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Abstract

This report presents the concluding findings of a three year project con-
cerned with the longitudinal issues regarding modeling and control of vehi-
cles in an Intelligent Vehicles and Highway Systems (IVHS) environment.
Specifically, the report addresses the issue of vehicle control in an automated
highway system, brake actuation and brake control. Recent research find-
ings in the area of automated vehicle platooning on isolated lanes of an
automated highway are included. Performance specifications, control system
architecture, vehicle control algorithms, actuator and sensor specifications
and communication requirements are also addressed. The issue of switching
from throttle to brake actuation is addressed in detail.

Brake actuation does not admit the obvious retrofit solution that exists for
engine control (namely, throttle actuation). Possible brake actuation schemes
- from pedal actuation to direct control of pressure at each wheel - raise an
interesting trade-off between ease of retrofit and ease of control. Obviously,
retaining more components of the existing system aids in retrofitting, but
trying to automate systems designed for human operation can create serious
control problems. An examination of how various actuation strategies can be
evaluated in terms of the often conflicting requirements of tracking accuracy
and passenger comfort to provide guidelines for both hardware design and
future simulation is provided.

The new fluidic model of the brake system provided an avenue for de-
veloping a better brake controller. Due to the nonlinearities present in the
system, a nonlinear controller was employed. It takes full advantage of the
dynamic equations describing the master cylinder and brake hydraulics. Sim-
ulations and experimental results were used to confirm its superiority over
the previous actuation system and controller.

Experimental results show that the closed-loop system is capable of track-
ing velociti profiles within 0.1m/s and following a maneuvering lead vehicle
at a distance of 2 meters with only 20cm error.

Keywords: IVHS, AHS, AVCS, Longitudinal Control, Brake Control,
Braking.
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Executive Summary

The problems of traffic congestion and safety are becoming more and more
critical in almost all metropolitan areas around the world. Many approaches
are and have been taken to alleviate this problem including new freeway
construction, new public transit facilities, flexible and overlapping working
hours, and more recently the use of intelligent transportation systems (ITS).

In the broad sense, ITS is the use of modern technological advances to
provide increased traffic flow and to reduce traffic accidents. Examples of
ITS include sensors that provide flow and incident information to roadway
management authorities and to the drivers, computerized traffic lights and
freeway ramp metering dependent on current conditions and in-vehicle com-
munication and information displays. More recently there have been research
programs in the US, Europe and Japan to look at various aspects of vehicle
automation, ranging from ”Intelligent Cruise Control (ICC)” systems that
regulate the throttle and possibly the brake to keep a specific distance be-
tween the controlled vehicle and the vehicle in front of it, to fully automated
highway systems (AHS) where both lateral and longitudinal control is pro-
vided automatically. The University of California, PATH program has con-
centrated on this area of ITS and recently joined with several US industries
and universities to form the National Automated Highway System Consortia
(NAHSC). This consortia is currently investigating alternative AHS scenar-
ios and will be narrowing down these possibilities after extensive analysis
and field testing. This paper will focus on one of these possibilities, the
concept of “platooning” or “convoying” where all vehicles are operated under
automated vehicle control.

The concept of controller design for automated highway vehicles has been
the focus of a considerable amount of recent research (see, for example,
(Chien and loannou, 1992; Hedrick et al., 1991; Ren and Green, 1994)).
As befits the youthful nature of the field, much of the work to date has
centered around control strategies for idealized vehicle models, particularly
with respect to brake dynamics. However, brake actuation does not admit
the obvious retrofit solution that exists for engine control (namely, throttle
actuation). Possible brake actuation schemes - from pedal actuation to direct
control of pressure at each wheel - raise an interesting trade-off between ease
of retrofit and ease of control. Obviously, retaining more components of the
existing system aids in retrofitting, but trying to automate systems designed
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for human operation can create serious control problems. Various actuation
strategies can be evaluated in terms of the often conflicting requirements
of tracking accuracy and passenger comfort to provide guidelines for both
hardware design and future simulation.

An actuation scheme which mimics human actions includes the dynamics
of the linkage inertia, vacuum assist, master cylinder, brake lines and brakes.
Recent work has produced detailed dynamic models of these components
along with their associated control problems (Gerdes, 1996). Of these, the
most crucial problems have been found to be the dead zones and internal
feedback of the vacuum assist, the filling properties of the wheel cylinders
and the variable gain of the brake pads. Instead of focusing on particular
model-based control strategies, for this study, the various components were
abstracted into linear dynamics with uncertainties, dead zones and transport
lag. Such an approach makes the inherent control difficulties associated with
different actuation strategies a clear function of the components incorporated.
Sufficient accuracy is retained, however, to ensure that the results may be
applied to actual system components.

The system chosen for this simulation study was that of a vehicle platoon
under a sliding control scheme (Hedrick et al., 1991). The vehicles were as-
sumed to incorporate knowledge of the velocity and acceleration of both the
preceding car and the lead vehicle of the platoon into the control law. In
order to quantify the performance, measures of spacing errors between sub-
sequent vehicles were examined in conjunction with the passenger comfort
criteria of acceleration and jerk limits as the platoon executed a representa-
tive maneuver. The results of these simulations proved to be quite dramatic.
While the controller structure exhibited a certain robustness to the uncertain
gain (consistent with design), the presence of delays in the brake dynamics
produced catastrophic effects.

With the controller gains fixed at established values, a 40ms delay re-
sulted in poor ride quality by the seventh car in the platoon, as evidenced
by substantial jerk. Furthermore, this delay also prevented spacing errors
from decreasing uniformly down the platoon. A delay of 80ms resulted in
a complete loss of string stability, causing errors to increase with successive
vehicles. Simulations further showed that in order to overcome such difficul-
ties, either the bandwidth of the controller (and hence the highway system
as a whole) had to be reduced substantially or the platoons had to be limited
in size. Since the system bandwidth and platoon size are both factors deter-
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mining capacity, a small delay in the brake system thus creates large changes
in highway performance. Analysis of the presence of a deadzone nonlinearity
produced similar qualitative results. Of course, the argument may be made
that these results are merely indicative of the particular control scheme cho-
sen. However, this proves in a some sense to be a “best-case scenario” as
simulations without lead vehicle information exhibit even greater sensitivity
to actuation delay.

Therefore, the choice of brake actuation strategy essentially fixes the
trade-off between passenger comfort and system responsiveness. To simul-
taneously maintain ride quality and string stability, the system bandwidth
must vary inversely with the magnitude of any transport lags in the actuation
system. Returning to the subject of individual brake components, these re-
sults clearly necessitate considerable redesign of existing braking systems for
incorporation in an IVHS structure. In contrast to engine control, brake actu-
ation cannot effectively be conceptualized as an automated version of human
inputs. Rather, the input must be placed much farther downstream (bypass-
ing the vacuum assist and perhaps master cylinder) to avoid catastrophic
dead zones or transport lags. A brief treatment of the design implications
of this result and current research into brake actuation at U.C. Berkeley are
also presented.

Various aspects of brake control development, from actuator design to
performance guarantees to experimental validation of the closed-loop system
are also discussed. Implementation of the solution chosen for this work - a
separate hydraulic system with an actuator mounted in series between the
vacuum booster and master cylinder - is considered and this method com-
pared to modulation of an Anti-Lock Braking System (ABS) or Traction
Control System (TCS). A sliding controller capable of fast, accurate pres-
sure control is developed. To avoid problems in implementation, however,
modification of the basic structure is required. Proofs are provided to show
that the resulting controller is stable.
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Chapter 1

Introduction

This report presents the concluding findings of a three year project concerned
with the longitudinal issues regarding modeling and control of vehicles in an
Intelligent Vehicles and Highway Systems (IVHS) environment. Specifically,
the report addresses the issue of vehicle control in an automated highway
system, brake actuation and coordinated throttle and brake control. Recent
research findings in the area of automated vehicle platooning on isolated
lanes of an automated highway are included. Performance specifications,
control system architecture, vehicle control algorithms, actuator and sensor
specifications and communication requirements are also addressed. The issue
of switching from throttle to brake actuation is addressed in detail.

Chapter 2 deals with the issues of longitudinal vehicle control in an
automated highway environment. This chapter looks at the broad concept
of Intelligent Transportation Systems (ITS) and how the controls used affect
their performance. The idea of “platooning” is analyzed in some detail.

Chapter 3 looks at how the choice of brake actuation strategy essentially
fixes the trade-off between passenger comfort and system responsiveness.
To simultaneously maintain ride quality and string stability, the system
bandwidth must vary inversely with the magnitude of any transport lags
in the actuation system.

Chapter 4 discusses the various aspects of brake control development,
from actuator design to performance guarantees to experimental validation
of the closed-loop system. The subject of actuator design and placement in
terms of the brake control issues is also discussed.

Chapter 5 summarizes the results of this report.



Chapter 2

Vehicle Control in Automated
Highway Systems

2.1 Introduction

The problems of traffic congestion and safety are becoming more and more
critical in almost all metropolitan areas around the world. Many approaches
are and have been taken to alleviate this problem including new freeway
construction, new public transit facilities, flexible and overlapping working
hours, and more recently the use of intelligent transportation systems (ITS).
In the broad sense, ITS is the use of modern technological advances to
provide increased traffic flow and to reduce traffic accidents. Examples of
ITS include sensors that provide flow and incident information to roadway
management authorities and to the drivers, computerized traffic lights and
freeway ramp metering dependent on current conditions and in-vehicle
communication and information displays. More recently there have been
research programs in the US (Hedrick et al., 1994; Hedrick, 1995; Shladover
and et. al., 1991), Europe (Reichart and Naab, 1994)and Japan to look
at various aspects of vehicle automation, ranging from ”Intelligent Cruise
Control (ICC)” systems that regulate the throttle and possibly the brake
to keep a specific distance between the controlled vehicle and the vehicle
in front of it, to fully automated highway systems (AHS) where both
lateral and longitudinal control is provided automatically. The University of
California, PATH program has concentrated on this area of ITS and recently



joined with several US industries and universities to form the National
Automated Highway System Consortia (NAHSC). This consortia is currently
investigating alternative AHS scenarios and will be narrowing down these
possibilities after extensive analysis and field testing. This paper will focus
on one of these possibilities, the concept of ”platooning” or ”convoying”
where all vehicles are operated under automated vehicle control.

2.2 Performance Specifications

Overall system performance objectives for an automated highway system is
outlined in AHS-System Objectives and Characteristics, Final Draft (1995).
They are stated in terms of improved safety, increased throughput, enhanced
mobility and access and reduced environmental impact.

Many potential systems exist that can offer many of the objectives
mentioned above. Stevens (1993) outlines many of these possibilities that
are currently being thoroughly analyzed by the NAHSC. In this paper only
the ”platooning” concept will be addressed. Any AHS must offer improved
safety characteristics over existing systems. Since most analyses estimate
that over 95% of roadway accidents are caused by human driver error, it
is reasonable to expect a reduction in accidents with the introduction of
automation. AHS-System Objectives and Characteristics, Final Draft (1995)
sets a goal of 50-80% reduction, depending on the particular AHS system
chosen. Figure 2.1 shows the impact velocity of two vehicles as a function of
the initial separation before the lead vehicle decelerates. Assumptions have
been made (Hedrick, 1995) about deceleration levels, time delays, etc., but
the shape of the curve is what is important; i.e., very low impact velocities
occur for small initial spacing and for large initial spacing. The platooning
approach takes advantage of both ends of Figure 2.1. The vehicles within
the platoon are spaced at close separation distances toward the left side of
the curve while the platoons are separated from each other at spacing toward
the right end of Figure 2.1, thus implying that any collisions that may occur
will be low relative velocity impacts.

Clearly one would also hope for an improvement in the capacity or
throughput (measured in vehicles/lane/per-hour) over existing systems.
Figure 2.2 shows some capacity calculations for various size platoons that
satisfy the safety conditions imposed by Figure 2.1. For example, a 15 car
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Figure 2.1: Impact Velocity vs. Initial Separation

platoon can offer a three-fold increase in the maximum capacity of existing
roads (1995 Highway Capacity Manual) operating in an uncongested state.

The question of the environmental impact of an AHS is currently being
studied. It is very clear that the emissions per vehicle kilometer can be
greatly reduced since near constant speed operation would automatically
achieve this. A more difficult question is the effect on induced demand and
the potential that such a system will dramatically increase the total number
of kilometers traveled. Current studies within the US NAHSC are addressing
this issue.
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2.3 Control System Architecture

The basic control system architecture that is currently being considered by
PATH (Hedrick et al., 1994; Varaiya, 1993) is shown in Figure 2.3. The
architecture must assign a path to each vehicle, carry out maneuvers of
platoon formation, stabilization and dissolution, lane change, and entry/exit
and to implement these maneuvers with control laws that command each
vehicle’s throttle, brake and steering actuators. References (Hedrick et al.,
1994; Varaiya, 1993) propose a three layer architecture:

1. The top layer is the link layer that broadcasts target values for speed
and platoon size based on information about the local speed, density
and flow conditions. It will use information about desired exits,
detected incidents, etc., to command lane changes, splits and merges.

2. Each vehicle’s coordination layer determines which maneuver to initiate
at any time so that it will follow the desired path commanded by the
link layer. It coordinates this maneuver with neighboring vehicles so
that they are accomplished safely. It then commands the next lower
layer, the regulation layer, to execute the maneuver. The regulation
layer then reports back to the coordination layer that the maneuver
has either been completed or aborted. Three maneuvers that are
commanded by the coordination layer (Hsu et al., 1993) are: join (two
platoons merge into one), split (separates a platoon into two platoons),
and lane change (which permits a single car to change lanes).

Each maneuver requires a communication ”protocol,” i.e., a structured
exchange of messages between relevant neighboring vehicles. A protocol
is specified by a set of communicating finite state machines (Hsu et al.,
1993).

3. The coordination layer dictates the maneuvers to be performed by the
platoon. Each vehicle within the platoon must be able to issue throttle,
brake and steering commands to achieve the maneuvers specified by the
coordination layer. This is the job of the regulation layer.

Seven feedback laws have been proposed (Hedrick et al., 1994):



1. Lead vehicle velocity tracking. The lead vehicle in the platoon must
be able to track the target speed issued by the link layer while also
maintaining a safe distance between platoons.

2. Vehicle following. Each vehicle must be able to maintain a close spacing
between itself and the preceding vehicle.

3. Join. The lead vehicle accelerates and then decelerates so that two
platoons merge.

4. Split. A follower within a platoon decelerates and then becomes the
lead vehicle of a new platoon.

5. Lane change
6. Lane entry

7. Lane exit.

2.4 Vehicle Control Algorithms

For non-emergency maneuvers the longitudinal and lateral control functions
can be reasonably decoupled and designed separately. These algorithms are
described in Hedrick et al. (1994), Hedrick (1995), Shladover and et. al.
(1991). The longitudinal algorithms have been based on sliding mode control
due to the predominantly nonlinear nature of the powertrain dynamics.
The lateral algorithms have been based on a linear, frequency shaped
LQG approach with gain scheduling on the vehicle’s longitudinal velocity.
Extensive field testing has shown that these algorithms are capable of
excellent performance. References (Tomizuka and Hedrick, 1995; Shladover,
1995) provide an excellent review of AHS control algorithm development.

2.5 Actuator and Sensor Specification

2.5.1 Actuators

Throttle, brake and steering actuators are required for total vehicle
automation. Throttle and steering actuators are relatively linear and
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range, min/max (m) .3 to 100 m
range rate, min/max (m/s) | 0 to 60

range accuracy .1 m or 1 % max
range rate accuracy Jdm/sor 1% max
update time 10-20 ms

signal processing bandwidth | 10 Hz

Table 2.1: Vehicle Range Sensor Specifications

their specifications are straightforward (Hedrick et al., 1994; Hedrick,
1995; Shladover and et. al., 1991; Tomizuka and Hedrick, 1995; Shladover,
1995). Brake dynamics on the other hand are highly nonlinear and
inherently different from current ABS actuation systems. Reference (Gerdes
and Hedrick, 1995b) describes these dynamics and presents brake actuator
specifications in terms of an allowable pure time delay (20 ms) and a time
constant (.10 seconds). Physically, actuation at the master cylinder is
acceptable, provided the system is capable of overcoming seal friction and
brake filling without much delay.

2.5.2 Sensors

The area of sensors is perhaps the most important enabling technology
for the feasibility of an AHS. A wide variety of sensors are required for
the measurement of internal vehicle states (vehicle speed, acceleration,
brake pressure, yaw rate, throttle angle, intake manifold pressure), as
well as the position of the vehicle with respect to the lane and with
respect to neighboring vehicles. There are currently a number of competing
alternative technologies. In the area of longitudinal vehicle sensing radar
(both microwave and millimeter wave systems), optical systems (laser range
finder or LADAR), sonar and vision systems are being evaluated. PATH
specifications for a longitudinal sensor for platooning applications (Ranging
Sensors for Use in Longitudinal Control Research, 1995) are presented in
Table 2.1.

The vehicle must also be able to determine its lateral position with respect
to the middle of the lane. The primary competing technologies for this



application appear to be the magnetic marker system (Peng et al., 1993)
currently utilized by PATH and vision systems (Tomizuka and Hedrick, 1995)
that have been used in Europe and Japan.

2.6 Communication Requirements

It has been established (Hedrick et al., 1994; Hedrick, 1995; Shladover and
et. al.,, 1991) that closely spaced platooning of vehicles requires vehicle-
to-vehicle and roadway-vehicle communication for network performance and
safety. It has also been shown (Hedrick and Swaroop, 1993) that vehicle-
to-vehicle communications can provide the necessary platoon "damping” to
guarantee that inter-vehicle spacing disturbances attenuate as they propagate
upstream. There are several applications for communications in an AHS:
control, maneuvers and navigation information. In this paper only the
control application will be discussed. The current controller update rate
for longitudinal control is 20 ms which corresponds to a 50 Hz update
rate. Platoon size is uncertain but maximum numbers of 15-20 have been
mentioned. This requires a fairly high bandwidth, mostly line-of-sight system
with about 1,000 packets/sec. The experimental program at PATH is
currently using a WavL AN radio system which uses a direct sequence spread
spectrum modulation (Foreman, 1995). A more promising technology for
an AHS with many vehicles is the ”frequency hopping” spread spectrum
modulation. This system has not been tested yet by PATH but is expected
to produce excellent results.

2.7 Experimental Results

The PATH program has been involved in experimental verification for
many years (Hedrick et al., 1994; Hedrick, 1995; Shladover and et. al.,
1991; Choi and Hedrick, 1995). Tests have been conducted on both the
magnet based lateral control system (Peng et al., 1993)] and the radar based
longitudinal control system (Choi and Hedrick, 1995). The lateral system
has achieved accuracies of 10 cm lateral deviation from the centerline while
the longitudinal system has operated at 2 m spacing at 90 Kmh with 50 cm
deviations.
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Chapter 3

Brake Actuation Requirements

3.1 Introduction

As research into Advanced Vehicle Control Systems (AVCS) continues,
experimental demonstration of control strategies becomes increasingly
important. Moving from theory to test track, however, requires choices in
actuation strategy and hardware. For engine control, this choice is fairly
intuitive, since the throttle provides a natural control input. Indeed, tight
spacing within a platoon of automated vehicles operating under throttle
control has been demonstrated both in theory (McMahon et al., 1990) and
experiment (McMahon et al., 1992).

In sharp contrast, automotive brake systems (as shown in Figure 3.1)
provide no clear actuation point. Because of this, the actuation strategy
determines which components remain in the system and, consequently,
defines the brake dynamics. A comparable strategy to throttle control
(actuating at the pedal) offers an easy retrofit, but incorporates the highly
nonlinear dynamics of the vacuum booster in the feedback loop. Bypassing
the booster promises enhanced performance, but requires substantial
modification to existing brake hardware. Faced with such tradeoffs, the
performance requirements of platooning form a critical design parameter.

In this paper, we offer a controls perspective on this issue of performance.
Taking the controller framework of McMahon et al., we highlight the critical
areas in which the brake system dynamics affect platoon performance. From
this, we determine the actuation requirements implicitly specified by the
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controller structure and robustness demands. Since the maneuvers, tracking
accuracy and comfort required by an automated highway are not firmly
defined, we adopt a limiting factor approach. By providing some objectives
for system design, this paper complements recent results in brake system
modeling and control (Gerdes et al., 1995; Gerdes et al., 1993; Maciuca et
al., 1994).

We begin by presenting the multiple-surface sliding control scheme for
platooning, along with a modified criterion for switching between brake
and throttle control. Using this framework, we demonstrate the limitations
arising from the vacuum booster cut-in and conclude that an actuation
scheme for platooning should bypass this component. Appealing to the
dynamics of the two sliding surfaces, we illustrate the need for torque
feedback to prevent actuation errors from influencing spacing errors. Finally,
we demonstrate how pure time delays in the brake system impose gain
limitations that severely hinder the tracking and robustness of the controller.
Notes on the feasibility of a such an actuation scheme conclude the paper.

3.2 Vehicle Model and Controller

3.2.1 Throttle Control Development

The analytical basis for this simulation study is a three-state vehicle model
(McMahon et al., 1992) where the states are the mass of air in the engine
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intake manifold, m,, the engine speed, w,, and the brake torque, 7" ; the
inputs are the throttle angle, , and the commanded brake pressure,
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