Brake Dynamics Effect on AHS Lane Capacity
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ABSTRACT

Highway automation is atopic of adive reseach duetoits
promise of solving the cngestion problem on the nation's
highways. It is thus necessary to evaluate the benefits of such
a system. One of the most important projeded improvements
is the increase in cgpadty and safety. This paper attempts to
investigate the dfeds of brake system dynamics and inter-
vehicle ommunicaion delays (microscopic charaderistics) on
the cagadty of the system (maaoscopic charaderistics).
Simulations were mnducted to investigate the relationship
between the microscopic and maaoscopic charaderistics and
random variations from vehicle to vehicle within a platoon.
Remmmendations were made regarding the maximum desired
delays, intra-platoon and inter-platoon distances and platoon
size in order to achieve the highest posshle cagadty while
maintaining a high degree of safety.

INTRODUCTION

Over the last two decales the urban and suburban traffic
in the United States has experienced a continued growth while
there has been a sowdown in the onstruction of new
highways and the expansion of the existingones. The result of
this dtuation is incressed highway congestion and an
asociated increase in operating cost for shipping companies
and increase in stress and fatigue for all drivers.

An obvious ideato reduce mngestion would be to expand
the existing Hghway system. However, in most urban areas
thisis not feasible due to lad of suitable land and increase in
polution and noise. As a result, the Federal Highway
Administration (FHWA) and various gate agencies and private
companies have anbarked on areseach effort to better utili ze
the existing Hghway miles. The reseach area known as
Intelligent Vehicle and Highway Systems (IVHS) proposes to
use dedronics, control and communicaion technologies to
increase the efficiency of current highways.

A major component of the locd IVHS agency, Partners
for Advanced Transit and Highway (PATH), is to develop an
Automated Highway System (AHS). In the present concept,
an AHS would be &le to increase the cgadty of conventional

highways by allowing wehicles to travel with very short
spacings using automated control techniques.

One of the isaies in AHS reseach is estimating the
cgoadty incresse in order to determine whether the IVHS
concept is a wmst-effedive investment. Such an estimate must
be based on theoreticd vehicle models snce the cgadty
increase must be estimated before an AHS is implemented and
adual measurements are available. It is aso important to
know how the performance of ead individual vehicle dfeds
the capacity of the AHS lane.

This dudy will concentrate on the dfed of the brake
performance on the cgadty of the AHS lane. The model is
designed to take in acount engine dynamics, engine brake,
agodynamic drag, rolling resistance axd brake dynamics.
Also taken into acournt is the dfed of Anti-lock Brake
System (ABS) and the tire-road interadion. To ill ustrate the
fundamental principles, the model is used to analyze a
emergency braking maneuver since such a ndition will
reveal the basic limitations of the system.

LONGITUDINAL VEHICLE MODEL

The powertrain model was adapted from McMahon,
Hedrick and Shladover (1990. Since the emphasis of this
study is brake control, a smplified model of the powertrain is
used. The model is complete enough though to cepture the
dynamics of the vehicle.

A threestate model was developed by Hedrick, McMahon
and Swaroop (1993. For this model the following
assumptions are made:

1. time delays associated with power

generation in the engine are negligible

2. the torque converter is locked

3. no torsion of the drive axle

4. no slip at the wheels

Figure 1 shows a free body diagram of this simplified model.
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Figure 1: Vehicle Free Body Diagram

A smplified two state engine model was used. The
engine state equations are:

m, = 0.6 (TC(a) - 0.09520u,m, (1)
. 1
we:J_(Ti _Tf_Td_Tr_Tb) ()

where

m, - mass of air in the intake manifold

- engine speed

TC(a) - throttle characteristic

T; - engine indicated torque

T; - engine friction torque

T4 - aerodynamic drag torque

T, - rolling resistance torque

Ty - brake torque

With the automatic transmisgon locked in overdrive, there
is a linea relationship between engine speed (rad/s) and
vehicle speed (Km/h):

V = 5550,
Due to this relationship it can be asaumed that a dhange in the
vehicle speed will be diredly refleded in a change in engine
speed. Therefore, a thange in the throttle ange a will change
the engine speed which in turn will change the vehicle spedd,
while a dange in the brake torque Ty, will change the vehicle

speed which in turn will affect the engine speed.

Although the brake dynamics are cmplex, for this
analysisit will be asumed that the brake torque dynamicsis a
pure time delay followed by a first order dynamic time
response. A typicd automatic brake response is down in
figure 2
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Figure 2: Typical Brake Dynamic Response

The maximum brake torque was limited to 10000Nm to
acount for the caabilities of current brake systems.
Furthermore, the decderation is limited to 6.7 m/s’ (0.7g).

This is to account for the limitation of the tire-road interaction.

AHS VERSUS HUMAN DRIVERS

In order to evaluate the dficiency of an AHS it is criticd
to determine the dfed of vehicle dynamics on the cgadty. In
this paper the emphasis will be placal on the dfeds of brake
dynamics during an emergency braking on the caaaty of the
AHS lane. As illustrated in figure 2, an idedized brake
dynamic response can be divided in two regions. The first one
is the pure time delay. In turn, the pure time delay has two
components. The first component is due to the recogniti on of
the amergency brake mode which is dependent on the
communication protocol and hardware. Inthe arrent system a
token protocol involving a voting scheme is used making the
pure time delay associated with the communicaion approach a
duration of 60msec. The second component of the pure time
delay is due to the delay in the brake hardware. It generaly
depends on the type of valves, hydraulic system and design of
the brake system. The duration of this pure time delay can
range from 40 to 100msec Therefore, the lumped length of
the pure time delay varies from 100 to 160msec.

The second component of the idedized brake dynamic
response is a first order response. The time nstant varies
with the brake hardware and it ranges from 100 to 200msec
In mathematicd form, the dynamic brake response can be
represented as:

T(t+ar) =190 -TO (t)T Uy ©)
where

T = braketorque

Ty = desired brake torque
At = puretime delay

T = time constant

In order to put the magnitude of these parameters in
prospedive, figure 3 shows the idedized hbrake response when
a human driver is in control of the vehicle.
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Figure 3: Brake Dynamic Time Response With Human Driver

The pure time delay is due to the perception of some
external stimuli, the readion time to such stimuli, the adual
foot transfer and the overcoming of any deadzones in the brake
system. In genera, the pure delay for a human driver varies
from 1.2 to 17 seconds (Bidwell, 1961). The first order
response time cnstant is limited by the rate with which a
human driver can depressthe brake pedal and the bandwidth
of any aids present in the brake system. These values range
from 400 to 500msec..

It is therefore interesting to analyze the behavior of a
platoon in which the vehicles are operated under human
control in order to appredate the benefits of an IVHS
controlled platoon. In order to achieve 2000 assenger-cars
per hour per lane (pcphpl) at 110 Knmv/h (7OMPH) an average
spadng of 50m nust be maintained between vehicles. As
figure 4 shows, this is a safe spadng since the fina relative
spead between vehicles during an emergency braking
maneuver is OKm/h (i.e. no impad between vehicles occurs).
The figure shows how the olli sion speed varies with the initial
spadng. The simulation represents a aiticd situation when
the leal vehicle is able to acieve adecderation of 6.7m/s’
while the following wehicle can only adieve 5.9m/s%
Additionally the total pure time delay of the following \ehicle
is 1.5sec As it can be seen, the maximum impad speed
reaches values of 45km/h.
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Also, without an adequate control scheme instabiliti es in
the platoon will occur and most human drivers will not be ale
to maintain a spadng of exadly 50m, in order to be safe
during an emergency. As a matter of fad, maintaining
between 2 and 8 car lengths gpadng proves to be the most
dangerous stuation since the relative speed between cars
during a llision is upwards of 40Km/h (25MPH) as figure 4
shows.

The inability of a human driver to maintain the required
spadng urder heavy braking is ill ustrated in the t-x diagram
shown in figure 5
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Figure 5: Platoon of Human Driven Vehicles Under Braking

The reduction in spadng over this short time interval is
ey to notice, pointing out the instability of a platoon
composed of human driven vehicles. Note dso the large gaps
formed between some vehicles contributing to inefficient road
usage and thus lower capacity.

Asfigure 4 shows, there ae two spadng values where the
relative speed at impad is minimized. A low relative speed
during an acddent occurs at very smal spadng between



vehicles (0-5m) or very large (>50m). This idea drives the
IVHS platoon concept schematically shown in figure 6.
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Figure 6: IVHS Platoon

The intra-platoon distanceis kept small enough so that the
relative speal between wehicles during an acddent is kept
below 4Km/h. The 4Km/h value was chosen since the airrent
federal regulations require that a bumper sustain a 4Km/h
(2.5MPH) impad without damage. The inter-platoon distance
is regulated by the “brick wall” safety concept. The idea
behind this concept is that the second platoon has to cometo a
complete stop before touching the last vehicle in the first
platoon even if that vehicle @mmes to a cmplete stop
instantaneously.

AHS SIMULATION RESULTS

In order to investigate the full effed of the brake
dynamics, the simulation was run for an emergency case. It is
obvious that a platoon must perform safely under extreme
conditions suich as emergency braking.  However, the
congtraints on the platoon are much more stringent under such
conditions than urder normal operation. The simulation was
run wsing several values for brake dynamics parameters. From
such simulations, several sets of information were obtained.
One of the most important information was the cgadty of the
AHS lane. This type of information will determine whether
the increase in capadty warrants the st of developing a
brake system with more stringent dynamic constraints.

From a safety interest, the inter-platoon and intra-platoon
distances were determined so that no impad occurs between
the vehicles of a platoon or the leader and the last vehicle of
two conseattive platoons, even though a 4Km/h impad is
accetable. The main reason for not allowing collisions to
occur is that the dynamics of a multi-vehicle mllision are
complicaed and beyond the purpose of this paper.
Furthermore, by not alowing collisions to occur, the
simulation will yield more nservative results and thus
produce a “worst case” scenario.

TYPICAL RESULTS - A simulation run was performed
using currently acievable values of brake hardware
parameters. Random variations of these values were dlowed

within a platoon. The range of these values are as follows:

Brake pure time delay: 40-100msec

Time constant: 100-200msec

Platoon size: 10veh

Initial speed: 110Km/h

Deceleration: 5.9-6.7m/$

The t-x diagram of such a platoon urder emergency
braking is shown in figuré@.
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Figure 7: IVHS Platoon Under Emergency Braking

As it can be seen, the vehicles maintain a more mnstant
spadng than the human driven platoon even with variations in
decderations. Most of this behavior can be atributed to a
faster and more uniform readion time made possble by the
control algorithms and aduation hardware. The safety isaleis
also better addressed by the AHS platoon. Figure 8 shows two
such platoons and the fad that the second platoon was able to

come to a complete stop under the “brick wall” safety concept.
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Figure 8: Inter-Platoon t-x Diagram

Even more important is the dfed on the relative speal at
impad. Asin the human driven vehicles, two regions of low
impad speal can be found. However, for the IVHS case, even
when the following vehicle has a lower decderation cgpability
than the lead vehicle, the maximum impad speel is below
15km/h. However, if both vehicles have identicd braking
cgpabiliti es, the maximum impad speed is below 4km/h, as
shown in figure 9
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Figure 9: Impact Speed for Automatic Platoon

BRAKE DYNAMICS EFFECT - The most relevant
investigation involves the éfed of the brake dynamics on the
lane cgadty. This type of information is necessary in
developing spedfications for the next generation of automatic
brake systems. The st of developing a system with very
stringent  requirements must be weighted against the
improvement in cagpadty. Early reseach has sown that from
a ontrol isaue, a very short pure time delay is desired but the
cost to develop such a system is too high wsing the airrent
technology.

The simulation was therefore run with pure time delay
ranging from 10to 100msecfor the brake system hardware, or
from “ided” to “currently available.” Additionally, a 60msec
pure time delay was added to acount for communicaion
delay. The initial speed was 11km/h (7OMPH). Severa
conclusions were drawn from this analysis. The time cnstant
has a minimal effed on the cgadty. On the other hand, the
pure time delay has a significant effed on the caaaty.
Furthermore, the cgadty increases linealy with the deaease
in the pure time delay. The results are summarized in table 1
along with intra-platoon and inter-platoon distances.

At Capacity Intra. dist. Inter. Dist.
(msec) | (pcphpl) (m) (m)

100 4706 4.3 83.5

50 5059 3.0 82.0

25 5304 2.2 81.2

10 5402 1.9 80.7

Table 1 Brake Dynamics Effect on Capacity

It is also interesting to notice that even with a brake
system pure delay of 10msec the minimum intra-platoon
distanceis 1.9m instead dof the hypothesized distance of 1.0m.
This is due to the pure time delay of 60msec caised by the
communication protocol and hardware. If the 1.0m intra-
platoon distance is the aiticd parameter in design, the
following values must be achieved.

Total delay T Capacity Inter. dist.
40 msec 25msec 5716pcphpl 79.7m
Table 2: Requirements for 1.0m Intra-Platoon Distance

Therefore with a total pure time delay of 40msec the
adhievable caadty is 5716 mphpl, or about three (3) times
the present capacity.

Since deaeasing the ammmunication delay is one way to
incresse cgadty, methods must be found to achieve this goal.
The present communicaion system uses a token protocol,
where eab vehicle takes its turn in transmitting whil e the rest
are receving. Therefore, one way to reduce the
communication delay is to use smaler platoons. This issue
will be investigated in the next section.

PLATOONING STRATEGIES - One problem with using
smaller platoons is that there will be more of the large
inter-platoon spadngs which will reduce the total cgpadty.
The problem with larger platoons is that the communication
delay increases linealy with the size of the platoon but there
are fewer inter-platoon spadngs. The dfed of the platoon
length was investigated in this section.

Platoon lengths from 5 to 20 vehicles were used in
simulation. A larger platoon was not considered pradicd due
to the posshility of spadng error propagation along the length
of the platoon. The brake system pure time delay was kept at
50msecin order to have an even comparison basis. The results
are summarized in figure 10.
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Figure 10: Platoon Size Effect on Capacity

Capacity (pcphpl)
&
o
o
T
L

N
a
o
o
T
I

It is clea from the a@ove figure that the maximum
cgpadty can be adieved with a large platoon size The
platoon size will be however Ilimited by control,
communication and logisticd issues. The cgadty can be
further increased if the communication delay is improved by
technological advances.

CONCLUSIONS

An attempt was made to investigate the dfed of brake
system dynamic charaderistics and platooning strategy on the



cgoadty of an AHS lane. These results dould help crede
redistic goals regarding the spedficaions of the brake system
hardware, communication hardware, lane capacity and safety.

It was own that a small deaease in the hardware pure
time delay can have an important effed on the cgadty. Also,
alarger capadty can be atieved by using as large & posshle
platoons. The combination of these two fadors sould be ale
to raise the cgadty of an AHS lane to 3 to 35 times the
currently achievable capacity.

According to these preliminary results, the following
recommendations can be made. Maintain a platoon size of 20
vehicles. Reduce the total pure time delay to 40msec  This
can be adieved by a combination of reduced communicaion
delay and brake system pure time delay. Maintain an intra-
platoon distance of 1m and an inter-platoon distance of 80m.
These distances will guarantee safe operation even during
emergency maneuvers. They will also yield an AHS lane
cgoadty of 6000 pmphpl, or about three times the airrent
capacity.

ACKNOWLEGMENTS

This work was supparted in part by a fellowship from the
Ingtitute of Transportation Studies at the University of
California at Berkeley.

The aithor would like to thank Prof. Mike Casddy for his
help. Helpful in the development of this work was Chris
Gerdes who hypothesized some of the mncepts presented
here. Kevin Leung performed severa simulations down
herein. Many thanks also go to Mireille Broucke for her
comments and suggestions.

REFERENCES

[1] Bidwell, J.B., The Car-Road Complex Theory of Traffic
Flow. Elsevier Publishing Co. New York, 1961

[2] Fisher, D. K., Brake System Component Dynamic
Performance Measurement and Analysis. SAE 700373, 1970

[3] Hall, Randolph W., Longitudinal and teaxal Throughput
on an Idealized Highway. University of California, Berkeley:
Institute of Transportation Studies. UCB-ITS-PWP-93-15,
1993

[4] Hedrick, J. K., McMahon, D. H., Swaroop, D., Vehicle
Modeling and Control for Automated Highway Systems.
University of California, Berkeley: Institute of Transportation
Studies. UCBITS-PRR93-24, 1993

[5] Herman, Robert, and Potts, R.B., Single-Lane Traffic
Theory and Experiment. Theory of Traffic Flow. Elsevier
Publishing Co. New York, 1961

[6] McMahon, D. H, Hedrick, J. K., and Shladover, S. E.,
Vehicle Modeling and Control for Automated Highway
Systems. Proceedings of the 1990 American Control
Conference. San Diego, CA., 1990



