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EXECUTIVE SUMMARY

This report summarizes the research results of TO4233, “Fault Tolerant Autonomous
Lateral Control for Heavy Vehicles’. This project represents a continuing effort of
PATH’s research on Automated Highway Systems (AHS) and more specifically in the
area of heavy vehicles. Research on the lateral control of heavy vehicles for AHS has
been going on at PATH since 1993. MOU129, “ Steering and Braking Control of Heavy
Duty Vehicles” was the first project and it was followed by MOU242, “Lateral Control of
Commercial Heavy Duty Vehicle’”. Both projects were concerned mostly with the
theoretical portion of the problem, i.e. model development, analysis of the dynamic model
from the lateral control point of view, and the lateral controller designs. The first
experimental results were shown in MOU289 (MOU313), “Latera Control of Heavy
Duty Vehicles for Automated Highway Systems’, where the theoretical model was
validated and calibrated to the dynamic behavior of an actual tractor-semitrailer vehicle,
which was obtained and instrumented. In addition, preliminary closed-loop experiments
were performed. A more comprehensive study on a large variety of control strategies was
presented in MOU385 and TO4201, “Robust Lateral Control of Heavy Duty Vehicles'.
More specifically, three types of nonlinear and adaptive controllers for latera control of
heavy vehicles were analyzed theoretically and compared experimentally.

All the research efforts mentioned above have been extremely valuable for the
development of automated highway vehicles; however they assume the existence of a
fully operational magnet-magnetometer scheme. To be more specific, all the results are
based on the assumption that each heavy vehicle is equipped with two banks of magnetic
sensors, one mounted on the front bumper and the other mounted on the rear bumper of
the trailer. The road is also implanted with equally spaced magnets whose magnetic field
is used to measure the vehicle's lateral deviation from the road centerline (“lane-keeping
control”). Up to now, no heavy-vehicle-related report has discussed the case of vehicle
lateral performance under the existence of faults. This problem is very important, since
safety and reliability are the primary requirements for the success of AHS. This report
addresses the problem of fault tolerant control of heavy vehicles by proposing a

secondary system that implements “autonomous vehicle following” instead of “lane-

keeping”.



The principle of the autonomous following lies on the fact that the controlled
vehicle monitors its latera location relative to the preceding vehicle, and adjusts the
steering input accordingly, in order to follow the preceding vehicle's trajectory. By the
same token, in a platoon of vehicles, autonomous following implies that all the vehicles
of the platoon follow the lead (i.e. the very first) vehicle's trgectory. Clearly,
autonomous following assumes that the lead vehicle, either in manual or in automatic
mode, achieves satisfactory lane-keeping. The thrust of the method is that no road
infrastructure is required; hence the lane keeping performance does not rely on the
magnet-magnetometer system. Instead, it relies mainly on a sensor (either vision-based or
radar-based) that monitors the rear end of the preceding vehicle. In this report, after
presenting and analyzing the vehicle dynamics, the autonomous following scheme will be
shown in detall and the hardware and software (controller) requirements will be
discussed. We propose the use of a laser scanning radar and a probabilistic filtering
algorithm in order to extract accurate information from the raw sensor data.

It has to be noted at this point that the concept of lateral autonomous following
has been analyzed in the past and researchers have concluded that one of its maor
drawbacks is that in a platoon of vehicles the lateral error propagates along the platoon if
the control strategy relies merely on the laser scanning radar. However, in this report we
propose a solution to this problem by the addition of inter-vehicle communication. More
specifically, we mathematically explain the lateral error propagation, we introduce the
concept of lateral platoon stability and we show that, by use of inter-vehicle
communication, lateral platoon stability, that is, prevention of lateral error propagation,
can be achieved. It should be mentioned, that communication delay is accounted for and it
is shown that the limitations that it poses can be overcome by careful selection of the
control law timing.

Finaly, we present some preliminary experimental results. Because of the
unavailability of the heavy vehicles, all of the tests were conducted on passenger vehicles.
Also, due to the early termination of the project there was no opportunity to test the actual
communication system; however it was made possible to emulate the behavior of the
laser scanning radar and that of the communication system to a certain extent. More
specifically, we used the magnet/magnetometer scheme and emulated the performance of
the laser scanning radar by hardcoding the look-ahead distance and the sampling rate to
the values that the laser scanning radar would operate at. We also introduced a time delay,

in the magnetometer measurements in order to emulate the communication delay.



Although, we recognize that further testing is required, we believe that these preliminary
results are quite encouraging and show that the autonomous following scheme is very

promising as a means of substituting the magnet/magnetometer scheme when the latter is
malfunctioning.



ABSTRACT

This report is concerned with the problem of fault-tolerant lateral control of heavy
vehicles operating on highways. First, the lateral dynamics of two-unit vehicles are
presented with the assumptions of negligible pitch, yaw and vertical motion. The complex
nonlinear model, which is derived, isthen simplified to alinear time invariant system. For
single-unit vehicles, the derivation of the equations of motion follows intuitively from the
two-unit vehicle dynamics.

Next, the problem of lateral autonomous following within a platoon of vehicles is
considered. It is shown that the use of sensors that monitor the preceding vehicle's
relative lateral position is enough to achieve lateral control for a pair of vehicles, provided
that certain limitations are taken into account. For a platoon of multiple vehicles, the
lateral error propagation is a serious issue that can be solved if performance is
compromised. The use of inter-vehicle communication is proposed in order to recover
platoon stability and satisfactory performance. The communication delay is taken into
account and it is shown that, under certain circumstances, the communicated data
essentially eliminates the interconnection among the vehicles. Simulations for both
passenger and tractor-semi-trailer vehiclesillustrate the analytical results.

Finally, the experimental setup for automated platooning is presented and several

implementation issues are examined. Experimental results are also discussed.



TABLE OF CONTENTS

EXECUTIVE SUMMARY ..ottt e e e e a s i
A B ST R A CT ettt e et e e e e e e ——————— \Y;
TABLE OF CON T EN T S ...ttt ettt e e e e e e et e e e e e e e e e eeeaaeeens Vi
LIST OF FIGURES ... et e e e e e e e e e e e e e e e e e e e eee s Vii
L. INTRODUCTION. ...t et e e e e e e e e e e e e e e e e e e e e e e e ee s 8
1.1 Infrastructure-Dependent TEChNIQUES ...........cooeiiiiiiieiieeeee e 8
1.2 Problem FOrMUIBLTON....... .ottt e e e e e e e e e e e e e e ens 12
1.3 OULHNE OF REPOIT........coieiitieiie et ne e 14
2. ANALYSISOFVEHICLEDYNAMICS. . ... 15
2.1 ASSUMPLIONS. ...ttt ettt ettt ettt e e sb e esae e b e e sbe e e e e e b e e san e e b e e nneennesnnas 15
2.2. KiNEmMatiC EQUALTONS.........ccuiiiieiiieiiie sttt 17
2.3 ROBA-HTE INEEIACH ON..... et e e e e e e e eee e e e e e eeeeeees 21
2.4 EQUALIONS OF MOTION. ...c.tiiiiiiiieiiesiee sttt 25
2.5 Model Simplification for Control DESIGN........ccc.eeuierieieenie e 27
2.6 Single Unit Vehicle MOdEling........cceoiiiiiieieiie e 30
3. LATERAL AUTONOMOUS FOLLOWING CONTROL DESIGN.....ccccveeeeeen... 32
3.1 Conventional Autonomous Following Control DesigN.........ccceccveevceeeneeeseeeennnenn 32
3.2. Autonomous Following Control Design with Off-tracking Compensation........... 40
3.3 The Notion of Lateral Platoon Stability.........ccccooveivieeiiieeiiee e 43
3.4 Adding Inter-Vehicle CoOmMMmUNICaLION..........ceeiiieerieeeiie e 46
4. IMPLEMENTATION ..ottt e e e e e e eee e e e e e e eeeeeeees 51
I P40 1LY <Y RPN 51
A2 SO WA . ..ot e e et e e e e e e e eaaerren——— 54
A.3Validation MENO........cooeeeeeeeee e ettt e e e e e e e e e e e 55
D CON CLUSIONS . ... ettt eeaaeeees 59
5.1 SUMIMIBIY ..ttt et n e e n e e s e e enneennne s 59
B2 FULUIE WOTK ettt e e e e e e e e e et e e e e e e e eeeeeeeeenees 60
REFERENGCES ... .ot ettt e e e e e e e e e e e e e e e e e e e e s 61
A PP EIN D L X A et e e e e e e aaar e ———— 65
AAPPENDIX B ..ottt e e e e e e e e e e e e e e e e e e —— 66

Vi



LIST OF FIGURES

Fig. 1.1: Lane-keeping control arChiteCtUre............cooeeieieiieniieeesee e 10
Fig. 1.2: PATH AHS AIChITECIUIE. ...t e 11
Fig. 1.3: Thetest vehicleused by PATH. ..o 11
Fig. 2.1: Two-unit vehicle (actual and SChEMBELIC).........c.covveereeriieie e 15
Fig. 2.2: TWO-UNit VENICIE PArAMELEN'S.........eiiiiiieeiie et 17
Fig. 2.3: CoOrdinate frameS. ........coiiiiiieiie et 18
Fig. 2.4: The mechanicS Of tNETINe .......coeeiiiiii e 22
Fig. 3.1: System configuration for autonomous folloWiNg. ..........cccceereeiienieiiecnieneee 33
Fig. 3.2: The vehiclein its transfer function repreSentation. ............ccoceveerieeeneereeneeene 34
Fig. 3.3: Two-unit vehicle Bode diagrams. ..........ccooouereriienieniee e 35
Fig. 3.4: Single-unit vehicle Bode diagrams. ...........ccooieiieiie i 35
Fig. 3.5: Closed-loop system with disturbanCes. ............coceeiieiiiniiiiiereeeee e 36
Fig. 3.6: Loop gain frequency responses for both types of vehicles............cccccoeveennne 37
Fig. 3.7: Two-unit vehicle negotiating a curvature profile............cccoooeriniiiiecnieniene 37
Fig. 3.8: Single-unit vehicle negotiating a curvature profile. ..........cccoeveeiiiiiieneneen 38
Fig. 3.9: Platoon of three single-unit vehicles negotiating a curvature profile. .............. 39
Fig. 3.10: Platoon of three two-unit vehicles negotiating a curvature profile................... 39
Fig. 3.11: Platoon of three single-unit vehicles with off-tracking compensation............. 41
Fig. 3.12: Platoon of three two-unit vehicles with off-tracking compensation. .............. 42
Fig. 3.13: Block diagram for the interconnection between ith and (i-1)th vehicle........... 44
Fig. 3.14: Open loop Nyquist plot of the tractor-semi-trailer system (a), and simulation of
a4-vehiCle Platoon, (). ....cceeieriiieie e 45
Fig. 3.15: Simulation of single-unit vehicle platoon w/ ideal inter-vehicle communication
(entire simulation and blown-up detail)..........cccooiiiiieiiiieee e 47
Fig. 3.16: Simulation of two-unit vehicle platoon w/ ideal inter-vehicle communication.48
Fig. 4.1: Experimental VENICIE...........cooiiiii e 51
Fig. 4.2: The laser scanning radar (LIDAR).......cooiiiiiiiiee e 52
Fig. 4.3: Antennafor inter-vehicle communiCation.............cccoveiriieiiniie s 53
Fig. 4.4: ONn-b0ard COMPULENS.........coiiieiieiie ettt 53
Fig. 4.5: Magnetometers mounted on the front (a) and rear (b) bumper.............ccc....... 55
Fig. 4.6: Richmond Field Station TeSt TraCk. ........ccceeveiriiiiieiieeee e 56
Fig. 4.7: Schematic of Richmond Field Station Test Track. ........cccceveiiiiiiinieieeee 56
Fig. 4.8: Experimental RESUILS. .........ooiiiiiiiiiie e e 57
Fig. B.1: Heavy Vehicle DynamiC MOGEL. ..........cccooiiiiiiiienie e 66
Fig. B.2: Heavy Vehicle Dynamic Model SUbSyStem. ..........ccooeriiiieiienicceeeese 67
Fig. B.3: Platoon smulation 2 heavy VENICIES. ........cccociiiiiiiiiiieeeree e 68

Vii



1. INTRODUCTION

Automated Highway Systems (AHS) have lately gained significant attention. For several
years now, after the successful implementation and commercialization of conventional
and adaptive cruise control techniques, the research community has put a lot of effort in
fully automating the driving process, not only in passenger cars, but aso in heavy
vehicles, so that the traffic throughput is increased as much as possible, [4].

The most common way to face this complicated control problem is to decouple it
into two sub-problems; (i) one involving longitudinal control and (ii) the other dealing
with lateral control. The cruise control techniques offer the basic solution to the
longitudinal control problem, and research currently focuses on refining the control
techniques and dealing with reliability issues. Specifically, a large portion of research
activities in this area has to do with fault detection and identification as well as degraded
mode control, [30]. On the other hand, there is no commercia product for lateral
guidance, and the lateral control problem is still a subject of ongoing research. It can be
divided into two major categories; (i) lane keeping and (ii) lane changing. Lane changing
is still at its infancy, although the concepts of trgjectory planning, [11, 19, 24] and
obstacle avoidance, [1, 14, 15, 28, 31] — often borrowed from robotics — have contributed
to significant progress. The focus is mainly on theoretical aspects of the problem and very
few experiments have been successfully conducted, [5, 20,21, 23, 33]. On the other hand,
lane-keeping techniques are already quite advanced mainly due to the use of the road
infrastructure.

1.1 Infrastructure-Dependent Techniques

One infrastructure-dependent approach to lateral guidance involves the use of video
cameras that monitor the vehicle's position relative to the lane markers. This approach,
suggested by the European and Japanese research community mainly, has proved to be
quite efficient in laboratory environment, [9]. The video camera images, after being
processed to output the vehicle's position, are fed into a computer, which controls a
steering actuator. The entire configuration essentially implements the well-known

“measure-process-act” scheme in order to achieve lane-keeping control.



Chapter 1 Introduction

For the conversion from the camera images to the vehicle's position, severa
approaches have been proposed. For example, a model-driven approach hypothesizes a
possible curvature, subtracts it from the parallelized low-resolution image, and tests to see
how well the hypothesized curvature has “straightened” the image. The vehicle's lateral
offset relative to the lane center is then calculated according to the calculated road
curvature. An important attribute of this technique is that as long as visible features run
paralel to the road, this technique exploits them to determine road curvature, [29].
Alternatively, based on certain assumptions, [2], a computer vision system can analyze
specific regions to identify and extract the features of interest. It assumes a fixed or
smoothly varying lane width and thereby limits its search to amost-paralel lane markers.
Then, road geometry reconstruction is based on shape assumptions, such as no
discontinuities in curvature changes.

As far as controller design is concerned, Choi et al. designed a PI - controller
using yaw rate feedback, in order to account for the steering actuator delay and the side-
slip. Yaw rate information was generated by an algorithm that processed the data that was
detected by a vision system. The controller showed reasonable combination of
performance and passenger comfort athough the authors admitted that the image
processing algorithm delay introduced performance limitations, [8]. Kosecka et al.
analyzed the role of this delay, related it to the look-ahead distance of the video cameras
and came up with an output feedback lead-lag controller that was experimentally tested,
[22]. They also discussed the use of areal-time observer and showed that, not only does it
reduce the noise inherent in the sensor measurements, but it also provides an accurate
vehicle state estimation, thus circumventing the image processing delay.

Vision-based lane keeping is infrastructure-dependent in the sense that it requires
great consistency in terms of lane-marker painting. This means that in cases where lane
markers are not drawn or there are several lane markers due to construction, there is
increased probability that the vision-based system will fail. Another limitation is the fact
that video cameras are sensitive to weather conditions. Several algorithms have been
developed to deal with decreased visibility in rain or fog [3], however the solution to this
problem is still in its infancy. The considerations mentioned above render vision-based
lane-keeping a moderate solution to the lateral control problem, at least as a primary
lateral control system.

California PATH’s approach to lateral control is highly infrastructure dependent

as well. It requires magnets implanted in the center of each lane and magnetic field
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sensors (which will hereafter be called magnetometers) installed on the vehicle. The
measured magnetic field intensity is then proportional to the distance between the sensors
and the magnets. Assuming that the vertical distance between them remains constant, it
can be inferred that the measured magnetic field intensity is proportional to the lateral
distance between the sensors and the road centerline. This distance will hereafter be
caled lateral error. Hence, the magnetometer measurements, after being converted to
lateral error measurements by a processing algorithm, are fed into a computer, which
controls a steering actuator, see Fig. 1.1. It is noted that the accelerometer and the yaw
rate gyrometer are used for lane changing and for sensor fusion purposes. Further details

on the magnet-magnetometer scheme as well as its design features can be found in [35].

Vehicle Control System (Lateral Control)

Architecture of Lane Following Control

Yaw rate Steering

Accelerometer
sensor angle
|_|__| sensor

Control Steering
; - computer actuator
Magnetic Processing / Front
markers . wheels
algorithm

Tracking error
f’ Vehicle speed
Upcoming road curvature

Array of 3 \/ehicle motion direction
magnetometers

(Front/rear ends of
vehicle)

|

Fig. 1.1: Lane-keeping control architecture.
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Fig. 1.2: PATH AHS Architecture.

Cdlifornia PATH’ s research efforts resulted in the National Automated Highway Systems
Consortium (NAHSC) Demo 1997 on the I-15 lanes in San Diego, USA, which set the
landmark for Intelligent Vehicle Highway Systems. During the demo, a platoon of 8 fully
automated vehicles traveled at a distance of 6m from each other and at highway speeds,
thus demonstrating that both longitudinal and lateral control isfeasible.

Magentometers

Computer controlled braking

Radar

Computer controlled throttle
Computer controlled steering
Head-up display

Acceleration/yaw & pitch rate sensors
Vehicle-to-vehicle data transmission
. Human/machine interface computer
10. Lateral computer

11. Longitudina computer

12. Sensor/actuators

©COoNOOA~WNPE

Fig. 1.3: Thetest vehicleused by PATH.

Since then, California PATH focused on deployment issues concerning the safety and
reliability of the magnetometer based system. The problem was addressed from two
different ways,; (i) through design of fault detection and identification techniques [30, 34],
and (ii) through design of robust and fault tolerant controllers [35]. The former approach
implements the scheme detect-identify-reconfigure. More specifically, the installation of

multiple sensors to measure the same quantity or the estimation of a quantity through a

11



Chapter 1 Introduction

model essentially builds system redundancy. Hence, by first monitoring the comparison
of the measured variables (residuals), one can detect if there is a sensor fault in the system
(detection). With the proper choice of the redundancy techniques and the calculated
residuals, it is possible to identify which sensor is faulty (fault identification). The last
stage is the reconfiguration of the controller parameters so that it accounts for the faulty
sensor. The implicit assumption in this case is that only one sensor is faulty. On the other
hand, fault tolerant control techniques are not concerned with the failures themselves;
instead, the controller is designed to be insensitive to the changes that a sensor fault
introduces. In other words, the closed loop system is designed to be robust to the
uncertainty introduced by the possible failures.

In the heavy vehicle area, research on lateral control was initiated in 1993 with
projects emphasizing on the theoretical aspects, such as model development, analysis of
the dynamic model from the lateral control point of view, and the lateral controller
designs, [6]. Implementation was achieved in 1998 with a tractor-semitrailer vehicle,
[17]. Several magnetometer based control techniques were implemented and achieved
satisfactory performance even at highway speeds, [18, 37].

1.2 Problem Formulation

From &l of the above, it is clear that the lateral control problem has been solved to
alarge extent, but thereis still plenty of room for improvement when it comes to dealing
with system faults. The fact that an inconsistency can result in fatalities poses a big
question as to the feasibility of such a project. Moreover, the development cost of such
infrastructure-based techniques as well as the maintenance cost is quite large. This
motivates for a robust automated lateral control system that is completely independent of
infrastructure.

An ideathat has gained a lot of attention is termed “autonomous following” and it
pertains to the act of monitoring a vehicle’'s position not relative to the road centerline,
but relative to the preceding vehicle. This technique essentially creates an “electronic
tow-bar” and does not require road infrastructure. White and Tomizuka proposed an
autonomous following system for trucks by use of alaser scanning radar that monitors the
relative lateral position, [38]. Lu and Tomizuka implemented a similar scheme on
passenger vehicles, [27]. In Europe, a visionbased system and a traectory-based
approach were suggested in the scope of the CHAUFFEUR Project at DaimlerChrysler,

12
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[13]. Also, within the PRAXITELE Project, INRIA implemented a similar method to
develop an electronic tow-bar for passenger cars, [10]. However, the problem that arises
in al these techniques is that lateral platoon stability is not guaranteed.

Patoon stability is the term used to imply uniform boundedness of the system
errors. In the longitudinal (or lateral) direction, this means that any spacing (or lateral)
error a some point in the platoon does not propagate along the rest of the platoon.
Swaroop and Hedrick defined string stability for interconnected nonlinear systems and
proposed a parameter adaptation law to ensure longitudinal platoon stability, [36]. The
control strategy that they suggested assumed that the distance from the preceding vehicle
would be measured and that the longitudinal velocity and acceleration of the lead vehicle
would be communicated to the rest of the platoon. The same system configuration was
used by Lee et a., who proposed a two-layer control concept and successfully
implemented it in a 4-vehicle platoon, [25]. Gehring and Fritz experimentally tested a
similar design on trucks, [12]. Chien and loannou avoided the use of inter-vehicle
communication by introducing a speed-dependent spacing policy, but achieved platoon
stability for large spacing among vehicles only, [7].

Therefore, in the longitudinal direction, platoon stability has been addressed
extensively. Thisis not the case when it comes to lateral platoon stability. To the best of
the authors knowledge, athough researchers recognize the fact that by merely
monitoring the rear end of the preceding vehicle will result in the propagation of the
lateral error along the platoon, they have not mathematically developed a solution that
will ensure lateral platoon stability. Hence, the problem that this research addresses can

be formulated as follows:

Problem:
Analyze, design and implement an autonomous following system

for two-unit vehicles that will ensure lateral platoon stability.
The solution of the problem mentioned above will provide a backup system in case of

failure of the conventional magnet-magnetometer based scheme or even a primary cost-

efficient system provided that its performance is satisfactory.

13
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1.3 Outline of Report

The remainder of this report is organized as follows. Chapter 2 deals with the
dynamic model of two-unit vehicles (tractor-semitrailers) and single-unit vehicles
(passenger cars) in a unified way. The analysis of single-unit vehicles was required,
because, as explained later, it has not been made possible to experimentally test the
control scheme on two-unit vehicles. Chapter 3 is involved with the control design.
Lateral platoon stability is defined in order to study the lateral error propagation along a
platoon of vehicles and inter-vehicle communication is suggested in order to combine
platoon stability with performance. Chapter 4 presents the hardware and software setup
and the experimental results related to autonomous following. Finally, Chapter 5 provides

asummary and suggestions for future work.

14



2. ANALYSISOF VEHICLE DYNAMICS

In this chapter the vehicle's dynamic equations of motion are derived. The analysis is
conducted for a two-unit vehicle and then it is shown how these equations collapse into
the set of equations that describe the motion of a single-unit vehicle.

The chapter is organized as follows: first, the assumptions that will alow for a
simple, yet accurate model of the vehicle are presented, and the kinematic equations that
will be useful for the model derivation are explained. The road-tire interaction and the
equations that describe it are introduced. Next, the equations of motion are derived using
Lagrange's method. Finally, a detailed analysis of the system is presented and several
model simplifications are attempted.

2.1 Assumptions

As mentioned above, we deal with a two-unit (tractor-trailer) vehicle as shown in the

figure below.

Fig. 2.1: Two-unit vehicle (actual and schematic)

The following assumptions are made:

1. Planes OPQR and O'P'Q’'R’ are planes of geometric symmetry. The center of
gravity (c.g.) of the tractor and the trailer are located on plane OPQR and
O'P'QR respectively.

2. The road is bumpless, has zero slope and the vehicle is not subject to large

longitudinal accelerations. Hence, pitch motion and vertical motion are neglected.

15



Chapter 2 Analysis of Vehicle Dynamics

3. The vehicle does not negotiate turns of high curvature profile. Thus, roll motion is
also neglected.

4. Each wheel plane is perpendicular to the road plane, that is, the wheel camber
angleis 0 and thus the lateral force due camber thrust is 0.

5. Thewheelson each axle are parallel to each other. In addition, only the wheels of
the tractor’ s front axle are steerable.

These assumptions greatly simplify the system since they allow the use of planar
dynamics and the omission of the suspension system. Yet they capture quite accurately
the lateral behavior of the vehicle in nominal highway operation. The vehicle parameters
that will be of use are shown in the table below. The reader is encouraged to consult Fig.

2.2 aswell in order to better understand the meaning of each vehicle parameter.

Table 2.1: Parameters of the vehicle mode

Parameter Description
my Tractor mass
np Trailer mass
d; Distance between tractor’s C.G. and fifth wheel (hitch)
ds Distance between trailer’s C.G. and fifth wheel (hitch)
l1 Distance between tractor’s C.G. and front wheel axle
P Distance between tractor’s C.G. and rear wheel axle
I3 Distance between fifth wheel (hitch) and trailer’s rear axle
Tw Tractor front axle width
Twe Tractor rear axel width
Tuws Traller rear axle width
[P Tractor yaw moment of inertia (vertical direction)
I Trailer yaw moment of inertia (vertical direction)
m Road adhesion coefficient
Cas Cornering stiffness of tractor front wheel
Car Cornering stiffness of tractor rear wheel (4 tires)
Cat Cornering stiffness of trailer rear wheel (4 tires)
Cit Longitudina stiffness of tractor front wheel
C Longitudinal stiffness of tractor rear wheel (4 tires)
Cit Longitudinal stiffness of trailer rear wheel (4 tires)
Iwi Wheel radius(i=1,2,...,6)
L i Wheel moment of inertia(i = 1,2,...,6)

16
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Fig. 2.2: Two-unit vehicle parameters

2.2. Kinematic Equations

model

In this section, the coordinate frames that will facilitate the derivation of the

are presented. Specifically, the following right-handed coordinate frames are

defined:

Theinertia or globally fixed coordinate frame X, Y.

The tractor coordinate frame X,Y,. This frame is fixed to the tractor’s c.g., which
means that it translates and rotates with the tractor. The X,-axis positive direction
corresponds to the longitudinal traveling direction of the tractor.

The trailer coordinate frame X;Y;. This frame is fixed to the trailer’s c.g. Again the
Xi-axis positive direction corresponds to the longitudinal traveling direction of the
trailer.

The road reference coordinate frame X;Y;. The origin of this frame is defined as
the intersection of the road centerline and the line that connects the center of the
road-curve with the c.g. of the tractor. The X;-axis is the tangent line of the road-
curve at the origin with positive direction pointing towards the tractor’s traveling
direction. The Y;-axis positive direction is chosen so that it forms a right-handed
coordinate frame.

The tire coordinate frames Xui, Ywi, i=1,2,..6. These frames are fixed to the wheels
geometric centers. The positive Xy-direction points towards each wheel’s

traveling direction.
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Chapter 2 Analysis of Vehicle Dynamics

The coordinate frames are shown in the figure below and the variables of interest are
shown in the table that follows. Note that thisis an unrealistic position of the vehicle, but
itisvery helpful since all the angles that are defined are positive in this figure.

-
w.

Fig. 2.3: Coordinate frames.

Table2.2: Variables of interest

Variable | Description

X, Position of the tractor C.G. inthe i, direction of the inertial
coordinate frame (Xn, Yn)

A Position of the tractor C.G. inthe j,direction of the inertial
coordinate frame (Xn, Yn)

X, Position of the tractor C.G. in the i, direction of the road reference
coordinate frame (X;, Y;)
Y, Position of the tractor C.G. inthe j, direction of the road reference

coordinate frame (X, Y;)

Y aw angle of the tractor relative to the inertial coordinate frame (X,, Yn)

Y aw angle of the tractor relative to the road reference frame (X, Y;)

N Articulation angle of the trailer relative to the tractor
coordinate frame (Xy, Yu)
e, Y aw angle of the road relative to the inertial coordinate frame (Xn, Yn)

Vi Velocity of thetractor C.G. inthe i, direction of the tractor
coordinate frame (Xy, Yu)

y Velocity of the tractor C.G. in the J, direction of the tractor coordinate
frame (Xy, Yu)
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The transformation from one coordinate system to another is considered atrivial task and
thusit is not analyzed; however for purposes of thoroughness the transformation from the
inertial to the tractor frame and vice-versais provided below, just as an example:

ér u ér
- écose —smeueluU (2-1)

@Jna gsme cose H@Jug

ér u ér
g| 4= ¢ cose smeuelnu (2-2)
&) & sine cosegf] 4

Similar homogeneous transformations hold for al the other coordinate transformations.
Two kinematic equations that will be of use later in this chapter are the

expressions of the tractor’'s and the trailer's velocity and acceleration in the inertia

coordinate frame. To this end, it is observed that, by definition, the velocity vector of the

tractors sC.G. is

V, 1= xij +VyTup

cg
- ‘§|u u (2'3)
chl = g‘/ Vyﬁgf 3
élun

Also it isclear that, by definition, the position vector of the tractor's C.G. is:

an +yan
chl =V =%dn+ ValnP (2-4)

&
chl eXn ynue—>3
élng

And sincethe inertial frame is stationary:

— —

r.cgl :ch]_ = an_l)’] + Yn Tn b
e d (2-5)
n
sJ né

Using Eg. (2-1), Eg. (2-5) becomes:

yécose smeuelu G

ch]_ eXn ynu@S”]e cose ge]' E (2—6)
chl (chose + ynsme) Iy+ ( X,sine +Y, cose) L
Equating Eq. (2-3) and (2-6), yields:
V= (Xn cose + ynsine) (2-7)
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Vy:(- X,sine + yncose) (2-8)
The tractor coordinate frame is fixed to the tractor so it is rotating about the vertical axis
with rotational velocity e, thus:

Iy =€Jy

N B (2-9)
Ju=- ely
Therefore, differentiating Eq. (2-3) and using Egs. (2-9), we obtain:
\ngl :V).(iu +inu.:-Vy j.u +Vyju_i (210
chl :g’% - Vyeg,lu +§Vy +V)<e2f;ju

Theinertia frameis stationary, so:
Vor =%+ Yaln (2-11)
Using Eq. (2-1), Eq. (2-11) becomes:
\7091=(X1cose+ynsine)ﬁJ +(- anine+yncose) Tu (2-12)
Hence, from Eq. (2-10) and (2-12), we obtain:

?éVX - Vyeg: (Xn cose + Y, s ne) (2-133)
?éVy +Vxég:(- X sine+ yncose) (2-14a)
By inverting the homogeneous transformation, we obtain:
Ko = ?éVX -V,e gcose - gvy +V,8 gg ne (2-13b)
¥ = ?éVX -Vye ;SI ne + ?gvy +V, 8 gcose (2-14b)

As for the kinematics of the trailer, it is observed that the position vector of the trailer’s
CG.is

- -

-di,-dg P
w02 :\7C92 = fcgl- dli, - di b

\7ng :\7091- deju- dy® +e, 0, (2-15)
where we used the fact that the trailer’s coordinate frame rotates with (e‘ +éf) . Taking

into account Eg. (2-6) and the coordinate transformation from the trailer to the tractor

coordinate frame, we obtain:
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ch2 = ann +Vn Tn + dléSi neip - COSEdlé Tn +
+sin§% +e, §d3? +e, gﬁ - cosg’% +e, §d3? +e, !;jn
_® . . 51 s o« G0~
—gxn +dgsne +sm§% +e; §d3§% +e, ggln +

gyn - cosede - cosgé +e, gd3§% +e, &, (2-16)

7]

2.3 Road-tire Interaction

The study of the road-tire interaction is an extremely challenging matter since it
involves the contact of two bodies (tire and road) accompanied by the following
phenomena: tire rolling and slippage, tire viscoelastic deformation — especially of the
contact patch — elastic (or sometimes plastic) deformation of the road and finally
interference of debris such as dust, water, snow and ice. Another issue is the fact that the
vertical load on the tire changes when the vehicle negotiates a turn, because of the weight
transfer. Several complicated models based on analytical and experimental data have tried
to capture the dynamics of the road-tire interaction. However, for nomina highway
operation where road curvatures and longitudinal accelerations are small, it is universally

accepted that alinear equation is sufficient to describe the tire forces.

Lateral Direction
In the lateral direction, the linear equation that yields the lateral tire force F is:

Fa=mCaa+Cyg) (2-17)

where

- aisthedlip angle defined as the angle between the velocity vector of the center of

the wheel (V,, ) and the orientation of the wheel (d is the orientation of the wheel

in the coordinate frame of the associated unit, i.e. the tractor or trailer).
- ?isthe camber angle which was assumed O (see Section 2.1).
- C, and C; is cornering and camber stiffness respectively. In general, both
parameters increase as the tire pressure increases.
The lateral force will act in the latera direction of each wheel as shown in the figure
below.
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¥ Xwi

Fa

Fig. 2.4: The mechanics of thetire

For the ith whesl, Eq. (2-17) can be written as:
Fa=mCy(d;- ;)1 P
V. .Yo6. (2-18)

Hence the calculation of the lateral force on each whedl boils down to the calculation of
the wheel velocity vector Vyi. To thisend, it is observed that the absolute position vector

of each whedl is:

Fua = Toor + iy + 3Ty (2-19)
Foo = Teer * iy = 3Tl (2-20)
Fus = Teon = Lol + 3Tl (2-21)
[P P IZE - %Tszu (2-22)

—_ — ad ad l o
lws = Tca ™ dllu - ISIK +5Tw3]t p

Mus = Toar +(' |5 - d, cose; )K +(%T\AB - d,sine, ) ) (2-23)

W

—_ s ad ad l o
Mwe = a1~ dllu - ISIK - ETwsjt p

Foo =Ty + (- 15 - dycose, )i, +(- 4T,,- d;sine, )

w

(2-24)

Taking the derivative of Egs. (2-19) to (2-24) gives the velocity of the center of wheel i.

\7w1 :VCGl +|1i_; +%TMTu P
Vo =(Vy- 3T,8)1 +(V, +1€) T, (2-25)
sz :VCGl +|1i_; - %TMTu P

Vo =(V, +2T,8)1 +(V, +1€) T, (2-26)
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sz :VCG:L - Izi_.; +%Tw2Tu P

VW3 = (Vx - %Twze)l_; + (Vy - Ize) Tu (2_27)
_.W4 :vCGl I2|u %TWZTU D

VW4 = Vx + %Twze)l_; + (Vy - Ize) Tu (2_28)

+(— l, - d, cose, )ﬁ +(d1e'f sine, )E +
(— d, sine, +§TW3) 1 +(— d.g, cose, ) i,
v :(VX cose, +(V, - & )cose, - %Tm(e'+e'f))ﬁ +

+(-szinef +(V, - die,)cose, - 1, (& +e'f))Tl (2-29)

=V, +(- 1, - d, cose, )ﬁ +(dg, sine, )i, +
( - %Tm) i +(— de, cose, )L
= (Vx cose, +(Vy - dlél)cosef +3 T (é +€, ))T +

+(-szinef +(V, - de,)cose, - 1, (& +éf))Tl (2-30)

The last two equations were transformed to the trailer coordinate frame, because this is
the unit associated with the rear wheels. To conclude, the lateral forces are obtained as

follows: First calculate ?:

L (V +Ile')
S ) o

(v, +e)
e T ) o

(v e)
7, =tan 1m (2-33)

I )
SRR o
z.=tan* ('szmef +(Vy } dlél)cosef - s (é+éf )) (2-35)

5 (Vx cose, +(Vy - dle'l)cosef - 1T, (é +6, ))

z =tan?t (—szinef +(Vy ) dlél)cosef ] I?’(é+éf )) (2-36)

(VX cose; +(Vy - dlél)cosef +1T, (é+éf ))
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Recall the 51" assumption in the Section 2.1 which states that d=0 for i=3,4,5,6 (or any

similar assumption that can be made) and calculate the slip angles:
g =d;- z, (2-37)

Finally calculate the lateral forces relative to the tractor coordinate system:

I}

al :CafalTWL =- Cafalsin(df)i_; +Cafalcos(df)Tu

I}

a2 :CafaZTWZ =- CafaZSin(df)i_l.J +Cafa2COS(df)Tu

I}

=C,a,].,=C, a,j
a3 ar 3Jw3 ar 3Ju (2_38)

I}

a4 = Cara4Jw4 = Cara4Ju

IEaS = CataSTWS = CataSTt =- CataS Sin(ef )I_; + CataS COS(ef )Iu
IEaG = CataGTWG = Cataei =- Catae Sin(ef )I_; + Catae COS(ef )Iu

Longitudinal Direction
Similarly, in order to calculate the longitudina tire force at each wheel, the longitudinal

dlip ratio is defined as:

I = Wil = Vi for praki ng
: (2-39)
I, =V Wil for traction,
WWi rWI

where ? ; is the angular velocity of the ith tire. This longitudinal slip exists because the
traction or braking force results in the tire deformation close to the contact patch. The
longitudinal force acts in the longitudinal direction of each wheel, as shown in Fig. 2.4,
and it is calculated by:

1 =C ¢l =C ol 1C03(df)i +C ! lSin(df)Tu
T zrwz =-Cl zcos(df)i +C zsm(df)Tu

(2-40)
s =Cl srs =G, Si_; =G, 5C05(ef)TU +C | SSin(ef)Tu
IEIG =C ey =C Gi_; =C, | ¢ cos(e; )ru +C | GSin(ef)Tu

Clearly al the forces are now expressed in the tractor coordinate frame. If we want to

transform them to the inertial coordinate frame we just use Eqg. (2-2).
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2.4 Equations of Motion

Model Relative to the Inertial Frame
First the equations of motion are derived relative to the inertia frame. The Lagrangian

method is used, that is, the equations of motion result from the following equation:
g& - E =F
dtfg Tq

where L is the difference between the kinetic energy T and the potential energy V of the

(2-41)

system, or L=T-V, q is the vector of independent variables and F is the generalized force
vector.

The kinetic energy of the vehicle is the sum of the kinetic energy of the tractor and
thetrailer, that is:

1 2
I’T’i Cgl I eZ+ rnZ CgZ 228 +efg (2'42)

Recalling Eq. (2-5) and (2-16), the kinetic energy is:
2
T :—mlxn + 2mly2 w5102+ 2mzs‘?<n +desine +sm(e +e; )dg(e +e, )g +
2
ﬁrnz@n - cosed€ - cos(e +ef)d3(é +éf)g +%I22§% +ef§ (2-43)

Since roll and pitch motions have been suppressed and the symmetry of the vehicle is

assumed (Section 2.1), the potential energy does not change, thus the Lagrangian function
is L=T. Applying the Lagrangian equation for the vector ¢,=§%, Y, € eng, the
following results are obtained.

(m+ mz)Xn+mzd3sin(e +ef)(e‘ +é'f)+mzdlé'sine+

(2-44)
m,de2cose +myd,cos(e +e, )(€ +&, ) =F,,

(M +m,) ¥ - mzd3cos(e +e )(e +€; ) - m,d&cose +

(2-45)
mdesne +md,sin(e +e, )(é+e,) =F

yn
(m,d;sine +m,d,sin(e +e,))%, +(- m,d, cose - m,d,cos(e +e,)) ¥, +
(14+1,5+myd? +myd;? +2myd,d, cose, )& +(1 , + m,d,? + m,d,d cose, )& - (2-46)
m,d,d.e *sine, - 2m,d,d.€e, sine, = K,

(mZdSSi n(e+e, )) X, + ( m,d,cos(e +e, )) ¥, +
(1,5 +mydz? +m,d.? + 2myd,d, cose, )& + (1, +m,d?)é, + (2-47)
m,d,d.e*sine, =F_;
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where Fyn, Fyn, Fe and Fg are the generalized forces corresponding to each generalized
coordinate gn. These forces can be calculated from Eg. (2-38) and (2-40), by transforming
them to the inertial coordinate frame. Then Fy, is the sum of the forces projected to the X,
axis of the inertial coordinate system. Similarly, Fyn is the sum of the forces projected to
the Y, axis of the inertial coordinate system. A quick rule of thumb is that the generalized
forces are the ones that produce work at the direction of the generalized coordinate.

This concludes the vehicle dynamics analysis of the nonlinear model of a two-unit
vehicle. In the next subsections the equations of motion relative to the tractor coordinate

frame and the road reference frame are presented.

Model Relative to the Tractor Frame
Multiplying Eq. (2-44) by cose and Eq. (2-45) by sine, adding them and taking into
account Eq. (2-13a), yields:

(my+ mz)\ix+mzd3sinef(é+éf)- (m+m,)Vie+

m,d,e? + m,d, cose, (€ +€, ) = Fy,cose + Fy,sine

(2-48)

Similarly, multiplying Eq. (2-44) by -sineand Eq. (2-45) by cose, adding them and taking
into account Eq. (2-144a), yields:
(m +m,)V, - myd, cose, (e‘ +e'f)- mdé +(m +m,)V,e + (2-49)
+myd,sine, (€ +¢, )" =- Fypsine + Fyycose
Also by substituting Eq. (2-13a) and (2-14) into Eq. (2-46), yields:
-mydV, - mdV,e- m,d,cose,V, - md;cose,V,& +myd,sire,V, - md,sire Ve
(11+1,,+myd? +myd.? + 2m,d,d,cose, )& +(1 , +m,d2 +m,dd;cose, )&, - (2-50)
m,d,d.€,’sine, - 2m,d,d€€, sine, =F,

Finaly, Eq. (2.47) can be expressed in the tractor coordinate frame as follows:
(— m,d.V, cose, - m,d,V,&cose, +m,d,V, cose, - mzdsvyecosef)+ (2:51)
(1, +mydz+mydd;cose, )& +(I , +mdz2)€ +mdde’sine =F,,
Hence the entire system is now expressed in the tractor coordinate frame. This
representation is particularly useful when passenger comfort is of interest. It basically

shows the state of the vehicle as viewed and felt from onboard.

Model Relative to Road Reference Frame
Finaly a very useful model representation when lane following performance has to be

validated, involves the expression of the vehicle states in terms of the road reference
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coordinate frame. To this end, it is observed that the position vector of the the tractor’s

C.g. can be written as:
o =Tor + XI T Y, (2-52)
Where T, isthe position vector of the origin of frame XY;. From its definition, this frame
travels at speed:
o =X (2-53)
and since it follows the vehicle, it is clear that Eq. (2-52) can be written as:
=T, +V, ], (2-54)
Differentiating Eq. (2-54), we obtain:
roglzr_:'Or +YrTr +YrTr p
Vo= (% - Y& )i + Vi Jr

By the well known coordinate transformation, Eg. (2.55) becomes:

(2-55)

Ve, =((% - vi&,)cose, +y.sine; )iy +(- (% - vi€,)sine; + Y, cose; ) j,  (2-56)
Comparing Egs. (2-56) and (2-3), we obtain:
= (X,.- Yred.)co.ser + Yr.s ne, (2-57)
Vy=-(%- Y€,)sine, + Y, cose

Using similar procedure the relationship between the accelerations in these two
coordinate systems can be found. The next step is to visit Egs. (2-48) — (2-51) and make
the changes just like it was done with the conversion between the inertial frame and the
tractor coordinate frame. Hence this step is not presented here.

2.5Model Simplification for Control Design

The equations of motion derived above are non-linear, quite involved and they do not
allow for any insight in terms of control design. Hence, it makes sense to make some
more assumptions in order to bring the vehicle model to a more attractive form. To this

end:
- Thelongitudinal velocity is considered constant, that is Vx=const and , V, » 0.
- The longitudinal tire force acting on the lateral tractor direction is negligible,
F, =0 fori=1.2,...,6.

- Thetire slip angles are the same on the left and right sides of the vehicle.
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The lateral tire forceislinear, tan"'(g) » g .

The articulation angle and rate, yaw rate, and the steering angle are small,
sin(e,,) » e, and cos(e,,) »1, sin(d,,) »d,, and cos(d,) » 1.

Since the yaw rate, articulation angle and rate, and the steering angle are all small

numerically, the higher order terms involving these variables are negligible.

These assumptions are al valid for nominal highway operation. Their influence on

reducing the complexity of the model is discussed below. First of all, a close look at Egs.
(2-48) — (2-51) shows that Eq. (2.48), which describes the motion in the longitudinal
direction, is now irrelevant so it can be omitted. Also the generalized forces are now

much easier to find. More specifically the system becomes:

(M +m,)Vy - mydscose, @+e, & mdg+(m+my Ve + 258)
+mzd3Si ne (é +€ )2 = Fal + I:612 + Fa3 + Fa4 + I:615 + Fa6
- mdV, - mdV,e- md,coseV, - md,cose \V,&- mdsine,V,e
12+ 1+ myd? +myd;? +2m,dd; cose, )& + (1, + mydy? + myd;d;cose, )¢, - (2-59)
m,d,d.€,°sine, - 2m,d,d g, sine, =
=(Fa* Fao)li~ (Faa* Fag)l2~ (Fas * Fag)(d 0088,
(- m,d.V, cose, - m,d.V,ecose, - mzdgvye'cosef) +

(1, +myd? +mydy? +2mydd,cose, )& +(1 , +mdy?)e, + (2-60)
myd,d.e’sine; =(F 5+ F )l

where the tire dip angles are simplified as follows:

V, +le
ai=az=d-—(y ) (2-61)
VX
V, -1e
a=a,=- —( yVX z ) (2-62)
V, -de - (e+e
éls:«’:le:ef-(y & lfe+e)) (2-63)
VX
After some agebraic manipulations the system is brought to the following form:
Mg +C(q,q)+Dg+Kg=Fd, (2-64)
where:
T
q =&y, e efH
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¢ mem - my(d, +dycose, ) -Myd;cose, 4
M= 2_ m,(d; +d;c08e, ) 1+ 1,5 +Mydy* +mydy’ +2mdidcose, 1, +mydy® + Mydid; cose, 3
¢ - myd;cose, |, +md;’ +m,d,d,cose, |, +mdy’ ¢
¢ (M +my)V,e +mdysine, (€-+e, ) ;
C(q.9) :é m,(d, +d;cose, )V,& - m,d,sine,V,€ - 2md,d,sineee, - mzdldSSinefefzg
g -md,sine V,e - md,cose Ve +mdd;sinee’ 3
8 ]
2 Caf +Cqy +Cy IlCaf B |2Car B (Is +d1)Ca1 B ISCat 3
2¢ 2 a
D= dCu - 1Ca - (Is+d,)Ca 17Cy +1,°Cy +(13+0,) Cor 151 +d1)Cat3
e -1.Cy l3(1+d;)Ca 1,°Cy U
g ¢!
€ 0 -2C;, u
e u
K :30 0 2(I3+d1)Cat3
00 2L, {

) T
F=2C,g I, 0§

Using the sine and cosine approximations that were mentioned earlier and taking into
account Eg. (2-57) and the relation between accelerations in the different frames, the

dynamics of the system are expressed with respect to the road reference frame, as

follows:
qur +err + qur = l:rdf + Eléd + Ezéd (2_65)
where
qr = gyr er ef H
g m+ 'mz(dl"ds) - myd, 3
M= 2’ rnZ(dl+ ds) |, +1,+md?+mydy?+2mdd, |, +mdy+ mzdldsg
§ -myd, I+ mydy® + myd,d, lp+mdy g
€  Cu+Cy+Cy 1.Cst - 1,.Car - (I3+y)Cat -1.Cy Y
2 & 2 u
C :\Txglcaf - 1,Cy - (|3+o|1)caI 12C, +1,2Cy +(I3+d1) Cu |3(|3+d1)cat3
g -1.Cy l3(1+d;)Ca 1,°C E
% - z(caf +C, +Cal) -2c, !
é u
K =80 -2[Cy - 1,Car - (lg+ ) Cut) 2(13+)Cal
go 2.Cy 2.Cy E
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F=2C,é |, 0§

& - (m+m)v -Vi(c 1,Car - (l;+,)Ca) §
e g
e ~U
Elzgmz(dﬁdS)V- ngC +1,2C, + (1, +d) ;‘j
e u
e AV, - 11, +d y
b mes- bl +) i
¢ m,(d, +d,) u
e 2
Ezzg'gi zzmz(d +d);
e u
g'( zz+mzd3mzdd) u

The system can also be brought in the standard state space form as shown below:

Eéqu,l_é 0 I ueqru é 0 ud é 0 u L€ 0 L,’é
a& i EmKk oMok U Rl Tave T TR e (26p)
X = A X + B u+ D

This is a very attractive form of the complex nonlinear model. It is purely linear time

invariant, very simple, yet the fundamental lateral dynamic behavior remans very
accurate [6].

2.6 Single Unit Vehicle modeling

One of the ways to derive the dynamic model of a single-unit vehicle, e.g. a passenger
car, is to start modeling from scratch. The steps are going to be the same, but this time the
model is ssimpler since there are less degrees of freedom.

On the other hand, a much faster way to create a model of such a vehicle is to
derive it from the analysis above. More specifically, looking at Eq. (2-65), the third
equation, which describes the trailer’ s motion relative to the tractor, has to be eliminated,
since there is no trailer in single-unit vehicles. In the rest two equations, by setting all the
variables and parameters relating to the trailer equal to O, the following result is obtained.

M.g +C.q +K,q =Fd, +tEé, +E&, (2-67)
where:
g =[yr er]T
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e ] X
o2 §0 G G

x8Cy - 1.Car 12Cy +1,7Cy

20 _Z(Caf +Caf) 3
K =e G

0 -2[LCy - 1,Car )8
F=2C, 4 1,0

é 2 U

& MVy- _(Ilcaf - Izcar)(J
E=S 3

e - (17Cy +1,7Cy ) 1

g W g

ar o
Ezzgmf 13

& 'ag

And again the system can be brought in the standard state space form as shown below:

E@qrg_g 0 I ueqru é 0 ud é 0 u L€ 0 L,’é
af i Emk -mici e Rl T e g (269
X = A X + B u+ D

This is exactly the well known bicycle model that has been very widely used for control
design for passenger vehicles. Notice that the system is considered a SISO LTI; the road
curvature is viewed as a disturbance acting additively at the lateral acceleration of the
vehicle. Comparing Eq. (2-65) and (2-67), it is clear that two-unit vehicles are much more
complex, not only in terms of the number of parameters that affect dynamic behavior, but
also in terms of structure (6 versus 4 gates). Further details on the model and its dynamic

behavior are presented in the next chapter.
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3. LATERAL AUTONOMOUSFOLLOWING CONTROL

DESIGN

As discussed earlier, lateral autonomous following is important in AHS, since it can act
either as a backup system in case lane keeping techniques fail, or as a primary system if
there is no road infrastructure to support lane keeping. The principle behind lateral
autonomous following lies on the fact that by monitoring the relative lateral position of
the preceding vehicle, it is possible to control the following vehicle.

However, the control design is a highly non-trivia task. As it is shown in the next
section of this chapter, there are two important considerations that make control design
challenging; first the plant itself, that is, the dynamic properties of the vehicle, present
certain limitations and thus tradeoffs have to be made; secondly the fact that the controller
relies on the preceding vehicle's position, instead of the fixed road, complicates the
solution even more. Briefly speaking, this dependence introduces: (i) increased lateral
errors due to rear-end off-tracking (the term is explained later) and (ii) platoon stability
limitations due to the interconnection of the vehicles, as discussed in the Introduction.

The remainder of this chapter is organized as follows; first it is assumed that the
following vehicle is monitoring the road centerline. This will unearth the limitations of
automated lateral control design in general, that is, without the extra considerations
arising from monitoring the preceding vehicle. Next, the control design will be altered to
incorporate autonomous following systems, and more specifically to compensate for rear-
end off-tracking. In addition, a mathematical analysis of platoon stability is presented and
finally the solution to the problem and the final closed-loop system is developed. Again,
the conclusions drawn for two-unit vehicles are applied to single-unit vehicles as well,
therefore comparison is facilitated through the unified approach to the analysis of these
two vehicle categories.

3.1 Conventional Autonomous Following Control Design

In the previous chapter, the general equations of motion for a single-unit and a two-unit

vehicle were derived and simplified to a linear dynamic system, which was expressed in
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the state-space form x= Ax+ Bu, see Eq. (2-66) and (2-68). Suppose that the controlled
vehicle (vehicle 2) is following the identical preceding vehicle (vehicle 1). In order to
determine its output equation it is assumed that a sensor is mounted at distance ds from
the vehicle's center of mass and monitors the relative distance of the rear end of the

preceding vehicle, as shownin Fig. 3.1.

Sensor
dg

€ (2) _*s

/. - Ys

2)
v lyg
' Yrb

Fig. 3.1: System configuration for autonomous following.

The lateral distance measured by the sensor is ys. Its relation to the vehicles states is
derived asfollows:

Vg =xpsine® +y cose®
= xpsiner(Z) St Vi gcose?)
G}3‘33’(2)+d sine(z) 0. 3
=X Sine(2)+é %) (2) (3_1)
P y(l) g sine® - d,sinB® +eM % ooU i
& g %

Assuming that the angles er(l),e(fl) and egz) remain small, Eq. (3-1) iswritten:
x(2) (1) 0 (2 6o (D) @0 -
Ys=chy IZJ+§‘3< +dg _e e | +dy% +det : (3-2)

Similar analysis on single-unit vehicles yields:

= yD2 B 0.+ oD (33

where dyy; is the distance of the preceding vehicle's center of mass from its rear end. Both
equations clearly show that the sensor measurement is composed of three terms: (i) the
relative lateral position, (ii) the look-ahead term, that is, a quantity due to the fact that the

preceding vehicle' srear end is at distance ?‘p +dsg from the following vehicle' s center of

mass, and (iii) the off-tracking term. This last term describes the intuitive fact that the

rear end of a vehicle does not necessarily follow the trajectory of the vehicle's center of
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mass. For passenger vehicles this term is relatively small, while for tractor-semi-trailer
vehiclestrailer off-tracking makes control rather challenging. In this section, it is assumed
that somehow the preceding vehicle manages to have its monitoring point exactly on the

road centerline; thus rear end off-tracking is not present and so Eq. (3-3) becomes:

Hence, in the general form, the output equation of a system that tracks the road centerline
at some distance I, ahead is given by:

) T
Ys=& 1, 000 Oggyr e e Y & e'fa for 2- unitvehicles (3-5)

Ys=& I, 0 Ojgy. e ¥ e}ﬂT for 1- unitvehicles (3-6)

The set of Egs. (3-5) and (2-66) constitute the linear plant for two-unit vehicles and the
set of Egs. (3-6) and (2-68) isthe linear plant for single-unit vehicles. Taking the Laplace

transform of the system yields the following block diagram for both cases:

Fig. 3.2: Thevehiclein itstransfer function representation.

In Fig. 3.2, G,(9 :% is the transfer function from the steering angle df to the lateral

acceleration y,and D; is the road curvature disturbance. It is noted that u(s) and v(s) are

different for single-unit and 2-unit vehicles.

It isinteresting to see the frequency response of the Gy(s) for various longitudinal
velocities and look-ahead distances. For the parameters listed in Appendix A, the
frequency response plots for single and two-unit vehicles are shown below. From these
plotsit is evident that for large longitudinal velocities, increased phase lag is present, and
can be compensated for with large look-ahead distances. Clearly, there is a tradeoff
between accuracy and ride comfort. Small look-ahead distances increase the accuracy but
result in poorly damped zeros, that is oscillatory control, whereas large ones result in
smoother control, but also in lane keeping inaccuracies. Also, from the comparison of the
Bode plots, it is clear that two-unit vehicles (with the selected parameter values) are much

more difficult to control at the same driving conditions.

34



Chapter 4

Lateral Autonomous Following

Magnitude (dB)

Phase (deg)

Magnitude (dB)

Phase (deg)

Two-Unit Vehicle

Bode Diagrams for Gp(s) for variable look-ahead Bode Diagrams for Gp(s) for variable speed

50

45

40

35

30

-135

Bode Diagram

42

Bode Diagram

v=40m/s

e
=

40m/s

40

38

32

Magnitude (dB)

30

. .

Phase (deg)

10 10° 10"

Frequency (rad/sec)

10

Frequency (rad/sec)

Fig. 3.3: Two-unit vehicle Bode diagrams.
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The controller to be designed must attenuate the disturbances, achieve noise rejection and
accurate tracking and finally have good performance for plant variations. In other words it
has to be robust to plant uncertainties and especialy to longitudinal velocity variations. In
the figure below, the closed loop system aong with the aforementioned disturbances is

shown. As mentioned before, for the purposes of design, the quantity

gg%ifd _e(1)+d e(l) (1)0 is assumed O.
2

Actual D(s)
Output !
A@L G,(s) I—» G,(9) 1/s? Y.

+ N(s)
;7

?g%il+ d3E’e(l) +9
@.

o

Qe

Fig. 3.5: Closed-loop system with disturbances.

Several controllers have been designed in the past. One of the most successful ones was a
linear parameter-varying controller, that is, a controller whose parameters are continuous
functions of the longitudinal velocity, [18]. Its downside is the very high computational
power that is needed to implement such a controller. In this report, for simplicity reasons,
a classical loop-shaping technique is selected. The maor purpose of this report is not to
come up with an optimal controller, but to show how nearly all controllers fail when the
only information provided to them is the relative latera error of the preceding vehicle's
rear end. It is aso intended to show that a simple lead lag controller, given the right
information, can provide acceptable control without lateral error propagation along a
platoon. Having said that, the controller proposed for a single-unit and two unit-vehicles

with parameters close to those of the Appendix are shown below:

_ 0.262 (s+1.356) (5+0.1528) !
Gole) =~ (sr2.442) (5+0.1437) (3-7)
G2 = 108673(s+2.36) (5+0.81) 38

"~ (s+372.6) (s+97.47) (s+71.65) (s+0.853)

The frequency response of the loop gains is shown below. It is noted that the nominal
velocity was chosen to be 30nVs for the single-unit vehicle and 25mvs for the two-unit

vehicle. The ssmulation results for a simple curvature profile are shown in the next figure.

36



Chapter 4 Lateral Autonomous Following
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Fig. 3.6: Loop gain frequency responses for both types of vehicles.
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Fig. 3.7: Two-unit vehicle negotiating a curvature profile.
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Fig. 3.8: Single-unit vehicle negotiating a curvature profile.

Clearly, both systems present good robustness properties (high gain and phase margins).
In addition, in terms of time domain response, the simulation results show acceptable
performance, since lane keeping remains within satisfactory limits.

Although, the designed controllers behave acceptably in terms of lane keeping,
when it comes to implementing platooning through autonomous following, the system
proves to be completely inadequate. The figure below shows the simulation results of a
platoon of 3 passenger vehicles, each implementing autonomous following by monitoring
the preceding vehicle's rear end and using the controller described in Eq. (3-7). The
lateral error propagates along the platoon, indicating the absence of lateral platoon
stability. Similar non-acceptable results are obtained for two-unit vehicles as well. In both

simulations the parameters used were taken from Appendix A.
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Fig. 3.9: Platoon of three single-unit vehicles negotiating a curvature profile.
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Fig. 3.10: Platoon of three two-unit vehicles negotiating a curvature profile.
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Therefore, it is concluded that this simple method of autonomous following is not
adequate for platooning, especialy when the platoon size is large. The insufficiency of
the control design presented above motivates for the development of a new controller,

which is analyzed in the next section.

3.2. Autonomous Following Control Design with Off-tracking Compensation

One would suspect that the simplifying assumption that the preceding vehicle manages to
have its monitoring point exactly on the road centerline is not valid. Indeed, the offset
created by rear end off-tracking is too large to be neglected and there is dso the y® term
which represents the inherent interconnection between the two vehicles. Especially for
tractor-semi-trailers, trailer off-tracking is quite large due to the significant length of the
trailer. Hence, it has to be compensated for.

One way to compensate for the rear end off-tracking term, is to have the sensor
track the preceding vehicle's center of mass instead of its rear end. This requires the
installation of a reflective surface on the plane, which the preceding vehicle's center of
mass lies on, e.g. on the roof. Clearly, this approach raises practical implementation
issues, but if it is implemented, then according to Fig. 3.1, the look-ahead distance

increases and the sensor output, becomes:
o= (367 - y) +(xg+ dJel® (39
where xg is now the distance between the sensor and the measured point. Alternatively, it
is possible to measure the relative yaw angle (e§2> -e® - e&”) by scanning two points on
the rear end of the preceding vehicle and using smple kinematic equations. Then, by
adding in Eq. (3-2) the term ds(er(z) -e®- egl)) , the output becomes:
(y(z) y(l)) X, +d )e(z) +((d +d )e(l) +d e(1>)+d (e(z) e® - egl)) b
(y<2) +de@ - yo - de(1>) (X +ds)er(2) +
((d +d;)e® +d3e(1))+d (e(z) e® - e(l)) p
Y =(M2- YP)+ (% +d+ d + dy)ef? (3-10)
Thus, the control points are no longer the centers of mass, but the hitches of the heavy

vehicles. In order to avoid this change of control point, the relative yaw angle

e?-e®- egl)) is multiplied by (d, +d,) and, at the same time, the preceding vehicle's
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articulation angle e is communicated and multiplied by d,. Adding the output of the

monitoring device with these two quantities yields:
Yo =(¥2 - Y2+ (xp + d)ef® +((d, + d)e + de? ) +
(d+ ds)(er(z) -e®- egl)) +de®p

e ( yo - yr(l)) + (xp +dg+d, + ds)er(z) (3-112)

It is clear that this new input to the controller eliminates trailer off-tracking, but it requires
the installation of an inter-vehicle communication system. If this is not possible, it is
recommended that the controlled vehicle use its own articulation angle measurements as

the best estimate of e{".

Similar analysis for single-unit vehicles transforms Eq. (3-3) to Eq. (3-12). In this
case of course inter-vehicle communication is not needed since single-unit vehicles do not

have an articulation point.
Vo =B - Y 248, +d+ ., (312)

From the analysis above, it is evident that the off-tracking term and hence the bias that it
introduces is eliminated. The downside of this method is that relative yaw angles are
usually very small during highway operation; hence the sensor resolution has to be high
enough to yield reliable measurements. The simulation results for this new closed loop
system are shown below for both single-unit and two-unit vehicles

0.6 . : \
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©
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Fig. 3.11: Platoon of three single-unit vehicles with off-tracking compensation.
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Fig. 3.12: Platoon of three two-unit vehicles with off-tracking compensation.

As expected, the lateral error propagation still exists but it is smaller this time for the
single-unit vehicle case. As for the two-unit vehicle platoon, it is clear that although the
initial error is a bit larger, it stable converges to a steady state error whereas without off-
tracking compensation the error did not settle and was unpredictable.

Finaly, it is possible to reduce or even eliminate the look-ahead term by storing the
sensor measurements, trang ating and rotating them according to the motion of the vehicle
and using them in the control law when the longitudina distance between the control
points (either centers of mass or hitches) takes the desire look-ahead value. Specifically,

for known yaw rate, the sensor measurement is manipulated at each time step as follows:

KoK= Yy [k - VDt + g k- 1 (313)
Yiray [KI =§ér(l)xtraj[k' 1- Vy%Dt + YiglK- 1 (3-14)

where x and Y is the longitudinal and lateral velocity at the vehicle's reference frame

respectively. When the longitudinal distance between the control points becomes zero,

then the output of the system becomes:
Yo =y -y (3-15)

Essentially, this version implements alook-down scheme, which has two problems:
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0] it requires the yaw rate of the vehicle, which means that one more sensor has
to be installed. Normally, yaw rate is measured by a yaw rate gyrometer;
however, this sensor often presents some drifting properties along time,
rendering its measurements inaccurate.

(i)  As seen from the open-loop body plots the look-down scheme gives quite
oscillatory control due to the poorly damped zeros that occur when the look-

ahead distance approaches 0.

3.3 The Notion of Lateral Platoon Stability

In the previous section, it was shown that the lateral error propagates along the platoon of
vehicles, even when rear end off-tracking compensation is used. The reason behind this
error propagation is the fact that each vehicle controller relies on measurements of the
position relative to that of the preceding vehicle rather than its absolute position. This

interconnection prompts for a mathematical analysis of platoon stability.

Definition: A group of n vehicles is lateraly platoon stable in the I, sense if

nit@ng yo )], <[y ),

p

where yi"9(t) and y{(t)is the latera error of the (i-1)th and ith vehicle relative to the

road reference frame respectively. Since we are concerned about the lateral error

propagation, we deal with I, stability. Hence, the lateral platoon stability condition is:
mtax|y,(i) (t)| < mtax|y,(i‘ b (t)| (3-15)

For linear systems, the above condition implies that lateral 1, platoon stability is achieved
when (i) the following equation holds:

YO (jw)

YO(jw) |
YD (jw)

<1b d
YD (jw)

1 "w (3-16)

¥
AND (ii) the impulse response of the transfer function from Y,{-? to Y} does not change
sign. Conversely, aplatoon is laterally platoon unstable when there exists w such that:

YO (jw)

Y 3(jw) &4

¥

43



Chapter 4 Lateral Autonomous Following

Reformulating the problem of the autonomous following scheme and assuming that rear
end off-tracking has been compensated for, the block diagram that describes the
interconnection between the ith and the (i-1)th vehicle is shown in the figure below, and

the transfer function is described by Eqg. (3-18).
y,0
1/s? I»—»

Fig. 3.13: Block diagram for the inter connection between ith and (i-1)th vehicle.

YO(s) __S*Gpe(9) )
Y D(s) 1+s 2cgcpc(s) (3-18)

— Gdy(S)Gc(S) H _ H H —
where Gpc(s)_w(s)q(s) and |, isthe look-ahead distance. It is clear that for 1, =0,

the system corresponds to the look-down scheme. Representing the loop gain as a

complex number, that is:

L(jw) = W) 2Gpe(jw) =, (jw)e" ¥ (3-19)
then Eq. (3-16) becomes:
. if &jwe
‘ r (jw)>e SJZ 1<1p
‘l+ rL( jw) el 5
rL(jw) <1b

JL12(jw) +2r (jw)cosf

r_(jw)cosf >-05p
Re{rL( jw)} >-05 (3-20)

This means that the first condition for lateral platoon stability in the Iy sense is
satisfied if the open-loop Nyquist plot lies on the right of the line x=-0.5 "w. Thisisa
very important conclusion, since it is a fast criterion to determine if the platoon is
unstable. It should be stressed again that it does not guarantee platoon stability since it

does not give any information about the impulse response of the transfer function. Several



Chapter 4 Lateral Autonomous Following

simulations showed that it is possible to achieve lateral platoon stability by merely
measuring the relative distance between the preceding and the following vehicle. In
practice, if the look-ahead distance is small the controller gain has to be very small as
well to satisfy the stability condition. Conversely, for larger controller gains platoon
stability is achieved when the look-ahead distance is increased. In the first case, the result
is slow transients resulting in poor performance, while in the second case vehicles cut the
corners of the turns that they negotiate. Thus, lateral platoon stability and satisfactory
performance is practically impossible to achieve simultaneously. What can be guaranteed
is prevention of lateral error propagation for a certain frequency band. The following

example illustrates such a case.

Example
For the tractor-semi-trailer vehicle parameters and the controller used in the previous

section with zero look-ahead distance, the open-loop Nyquist plot is shown in Fig 3.14.

Nyaubk”b:
1 ' ' '

Latoral Soe i)
- “r

Fig. 3.14: Open loop Nyquist plot of the tractor-semi-trailer system (a), and
simulation of a 4-vehicle platoon, (b).

From this figure, it can be concluded that a platoon consisting of the exact same vehicles
is laterally unstable since the Nyquist plot does not lie on the right of the line x=-0.5. Fig.
3.14b shows the steady state simulation results for a 4-vehicle platoon whose lead vehicle
oscillates at a frequency of 6rad/s. It is evident that, although this is not a redlistic

highway curvature profile, there is no error propagation.
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3.4 Adding I nter-Vehicle Communication

No Communication Delay
In order to obtain platoon stability without compromising performance, one can either

redesign the interconnected system so that the lateral platoon stability criterion is
satisfied, or eliminate the interconnection of the vehicles. In the latter case, if the
reference trajectory for each vehicle is not that of its preceding vehicle but al vehicles
share the same reference trajectory, then each vehicle tries to follow this trajectory
independent of the motion of the other vehicles and thus the platoon is no longer a string
of vehicles. Hence, platoon stability analysis as conducted previoudly is no longer valid.
The platoon is stable as long as a stabilizing controller is designed for each vehicle.

In order to achieve vehicle “disconnection” without the need of road infrastructure,
the addition of inter-vehicle communication is studied. Idedly, an accurate Global
Positioning System (GPS) installed on the lead-vehicle and the transmission of its
position to the platoon would be sufficient to achieve a common reference trajectory for
all vehicles. However, there are several deployment issues with this solution such as
guaranteeing fast real-time information from the GPS. Thus, making use of the existing
on-board sensors seems a wise solution.

Assume a platoon of n identical vehicles, and the ith vehicle to be the vehicle of
interest. Recall that each vehicle can measure three quantities:

. . (o Y i-1D6 6 (i i-1 i-)6
(i) Relativelateral position M>_§/§')- yE' )§+§<p+dsge§')+§dl+d3)e§' )+d3e(f' ):;

i) Relativeyaw m® =20 - gi-0- gl-00
m,™ =g !

]

(iii) Articulation angle m," :eg)

where y© e@and e{® are assumed 0. This essentially says that the lead vehicle knows
its position relative to the road centerline. At each time instant t, the ith vehicle measures
these quantities m®, m®» m{, receives the measurements of all the preceding vehicles

m®, m®), m®, k=1,2,.i-1 and algebraically manipulates them as follows:
Ore = & morg - 08t m Mgy -
yiit am {t} §<p+ds+dl+d3;k%l(| k)m,{{t}
i-14
&
%

1

(3-21)

o u
+dg+d, + d3;(| - k)- dSEms(k){t}

o

p

=
1

Theresult of Eq. (3-21) is:
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¥ = v+ +ds%e iy (3-22)
e %)

This it the new output equation or else the input to the controller. It clearly shows that the
vehicles have been “disconnected”, in the sense that the controller input of each vehicle -
and thus its output - does not rely on the position of the preceding vehicles. It basically

reconstructs the road centerline position from the relative errors of the preceding vehicles.

. . . o : i l . e o (i l 5
For single-unit vehicles we have M>_§/§')- yE' )g+§%<p+dsge§')+gg Dl?aesl );,

and m, :gér(i) - (99, Theinput to the controller should now be:
]

YOI =4 morg - 5 +d +d %4 (i- K)mfg (323
sl k:lml é p’"s plf'akzl m,
and theresult is:

Y9t =y + g +dg el iy (3-24)

This scenario is smulated for both single-unit and two-unit vehicles and the results are

shown below. To facilitate understanding the response around the 10" second has been

blown up.
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Fig. 3.15: Simulation of single-unit vehicle platoon w/ ideal inter-vehicle
communication (entire simulation and blown-up detail).
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Fig. 3.16: Simulation of two-unit vehicle platoon w/ ideal inter-vehicle
communication.

It can be seen that the lateral error does not propagate along the platoon. Rather, the
lateral error profile is the same for al the vehicles — which was expected since the
vehicles are identical — with the only difference being that it is shifted in time depending
on the inter-vehicle spacing and each vehicle's velocity. In other words, this time shift

occurs because each vehicle enters the curve at different times.

Modeling Communication Delay
In the previous subsection, it was assumed that the control algorithm for each vehicle was

triggered upon the simultaneous receipt of all the messages. However, thisis not the case
in rea life. One important consideration is the communication delay, which is inherent in
wireless systems and makes the selection of the means of communication a non-trivial
problem, since it is a significant performance degrading factor, [32]. This delay is due to
three factors:
0] Transmission delay, which is usudly negligible. It refers to the time associated
with sending bits over the network. This delay can be determined by the
system’s bit rate. It is the time it takes for a bit to go from its source to its

destination and it does not take into account packet |osses or data collisions.
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(i) Delay due to packet losses. These are intermittent, and methods to study the
effects of these delays on the stability of system are being explored. If the
communicated message is corrupted, it will be dropped and treated like a
packet loss. The control algorithm will use the latest data received, which is
not going to be updated unless valid data is received.

(i)  Communication architectural delay, that is, delay associated with the selection
of the architecture of the communication system. These delays consist of the
amount of time the transmitted data has to wait in a buffer before being used
in by the control loop.

The choice of the communication system that supports the exchange of information
among vehicles is a challenging task. Practically, there are two categories of
communication systems, [16]: (i) Line-of-sight systems and (ii) Radio-based systems. As
far as the former are concerned, they are based on the use of a pair of infrared or LASER
transmitters/receivers that establish one-to-one communication between the vehicles.
Their great disadvantage is that communication is lost once one of the devices is out of
visual contact with the other. It is also interesting to note that if a message from the lead
vehicle needs to be conveyed to a vehicle in the platoon, it has to hop from vehicle to
vehicle to get to its destination.

In terms of radio-based communication systems, they require a networking protocol
to prevent simultaneous transmissions from interfering with each other. Radio frequencies
in the GHz range are chosen to support inter-vehicle communications due to the high data
rate that is required. The most widely accepted protocol for inter-vehicle communication
is the token-passing protocol. In this configuration, each vehicle broadcastsits ID with its
data. The ID numbers are based on the position that the vehicle occupies in the platoon.
To start the token passing protocol, the lead vehicle broadcasts its information on the
channel, and starts a timer. Each following vehicle broadcasts its information only after
receiving the broadcast of the vehicle immediately in front of it. When the last vehicle in
the platoon has broadcast, the lead vehicle restarts the cycle. The amount of time that a
user gets to transmit during the token cycle is called the time slot ts and its size depends
on the platoon size. Clearly, this configuration yields deterministic architecture delays,
which make it very attractive for real time control applications.

An important control design decision that has to be made is the interface between
the communication system and the controller. First of al, it should be noted that the token

cycle time has to be at most equal to the sampling time of the monitoring device. Second,
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Chapter 4 Lateral Autonomous Following

the control strategy has to be decided. One possible idea is to trigger the control law once
the information from the preceding vehicle is received. This means that the ith vehicle
receives real time information from the preceding vehicle, and delayed information from
vehicles i-2, i-3,...1, since these vehicles broadcast their data during the previous time
slots. Specifically, data from the i-2th vehicle pertains to its position at time t-ts, data from
the i-3th vehicle pertains to its position at time t-2ts etc. This means that Eq. (3-21)

becomes:
Ld 5l .
yY :gmf“){t- kts}- g"x +dS+d1+d3:;k%l(| - k)mz(”{t- kts} -
i-18
-8 &

g P

. (3-25)
+d +dl+d3 ( k)- d3gn13(k>{t- Kt}

Clearly, the interconnection among the vehicles is not eliminated and hence latera
platoon stability analysis will have to be conducted

On the other hand, if the control law is triggered upon receipt of the lead vehicle
information, then al vehicles take their measurements simultaneously, thus creating a
true “snapshot” of their positions at a certain moment, say tx. Obvioudly, they cannot use
these measurements in this control iteration because they cannot wait till all the vehicles
take the token (till the cycle is completed). So they use the “snapshot” taken at time ty.1,
(which was passed on to everybody in the time slot between ti and ti.1). This means that
each vehicle is till “disconnected” from the rest of the vehicles, but there is just a delay

in the measurements

h_ 4 oL .
y9 =8 m{t-t,}- g’xp+ds+dl+d33a (i- K)m®{t- t,} -

iy .. o (3-26)
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where .1 - tx = tq. This delay can be taken care of by the controller. Indeed, the system is
still “disconnected” and the communication delay introduces negligible performance
deterioration.

This concludes the solution to the analytical part of the problem that was posed in
the Introduction. The autonomous following system has been designed and it has been
shown that lateral error propagation can be prevented by use of inter-vehicle
communication, which eliminates the interconnection among the vehicles even when
communication delay enters the system. As far as the implementation part is concerned, it
is described in detail in Chapter 4.
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In this chapter, the implementation issues are discussed and some experimental results are
presented. As discussed in Chapter 3, the components needed to implement lateral
autonomous following are the following: (i) a device that monitors the rear end of the
preceding vehicle, (ii) a communication system implementing a token-bus protocol, (iii)
computing power to process the data and output the desired steering, (iv) a steering
actuator to execute the controller command.

It has to be admitted that, due to several reasons, namely, the unavailability of the
vehicles and the difficulty of integrating severa subsystems, sensors, communication
system etc., the experimental results are not thorough enough to completely validate the

analytical ones.

4.1 Hardware

It was decided to use a passenger vehicle, namely a Buick LeSabre provided by
California PATH, see Fig. 4.1, because the heavy duty trucks were being prepared for the
Demo 2003.

Fig. 4.1: Experimental vehicle
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To monitor the rear end of the preceding vehicle, a laser scanning radar (LIDAR) was

installed on the front bumper of the vehicle, as shown in Fig. 4.2.

TN
e

Fig. 4.2: Thelaser scanning radar (LIDAR)

The laser scanning radar (LIDAR), manufactured by Mitsubishi Electric Corp., Japan
contains three components: the sensor head, the electronic control unit and the interfacing
circuits. It sweeps an angle of 12° (divided into 80 incremental segments) every 100ms.
The sensor emits laser pulses and employs a time-of-flight technique to calculate the
polar distance to the object from which the signal reflected. The sensor can aso read the
intensity of the signal as it is reflected back from its surrounding environment. This has
proved very useful in terms of facilitating the rejection of clutter and ghost targets. More
details on the algorithm that was used are presented in the next subsection.

As far as the communication system is concerned, a “Utilicom/Hughes System”
was used. It implements a token-bus protocol with token cycle of 20ms. The system was
successfully implemented in the NAHSC DEMO 1997 in San Diego for longitudinal
control. The setup is very efficient for platoon sizes up to ten vehicles. Unfortunately the
platoon size is pre-programmed, and the platoon size can not be changed dynamically.
This is a disadvantage since in an AHS environment, cars will possibly be joining onto
and/or splitting from platoons resulting in changes to the platoon size. However, for

demonstration purposes it is sufficient.
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Fig. 4.3: Antenna for inter-vehicle communication

In terms of computing power, two computers were used, one for data and program
storage, located in the trunk of the vehicle and the other for implementing the real-time
control (located next to the driver seat).

Fig. 4.4: On-board computers

It is noted that the trunk is loaded with severa interface modules for the various other
sensors that it is equipped with (longitudinal control radar, magnetometers, gyrometer,
accelerometer etc).

Finaly, the steering actuator is mounted on the steering column along with an
encoder. This subsystem aso includes the torsion bar, the hydraulic assist unit and a
control algorithm that receives the desired steering angle from the steering controller and
makes sure that the tires follow exactly this command. Recall that the controller was

designed to control the steering angle of the wheels directly, and not of the steering
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column; hence this “inner loop” is imperative for the implementation of the designed
system, since it actually accounts for the steering subsystem dynamics.

It is noted that for two-unit vehicles the implementation of the control algorithm
that was derived in Chapter 3, an additional encoder that measures the angle of rotation of

the hitch is required. This is actualy the yaw angle e, of the trailer relative to the

tractor’ s reference frame, which is needed in order to compensate for trailer off-tracking.

4.2 Software

The software running on both computers is rather complicated since it needs to be generic
enough to incorporate various control schemes, even those that require road
infrastructure. Briefly speaking, a large number of processes run “simultaneously” and
there is a database, where all the sensory data is stored in real time. Thus when an
algorithm requires sensor information, it accesses the database through the use of triggers.
The entire program is written in C Programming Language and the real-time operating
system is QNX.

For the purposes of autonomous following, an important part of the softwareis the
algorithm that processes the data from the LIDAR. As mentioned above, the LIDAR
measures the time of flight of 80 pulses that are emitted and reflected back, and calculates
the polar distance of the object corresponding to each pulse. In order to determine which
pulses were reflected from the rear end of the preceding vehicle and which came from
reflective clutter a Probabilistic Data Association Filter (PDAF) is used. The PDAF
algorithm utilizes a probabilistic weighting window to validate possible candidate targets
from the raw data. The algorithm eliminates the readings outside of the candidate
window even if they are of high intensity. Next, it processes the remaining candidates to
determine which reading(s) came from the intended target. Therefore, the algorithm can
filter out reflective clutter and possible “ghost” targets (i.e. reflective objects which are
not the intended tracking object). For further details on the PDAF algorithm, the reader is
encouraged to refer to [38].

The PDAF agorithm has been shown in experiments to accurately track the
relative movement of a reflective object. In autonomous following it is intended to
monitor the preceding vehicle's taillights. The estimated polar distance of each taillight is
converted to Cartesian coordinates and hence the lateral distance of the preceding

vehicle's rear end center from the LIDAR can be interpolated. Additionally, by knowing
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the location of these two points on the preceding vehicle the task of calculating the
relative yaw angle between the controlled and the preceding vehicle is trivial. Recall that

this variable is actually g%r(z) -e®- egl)g for two-unit vehicles, and g%r(z) - er(l)g for single-

unit vehicles and the control algorithm needs it in both cases, see Section 3.4.

As far as the controller is concerned, it is clear that, since it is implemented in a
digital computer, it needs to be transformed in the discrete time domain. Therefore, a
Tustin transformation with a sampling time of 100ms (equa to that of the LIDAR) is
conducted for Eqg. (3-7) and (3-8). The resulting discrete time controllers are shown
below.

u(k) =0.249y(k) - 0.463y(k - 1) +0.214y(k - 2) +

+1.768u(k - 1)- 0.771u(k- 2) (5-1)

u(k) =0.574y(k) +0.165y(k - 1)- 0.972y(k - 2)- 0.147y(k - 3)+0.417y(k- 4)- (5-2)
-1.203u(k - ) +0.477u(k - 2)+1.016u(k - 3)+0.306u(k - 4)
Finally, for safety reasons the desired steering angle, calculated by the controller, is

bounded in the software level to +/-10° and the steering angle rate is limited to +/-25°/s.

4.3 Validation Method

As discussed before, up to now the experimenta results are not enough to validate the
analytical results presented in Chapter 3. More specifically, it has not been made possible
to conduct experiments with inter-vehicle communication. However, the controller was
tested with the use of magnetometers. The experimental vehicles were equipped with
magnetometers in the front and rear bumper (Fig. 4.58), and the centerline of the test
track, where the experiments are conducted, is implanted with magnets spaced at 1m from

each other.

@) (b)
Fig. 4.5: Magnetometer s mounted on the front (a) and rear (b) bumper
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The test track used was California PATH Richmond Field Station Test Track where
vehicle speeds are restricted to 25mph. It is shown in the next figure; taking a close look
at it, it is possible to see the magnets implanted in the road centerline.
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Fig. 4.7: Schematic of Richmond Field Station Test Track.

By use of front and rear magnetometers, it has been made possible to emulate the
lidar/communication system to a certain extent. More specifically, as shown in Chapter 3,
the lidar/communication system is basically a system that monitors the exact lateral error
at a certain look-ahead distance with a certain time delay. The look-ahead distance was
emulated by extrapolating the front and rear magnetometer measurements. As for the time
delay, it was introduced in the control algorithm. To sum up, alook-ahead distance of 8m
was calculated and was fed into the controller and a time delay of 20ms was hard-coded
in order to account for the communication delay. Finaly, athough the magnetometers
had a sampling frequency of 500Hz, the controller was updating the control action only
every 100ms in order to emulate the 10Hz sampling frequency of the LIDAR. The results
of the tests are shown in the next page.
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Fig. 4.8: Experimental Results.

57



Chapter 5 Implementation

It can be seen that the system performs acceptably, since it keeps the lateral error below
0.15m (apart from the first part, which was due to large initial error) in atest track with
fairly high curvatures. It is important to say that this track does not have a straight part
and thus the behavior of the system in terms of steady-state error could not be assessed.
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5. CONCLUSIONS

This report concludes with the summary of the main results as well as suggestions for
future work that will complement the research efforts towards fault tolerant automated

highway systems.

5.1 Summary

This report focused on the development of automated highway systems without the use of
road infrastructure. First, a unified approach to the dynamics of single-unit and two-unit
vehicles was presented. A nonlinear dynamic model was derived under certain
assumptions including negligible roll and pitch. For the purposes of control, the dynamic
model was simplified to form alinear time invariant plant.

Next, the problem of autonomous following was considered. The influence of rear
end off-tracking and look-ahead distance was illustrated and control methods were
suggested, that address the limitations of autonomous following without inter-vehicle
communication. Lateral platoon string stability was introduced and it was shown that
interconnected platoons without inter-vehicle communication theoretically can be stable
with the tradeoff of poor performance. Finaly, it was shown that the addition of inter-
vehicle communication ensures lateral platoon stability and satisfactory performance by
eliminating the interconnection among the vehicles. This is feasible when the monitoring
devices are triggered to take measurements simultaneously, so that they create
“snapshots’ of the vehicles' positions. Then, by communicating the sensor measurements,
each vehicle is able to extract its position relative to lead vehicle thus eliminating any
interconnection with the rest of the vehicles in the platoon. The communication delay is
then viewed as a simple delay to a system that is completely independent of the platoon
followers and hence does not affect platoon stability. Illustrative examples and
simulations were used to verify the analytical results.

In terms of implementation, the entire hardware and software setup for autonomous
following was shown. Few experiments were conducted mainly by emulating the

performance of the LIDAR/communication system. Hence, the analytical results were
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partially verified, but the success of the experiments motivates for the continuation of the
experimental analysis.

In conclusion, it was shown that autonomous following lateral control of automated
highway systems has severa limitations, however it is a feasible aternative to
infrastructure-dependent techniques and it can either assist them in faulty situations or
under certain assumptions completely substitute for them.

5.2 FutureWork

One of the most important stages that will lead to further development of the method is
the experimental validation of autonomous following. More specificaly, it is important
that the communication system be set up so that it provides the variables needed to
implement the controller that was designed. The measurements from the LIDAR and the
communication system will unearth the limitations of this combination and the reliability
of the scheme.

In terms of further extending the algorithms, autonomous following can benefit by
the use of optimal and robust control techniques. Indeed, the designed controllers provide
some robustness properties, but they are certainly not optimal. Establishing clear
performance specifications and optimizing the controller is certainly an interesting area of
research.

Finaly, a challenging task is the integration of the autonomous following
approach with techniques such as magnet-magnetometer based lateral control. This will
increase the reliability of both systems. Sensor fusion is certainly within the scope of such

aresearch effort.
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APPENDIX A

Vehicle Parameters used in ssimulations

Parameter Value for tractor Value for passenger vehicle
semi-trailer

m 7700 kg 2100 kg
mp 10500 kg N/A

d; 3.25m N/A

ds 3.81m N/A

l1 1.65m 10m

P 3.75m 1.7m

I3 6.50m N/A
Tw 2.02m N/A
Twe 1.82m N/A
Tws 1.82m N/A

P 46000 kg - n? 3214 kg - n?
P 162000 kg - m* N/A

Cas 180430 N/rad 60000 N/rad
Car 324774 N/rad 120000 N/rad
Cat 324774 Nirad N/A

Ci 127120 N N/A

Cir 4x108960 N N/A

Cit 4x95340 N N/A

ri 0.3m(i=1,2,...,6) N/A

lvi 13.15kg-m* (i=1,2,...,6) N/A

It is noted that the parameters marked N/A were either not available or not

applicable to passenger vehicles.
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APPENDIX B

MATLAB/Simulink Models
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Fig. B.1: Heavy Vehicle Dynamic Model.
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