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Summary

The report describes the results of the project funded under MOU 314.

The man rexult is the experimentd implementation of various longitudind control adgorithms
that were developed under MOU124 and MOU 240. In order to conduct these experiments, in
collaboration with Professor Tomizuka's group and PATH Personnd, we first outfitted a Class-8
tractor-traler commercid heavy-duty vehicle on loan from Freightliner Corporation with the
necessary sensors and actuators for fully automated operation. These sensors and actuators
included the vehicle speed sensors, air-brake pressure sensors, ar-brake actuators, and the
throttle actuator. Then, a series of openloop and closed-loop experiments were carried out a
Crow’s Landing tes field. In the opentloop experiments, we identified and collected important
parameters for vehicle dynamics such as the working ranges for the brake and fud actuators, the
vehicle speed dgnds, and the ar-brake pressure sgnas.  These parameters enabled us to
evduae the vehide dynamics and adjus the control agorithms accordingly, tuning ther
parameters off-line in preparation for the closed-loop experiments. In addition, because of the
noise levels present in the sensor data, we designed low-pass filters to smooth out the speed
sgnd and the brakeffud command signd.

In the first stage of the closed-loop experiments, we focused on speed control.  We implemented
two speed control agorithms PID and PIQ. These two agorithms were discretized based on the
sampling rate and coded as longitudina control modules on an on-board computer to regulate the
throttle and brake actuators in order to track the desired speed profile. Several speed tracking
closed-loop experiments were peformed with different profiles some of which were very
demanding. Then we moved to the virtud vehicle following stage, where an imaginary vehicle
is assumed to lead the experimenta vehicle. This enabled us to compute the distance between
the leading vehide and the experimental vehicle without actudly putting a vehicle in front of the
experimenta vehicle.  The avallability of the disance data endbled us to tet the vehide
following controllers, which use both the reaive velocity and the reative digance. Through the
virtud vehicle following cosed-loop experiments, we successfully validated the concepts of the
nonlinear gpacing policies. variable time headway and variable separation error gain.

We proved experimentdly that these nonlinear spacing policies can ggnificantly improve the
system response and performance without adding significant complexity to the controller design;
this had been only vadidated through sSmulation results in previous projects. Our closed-loop
experiments for vehicle following aso proved that smple PID and PIQ controllers are able to
achievefairly good performance when combined with nonlinear spacing policies.



1. Introduction

Vey often, the benefits of vehicde and highway automation are amost exclusvely consdered
from the point of view of the average motoriss commuting to and from work on a dally bass In
the last few years, however, the ITS community has been paying increesng dtention to the
automation of heavy-duty vehides. The primary driving factor in this trend is that transportation
authorities and equipment manufacturers are becoming more aware of the potentiad economic
bendfits of partid of full automation of commercid heavy-duty vehicles a dl geographic leves
(regiond, date, interstate, nationd, and internationd), a dl user leves (individud
owner/operator, truck/bus fleets, nationa associations).

If one might wonder why it is important to separatdy study a class of vehides like commercid
heavy-duty trucks, which accounts for only 1% of the totd number of registered vehicles in the
United States, let us note that the average commercid heavy-duty truck travels six (6) times
more miles and consumes twenty-seven (27) times more fuel than the average passenger car.
From the point of view of the operator, this makes autometion, with its potentid fud savings, a
vey dtrective option, snce the noticesble increese in operating profits would ggnificantly
shorten the time to recovery of the initid cost. Furthermore, the truck industry places a huge
premium on anything that has to do with making the job of the driver safer or more comfortable;
truck fleets advertise the latest technologica features of their trucks to attract better drivers, and
depend on them to reduce their accident rates and hence their insurance premiums, this in turn
makes the truck manufacturers more than willing to include in their vehicdles any new technology
that can offer a competitive advantage to ther customers. And in Europe, where traffic
regulations on trucks are so drict that in many countries they are banned from using the
highways on weekends during the summer, any technology thet could convince the public and
consequently the policymakersto view truck traffic as less threstening is eagerly sought after.

As a reault, in the last few years there has been dgnificant research and development on the
problem of automating commercid truck traffic. For example, the Combi-Road project in the
Netherlands is amed a automating the trangport of cargo containers to and from the Rotterdam
harbor, by loading them onto driverless vehicles that travel under automatic control on a separate
corridor running aong the highnway. The Chauffeur project, carried out by a consortium led by
DamlerChryder and Fa and funded by the European Union, successfully demondrated the
electronic towbar concept, in which two or more commercia heavy-duty vehicles are connected
into an “dectronic tran”, with the lead vehice driven manudly and the following ones follow
without human intervention. The Chauffeur find demondration in June 1999 included two such
“dectronic trains’, each comprisng two vehicles.

The concept of using completely driverless vehicles is irrdevant for passenger cars, but it is very
important in commercia vehicle operations, where driver-associated costs account for 50% of
the totd operationd cost. The potentia utility and cod-effectiveness of this concept is
condgderably enhanced by the fact that commercid traffic follows much more regular patterns
than passenger car traffic, and that most of that traffic is conducted on highways, in other words,
trucks usudly trave on well-established commercia routes, mostly between mgor cities, and
they use highways to get there. In cases where it is possble to build specia-purpose roads for
the exclusve use of automated truck traffic, as in the Combi-Road concept, the control task is
greatly smplified. But even in cases where this is not possble, the eectronic towbar concept



can dill be used effectively, since fleet operators can easly compose platoons of trucks with the
same origination and destination points which will travel together for the entire trip. One verson
of this scenario assumes the existence of departure/arrival stations in mgor cities, which will be
operated by trangt authorities but will be utilized by freight transport companies.  Individua
trucks will be driven manudly from dl over the city to the dation, where they will join the
platoon departing for ther dedtination city. Drivers not needed for the departing platoons that
will manualy drive the trucks from ariving plaioons to their individua points destination points
within the city. The absence of the requirement for splitmerge maneuvers and the fact tha these
routes will involve only highway travd ae factors that sgnificantly smplify the control problem
for such platoons and make this concept feasble even in the absence of automation infrastructure
on the highway.

These potentid economic benefits explan why government and industry ae becoming
increasingly interesed in heavy vehicde automeation, but they do not judify why this aea is
quickly gaining a prominent podtion in the ITS efforts of many research organizations.  This
should be attributed to the Sgnificant difficulties associated with the implementation of heavy
vehicle automation, which are due to factors that are not present in passenger cars. the much
larger 9ze and mass of these vehicles, as well as the much more dgnificant variations in thar
configuration and operating conditions present formidable chalenges to the control designer. In
particular, the control scheme has to be able to cope with sgnificant fud, brake, and seering
actuator delays, very low power-to-mass raio, high sengtivity to wind gusts and changes in the
road grade, strong coupling between laterd and longitudind dynamics, drastic changes in the
vehicle mass (as much as 400% depending on the cargo load), and tires that are optimized for
load-carrying capacity and long treed life rather than traction.

Recognizing the importance of commercid vehicle automation and the difficulties associated
with its successful implementation, for the last severa years the Cdifornia PATH Program has
been providing continuous support research on heavy-duty vehicles to the groups of Professor
Tomizuka a UC Berkdey and Professor Kanellakopoulos a UCLA. The laterd modeling and
control effort is caried out by Professor Tomizukas group a UC Berkdey, while the
longitudind modeling and control is caried out by our group a UCLA. Our group has
developed suitable models and used them to design severd novel nonlinear control schemes for
longitudind control of CHVs, which sgnificantly outperform schemes developed for passenger
cas and gpplied to heavy-duty vehicles. We have aso combined our modds with the laterd
models developed by the Berkdey team, to produce complete models of single-unit and
aticulsted heavy vehides, which ae currenly used in the desgn of integrated
laterd/longitudinal control schemes. Furthermore, we have developed a software package that
dlows the visudization of automated trucks and is used to evauae both laterd and longituding
controllers.

The next sep in this process, and the god of the proposed research, was the experimenta
evduation of our control schemes which is necessary for the eventud implementation and
deployment of AVCS in commercid traffic. Longitudind control of CHVs is generdly viewed
a a veay chdlenging problem due to difficulties that arises in its implementation. Hence, our
goproach to this project was dructured in a fashion that adlowed us to gradudly identify,
understand, and overcome the obstacles that arose in the process.



2. Har dwar e and Softwar e Configuration

Throughout the experimental phase, our efforts were closely coordinated with those of Professor
Tomizuka's group & UC Berkdey, who were working on a parald track on laterd control
issues. This coordination produced integrated latera/longitudind control modes for Commercid
Heavy Vehicles a joint chapter in an edited volume on Automated Highway Systems, and
software for dynamic Imulaion and visudization of CHVs. But the fird one of the most
important results of this coordination was achieved in June 1997, when the combined multi-year
efforts of Professors Tomizuka and Kandlakopoulos resulted in Freightliner  Corporation
agreeing to loan a Class-8 traller to PATH free of charge for use in experimental vaidation of
our ressarch in commercid vehice automation. The tractor physcdly arived a PATH in
September  1997;  this important development was followed by a flury of very closdy
coordinated activity by both research groups.

The main concern was to find suitable vendors and partners who could provide al the necessary
ingredients for a fully operationa automated tractor-semitraler experimentd vehide  All the
necessary components were either donated or sold to us at deeply discounted prices by vendors
who were interested in our research and willing to help us. In particular, NSK in Jgpan donated
the steering actuator, Oregon Western Traller Sales provided a used Great Dane 45-ft samitraller
a cod, ISE Research in San Diego built and indaled the dectric-over-hydraulic brake actuation
sysdem adso a cod, and Vdley Detroit Diesdl donated the manuas for the engine and the
transmission and provided ingtruction on how to use the built-in dectronic throttle circuits.

During the next year, the PATH daff supporting this experimenta effort and the research groups
of Professors Tomizuka and Kanelakopoulos worked closely together, providing specifications
for components, negotiating with vendors, ingddling and testing hardware, writing and
debugging software, and fixing problems that arose with the tractor and the traler. Findly, in
September 1998, we had the experimentd vehide up and running. The resulting experimenta
setup has several components that are used exclusively for laterd control; they are described in
detal in the companion report of MOU 313 submitted by Professor Tomizuka As far as
longitudinal control is concerned, the mgor parts of the hardware configuration are the fud and
brake actuators and the on-board computer that controls al the signas to and from the actuators:

The on-board computer uses an Intd Pentium 100MHz processor running the QNX red-time
operating system. It connects with the sensors through a PC-TIO-10 interface to read
measurements of the speed of each individua whed and engine geed, and an AT-MIO-64E-
3 card to read measurements for the acceleration and the yaw rate.

Electronic fud actuator: The experimental truck is powered by a Detroit Diesd DDEC Il
enging which has an dectronic fud actuaor as origind equipment; the gas pedd is
connected to a potentiometer, which sends a voltage sgnd directly to the injection system.
In contrast to passenger cars, where these actuators are rare and appear only in a few high-
end luxury sedans, Class-8 trucks have had eectronic throttle as standard equipment for over
10 years, because it helps reduce fue consumption and engine wear. In order to utilize this
actuator, we connected the circuit that reads the voltage output of the potentiometer directly
to the voltage output of our D/A card that corresponds to the fuel command.



(a) Brake actuator (b) Air pressure transducer

(c) Brake contral circuit box (d) Air reservoir

Figure 1. Electric-over-hydraulic brake actuation system components.

Brake actuator: The air brake system of the vehicle was modified for éectronic actuaion by
ISE Research Corporation. The resulting system uses four (4) proportional actuators (one for
the front tractor brakes, one for the rear tractor brakes, one for the Ieft trailer brakes, and one
for the right trailer brakes) and one (1) on/off actuator (between the front tractor brakes and
the traller brakes, which are activated by the same sgnd), as well as ten (10) pressure
transducers, one for each of the ten brakes. There are dso two master-off switches for the
whole system: one on the dash and one connected to the breke pedd so that al the brake
automation shuts off if the driver steps on the brake pedd. The brake Sgnd is tranamitted by
wires from the on-board computer's I/O ports to each proportiona actuator. When the brake
actuators are activated, they open the rdlay valves to suck the air from the ar tank to the
goring brake until the ar pressure in the spring brake baances the commanded air pressure
from the brake actuator. Figure 1 shows illudrative pictures of the brake actuator, ar
pressure transducer, brake control circuit box, and air reservoir.

Trangmisson: Implementing automated longitudind cortrol on a vehide with a manud
trangmisson is a vey chdlenging problem, especidly if the vehide is a Class-8 truck with a
13- or 20-speed gearbox. Even though automatic transmissons are not nearly as
commonplace in heavy trucks as they are in passenger cars, we were very fortunate because
Freightliner had dready retrofitted the experimenta truck they loaned to us with a Detroit
Allison 6-speed automatic Heavy-Duty World Transmisson (HD-WT) with a transmisson
retarder. The function of this retarder is to dow down the vehicle by converting kinetic
energy into heat: when the dashrmounted retarder switch is turned on, the tranamisson shaft
drives an auxiliay pump which drculates the transmisson fluid in the reverse direction, thus



pumping it againg the vanes of the hydraulic torque converter; this causes the trangmisson
fluid to heat up, and therefore it is then circulated through a cooling unit, whose compressor
is dso driven by the engine. Thus, kinetic energy is used to drive by the pump, the fluid, and
the compressor, resulting in the equivadent of nearly 700hp of braking power (according to
the transmisson mechanic of Valey Detroit Diesd). All of the kinetic energy absorbed by
the transmission retarder is disspated as heat to the environment through the engine cooling
ar exchange. Our longitudind control agorithms did not utilize any information on the
shifting schedule of this transmisson, nor did they make use of the transmisson retarder.

Engine brakes  The engine brake is tuned on and off by a switch on the dash of the tractor
cabin, but it can be switched on only when there is no fud command to the engine, that is,
when the voltage input to the fud circuit is below the 0.5V threshold. When the engine brake
ison, no fud is injected into the cylinders, and the timing of the inteke and exhaust vaves of
the engine is dtered: during the ar intake phase the intake vaves are opened, to alow the
cylinders to fill up with fresh ar; then they are closed, to dlow the pison to compress the air;
a the top of the compresson phase, the exhaust vaves are opened to let al the compressed
ar escape, and then the cycle is repeated again.  As a result, the engine operates essentialy
like a 2-gtroke air compressor, extracting kinetic energy for the compresson work performed
by the pisons, and trandforming it into heat that is released through the compressed air
ecaping from the exhaugt vaves. In our experimenta vehicle, this provides about 300hp of
braking power (also according to Valey Detroit Diesd), but does so in a very abrupt and
non-progressive (ether full-on or full-off) manner.

Findly, the red-time C <oftware that runs the whole sysem was developed by software
enginegrs in the Cdifornia PATH Program; our research group coded the longitudina control
agorithms as subroutines of the larger program, which adso includes latera control.

3. Controller Design for Vehicle Following

3.1 Vehicle Longitudinal Control Model

The vehide longitudind control modd in generd is highly nonlinear due to the effect of the
diesd engine with the turbocharger and intercooler, the automatic transmisson with the torque
converter, and the ar brake dynamics including the ddays. These complex nonlinear dynamics
need to be captured in the Imulation modd that is used to desgn and pre-test the control
dgorithms. However, the resulting vehicle longitudind dynamic modd is far too complex to be
used as the bads for control desgn. Therefore, for control design we used a smplified verson
of the full longitudind dynamic modd, which reans only the mos important dynamic
characteridics that dgnificantly affect the vehicle speed; this dlowed us to design controllers
with moderate complexity.  In particular, we used severa linear modds, each linearized around
a different operating point determined by the fud command and vehicde mass combinations.
Each of these models is described by the equation:

v, =a(v, +kd) +bu+d



where v; is the veloaty of the following vehide, v, =v, - v; is the redive veocity between
the leading vehide and the following vehide, d =X, - sy is the separation error between the
two vehicles (X, is the distance between the leading and following vehide sy is the desred

vehicle separation), k is the separation error gain, u is the fuel/brake command, d incorporates
externd disturbances and modding errors as well as the unknown nomind vaue of the control,
and a and b are vehide-specific parameters, whose values are dependent on the fued command
and the vehicle mass.

This reduced-order linearized modd is the dtarting point for the desgn of our control schemes
and it implies that our controllers do not explicitly rely on the particular detalls of the vehicde
modd and are thus inherently robust to modeling uncertainties. The controllers are dso easer to
experimentally implement and debug, because they do not contain highly complicated agebraic
or dynamic equations. The disadvantage of smplifying the longitudind control modd is that we
can only achieve good peformance with desgned controllers if the required maneuvers are
dower than the dowest neglected modes of the full nonlinear modd. However, snce in these
experiments we were only interested in maneuvers with time congtants of severa seconds, this
condraint did not represent a dgnificant limitation, due to the fact that the dynamics of the
automatic transmisson with torque converter, ar brekes, and drivetran, al have sub-second
time congtants.

The control objective is to regulate both the relative velocity and the separation eror to zero. It
can be shown that when v, +kd ° 0, both the relative velocity and the separation eror are

regulated: v. ® 0 and d® 0.

3.2 Controller Design and Implementation

3.2.1 FIXED-GAIN PID CONTROLLER
Since our gmplified longitudind modd is a fird-order linear sysem with a large time constant
in the vehicdle dynamics with respect to the brake and fud inputs, we used a fixed-gan PID

controller as the darting point for our closed-loop experiments, because it is the amplest
candidate scheme that we would expect to work in an experimenta setting. The PID can achieve

regulation of the relative velocity v, to zero, while providing some robustness with respect to
unmessured disturbances. However, the “D” term of the PID controller requires measurement of
the vehice accderation, for which we do not have a sensor in our current hardware
configuration. Therefore, we gpproximate this measurement by filtering the (fairly noisy) error

ggnd with the firg-order filter

5 S 1 essentidly implementing a “dirty derivetive’. Thus, the
d
PID controller we used for the closed-loop experimentsis given by the following expression:

S
stqt+l

1
U=k (v +kd)+k < (v +kd) kg (v, +kd)



Snce the fud and brake commands are sent out through eectronic output ports gpproximately
every 20ms, the PID controller needs to be implemented as a discrete-time controller. Denoting

the sampling time by T and the output of the derivative term by uy , we have:

S
Sty+1

g = (v, +hd) = (v, +hd) - (v, + k)
d |

Sqt

A discrete-time redlization for uy isthus given by

Ug [(n+1>Ts]:%(vr [(n +D)Te]+ kd[(n +1)T])- %udd [(n+1T]

where uyy isthe discrete-time output of the redlization of the firgt-order system pra— 1:
d

Ugal(n+ D] = & taugy [T ]+t g fL- @™/t Jy, [T + k[T, )

Thus, we can implement the PID controller with dirty derivative through the following discrete-
timeformula

u[nTs] = kp (Vr [nTs] +kd [nTs ]) + ki Ui [nTs] +Uy [nTs]
where u; isthe dynamicsfor theintegral term and is given by
U [0+ 7] = ui[nTe] + T (v, [(n + T+ kal[(n + DT )

In the fird stage of our experiments, we focused on speed control. Thus, the leading vehicle
gpeed was replaced by a desred velocity sgnd, and the longitudind modd above was modified
by sting k =0 to diminate the dependence on the (non-existent) separation error and using v

as the commanded speed; v, then becomes the velocity error that the controller needs to regulate
to zero. In this case, the discrete-time PID controller can be further amplified asfollows:

U[nTs] =KoV [nTs]+ ki u; [nTs]+ Uqg [nTs]

Ui [(n + ]-)Ts] =y [nTs] +TsVr [(n + 1)Ts]

ug[(n+ )T, = tin [(n+DT,]- tiudd [(n+D)T]
d d

Ugg [(n +])Ts] =e TS/t dudd [nTs] +t d (1' e_TS/td )‘/r [nTs]

3.2.2 FIXED-GAIN PIQ CONTROLLER

The lower actuation-to-weight ratio of the commercia heavy-duty vehicles requires a controller
that is more aggressive a larger tracking errors but does not have the undesirable side-effect of
overshoot. This can be achieved by adding a dgned quadratic teem  of the form



(v, +kd)|v, +kd| to the PI controller, which thus becomes the so-cdled nonlinear PIQ
controller:

U=k, (v, +kd)+k é(vr +kd) +kq (v +kd)y, +kd|

The quadratic nonlinear term becomes very smal when the tracking error (v, +kd) issmal, but

grows fast asthe error grows. Therefore, it has the effect of generating aggressive control action
to reduce large errors quickly, yet it turnsitsdf off for smal errors. A discrete-timeredization
for the PIQ controller is

u[nTe] = kp (v [nT] + kd[nT]) + kiui [nTe ]+ kg (v [T ]+ ka [T [} (v, [T ]+ kel [T J)
wheretheintegra term u; isgiven by
Ui [(n + ])Ts] = Ui [nTs] +Ts(Vr [(n +1)Ts] + kCIVr [(n +1)Ts])

In the case of speed control experiment, we sat the separation gain k to zero, which produces the
following discrete-time speed control scheme:

u[nTs] = kar [nTs] + kiui [nTs]+ qur [nTs]Vr [nTs]|

U [(n + 1)TS] = U [nTS] +Tgv, [(n + 1)T5]

3.2.3 NONLINEAR SPACING POLICIES

Nonlinear spacing policies can be used to further improve performance. In our closed-loop
experiments, we tested two nonlinear spacing policies variable time headway h, i.e., a headway
thet varies with the relative speed v, between adjacent vehicles, and variable separtion error

gan k.

The intuition behind the concept of the varidble time headway is as follows: If the reaive speed
between the two vehicles is pogtive, that is if the preceding vehicle is moving faster than the
follower, then it is safe to reduce the time headway. On the other hand, if the preceding vehicle is
moving dower then it would be advisable to increase the time headway to increase the distance.
This leads to the following choice of time headway as a function of the relative velocity v, :

i1 if hy- cpy, 2 1
h=sat(hy- ¢V, ) ={hy - cuv, if O0<hy- cpv, £1
) otherwise.

Another nonlinear spacing policy is to introduce a varidble separation error gain k. Our @ntrol
objective is to regulate the eror sgna v, + kd , where d is the separation error. The intuition
behind choosing such a control objective is as follows. If two adjacent vehicles are closer than
desired (d <0) but the preceding vehicle's speed is larger than that of the follower (v, >0),
then the controller does not need to take drastic action. And the same is true of the vehicles are
farther gpart than desired (d >0) but the preceding vehicle's speed is lower than the follower's

10



(v, <0). However, when the separation error gain k is congant, the controller would try to

reduce a very large spacing error d through a very large redive velocity v, of opposte Sgn.
Therefore, if the follower fdls far behind the preceding vehicle, the controller would react
aggressively by accderaing to a very high speed.  This behavior is not desrable, since it
increases fuel consumption and can even lead to collisons in some cases It is dso counter-
intuitive; it would be much more naturd for the controller to accelerate to a speed somewhat
higher than that of the preceding vehicleés, and therefore reduce the spacing error smoothly and
progressvely. To achieve such an intuitive response, the separation error gain needs to be
reduced when d becomes large and positive, making sure that it remains above some reasonable
positive lower bound. The following choice of k satisfies the above requirement:

k=c, +(ko - )€ %",

where 0< ¢, <kgy ands 3 O are design constants.

4. Experiments

4.1 Open-loop Experiments

After the completion of the instrumentation phase, in September 1998 we performed opertloop
longitudind experiments a Richmond Fed Station to determine the dynamic characteridics of
the experimenta vehicle, specificdly those needed for the fird sat of closed-loop experiments,
which involved vehicle speed control (no distance regulation from a preceding vehicle). The two
most important characteristics for vehicle speed control are the dynamics of the fue actuator and
those of the brake actuators. With these experiments we were able to gpproximate the dynamics
(transfer function) from a fud or brake command to the vehicle speed. Giving a voltage sgnd as
input and measuring the vehicle velocity as output, we measured the step response of the system.
About 12 sets of experiments were conducted with the fue signd ranging from 1.3V to 5.0V;
Figure 2 shows atypica response curve.

At the beginning of this run, we release the brake pedd and wait for the tractor to reach its
steady-state speed with the engine running a ide. Then we issue a fud command of 2.0V
through the computer output port to the engine control module.  As can be seen in Figure 2, the
dynamics from the fued command to the vehicle speed can be locadly approximated as a firg-
order system with gppropriate choices of parameters. This vdidates our use of a first-order
model as the bads for longitudina control design in our theoreticd work. Also, it is worth
noting that nonlinear behavior occurs during gearshifts.

11
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Figure 2: Vehicle velocity response to a step fud command of 2.0V.

Smilaly to the testing of the fud actuator, we dso used the step-input brake command to test
the brake dynamics. A typica step input brake response is shown in Figure 3.
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Figure 3: Vehicle velocity response to a step brake command of 2.0V.

At time t=0, we release both the brake and accelerator peda and put the truck in automatic mode,
which explains the smdl velocity drop at the beginning. At time t=1, a brake command of 2.0V
is issued to dl 4 brake actuators. Thus, the vehicle starts to decelerate until it stops. Because of
the vehicle veocity sensor limitation, we cannot measure speeds lower than 1.1888mph or
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Figure 4. Air brake pressure in response to a step brake command of 2.0V.

0.5283m/s. That explains why the vehicle velocity appears not to reech zero in Seady dSeate,
while in redity it does. The decderdion is congtant, which means tha the braking torque does
not fluctuate during this braking maneuver. We adso notice that the vehicle speed dtarts to drop
abruptly about 0.3s after the brake command was issued. This means that despite the fact that in
our modified brake sysem the brake dgnds are tranamitted dectronicdly and not by ar
traveling through the brake pipes, there is gill a delay of 0.3s in the brake response. This dday
is due to the fact that we are 4ill usng an ar brake sysem with dow dynamics, where ar
pressure needs to build up before the brakes are activated. This is clear from Figure 4, which
shows the behavior of the ar pressure in the tractor brakes, as measured by the pressure
transducers attached to the brakes. In Figure 4 we see that there is a delay of approximately 0.3s,
followed by 0.5s during which the actua pressure builds up to its commanded vaue.

We should note that a this dtage in our experiments we were gill operating the longitudind
controller separately from the lateral controller. For that reason, we were not concerned with the
effects of different brake torques on different wheds (differentid braking), only with the tota
brake torque acting on the vehicle, and that is why we sent the same brake command to al brake
actuators.

4.2 Closed-loop Experiments

4.2.1 SPEED CONTROL

In the first stage of our experiments, we focused on speed control with the two smplest control
schemes we have desgned, namdy the fixed-gain PID and PIQ controllers described in Sections
321 and 3.22. As explaned there, for the purposes of speed control the leading vehicle is
replaced by a desred velocity sgnd, and the modd above is modified by setting k=0 to
eiminate the dependence on the (non-existent) separation error, and using v, as the commanded
speed; v, now becomes the velocity error that the controller needs to regulate to zero. Since our
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amplified longitudind modd is a fird-order linear system with a large time congant in the
vehicle dynamics with respect to the brake and fud inputs, we used a fixed-gain PID controller
as the garting point for our closed-loop experiments, because it is the smplest candidate scheme
that we would expect to work in an experimenta setting. The PID can achieve regulation of the
rldive velocity v, to zero, while providing some robustness with respect to unmeasured
disturbances. However, the “D” term of the PID controller requires measurement of the vehicle
acceeration, for which we do not have a sensor in our current hardware configuration.
Therefore, we gpproximate this messurement by filtering the (fairly noisy) velocity sgnd with

the firg-order filter S , essatidly implementing a “dirty derivative’. Thus, the PID

+
d
controller we used for the closed-1oop experimentsis given by the following expresson:

S
sty +1

u=k,v, +k %vr + Ky Vv,
Since the fud and brake commands are sent out through eectronic output ports approximately
every 20ms, the PID controller needs to be implemented as a discrete-time controller. Denoting
the ssmpling time by T_and the output of the derivativeterm by u, , we have:

S 1 1/t

V, =V, -
st+1 "t g, +1

Ug v,
A discrete-time redization for u , isthus given by
1 1
U [(n+ DT == v [(n+ DT ] - =+ DT
d d

1
sty+1

where u,, isthe discrete-time output of the redlization of the firs-order system

Ugg [(N+ DT, = =" vuy, [nTS] + (1' g o/t )"r [nTs]

Thus, we can implement the PID controller with dirty derivetive with the following discrete-time
formula

u[nTs] = kar [nTs] + kiui [nTs] + Ug [nTs]
where u; isthe dynamicsfor theintegral term and is given by
u[(n+ DT, ]=u [nT]+ Ty, [(n+DT.]

The PIQ controller replaces the derivative term of the PID controller with a sgned quadratic (Q)
term of the form v, |v, |. This nonlinear term becomes very smadl when the speed error v, is
gmdl, but grows fast as the eror grows. Therefore, it has the effect of generating aggressve
control action to reduce large errors quickly, yet it turns itsdf off for smdl erors, thus avoiding
the occurrence of undesirable overshoot. This feature helps achieve tight control despite the low
actuation-to-weight ratio of heavy-duty vehicles. The corresponding expression is.
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1
u=kyv, +k —Svr +kVv, |V, |

A discrete-time redization for the PIQ controller is
u[nTs] = kar [nTs] + ki Uj [nTs] + qur [nTs ]Vr [nTs] ’

where u, isgiven by
uf(n+9T.]=u [nT,J+ Ty [(n+ 07|

These two controllers were implemented in our closed-loop experiments, with hard limits that
incorporated our subjective preferences for comfort and smoothness. To obtain the actud fue
and brake dgnds to the actuators, we pass the controller output through a linear mapping which
converts the controller output caculated by the control scheme to the physical voltage vaues
corresponding to the actua fud and brake commands. After this converson, the sgnds are sent
out to the computer 1/0 ports and findly reach the fud and brake actuators. The determination
of the effective working ranges for the fud and brake actuators should be based on ride quality,
response speed, and safety.  For example, a higher upper limit on the fud would give us fagter
response during acceleration, but it can dso cause undesrable jerk and possbly overshoot; a
higher upper limit on the brake would give us quicker decderation and shorter brake distance,
but it would aso deteriorate the ride quality and increase brake wear. In our closed-loop
experiments, we chose the working range of the fud command b be 1.25-4.5V and that of the
brake command to be 1.2-3.0V. The sgn of the controller output is used to decide whether a fue
or brake command should be issued, and then the value of the controller output is linearly
mapped to the physical fuel or brake sgna according to our pre-set working ranges.

Closed-loop speed control with PID controller. Even the smple PID controller can achieve
farly good tracking peformance if the parameters are chosen appropriatey, since the
longitudind vehidle dynamics is essentialy a dow linear process. One closed-loop experimentd
result with PID controller is shown in Figure 5.

The parameters of the PID controller we used in this set of closed-loop experiments are
kp, =30,ki =L kg =5t 4 =5. The speed profile is the same as the speed profile used in our

amulations;, this makes it possble to compae our experimenta results with our previous
gmulation result, which is shown in Figure 6. Fird, the vehice Sarts out a an initid speed of
27/mph and days at this speed for 10s. At time t=10s the vehicle is given a command to
accdlerate a 0.3m/s” for 10s o that the vehicle velocity is 33.75mph after the acceleration. Then
at time t=35s, a decdleration command of 3m/s’ is issued for 3s. In our figures, the speed profile
is shown with a dash line, while for the actud velocity asolid lineis used.

Closed-loop speed control with PIQ controller. The PID and PIQ controllers have smilar
behavior and performance as we can see from the PIQ closed-loop results in Figure 7 and Figure
8. The parameters of the PIQ controller we used in this sat of closed-loop experiment are

k, =10,kj =L k, =10. The PIQ controller was tested with the same speed profile as the PID
controller.
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Figure5: Closed-loop experiment with PID controller.
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Figure 6: Closed-loop smulation with PID contraller.
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Figure 8: Closed-loop smulation with PIQ controller.
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As can be seen from Figures 5-8, the agreement between our predicted performance through
amulation and the actua experimentd performance is good, though not perfect. The presented
curves are quite dmilar in their low-frequency content, but the high frequency components
exhibit nonnegligible differences between smulation and experiment.

Robustness of fixedgain PID and PIQ controllers. Our fird experimenta results were
encouraging, especially since the speed profile that was used included a very abrupt deceleraion
command of 3m/s’, yet the tracking performance was good. Another desirable feature of the
implemented controllers, which may not be so obvious from the presented data, is that
throughout these experiments the ride in the vehicle was very smooth and comfortable for both
the driver and the passenger. However, these experiments aso reveded severad problems that
we need to overcome in the future in order to be confident that our automated vehicle can be
operated safely under dl possble conditions. In particular, the experiments reveded dragtic
differences in the closed-loop peformance as a result in changes in the vehicle operating
parameters, such as the vehide load. As an example, to invesigate the effect of vehicle load
variations on closed-loop performance, we tuned the parameters of the PID controller for good
performance with the tractor only, and then we attached the trailer and ran the controller with the
same paangeas As seen in Fgure 9, this sgnificant change in the truck mass resulted in
unacceptable oscillations in the speed tracking response. Of course, this oscillation can be
eliminated by returning the PID controller gains to the vaues tuned for tractor/trailler operation,
but this would cause a deterioration of performance when the traller is detached. Similar
problems existed dso with the PIQ controller.

UEhICIE uElaCIy (MP H)
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Figure 9: Oscillation of PID controller with trailer attached.
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Figure 10: Origind and filtered vehicle speed signal and its spectrum.

4.2.2 VIRTUAL VEHICLE FOLLOWING CONTROL

Speed sensor filter design. In the first stage of peed control experiments, we observed that the
goeed sensor 9gnd contained a dgnificant amount of noise.  Therefore, we decided to design a
low-pass filter to filter the noisy speed dgnd. An example of the vehicle speed sgnd is shown
in Figure 10. We can see that most the sgnd energy stays in the 5Hz frequency range. On the
other hand, 5Hz frequency is farly high compared to the vehidle dynamics. To avoid exciting
the unmodded sysem dynamics, we chose 5Hz as the cutoff frequency of our speed signd filter.
In order to keep the gain equa to one a DC, we used a third-order Chebyshev filter, whose
trandfer function isdesigned as

0.9-0.5z1-05z2 +0.9z73
1.0-28z1+2622-0823 -
Figure 11 shows the frequency response of the designed notch filter.

H(2) =

Fuel/brake output filter design. To further reduce possble oscillations due to high-frequency
components in the fud/brake command, we added a fud/brake output filter to smoothen the
outputs to the throttle and brake actuators. The filter we used is a second-order Chebyshev low-
pass filter with cutoff frequency at 3.5 Hz

_01-02z1+01z72
11-1.821+0.8z72 -

Figures 12 and 13 show the frequency response of the output filter and the origind and filtered
fud/brake commands. In Figure 13, the black (green) line is the throttle control sgna while the

H(2)
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Figure 11. Speed sensor filter frequency response.

gray (red) line is the brake actuator signad. We can see that the filtered fue/brake command is
much cleaner than the origind one.

Inner loop brake control. From the openloop experiment, we observed that there is a
ggnificant delay due to the fact that the ar brake system on the experimentd truck has dow
dynamics. The ar pressure needs to build up before the brekes are activated. There is
goproximately 0.3s of delay, followed by 0.5s during which the actud pressure builds up to its
commanded vaue. Therefore, we designed an inner loop PID controller to improve the
dynamics of the ar brake sysem and reduce the delay. This inner loop PID controller is able to
increase the amount of the ar flowing into the air brake sysem when the air pressure measured
by the pressure transducers is much less than the commanded air pressure (corresponding to the
brake command). As a result, the air pressure is built up faster. On the other hand, when the
actud ar pressure in the ar brake sysem is dgnificantly higher than the commanded ar
pressure, the PID controller can reduce the air pressure faster by setting the release vaves to the
wide-open pogtion. In order to diminate the measurement noise in the ar pressure signds, we
used a notch filter with a 7.5Hz cutoff frequency, whose magnitude and phase plots are shown in
Figure 14. The effect of the inner loop brake control is shown in Figure 15. The light gray
(green) lines in the upper and lower plots are the commanded air pressure converted from the
brake command sgnd. The solid dark (blue) line in the upper plot is the origind brake system
ar pressure response, from which we can see that it has a very dow dynamics response and
steady-dtate eror. The filtered ar pressure signd is the dark gray (red) line going through the
middle of the origind ar pressure. The solid dark (blue) line in the lower plot is the arr pressure
response with the inner loop brake controller, which shows a sgnificant improvement in terms of
the response time and the steady-state error.

20



Phase (degrees)

Magnitude Response (dB)
IN
S

-100
-150

-200

output filter frequency response

5 10 15 20 25
Frequency (Hz)
"%‘
4,""
5 10 15 20 25
Frequency (Hz)
Figure 12: Fue/brake outpuit filter frequency response.
original fuel/brake command (v)
~%
0 5 10 15 20 25 30 35 40 45
Time (s)
filtered fuel/brake command (v)
0 5 10 15 20 25 30 35 40 45

Time (s)

21

Figure 13: Origind and filtered fuel/brake commands.
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Virtual vehicle following. The design of the speed sensor filter, the fue/brake command filter,
the ar pressure filter, and the inner loop brake control provided the necessary foundation for
implementing the vehicle following control schemes described in detall in Sections 321 and
3.22. In order to cary out the closed-loop experiments for testing the performance of the
vehicle following controllers, we needed to measure the separation between the leading vehicle
and the follower. Since we only had one experimenta truck, we utilized the concept of “virtud
vehide fallowing” to crcumvent this problem. Hence, we assumed that the leading vehicle is
running a a certain idedl peed profile v, (t). By integrating the speed profile in time, we are
able to compute the traveing distance of the leading vehicle

t
X ©= ¢y (mdm

m=0

There are two ways to obtain the traveding distance of the experimentad vehicle (the follower).

One way is to integrate the speed signad measured by the speed sensor of the truck, which gives
us

t
X ()= ¢ys (mdm

m=0

Therefore, the virtud disance between two vehicles can be computed with the following
formula

X (1) =% (0)- Xt (1),

t
= v (m - vy (m)dm

m=0
Similarly, the separation error d  can be computed as
d= Xy (t) - Sq

Ancther way is to use the magnetic markers that are embedded in the ground on the test track
with about one meter separation. The magnetic field signds from the markers can be detected by
the magnetometer array ingaled on the back of the truck trailer, which means that we are able to
compute the traveling disance by counting how many makers have been passed. One
disadvantage of the second method is that the traveling distance precison is limited by one meter
due to the separation between magnetic markers.

In the closed-1oop experiments for virtud vehicle following, we used the first method.

Effectiveness of the nonlinear spacing policies.  The two nonlinear spacing policies described
in Section 323, namdy variable time headway and variable separdtion eror gan, were
implemented and tested. Figures 16 and 17 show the performance of the controller with and
without varidble time headway, respectively. The dark (blue) and gray (green) lines in the upper
plot are the speeds of the leading and following vehicles. The lower plot shows the separation
eror. We can see tha the trandent separation error is sgnificantly decreased with the use of
vaidble time heedway. When the following vehide detects that the leading vehicle is moving
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faster, it reduces its time headway according to the variable time headway spacing policy, which
therefore decreases the separation error.  On the other hand, when the following vehicle detects
that its speed is higher that that of the leading vehicle, it increases its time headway for improved
safety. These results provide experimenta verification of the theoreticd result that the variable
time headway is effective in improving vehicle following performance.

As previoudy discussed, the introduction of varigble separation gain relaxes the requirement on
reducing the separation error and therefore prevents abrupt controller reections. This is shown in
Figures 18 and 19. In Figure 18, s is et to O, resulting in a fixed separdtion error gain k = kg,

whilein Figure19 s isset to 0.05, resulting in the variable separation error gain:

k = o + (ko + 0 ) 0%
We can see that accordingly the separation error becomes larger, in accordance with the
relaxation on the gpacing error requirement.

Closed-loop experiment for vehicle following. The PID and PIQ controllers were extensvely
tested in the closed-loop vehide-following experiments with severd different combinations of
nonlinear gpacing policies.  The tuning of the parameters was based on the opentloop testing
results amed a characterizing the throttle and breke dynamics as wel as the onste
experiments.  The experiments were dl caried a Crow's Landing test field. The totd length of
the test track is 2200 meters with three curvatures of 800 meters radius. Figure 20 shows a
typicd response, obtained with the PID controller with the following parameter stting for the
gains and the nonlinear spacing policies

kp, =3, ki =05, kg =5, hy =05, ¢, =02, ¢, =05, ky =1, s =0.1.

5. Conclusions

Our results are the fird experimenta results that prove the effectiveness of norlinear spacing
polices in improving the vehide following peformance of rdaivey smple PID and PIQ
controllers.  These controllers were origindly designed to provide gtring stability and improved
performance for autonomous vehicle operation (without intervehide communicatiion) and
without excessve complexity in their practicad implementation. The experiments carried out
under MOU 314 verified that our theoretica predictions were correct, despite dl the unavoidable
differences between our smulated vehicle modds and the actud experimentd vehicle.
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Figure 16: Performance with fixed time headway.
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Figure 17: Performance with varigble time headway.
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Figure 18: Performance with fixed separation error gain.
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Figure 19: Performance with variable separation error gain.
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Figure 20: Typicd closed-loop vehicle following experiment.
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