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Abstract 

This is the first of two reports in which we detail the accomplishments and findings of a 
two-year research project aimed at determining control and spacing strategies as well as de- 
veloping performance issues for automated vehicles traveling in platoons under non-uniform 
conditions. The first phase of the research was geared toward determining parameter uncer- 
tainty ranges for a given model and expected disturbances that materially affect the behavior 
of a vehicle in a platoon. Once this was completed, the relevant criteria for determining pla- 
toon performance were investigated. A simulation code was then written to evaluate platoon 
performance for a variety of platooning scenarios. 
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Nomenclature 
vehicle frontal area (m2) 
braking deceleration (rn/s2)  
tire hysteresis (N/m) 
aerodynamic drag coefficient 
percent uncertainty in aerodynamic drag coefficient 
correction factor for aerodynamic drag uncertainty bounds 
correction factor for aerodynamic drag drafting effects 
correction factor for rolling resistance uncertainty bounds 
drivetrain effectiveness, percent 
percent uncertainty in engine effectiveness 
total force acting on a car (N) 
aerodynamic drag force (N) 
brake force acting at the tire-road interface (N) 
maximum brake force available at the tire-road interface (N) 
engine force acting at the tire-road interface (N) 
maximum engine force available at the tire-road interface (N) 
gravitational force due to road grade (N) 
rolling resistance force (N) 
coefficient of rolling resistance 
percent uncertainty in coefficient of rolling resistance 
road roughness 
gear ratio reduction from engine shaft to wheel axle 
gravitational acceleration (m/s2) 
axle height (tire radius, wheelbase) (m) 
length of car i (m) 
vehicle mass (kg) 
percent uncertainty in vehicle mass 
power curve function for engine torque (N-m) 
brake torque (N-m) 
maximum brake torque (Nem) 
engine torque (N-m) 
maximum engine torque (N-m) 
road traction 
velocity of vehicle (m/s) 
velocity of wind (m/s) 
brake input 
space between front of car i and back of car i - 1 (m) 
desired spacing between car i and car i - 1 (m) 
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road grade (rad) 
braking coefficient of friction 
percent uncertainty in braking coefficient of friction 
density of air (kg/m3) 
brake time lag (sec) 
engine time lag (sec) 
engine input 
engine speed (RPM) 
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EXECUTIVE SUMMARY 

This report is part of an ongoing examination into the behavior of platoons under less- 
than-optimal conditions. One immediate source of non-optimality is the probable existance 
of quantitatively different vehicles making up platoons. Variations in engine effectiveness, 
braking effectiveness, mass, planform, etc. all combine to make the control task more dif- 
ficult. Besides non-uniformity among vehicles, non-nominal operating conditions such as 
emergency maneuvers, vehicle entry/exit, sensor noise, road surface condition, wind gusts, 
and road grade will also tend to degrade platoon performance. 

An attempt is made herein to quantify the parametric uncertainties for a wide range of 
vehicles. Several nominal vehicle models have been previously developed, yet the available 
data for expected ranges of parametric variations of more complex models is quite limited. A 
simplified model has been chosen in which parameter variations can be most easily quantified 
while still retaining modeling fidelity. 

This information provides the groundwork for further research into platoon optimization. 
The end-product will be computational code that will determine how “good” a given platoon 
is and will thus permit an evaluation between competing platoon designs. The quality of the 
platoon will be measured with respect to a user definable performance index, thus allowing 
the designer to optimize the platoon structure for the particular operating conditions of 
interest. 
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1 INTRODUCTION 

Over the past several decades, the number of vehicles on roads has been steadily in- 
creasing. In order to alleviate the attendant overcrowding, several strategies to increase 
throughput are being developed. One suggestion, part of the IVHS (Intelligent Vehicle 
Highway Systems) effort, has been for automobiles to travel in platoons guided by on-board 
computers. Platoons are composed of several closely-spaced vehicles traveling on a highway 
lane that has been specially designated for platoon activity. When a vehicle enters a pla- 
toon lane, control of the car is switched from the driver to the car’s on-board computer. 
Equipping vehicles with platooning capabilities would theoretically increase throughput on 
highways since increased tracking accuracy and reduced reaction time over that of human 
drivers could permit much smaller vehicle to vehicle spacings than is possible for vehicles un- 
der human control. Along with this increase in performance, however, must come a high level 
of safety. Control strategies must therefore be developed and tested for all circumstances 
that could possibly arise during platooning operations. 

Previous work in designing controllers and simulating platoon behavior has invariably 
assumed that car to car vehicle characteristics are uniform within a platoon. However given 
the current influence of consumer preferences in automobiles, it is probable that many vehi- 
cles, having various styles, makes, acceleration capabilities, etc. will ultimately be employed. 
In addition, aging, wear, loading, and other factors which will induce parametric uncertainty 
will contribute to platoon non-uniformity. Research by Tongue and Yang [33] has indicated 
that platoon performance deteriorates when controllers designed for uniform vehicles are 
employed in vehicles with small parameter variances, thus motivating a concern into the 
broader question of platoon behavior in the face of uncertain platoon parameters. 

Besides non-uniformity among vehicles, non-nominal operating conditions such as emer- 
gency maneuvers [34], vehicle entry/exit, sensor noise, road surface condition, wind gusts, 
and road grade will also degrade platoon performance. Figure 1 shows the effect of road 
grade on spacing response with all other conditions nominal when a platoon travels over a 
triangular hill of grade M 1%. Here, this relatively small disturbance produces a 4% error in 
the spacing response. Combining disturbances with parametric uncertainties could produce 
severely degraded operations. Thus a need exists to design controllers and develop spacing 
algorithms to account for non-uniformities. 

An attempt is made herein to quantify the parametric uncertainties for a wide range of ve- 
hicles. Several nominal vehicle models have been previously developed [2, 15, 21, 26, 29, 321, 
yet the available data for expected ranges of parametric variations of more complex models 
is quite limited. A simplified model [32] has been chosen in which parameter variations can 
be most easily quantified while still retaining modeling fidelity. 

Once parametric uncertainties and exogenous inputs are determined, a criteria for eval- 
uating performance will need to be developed. Then, by altering parameters and input 
signals through numerous simulations, the worst expected platoon operating conditions for 
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a given controller and spacing strategy can be found and compared to acceptable perfor- 
mance ranges. This effort requires that the simulation code be modular for ease in switching 
controllers and other components. We will also propose a standard for vehicle modeling to 
allow for components from other research areas to be implemented. 
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2 MODELING 

The platoon and vehicle model considered for this research is similar to that devel- 
oped by Sheikholeslam and Desoer [21]. The platoon contains closely-spaced, longitudinally 
aligned vehicles traveling along a highway, with the acceleration/deceleration of each vehicle 
controlled by on-board computers. Controller inputs are retrieved from sensors and from 
information transmitted between vehicles and the platoon system hierarchy. This study’s 
model diverges from that of [21] in the number and complexity of the forces acting on the 
vehicles. 

2.1 Platoon Model 
Figure 2 shows a platoon of three vehicles and a lead car with the origin of the Cartesian 
coordinate frame associated with each vehicle located at the vehicle’s rear. Each vehicle is 
of length L; and is spaced A; meters behind the preceding vehicle. The lead car, a fictitious 
vehicle, is assumed to follow desired acceleration (or velocity) trajectories perfectly while 
each of the following vehicles attempts to maintain a desired spacing of A;,d meters between 
itself and the preceding vehicle. 

2.2 Vehicle Model 
A simple vehicle model is shown in Figure 3. The external forces (aerodynamic drag, rolling 
resistance, and gravitational force) are summed with the forces acting at the tire-road inter- 
face produced by the braking and powertrain systems. The controller supplies the inputs to 
the engine (throttle angle 4) and brakes (brake actuation a). 

Extensive research in modeling each of these components has already been undertaken 
[2, 13, 15, 16, 21, 22, 30, 32, 341. The object of this report is not to develop new modeling 
but to quantify and bound the parameter variances that might occur in models previously 
developed. The following is a description of model components for which parameters and 
their associated uncertainties were obtained for a variety of vehicles. 

2.2.1 Powertrain model 

The powertrain in this report includes an engine, transmission, and drivetrain (carried to the 
tire-road interface). A nine-state powertrain model was developed by Cho and Hedrick [2] 
using physical principles, and Tongue and Yang [32] have developed a reduced-order model 
(ROM) of the nine-state model to decrease simulation time. The ROM (see Equations 1-3) 
is essentially a saturation limit to the powertrain output followed by a first-order time lag. 
The details of these two models, their state equations, derivations, and simulation results 
can be found in each of the above references. 
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The nine-state and ROM models require knowledge of several parameters for a given 
drivetrain. Parametric uncertainties due to wear, age, and other factors for a wide range 
of drivetrains is not readily available. If the saturation limit in the ROM is replaced with 
a saturation limit based on engine power curves, PC(v ) ,  then the task of determining the 
uncertainties for numerous parameters is reduced to determining the uncertainties in the 
engine power curve and the drivetrain efficiency. These will be lumped into one uncertainty 
for engine effectiveness, eun. 

Engine power curves provide a relationship between engine speed and maximum power 
output or maximum torque of an engine. If we assume the engine shaft, gears, axles are 
approximately rigid and the axle height is constant, the engine speed equals the car velocity 
times the gear ratio divided by the axle height (w = v - GR/h). The power curve can then 
be expressed as a relation between velocity and maximum torque. The engine force at the 
tire-road interface is determined by transmitting the torque delivered by the engine through 
the drivetrain and multiplying by a factor for efficiency e f f .  The maximum engine force 
acting at the tire-road interface, Fe,m, is then a function of PC(v) ,  e f f ,  GR, and h (see 
Equation 4). 

The gear ratios will change as a function of engine speed. For each gear, when the engine 
speed reaches the maximum RPM for that gear, the transmission will shift up to the next 
gear and GR will change. The transmission down-shifts and GR changes when the engine 
speed is at the minimum for that gear. The engine speed is not allowed to fall below the 
minimum engine speed in 1st gear or go above the maximum engine speed for the highest 
gear. Currently, no dynamics are incorporated with the transmission; the gear shifting is 
assumed to be instantaneous. Appendix D.4.1 provides an example of the gear shifting 
mechanism. 

Power curves for 4, 6 and 8-cylinder engines were obtained from car manufacturers. 
Figure 4 compares the open throttle response of a BMW M3 [l] with a computer simulation 
using the ROM with the saturation limit replaced by PC(v)  and assuming e f f  = 80%. As 
can be seen, the velocity difference between the two results is no greater than f l  m/s at 
any instant in time. Also, the acceleration between 20 and 30 m/s, the range of velocities 
for most platoon operations, are nearly identical. 

2.2.2 Brake model 

The brake system is composed of a, brake lines, regulators, actuators, and brake drums or 
discs operating on the wheel. The torque delivered to the tires is modeled by McMahon and 
Hedrick [15] as a first-order lag (Equation 6). 

We assume that all cars will be operating with an anti-lock brake system (ABS). When 
the brake torque is high, the ABS will attempt to operate around the peak coefficient of 
tire traction, The ABS performance will be defined as the average braking coefficient p,  the 
ratio of brake force to normal force when the road traction is 1. Assuming the axle height is 
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constant, the maximum torque delivered by the brakes is then a function of p, road traction 
(see Section 3.2.4), vehicle weight, and axle height (Equation 7). 

2.2.3 Aerodynamic drag 

Most models of aerodynamic drag forces contain a relationship involving the aerodynamic 
drag coefficient, frontal car area, air density, and relative air speed [2, 15, 21, 291. We will 
include a correction factor for the aerodynamic drag coefficient (Equation 9) as suggested 
by Tongue et al. 1301 since aerodynamic forces are reduced when vehicles are spaced closely 
together. The non-uniformities we will consider for this model are the aerodynamic drag 
coefficient and wind speed. 

2.2.4 Rolling resistance 

Rolling resistance is a complicated force to determine. The coefficient of rolling resistance, 
fr, depends on engine speed, vehicle velocity, road roughness, tire properties, etc. Tongue 
et al. have developed a simplified model [32] of fi, based on research by Lu [13], where f r  

is a function of vehicle velocity and road roughness, Go (Equations 12- 11). In deriving the 
original relationship, Lu showed fr depends also on tire hysteresis, ah, and axle height, h; we 
include these parameters in determining the coefficient of rolling resistance (Equation 13). 
Non-uniformities due to uncertainty in fr (fr,un), vehicle mass, (Mun) and variances in road 
grade (6) will be considered here. 

2.2.5 Gravitational force 

The simple physical relationship used in modeling the gravitational force due to road grade 
12, 21, 321 is given in Equation 14. The important variances to consider here are Mu, and 6. 

2.3 Controller Model 
In consonance with previous PATH research, this report assumes that each vehicle is equipped 
with sensors to measure its own velocity and acceleration as well as the space between the 
preceding vehicle and itself. Intra-platoon communication will transmit sensor readings 
for the preceding vehicle’s velocity and acceleration as well as the lead car’s velocity and 
acceleration. These sensor readings will constitute the controller inputs. The current com- 
munications delay and update rate for the sensors are both 0.02 sec; these delays are included 
in the model. 

The controller currently employed was originally designed by Sheikholeslam and Desoer 
[21, 22, 23, 24, 251. The control approach linearizes the vehicle model and controls the third 
derivative of the vehicle’s position. Although the vehicle model has been updated, research 
by Tongue et al. [32, 33, 341 has shown that the controller still performs well. 



Other controllers have been designed for a variety of inputs and vehicle models (see 
especially Swaroop’s paper [as]). Since the performance of each controller depends on the 
model considered, an evaluation of every controller will not be made here. However, the 
simulation code is designed to allow for the interchanging of controllers and vehicle model 
components (see Section 5.1). 
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3 NON-UNIFORMITIES 

Non-uniformities include parameter uncertainties, exogenous inputs, and noise. The 
parametric uncertainties considered will materially affect the performance of a nominally 
uniform platoon operating in a known environment; a robust control strategy must be de- 
signed to minimize their influence. 

3.1 Parametric Variations 
The assumption that all vehicles within a platoon are identical is an attractive one for 
analysis but unlikely in reality. The historical trend to meet consumer preferences has always 
resulted in a wide variety of cars of differing makes, models, types, costs, etc. We will assume 
in the following that every vehicle can be modeled as previously presented by appropriately 
changing car parameters and engine power curves. However, parameters for a given vehicle 
will change due to loading, wear, age, and other factors, giving rise to parametric uncertainty. 
For this study, the nominal parameters are calculated to be the average of the maximum 
and minimum parameters, and a parameter variance is then applied. 

3.1.1 Engine effectiveness 

The main variances to be considered in the engine model of Section 2.2.1 are changes in 
the power curve and drivetrain efficiency. Since both of these terms affect the engine force 
transmitted to the tires, we will consider a parameter which accounts for variations in the 
engine force, or, engine effectiveness, carried through the drivetrain, eun. These deviations 
arise from measurement inaccuracies, engine wear, aging, dirt, corrosion, etc. Long-term 
performance tests have been conducted on a wide range of vehicles [l]. For the cars con- 
sidered, the average change in acceleration for a 0 to 60 MPH start ranged from -6.25% to 
+11.77%, with an absolute average value of 2.86% (more accelerations decreased over time 
than increased). Incorporating error in the test procedure, the small number of vehicles 
tested, and the limited scope of acceleration tests, we will assume that the eun is bounded 
by &15% for all engine operating conditions. 

3.1.2 Braking coefficient of friction 

The factors which will change the braking coefficient p by more than &2% for a given 
vehicle and tire are tire pressure (wet surfaces), ambient temperature (wet surfaces), initial 
speed when braking (wet surfaces), treadwear (wet surfaces), repeatability, and loading. Tire 
pressure has only a negligible effect on vehicle operation for dry surfaces, but has been shown 
to produce up to a z t O . l %  change in p per kN/m2 [SI (roughly &3.5% for an expected f 5  psi 
change) when operated on wet surfaces. The ambient temperature could affect p by up to 
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&8% [5] for wet surfaces. For dry roads, the initial braking speed has little effect on p,  but 
could decrease the coefficient of friction by .025 per velocity increase of 1 m/s for wet roads; 
this results from decreased amount of time for water to escape the contact area between the 
tire and road [3, 6, 71. Treadwear increases p only slightly for dry roads, but could drop the 
friction coefficient by 10% for heavily worn tires and up to 40% for bald tires on wet surfaces 
[6, 81. Repeatability of brake tests were found to be within f 7 %  [3, 7, 141. Increasing the 
vehicle load by 100 kg decreased p up to .02 on dry surfaces and .009 on wet surfaces [3]. 

Since the relationship between the above variances is not known, and because the effects 
of some factors are linear and others are a percentage change, the determination of pun will 
be estimated. Hiltner et al. [7] have conducted testing on light vehicle ABS performance. In 
their report, stopping distances are measured for different vehicles, loadings, test surfaces, 
and initial speeds. Assuming the braking deceleration ab is constant, ab equals the initial 
velocity squared divided by twice the stopping distance. Since p is defined as the ratio of 
the braking force to normal force, p = M - ab/M g = U b / g .  From the data presented in 
that report, the maximum variance in p for a given passenger vehicle and road surface was 
found to be &16.3% (Chrysler Imperial on wet polished concrete); this takes into account the 
combined effects of loading, initial speed, and repeatability. Considering the other factors 
which would vary p as mentioned above, we will assume the bound for pun is *25% for the 
work to follow. 

3.1.3 Mass 

Vehicle mass will vary with loading. Ideally, a sensor would be used to measure the mass of 
the loaded vehicle before it entered the platoon lane. In this case, the mass would change by 
the amount of fuel that is consumed while the vehicle is in motion, a variation that is easily 
accounted for. For this study, however, we will assume that no such sensor is employed. 

The vehicle weight will be allowed to vary from curb weight to gvwr (gross vehicle weight 
rating) as specified by the manufacturers. The nominal mass will then be the median of 
these two masses, and the range of uncertainty for the mass, Mu,, will be easily determined. 
For most small to mid-sized passenger vehicles, the expected bound for Mu, is f12%. 

3.1.4 Aerodynamic drag coefficient 

In general the aerodynamic drag coefficient depends on the exterior vehicle dimensions and 
is attainable from car manufacturers. Luggage racks, bikes, and other objects mounted to 
a vehicle will change this coefficient by an appreciable amount. Currently, we do not have 
data available on the range of deviations that might occur. Therefore, we estimate the area 
of a large item mounted to a vehicle to be 0.60 m2, about a 35% increase for small cars. 
Normalizing the relationship for aerodynamic drag ( 10) produces a range of &15% for the 
uncertainty in aerodynamic drag coefficient , CO,,, . 

8 



3.1.5 Rolling resistance coefficient 

The effect of road roughness Go on the rolling resistance coefficient f,. for most highways will 
change by 3I5% ( 12). Since this effect is not large, it will be captured in the uncertainty 
factor for f,. (fr,un) instead of adding an exogenous input for road roughness. The coefficient 
of rolling resistance has been shown [19] to depend mostly on road roughness, tire pressure, 
tire temperature, and vehicle velocity. 

For a f33 kN/m2 change in tire pressure, f,. changes by ~ 2 . 5 % .  Temperature of the tire, 
which effects the properties of tire hysteresis (ah),  varies fr by 3I5.4% per ~ 1 0 "  C after the 
tire has been in operation for ten minutes. We will assume the vehicle has been operating 
for at least ten minutes for the temperature of the tire to be fairly constant and change by 
only f10" C. Vehicle speed can influence tire hysteresis by increasing a h  up to 10%. Tire 
slip angle will not be considered in this analysis since this model is only concerned with 
longitudinal motion, although a slip angle of 2% has been shown [19] to have a large effect 

Additively combining these effects produces an error in f,. of -8% to +28% for most 
steady-state vehicle operating conditions. Equation 12 is rewritten to include the param- 
eters mentioned above and is averaged between the maximum and minimum values of f,. 
resulting in fr,un being bounded by 3116% ( 13). 
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3.2 Exogenous Inputs 
Exogenous inputs encompass disturbances and noise. These will be considered as signals 
external to the platoon that can vary with time, whether the source is lead vehicle commands 
from the control center, road profiles, weather conditions, or sensor noise. Our desire is to 
determine input bounds for various platooning scenarios. Additionally, we will consider 
filtering the frequency content of the inputs since the worst case performance algorithm 
presented in [31] may produce random signals which would not correspond to expected 
inputs. The considerations for filtering will be discussed here, and the filters used for the 
algorithm will be addressed in [31]. 

3.2.1 Lead car acceleration profile 

We assume that the lead car will receive acceleration commands (or velocity if needed) from 
the control hierarchy. Throughout most platoon operation, the vehicles should be traveling 
at constant speed. When exit/entry maneuvers or an emergency situations occur, however, 
the platoon will need to accelerate and/or decelerate. 

The magnitude of accelerations we expect for nominal operation will be at most 0.19. 
For strong acceleration/deceleration, we would expect up to 0.29. For emergency cases, we 
will consider that the lead car might receive a deceleration command for a dead stop, or an 
acceleration command as high as the maximum acceleration attainable by the vehicles in the 
platoon. 

We will assume that most commands from the control center will have low frequency 
content since most signals should be relatively smooth. Sine acceleration profiles, or 1 - cos 
curves for velocity profiles, will be used to model the control commands. Also, the commands 
for entry/exit maneuvers are expected to occur at most about once every ten seconds. 

3.2.2 Wind 

When vehicles are traveling at high speeds, the force due to aerodynamic drag can be quite 
large. Since aerodynamic drag depends on the square of relative air speed, wind can greatly 
influence the tracking performance of vehicles in a platoon. We will consider the maximum 
limits on wind gust speed to be f 2 0  m/s, and the variations of wind speed for a given 
scenario to be 510 m/s. The wind gusts are considered to be random sinusoidal signals with 
frequency generally less than 0.2 Hz. This will be modeled as a random signal filtered with 
a linear first-order low-pass filter with a break frequency at 1.256 rad/s. 

3.2.3 Road grade 

Road grade obviously effects the gravitational force acting on a vehicle. According to the US 
Department of Transportation, the grade for freeways should not exceed 6% (mountainous 
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terrain). A range of f3% will be used in this study. Also, we will assume the frequency of 
traveling over a hill is not much greater than 0.05 Hz (about one hill every 500m). 

3.2.4 Road traction 

When braking, the maximum deceleration of a vehicle depends primarily upon the amount 
of friction at the tire-road interface. Road texture, material composition, and weather con- 
ditions all significantly impact road traction [3, 6, 7, 201. 

Water on the road is the largest contributor to the decrease in available traction. On 
average, the coefficient of friction decreases by 30% for a 0.05 cm rainfall [3]. More water 
increases the chance of hydroplaning; a drop in the coefficient of friction by about 0.10 is 
expected. We will not consider flooding or roads covered with snow and ice. The pavement 
microtexture and macrotexture alter the coefficient of friction for dry roads by &5% and 
by *25% for wet roads [6] (texture effects the rate of water drainage). Additionally, road 
roughness has been shown to decrease the coefficient of friction by 0.04 for an increase in 
the road roughness power spectral density from 0 to 11 Hz. 

In a report by Ebert [3], several tests were performed to determine the peak coefficient of 
friction while braking in various road conditions (as mentioned above), with different vehicle 
loadings, and using different initial speeds. To find the maximum road traction, we averaged 
the maximum peak coefficients recorded for the different loadings and initial speeds; this 
was done instead of choosing the overall maximum to eliminate the effects loading and speed 
have on the peak coefficient which were accounted for in pun as discussed in Section 3.1.2. 
The same method was used to determine the minimum road traction. The resulting range 
of road traction was found to be 0.52-1.01. 

Overall, road traction should not vary much with time. One case in which the traction 
can vary rapidly occurs when a platoon travels over a road with several puddles and dry 
patches resulting from a rainstorm followed by a sunny day. We will assume that the time 
for entering one puddle to the next while traveling on a highway is usually not more than 
10 seconds, or about one cycle per 250m. For a random signal, a first-order low-pass filter 
with a pole at -0.628 rad/s will be used. 

3.2.5 Sensor noise 

Most data available for sensor noise indicates that the sensor signal is usually clear but that 
the sensors often fail in obtaining a reading and return a zero or other default value. We will 
assume that if a sensor fails to obtain a reading, the previous reading will be returned instead 
of the default. The sensor noise we will consider is a white noise signal with frequencies 
generally greater than 50 Hz and with a sensor signal to noise ratio of 20. 

11 



4 PERFORMANCE EVALUATION CRITERIA 
In this section we discuss the criteria we consider relevant in determining a performance 

index through which platoon simulations can be evaluated. 

4.1 Vehicle Ride Quality 
Research has indicated that vehicle passenger ride quality is closely related with acceleration 
frequency content [4, 10, 12, 281. Previously, Tongue and Yang [35] considered evaluating 
ride quality using a Mean Personal Rating (MPR) measure. This measure was based on a 
method by Smith et al. [28] for determining ride comfort using vertical acceleration profiles. 
The frequency content of the longitudinal acceleration profiles for vehicles in a platoon 
were weighted according to the scaling for vertical accelerations. Since human whole-body 
vibrations are different in these two directions, an alternative weighting is considered in this 
report. 

Leatherwood and Barker [ll] present a computer tool to estimate the ride quality of 
helicopters and automobiles for combined motion in six directions. To obtain an estimation 
of the ride quality as presented in [ll], the power spectral density of translational acceleration 
along each coordinate axis and angular acceleration about each axis must be computed. 
The power spectral densities are then weighted. The weighting functions were obtained 
experimentally by subjecting a population to a series of vibration tests at different frequencies 
and magnitudes. The weighted power spectral density is used to determined the weighted 
root mean square acceleration for each profile. The root mean squares are then combined to 
determine the discomfort number, DISC. The DISC is related to a function which predicts 
the fraction of the population that would regard the ride as uncomfortable. 

In our use of the comfort index, the algorithm by Leatherwood and Barker is employed 
for longitudinal acceleration only (Appendix C). The weighting function for the acceleration 
power spectral density in this direction is shown in Figure 5; the range of weightings is 0.5-12 
Hz. Frequencies above 10 Hz are generally not noticed by passengers. On the other hand, 
frequencies below 1 Hz may cause motion sickness in some passengers; this effect depends 
on complicated factors varying among individuals and has not been found to relate to the 
frequency content of an acceleration signal 141. (This effect will be neglected in performance 
calculations.) 

4.2 Other Criteria 
In addition to rider comfort, several other factors are considered in evaluating a platoon. 
These include: 

0 maximum spacing error 
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0 average spacing error 

0 maximum acceleration levels 

0 number of collisions 

0 severity of collisions - total power absorbed 

0 fuel usage 

0 control activity / actuator use 

e highway throughput / platoon length 

With respect to the number of collisions, one point to consider is whether the collisions occur 
at the same instance or whether they occur at different times. Distinguishing between these 
two cases is relevant if, for example, all four cars in a four-car platoon collide because of a 
difficult maneuver (resulting in four collisions) versus one car colliding with another vehicle 
four times where one collision results from a difficult maneuver, and the other three occur 
during nominal operation. Obviously, the collisions occurring during nominal operation 
should be more heavily weighted. 
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SIMULATIONS 
Now that a platoon model has been established and the background needed for cal- 

culating performance has been presented, the software and code used to perform platoon 
simulations will be presented. Also included is a data base of a possible input profiles which 
encompass most types of platooning scenarios we would expect. We have begun simulating 
various platooning scenarios and collecting data for evaluating platoon performance. 

5.1 Simulation Code 
The simulation code was originally written by Yang [35] using Simulink (Dynamic System 
Simulation Software by Mathworks Inc.) and Matlab M-files. This code has been rewritten 
for the model presented (Section 2) and extended to incorporate platoon non-uniformities 
(Section 3). 

Figure 6 shows a Simulink model of a car. Each model component labeled in capital 
letters represents a Mex-file (C-coded M-file) S-function. Mex-files, in general, greatly reduce 
simulation time over M-files. S-functions allow the user to easily code any dynamics of the 
form = f(z, u, t ) ,  y = g(z,u,t). (See Sirnulink User’s Guide [27] for more information on 
S-functions.) 

The current simulation code has the advantages over Yang’s code of reducing simulation 
time by a factor of five, having modeling components easily interchanged - modularity, and 
allowing the parameters as well as uncertainties to be changed from the Matlab workspace. 
The following standard is assumed for each modeling component: 

0 SENSORS: Inputs are car ID number, position, velocity, and acceleration (these four 
will be referred to as “states” though they are not the actual states of a car) for the 
previous car, following car, lead car, and the car itself. In the current sensor model, 
the outputs are sensor readings of spacing ahead, velocity, and acceleration of the car 
as well as communication of velocity and acceleration for the previous car and lead car. 

0 CONTROLLER: Inputs are sensor outputs; outputs are control commands to the 
engine and brakes. 

0 EXOGENOUS FORCES: Inputs are wind velocity, road grade, and “states” for the 
car itself, the previous car, and the following car. (The previous and following “states” 
are employed for determining the aerodynamics drag when drafting.) The output is 
the sum of exogenous forces acting on the car. 

0 BRAKE DYNAMICS: Inputs are road traction, control commands, and car “states”; 
output is the brake force acting at the tire-road interface. 

0 ENGINE DYNAMICS: Inputs are road traction, control commands, and car “states”; 
output is the engine force acting at the tire-road interface. 



0 PLANT: Inputs are the forces from Exogenous Forces, Brake Dynamics, and Engine 
Dynamics S-functions. The outputs are the “states.” 

5.2 Data Base 
A data base has been created containing the input profiles for lead car acceleration, wind 
gusts, road grade, and road traction which we will consider for simulations. Appendix B 
contains a list of the current profiles. Although this list is not exhaustive, it does contain 
the list of inputs we would expect during platoon operation while covering the extremes. 
As research continues and more data is available for the types of inputs to expect, the list 
should be extended. 

5.3 Simulation Results 
Noteworthy results obtained from performing various simulations using the software code 
and the input profiles in the data base are presented and commented on in this section. 

5.3.1 Exogenous inputs 

The controller has no knowledge of the exogenous inputs. Figure 1 shows the spacing response 
of a 2-car platoon operating under nominal conditions while traveling over a triangular hill 
with the road grade slightly less then 1%. While the vehicles are subject to this road 
grade disturbance, the steady-state spacing error is about 0.04 m. To avoid large steady- 
state errors from greater disturbances, an integral term should be added to the existing 
controller to eliminate steady-state errors, or the controller should be redesigned to account 
for disturbance inputs. 

We added an integral term for the spacing error with a gain of 80 in the controller. 
Figure 7 shows the spacing response of a platoon subject to the same inputs. The spacing 
response shows the spacing error begins to increase once a change in road grade is encountered 
but decreases and shows little to no spacing error after a few seconds. Also, the maximum 
magnitude of error is about one-fifth of the error when a controller with no integral term 
was employed. 

5.3.2 Parametric variances 

Figure 8 contains the spacing errors of 4-car platoons following the “smooth” lead car ac- 
celeration profile in Appendix B.l. In the first plot, the vehicles are identical and no distur- 
bances are introduced; each spacing error response is approximately the same. The second 
plot shows the error response for a mass uncertainty of 10% in car 2 and -10% in car 3. 
Here, the magnitude of the error increased by about 20% for the second car and decreased 
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by nearly 20% for the third. We can conclude that parametric variances significantly impact 
the vehicles’ spacing responses. 

Ideally, we would be able to determine the error response sensitivity for each parametric 
uncertainty independently. The worst case performance could be found by combining the 
worst responses for each individual parameter. However, due to the nonlinear nature of the 
system, the sensitivity is dependent on the inputs and the other parameters. 

5.3.3 Non-identical vehicles 

For these simulations, we want to gain insight into the effect different cars would have on an 
error response. The first plot in Figure 9 shows the spacing error for a 3-car platoon of iden- 
tical vehicles, BMW M3s, with the “sudden” lead car acceleration profile (Appendix B.1). 
The second simulation employed three different cars: a BMW M3, a Chevrolet Cavalier, and 
a Monte Carlo 234. For the most part, the error responses between the simulation with 
identical vehicles and different vehicles are the same. But, while the vehicles are acceler- 
ating, the Monte Carlo is approaching its acceleration limit and its spacing error begins to 
significantly increase. 

The controllers, which are dependent on the car parameters, seem to perform similarly 
regardless of the vehicle as long as the desired control force is within the vehicle’s operating 
range, i. e .  regardless of mass, aerodynamic drag, etc. , there is no apparent effect unless 
available engine power or braking force is insufficient. When encountering platooning scenar- 
ios which may encroach vehicle limitations, control strategies should be considered to avoid 
problems that would arise, especially in emergency situations which would undoubtedly test 
vehicle limitations. 

5.3.4 Vehicle ride quality 

Figures 10 a) and b) show the lead car velocity and acceleration profiles, respectively, for an 
“emergency” platooning scenario (Appendix B.1). The vehicle ride quality DISC number, as 
described in Section 4.1, for this profile was calculated to be 0.1293, a ride environment that 
would be considered comfortable by most passengers. The velocity response of a platoon 
attempting to follow this profile is shown in Figure 10 c). The DISC numbers for the four cars 
were 9.1889, 8.2181, 7.5535, and 5.4102, respectively; a DISC number above 3 is considered 
uncomfortable by most people. For emergency situations the current controller and spacing 
strategy produce extremely unpleasant ride environments although the lead vehicle ride 
quality is within acceptable ranges. When the platoon is simulated using less severe lead 
car acceleration profiles (2. e. “sudden” and “smooth” profiles in Appendix B.l), however, 
the DISC numbers for the vehicle responses are much closer to the lead car profile’s DISC 
number. Therefore, a need exists to redesign the controller and spacing control strategy 
so that the platoon would react differently to improve platoon performance in emergency 
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situations. 
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Figure 2: Model of a 3-car Platoon with Lead Car 
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Figure 3: Simple Model of a Vehicle 
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Open Throttle Response for a BMW M3 
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Figure 4: Test and Simulation Results for the Open Throttle Responses of a BMW M3 
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Vehicle Ride Quality Power Spectral Density Weightings 
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Figure 5: Longitudinal Acceleration Power Spectral Density Weightings for Vehicle Ride 
Quality Calculation 

Figure 6: Simulink Diagram of a Car Model 
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A Platoon Modeling Equations 

A.l  Powertrain model 
The equations for the reduced order engine dynamics [32] are: 

- re ($ )  = 2.0905 4-0.7033 
where 

a = 1.0 x lo3 - (-0.0053 v + 2.7404) 
,f3 = 1.0 x lod3 (0.0613 v + 101.9315) 
y = 1.0 X (18.8640 . v + 855.0600) 

Further work to implement the equations for simulation [33] has reduced the dynamics to a 
first-order lag, where 7, = 0.2 sec, and limiting the engine thrust by the following saturation 
function: 

F,,,(v) = a - (1 - e-P*75.0)r - (-0.0910 - v + 3.5424) (3) 

where 

a = 1.0 X lo3 (-0.01908 v + 2.7404) 
/3 = 1.0 X lod3 (0.22068 v + 101.9315) 
y = 1.0 X lov3 - (67.9104 v + 855.0600) 

Replacing the above saturation function with power curve relationships has shown good 
results for various cars. Multiplying the maximum torque from the power curves by the 
gear ratios and drivetrain efficiency and dividing by the wheel base produces the maximum 
engine force transmitted through the tires: 

F,,, = PC(v)  - e f f  - GR/h  (4) 

where 

Te,, = PC(w) (given by car manufacturers) 
w = v - GR/h  

Adding a term for uncertainty in engine effectiveness yields: 

F,,, = PC(v)  - e f f  - GR/h (1 + eun) 



A.2 Brake model 

where the simplified equation for the maximum brake torque is given by: 

T ~ , , = / L * M - ~ . ~ - T R  

Including the parametric variations gives: 

Tb,n / L *  (1 + pun) M * (1 + Mun) - g * h T R  

A.3 Aerodynamic drag 
The force due to aerodynamic drag is [30]: 

Including terms in the above equation to account for parametric variations gives: 

F - - - CRD * CD * CRa * (1 + C ~ , u n )  * A (v + ~ w ) ~  sgn(v + vw) P 
" - 2  (10) 

A.4 Rolling Resistance 
The force due to rolling resistance is [32]: 

F' = M * g fi- * cos(8) (11) 

The simplified relationship for the coefficient of rolling resistance is [32]: 

fr = (4.864 x loe4.  Go - 1.03 x lo-') v3 
+(-0.0952 - Go + 1.1425 X * v2 
+(7.0982 - Go - 3.1010 x IO-') - v + 0.01 (12) 

where 
4.050 X (good) 5 Go 5 6.400 x (poor) for highways 

Rewriting the above equation in terms of tire hysteresis, axle height, and uncertainty in 
the coefficient of rolling resistance (which includes changes in Go), the relationship for the 
coefficient of rolling resistance becomes: 

fr = - * (-7.209 X - v3 + 7.877 X * v2 a h  

h 
-2.007 X lo-'' 'U + 7.136 X lo-') - CF' * (1 + fr,un) (13) 
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A.5 Gravitational force 

The force due to road grade is [2l, 321: 

Fg = M - g sin(0) 

Including parametric variations in M gives: 

Fg = M (1 + Mun) g sin(0) 
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B Data Base 

The following is a list of input profiles considered for platoon simulations. 

B.l Lead car acceleration profile 

1. Nominal Operation - constant acceleration of 0 at all times 

2. Smooth Deceleration/Acceleration - nominal operation with a half-sine deceleration 
magnitude of 0.lg for 5 sec followed by a half-sine acceleration magnitude of 0.059 for 
10 sec 

3. Sudden Deceleration/Acceleration - nominal operation with a half-sine deceleration 
magnitude of 0.2g for 5 sec followed by a half-sine acceleration magnitude of 0.lg for 
10 sec 

4. Emergency Deceleration/Acceleration - nominal operation with a half-sine decelera- 
tion magnitude of lg  for 4 sec followed by a half-sine acceleration magnitude of 0.59 
for 8 sec 

B.2 Wind velocity profiles 

1. Nominal - constant wind velocity of 0 

2. Fore Wind - constant wind of velocity 20 m/s 

3. Aft Wind - constant wind of velocity -20 m/s 

4. Sinusoidal Wind - sinusoidal wind of velocity magnitude 10 m/s and frequency 0.1 Hz 

B.3 Road grade profiles 
1. Nominal - constant grade of 0 rad 

2. Uphill - constant grade of 0.06 rad 

3. Downhill - constant grade of -0.06 rad 

4. Sinusoidal Hills - sinusoidal grade of magnitude 0.03 rad and frequency 0.1 Hz 
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B.4 Road traction profiles 

1. Nominal - constant traction of 1.00 

2. Light Rain - constant traction of 0.75 

3. Heavy Rain - constant traction of 0.52 
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C Vehicle Ride Quality 
The vehicle ride quality measure developed by Leatherwood et a1 [lo, 111 is employed for 
determining platoon ride comfort for longitudinal acceleration profiles. The steps for deter- 
mining ride comfort are: 

1. Compute power spectral density of longitudinal acceleration profile 

2. Weight power spectral density using the weightings in Figure 5 

3. Calculate weighted root mean square acceleration awrms from weight power spectral 
density 

4. Determine discomfort number: DISC = -0.02 + 42.24 awrms 
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D Simulation Specifications 

The following is a list of variables and other specifications used in platoon simulations and 
the worst case performance algorithm. 

D.l  Parameters 
These values were chosen for a typical mid-sized passenger vehicle employing the V6 engine 
model described by Equation 4: 

A = 1.75m2 ah = 49,050 N m  
CD = 0.40 g = 9.81 m/s2 

h = 0.35 rn M = 1800 kg 
p = 0.78 p = 1.23 kg/m3 
76 = 0.2 sec re = 0.2 sec 

D.2 Parametric Uncertainties 
The following are the weighting bounds chosen for the parametric uncertainties as described 
in Section 3.1: 

eun - - *15% 
pun = &25% 

Mu, = *12% 
CD,un - - &15% 

fr,un = &16% 
with the weighting correction factors: 

CR, = 1.175 
C R ,  = 1.100 

D.3 Input Specifications 
The bounds chosen for the inputs are (Section 3.2): 

-log 5 1, 5 79 
-20 m l s  5 v, 5 20m/s 
-0.06 rad _< 8 5 0.06 rad 

0.52 5 T R  5 1.01 
-0.05 5 SNR 5 0.05 

where, during one simulation, v, will not vary more than f 10 m/s and 8 not more than f 
0.03 rad. 

32 



D.4 Other Specifications 

For other vehicles and engine types, the following information is used. 

D.4.1 Gear shifting 

The gear shifting mechanism with be illustrated by the following example. Let the gear 
ratios be: 

GRI = 10.2, GR2 = 7.4, GR3 = 5.6, GR4 3.8 

where the subscript denotes the gear number. Also, let the gear shifting engine speeds 
(RPM) be: 

maown = 1500, ~ 1 + 2  = 6300, ~ 2 ~ 3  = 6200, ~ 3 ~ 4  = 6100 

where the subscript down denotes the engine speed for all gears at which down-shifting 
occurs and the subscripts i + i + 1 denote the engine speed at which gear i shifts up to gear 
i + 1. Assume the vehicle was operating in gear 3, GR = 5.6. If w 2 6100RPA4, then GR 
becomes 3.8 and the gear number changes to 4. If instead w 5 1500RPM) then GR becomes 
7.4 and the gear number changes to 2. The engine speed is not allowed to fall below w,i, in 
1st gear or go above w,,, in the highest gear. 

D.4.2 1995 BMW M3 

The power curve for a BMW sohc inline-4 engine has been curve-fitted to a seventh-order 
polynomial fit: 

T,,, = PC(w)  = -1.067 x - w7 + 2.7799 x lo-'' w6 - 2.944 X w5 

+1.6262 x lo-'' - w4 - 5.0158 X lo-' w3 + 8.5892 X - w2 ' 

-0.74307 w + 427.94 (16) 

The final drive gear ratios are: 

The engine speeds at which shifting gears occur are approximately: 

Wdown = 1500, ~ 1 4 2  = 6800, 0 2 4 3  = 6800, ~ 3 + 4  = 6500, ~ 4 ~ 5  6500 

and 
urnin = 1000, w,,, = 6200 

The following parameters which differ from the specifications in Section D.l are: 

A = 1.877 m2 h = 0.335 m 
M = 1530 kg p = 1.036 

33 



D.4.3 1995 Chevrolet Cavalier 

The power curve for a GM 2.2L L4 engine employed in a Chevrolet Cavalier has been curve- 
fitted to a fifth-order polynomial fit: 

PC(W)  = 4.653 X - w5 - 7.0184 X - w4 + 3.7748 X lo-' - u3 
-9.3837 X - w2 + 0.12466 - w + 37.592 (17) 

The final drive gear ratios are: 

GRI = 13.998, GR2 = 7.6970, GR3 = 5.1910, GR4 = 3.6874, GR5 = 2.6492 

The engine speeds at which shifting gears occur are approximately: 

Wdown = 1500, ~ 1 4 2  = 6000, ~ 2 ~ 3  = 6000, ~ 3 4 4  = 6000, ~ 4 + 5  = 5800 

and 
wmin = 1000, Wmax = 4150 

The following parameters which differ from above are: 

A = 2.313 m2 h = 0.3348 m 
M = 1330 kg p = 0.783 

D.4.4 1995 Monte Carlo 234 

The power curve for a GM 3.4L V6 (LQl) engine has been curve-fitted to a fifth-order 
polynomial fit: 

PC(U) = 1.5232 X w5 - 2.9684 X - w4 + 2.1699 X lo-' w3 
-8.1421 x lo-' - w2 + 0.17657 - w + 27.964 

The final drive gear ratios are: 

GR1 = 10.02, GR2 = 5.385, GR, = 3.430, GR4 = 2.400 

The engine speeds at which shifting gears occur are approximately: 

and 
urnin = 1500, wmaX = 3750 

The following parameters which differ from above are: 

A = 2.100 m2 h = 0.3569 m 
M = 1670 kg p = 0.866 
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D.4.5 1995 GM 5.7L V8 (LTI) engine 

The power curve for the GM 5.7L V8 (LTl) engine has been curve-fitted to a fifth-order 
polynomial fit: 

PC(U) = 4.9668 X w5 - 9.9007 X - w4 + 7.1658 X lo-' w3 

-2.4759 x - w2 + 0.43510 - w + 10.045 (19) 

For a 1995 Chevrolet Impala SS for which this engine might be considered, the final drive 
gear ratios are: 

GR1 = 9.425, GR2 = 5.020, GR3 = 3.080, GR4 2.156 

The engine speeds at which shifting gears occur are approximately: 

and 
wmin = 1000, w,,, = 5500 
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