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Pneumatic Brake Control for Precision

Stopping of Heavy-Duty Vehicles

Fanping Bu, Han-Shue Tan

Abstract

Precision stopping is an important automated vehicle cbfinction that is critical in applications
such as precision bus docking, automated truck or bus fyieis well as automatic intersection or
toll booth stopping. The initial applications of this tectogy are most likely to be applied to heavy-
duty vehicles such as buses or trucks. Such applicationsireegpecific attention to brake control
since the characteristics of a typical pneumatic brakeesysif a heavy vehicle is inherently nonlinear
with large uncertainties. The feasibility of providing a @oth precision stopping brake control based
on a conventional pneumatic brake system has not yet beeordtrated. This paper describes the
precision stopping problem, verifies the pneumatic brakelehadetails the Indirect Adaptive Robust
Control (IARC) design for a pneumatic brake system, and ntspihe successful implementation of a

bus precision docking demonstration.

Index Terms

Precision Stopping, Pneumatic Brake Model, Backsteppiogti©l, Indirect Adaptive Robust Con-

trol

. INTRODUCTION

Vehicle control has been studied for many years in areas asidutomated highway system
(AHS) [1], vehicle stability control [2], and driver assasice. Some research results have been
applied to support real-world driver assistance apphbeetisuch as adaptive cruise control, roll-
stability control and parking assistance. However, sé\grad candidates for early adaptations

of a "true” automation are applications on heavy-duty vitsd3], [4] such as automated bus
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rapid transits [5], automated truck/container yard openat[6], heavy-duty vehicle maintenance
automation, as well as automatic operations for speciadtyickes such as automated snow
removal [7]. Many such operations require the stoppingesysto automatically control the
heavy-duty vehicle to stop smoothly and precisely in a &iast way equal to or greater
than those from an experienced operator. Docking bus migcisacking automated trucks and
trailers onto a platform, fueling automated trucks or bussswell as stopping automatically at
intersections are some examples.

Controlling a vehicle to a complete stop is one of the longitatlvehicle control functions.
In particular, it is essential that a bus or a truck can applery fine brake control in order to
stop at a designated location exactly. Most of the prioraegeon vehicle longitudinal controls
focuses on the areas of high speed platooning [8], [9], adaptuise control [10] and string
stability [11]. The works related to vehicle stopping or fibeake control are limited to the
Anti-lock Brake System (ABS) [12], vehicle stability [13] omagsenger cars equipped with a
hydraulic brake [14]. The design of a precision stoppingtadier for a heavy-duty vehicle has
not been fully examined and deserves a closer investigation

Furthermore, most buses and trucks today are equipped wehnpatic brake systems that
use compressed air as the energy medium. From the contral gloview, the pneumatic brake
system has several characteristics that make the consgrddifficult. First, the compressibility
of air introduces a large time delay, which limits system dwdth. Second, the dynamics of
the pneumatic brake system are highly nonlinear becaudeeaidnlinear pressure/air flow rela-
tionship. Third, the pneumatic brake system, when coupligd keavy-duty vehicle longitudinal
dynamics, has large uncertainties. Many factors congibuthese uncertainties: changing supply
pressures due to brake release, increasing brake temeedaiel to frequent braking, brake wear,
large load variation and changing road surface conditiares t rain or snow. Even with all
those potential disadvantages, it is still desirable thatdutomatic brake control system uses
the existing pneumatic brake as the primary means of stgpgantrol either by tabbing into the
braking control commands or including an add-on actuatsmdythe existing pneumatic brake
system allows the automated vehicle to maintain all its rahbraking capabilities. The ability
to remain "dual use” is one of the common requirement prefees for the early automation
deployment requirements. Relevant work on the pneumatikebira literature focuses mainly
in the areas of ABS [12], [15] and fault diagnosis [16]. A coetpensible brake model was



developed for diagnosis purposes in [16], however it wasctwaplex for control design. In [9],

[17], a simplified linear model with time delay is developeasbd on input/output relationship,
and is used for high speed longitudinal control. Recentditeres that relate to the subject of
pneumatic actuator controls (e.g. for robot motion contfd8] suggest that nonlinear model
based control laws achieve superior performance over thmear counterparts. Accurate yet
tractable nonlinear models for the pneumatic brake systedhassociated high performance
nonlinear model-based control design for automated vehichs not been fully investigated yet.

The purposes of this paper are to provide a detailed analpdise precision stopping problems
of heavy-duty vehicles using conventional pneumatic braystems, and to demonstrate its
feasibility under a realistic application environment. 8adress the difficulties of control design
for pneumatic brake system, a simplified nonlinear model b& identified for the control
design; a control synthesis strategy based on nonlineaeis\dddirect Adaptive Robust Control
approach (IARC) [19], [20], will be used in this paper. A baselirobust controller will be
synthesized to address the model uncertainties associthdthe brake system. Parameter
adaptation will be used to reduce the model uncertaintie®daced by vehicle loads, brake
characteristics and tire/road surface conditions. Anretwdiadaptive control technique will be
employed to decouple the parameter adaptation design fierfeedback control design in order
to achieve accurate parameter estimation performancecéurae parameter estimation can be
crucial at the final stop phase of the precision stopping,nhe brake system is under open
loop control without precise position and velocity measuzat.

The application example presented in this paper is the I'gmetstopping” of a 40 foot CNG
bus for the Bus Precision Docking public demonstrations ashivegton, D.C. in 2003. These
precision docking demonstrations consistently achievetmllateral and 15 cm longitudinal
accuracies. Such high docking accuracies would allow taslihg and unloading of passengers
similar to that of trains and greatly reduce the stress ofuakdocking in a high throughput
Advance Bus Rapid Transit system [5]. Precision docking an@pshg can also be a useful
component for the concept of an Advanced Maintenance &t§8p where quick fuel fill-up,
washing, and maintenance can be automatically performéaeagnd of each run.

This paper is organized as follows: Section Il defines thecipi@n stopping problem for
heavy-duty vehicles; Section Ill describes and verifiesgheumatic brake model; Section IV

details the design of the IARC brake controller; the sucecg$siplementation of a bus precision



docking demonstration is discussed in Section V; Sectiordficludes the paper.

[I. PRECISIONSTOPPINGPROBLEM FORMULATION AND SYSTEM DESIGN

Two different approaches can be used to formulate the poecistopping problem. One
approach is the trajectory following. A desired trajectysynthesized according to the initial
vehicle speed and position, and the final stop position. Tmraoller is designed so that vehicle
will follow the desired trajectory with appropriate brakenemand. The second approach is
to dynamically synthesize a desired deceleration basecervehicle’s speed and remaining
distance to the designated stop location. Brake servo cowhimsagenerated to follow the desired
deceleration. Since the main purpose of this paper is tostigage the feasibility of precision
stopping with pneumatic brake system, the more intuitivd dmect approach-, the trajectory
following approach, is adopted. The precision stoppingofem of vehicle can be formulated
into a trajectory following problem as follows:

Given an initial vehicle speedyysynthesize a brake control command u such that the vehicle
follows the synthesized deceleration profijg(ty and stops at the desired locationgXT) with
a maximum error gax and with desired smoothness represented by bounded dec@ieagax

and jerk jnhax (such as suggested in [21], [22])
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Fig. 1. Schematics of a precision stopping system



Fig. 1 shows a general schematics of a precision stoppintgraybased on a pneumatic
brake system. The whole system includes cruise speed optexision stopping control,
coordination control and human machine interface (HMI)isTgaper focuses only on the blocks
directly related to the precision stopping control (shaféxtks in Fig. 1): precision stopping
controller, brake actuator, pneumatic brake system, amicheelongitudinal dynamics during
braking. Precision stopping controller synthesizes aldeg#on trajectory and the brake control
command according to the sensor information. Sensor irdbam could be air pressures inside
the pneumatic brake system, vehicle states (e.g. vehieledsmgear position and engine speed)
and vehicle position. Most vehicle states are availableutyn in-vehicle data network (e.g. J1939
bus for heavy-duty vehicles). Vehicle position can be ot#difrom GPS, magnetic markers or

transbounders buried underground, video cameras andiizleespeed integration.

Brake chamber
Pa

Treadle valve
Front axle Ll /
o Tank P,
I | I \
To rear axle

Fig. 2. General schematics of pneumatic brake system

Fig. 2 shows the pneumatic loop of a typical heavy-duty veh&ir brake system. When the
driver presses the brake pedal, the treadle valve is opem@cdt@mpressed air flows from air
tank to the brake chambers. The brake chamber is a diaphragmater which converts the
energy of air pressure to the mechanical force. Such mechidorce is transmitted to the brake
pad through the push rod and brake cam. Brake force is geddogitéhe friction between the
brake pad and brake drum. Air is released to the atmosphega thie driver depresses the brake
pedal. The compressor is turned on to recharge the air taek wie air tank pressure is below
certain level due to air release,

A brake actuator receives brake control command and "aetli#tte pneumatic brake system



so that the desired brake force can be delivered to slow dbe/nehicle. The brake actuator can
be designed in many ways, but it is desirable that it does mtetfere with manual operation
because of safety concerns. In [23], an electrical motordided to control the brake pedal
position. This method does not modify the original brakdesys but it often introduces additional
dynamics and nonlinearities such as brake pedal stictiorj24], a "brake by wire” system
(WABCO electronic braking system (EBS)) is used to replace thginal air brake system.
Inspired by the WABCO EBS design, this paper proposed a genbraké by wire” system

I

1
H H
Brake chamber P, F
Double check valve

Front axle L

Monitor PressurePn

Treadle valve

»! Volume boostel|

Atmosphere pressure ¢ t
P Tank R
|

Brake command U -
Proportional
—P
valve

Atmosphere pressure  p l t
e

Fig. 3. Schematic of front axle brake actuator (rear axle is similar)

consisting of "off-the-shelf” pneumatic valves, as showrFig 3. The design enables automatic
control of the pneumatic brake system and maintains theirftégrity of the original air brake

system. A computer-controlled proportional pneumatioveak installed between the air tank
and brake chamber. In order to achieve a quick apply andselessponse, a volume booster is
added into the loop to supply the air volume for a fast brakglyapnd release. Double check
valve is used to ensure that the original air brake systeinsilil be able to be operated by the

brake pedal with the added hardware.

I11. DYNAMIC VEHICLE AND BRAKE MODEL

In this section, dynamic models for the brake actuator amdptheumatic brake system, as

well as the vehicle longitudinal braking motion, will be @éeped. Model reductions are made



to facilitate controller design. Experimental data usihg tlemonstration setup (described in
Section V) together with the physical explanations are uedgdstify the model reductions and

to illustrate the accuracy of the resultant model.

A. Modeling of brake actuator
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Fig. 4. Schematic of a proportional pneumatic valve (Proportion-AiBlQalve)

As shown in Fig. 3 and Fig. 4, a proportional pneumatic vatve&ised in the brake actuator.
Output pressure (monitor pressupg) is proportional to the electrical command input Py,
is controlled by two solenoid valves inside the proportiomalve. One such solenoid valve
functions as the inlet valve, the other as the exhaddgtis measured by a pressure transducer
internal to the proportional valve which provides a feedbaignal to the electronic controls.
Internal electronic control of the proportional valve snas a closed pressure loop to maintain
linear relation between the input command sigonahnd output pressurB,. Because of the
closed pressure loop and a very small air volume betweenriy@gional valve’s output port
and the pilot input port of the volume booster, the dynamitgshe proportional pneumatic
valve can be approximated by a linear system. For exampleecquéncy sweeping experiment
is conducted to obtain frequency response from input condnségnalu, to monitor pressure

Pn for the Proportion-Air's QB1 valve in our experimental setdne frequency response for



this specific valve as shown in Fig. 5 can be fitted with a firsteotransfer function:

Pm(S) __ _3.4659
U/(s) — 5+3.7474 1)
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Fig. 5.  Frequency response of a proportional pneumatic valve ¢Riop-Air's QB1 valve)

Alone, especially when the brake is releasing, a typicalllspraportional pneumatic valve
cannot provide enough air flow. Therefore, a volume boosteofien mounted to improve
response time. In our experimental setup, the ProportioiRAeries, as shown in Fig. 6, is used.
The volume booster is an air-piloted, diaphragm-operaelf;venting regulator. Output pressure
from the proportional valve is used as the pilot input pressiithe diaphragm is balanced by
the input pilot pressure signal and the output pressure. difigrence between the pilot input
pressure and the output pressure will move the diaphragnoped either the supply valve or
exhaust valve so that the output pressure follows pilot inpessure. The air flow inside the
volume booster can be described as, ideally, compressdsepgssing through an orifice. As
suggested in [25], we assume that

« Air is ideal

« Air density is uniform in pipe and brake chamber

« Air in pneumatic circuit is isentropic process
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Fig. 6. Schematics of a volume booster (Proportion-Air R series)

The air mass flow rate that passes through the volume boastebe expressed by:

1 CsAs(Pm, Pa) Ps\/%f (%) rsPm > Pa(supply )
—CePe(Pm, Pa)Pay/ & f(BE) 1P < Pa(release

where m is the air mass flow rate that passes through the orifigeand C. are the orifice
discharge coefficients that can be determined as in RS5E the air pressure inside the supply
tank, P, is the air pressure inside the brake chamBgy,is the atmosphere pressufg(Pm, Pa)
and Acs(Pm, Ps) are the effective orifice areas which are functions of thetpiput pressuré,
and output brake chamber press&¢ R is the ideal gas constant; is the effective area ratio
between the two sides of the diaphragm, dnds the temperature. The piecewise continuous

flow function f(a) is defined by:

+1

Y(ai—a'v) ac<a<i
flog=q VY=~ T 3)
Fr(Z)7T 0<a<ac

wherea is the pressure ratigj is the ratio of special heat arwl is the critical pressure ratio
. Y

given byac = (21)¥ .
Fig. 7 shows the static response of the brake system in theriexgntal setup. The effective

orifice areas are proportional to the pressure differenderdmn Py, and P, as shown in the
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following equation:

As(Pm, Pa) = Ks(rsPm—Pa) Ae(Pm, Pa) = Ke(Pa — rsPm) (4)

whereks andke are constants that can be determined, for example, basdteaelationship in

Fig. 7.
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Fig. 8. Brake Chamber

B. Modeling of pneumatic brake

The brake chamber is a diaphragm-operated actuator whitheapproximated by a single-

acting pneumatic cylinder as shown in Fig.\8(X;) is the total air volume inside the brake
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chamber and the pipe between the volume booster and the bheltaber; and/.(x;) is a
function of brake chamber stroke. The pressure dynamics inside the brake chamber can be

expressed by
PaVc<Xc) + VPaVc(Xc) =ymRT ()

where the total volum¥;(X:) = Vg + AcXe. Vy is the initial total dead volume before the brake is
applied andA. is the effective area of brake chamber. If we assume that s raf the brake
chamber push rod and brake chamber diaphragm can be neljlduteforce balance on both

side of the diaphragm can be described by:

K Xe = (Pa—Pair)Ac—Fr 0 < Xc < Xemax (6)

wherek; is the spring constant of the brake chamber return springFamslthe pre-load on the
brake chamber return spring. The brake torqlg,acting on the wheel is proportional to the

normal force acting on the brake pad

Tb: kb((Pa—Pair)Ac—Fr) (7)

C. Modeling of vehicle motion during brake
A simple vehicle longitudinal braking dynamics can be diésct by [26]:
Jion = RiFui(Ai, Ni) — Toi — Tip
M3 = —bX — Faa(¢) — 3L Foi( A1, Ni)

wherei indicates the wheel numbex; is the wheel angular velocity; is the rotational radius

(8)

of ith tire, R, is the braking force generated by tité tire, Ty is the brake torque acting on
the ith tire, Ty, is the equivalent braking torque generated by vehicle eftyansmissiony.
is the longitudinal positionM denotes the vehicle mads,is the viscous damping coefficient,
Fea(X?) is the aerodynamic drag force which is a functionxdf p is the road surface friction
coefficient,A; is the longitudinal slip of theth wheel and\; is the normal force at theh wheel.
The longitudinal slip\; is defined byA; = % when braking. The braking ford&,; (i, Ai, N;)
generated byth tire is a highly nonlinear function of the road surfacetion coefficienty, tire

longitudinal slipA; and normal forceN;.
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D. Model reduction and validation

The proportional valve dynamics(1), the air flow equatio2st), the chamber pressure dy-
namics equation (5), the brake torque generation equaf@i}, and the vehicle braking motion
dynamics (8) represent accurate models of the pneumatie lsgstem and vehicle longitudinal
motion during braking. They are rather complex for the caligr design and many internal
states are also difficult to measure (e.g. the brake chandukrstrokex:). Several steps of
model reductions are made in this section to facilitate rmrdesign. Experimental data from
the demonstration setup is presented to illustrate theskehrteductions.

In the chamber pressure equation (5), the brake chambemedly(x;) is comprised of the
initial dead volumeé/y and the variable volumAcx; from the chamber rod motion. The variable
volume Acxc is small enough to be neglected so that the volMi(&:) can be assumed to be a
constant due to its short brake chamber stroke. Then Eqs (fduced to:

Py = YT (©)
Fig. 9- Fig. 11 show examples of comparisons between theriexeetal data from the demon-
stration setup and the simulation results of the simplifieelymatic brake system (Egs. (1- 4) and
Eq. (9)) for both the monitor pressuRs, and chamber pressuRy using various types of inputs
for proportional valve (Fig. 9: sine wave; Fig. 10: stairgst€&ig. 11: ramp input). The results
show a good match between the simulation results of simplifir®del and the experimental
data. This validates the simplification from Eq. (5) to EQ. (9

Aerodynamic drag force can be ignored due to slow speed aigio@ stopping application.
During the precision stopping, the bus braking is usuallytlsmooth to ensure the passengers’
comfort. Therefore, the longitudinal slijg is generally small during this stopping process. It
is therefore reasonable to assume that the braking forceojgopional to the brake chamber
pressureP,. Fig. 12 shows experimental data between the brake chanmessye and the
bus deceleration for two different 40 foot CNG buse$ &ndc2). Although nonlinearities are
dominant when chamber pressure is small, such a proportémsamption is good enough for
the precision stopping control design when the brake pressy for the most part, sufficient
large. Thus the brake torque generation equations (6-7}rendehicle braking motion equation

(8) can be simplified to:

MX = —Fp(Pa) —bx. ,  Fy(Pa) =(Pa+d (10)
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Fig. 9. Simulation Results of Simplified Model vs Experimental Data 1: simeeviaput

wherel andd are unknown constanté represents the combined effect of road surface conditions,
brake conditions (wear, temperature) and vehicle load. dmepresents the combined effect of
engine/transmission brake and road friction.

Since the bandwidth of the proportional pneumatic valve as larger than the required
bandwidth of longitudinal control for precision stoppirthe proportional valve dynamics are
neglected and the monitor pressigis defined as the control inputfor the following controller
design and implementation. The control input in implemgaoitea the proportional valve command

input uy, is related to the control inpuR,, by a known static gain.

V. CONTROLLER DESIGN
A. Problem formulation and design difficulties

Define the state variables= [x1,X2,%3]" = [x_,%_,Pa]", the simplified system model, Egs.
(2-4) and Eqgs. (9-10), can be expressed in state-space ®rm a
X1 = X2
Xp = —%m—%xz—% (11)
%3 = Yo m(xs, U)
wherem(xs, u) is the nonlinear flow mapping inside the pneumatic brakeesystefined by Egs.

(2)-(4) andu = Py. The control objective is to synthesize a desired stoppiagdtory x;q(t)
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and a control inputi such that the vehicle will follow the desired stopping tcagey and stop

at the designated location with the desired accuragyx(< 15cm) and smoothness. In general,
the system is subjected to parametric uncertainties dueetedriations oM, ¢ andd. In order

to use parameter adaptation to reduce parametric undeaiior an improved performance,
the state-space equation (11) is linearly parametrize@nmg of the unknown parameters. To
achieve this, let® = [61,0,03] = [%,%,%]; the state-space equation (11) is parametrized in

terms of@ as:
X1=X2
% = —B01X3 — X2 — 63 (12)
X3 = Y m(xa, u)

At this stage, it can be seen that the design difficulties@ata with controlling the pneumatic

system represented by Eq. (12) are:

o The pneumatic brake system is a highly nonlinear system.eikample, Fig. 13 shows
the chamber pressure responses in our experimental seteip thb brake is applied and
released. The apply response and release response ardliffertent. The nonlinearities
come from the nonlinear pressure/flow relations describeigs. (2)-(4) and Eq. (9).

« The pneumatic brake system also has large model unceewiikamples of large model

uncertainties include the vehicle lo&dl and variation in due to brake wear, temperature
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increase and change of road surface condition.

« The system has unmatched model uncertainties since mocksttaimties appear in equations
that do not contain control input

« As we found out in experimentation, strong feedback actisnally introduces frequent
brake apply-and-release. Such frequent apply-and-eeleasgs several detrimental effects
to the final performance. First, since the pressured airleased to the atmosphere when
brake is releasing, frequent brake apply-and-releaseetieplsupply air tank and lower
supply air pressure. It will take a while for the system tohage the supply air tank to
its normal pressure when the supply pressure drops belaaircehreshold. Lower supply
pressure slows already sluggish pneumatic dynamics. Sedmguent brake apply-and-
release generates deceleration that makes passengersfartable. Third, frequent brake
apply-and-release also generates loud audible noise.

« The vehicle longitudinal position is calculated by combmithe vehicle velocity and the
vehicle position information from magnet markers or tramsiders buried in the road
surface, cameras with specific stripes on the road, or GP&vezs. However, magnet
markers (which have approximately an 1 meter interval in setup) or transbounders
information is often discrete and the GPS signal may be lelddky architecture around the

bus station. Furthermore, position dead reckoning witholelspeed may not work at low
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Fig. 12. Deceleration vs brake chamber pressure of two differer® Gbdkes (c1 and c2)

speeds since most vehicle velocity sensors can only seasekbcity that is larger than the
certain speed (e.g..@m/s for our CNG buses). This means that the longitudinal velocity
and position information for many precision stopping cohgystem may not be available
or accurate enough during the final phase of vehicle stoppimgn the accuracy needed to
stop the vehicle is the most important. This paper also assuins specific problem and

designs a specific open loop control to deal with it.

To address the design difficulties mentioned above, theviatlg strategies are adopted. First, a
physical model-based nonlinear analysis and synthesib&imployed to address the nonlinear
nature of the pneumatic brake system. Secondly, parameagtation will be adopted to reduce
the effect of modeling uncertainties. Specifically, theiladt Adaptive Robust Control (IARC)
approach [19], [27]-[29] will be used to handle the generfééots of model uncertainties.
Third, the integrator backstepping design [29] via Lyapufanction will be used to address
the mismatched model uncertainties. And lastly, the ateysarameter estimation from IARC
parameters estimation will be used to calculate the opep tmmtrol command when longi-
tudinal position information is not available at the finalagk of vehicle stopping. Since the
feedback control action is limited by the characteristi€gpoeumatic brake system, accurate
parameter estimation is also important for the close looptrob phase to provide accurate
model compensation.
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B. Assumptions, notations and rate-limited adaptation lzaged on discontinuous projection
mapping

For many applications, the extent of the parametric unceigg are known. Thus, the fol-
lowing practical assumption is made:

Assumption 1:Parametric uncertainties satisfy:
0 € Qg2{0: Bmin<0<Omax} (13)

whereBmin and Bmax are known. o
Let 6 denote the estimations of unknown parameteiand 6 = 8 — 8 represent the estimation
error. In viewing Eq. (13), a simple discontinuous projectProjs, can be defined as in [30],
[31]:

0 if =06maxande >0

Projg(¢) =< 0 if 8 =6 ande <0 (14)

e otherwise

A saturation function is defined as:
1 |re|| <6u

'e .
B rt) > 6y

sab,, M)=sl1, = (15)
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by using an adaptation law given by:
6= Proja(sat,, (I'T)) (16)
wherel > 0 is a diagonal matrixt is an adaptation function to be synthesized later @pds

the upper bound for the adaptation rate.

C. Controller design

Controller design consists of four parts: feedback corgralesign, open loop control design,
parameter estimation design and the trajectory plannimg fEedback controller design will
employ the 2-step backstepping design technique presemt§t®], [29], [32] based on the
physical model of the pneumatic brake system representé&tibyl2). Theoretical performance
of the proposed controller and its proof can be found in Apiden

1) Feedback Controller Design: The feedback controller is designed as follows: In the first
step, chamber pressuxe will be treated as control input for the first two equationscéntrol
function will be synthesized foxs for the design goal. In the second step, the real controltinpu
will be synthesized such that chamber pressure will traekdbntrol function we synthesized
in the first step.

a) Backstepping step 1Define a switching-function-like quantity as:

Z=Xp—Xoeq=21+K1z1  Xoeq=X1qd — K121 (17)
wherez; = X1 — X14 IS the output tracking error,q is the desired trajectory to be tracked by
x1 and will be synthesized later, arith is a positive constant feedback gain. Siregs) =

71(9)/z2(s) = 1/(s+Ky) is a stable transfer function, the reminder of the desigm imékez
converge to zero. According to Eq. (12) and Eq. (17), thevdéve of z can be expressed by:
2 = —01X3 — 02X — 03 —Xoeq  Xoeq= X1d + K1X1g — KXo (18)

It is clear from Eq. (18) that the brake chamber pressgrean be treated as a virtual control
input at this step. So the objective of this step is to synteea control functiorPad(xl,xz,é,t)
for the virtual control inputxg such that the output tracking erray converges to zero. The
resulting control functiorP,q is given by:

Pad = Pada+ Pads

Pada= él—l(—ézxz — 83— %eq) (19)

Pads= Padst + Pade , Pada = eliin

Koz,
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whereP,q44 is the model compensation part of the virtual control |Bys represents the feedback
control part, andK, is a constant positive feedback gain. [®Bt= x3 — Pyg denote the input

discrepancy. From Egs. (18-1% dynamics can be written as

= 0173 — 5. 1-Kozo — 01Pade + @ 10 (20)

where@ = [Paga X2, 1]T. The robust control pamge = TrlanSZZZ is now chosen to satisfy the

following conditions
condition i Zo[—61Page+ @ 6] <& 21)
condition i — 2Page <0
where Kg is a positive control gain function angb is a positive design parameter. How to
chooseKg by satisfying the constraints similar to Eq. (21) can be tbum [33]. Define a

positive-semidefinite functiok’, = %22 its derivative can be written as:

V= K223 — 012223 + 25[—01Page + @} 0] (22)

9lmln

b) Backstepping step 2As seen from Eq. (22) in Step 1,z = 0, output tracking would
be achieved by using the standard adaptive control argumef29]. Therefore, Step 2 is to
synthesize a control input so thaf either converges to zero or is bounded by a small value.

From the system model equation (12), thedynamics can be written as:

23 = X M(x3, U) — Pag (23)
whereP,q = aa'iald X2+ aa'?f‘zdx + apade-i— apad . P,g can be divided into two parts as shown in following
equations: A

Py = Py, 4 aPad( Bixg — Boxp — Bs) + apad n 6Pad9

g (24)
Pad — ax 9 (B1x3+ Bx2 + B3)

where Isad represents the calculable part which can be used in therdegigontrol functions
and E’ad is composed of various model uncertainties. From Eq. (28, dir flow rate to the
brake chambem can be treated as a virtual control input in Step 2. So Step@ synthesize a
control inputnyy for m so thatxs will track the desired control functioR,q that is synthesized
in Step 1. Consider a p.s.d functidg =V, + 122, from Egs. (22-23):

V3 :\./2||:>ad +23[V\%Tm(X3,u) — Pad—élzz—(pgé] (25)
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where V2|pd is a short-hand notation used to represeatwhen xz = P,y (or z3 = 0) and

oP. oP. oP. . . . . . .
@ = [a)j‘zdx?, 2, a)fzdx , 6)(azd] . Using similar techniques, the control functiony consists of

the following two parts:

I'hd = mda‘|‘ r-nds
Mya = y%(pad + é122) (26)

fds = Mds + Moo Mag = —erKaZs
whereKs is a constant positive feedback gain. The time derivativizofan be expressed by:

V3=V2\Pad+23[ﬂﬁhsz—@é] — K3z (27)
The robust termmge = yRTK5323 can be chosen to satisfy following conditions:

condition i z[*7 e — @16] < (28)
condition ii  z3Mye <0

wheregs is a positive design parameter akgs is a positive control gain function. The control

input u can be backed up from the nonlinear flow rate mapping equé#pas:

S |\ E——V g > O(suppl
| /2 102) 3)/fs Iy > 0(supply 29)
my :
— +X3)/rs My < O(releas
(keCexe, 7R’2Tf(7p>?3”) )/ ° ( e

2) Open loop control: If vehicle velocity cannot be detected by the vehicle spegdar when

vehicle velocity is lower than a certain threshold (e.gn/$for our CNG bus) at the final phrase
of precision stopping and the position information is aleb available or not accurate enough
at the same time, the only sensor information available éedback are the brake pressures.
Precision stopping will enter the open loop control mode. the open loop control, we assume
that x; = X139 and X2 = X1q4 (i.e. 7 = z = 0) and the parameter adaptation is also frozen, i.e.
6=0.

3) Adaptation law design: In order to use an indirect parameter adaptation based on x-
swapping [19], [29], [34], it is desirable to obtain a statodel for the prediction error that
is based on the stateand is linearly parameterized in terms of the parametemesiton error.
Since the parametric uncertainties exist only in the seamuhtion in the system model (12)
and the vehicle acceleration measurements either not available or too noisy, a first order

filter is added to transfer the dynamic relationship to aictaiationship:

Xo — 522X = B1(—ghaXa) + 02— gha%e) +03(—5k;) a>0 (30)
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wherea is a positive constant. Defing=x; — &.x; and Q = [—555X3, —515%2, — 515 » and
then the static relationship can be expressed by:
y= QTe (31)

Define the estimation of asy'= Q76 and the model prediction errof=y—y=QT78, and then
various estimation algorithms can be applied. For the gradnethod, the parameter estimations
are updated by:

é: PrOjé(SabM(—rﬁcl(QTQ))) (32)

wherel" = diag{y1, Y2, Y3} is a positive constant adaptation gain matrix, and a non-negative
constant.

For the least square method, the parameter estimationgpdeged by:

A . Q
0= PrOJé(Sa%M (_FWQQTFQ)) (33)
wherel is updated by:
N roQ’r
M=ar - 1+vTracgQTrQ) (34)

wherea > 0 is the forgetting factor.
4) Trajectory planning: A polynomial trajectory is synthesized for the smooth stdpao
heavy-duty vehicle. The trajectory should satisfy thedwihg boundary conditions:
X1d(0) =0 x4(T) =P
x1d(0) =vo  Xx19(T)=0 (35)
%14(0) =0 %u4(T)=0
whereT is the time when the vehicle fully stops afid is the distance from where the vehicle

begins precision stopping to its final stopping point. Aseuimat:

de(t) = a5t5+a4t4+a3t3+a2t2+a1t +ag (36)

The coefficients of the trajectory can be solved as:

ap=0 ai=\VvVo a=0 (37)
_ 10Py—6vgT _ 8ygT—-15R, _ 6Py—3vgT
ag = T3 = T4 a5 = T T5

T can be adjusted to accommodate the passenger comfortaegunits while stopping.
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Fig. 14. Docking Demo in Washington DC

V. EXPERIMENTAL RESULTS
A. Precision Docking Demo scenario and system configuration

Fig. 14 shows the docking track configuration of the WashkindC docking demo during June
24-26, 2003. The whole docking demo procedure is describddlipws from the longitudinal
control point of view. The demo bus starts manually by thevedri The driver could select
the manual or automatic transition to the automatic contmobde anytime he chooses. Once
switched to the automatic control mode, the bus will autaradly slow down or speed up to a
predetermined cruising speed. When the bus reaches at t®loevhich is 12.0 meters to the
designated final stopping point, it starts the precisiop@ttg process and stops exactly at the
predetermined position along the station.

Two New Flyer 40 footer CNG buseg;(and cp) are retrofitted for the precision docking
maneuver as shown in Fig 15. Magnetometer sensors ardeast@ider the bus to detect magnets
buried in the road with a meter spacing. The magnets provmté kateral and longitudinal
positions. The throttle is modified so that it can be condalthrough a computer. The original
pneumatic brake system is retrofitted as shown in Fig. 3.-tk#tShelf” products, Proportion-
Air's QB1 proportional pneumatic valve and Proportional-Ri series volume booster, are used
for the brake actuator. Pressure sensors are installed &suree internal pressures (monitor
pressurePy, and chamber pressui®) of the brake actuator and the pneumatic brake system.
The internal vehicle data network (J1939 bus) of the CNG buapped to receive information
on the engine and transmission states, such as vehicle,spegide speed and gear position,
which is broadcasted by the engine and transmission Edatt@iontrol Unit (ECU). The lowest

speed that measures by the wheel speed sensor is abous0Continuous longitudinal position
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PC104 computer with J1939 Interface|
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Fig. 15. New Flyer CNG 40 footer bus configuration

is available by integrating the last magnet position andaletspeed. Control program is running

in a on-board PC104 computer under the QNX real-time opeyaystem.

B. Parameters of the Precision Stopping Controller

The precision stopping controller represented by Eq. (2@) Bg. (16) is executed at B2
sampling frequency. For the feedback controller part, timist control gain functionks and
Ks3 are chosen as in [33] to satisfy the constraints in Eq. (2d) Baq. (28):

Ko > 5 [18mlllg2ll*  Ks > 5;/18u|%ll¢s]1? (38)

whereBy = Bmax— Omin, €2 = 4.5 andez = 11.0. The following parameters are used for constant
feedback gains in Eq. (17), Eqg. (19) and Eqg. (26):= 8.5, K, = 7.5 andK3 = 7.5. For the
parameter estimation, the least square method in Eq. (B&3®hosen and parametaasa and

v are chosen asi= 25, a = 0.8 andv = 1.0. Initial parameter estimation gaing0) are chosen
as (0) = diag{25,10,35}. The upper limitsmax and the lower limitsBmin of the unknown
parametersd in Eq. (13) are chosen a®yax= [0.6,0.15,1.2]" and 8, = [0.15,0.04,0.2].

Since the starting velocityp is regulated around.Bm/s by the throttle control and the braking

2Ry

5 is selected.
0

distance is chosen to & = 12.0m, stopping timeT =
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C. Experimental results from Washington DC Demonstration

As one of precision docking’s functions, precision stogpinmas demonstrated publicly at
Washington DC during June 24-26, 2003 [35]. There were abbtit8 runs each day. Passenger
counts ranged from 1 or 2 to a full bus load. The demonstratias also performed under rainy
conditions. The final stopping accuracy was consistenthtrotled under 16m with the desired
stopping smoothness, without a single failure for over 3@ltdemonstration runs. Data from
three different scenarios in the demonstration are showhearfollowing figures to illustrate the
effectiveness and robustness of the designed controlitigorThey are: bus with full load on
dry road, empty bus on dry road and almost empty bus on wet fi@aidlustrate the effectiveness
of parameter estimation, the experimental result of empty @dn wet road without parameter

estimation (i.e.l’ = diag{0,0,0}) is also shown in the following figures. Fig. 16 shows the

Tracking Error(m)

;,',” voooo Dry road Empty bus
i 1

i v ‘=== Wetroad Empty bus
= = = = Dry road Full bus

Wet road empty bus without adaptation

0 I I I I
0 1 2 3 4 5 6

Time(sec)
Fig. 16. Tracking error for 3 different scenarios

tracking error for the 4 different scenarios before longjibal position information becomes
unavailable just before the final stop. Final stopping errare measured manually when the
bus is fully stopped and they are well kept within acrfbaccuracy bound for the cases with
parameter estimation. For the case without parameter &stim) the final stopping error is larger
than 3@m Testing experiences reveal that a good estimatiody pthe combined effects of bus
load, brake characteristics and road surface conditiongig important to the final stopping

accuracy. Fig. 17 shows the parameter estimatiorbfolAs shown in Fig. 16 and 17, tracking
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Fig. 17. Estimation oB; for 3 different scenarios

errors increase when the vehicle starts braking; at the siameef, estimations are also far away
from their true values. A®; estimation converges, tracking errors are also reducedel@Hy

about 5.1-5.2 sec after the control starts and when the mislh@st stopped, the longitudinal
position and velocity measurement is no longer availabtetha parameter estimation is frozen.
The vehicle then begins entering the final open loop brakiogtrol phase. Because of the
accurate parameter estimations, the system is able to amaiatfinal stopping accuracy better
than 15cm with 2 to 4 seconds open loop control at extremelydpeeds. The experimental
results also show that the parameter estimation also hethse tracking error in the close loop

control phase.

VI. CONCLUSION

This paper focuses on the precision stopping control prolite heavy-duty vehicles equipped
with a pneumatic brake system. It is a control applicatiopgpahat integrates various control
synthesis tools to solve a real-world control problem. Thesigh process includes system
modeling, model reduction, control synthesis, implem@gomaand successful public demon-
stration. The paper starts with a detailed model and theoppite model reduction of the
pneumatic brake system with an actuator. The IARC contrafiethen constructed based on

the reduced pneumatic brake system model. The controllehasen because it can take into
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account particular nonlinearities and large uncertasnitiethe heavy-duty vehicle environment.
An Indirect Adaptive Control design technique is used to det® the feedback control design
from the parameter estimation design. This method imprdiiesaccuracy of the unknown

parameter estimation which is crucial for maintaining th®alffistopping accuracy when it is

possible that the sensor information on the vehicle vejamitd position can become unavailable
just before the vehicle is fully stopped. This precisiorpgiog control design was implemented
on two 40-foot CNG buses and was demonstrated at a precisakingodemonstration in Wash-

ington DC during June 24-26, 2003. The successful 3-dayipudeimonstration showcased the
smooth stopping performance with consistent 15cm stopgaegracy under different operational
conditions without a single failure. Experimental datanfrthe demonstration further illustrated

the effectiveness and robustness of the proposed comtcakgn.

APPENDIX

Theorem 1:The following results hold that if the control law (29) withya rate-limited
projection-type adaptation law (16) (e.g. gradient typenestor (32) or least square type esti-
mator (33)) are applied:

A.  The tracking errorg= [z,2,z3|" are generally bounded. Furthermovg= 3 (23 +23),

an index for the bound of the tracking errgris bound above by

Vg(t) < EXF(—Avt)V;g(O) + ;\—\\//[1 — EX[X—Avt)] (39)
whereAy = 2min{K2, K3} andey = €2+ €3. The output tracking erraz; = x3 — Xi4(t)
can be guaranteed to have prescribed transient perfornbgrsgtably selecting certain

controller parameters.

B If the following persistent exciting condition is satisfie

[HTQQTdt>KI K>0 To>0 (40)

the parameter estimatior@sconverge to their true values (i.8.— 0 ast — «) and
asymptotic tracking is also achieved (iz— 0 ast — o)
Proof :

A .From (22) and (27)Vs can be written as

e1min
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From condition i of (21) and (28), (41) becomes
Vs < —Kozs — KaZB + €2+ €3 < —AyVa+ ey (42)

which leads to the results A in Theorem 1

B .Detailed proof of part B for a more general SISO nonlingestesms in semi-strict feedback
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