle and Figure 5-11(b)
shows the absolute acceleration (top) of the ACC vehicle and commanded
acceleration (bottom) for the ACC vehicle. The encounter scenario considered is the
same as in Figure 5-6 where Nc was chosen 3 samples. In this analysis Nc = 5
samples has been considered which means that the control energy is distributed
over a longer period of future times. This distribution causes a corresponding
reduction in the control input magnitude which is also clear from Figure 5-11(a)

resulting in error generation and eventually the ACC vehicle cannot avoid the
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collision with the halt preceding vehicle. This reduction in control input magnitude
can also be termed as a ‘loose’ control because the initial acceleration commands are

to accelerate rather than decelerate Figure 5-11(b).

It has been found that this error in the ACC vehicle response, due to higher value of
N¢, can be reduced by using a higher value of R which is the control input cost
weighting function. After several attempts using R = 5 the desired control objectives
have been achieved i.e. the ACC vehicle establishes the SIVD with the zero range-
rate and avoids the collision with the preceding vehicle. This analysis shows that
higher the values of Nc higher the error generation and that error can be controlled
by increasing the cost weighting function (R). For Nc = 5 the value of R =5 is
suitable, if Nc > 5 then a higher value of R is required for the close-loop stable

performance of the ACC vehicle.
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Figure 5-11  (a) Position and velocity of the ACC vehicle, (b) Absolute acceleration
of ACC vehicle and commanded acceleration

5.6 Conclusions

As mentioned in the introduction of Chapter 4 (Section 4.1) throughout this thesis
different control methods were used for the upper-level controller analysis. Three of
them: PID, sliding mode, and CTG have been analysed in Chapter 4 and the fourth
method (MPC) has been analysed in this chapter. The main advantages of using
MPC method over the other control strategies are incorporating the operational
constraints (control input, states and collision avoidance) in the control algorithm
during the analysis process and an online optimization can be achieved. The control
input constraints are fully applied on all the components of AU and have been

translated as six linear inequalities.

The MPC strategy is not a new control method of control design and is being used
for different applications as discussed in Section 5.2. It mainly solves standard
optimal control problems where the optimization is carried out in a finite horizon.
The difference between the MPC and the other control methods used in Chapter 4 is
that MPC solves the optimal control problem on-line for the current states of the
system rather than solving it off-line using a feedback policy as in the case of other

control methods.
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The main difference between the MPC and PID control strategies is that the MPC
control strategy uses the desired reference trajectory which is computed using the
prediction model then, the MPC controller modifies the plant characteristics in
order to follow the desired reference trajectory. Whereas, the control action taken by
the PID control strategy is based on the past errors which can be viewed as if the
driver is driving the vehicle using the rear-view mirror. Similarly in the sliding
mode control method, the control objectives are designed as a sliding surface using
the previous plant’s states (off-line computation). The sliding mode control was
found unsuitable due to the first-order lag considered in the upper-level controller
formulation (discussed in detail in Chapter 4). The CTG control algorithm is also
based on the previous plant’s states which is not robust enough in comparison with
the MPC control method. Also, the on-line optimization is not possible and the
operational constraints cannot be included in the formulation of CTG control
algorithm. After comparing all these control methods it can be concluded that the

MPC control algorithm is the most appropriate for the ACC vehicle analysis.

In this chapter the fundamental features of the MPC control method have been
discussed. The formulation of the prediction model used in the MPC control
algorithm has been presented using a simple linear SISO system. The MPC
algorithm was then applied to the two-vehicle system. The prediction model, used
to compute the future control input for the first-order ACC vehicle, has been

developed based on the error vector (Equation (5.27)) between the two vehicles.

The dynamic behaviour of the ACC vehicle, using the MPC controller technique,
has been analysed for different TMs. The response of the first-order ACC vehicle
model has been analysed with constraints and without constraints and results have
been compared and discussed. The shortcoming occurring without using the
constraints has also been highlighted. It has been observed that with a first-order
model, the ACC vehicle successfully establishes the desired SIVD with the zero

range-rate with all constraints included in the MPC controller formulation.

Parametric and sensitivity analyses of the ACC vehicle using MPC have also been
carried out in this chapter for different initial conditions, different ranges, different

control input cost weighting (R) and different control horizon (Nc).
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It has been noticed that the ACC using MPC can perform the TM successfully
regardless of the initial conditions, provided the initial conditions are selected
within the range of the Bageshwar et al., (2004) model. A lower initial range for a
given range-rate has been analysed and it has been found that the ACC vehicle
cannot avoid the collision with the preceding vehicle. Also, higher values of initial
range (more than for a given range-rate) provides ample time to the ACC vehicle to

achieve the control objectives within the given constraints boundaries.

It has been observed that the higher values of control input cost weighting (R)
correspondingly penalize the control input magnitude which can also be termed as
a ‘tight” control. In this situation the control objectives are not violated but it results
in a delayed response. Therefore, it should be noted that for the best performance of
the system an appropriate value of R should be selected which neither relaxes the
control input to have a ‘loose’ control nor affects excessively the control input to

have a “tight” control.

The effect of variable control horizon (Nc) has also been analysed in this chapter. For
the stable response of the ACC vehicle, the value of Nc chosen is 3 samples. It has
been observed in the analysis that using a higher value of Nc (Nc = 5) causes the
control input to be distributed for a higher control horizon, resulting in an error for
the desired objectives. This error, due to a higher value of Nc, has been reduced by
increasing the cost weighting coefficient (R). It has been observed that for a higher
value of Nc a higher corresponding value of R is required in order to achieve the

required control objectives.

In this chapter the ACC vehicle analysed was based on a first-order model which
does not consider the internal dynamics of the vehicle sub-models. In Chapter 6, the
ACC vehicle will be based on a complex vehicle model that covers the effects of
engine dynamics, transmission dynamics, and the brake model on the MPC control
algorithm and the response of the ACC vehicle. Any changes in throttle input,
engine dynamics, transmission dynamics, and brake input of the preceding vehicle
and the ACC vehicle have the corresponding effect on the upper-level controller
model; therefore, it would be interested to investigate how the MPC method will
perform under these changes. Also, how the ACC vehicle (with internal dynamic

complexities) will respond against these critical driving manoeuvres when the
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operational constraints are applied on the vehicle controllers and the ACC vehicle

has to obey them.
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Chapter 6. Model Predictive Control for a
Complex ACC Vehicle

6.1 Introduction

A two-vehicle system which consisted of a preceding vehicle and an adaptive cruise
control (ACC) vehicle was developed and analysed in Chapters 4 and 5. The
preceding vehicle model was based on a complex vehicle model, developed in
Chapter 3 (Section 3.2 to Section 3.5), and the ACC vehicle model was based on a
simple first-order model (Section 3.8). The purpose of the analysis was to
investigate the response of the upper-level controller using the first-order ACC
vehicle model under critical transitional manoeuvres (TMs) and within the
constraints boundaries. During these TMs the first-order ACC vehicle model was
performing higher deceleration manoeuvres of up to -13 m/s? (control input
demand, see Figure 5-5 (c)) to avoid the collision with the preceding vehicle without
any constraints applied to the ACC vehicle. Due to the ACC system limitation
(Section 4.2.4) the first-order ACC vehicle was restricted to decelerate up to only -4.9
m/s? (-0.5g). With these deceleration limits the first-order ACC vehicle executed the

required TMs successfully (Chapter 5) with model prediction control.

The upper-level controller was analysed using four well-known control algorithms.

The control methods used were as follows:
(1) Proportional-Integral-Derivative (PID) Control
(2) Sliding Mode Control

(3) Constant-Time-Gap (CTG) Control
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(4) Model Predictive Control (MPC)

The first three control methods were analysed in Chapter 4 and the fourth control
method was analysed in-depth in Chapter 5. The comparison of the results obtained
from the four control methods revealed that MPC is the most suitable control
algorithm among them to be used for the ACC vehicle analysis. It was established
that the first-order ACC vehicle model achieves the control objectives successfully
during the TMs while accounting for the operational constraints by using MPC
control method. The operational constraints are referred to as control input, states,
and collision avoidance constraints. The operational constraints were discussed in
detail in Section 5.4. A sensitivity analysis for the first-order ACC vehicle model
using MPC control algorithm has also been carried out by changing the initial
conditions, MPC parameters, and headway time. Important simulation results were

produced and discussed in Chapter 5.

As discussed in Section 3.9, both vehicles (a two-vehicle system) are generally based
on complex vehicle model. Therefore, in this chapter, two separate sets of
differential equations developed in Chapter 3 (Section 3.2 to Section 3.5) will be
used for both vehicles. Equation (3.24) is used to obtain the longitudinal states
information of both vehicles. The traction force (Fir) and longitudinal aerodynamic
drag force (Fiur) are different for each vehicle, while the rolling resistance is
assumed the same for both vehicles because it is a function of the mass of the vehicle
(Equation (3.23)). It should be noted that the rolling resistance varies for both
vehicles when the ACC vehicle is tested for different masses in the later parts of this
chapter. The complex ACC vehicle model and lower-level controller model will be

analysed in this chapter.

The first-order ACC vehicle model was used to analyse the upper-level controller
response and to select the appropriate control algorithm under the critical TMs. The
upper-level controller computes the desired acceleration commands for the lower-
level controller from longitudinal motion information of the ACC vehicle and the
vehicle in front of it. This first-order model will still remain part of the two-vehicle
system as a first-order lag which corresponds to sensor signal processing lags and

engine or brake actuation lags (Equation (3.32)). The desired acceleration commands
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(X4 ) are then obtained and sent to the lower-level to compute the required throttle

or brake input commands (see Figure 6-1 ) for the complex ACC vehicle model.

The nonlinear nature of the switching dynamics in the lower-level controller, as well
as the presence of the operational constraints, make the task of designing an ACC
system rather challenging, and the traditional control techniques may not be
suitable for these applications. Moreover, the engine torque and the transmission
gear shifting introduce nonlinearities, which force the use of a robust control
algorithm. Therefore, the MPC algorithm will be used to compute the spacing-
control laws for the complex ACC vehicle model which can, by nature, incorporate
the operational constraints in its formulation. The robustness of the MPC method
and the behaviour of the ACC vehicle in the presence of internal complexities of the
vehicle dynamics will be analysed. The complex models include sub-models for the
vehicle engine, transmission, wheels, brakes, upper-level controller, and lower-level

controller.

The first-order ACC vehicle model (analysed in Chapter 5) did not consider any
dynamic effects generated from engine, transmission, and brake models. It is an
important requirement for the braking system to apply the brake smoothly without
exceeding the comfort level which can be defined by the maximum deceleration
level, for example -0.53. The brake system of an ACC system is controlled by the
control signal received from the lower-level controller. It should be noted that the
deceleration limit implies that the ACC vehicle may not apply the necessary braking
force to avoid the collision with the preceding vehicle, i.e. no further brake torque
can be applied once the maximum brake signal value is reached. It is necessary to
investigate how the complex vehicle model and the lower-level controller will
respond under these emergency TMs in the presence of internal complexities of
vehicle dynamics and operational constraints. Furthermore, it is important to
analyse how the complex ACC vehicle model (sub-models) will respond when

constraints are applied on the controller that the complex vehicle model has to obey.

It was observed in Chapters 4 and 5 that the gear transmission has its corresponding
impact on the acceleration of the complex vehicle model (see Figure 4-5(c)). It
should be noted that the error vector (e) between the two vehicles (Equation (5.24))

also takes into account the absolute acceleration of the ACC vehicle. In the case of a
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complex vehicle model, during an entire critical TM, the ACC vehicle will perform
transmission down-shifting and up-shifting which will affect its acceleration profile.
This implies that the effects generated due to the gear transmission will affect the
upper-level controller (because of the error vector) performance which will in turn
affect the overall ACC vehicle’s performance. Therefore, the effects of engine and
transmission dynamics of both vehicles on the MPC controller and the ACC

vehicle’s performance are also to be investigated.

As the ACC vehicle can be also subjected to extreme decelerations to avoid a
potential collision, a throttle control input alone cannot bring the vehicle to rest
position within a short stopping distance. A brake control system is also required to
stop the vehicle and avoid a collision with the preceding vehicle; therefore, a brake
model is also developed in this chapter. The traction/brake control inputs for the
lower-level controller are calculated using the engine maps. The control design for
the brake model is based on the standard sliding model control technique where the

actual brake torque tracks the desired brake torque (Hedrick ef al., 1993).

The objective of this chapter can be restated as: analysing the complex ACC vehicle
model under critical TMs in order to establish and maintain a safe inter-vehicle
distance (SIVD) with the zero range-rate behind a newly detected slower or halt
vehicle. The TMs will be performed in the presence of acceleration, states and
collision avoidance constraints when the brake and engine actuators have limited

allowable forces and may saturate.

The baseline scenario is to evaluate the MPC technique with complex vehicle
longitudinal dynamics model under these transitional manoeuvres to track
smoothly the desired acceleration within the operational boundaries. Simulation
results will be produced to analyse the stability and coordination of MPC method

with complex vehicle sub-models.

Furthermore, a parametric and sensitivity analyses are carried out in this chapter to
investigate the changes in the behaviour of the complex ACC vehicle by varying the
throttle input to the preceding vehicle, by using different initial conditions, by
varying the control horizon (Nc¢) in the MPC control algorithm, and by varying the
control input cost weighting (R) in the MPC algorithm.
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Finally, the complex ACC vehicle model will be tested numerically under the

following situations:

For different ACC vehicle masses;
b. For a different set of gear ratios;
c. For a cut-in manoeuvre;
d. For different values of headway time;

e. Onaroad gradient.

In each case, it is essential to examine how an ACC vehicle will respond to these
variations, and if the dynamic behaviour of the ACC vehicle is disturbed how the
control objectives can still be achieved. This parametric analysis will also help

finding out the upper and lower limits for some of these parameters.

This chapter outline is as follows. Section 6.2 presents the lower-level controller
model: engine torque and brake torque calculations to track the desired acceleration
commands computed by the upper-level controller. Section 6.3 discusses briefly the
system of equations for the two-vehicle system. Section 6.4 presents the simulation

and discussion. Finally, Section 6.5 presents the conclusions from this chapter.

6.2 Lower-Level Controller

A block diagram of the ACC vehicle and its controllers is shown in Figure 6-1. The
positions of the preceding and ACC vehicle are denoted by x; and x: respectively.
The upper-level controller receives information from the preceding vehicle and the

ACC vehicle itself and computes the desired acceleration commands (X,,) for the

ACC vehicle. The control algorithm in the upper-level controller is based on the
MPC method (Chapter 5) which uses prediction model of the error vector (e)
(Equation (5.24)) between the two vehicles to compute the control law for the ACC
vehicle. The lower-level controller computes the throttle (a) and/or brake (Tu)

actuator commands using the desired acceleration commands (X,,) computed by

the upper-level controller in order to track the desired acceleration, as shown in
Figure 6-1. ACC vehicle’s engine speed (@, and manifold pressure (pua) are fed
back to the lower-level controller for the throttle and brake input calculations. The

upper-level controller formulation is based on the MPC control algorithm which
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also incorporates a first-order lag which corresponds to the finite band width of the
lower-level controller. It is important to mention here that the lower-level control
algorithm is based on the sliding model control algorithm which results in
chattering effect. It has already been realised in this study (Section 4.4.2.1) that a lag
results in higher magnitude of chattering. Therefore, the first-order lag is considered
in the upper-level controller (before lower-level controller) which takes into account
the desired acceleration lag, actuator lags, and lag in the filtering of the radar sensor.
If the lag is considered after the lower-level controller then it will result in higher

magnitude of chattering.

i Upper-level i X ges o
i Controller i v v

% i Control 1st i l Lower > ACC > o
i input order | Level Vehicle >
i () lag i Controller > - %
E_ i Tbr

I* i

Figure 6-1 Block diagram for the ACC vehicle model

6.2.1 Engine Torque Calculations for Desired Acceleration

The main challenge faced during the development of the lower-level controller is
the nonlinearities coming from engine, transmission, and aerodynamic drag. To
compensate for them, a simplified vehicle dynamics model has been used which is
based on the assumptions that the torque converter in the vehicle is locked, the
drive axle is rigid, the temperature of the intake manifold is constant, and there is
zero-slip between the tyres and the road (Swaroop, 1997; Rajamani et al., 2000).
Based on these assumptions one can develop a relation between the engine speed

(@) and the vehicle longitudinal speed (X) as

X = RyRyly @, 6.1)
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where, R; is the gear ratio on the transmission (g =1, 2, 3, 4, 5) and R is the final
gear reduction in the differential, and r.yis the effective tyre radius. Differentiating
Equation (6.1), one obtains

X=RRylq @, (6.2)
Under the above assumption the dynamics relating the engine speed (w.), net
combustion torque (Ty:), and brake torque (Ti) can be linked with the expression
(Rajamani, 2006)

Tnet _Cd Rgstsreffsa)e2 - Rg Rd (reff Rx +Tbr)

@, = : (6.3)

e

where C; is the aerodynamic drag coefficient, R; is the rolling resistance,

J. =1, +(mri + I,)R, Ry is the effective vehicle inertia. Using Equation (6.2) and
Equation (6.3) the desired net combustion torque (Tt _as) for the ACC vehicle can be
determined by using the following relation.

J

Tnet_des = ﬁ Xdes + [Cd I:Qgng3reff 3a)ez ’ + Rg2 I:\)d (reff Rx +Tbr2 )] (6.4)

g, d leff
The transmission gear ratio (R, ) corresponds to the ACC vehicle’s gear ratio, «, is
the actual engine speed of the ACC vehicle. During throttle control the brake torque
(Ty,, ) is zero. The remaining parameters in Equation (6.4) are given in Table 3-1 and
for both vehicles they are same. The lower-level controller uses the desired
acceleration commands (X, ) to determine the desired net torque. Using the desired

net torque, the desired intake manifold pressure (pian_aes) is obtained with the help of
engine map. The steady-state engine map has been constructed offline in Chapter 3
(Section 3.7) for the engine model in use. The desired mass of air in the intake

manifold (" man_des) is then calculated using the ideal gas law.

pmanfdesvman = mmanfdes RTman (65)

Where, Ty is the manifold temperature, assumed as constant, R is the gas constant

of air, and V., is the intake manifold volume.
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A sliding surface control technique is designed to compute the throttle input (o)

required to make the actual mass of air (m,,,, ) of the ACC vehicle track the desired

man,

mass of air (Mman_des) in the intake manifold. The sliding variable can be defined as:

Sl = mman2 - mmanfdes (66)

Differentiating Equation (6.6) one has

S,=m,_, —m

marn, man_des

6.7)

According to Edwards and Spurgeon (1998) and Utkin (1999), the sliding mode

control law has to satisfy the so-called ‘reaching condition’.
Slsl = _771|Sl| (6.8)

With 7, positive constant. Equation (6.8) yields that a suitable choice of the control

signal has to guarantee

Sy =-71sgn(S,) (6.9)

where 7, is chosen to satisfy Equation (6.8), which automatically proves that the
sliding manifold S, =0 is reached in finite time (Edwards and Spurgeon, 1998).

Then using Equation (6.7) and Equation (6.9) one can define the relation to

determine the required throttle angle (a») for the ACC vehicle.

MAX -TC (az) -PRI (manz) = mao2 + mman_des ! Sgn(sl) (610)

In Equation (6.10) M., 4sis obtained by numerical differencing. Once «, is

computed, it is then applied to Equation (3.6) used for the ACC vehicle. If the
desired torque computed by Equation (6.4) is negative then brake actuator is used to

provide the necessary brake toque.

6.2.2 Brake Torque Calculations for Desired Acceleration

The desired brake torque (Ty1) used to track the desired acceleration can be obtained

by re-arranging Equation (6.3), one has
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J
(T ° 5(‘des _Cd Rgzstsreff 3(0

net e,
R92 Rd reff

= Rg2 Rd Vet Rx)
Thy =

6.11
R (6.11)

92

Similar to the throttle control, the control design for the brake model is based on the

standard sliding model control technique where the actual brake torque (T, ) is

required to track the desired brake torque (T%s) in order to place the ACC vehicle at

correct position. The actual brake torque (T, ) is then applied to Equation (3.21) to

reduce the speed of the ACC vehicle. T, for the ACC vehicle can be expressed as:

. T T,
Tor, =br—'° (6.12)
b

where, Ty is the commanded brake toque, and 7, is the time constant of the brake

line and brake subsystem. Defining another sliding surface for the brake torque as:

Sy =Ty, =T (6.13)

Differentiating Equation (6.13), one has

. . . Ty —Tbr2 .
S, = Tbr2 —Tog =—— =Ty (6.14)

Ty

According to Edwards and Spurgeon (1998) and Utkin , the sliding mode control

law has to satisfy the so-called ‘reaching condition’.
S,S, <—17,[S,| (6.15)

With 7, positive constant. Equation (6.15) yields that a suitable choice of the control
signal has to guarantee

S, =-11,59n(S,) (6.16)

According to Swaroop (1997) and Hedrick, et al. (1993) and using Equation (6.14)
and Equation (6.16) for Te.
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The = Tbr2 +7, (de -1 (Tbr2 —Tp)) (6.17)

In Equation (6.17), T, is obtained by numerical differentiation.

The necessary parameters of the vehicle model are listed in Table 6-1. The MPC

controller parameters are the same as those in Table 5-1.

Engine displacement Va  0.0038 m?
Intake manifold volume Vinan  0.0027 m3
Manifold temperature Tonan 293 K
Engine moment of inertia L. 0.1454 kg.m?
Mass of the vehicle m 1644 kg
Accessory torque T, 25 Nm
Effective tyre radius ref 0.3 m
Wheel moment of inertia L 2.8 kg.m?
Time delay T 05s
Time constant of the brake line Tp 01s

1st gear speed reduction ratio R: 03184
2nd gear speed reduction ratio R, 0.505

3rd gear speed reduction ratio Rs  0.73

4th gear speed reduction ratio Ry 1

5th gear speed reduction ratio Rs  1.3157
Final drive speed reduction ratio Ra  0.3257

Sliding mode constant for throttle input M 0.05

Sliding mode constant for throttle input n2  0.025

Table 6-1 Vehicle and controller parameters
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The simulations shown later in this chapter use a nonlinear longitudinal vehicle
model that includes vehicle inertial and powertrain dynamics. The nonlinearities
come from the engine and transmission models. The throttle and/or brake
commands determined by the lower-level controller are sent to the vehicle
longitudinal dynamics model to smoothly track the desired acceleration commands

determined by the upper-level controller.

6.2.3 Lower-Level Controller Analysis

Before analysing the ACC vehicle response with respect to the preceding vehicle

information, it is necessary to analyse the lower-level controller. In this analysis an
arbitrary signal considered as desired control input (Xg,) is applied to the lower-

level controller. The lower-level control then computes the throttle and brake
commands for the ACC vehicle model. The desired control input signal considered

is a sinusoidal curve and can be defined by the expression.

X4es = KsiN(t) (6.18)

where, K (K = 1) is the control input constant for sinusoidal curve and ¢ is the time.
Figure 6-2 shows the response of the ACC vehicle against sinusoidal input. It can be
seen that the ACC vehicle closely follows the desired acceleration commands
smoothly Figure 6-2(c). At t = 71 s the ACC vehicle has performed the gear
transmission using the look-up table (Kulkarni et al., 2006) explained in Chapter 3
(Section 3.4). This nonlinear behaviour of the transmission model can affect the
upper-level controller performance, because the ACC vehicle acceleration is used in
the error vector (e) (Equation (5.24)) between the two vehicles. These affects will be
analysed in the later part of this chapter. The analysis in Figure 6-2 ensures that the
lower-level control computes the required throttle and brake commands for the
ACC vehicle and can be used for further detailed analysis of an ACC vehicle under

critical TMs.
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Figure 6-2 ACC vehicle response for a sinusoidal input (desired acceleration)

6.3 Two-Vehicle System

Using Figure 5-3, the relative variables (range, safe inter-vehicle distance (SIVD))
between the two vehicles and longitudinal states of both vehicles are obtained by
using Equation (3.24) (for both vehicles separately). The error vector (e) (Equation
(5.24)) is then obtained which is used as the prediction model (Equation (5.27)) in
the MPC control formulation. The optimal solution of the control input is computed
using Equation (5.29), which is used to minimize the error vector (e) against the set-
point trajectory which is set to zero value. The control input signal (Au) is then
applied to the first-order model (Equation (3.32)) and the output from this model is
the desired acceleration commands (Xg). This entire process, receiving the

preceding vehicle information and using the ACC vehicle information to compute

the X, takes place in the upper-level controller. This desired acceleration
commands (X,) is applied to the lower-level controller which computes the

desired throttle (az) and brake (T,, ) commands for the ACC vehicle to track the

desired acceleration (X, ). All details of the MPC controller formulation for the two-

vehicle system are given in Section 5.3.1. It is important to mention here that some
preliminary work based on this two-vehicle system was presented in Ali et al.,
(2010). A similar encounter scenario (presented in Section 6.4.1) was used for the

two-vehicle system (Al et al., 2010).
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6.4 Simulation Results and Discussion

This section presents the simulation analyses of the complex ACC vehicle and its
comparative discussion with the analyses carried out for the first-order ACC vehicle
in Section 5.4. The complex ACC vehicle is analysed under the similar encounter
scenarios as considered for the first-order ACC vehicle model in order to have a
clear comparison between the two models. The control objectives for the complex
ACC vehicle are same as for the first-order ACC vehicle i.e. to perform the critical
TMs (under -0.5g deceleration limit) in order to establish and maintain the SIVD
with the zero range-rate behind a newly detected slower or halt preceding vehicle.
The TMs will be performed in the presence of acceleration (Equation (5.30)), states
and collision avoidance constraints (Equation (5.32)) when the brake and engine
actuators have limited allowable forces and may saturate. The aim of the
comparison is to investigate the affects of complex vehicle’s internal dynamics
(engine, transmission, brake system) on performance of the MPC controller and the
ACC vehicle itself. A wide range of situations have been considered which will be
helpful to investigate an ACC vehicle’s response and the MPC controller’s

robustness.

In this study, identical and non-identical ACC vehicle models with significant
changes are considered. The term identical means during the analysis both vehicles
are based on same parameters and the term non-identical means some parameters
of the ACC vehicle are different from the preceding vehicle. For example, different
set of gear ratios and different vehicle masses are considered for the ACC vehicle
etc. It is also necessary to investigate how the MPC controller parameters influence
the ACC vehicle response. The purpose and requirements for each analysis has been

discussed in the beginning of each subsequent section.

6.4.1 Preceding Vehicle with Throttle Input of 70 Degrees

The following simulations have been carried out to evaluate the performance of the
MPC controller and the complex vehicle model for a scenario where an ACC vehicle
travelling at a speed of 30 m/s detects an accelerating preceding vehicle. In this
scenario the complex ACC vehicle model has to decelerate from 30 m/s to the
velocity of the preceding vehicle. The initial range between the two vehicles is 60 m.

177



Chapter: 6 MODEL PREDICTIVE CONTROL FOR A COMPLEX ACC VEHICLE

The objective for the ACC vehicle is to establish the SIVD maintaining a zero-range-
rate during the TM and avoiding the collision with the preceding vehicle under the
presence of operational constraints i.e. obey the acceleration limits and avoid the
collision with preceding vehicle . The initial velocity of the preceding vehicle is 10
m/s. In addition to the initial conditions for the position, velocity, and acceleration
for the preceding vehicle and the ACC vehicle, the corresponding initial engine
speed, throttle input, and gear ratio for the preceding vehicle are 1967 rpm, 70
degrees, 2nd gear, and for ACC vehicle are 4040 rpm, 70 degrees, and 5% gear,

respectively.

The response of the ACC vehicle to the MPC controller is shown in Figure 6-3 where
both vehicles are based on complex vehicle models. Vehicle positions (Figure
6-3(a)), velocities (Figure 6-3(b)), accelerations (Figure 6-3(c)), net torques (Figure
6-3(d)), mass of air in the intake manifold (Figure 6-3(e)), throttle inputs (Figure
6-3(f)), brake torque (Figure 6-3(g)), engine speeds (Figure 6-3(h)), range (Figure
6-3(i)), and gear shifting (Figure 6-3(j)) for the two vehicles have been plotted. The
comparison between the preceding vehicle, desired input and the ACC vehicle
responses shows the effects of throttle input, transmission gear shifting, and brake
input and the switching between them in order to establish the desired SIVD and

maintain the zero-range-rate between the preceding vehicle and the ACC vehicles.

The complex ACC vehicle has performed the higher deceleration manoeuvre under
the deceleration limit of -49 m/s? as shown in Figure 6-3(c). Without the
deceleration limits the ACC vehicle would have decelerated to -8.1 m/s? (Figure
5-4(c)). It should be noted that the deceleration limit is only applied within the MPC
controller formulation and the vehicle actuators are strictly following it and
controlling the inertia of the vehicle. This results show a very good coordination

between the vehicle’s sub-models and actuators.

The accelerating preceding vehicle starting from 10 m/s velocity and 2rd gear at 70
degree throttle input reaches up to 41 m/s (147.6 km/h) as shown in Figure 6-3(b).
At this speed the operating gear ratio of the preceding vehicle is 4t gear (Figure
6-3(j)) and the throttle input is constant all the time. Figure 6-3 shows that the ACC
vehicle has executed the TM successfully in the presence of acceleration limits and

state constraints. At higher speed, the ACC vehicle detects an accelerating preceding

178



Chapter: 6 MODEL PREDICTIVE CONTROL FOR A COMPLEX ACC VEHICLE

vehicle, and the control law gives the desired deceleration commands to the lower-
level controller. In response to that, the lower-level controller generates a negative
torque signal (Figure 6-3(d)) which implies a negative mass of air in the intake
manifold (Figure 6-3(e)). The sliding-mode control based lower-level controller
makes the actual mass of air in the intake manifold track the desired mass of air in
the intake manifold with the physical limits applied on actual mass of air being a
positive value which is in turn used to compute the throttle input (Figure 6-3(f)) for
the ACC vehicle. The brake torque, corresponding to the desired deceleration, has

also been simulated in Figure 6-3(g) to decelerate the ACC vehicle.

The brake torque is applied on the wheel model which reduces the speed of the
ACC vehicle. At this speed, and due to lower throttle input, the transmission down-
shifting takes place from 5th to 2nd gear (Figure 6-3(j)) and the ACC vehicle, with
collision avoidance constraint, establishes the zero-range-rate with the preceding
vehicle by performing the transmission up-shifting from 2nd to 3rd and from 3rd to 4th

and maintains the steady-state operation for the rest of the 50 s simulation.
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Figure 6-3 Response of ACC vehicle to the TM described in Section 6.4.1

Once in the vehicle following mode, the ACC vehicle also accelerates following the
preceding vehicle with a desired SIVD (Figure 6-3(i)) and maintains the throttle
input to 70 degrees (Figure 6-3(f)) and travels in the 4t gear to maintain the same
velocity. At the maximum deceleration i.e. -4.9 m/s? the corresponding brake torque
is 2000 Nm. Once the TM is completed, the acceleration tends to become zero
(Figure 6-3(c)) which results in the net torque of the ACC vehicle following the net
torque of preceding vehicle (Figure 6-3(d)). The brake torque (Figure 6-3(g))
becomes zero as no braking is required; the mass of the air in the intake manifold
tracks the desired mass of air (Figure 6-3(e)). The effect of the transmission gear

shifting, during the TM, on the engine speed is shown in Figure 6-3(h).

It is also evident from Figure 6-3(i) that the range between the two vehicles follows
the desired SIVD. The SIVD is the function of preceding vehicle’s velocity (Section
5.3.1). The engine speed of the ACC vehicle is initially reduced and for the first 4.6 s
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it is subjected to down shifting due to lower throttle input and higher brake torque.
As the TM is completed the engine speed increases smoothly tracking the engine
speed of the preceding vehicle for the rest of the simulation time. The simulations in
Figure 6-3 show good coordination between all the sub-models and the controllers

and demonstrate a safe execution of the TM.

The response of the ACC vehicle, simulated in Figure 6-3, shows that the MPC
control algorithm developed for the upper-level controller can be used for the
lower-level controller and the complex ACC vehicle model. The complex ACC
vehicle has successfully performed the TM within the constrained boundaries. It has
been observed that during the transitional operation the ACC vehicle has strictly
obeyed the physical constraints applied within the upper-level controller algorithm.
Operating within the constraint boundaries while the constraints are only applied to
the controller is an interesting behaviour of the ACC vehicle revealed in this
analysis. The effects of transmission gear shifting on the desired acceleration and
ACC vehicle acceleration (Figure 6-3(c)) has also been noticed. It has been observed
that MPC control method is robust enough to cope with dynamic effects and

achieves the required tasks (Section 5.1) using the complex vehicle model as well.

For the purpose of validation Figure 6-3 results have been compared with Figure 5-4
which shows the similar scenario. During the transient and steady-state operation
the complex ACC vehicle response is similar to the first-order ACC vehicle
response; comparing Figure 5-4(a) with Figure 6-3(b) for vehicle speeds, Figure
5-4(b) with Figure 6-3(a) for vehicle positions, Figure 5-4(c) with Figure 6-3(c) for
vehicle acceleration, Figure 5-4(d) with Figure 6-3 (i) for the range. The acceleration
of complex ACC vehicle (Figure 6-3(c)) shows the effects of engine and transmission
dynamics which were not included in first-order vehicle model. This comparison is
used for the validation of the results produced for the complex ACC vehicle. The
remaining parts of Figure 6-3 show the corresponding internal complex behaviour

of the vehicle’s sub-models.

In the subsequent sections the ACC vehicle has been analysed for different

situations which gives more confidence towards the robustness of the entire system.
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6.4.2 Preceding Vehicle with Throttle Input of 50 Degrees

In Section 6.4.1, the throttle input for the preceding vehicle was 70 degrees and it
has been observed that the ACC vehicle has performed the required TM
successfully while tracking the desired SIVD. ACC vehicle is obeying the
deceleration limit which is applied in the upper-level controller formulation and
avoiding the collision with the preceding vehicle. It is important to investigate the
ACC vehicle response against a different SIVD. As the SIVD is the function of
preceding vehicle velocity which is in turn depends upon the throttle input,
therefore, the throttle input to the preceding vehicle is varied to get a different
desired SIVD. In order to examine the robustness of the controller, the throttle input
to the preceding vehicle is changed to 50 degrees while the rest of the parameters

and the encounter scenario are same as in Section 6.4.1.

Figure 6-4 shows the response of the ACC vehicle for a different throttle input of 50
degrees to the preceding vehicle. The similar plots for vehicle positions (Figure
6-4(a)), velocities (Figure 6-4(b)), accelerations (Figure 6-4(c)), net torques (Figure
6-4(d)), mass of air in the intake manifold (Figure 6-4(e)), throttle inputs (Figure
6-4(f)), brake torques (Figure 6-4(g)), engine speeds (Figure 6-4(h)), range (Figure
6-4(i)), and gear shifting (Figure 6-4(j)) for the two vehicles have been simulated
again to analyse the behaviour of the ACC vehicle. It has been noticed that the ACC
vehicle is smoothly following the preceding vehicle with a new desired SIVD and in
all plots the ACC vehicle shows a very good agreement with the preceding vehicle’s
states during the steady-state operation. The throttle input computed for the ACC
vehicle is exactly the same as for the preceding vehicle, i.e. 50 degree. The overall
observations are same as what have been observed in the Section 6.4.1. The results
produced in Figure 6-4 have been validated against Figure 5-4 (first-order ACC
vehicle) as the simulation scenario is same. It can be observed that the complex ACC
vehicle is achieving the required control objectives with the evidence that the ACC

vehicle is tracking the desired SIVD Figure 6-4(i).

The difference between the scenarios considered in Section 6.4.1 and in this section
is that the ACC vehicle has to follow different SIVDs during the steady-state
operation (see Figure 6-3(i) and Figure 6-4(i)). Another important difference found is

the gear shifting pattern. One can see in Figure 6-4(j) that the ACC vehicle is
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operating in the 3 gear during the steady-state operation, which means no
disturbance in the throttle input (Figure 6-4(f)). Whereas, in Section 6.4.1, due to the
higher throttle input (70 degrees) the ACC vehicle has performed gear transmission
from 3t to 4th gear Figure 6-3(j). This gear up-shifting has created disturbance in
desired acceleration (Figure 6-3(c)) computed by the upper-level controller which in

turns affects the throttle input (Figure 6-3(f)) for the ACC vehicle.
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Figure 6-4 Response of ACC vehicle to the TM described in Section 6.4.2

6.4.3 Parametric and Sensitivity Analyses

In Chapter 5, a sensitivity analysis of the first-order ACC vehicle model was carried
out for different initial ranges, different lengths of control horizon (Nc), and
different values of control input cost weighting (R). It has been examined how the
variation in these parameters affects the first-order ACC vehicle model. For
example, it was found that with the higher values of R the control is tight control,
with higher control horizon (Nc¢) the control input energy is distributed over a
longer period of future time which causes instability in the system, and the system
can be stabilized by using the higher values of R. The complex vehicle dynamics
during the TM were not considered in that stability analysis. It is, therefore,
necessary to analyse the ACC vehicle behaviour under these parametric changes
when a complex longitudinal dynamic model is used for the ACC vehicle. It is
necessary to analyse how these parametric changes would affect the engine
dynamics, transmission gear shifting (up-shifting or down-shifting), throttle input,

brake input, etc.

6.4.3.1 Sensitivity analysis for different values of control horizon (N¢)

The length of the control horizon (Nc¢) is defined as after a certain interval (number
of instants in future time) there should be no variation in the future control signal
(Camacho and Bordons, 2004). Nc considered in this study is 3 samples. In this

section the complex ACC vehicle is analysed for two different lengths of Nc: 5
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samples and 10 samples. The corresponding effects on engine and transmission
dynamics have been noticed because the desired control input is distributed over a
longer period of future time. In Figure 6-5, Nc = 5 samples and R =1 have been used,
and it has been noticed that due to the distribution of the control input energy the
engine dynamics (Figure 6-5(d)) is severely affected causing a delayed response
from the engine model during the transitional operation. It has also been noticed
that the transmission down-shifting and up-shifting has also been delayed and
during the transitional operation the range between the two vehicles is reduced to
less than 10 m which is a quite dangerous and can lead to severe consequences. The
response of the ACC vehicle during the steady state operation is unaffected as the
ACC vehicle is maintaining the desired SIVD (Figure 6-5(e)). In order to overcome
all these shortcomings caused by a higher value of Nc different values of R have
been used. It has been found that using R = 5 stabilizes the ACC vehicle response
during the transitional operation. Because the higher value of R penalizes the
control input signal which restores the ACC vehicle response. The engine response
has been significantly improved and the transmission down-shifting and up-shifting
is taking place when required (when compared to the Figure 6-4). It has been
investigated from this analysis that variation in MPC control parameter Nc has
significant effect on the overall performance of the ACC vehicle. It was also found
that performance of the ACC vehicle in this condition can be improved by using a
higher value of control input cost weighting (R). For the situation considered R =5

is a suitable value which can be observed in Figure 6-5.
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Figure 6-5  Response of ACC vehicle for Nc = 5 and different values of R

The simulation results of Figure 6-5 have been validated against Figure 5-10 under
the same situation. It is clear from the comparison the complex ACC vehicle shows a
similar response when the length of Nc was increased by the same number. Using
the complex ACC vehicle model also shows the effects of Nclength on the vehicle
sub-models and how the sub-model’s dynamics is affected by these parameters

changes.

The sensitivity analysis of the ACC vehicle has also been carried now for Nc = 10
samples. Initially, the control input cost weighting function (R) is assumed as 1. Nc
= 10 samples means that the control input energy is distributed for 10 future
sampling instants (where each time step is 0.1 s). The simulation results show that
due to a higher value of Nc the ACC vehicle response is getting worse than the
previous condition (Nc = 5 samples). The range between the two vehicles is getting
very small and it may cause a collision with the preceding vehicle (Figure 6-6(a)).
The ACC vehicle is initially accelerating (Figure 6-6(c)) due to the acceleration
commands computed by the MPC control law, whereas it should initially decelerate
to avoid the collision. The engine and transmission dynamics have also been
disturbed (Figure 6-6(d)) and it takes longer to achieve the steady state operation.
Again to overcome these problems different higher values of R has been used and it
has been determined that using R = 8 ACC vehicle achieves the desired control
objectives and perform the TM successfully by establishing a SIVD with zero range-
rate. After using different higher values of Nc it can be concluded that higher the
length of Nc higher the instability in the response of the ACC vehicle and in order to
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restore the response of the ACC vehicle a higher value of R is required. The restored
behaviour of the complex ACC vehicle can be compared with Figure 6-4 to examine

the stability of the ACC vehicle.
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Figure 6-6 Response of ACC vehicle for Nc = 10 and different values of R

6.4.3.2 Sensitivity analysis for different control input cost weighting coefficient
(R)
In this section the sensitivity of the ACC has been analysed for different values of
control input cost weighting (R). The main purpose of this analysis is to analyse
how the ACC vehicle will response for different values of R and how its values
affects the engine and transmission dynamics. Two different values of R other than
1 are used for the sensitivity analysis purpose; R = 0.1 and R = 20. The lower value
of R represents a looser control and the higher value of R represents a tighter
control. Results for different values of R have been shown in Figure 6-7; in the case
of lower value the ACC vehicle response shows a higher disturbance in the ACC
vehicle’s response. The ACC vehicle is unable to establish a SIVD (Figure 6-7(e)) and
cannot setup a zero range-rate (Figure 6-7(b)). Figure 6-7(c) shows that the ACC
vehicle is able to maintain the deceleration limit (-0.5g) but it cannot avoid the

collision with the preceding vehicle. The engine and transmission response (Figure

193



Chapter: 6 MODEL PREDICTIVE CONTROL FOR A COMPLEX ACC VEHICLE

6-7(d)) are not catching up with the preceding vehicle response at all. Figure 6-7(e)
shows that during the transitional operation the ACC vehicle has collided with the
preceding vehicle and during the steady-state operation it is travelling far behind
the preceding vehicle. This analysis with lower value of R (R = 0.1) shows the
computed control input signal is not enough to control the dynamic behaviour of

the ACC vehicle.

In the case of higher R=20 value the ACC vehicle response is quite satisfactory. It
has been precisely observed that during the transitional and steady-state operation
the response of the ACC vehicle has not been delayed but has been prolonged. This
is because of the higher influence of the cost weighting on the optimal control input.
The ACC vehicle can successfully perform the TM and can achieve the desired
control objectives. The analysis carried out in this section shows that a lower value
of R (R < 1) for input is not suitable for the ACC vehicle at all when using the MPC
control algorithm, however, a higher value up to 20 can be used for the ACC vehicle

in order to improve the performance of the ACC vehicle.
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Figure 6-7  Response of ACC vehicle for different values of R
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6.4.3.3 ACC vehicle analysis for different vehicle masses

The dynamic response of the vehicle can be greatly influenced by variation in the
mass of the vehicle. For example, various numbers of passengers, different sizes of
the engine, different models, etc can vary the inertia of a vehicle. This can possibly
affect the controller performance and in turn affect the ACC vehicle performance.
Therefore, it is essential to investigate the ACC vehicle’s response for different
values of mass. In this section the ACC vehicle analysis has been carried out for
different vehicle masses while rest of the model and its parameters are same. The
vehicle mass for both vehicles considered in this study is 1644 kg. In this analysis
the preceding vehicle’s mass remains the same while for the ACC vehicle masses
chosen are 1400 kg, 1800 kg, and 2000 kg. The results obtained from these changes

have been compared with the actual mass considered, i.e. 1644 kg.

The encounter scenario between the two vehicles is same as used in Figure 6-4.
Figure 6-8 shows the ACC vehicle analysis for different masses and the comparison
shows that the ACC vehicle’s response is hardly affected by the mass variations.
The ACC vehicle’s position, longitudinal speed, acceleration, engine speed, and the
range between the two vehicles have been simulated. This comparison shows that
MPC control method is robust enough to cope with mass variations of the ACC

vehicle and can be used for a complex ACC vehicle model analysis.
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Figure 6-8 Response of the ACC vehicle for different ACC vehicle mass.

6.4.3.4 ACC vehicle analysis for different values of headway time (k)

One of the main objectives for the ACC vehicle is to maintain a SIVD behind the
preceding vehicle. The SIVD varies linearly with the velocity of the preceding
vehicle such that the headway time (h) between the vehicles remains constant. The
headway time can be significantly influenced by road gradient (uphill or downhill),
by the gust of air, by the weather conditions (raining, snow fall), by the road
conditions, error in the radar sensor, etc. It is also necessary to investigate the ACC

vehicle performance for different values of headway time (h).

In this section the sensitivity analysis of the ACC vehicle has been carried out for
different headway times (h). The headway time (h) assumed in this study is 1 s and
other values assumed for 1 are 0.5 s and 1.5 s. It can be seen from Figure 6-9 that
variation in & has greatly affected the response of the ACC vehicle. In the case of h =
0.5 s the ACC vehicle picks up the preceding vehicle quicker (Figure 6-9(b)) than for
h =1 s, and the range between the two vehicles has also significantly reduced
(Figure 6-9(d)). This means that the distance between the two vehicles is not
sufficient to avoid a collision if a severe emergency occurs. On the contrary, in the
case of h = 1.5 s it takes longer for the ACC vehicle to reach the preceding vehicle
velocity (Figure 6-9(b)), resulting a delayed response and a higher range (Figure
6-9(d)) between the two vehicles. It can be observed that the higher h value
significantly delays the engine, transmission and brake responses and the ACC
vehicle will no longer respond quickly to any emergency situation. Also due to

higher range between the two vehicles another vehicle can jump in the spacing
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between the two vehicles. Due to this the link between the two vehicles will be
interrupted and at this point this new vehicle will become the new preceding
vehicle for the ACC vehicle. A similar scenario has been considered in the next

section to investigate the ACC vehicle’s response under the step input.
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Figure 6-9 Response of the ACC vehicle for different headway times (h).

6.4.3.5 A vehicle coming in between (cut-in) the vehicles during the ACC
vehicle’s spacing following mode

In this section a scenario has been considered where another vehicle comes between
the two vehicles while the ACC vehicle operating in the vehicle following mode
during steady state operation, Figure 6-10. The purpose of this scenario is to apply a

sudden disturbance (step input) to the ACC vehicle.
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ACC vehicle

Figure 6-10  Another vehicle coming in between the two vehicles

The scenario considered is at t = 20 s the SIVD between two vehicles is 26.6 m while
both vehicles are accelerating. At the same time another vehicle comes between the
two vehicles at a distance of 10 m from the ACC vehicle (Figure 6-11), it is assumed
that the velocity of this new vehicle is same as the preceding vehicle. At this point
the range between ACC and the new vehicle has gone down to 10 m (Figure
6-11(d)). After merging in between the two vehicles this vehicle becomes the new
preceding vehicle as the link between the ACC vehicle and the older preceding
vehicle is interrupted. The response of the ACC vehicle against this disturbance is
shown in the results in Figure 6-11. Due to this disturbance the ACC vehicle has
immediately decelerated (Figure 6-11(c)) to safe speed and has accelerated again to
track the desired SIVD with zero range-rate (Figure 6-11(b)). Under this transition
input the engine speed has also gone down and has restored back to the required
speed (Figure 6-11(e)). After this analysis it can be observed that the MPC control
method is robust enough to cope with any sudden changes and can steer the ACC

vehicle to a safe position.
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Figure 6-11  Response of the ACC vehicle for the scenario of Section 6.4.3.5

6.4.3.6 Vehicle’s analysis for a different set of transmission gear ratios

In this section an ACC vehicle is analysed using a set of different transmission gear
ratios. The gear ratios for the preceding vehicle remain same as in the previous
cases. A different set of gear ratios will affect the engine speed and gear shifting
pattern. For the sake of parametric analysis it is necessary to analyse the ACC
vehicle behaviour for a different transmission shifting pattern. A new set of gear

ratios is given in Table 6-2 which are used for the ACC vehicle.

Gear ratio Original | New
R; = 1st gear speed reduction ratio 0.3184 0.333
R, = 2nd gear speed reduction ratio 0.505 0.4
R; = 3rd gear speed reduction ratio 0.73 0.667
Ry = 4th gear speed reduction ratio 1 1
Rs = 5t gear speed reduction ratio 1.3157 1.333
Rj = final drive speed reduction ratio 0.3257 0.333

Table 6-2 Transmission gear ratio
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The response of the ACC vehicle for the different gear ratios is shown in Figure
6-12, and it can be seen that the ACC vehicle successfully performs the TM even
with different transmission ratios. The throttle input for the preceding vehicle is 60
degrees; it means a different desired SIVD for the ACC vehicle to track. The
simulation has been run for 100 s and it can be seen that the ACC vehicle smoothly
achieves the control objectives. Due to the different gear shifting pattern the change
in the engine speed can be seen clearly (Figure 6-12(d)) but still the ACC vehicle
maintains the required engine speed for the rest of the simulation time. The ACC
vehicle is smoothly executing the required TM, establishing the desired SIVD
(Figure 6-12(e)), and maintaining the same velocity as preceding vehicle. This
analysis shows the stability and robustness of MPC control algorithm and the ACC
vehicle model used. It can be concluded that this vehicle model can be used for

different types of vehicles because it is generically adaptable.
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Figure 6-12  Response of the ACC vehicle for different transmission gear ratios

6.4.3.7

ACC vehicle analysis for a road gradient of 15 degrees

In the previous sections the sensitivity analysis of the ACC vehicle has been carried

out by varying internal parameters of the MPC control algorithm and ACC vehicle

model.

In this section the ACC vehicle response is analysed by changing an external
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parameter. The external parameter considered is positive gradient of the road and
for the purpose of analysis 15 degrees road gradient has been chosen. The gradient
will consequently affect the desired SIVD as the velocity of the preceding vehicle

reduces down.

The simulation results for this scenario are shown in Figure 6-13. Using the same
encounter scenario as in Section 6.4.2, the simulation is run for 100 s. At t = 40 s the
preceding vehicle is subjected to a 15 degrees slope. It should be noted that the ACC
vehicle should not be subjected to that slope at the same time and it is important to
calculate at what time the slope should be introduced to the ACC vehicle. A precise
observation can be made by determining the speed of the ACC vehicle and the
distance between the two vehicles which will help to compute the exact time to
introduce the slope to the ACC vehicle. At t = 40 s the speed of the ACC vehicle is 30
m/s and the corresponding SIVD between the two vehicles is also 30 m, therefore,
the slope to the ACC vehicle should be introduced after 1 s of the preceding vehicle
slope introduction. At t = 80 s and t = 81 s the road gradient is removed from
preceding and ACC vehicle respectively, and they travel on a flat road for the rest of
the simulation time. At t = 40 s both vehicles are travelling in 3rd gear (Figure

6-13(f)).

It can be closely observed from Figure 6-13(b) that when preceding vehicle
decelerates at t = 40 s the control input commands computed for the ACC vehicle
are to decelerate (Figure 6-13(b), dashed-dotted line) until the ACC vehicle reaches
to the slope (till t = 41 s). These deceleration commands are due to the error in the
range-rate (relative velocity) between the two vehicles. Due to this deceleration in
the preceding vehicle, the ACC vehicle is subjected to the brake torque (Figure
6-13(e)). At t = 41 s the ACC vehicle further decelerates due to the road slope. The
control input commands now for the ACC vehicle are to accelerate (Figure 6-13(b),
dashed-dotted line). These acceleration commands are due to the effect of

acceleration of the ACC vehicle in the error vector (Equation (5.24)).

On the slope, the control input commands for the ACC vehicle are to accelerate but
it can be seen that the ACC vehicle is unable to track the desired SIVD (Figure
6-13(d)). The reason found is the computation of the desired net torque (Tet_as), as

given in Equation (6.4), for the ACC vehicle does not take into account the road
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gradient information in its formulation. The desired net torque (Figure 6-13(g)) is
not sufficient to track the desired SIVD (Figure 6-13(d)) while travelling on the
slope. Therefore, it is necessary to incorporate the road gradient information in the

lower-level controller formulation in order to achieve the control objectives.

While travelling on the slope both vehicles are subjected to transmission down-
shifting (Figure 6-13(f)) which affects the MPC controller performance. When the
slope is removed then both vehicles accelerate again and MPC control laws achieve
the required control objectives. The corresponding engine speeds and longitudinal
velocities for both vehicles are shown in Figure 6-13(c) and Figure 6-13(a)

respectively.

Based on this analysis, it can be concluded that this kind of response cannot be
simulated using a first-order ACC vehicle model, therefore, it is necessary to use the
complex ACC vehicle for a detailed analysis under the TMs. However, a first-order

ACC vehicle model can be used for the upper-level controller design.

preceding vehicle
.......................................................................... — ACC vehicle

1™
(=]

N
[8]]
T

Vehicle speed [m/s]
N
[=]

LT R Tt T S R -
B D T T A e E
5 S —_
40 50 60 70 80 90 100
time [s]

(a) Vehicle velocities

|
(8]
T

3 ________________________________ -
R e eI | - it 11 [ —
Nua
7 i S SR B s
|_|0 ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, i
=
I | T T .
L =
E-z— --------------------------------------------------------------------------------------------------------------------- .
Q
o
L¥ )

[.-]

1
EEN
T

preceding vehicle

1 Ot O S S —-— desired acceleration
— ACC vehicle
40 50 80 70 80 90 100
time[s]

(b) Vehicle accelerations

207



Chapter: 6 MODEL PREDICTIVE CONTROL FOR A COMPLEX ACC VEHICLE

Engine speed [rpm]

i
Q
=]
=]

3500

3000

2500

Brake Torque[N/m]

preceding vehicle

— ACC wvehicle

30

500

400
300
200
100

-100
-200

40

50

—— actual SIVD
--| == desired SIVD

40 50 80 90 100
timel[s]
(d) Range
I
40 50 60 70 80 90 100
time[s]

(e) Brake torque

208



Chapter: 6 MODEL PREDICTIVE CONTROL FOR A COMPLEX ACC VEHICLE

I ————E_—-AAAL A BB ., A B H preceding vehicle
— ACC vehicle
T B T T e i
o e 1 I A B e
£ ol Wb
-
L]
B 2 Bl
[
QQ
O 2 A
2] E T O e TR RN 1! RS
2_ ___________________________________________
40 50 60 70 80 80 100
time [s]
(f) Gear shifting
T T ! T T
300/ e . — |
£ i i | ' i
Z 200 :
) i
= ;
g 100 :
o :
o :
"q',' 0 : _ _
= i —— preceding vehicle
: —-— desired net torque
-100 ; i , —— ACC vehicle
40 50 60 70 80 90 100
time[s]
(g) Net torque

Figure 6-13  Response of ACC vehicle on a road gradient of 15 degrees.

6.4.3.8 ACC vehicle analysis against a halt preceding vehicle

In the previous sections encounter scenarios were considered where the preceding
vehicle was travelling, either accelerating or travelling with constant velocity. In
each case the desired SIVD was always greater than zero and it was always
travelling with the coordinate frame of the transitional manoeuvre. In this section
the ACC vehicle’s analysis is carried out against a halt preceding vehicle. Out of all
encounter scenarios and situations considered in this chapter, this encounter
scenario is the most critical encounter scenario. The ACC vehicle has to perform a
TM where the preceding vehicle is at rest which implies that the desired SIVD for

this situation is zero throughout the simulation time.

The following simulations have been carried out to evaluate the performance of the

MPC controller and the complex vehicle model for a scenario where an ACC vehicle
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travelling at a speed of 30 m/s detects a preceding vehicle at rest. The initial range
between the two vehicles is 110 m. The objective of the TM for the ACC vehicle is to
establish the SIVD maintaining a zero-range-rate during its entire manoeuvre
avoiding the collision with the preceding vehicle. The initial engine speed, throttle
input, and gear ratio for the ACC vehicle are 4040 rpm, 50 degrees, and 5t gear,

respectively.

Figure 6-14 shows that the ACC vehicle successfully performs the required TM,
avoids the collision with the preceding vehicle, and establishes the desired SIVD
with zero range-rate. It should be noted that the ACC vehicle is obeying all the
applied constraints during this TM i.e. control input, states, and collision avoidance
while the constraints are applied in the upper-level controller formulation. It can be

seen that the ACC vehicle is not executing a negative velocity.

Figure 6-14(c) shows that ACC vehicle is initially accelerating while the desired
initial acceleration commands (dash-dotted blue line) for the ACC vehicle are to
decelerate. This is an undesirable response of the complex ACC vehicle, but still it is
achieving the control objectives. Figure 6-14(e) shows that the ACC vehicle is
performing down-shifting from 5t to 3rd gear at t = 0.6 s and from 34 to 1st gear at t
= 4.1 s. Due to this transmission down-shifting the engine speed Figure 6-14(d) gets

affected which in turn effects the acceleration Figure 6-14(c) of the ACC vehicle.

For the purpose of validation ACC vehicle position (Figure 6-14(a)), speed (Figure
6-14(b)), and acceleration (Figure 6-14(c)) have been compared with the same
scenario conducted for simple ACC vehicle model (Figure 5-6). The comparison
shows that the complex ACC vehicle response matches well with the simple ACC
vehicle. Figure 6-14(c) shows the engine and transmission dynamic effects on the
acceleration of the complex ACC vehicle which were not included in the simple
ACC vehicle modelling. The comparison shows that the complex ACC vehicle is
initially accelerating while the simple ACC vehicle is decelerating (Figure 5-6(c))
straight away.

Based on this analysis it can be concluded that the upper-level controller analysis
alone in not sufficient and it cannot be recommended for a real ACC vehicle.
Therefore, it is necessary to analyse the complex ACC vehicle in the simulated

environment under these transitional manoeuvres.

210



Chapter: 6 MODEL PREDICTIVE CONTROL FOR A COMPLEX ACC VEHICLE

position[m]

-
n

Vehicle speed
=)

cn

acceleration [m/s’]

— preceding vehicle
— ACC vehicle

time[s]

(a) Vehicle positions

7 8 9 10

T e P 4 """"""" ' """"""" P b —— preceding vehicle
IO FONRURRN SRS NORRO S SRR SN —— ACC vehicle
1 2 3 4 5 <] 7 time PS] 9 10

—_— Iprecedling veﬁicle

AN RS b L i _|—ACC vehicle

= desired acceleration

(c) Vehicle accelerations

211

time[s] 9 10



Chapter: 6 MODEL PREDICTIVE CONTROL FOR A COMPLEX ACC VEHICLE

' ' ; ' ' ; — preceding vehicle
B 4000 |~ ACC vehicle
o H H H H H H H H H ;
= i
1111 R R e e T 4
b H
@ ;
@ 2000 FMmae-o-iemem e M 4
@ :
E :
g‘ Q000 b NG 4
L
0 ; ; ; ; ; ; : : . :
0 1 2 3 4 5 6 7 time fs] 9 10
(d) Engine speed
5 """ " T T T T T - -
— preceding vehicle
LSS U S U MO PO A SO TACCvehicle
o H H H :
£ i
B i
= :
un
IIE s T T T T i nT] CETTTETRTE SRR H
@
o
] S S SO U
0 ; ; ; ; ; ; ; ; ; ;
1 2 3 4 5 6 7 timeds] 9 10

(e) Gear shifting

Figure 6-14  Response of ACC vehicle for Section 6.4.3.8 scenario.

The analyses and observations conducted in this chapter are the major findings of
this study. The two-vehicle model, where both vehicles are based on complex
vehicle model, has been simulated for different critical encounter scenarios and
different parameter sets and in all situations the complex ACC vehicle model has
produced satisfactory and expected results using the MPC control algorithm while
taking in account the operational constraints and in the presence of internal

complexities of the vehicle dynamics.

6.5 Conclusions

In this chapter a lower-level controller model has been developed to compute the
throttle and brake input commands for the complex ACC vehicle model. Before

conducting the two-vehicle system analysis, the lower-level controller and ACC
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vehicle model were analysed using a sinusoidal input as the desired acceleration for
the ACC vehicle to track (Figure 6-2). The simulation results show that the lower-
level controller is computing the required throttle and brake input commands for
the complex ACC vehicle and tracking the desired acceleration commands
smoothly. After this satisfactory response, it was concluded that the lower-level

controller and the complex ACC vehicle can be used in the two-vehicle system.

For the two-vehicle system, the upper-level controller has been used (based on MPC
control algorithm) to compute the desired acceleration commands for the lower-
level controller. The lower-level controller then computed the required throttle and

brake input commands for the complex ACC vehicle.

The simulation results in Figure 6-3 show that the complex ACC vehicle is smoothly
executing the high deceleration manoeuvre, tracking the desired acceleration
commands, within the deceleration limit of -0.5g and avoiding collision with the
preceding vehicle. Without the deceleration limits the ACC vehicle would have
decelerated to -8.1 m/s? (Figure 5-4(c)). The acceleration limits has been formulated
as the control input constraint and the collision avoidance has been formulated as a
state constraint. It was interesting to observe that the ACC vehicle is operating
within these constraints, although these constraints were only incorporated within
the MPC algorithm in the upper-level controller. The complex ACC vehicle has
successfully established the desired safe inter-vehicle distance (SIVD) with zero

range-rate behind the preceding vehicle.

It should be noted that due to the deceleration limit (applied on the control input
signal), the ACC vehicle was not allowed to apply the necessary brake torque to
avoid the collision. The brake input signal was expected to saturate at certain level
which has been observed during the transitional manoeuvre (TM). The brake torque
for the ACC vehicle is maintained at the required level to avoid the collision with

the preceding vehicle.

The simulation results, Figure 6-3, for the complex ACC vehicle have been
compared against the first-order ACC vehicle simulation results (Figure 5-4) for the
same encounter scenario. The velocity, acceleration, and range of the complex ACC
vehicle show a good agreement with the first-order ACC vehicle. The difference

between the two results found was the effect of engine and transmission dynamics
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on the upper-level controller and the ACC vehicle itself. It has been found that the
proposed MPC algorithm is robust enough to cope with nonlinearities in engine and
transmission dynamics. This comparison forms a firm basis for further

investigations into the MPC controller and ACC vehicle parameter studies.

This chapter also covers parametric and sensitivity analyses of the complex ACC
vehicle towards the variation in certain parameters of the ACC vehicle and MPC
controller. Some interesting features have been found from this parameter studies.
The parameters for which the sensitivity analysis has been carried out are as

follows:
a. By varying the throttle input to the preceding vehicle.

b. By varying the length of the control horizon (N¢) and using different values

of control input cost weighting (R) to restore the controlled behaviour.

c. By varying the control input cost weighting (R) in order to have the entire

system under a loose control and a tight control.
d. By changing the mass of the ACC vehicle.
e. By introducing a 15 degree road gradient to both vehicles.
f. By changing the headway time.
g. By applying the step input to the ACC vehicle.
h. By using a different set of transmission gear ratios for the ACC vehicle.
i. During a cut-in manoeuvre.
j.  ACC vehicle analysis against a halt preceding vehicle

For each analysis simulation results have been produced and it has been observed
that the ACC vehicle has successfully executed the required critical TMs and
achieved the control objectives within the constrained boundaries. It has been
observed that in each analysis the ACC vehicle is obeying the SIVD policy with zero

range-rate.
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The simulation results show that the above parameters have serious influence on
the engine and transmission dynamics and can lead to some serious consequences.
It has been observed that length of control horizon (N¢) greater than 4 samples
seriously influences the engine dynamics and transmission dynamics during the
transitional and the steady-state operations. The ACC vehicle was unable to
minimize the steady-state error. The ACC vehicle takes longer to establish the SIVD
with the zero range-rate. It has been found that with higher values of N, the control
objective can be achieved by using higher values of control input cost weighting (R).
For Nc = 5 the value of R found to restore the controlled response was 5, and for Nc¢
= 10 the value of R found to restore the controlled response was 8. The simulation
results (Figure 6-5) using Nc = 5 for complex ACC vehicle has been validated
against the similar results for the first-order ACC vehicle (Figure 5-10). The

comparison of both shows a good agreement.

The sensitivity of the complex ACC vehicle has been analysed for different values of
R. In the case of R = 0.1 (‘loose” control) the ACC vehicle cannot meet the required
objectives either during the transitional operation or the steady-state operation. The
engine dynamics and transmission dynamics result in higher errors, the SIVD could
not be established, and the ACC vehicle is not responsive enough to achieve the
zero range-rate. On the contrary, in the case of R = 20 (‘tight’ control) the response
of the ACC vehicle is prolonged but the control objectives have been still achieved.
The higher value of R has affected the ACC vehicle response during the transitional

operation while during the steady-state operation the response is satisfactory.

It has been observed that the complex ACC vehicle can follow the preceding car
using any throttle input for the preceding vehicle. The throttle inputs used for the
preceding vehicle were 70 and 50 degrees which means two different behaviours
from the transmission gear shifting pattern, engine dynamics, and a different
desired SIVD to achieve. In each case the ACC vehicle has smoothly followed the
preceding vehicle with the required throttle input and has achieved the control
objectives. Both vehicles have also been analysed for a 15 degree road gradient and
it has been observed that the complex ACC vehicle is unable to achieve the control
objectives while moving on a slope. The reason found is the lower-level controller

does not take into account the gradient of the road.
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The analysis of the ACC vehicle for different headway time (/) shows that using h =
0.5 s, the range between the two vehicle has significantly reduced and the distance
between the two vehicles is not sufficient to avoid a collision if a severe emergency
occurs. On the contrary, using h = 1.5 s resulted in a delayed response and a higher
range between the two vehicles. It can be observed that the higher h value
significantly delays the engine, transmission and brake response. Also, due to
higher range another vehicle can jump in the spacing between the two vehicles and

could be a reason for severe consequences.

The analysis of the ACC vehicle for different vehicle masses indicates that a mass
within the range of 1400-2000 kg is suitable for the ACC vehicle, and the MPC
controller is robust enough to cope with the mass variations. Another interesting
feature analysed was for a different set of transmission gear ratios. The ACC
vehicle’s longitudinal motion was unaffected by a different gear shift pattern which
means different gear ratios can be used for this vehicle model. During the step input
(cut-in scenario) the ACC vehicle has performed remarkably well and manoeuvred
to safe speed in order to avoid collision. The important feature of the controller
developed is the sudden response to the step input and then restoring back to the
desired control objectives. The results show that the complex ACC vehicle operates
within the deceleration limits, does not execute a negative velocity, and avoids a

collision with the preceding vehicle.

The complex ACC vehicle analysis against the halt preceding vehicle shows that the
ACC vehicle is initially accelerating while it should decelerate because the desired
commands are to decelerate. Based on this analysis it can be concluded that the
upper-level controller analysis alone in not sufficient and it cannot be recommended
for a real ACC vehicle. Therefore, it is necessary to analyse the complex ACC vehicle

in the simulated environment under transitional manoeuvres.

Based on the comparison of first-order ACC vehicle and the complex ACC vehicle
simulation results, it is concluded that the response of the complex ACC vehicle
model shows a good level of agreement with the first-order ACC vehicle model
response. This implies that one can design the upper-level controller, using the first-
order vehicle model, without considering the internal complexities of the vehicle

sub-models. The first-order ACC vehicle model has been used for the complex
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vehicle validation; whereas the complex ACC vehicle model can be used for the
experimental validation in future work. Also, the above analyses were not possible
using the first-order ACC vehicle model. Therefore, it is recommended that a

complex vehicle model should be used for a detail ACC vehicle analysis.

The proposed complex ACC vehicle model can be used for different applications,
e.g. obstacle avoidance, for pedestrian safety measures, lateral dynamic control (if
lateral dynamic model is included), driver behaviour model analysis, and hybrid
vehicle analysis (if the powertrain model is modified). This two-vehicle model can
be further extended for more than two vehicles in order to analyse the string
stability of a platoon of ACC vehicles. The model can help to understand the ACC
behaviour in other critical situations, e.g. sensor failure. It can help to understand
the behaviour of brake actuators and how the operational constraints control the

ACC vehicle dynamic behaviour.
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Chapter 7. Conclusions and Future Work

7.1 Introduction

An application of a model predictive control (MPC) algorithm to control the
longitudinal dynamics of an adaptive cruise control (ACC) system equipped vehicle
is presented in this thesis using Matlab to simulate the system. A two-vehicle
system (Figure 3-34) has been developed which consists of a preceding vehicle and
an ACC vehicle. This study has been carried out in order to investigate the response
of a complex ACC vehicle model during critical transitional manoeuvres (TMs) and
under the operational constrained boundaries to avoid a collision with the
preceding vehicle. Before analysing the complex ACC vehicle, the analyses of
upper-level-controller using four control methods (proportional-integral-derivative
(PID), sliding mode, constant-time-gap (CTG), and MPC) have been carried out. For
the upper-level controller analysis, a first-order ACC vehicle model has been used.
It has been found (in the upper-level controller analysis) that MPC is the most
appropriate control method among the four control methods due to its prediction
model and online optimization characteristics. Another advantage of using the MPC
control method is that it can incorporate, by nature, the operational constraints in its

formulation while the other control methods were unable to take them into account.

Using a first-order ACC vehicle model to analyse the upper-level controller
response under the critical TMs is not sufficient to investigate the dynamic
characteristics of a real vehicle. Because the first-order ACC vehicle model does not

consider the dynamic effects of the vehicle’s sub-models, i.e. engine, transmission,
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and brake dynamics. In order to investigate the dynamic characteristics of these sub-
models, a detailed complex vehicle model has been developed for the ACC vehicle’s
analysis (Chapter 3). A lower-level controller model has also been presented
(Chapter 6) to determine the throttle and brake input commands for the complex
vehicle model to track the desired acceleration commands computed by the upper-
level controller. It should be noted that a first-order lag is considered between the
upper-level and lower-level controllers. This lag in the lower-level controller
performance comes from brake or engine actuation lags and sensor signal
processing lags. A number of simulations have been conducted to investigate
parametrically the complex ACC and the simple first-order ACC vehicle model
against vehicle’s and controller’'s parameter changes. The identification of
knowledge gaps, the contribution of each chapter towards the
development/analysis of the two-vehicle system, and the findings of this study are

as follows.

7.2 Contributions and Conclusions from Thesis

The literature review conducted in Chapter 2 presents a significant amount of
research work in the area of ACC vehicles. A number of ACC vehicle models and
controller approaches have been developed which cover a wide range of ACC
vehicle applications. Most of the work has been done, so far, for the unconstrained
response of an ACC vehicle which provides new directions to investigate the
constrained ACC vehicle response. The gaps in the reported research area were
described in Section 2.4. The study objectives to fill these gaps were proposed in
Section 2.5. The aims of the research are to obtain deeper understanding of the ACC
system and to model and simulate the interaction between vehicle and the vehicle

controllers.

The contribution of this thesis is towards the enhancement of the existing ACC
systems. A simulation-based approach is used in this thesis, with initial
experimental data adopted from the existing literature. The development of the
overall system model includes the following stages of activity: vehicle modelling,

controllers modelling, and their interaction. This analysis helps to improve the
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vehicle model and controller design parameters and provides directions for the

further research to improve the ACC vehicle performance.

An important aspect of this study is developing a complex vehicle model for the
ACC system analysis. In Chapter 3, a 5-speed automatic transmission powertrain
model has been developed for the longitudinal dynamic control of a vehicle. The
complex nature of the vehicle model refers to the effects of engine, transmission and
brake models on the overall behaviour of the vehicle. A simplified approach for gear
up-shifting and down-shifting using the gear schedule maps (Figure 3-8) has been
used where the transmission gear up-shifting and down-shifting is triggered using
the look-up maps using the throttle angle and vehicle’s longitudinal speed
information (Kulkarni et al., 2006). Simulation results have been produced using the
complex vehicle model and have been validated against previous studies (Cho and
Hedrick, 1989; (Yi and Chung, 2001). For the computation of the desired throttle or
brake input in the lower-level controller (Chapter 6), engine maps are required.
Usually, the engine maps are provided by the manufacturers (based on the
experimental testing). In this study, the engine maps have been constructed off-line
which correspond to the proposed engine model. The simulation results obtained
from the engine-map models have been validated with the complex vehicle model
to ensure that these engine maps can be used for the lower-level controller
calculations. After the satisfactory response, it can be concluded that this complex
vehicle model can be used for the ACC vehicle analysis for longitudinal dynamic
control. This complex vehicle model has been used for both vehicles in the two-
vehicle system in Chapter 6, which consists of a preceding vehicle and an ACC

vehicle (following vehicle).

Chapter 3 also presents a simple first-order ACC vehicle model which is used for
the upper-level controller analysis under the critical TMs using the four well-known
control methods (Chapter 4 and 5). A first-order lag has been incorporated in this
simple vehicle model. This lag comes from brake or engine actuation lags and

sensor signal processing lags.

Four control methods: PID, sliding mode, CTG, and MPC have been used for the
upper-level controller analysis using the first-order ACC vehicle model (Chapter 4
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& 5). Based on their analysis and comparison, the most suitable control algorithm

was used for the upper-level controller.
The main tasks for these control methods to perform on the ACC system are:
1 Track smoothly desired acceleration commands

2 Reach and maintain a safe inter-vehicle distance (SIVD) in a comfortable.
manner and at the same time react quickly in the case of dangerous

scenarios.
3 System performance optimization.
4 Optimize the system performance within defined constrained boundaries.

In Chapter 4, the fundamentals of an ACC system as a whole have been discussed.
The formulation and analyses of three control methods (PID, sliding mode, CTG)
have been covered in Chapter 4. It has been found after the comparison of these
three control methods that none of these control algorithms can compute the
required spacing-control laws for the ACC vehicle during the critical TMs and
cannot cope with the operational constraints of the ACC system. The operational
constraints refer to the control input, states and collision avoidance constraints. In
the case of PID and CTG analyses during TMs (situation 3), the ACC vehicle is
executing a negative velocity and cannot avoid the collision with the preceding
vehicle. It has been found that the sliding mode control method is not suitable for
the two-vehicle system due to the first-order lag in the simple vehicle model. The
reason found is the lag amplifies the chattering characteristics of the sliding mode
method. A parametric analysis for the CTG control law has also been carried out by
changing its two parameters: weighing factor and headway time. The analysis

shows that the CTG is more sensitive to headway time than the weighing factor.

In Chapter 5 MPC control algorithm has been used for the two-vehicle system. Basic
features of MPC method and the formulation of the prediction model to obtain the
optimal control input using a linear single-input-single-output (SISO) system have
been explained. The MPC algorithm is then applied to the two-vehicle system for
the first-order ACC vehicle analysis under TMs. A discrete-time state-space model is

developed which is used to predict the future error vector between the two vehicles.
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This error vector consists of spacing error between the two vehicles, relative velocity
between the two vehicles, and the absolute acceleration of the ACC vehicle. This
error vector model is developed such that the control objectives assigned to the
controllers are achieved. The prediction model is then used compute the future

control input for the first-order ACC vehicle.

Simulation results, under the same situations, obtained from MPC control method
have been compared with the control methods presented in chapter 4. Some of the
advantages of using MPC method over the other control strategies are the
operational constraints (control input, states and collision avoidance) can be
incorporated in the control algorithm during the analysis process and an online
optimization can be achieved. The control input constraints are fully applied on all
the components of AU; and have been translated as six linear inequalities Equation

(5.31).

The main difference between the MPC and PID control strategies is that the MPC
control strategy uses the desired reference trajectory which is computed using the
prediction model, the MPC controller then uses the plant characteristics in order to
follow the desired reference trajectory. Whereas, the control action taken by the PID
control strategy is based on the past errors which can be viewed as if the driver is
driving the vehicle using the rear view mirror. Similarly, in the sliding mode control
method, the control objectives are designed as a sliding surface using the previous
plant’s states (off-line computation). The CTG control algorithm is based on the
previous plant’s states which is not robust enough in comparison with the MPC
control method. The on-line optimization is not possible and the operational
constraints cannot be included in the formulation of CTG control algorithm. After
comparing these all control methods it has been found that the MPC control

algorithm is the most appropriate for the ACC vehicle analysis.

The dynamic behaviour of the ACC vehicle, using the MPC controller technique,
has been analysed for different TMs. The response of the first-order ACC vehicle
model has been analysed with constraints and without constraints and results have
been compared and discussed. The shortcoming occurred without using the

constraints has also been highlighted. It has been observed that with a first-order
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model the ACC vehicle successfully establishes the desired SIVD with the zero

range-rate with all constraints included in the MPC controller formulation.

A sensitivity analysis of the ACC vehicle has been carried out for MPC in Chapter 5
for different initial conditions, different ranges, different control input cost

weighting function (R) and different control horizon (N¢).

It has been noticed that ACC has performed the TM successfully regardless of the
initial conditions, provided the initial conditions are selected within the range of
Bageshwar, et al. (2004) model. Because, a lower initial range for a given range-rate
has been analysed and it has been found that the ACC vehicle cannot avoid the
collision with the preceding vehicle. Higher values of initial range (more than for a
given range-rate) provides ample time to the ACC vehicle to achieve the control
objectives within the given constraints boundaries. It is, therefore, can be concluded
that the initial values computed by Bageshwar, et al. (2004) are appropriate and can

be used for the two-vehicle encounter scenario in this study.

It has been observed that the higher values of control input cost weighting (R)
correspondingly penalize the control input magnitude which can also be termed as
a ‘tight” control. In this situation the control objectives are not violated but it results
in a delayed response. Therefore, it should be noted that for a best performance of
the system an appropriate value of R should be selected which neither relax the
control input to have a ‘loose” control nor effect excessively the control input to have

a ‘tight” control.

The effect of different lengths of control horizon (Nc¢) has been analysed in Chapter
5. For a stable response of the ACC vehicle the value of Nc chosen is 3 samples. It
has been observed in the analysis that using a higher value of Nc (Nc > 4) causes the
control input to be distributed for a higher control horizon, resulting in an error in
the desired objectives. This error due to a higher value of Nc¢ has been reduced by
increasing the cost weighting function (R). It has been observed that for a higher
value of Nc a higher corresponding value of R is required to achieve the required

control objectives.

In Chapter 6 the lower-level controller model was developed to compute the throttle

and brake input commands for the complex vehicle model used for the ACC
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vehicle. Before conducting the two-vehicle system analysis the lower-level controller
and ACC vehicle model were analysed using an arbitrary sinusoidal input and the
results have proven that the proposed lower-level controller and ACC vehicle

model are tracking the desired input command as required.

In Chapter 5, the ACC vehicle analyses were based on a first-order model which
does not consider the internal dynamics of the vehicle sub-models. In Chapter 6, the
ACC vehicle was based on a complex vehicle model and covers the effects of engine
dynamics, transmission dynamics, and the brake model. It should be noted that in
this study these effects have been taken into account in the error vector prediction
model for the two-vehicle system which have not been covered in the previous
studies. The absolute acceleration of the ACC vehicle is affected due to transmission
gear shifting. Due to the transmission effects, the error vector gets affected which in
turn affects the upper-level controller performance. The disturbance in the upper-
level controller performance de-stabilizes the complex ACC vehicle response during

the gear shifting (see Figure 6-4(c)).

Figure 6-3 shows the complex ACC vehicle has established the desired SIVD with
zero range-rate within the operational constraints boundaries. This TM has been
performed under the effects of engine and transmission dynamics. This shows the
robustness of the MPC control algorithm which at the same time can cope with
these nonlinearities and internal complexities of the vehicle dynamics. The complex
ACC vehicle has performed the higher deceleration manoeuvre, tracking the desired
acceleration commands, under the deceleration limit of -4.9 m/s2 Without the
deceleration limits the ACC vehicle would have decelerated to -8.1 m/s? (Figure
5-4c). It was also interesting to find that the ACC vehicle is operating within the
operational constraints, although the operational constraints were only incorporated
within the MPC control algorithm in the upper-level controller, and the complex

ACC vehicle and its throttle and brake actuators are strictly following it.

It has been found the lengths of prediction and control horizon plays important role
in the stable close-loop performance. Using a higher length of prediction horizon
(Np = 230) a good acceleration has been achieved. Smaller control horizon (Nc < 4)
gives a controlled response and using Nc > 4 seriously affects the controller

performance and vehicle response.
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Chapter 6 also covers the important analysis which is termed as parametric and
sensitivity analysis of the complex ACC vehicle towards the variation in certain
parameters of the complex ACC vehicle and MPC controller. Some interesting
features have been found from this parametric and sensitivity analysis. The

parameters for which the sensitivity analysis has been carried out are as follows:
a. By varying the throttle input to the preceding vehicle.

b. By varying the length of the control horizon (N¢) and using different values

of control input cost weighting (R) to restore the controlled behaviour.

c. By varying the control input cost weighting (R) in order to have the entire

system under a loose control and a tight control.
d. By changing the mass of the ACC vehicle.
e. By introducing a 15 degree road gradient to both vehicles.
f. By changing the headway time.
g. By applying the step input to the ACC vehicle.
h. By using a different set of transmission gear ratios for the ACC vehicle.
i. During a cut-in manoeuvre.
j-  ACC vehicle analysis against a halt preceding vehicle

The simulation results with these variations have been produced and it has been
found that most of these parameters have serious influence on the engine and
transmission dynamics and can lead to some serious consequences. The sensitivity

analysis discussion is as follows.

It has been observed that the complex ACC vehicle can follow the preceding vehicle
using different throttle input for the preceding vehicle. The throttle inputs used for
the preceding vehicle are 70 degree and 50 degree which means two different
behaviours from the transmission gear shifting pattern, engine dynamics, and a

different desired SIVD to achieve. In each case the ACC vehicle has smoothly
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followed the preceding vehicle with the required throttle and brake inputs and has

achieved the required control objectives.

It has been found that using a length of control horizon (Nc) greater than 4 seriously
influences the engine dynamics and transmission dynamics during the TM and the
steady-state operations. With the higher values of Nc the required control objectives
have been achieved by using the higher values of control input cost weighting (R).
For example, for Nc = 5 the value of R used to restore the controlled response is 5,

and for N¢ = 10 the value of R used to restore the controlled response is 8.

It has been found that using R = 0.1 ('loose” control) the ACC vehicle cannot meet
the required objectives either during the transitional or the steady-state operation.
On the contrary R = 20 (‘tight’” control) has affected the ACC vehicle response
during the transitional operation while during the steady-state operation the

response is satisfactory.

The analysis of the ACC vehicle for different headway time (/) shows using h =0.5s
the range between the two vehicle has significantly reduced and the distance
between the two vehicles is not sufficient to avoid a collision if a severe emergency
occurs. On the contrary, using h = 1.5 s resulted in a delayed response and a higher
range between the two vehicles. It can be observed that the higher h value
significantly delays the engine, transmission and brake response. Due to higher
range another vehicle can jump in the spacing between the two vehicles and could
be a reason for severe consequences. It can be recommended that, the constant
headway time is not suitable; therefore, a variable headway time should be used for

the spacing policy.

The analysis of the ACC vehicle for different vehicle masses indicates that a mass
within the range of 1400-2000 kg is suitable for the ACC vehicle, and the MPC

controller is robust enough to cope with these variations.

Both vehicles have also been analysed for a 15 degree road gradient and it has been
observed that the complex ACC vehicle is unable to achieve the control objectives
while moving on a slope. The reason found is the lower-level controller does not

take into account the gradient of the road.
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Another interesting feature analysed was using a different set of transmission gear
ratios. The ACC vehicle’s longitudinal motion was unaffected by a different gear
shift pattern which means different gear ratios can be used for this vehicle model.
During the step input (cut-in scenario) the ACC vehicle has performed remarkably
well and manoeuvred to the safe speed in order to avoid the collision with the new
preceding vehicle. The important feature of the controller developed is the sudden

response to the step input and then restoring back to the desired control objectives.

The complex ACC vehicle analysis against the halt preceding vehicle shows that the
ACC vehicle is initially accelerating while it should decelerate because the desired
commands are to decelerate. Based on this analysis it can be concluded that the
upper-level controller analysis alone in not sufficient and it cannot be recommended
for a real ACC vehicle. Therefore, it is necessary to analyse the complex ACC vehicle

in the simulated environment under these transitional manoeuvres.

For each analysis the simulation results have been produced and it has been
observed that the ACC vehicle has successfully executed the required critical TMs
and has achieved the required control objectives within the operational constraints

and the same time obeying the SIVD policy.

The simulation results of the complex ACC vehicle (Section 6.4.1 and Section 6.4.3.1)
have been validated against simulation results of the first-order ACC vehicle
(Section 5.4.1 and Section 5.5.4). The validation shows the complex ACC vehicle
matches well the first-order ACC vehicle. The difference between the two results
found were the effects of engine and transmission dynamics on the upper-level
controller and the ACC vehicle itself. It has been found that the proposed MPC
algorithm is robust enough to cope with these nonlinearities of engine and

transmission dynamics and all the vehicle parameters changes considered.

Based on the comparison of first-order ACC vehicle and the complex ACC vehicle
simulation results, it is concluded that one can design the upper-level controller,
using the first-order vehicle model, without considering the internal complexities of
the vehicle sub-models. The first-order ACC vehicle model has been used for the
complex vehicle validation, whereas, the complex ACC vehicle model can be used
for the experimental validation of future work. The reasons for which the complex

ACC vehicle is recommended are as follows.
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1. The analysis of effects of engine and transmission dynamic on the upper-

level controller and ACC vehicle.

2. Analysis of the ACC vehicle’s brake and throttle actuators response during

the critical TMs and under the constraint boundaries.
3. ACC vehicle’s sensitivity analyses against vehicle parameters.

4. Effects of MPC controller parameters on the complex vehicle dynamics

response.

5. Analysis of ACC vehicle against external parameters, e.g. road gradient,

cut-in manoeuvre.

The above analyses were not possible using the first-order ACC vehicle model.
Therefore, a complex vehicle model should be used for the detail ACC vehicle

analysis.

7.3 Future Work

The research work presented in this thesis provides further direction to improve
vehicle models and controller design. Some limitations and recommendations for
the vehicle model and the controllers design are pointed out. Although, the ACC
vehicle performance with some assumptions was satisfactory, its performance can

be further improved with the following considerations.

The transmission gear shifting in the complex vehicle model takes place using look-
up tables. The vehicle response can be further improved if automatic transmission
systems or dual-clutch transmission systems are used for the proposed vehicle
model. The advantage of using these complicated systems is the transmission gear
shifting takes place smoothly, therefore, the effects on the vehicle’s acceleration can
be reduced and the performance of the upper-level controller and the ACC vehicle

can be improved.

In this study, the traction force has been modelled as a function of slip ratio within

the linear region (small slip ratio) which assumes that the friction coefficient of the
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tyre-road interface is 1 and the normal force is constant. It is assumed that the
longitudinal force is generated instantaneously while in practice the generation of
longitudinal force longitudinal force is not instantaneous but is subjected to a delay
generally referred to as “tyre lag’. The lag is closely related to the rotation of the tyre,
typically taking between half and one full revolution of the tyre to effectively reach
the steady-state force condition. With the application of throttle or brake input the
tyre must roll through a certain distance before the longitudinal deflection and force
build up. This distance is usually referred as ‘relaxation length’. Also, in the
transitional manoeuvres considered, a higher slip ratio is expected where the
traction force and the slip ratio relation is no longer linear. Therefore, the
consideration of relaxation length, a transient tyre model, and a nonlinear tyre
model need to be used to calculate the tyre forces (e.g. the Pacejka “Magic Formula”
model (Wong, 2008)) in this case. The inclusion of the anti-lock braking systems
(ABS) can be very useful during vehicle skidding and wheels locking. These

important features of a tyre model are recommended for future work.

It was found that while travelling on a slope (vehicle following mode) the ACC was
unable to achieve the control objectives. The reason found that the road gradient
information was not considered in the lower-level controller formulation. Therefore,
it is suggested for the future work that road gradient should be taken in account in

order to compute the required throttle or brake commands.

The proposed complex vehicle model can be further analysed for the lateral
dynamic control if a lateral model is included. But, in this case the proposed tyre
model will not be suitable because only a small slip ratio is considered in the tyre
modelling. Furthermore, an advance brake system, anti-lock brake system, is
recommended in this case to control the steering and braking at the same time

under the TMs.

The proposed complex ACC vehicle model can be used for different applications,
e.g. obstacle avoidance, for pedestrian safety measures, the driver behaviour model
analysis, and hybrid vehicle analysis (if the powertrain model is modified). This
two-vehicle model can be further extended for more than two vehicles in order to
analyse the string stability of a platoon of ACC vehicles. It can help to understand

the ACC behaviour in other critical situations, e.g. sensor failure, under bad weather
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conditions (raining, snow). It can help to understand the behaviour of brake
actuators and how the operational constraints control the ACC vehicle dynamic

behaviour.

In the MPC algorithm, a linear prediction model has been considered. A higher
length of prediction horizon results in the best closed-loop performance and an
increased weighting on the control input reduce the errors. It has been considered
that the reference path is equal to the set path trajectory. For a superior path
following a nonlinear prediction model is recommended, although the linear model
is computationally efficient and the nonlinear model requires higher sampling time
(T) for the online computation but due to nature of the vehicle model a nonlinear
prediction should be used. The nonlinear characteristics of the prediction model can
compensate for the nonlinearities neglected in the lower-level controller which can

give a more realistic response. This is recommended for future work.
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