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ABSTRACT

Precision stopping is an important automated vehicle co
trol function that is critical in applications such as precision bus
docking, automated truck or bus fuelling, as well as automatic in-
tersection or toll booth stopping. The initial applications of this
technology are most likely to be applied to heavy-duty vehicles
such as buses or trucks. Such applications require specific atten-
tion to brake control since the characteristics of a typicalpneu-
matic brake system of a heavy vehicle is inherently nonliner
with large uncertainties. The feasibility of providing a smooth
precision stopping brake control based on a conventional pneu-
matic brake system has not yet been demonstrated. As the
step toward the fine braking control of conventional pneumaic
brake system, this paper describes the design of a pneum
brake actuator based on the ”off-the-shelf” components forthe
precision stopping control of an automated bus and details the
modelling of each components. In order to facilitate controller
design, the complex ”component by component” model is r
duced to a more tractable one which still preserves the bas
nonlinear characteristics of the original system. Both physical
explanation and experimental data are provided to justify the
model reduction and validate the simplified model which is used
for controller design in [1]
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INTRODUCTION
Automated vehicle control has been studied for many years

in areas such as automated highway system (AHS), vehicle sta-
bility control, and driver assistance. Some research results have
been applied to support real-world driver assistance applications
such as adaptive cruise control, roll-stability control and parking
assistance. However, several good candidates for early adapta-
tions of a ”true” automation are applications on heavy-dutyve-
hicles [2] such as automated bus rapid transits [3], automated
truck/container yard operations, heavy-duty vehicle maintenance
automation, as well as automatic operations for specialty vehi-
cles such as automated snow removal [4]. Many such opera-
tions require the stopping system to automatically controlthe
heavy-duty vehicle to stop smoothly and precisely in a consistent
way equal to or greater than those from an experienced opera-
tor. Docking bus precisely, backing automated trucks and trail-
ers onto a platform, fuelling automated trucks or buses, as well
as stopping automatically at intersections or toll booths are some
examples.

Controlling a vehicle to a complete stop is one of the longitu-
dinal vehicle control functions. In particular, it is essential that a
bus or a truck can apply a very fine brake control in order to stop
at a designated location exactly. Most of the prior researchon
vehicle longitudinal controls focuses on the areas of high speed
platooning [5], adaptive cruise control [6] and string stability [7].
The works related to vehicle stopping or fine brake control are
limited to the Anti-lock Brake System (ABS) [8], vehicle stabil-
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ity or passenger cars equipped with a hydraulic brake [9]. Te
design of a precision stopping controller for a heavy-duty vehicle
has not been fully examined and deserves a closer investigation.

Furthermore, most buses and trucks today are equipped w
pneumatic brake systems that use compressed air as the eny
medium. From the control point of view, the pneumatic brak
system has several characteristics that make the control design
difficult. First, the compressibility of air introduces a large time
delay, which limits system bandwidth. Second, the dynamicsof
the pneumatic brake system are highly nonlinear because ofhe
nonlinear pressure/air flow relationship. Third, the pneumatic
brake system, when coupled with heavy-duty vehicle longitudi-
nal dynamics, has large uncertainties. Many factors contribute
to these uncertainties: changing supply pressures due to brake
release, increasing brake temperature due to frequent braking,
brake wear, large load variation and changing road surface con-
ditions due to rain or snow. Even with all those potential dis-
advantages, it is still desirable that the automatic brake control
system uses the existing pneumatic brake as the primary mes
of stopping control either by tapping into the braking control
commands or including an add-on actuator. Using the existig
pneumatic brake system allows the automated vehicle to ma-
tain all its manual braking capabilities. The ability to remain
”dual use” is one of the common requirement preferences
the early automation deployment requirements. Relevant work
on the pneumatic brake in literature focuses mainly in the areas
of ABS [10] and fault diagnosis [11]. A comprehensive brak
model was developed for diagnosis purpose in [11], howevert
was too complex for control design. In [12,13], a simplified lin-
ear model with time delay is developed based on input/outp
relationship, and is used for high speed longitudinal control. Re-
cent literatures that relate to the subject of pneumatic actuator
controls (e.g. for robot motion control) [14] suggest that nonlin-
ear model based control laws achieve superior performance over
their linear counterparts. One of the key points to the success of
the advanced nonlinear model based controller for the precision
stopping control of heavy-duty vehicle is to establish an accurate
yet tractable nonlinear model for the pneumatic brake system and
associated vehicle longitudinal motion.

The application example presented in this paper is the ”p
cision stopping” of a 40 foot CNG bus for the Bus Precisio
Docking public demonstrations at Washington, D.C. in 200
These precision docking demonstrations consistently achieved 1
cm lateral and 15 cm longitudinal accuracies. Such high docking
accuracies would allow fast loading and unloading of passengers
similar to that of trains and greatly reduce the stress of manual
docking in a high throughput Advance Bus Rapid Transit sy
tem [3]. Precision docking and stopping can also be a use
component for the concept of an Advanced Maintenance S
tion [15], where quick fuel fill-up, washing, and maintenance
can be automatically performed at the end of each run. To enale
automatic control of the pneumatic brake system and maintans
2
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Figure 1. Schematics of a precision stopping system

the full integrity of the original air brake system, a general ”brake
by wire” system consisting of ”off-the-shelf” pneumatic valves is
proposed first. Secondly, the complex system model is obtained
through modeling each individual component. In order to facil-
itate controller design, the complex ”component by component”
model is reduced to a more tractable one which still preserves
the basic nonlinear characteristics of the original system. Finally,
both physical explanation and experimental data are provided to
justify the model reduction and validate the simplified model.

This paper is organized as follows: Section II introduces the
precision stopping problem for heavy-duty vehicles and thede-
sign of pneumatic brake actuator; Section III describes thepneu-
matic brake system model and associated vehicle longitudinal
motion; Section IV details the model reduction and validation;
Section V concludes the paper.

Precision Stopping System, Pneumatic Brake Actuator
Design and Automated Bus Configuration

Fig. 1 shows a general schematics of a precision stopping
system based on a pneumatic brake system. The whole syste
includes cruise speed control, precision stopping control, coordi-
nation control and human-machine interface (HMI). The Preci-
sion stopping controller synthesizes a deceleration trajectory and
the brake control command according to the sensor information.
Sensor information could be air pressures inside the pneumatic
brake system, vehicle states (e.g. vehicle speed, gear position and
engine speed) and vehicle position. Most vehicle states areavail-
able through in-vehicle data network (e.g. J1939 bus for heavy-
duty vehicles). Vehicle position can be obtained from GPS, mag-
netic markers or transbounders buried underground, video cam-
eras and/or vehicle speed integration.

Fig. 2 shows the pneumatic loop of a typical heavy-duty ve-
hicle air brake system. When the driver presses the brake pedal,
the treadle valve is opened and compressed air flows from ai
tank to the brake chambers. The brake chamber is a diaphragm
actuator which converts the energy of air pressure to the mechan-
Copyright c© 2005 by ASME
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Figure 3. Schematic of front axle brake actuator (rear axle is similar)

ical force. Such mechanical force is transmitted to the brake pad
through the push rod and brake cam. Brake force is genera
by the friction between the brake pad and brake drum. Air
released to the atmosphere when the driver depresses the bke
pedal. The compressor is turned on to recharge the air tank wen
the air tank pressure is below certain level due to air release.

A brake actuator receives brake control command and ”ac
ates” the pneumatic brake system so that the desired brake frce
can be delivered to slow down the vehicle. The brake actua
can be designed in many ways, but it is desirable that it do
not interfere with manual operation because of safety concerns.
In [16], an electrical motor is added to control the brake pedal
position. This method does not modify the original brake sy-
tem, but it often introduces additional dynamics and nonlinear-
ities such as brake pedal stiction. In [17], a ”brake by wire
system (WABCO electronic braking system (EBS)) is used to-
place the original air brake system. Inspired by the WABCO EBS
design, this paper proposed a general ”brake by wire” syst
consisting of ”off-the-shelf” pneumatic valves, as shown in Fig
3. The design enables automatic control of the pneumatic brke
system and maintains the full integrity of the original air brake
system. A computer-controlled proportional pneumatic valve is
installed between the air tank and brake chamber. In order
3
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achieve a quick apply and release response, a volume boosteris
added into the loop to supply the air volume for a fast brake ap-
ply and release. Double check valve is used to ensure that the
original air brake system will still be able to be operated bythe
brake pedal with the added hardware.

Figure 4. New Flyer CNG 40 footer bus configuration

Two New Flyer 40 footer CNG buses (c1 andc2) are retro-
fitted for the precision docking maneuver as shown in Fig 4.
Magnetometer sensors are installed under the bus to detect mag-
nets buried in the road with a meter spacing. The magnets pro-
vide both lateral and longitudinal positions. The throttleis modi-
fied so that it can be controlled through a computer. The original
pneumatic brake system is retrofitted with the brake actuator de-
sign shown in Fig. 3. Pressure sensors are installed to measure
internal pressures (monitor pressurePm and chamber pressurePa)
of the brake actuator and the pneumatic brake system. The inter-
nal vehicle data network (J1939 bus) of the CNG bus is tapped to
receive information on the engine and transmission states,such
as vehicle speed, engine speed and gear position. The lowest
speed that measures by the wheel speed sensor is about 0.6m/s.
Continuous longitudinal position is available by integrating the
last magnet position and vehicle speed. Control and data collec-
tion program is running in a on-board PC104 computer under the
QNX real-time operating system.

Pneumatic Brake System and Vehicle Longitudinal Mo-
tion Model

In this section, dynamic models for the brake actuator and
the pneumatic brake system, as well as the vehicle longitudinal
braking motion, will be developed.
Copyright c© 2005 by ASME
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Figure 5. Schematic of a proportional pneumatic valve (Proportion-Air’s

QB1 valve)

Modelling of brake actuator
As shown in Fig. 3 and Fig. 5, a proportional pneumatic

valve is used in the brake actuator. Output pressure (monitor
pressurePm) is proportional to the electrical command inputu.
Pm is controlled by two solenoid valves inside the proportional
valve. One such solenoid valve functions as the inlet valve,the
other as the exhaust.Pm is measured by a pressure transducer
internal to the proportional valve which provides a feedback sig-
nal to the electronic controls. Internal electronic control of the
proportional valve serves as a closed pressure loop to maintain
a linear relationship between the input command signalu and
output pressurePm. Because of the closed pressure loop and
a very small air volume between the proportional valve’s out-
put port and the pilot input port of the volume booster, the dy-
namics of the proportional pneumatic valve can be approximated
by a linear system. A frequency sweeping experiment is con-
ducted to obtain frequency response from input command signal
uv to monitor pressurePm for the Proportion-Air’s QB1 valve in
our experimental setup. The frequency response for this specific
valve as shown in Fig. 6 can be fitted with a second order transfer
function (1):

Pm(s)
Uv(s)

= 60.259
s2+17.465s+66.589

(1)

Alone, especially when the brake is releasing, a typical small
proportional pneumatic valve cannot provide enough air flow.
Therefore, a volume booster is often mounted to improve re-
sponse time. In our experimental setup, the Proportion-AirR
series, as shown in Fig. 7, is used. The volume booster is an
air-piloted, diaphragm-operated, self-venting regulator. Output
pressure from the proportional valve is used as the pilot input
pressure. The diaphragm is balanced by the input pilot pressure
4
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Figure 6. Frequency response of a proportional pneumatic valve

(Proportion-Air’s QB1 valve)

Figure 7. Schematics of a volume booster (Proportion-Air R series)

and the output pressure. Any difference between the pilot input
pressure and the output pressure will move the diaphragm and
open either the supply valve or exhaust valve so that the out-
put pressure follows pilot input pressure. The air flow inside the
volume booster can be described as, ideally, compressible gas
passing through an orifice. As suggested in [18], we assume that

The air in the circuit behaves as an ideal gas
The density of the air int the circuit is uniform inside the
pipe and brake chamber
The air in pneumatic circuit experiences isentropic processes

The air mass flow rate that passes through the volume booster
can be expressed by:

ṁ=







CsAs(Pm,Pa)Ps

√

2
RT f (Pa

Ps
) rsPm ≥ Pa(supply)

−CeAe(Pm,Pa)Pa

√

2
RT f (Pair

Pa
) rsPm < Pa(release)

(2)
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whereṁ is the air mass flow rate that passes through the ori-
fice,Cs andCe are the orifice discharge coefficients,Ps is the air
pressure inside the supply tank,Pa is the air pressure inside the
brake chamber,Pair is the atmosphere pressure,As(Pm,Pa) and
Ae(Pm,Pa) are the effective orifice areas which are functions of
the pilot input pressurePm and output brake chamber pressurePa,
R is the ideal gas constant,rs is the effective area ratio between
the two sides of the diaphragm, andT is the temperature. The
piecewise continuous flow functionf (α) is defined by:

f (α) =















√

γ
γ−1(α

2
γ −α

γ+1
γ ) αc ≤ α ≤ 1

√

γ
γ+1( 2

γ+1)
2

γ−1 0≤ α < αc

(3)

whereα is the pressure ratio,γ is the specific heat ratio andαc is

the critical pressure ratio given byαc = ( 2
γ+1)

γ
γ−1 .

Fig. 8 shows the static response of the brake system in th
experimental setup. The effective orifice areas are proportional
to the pressure difference betweenPm and Pa as shown in the
following equation:

As(Pm,Pa) = ks(rsPm−Pa) Ae(Pm,Pa) = ke(Pa− rsPm) (4)

whereks andke are constants that can be determined, for exam
ple, based on the relationship in Fig. 8.

Modelling of pneumatic brake
The brake chamber is a diaphragm-operated actuator whic

can be approximated by a single-acting pneumatic cylinder as
shown in Fig. 9.Vc(xc) is the total air volume inside the brake
chamber and the pipe between the volume booster and the bra
chamber; andVc(xc) is a function of brake chamber strokexc.
5
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Figure 9. Brake Chamber

The pressure dynamics inside the brake chamber can be ex-
pressed by

ṖaVc(xc)+ γPaV̇c(xc) = γṁRT (5)

where the total volumeVc(xc) = Vd + Acxc. Vd is the initial to-
tal dead volume before the brake is applied andAc is the effec-
tive area of brake chamber. If we assume that the mass of the
brake chamber push rod and brake chamber diaphragm can be
neglected, the force balance on both side of the diaphragm can
be described by:

krxc = (Pa−Pair)Ac−Fr 0≤ xc ≤ xcmax (6)

wherekr is the spring constant of the brake chamber return spring
andFr is the pre-load on the brake chamber return spring. The
brake torque,Tb, acting on the wheel is proportional to the nor-
mal force acting on the brake pad

Tb = kb((Pa−Pair)Ac−Fr) (7)

Modelling of vehicle motion during brake
A simple vehicle longitudinal braking dynamics can be de-

scribed by [19]:

Jiω̇i = RiFbi(µ,λi ,Ni)−Tbi −Ttb

MẍL = −bẋL −∑n
i=1Fbi(µ,λi ,Ni)

(8)

wherei indicates the wheel number,ωi is the wheel angular ve-
locity, Ri is the rotational radius ofith tire,Fbi is the braking force
generated by theith tire,Tbi is the brake torque acting on theith
tire, Ttb is the equivalent braking torque generated by vehicle en-
gine/transmission,xL is the longitudinal position,M denotes the
vehicle mass,b is the viscous damping coefficient,µ is the road
surface friction coefficient,λi is the longitudinal slip of theith
wheel andNi is the normal force at theith wheel. The longitudi-
nal slipλi is defined byλi = ẋL−ωiRi

ẋL
when braking. The braking
Copyright c© 2005 by ASME
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forceFbi(µ,λi ,Ni) generated byith tire is a highly nonlinear func-
tion of the road surface friction coefficientµ, tire longitudinal slip
λi and normal forceNi .

Model reduction and validation
In this section, model reductions are made to facilitate co-

troller design. Experimental data together with the physical ex-
planations are used to justify the model reductions and to illus-
trate the accuracy of the resultant model.The proportionalvalve
dynamics (1), the air flow equations (2-4), the chamber pressure
dynamics equation (5), the brake torque generation equations (6-
7), and the vehicle braking motion dynamics (8) represent a-
curate models of the pneumatic brake system and vehicle l
gitudinal motion during braking. They are rather complex for
the controller design and many internal states are also difficult
to measure (e.g. the brake chamber rod strokexc). Several steps
of model reductions are made in this section to facilitate control
design.

Model reduction
In the chamber pressure equation (5), the brake chamber v

umeVc(xc) is comprised of the initial dead volumeVd and the
variable volumeAcxc from the chamber rod motion. The vari-
able volumeAcxc is small enough to be neglected so that th
volumeVc(xc) can be assumed to be a constant due to its sh
brake chamber stroke. Then Eq. (5) is reduced to:

Ṗa = γRT
Vc

ṁ (9)

During the precision stopping, the vehicle braking is usually kept
smooth to ensure the passengers’ comfort. Therefore, the longi-
tudinal slipλi is generally small during this stopping process.
is therefore reasonable to assume that the braking force is pro-
portional to the brake chamber pressurePa. For example, Fig.
10 shows experimental data between the brake chamber presre
and the bus deceleration for two different 40 foot CNG buses (c1
6
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and c2). Although nonlinearities are dominant when chamber
pressure is small, such a proportional assumption is good enough
for the precision stopping control design when the brake pressure
is, for the most part, sufficient large. Thus the brake torquegen-
eration equations (6-7) and the vehicle braking motion equation
(8) can be simplified to:

MẍL = −Fb(Pa)−bẋL , Fb(Pa) = ζPa +d (10)

whereζ andd are unknown constants.ζ represents the combined
effect of road surface conditions, brake conditions (wear,temper-
ature) and vehicle load. Andd represents the combined effect of
engine/transmission brake and road friction.

Since the bandwidth of the proportional pneumatic valve
is far larger than the required bandwidth of longitudinal con-
trol for precision stopping, the proportional valve dynamics are
neglected and the monitor pressurePm is defined as the control
input u for the following controller design and implementation.
The control input in implementation, the proportional valve com-
mand inputuv, is related to the control inputPm by a known static
gain.

Define the state variablesx = [x1,x2,x3]
T = [xL, ẋL,Pa]

T and
the unknown parameters asθ = [θ1,θ2,θ3] = [ ζ

M , b
M , d

M ], the sim-
plified system model, Eqs. (2-10), can be expressed in state-
space form and linearly parametrized in terms of unknown para-
meters represented byθ as as

ẋ1 = x2

ẋ2 = −θ1x3−θ2x2−θ3

ẋ3 = γRT
Vc

ṁ(x3,u)
(11)

whereṁ(x3,u) is the nonlinear flow mapping inside the pneu-
matic brake system defined by Eqs. (2)-(5) andu = Pm.

Model Validation
Fig. 11- Fig. 13 show examples of comparisons between

the experimental data from the demonstration setup (C2 bus)and
the simulation results of the simplified pneumatic brake system
Eq. (11) for both the monitor pressurePm and chamber pressure
Pa using various types of inputs for proportional valve (Fig. 11:
sine wave; Fig. 12: stair step; Fig. 13: ramp input). The results
show a good match between the simulation results of simplified
model and the experimental data.

Conclusion
This paper presents a general ”brake-by-wire” pneumatic

brake actuator for the precision stopping control of automated
Copyright c© 2005 by ASME
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Figure 11. Simulation Results of Simplified Model vs Experimental Data

1: sine wave input
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Figure 12. Simulation Results of Simplified Model vs Experimental Data

2: step input
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Figure 13. Simulation Results of Simplified Model vs Experimental Data

3: ramp input

bus. A detailed system model is setup by modelling each co
ponent. To facilitate controller design, model reduction is per-
formed to achieve a more tractable one which still preservesthe
basic nonlinear characteristics of the original complex system
model. Both physical explanation and experimental data arepro-
vided to justify the model reduction and validate the simplified
model used for controller design in [1]. The presented bra
actuator was implemented on two 40-foot CNG buses and
demonstrated at a precision docking demonstration in Washng-
ton DC during June 24-26, 2003. The successful 3-day pu
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demonstration showcased the smooth stopping performance with
consistent 15cm stopping accuracy under different operational
conditions without a single failure.
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