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Abstract

In this project, we design two new Adaptive Cruise Control (ACC) systems based on
driver comfort, safety, vehicle following performance, environmental and traffic flow
characteristics considerations. A new variable time headway rule is proposed and used to
meet these considerations. Analysis and simulations are used to evaluate and compare the
two designs. The first ACC system (referred to as ACCO1) incorporates two controllers:
one for speed tracking and one for vehicle following. The second ACC system (referred
to as ACCO02) treats the vehicle following task as a special speed tracking task and
incorporates more intelligence in dealing with disturbance rejection, smooth response and
safe vehicle following without affecting travel time. It provides better transient
performance than ACCO01, and can attenuate oscillations in the speed response of the
preceding vehicle. It has also been shown that ACCO2 provides better fuel economy and
emission results than ACCO1. The ACCO02 design will be used for subsequent studiesin a
continuation project.

Keywords: adaptive cruise control, variable time headway, adaptive control, fuel
economy, emission, fundamental flow-density diagram






Executive Summary

This is the Final Report for project under TO4242. In this project, we design two ACC
systems, referred to as ACCO1 and ACCO02 that can be implemented with a genera
variable time headway that includes those proposed in the literature as well as new ones.
The ACC systems are developed based on a ssimplified longitudinal vehicle model and
have been proven to be able to guarantee global stability. Simulations are conducted with
avalidated nonlinear vehicle model to demonstrate that both ACC systems work in a safe
manner and meet the control objectives. The ACCO1 has similar properties as the ACC
systems proposed in the literature whereas ACCO2 is different and is equipped with more
intelligence when it comes to disturbance rejection and smooth response. It is observed
that under certain conditions the transient response of ACCO1 violates the control
objective when the preceding vehicle accelerates rapidly. Furthermore, the oscillations in
the speed of the preceding vehicle will be propagated back unattenuated by ACCO1 even
when the separation distance is very large. Thisis typical of the ACC systems proposed
in the literature where in an effort to guarantee tight vehicle following they follow closely
oscillatory speed responses of the lead vehicle. ACCO2 treats the vehicle following task
as a specia case of the speed tracking task, and is designed to provide better transient
performance by using a nonlinear logic function. As a result the oscillations in the speed
response of the preceding vehicle can be efficiently attenuated when the separation
distance is large. This specia property of ACCO2 leads to better fuel economy and
emission results than ACCO1.

We establish that on the macroscopic level the effect of ACC on traffic flow
characteristics depends on the spacing rule used rather than the type of individual control
system on board of each vehicle. As aresult ACCO1 and ACCO02 have similar properties
on the macroscopic level if both use the same spacing rule. When large constant time
headways are used, the presence of ACC vehicles decreases not only the capacity but also
the critical density of the traffic flow. We propose and analyze a new variable time
headway which is parameterized by a design constant r which is interpreted as the ratio
of the time headway used by ACC vehicles versus that of manually driven vehicles. For
r<l the presence of ACC vehicles appears to improve the traffic flow characteristics
whereas for r>1 the traffic flow of mixed traffic becomes unstable at lower traffic
densities and at lower traffic flows compared with the traffic with no ACC vehicles.

Our study concludes that the ACCO2 with the new proposed variable time
headway with r<1 provides the best performance with respect to vehicle following,
environment and traffic flow characteristics. Safety considerations may require r to be
not much less than 1 or additional technologies may be used to improve the reaction time
of ACC during braking maneuvers. The ACCO02 system is also able to receive speed
commands from the roadway and respond in a smooth way without any adverse effect on
travel time. ACCO2 will be used in a continuing project under TO5501 to develop a
roadway controller in an integrated roadway/ACC system which can be implemented in
today’ s highway system.






TABLE OF CONTENTS

LIST OF FIGURES ...ttt ettt ettt e st e et ssnae e e snne e e snteeesnnee e v
LIST OF TABLES ... oottt sttt e nneeanneesnsaennee s Vv
L INTRODUGCTION. .. .ciiitiiiiie sttt eitie st stee e stee e e s seeesteesteesseeasseesssaesseeaseeasseessseenseesnseenns 1
2 ADAPTIVE CRUISE CONTROL DESIGN......ccccttiiiiiieiiiie i esiiee e sieeeeseeeeseeee s 4
2.1 Simplified Vehicle Model for Control DESIgN.........cooieeeiiieiiiiie e 4
2.2 Control Objectives and CONSLIAINES..........cuueeireeeiieieeieeesieeeseeeesreeesreessseeesneeens 5
23 Variable TIMEHEAOWAY ......cceeiiiiiie et 6
2AACC DESIGN SIFALEGY L ....eeeiieieeiieeeeiieeeiee e e tee et e e sse e e ssae e s ssae e s saseeesnseessnseeesnneeens 9
2.4.1 Control Design for Speed Tracking.........cceeevierriieeiniie e 9
2.4.2 Control Design for Vehicle FOIIOWING...........ccooeiiiiriiiieeeeeee e 11
24.3 SMUIALIONS. .....eeieeieiiiie ettt ettt e e ssae e e ssae e e snbe e e snneeesnseeeanneas 18

2.5 ACC Design Strategy 2: Disturbance REGECtion............cooceeeiiieriiieeenieeesieee e, 28
P N OO BT o o PSSR 28
2.5.2 Comparison SMUIALTONS.........ceiiiiieiiiie e 34

3 ENVIRONMENTAL CONSIDERATIONS......ccoiieieee et 43
4 TRAFFIC FLOW CONSIDERATIONS.......ooiiiiiiiiie et 47
AV = g TN I 1 oSS 47
4.2 Impact 0f ACC VENICIES......cooeiieie e 50
4.2.1 Constant TIME HEAAWAY ...........ceeriiriiiiieeiiieeiiee e 51
4.2.2 Modified Variable Time Headway based on the Greenshields relationship ... 55

5 CONCLUSIONS..... ittt see ettt e s te e e st e e s bs e e s naeeeeasbeeeanneeesnneeeanneas 61
REFERENGCES ........ooiiiiiteiie ettt se et e e st eesteessteesseeasessnsaesseeanseeansaennenns 62






LIST OF FIGURES

Figure 1. Diagram of the vehicle following mode...........cccoeeiiieiiiiini e 6
Figure 2. Acceleration trgjectories of two vehicles in the worst braking scenario............. 8
Figure 3. Nonlinear filter used in the speed tracking mode ..o 10

Figure 4. Responses of the following ACC vehicle: (a) speed, (b) acceleration, (c) speed
error, (d) separation error, (e) throttle angle and (f) brake pressure in Simulation 1.21
Figure 5. Responses of the following ACC vehicles: (a) speed, (b) speed error and (¢)

separation error iN SIMUIALION 2. .......ooiiiiieee e 23
Figure 6. (a) Speed responses in the vehicle string, and responses of the ACC vehicle: (b)
acceleration, (c) speed error and (d) separation error in Simulation 3. .................... 25
Figure 7. (a) Speed responses in the vehicle string, and responses of the ACC vehicle: (b)
acceleration, (c) speed error and (d) separation error in Simulation 4. .................... 27
Figure 8. Nonlinear filter used in the new ACC design for disturbance rgjection. .......... 31

Figure 9. Responses of the following ACC vehicle: (a) speed, (b) acceleration, (c) speed
error, (d) separation error, (e) throttle angle and () brake pressure in Simulation C1.

.............................................................................................................................. 37
Figure 10. Responses of the following ACC vehicles. (@) speed, (b) speed error and ()
separation error iN SIMUIAtioN C2. ... 38
Figure 11. (a) Speed responses in the vehicle string, and responses of the ACC vehicle: (b)
acceleration, (c) speed error and (d) separation error in Simulation C3................... 40
Figure 12. (a) Speed responses in the vehicle string, and responses of the ACC vehicle:
(b) acceleration, (c) speed error and (d) separation error in Simulation C4. ............ 42
Figure 13. Diagram of the CMEM MOGE! ...........coooiiiiiieiiieeee e 43
Figure 14. Fundamental flow-density diagram of the manual traffic...........cccccceeeinenens 48
Figure 15. Mixed traffic with ACC and manually driven vehicles...............cccocoeiienens 50
Figure 16. Fundamental flow-density diagram of the ACC traffic (constant time
(01272 0 11172 1Y PR 52
Figure 17. Fundamental flow-density diagrams of the manual traffic and the ACC traffic
(constant time headWay NaB SL/Viree) - oo vveeereeeeiieieeiie e 53
Figure 18. Fundamental flow-density diagrams of the manual traffic and the ACC traffic
(constant time headway 2L /VieeENa<BL/Viree) . «oovveeeevereiiiieiiiie e 54
Figure 19. Fundamental flow-density diagrams of the manual traffic and the ACC traffic
(constant time headway L/Viee<Na<2L/Viree) . «eeeeveeeiieeeiieieiiiie e 55
Figure 20. Fundamental flow-density diagrams of the manual traffic and the ACC traffic
(variable time headWay IS L). ... 58
Figure 21. Fundamental flow-density diagrams of the manual traffic and the ACC traffic
(variable time NeadWay I'> 1). ...cooiiiiie e 59
Figure 22. lllustration of shock wave in transportation traffiC. ...........cccoceeieiiieniicnnnns 60






LIST OF TABLES

Table 1. Parameter values for safety spacing calCulation .............ccceovieeiiieneniie e,
Table 2. Travel time, fuel consumption and emission data of the 9 passenger vehiclesin a
string of 10 vehicles for high acceleration maneuvers of the lead vehicle (no cut-ins)
Tablélé.. Travel tlme fuelconsumptl onand emission data of the 9 passenger vehiclesin a
string of 10 vehicles for high acceleration maneuvers with oscillations of the lead

VENICIE (NO CUL-INS) ...t e e






1 INTRODUCTION

During the last decade considerable progress has been made in the area of Intelligent
Transportation Systems (ITS) both on the research and testing levels [1-6]. Sensor
technologies for ITS applications, control and communication protocols, field tests, and
experiments in controlled environments have been carried out. While dedicated highways
with fully automated vehiclesis afar in the future objective [7], the introduction of semi-
automated vehicles, such as vehicles with Adaptive Cruise Control (ACC), also referred
to as Intelligent Cruise Control (ICC), on current highways designed to operate with
manually driven vehicles has already taken place in Japan and Europe and more recently
in the US too [8]. This technology allows the ACC vehicle to follow a preceding vehicle
automatically by maintaining a chosen by the driver inter-vehicle spacing. Due to liability
and safety issues the ACC systems deployed are rather conservative and rely on the
driver for hard braking and emergencies.

These initial ACC systems are designed for driver comfort under rather
conservative safety constraints and are often marketed as driver assist devices. No
consideration was given to the effect of ACC systems on traffic flow characteristics and
environment beyond the obvious string stability issue. It has been argued that some
versions of the ACC deployed could actualy have a negative effect on traffic flow and
possibly on the environment while other versions could help smooth traffic flow and in
certain situations attenuate and contribute to a faster dissipation of shock waves and
therefore have beneficia effects on the environment. It has been shown that the presence
of 10% ACC vehicles in the highway traffic lowers the fuel consumption and pollution
levels by as much as 8% and 3.8% to 47.3% respectively during traffic disturbance
scenarios [9]. The impact of advanced transportation systems on the environment and
traffic flow characteristics attracted the interest of several researchers. In [10] the
potential impact of Advanced Public Transportation Systems (APTS) on air quality and
fuel economy was studied and concluded that transit buses produce less hydrocarbon (HC)
and carbon monoxide (CO) emissions than autos on a passenger-mile basis. In [11]
different Intelligent Transportation Technologies (ITS) have been discussed that have the
potential to improve air quality, including reduction of unnecessary “stop and go” type of
traffic. In loannou and Chien [1, 12] estimates of the capacity improvement due to ACC
are obtained for different vehicle following concepts where different minimum time
headways are used based on safety considerations. The results show that if time
headways employed by the ACC vehicles are smaller than those used by the average
driver, the penetration of ACC vehicles is expected to improve capacity otherwise larger
time headways employed by the ACC vehicles for higher safety tolerances may reduce
capacity and in addition invite cut ins. In [13] a micro smulator referred to as the
SPEACS and the fundamental diagram were used to study the effect of ACC on traffic
flow in a mixed traffic environment. The ACC vehicles were assumed to have time
headways of 1 second and 2 seconds in two different simulations that involved a two-lane
highway system 6 Km long. They concluded that with time headways of 1 second the
maximum traffic flow rate sustained was improved by 6% and 13% for 20% and 40%
ACC vehicle penetration respectively. On the other hand ACC vehicles with 2-seconds



time headways reduced the maximum traffic flow rate by 3% and 6% for 20% and 40%
ACC vehicle penetration respectively. Minderhoud and Bovy [14] tested several ACC
operating concepts with time headways varying from 1 to 1.4 seconds. The results show
that small time headways will increase capacity as the ACC penetration increases
whereas headways greater than 1.2 sec will decrease capacity. Vanderwerf et a [15] at
PATH used Monte Carlo smulations to evaluate the effects of ACC and the so-called
Cooperative ACC (CACC) in mixed traffic using a human driver model developed in
[16]. The CACC isreferred to ACC systems involving vehicle-to-vehicle communication
[13, 17] for exchanging information regarding deceleration characteristics and maneuvers
between lead and following vehicle. The smulations in [15] demonstrated that the use of
time headways of 1.4 seconds an average of what current ACC systems are allowed to
use will lead to small increases in capacity at penetrations up to 60% whereas for
penetrations above 60% a loss of capacity was observed. Van Arem et a [18] used a
simulation model referred to as MIXIC to study the effects of ACC on traffic flow
characteristics using time headways of 1 and 1.5 seconds. They demonstrated that ACC
systems contribute to a more stable flow, however as the demand increases the traffic
flow performance begins to deteriorate. This observation is consistent with the analysis
performed by Swaroop et a [19] and confirmed by Bose et a [20] using the fundamental
diagram that with ACC vehicles the operating point corresponding to maximum traffic
flow rate is unstable or rather more unstable than manually driven vehicles.

It has been noticed that using variable time headways may lead to better traffic or
vehicle following performance. In [21], Swaroop et a attempted to use traffic flow
considerations to come up with time headway based on the hypothesis proposed by
Greenshields [22]. In this case, the time headway is a strictly decreasing function of the
traffic density, or equivalently, a strictly increasing function of the ACC vehicle's speed.
They demonstrated via simulations that the new spacing policy has a better effect on
traffic flow than the constant time headway policy. In [23], a variable time headway was
proposed for tightly vehicle following control, which depends on the speeds of the ACC
vehicle and its preceding vehicle. The ssimulation results demonstrated that the vehicle
following performance isimproved using such atime headway. Other implementations of
variable time headways can be found in [24, 25]. The design and anaysis of ACC
systems in the current literature is performed based on safety, driver comfort and vehicle
following performance considerations. While ACC are analyzed or simulated for traffic
flow characteristics and impact on environment in addition to vehicle following
performance no attempts are made to design ACC systems by taking all relevant
considerations into account.

The objectives of this project were to design ACC systems based on safety, driver
comfort, vehicle following performance as well as on environmental and traffic flow
characteristic considerations and evaluate them using analysis and simulations. Such
ACC systems would be designed to operate in an integrated roadway/ACC system to be
completed in a continuation project of TO4242. In this project these objectives have been
met as described below. We start by designing two ACC systems employing different
variable time headways that include those in [21-25] as well as constant time headway.
We show that the first one (ACCO01) has desired stability properties and can meet the



control objectives when following a preceding vehicle with a constant speed. However,
its transient performance cannot be always guaranteed when the preceding vehicle
accelerates rapidly or it has an oscillatory speed response. The second one (ACCO02), on
the other hand, is designed to reject disturbances and smooth possible oscillations in the
speed response of the preceding vehicle, and demonstrated via smulations to have better
transient performance. The simulation results are also used to demonstrate that ACC02
can provide better fuel economy and emission results than ACCO1 due to its smoother
response and disturbance rejection properties. The behavior of ACC vehicles in mixed
traffic on the macroscopic level is analyzed. Two time headways are considered here, one
is the constant time headway and the other is the variable one based on the Greenshields
relationship. For constant time headway, it is found out that for relatively small time
headways the presence of ACC vehicles appears to improve traffic flow characteristics
whereas for large time headways the traffic flow of mixed traffic becomes unstable at
lower traffic densities and at lower traffic flows compared with traffic with no ACC
vehicles. In the case of variable time headway, the effect of ACC vehicles on traffic flow
characteristics depends on r, the ratio of the time headway used by ACC vehicles versus
that of manually driven vehicles. For r<l the presence of ACC vehicles appears to
improve the traffic flow characteristics whereas for r>1 the traffic flow of mixed traffic
becomes unstable at lower traffic densities and at lower traffic flows compared with
traffic with no ACC vehicles.

The report is organized as follows:. In section 2 we design and analyze two ACC
systems and simulations are conducted to demonstrate and compare their performance. In
section 3 we compare the environmental performance of the two ACC systems using the
simulation results in section 2. In section 4 fundamental flow-density diagrams are used
to investigate the impacts of ACC vehicles on mixed traffic flow. The conclusions are
presented in section 5.



2 ADAPTIVE CRUISE CONTROL DESIGN

The Adaptive Cruise Control (ACC) system is an extension of the conventiona Cruise
Control (CC) system. In addition to the autonomous speed regulation provided by the
conventional CC systems, the ACC system provides the intelligent function that enables
the ACC vehicle to adjust its speed automaticaly in order to maintain a desired
intervehicle spacing between itself and a moving preceding vehicle or obstacle in the
same lane. When the lane is clear, i.e. no object is detected by the forward-looking sensor
installed on the vehicle, the ACC system works in the speed tracking mode and regulates
the vehicle speed towards the desired speed set by the driver or a roadway controller (in
the case of a future advanced traffic system). Otherwise, the ACC system works in the
vehicle following mode and regulates the vehicle speed to maintain a desired spacing
from the vehicle or obstacle ahead. In the ACC design, latera control is the responsibility
of the driver and driving in the ACC mode involves lanes with small curvatures.
Therefore the lateral dynamics are considered to be decoupled from the longitudinal
dynamics. In this report, we refer to the longitudinal vehicle model as the vehicle model.

2.1 Simplified Vehicle Model for Control Design

The vehicle model used for smulations is taken from [26]. It was built based on physical
laws and had been experimentally validated. This model can be characterized by a set of
differential equations, algebraic relations and look-up tables. This validated model is very
complex but can be viewed as a first-order nonlinear system [26]

v=f(v,ut) (2-1)

where v is the longitudinal speed, u is the throttle/brake command and t represents the
negligible fast dynamics. The complete vehicle model in (2-1) is highly nonlinear, thus
not suitable for control design. In our work, the simple first-order model

v=-a(v-v,)+b(u- u,)+d (2-2)

where vy is the desired steady state speed, ug is the corresponding steady state fuel
command, d is the modeling uncertainty, and a and b are constant parameters that depend
on the operating point, i.e. the steady state values of the vehicle speed and load torque is
used for ACC design [23, 26]. If there is no shift of gears, a and b are positive. In our
analysis, we assume that a and b are always positive since any gear shift results in a short
time transient activity. For a given vehicle, the relation between vy and ug can be
described by alook-up table, or by a 1-1 mapping continuous function

vy = f,(uy) (2-3)

In our analysis, we assume f(u,) is differentiable and
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where m, and M, are two positive constants. The simplified vehicle model used for ACC
design is described by (2-2) - (2-4). We assume that d,d v, and v, are al bounded and
continuous.

2.2 Control Objectives and Constraints

In the speed tracking mode, the ACC system regulates the vehicle speed v close to the
desired speed vy set by the driver or by the roadway controller in an advanced vehicle
highway system [27]. The control objective can be expressed as

lime, (t)=0 (2-5)

where e,(t) = vy(t) - v(t).

In the vehicle following mode, the ACC system regulates the vehicle speed so that
it follows the preceding vehicle by maintaining a desired intervehicle spacing. The
control objective is to regulate the vehicle speed v to track the speed of the preceding
vehicle vi while maintaining the intervehicle spacing x as close to the desired spacing sy
as possible, as shown in Figure 1. With the time headway policy, the desired intervehicle
spacing is given by

s, =s, +hv (2-6)

where 5 is a fixed safety intervehicle spacing to avoid vehicle contact at low or zero
speeds and h is the time headway. The control objective in the vehicle following mode
can be expressed as

V,®0d® 0ast® ¥ (2-7)

where v, = v - visthe speed error and d = X, - S iS the separation error. In practice, this
control objective may not be met exactly when v varies considerably, or in the presence
of sensor noise, modeling errors, delays and other imperfections. For safety reasons the
time headway should be chosen large enough and the ACC system should be designed to
be robust with respect to these imperfections so that d remains non-negative most of the
time, i.e. the ACC vehicle follows the preceding vehicle in a safe manner.
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Figure 1. Diagram of the vehicle following mode

Even though the ACC system has two different control objectives in the speed
tracking and vehicle following modes, the following control constraints have to be
satisfied in both modes [26]:

Cl.  aminE VEama Where anin and amax are specified.
C2. Theabsolute value of jerk defined as |V | should be small.

The above constraints are the result of driving comfort and safety concerns and are
established using human factor considerations [26].

2.3 Variable Time Headway

In our work, we consider the time headway as a function of v and v, i.e. h(v, v), which
has bounded partial derivatives with respect to v and vi. Most of the previous studies for
vehicle following control considered constant spacing rules (h=0) and constant time
headway spacing rule (h = nonzero constant). In some recent studies it has been
suggested that a variable time headway in the ACC system may lead to better
performance in terms of safety and traffic flow. In[24], the desired spacing is chosen as

Sy =S, +hyv+hv? (2-8)

where h; and h, are two positive constants. The time headway incorporated in (2-8)
depends on the speed of the following vehicle, which can be expressed as

h=h, +hy (2-9)

In [21, 28], the time headway is chosen based on the hypothesis proposed by
Greenshields [22], and it can be written as

1

h= 2-10
kjam (Vfree - V) ( )



where kjam is the traffic density corresponding to a maximum congestion condition and
Viree 1S the free speed when the traffic density is low. Note that the time headway in (2-10)
is expressed in a different way than that in [28] because the spacing considered in [28]
incorporates the vehicle length.

In [23], the time headway h proposed for tightly vehicle following control is given

h=sat(h, - c,v,) (2-11)

where hy and ¢, are positive constants to be designed and the saturation functionsat(- )

has an upper bound 1 and a lower bound 0. Even though this nonlinear time headway
associated with proper vehicle following controllers leads to desired platoon performance
as demonstrated in [23], no globa stability properties have been established for the
closed loop ssimplified vehicle model. Let us define

H = %sd (v,v) (2-129)
H, @ﬂﬂTI s, (v,v,) (2-12b)

For the constant time headway spacing rule, H is equal to the time headway h and H is
zero. All the time headway rules mentioned above share the property that H 3 0O, and this
property will be taken into account for the vehicle following control design. As we
mention above, we assume that H and H, are bounded. Apparently, the time headway
given in (2-9) is unbounded if v is unbounded. However, in practice it is impossible to
employ time headways involving arbitrarily large H and H,. We therefore modify the
time headway as

_ih+hy, ifv<y

= 2-13
% h, +h,v otherwise (213)

max !

where Vmax 1S the maximum speed the following vehicle can achieve. This modified time
headway guarantees H and H, are bounded. Similarly, we can aso modify the time
headway given in (2-10) so that H and H, are bounded.

It should be noted that the time headway used in the ACC systems should never
violate the safety constraint. Extensive studies have been done to investigate safety
spacing based on different braking emergency scenarios [29]. However, [29] only
considers the minimum constant time headway that should be kept to guarantee safety for
all speeds. In our discussion, the assumptions in [29] are used but the investigation is not
restricted to the minimum constant time headway. This leads to the situation in which the
time headway could be chosen as a function of the vehicle speed. Similar results can be



found in other publications, such as [30], with different assumptions. In this subsection,
we use the notation of v; for the speed of ACC vehicle.

Consider the braking situation shown in Figure 2 [29]. The initia speeds of the
lead and following vehicles are v(0) and vi(0), respectively. At time zero, the following
vehicle accelerates with agc, While the lead vehicle performs emergency braking with its
maximum jerk Jn, until it reaches its maximum deceleration am,. This maximum
deceleration is kept until the speed of the lead vehicle becomes zero. After a certain delay
(t1), the following vehicle detects the braking maneuver of the lead vehicle, and it starts
to brake after some reaction time (t,). Since it is not known whether the vehicle ahead is
just adjusting its speed or executing an emergency braking, the following vehicle starts to
brake with certain jerk (Jic) at time tz,, reaches deceleration rate asuo at time ty, and keeps
this deceleration rate for some time (t3) until at time ti it realizes the vehicle ahead is
doing an emergency braking. Then the following vehicle begins hard braking with the
maximum rate of Jq, until the maximum deceleration as, is achieved.

A acceleration

Sfac
4 | -
ot Jie tto tic | tg I te time
Srauto \\ I
|
\
\ Jr [
Jim " l
\ |
afm \ |
s |
AM o — ]

Figure 2. Acceleration trajectories of two vehiclesin the worst braking scenario.

Since we consider a worst case braking situation, it is reasonable to assume that
VI(0)EVK(0), |3imf® rm| @nd |aimf® Jasm]. Hence the speed of the following vehicle is always
higher or equal to that of the lead one. In this case, the minimum spacing Sy that
guarantees no collision is given by

Smin = S(; +aIV| (O)+afvf (O)+ bIVI2(0)+ bfV? (O) (2-14)

where by =1/(2am), b = - 1/(2am), a1 = - an/(2Jm), and a s and s, are relatively complex
functions of the parameters associated with the following vehicle's deceleration trajectory.

For tight vehicle following, we can assume Vv(0)=v(0)=V, and then the minimum
separation can be expressed as

Smin = S; + hIV + h;VZ (2'15)



where h, =a, +a, and h, =b, + b, . To get a better understanding of (2-15), we further
assume that Jm, Jm and Jic are very large, and as,c and asauo are very small. Hence

s, »0 (2-16a)

h, »t, +t, +t, (2-16h)
., 1ee 0

h, _1g1 ii (2-16¢)
2 a'Im a'fm g

Here we can see that hy’ depends mostly on the delays in the sensing, control and
actuation systems, but h, depends only on the maximum deceleration capacity of the
following vehicle. The minimum safety spacing for a given vehicle should be calculated
with the assumption that the lead vehicle has the maximum braking capacity. If the
following vehicle also has the maximum capacity, i.e. am = am, then hy = 0. However,
am = am may not be a reasonable assumption since different types of vehicles have
different braking capacities. For a heavy-duty vehicle with full load, h,” could be alarge
number. Consider the parameters given in Table 1. These values are taken from [29]. The
minimum safety spacing based on these values is calculated as

S,., =0.01+0.363V +0.011V > (2-17)

This minimum safety spacing has been assumed in the ssimulation studies in this report.

vi (0) | 26.8m/s (60mph) | | am | -7.5m/S” (-0.779)
vi (0) | 26.8m/s (60mph) | | asauo | -1.96m/s” (-0.2g)
Jm | -72m/S’ amc | 0.49m/s” (0.050)
Jm | -72m/s’ t, |0.1s
Je | -20m/s’ t, |0.1s
am |-9.1m/s°(-093g) | [t; |[0.1s

Table 1. Parameter valuesfor safety spacing calculation

2.4 ACC Design Strategy 1

2.4.1 Control Design for Speed Tracking

Based on the ssimplified vehicle model, different design methodologies can be applied for
speed tracking control. It has been shown that a PID controller meets the control
objectives for speed tracking [31]. We adopt this controller in our work since it is very
simple and can be easily implemented.

Lemma 2.1 31]: For the system represented in (2-2) - (2-4), the following PID controller



S
d 1
WS+1

u=Kk.,e, +kéeV +k &, (2-18)

where Ky, ki, kq and N are some positive parameters, can stabilize the closed-loop system
and guarantee that e,(t) converges exponentially fast to the residual set

E, :{eVT R“ev| £C v, ()], +C, >1|d(t)||¥} (2-19)

where C; and C, are some positive constants. Furthermore, if v4 and d are constants, then
e(t) converges to zero exponentially fast.

i

Since the desired speed vy set by the driver or the roadway controller may vary,
the initial speed tracking error may be large leading to a large control effort and high
acceleration which may violate the constraints given above. To avoid such situations, we
use the same nonlinear filter (shown in Figure 3) employed in [31] to generate a smooth
reference signal v, and force the vehicle to track the modified smoother signal Ve In
this nonlinear filter, p is a positive constant, and the saturation function is used to limit
the varying rate of vi«. The upper and lower bounds of the saturation function, ama and
amin, are chosen in away the driver feels comfortable and unsafe situations are avoided
when v tightly tracks vie. This nonlinear filter was first used in [26] for the design of
vehicle following controllers, and then adopted in [31] for speed tracking control. If vy is
a constant, then limv,, (t)=v, and the control objective in (2-5) can still be achieved

when din (2-2) is also a constant.

A simple switching logic is adopted from [31] to avoid frequent chattering
between the brake and throttle subsystems. According to (2-6), a fuel command is issued
when u is positive, while the brake is activated when u<- up (Us>0 is a constant). If - up £
u £ 0, the brake system is inactive and the throttle is operating as in idle speed.

|_\.
<
Yo

Y

amax‘
\'|
s >
-

Figure 3. Nonlinear filter used in the speed tracking mode
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2.4.2 Control Design for Vehicle Following

The simplified longitudinal model described by (2-2) - (2-4) is used for the vehicle
following control design. In this design, the desired steady state speed vy is equal to vi, the
speed of the lead vehicle. In [21], a vehicle following controller using the variable time
headway in (2-10) was proposed based on feedback linearization. The desired closed-
loop system is described by

d=-kd (2-20)

where k is a positive constant. If all the parametersin the smplified model are known, the
vehicle following controller

1 a N
u=—-o»|v. +kd)- —v +% -—-—V = 2-21
bH(r ) b gd | ( )

can be used. The control design procedure is straightforward, but the controller in (2-21)
has some obvious flaws. It is a high gain controller when H is small, which may not be
desired. Furthermore, this controller cannot be implemented when H is equa to zero.
Obvioudly H is zero in the constant spacing rule and may aso be zero when the nonlinear
time headway given in (2-11) is used. The vehicle following controllers proposed in this
section guarantee global stability for any variable time headway that has bounded H and
H, with H 3 0.

One important issue associated with vehicle following control is string stability.
String stability in a vehicle string implies that any nonzero speed and separation error of
an individual vehicle does not get amplified as it propagates upstream [32, 33]. Here we
consider only L, string stability [33]. In the string stability analysis, we assume that the
lead vehicle slowly varies its speed around the nominal value vip, and the vehicle
following controller can sufficiently keep v, and d close to zero.

Lemma 2.2: Consider the system (2-2) - (2-4), with the following controller

u=k;v, +k;D(d,t)+k; (2-22)
where k; = amt; a K, :a—t’)“ , ks =u, - % D is a design time varying function of d
satisfying

kd £ D(d, t) £ kd (2-23)

and an, k and k, are positive design constants.
(1) All the signals in the closed-loop system are bounded if an, ki and k, are designed such
that there exists a positive constant p; satisfying

11



a,p,>1 (2-249)

a,pf(k, - k)’ - 4k, (a,p, - 1)<0 (2-24h)
a,+ta.kp -k, 20 (2-24¢)
apk >supH (2-24d)

a, +a‘mkl P, - kI
where supH is the supremum of H. Furthermore, if v is a constant, then the control
objectivein (2-7) isachieved, i.e. v,,d® Oast® ¥.

(i) If Disatime invariant and differentiable function of d, then local L, string stability is
guaranteed provided the control parameters are chosen such that

a,D,(0)H?- H2)+2a,(H+H,)- 23 0 (2-25)
where D, =1D/Yd .

Proof: Let D(d, t) = kd where k is a time varying function of d and satisfies k; £ k £ k.
Using (2-22) in (2-2)-(2-4), the closed-loop system is

v=a_(v, +kd) (2-26)
(i) Denote x; = vy and X = d, then

\l)‘(l :'am(xl+kxz)+u1

2-27
1%, =(- a H)x - a_kHx, - H,u, (2-27)

where u, =V, H and H, are bounded with H 3 0 (recall the assumptions in section 2.3).
Consider the following candidate Lyapunov function

V, =1x"Px (2-28)
ép, 1lu . - . . .
where P = él 0 (@ positive definite matrix, and pl and p2 is are positive constants.
e 2U
Hence,

12



va = plxlxl + pzxzxz + XlXZ + XlXZ
= plxl[' a, (Xl + kX2)+u1]+ pzxz[(l' amH )Xl - amkHXZ - Hlul]
+ Xl[(l' amH )Xl - amkHXZ - Hlul] X, [' am(xl + kX2)+ ul]

(2-29)
=-x%(a,p,- 1+a,H)- x2(a k+a kHp,)
- x,%,(a kp, +a - p,+a, Hp, +a kH)
+u1(p1X1 - H|X1 + X, - HI pzxz)
We choose
p, =a.k p, +a, (2-30)

When (2-24a) holds, the coefficient of x;2 in (2-29) is negative and (2-30) guarantees that
P is positive definite. With (2-29), (2-30) can be rewritten as
va =- Xlz(am P, - 1+ a'mH )_ X22|,a'mk + arikH (kl Py +1)J

(2-31)
- XX (amkpl - amk| P; + ariH + arikl le + amkH )+ ul(Wle + szz)

wherews = p; - Hiandw, = 1 - H, (ank p1 + am). Suppose u; is zero. Then Va IS negative
definite if and only if

(amkpl - amkl P, + ariH + ar2nk| le + amkH )2
<4(a, p, -1+aH )[amk +a?kH (k p, +1)]
U am[(k - kI )pl + (am + amkl pl + k)H]2

2-32
<4k(a,p, - 1+a H)1+a H(k p, +1) (2-32)
U am (am + amkl pl - k)2 H 2 + 2a‘m pl(k + kI )(am + amkl pl - k)H
+amp12(k_ kl)2 - 4k(amp1_ 1)<O
One necessary condition for (2-32) to be trueis that
a,pr(k- k ) - 4k(a,p, - 1)<0 (2-33)

for al ki [k, k,]. This condition is equivalent to that (2-24b) is true. When (2-24a) and (2-
24b) hold, one sufficient condition for (2-33) to hold is that (2-24c) and (2-24d) hold.

Now we have shown that if (2-24a) - (2-24d) hold and u; is zero then Va IS negative

definite. Since w; and w, are bounded, it is easy to show that V, is bounded, and then all
the signals in the closed-loop system are bounded. Furthermore, if v is a constant, i.e. u;

is zero, it can be verified that x,,x,T L, CL,, X,%1 L,. It follows from Barbaat's
Lemma[34] that x,,x, ® 0 ast® ¥ , i.e, the control objective in (2-9) is achieved.

13



(if) With linearization of (2-26), the transfer function from v; to v is given as

- (8, - @Dy (OH, (vio))s + 2,0, (0)
s” +[a,D, (0)H (vs) +a,]s+a,D, (0)

G,(s)=1" (2-34)

If we assume all the vehicles in the same lane are of the same type and equipped with the
same controller, the vehicle string is L, string stable [33] if and only if

G (wJEL" w30 (2-35)
G, (jw)

which is equivalent to (2-25).
g
The controller in (2-22) cannot be implemented because a, b and d are unknown
parameters*whi ch may change with vehicle speed and other conditions. However, we can
estimate ki (i=1,2,3) on-line and use their estimate k; in the control law. In the next

Lemma, we show that with proper update laws for k;, the control law (2-18) where the ki’
(i=1,2,3) are replaced with their on line estimates meets the control objective.

Lemma 2.3: Consider the system (2-2) - (2-4), with the control law
u=kv, +k,D(d,t)+k, (2-36)

where k; is the estimate of k" (defined in Lemma 2.2) with initial condition ki (i=1,2,3),
generated by the adaptive laws

: kl = Proj{glxl[( P + Xz) + (Xl ta ki pX, + amxz)H ]}
| k2 = Proj{gzkxz [( P X + X2)+ (Xl ta k pX; tagx, )]} (2-37)
% ks = Proj{ 3[(p1X1 + Xz)+ (Xl +ak px, + amxz)H ]}

where am, p1, 9,, 9, and g, are positive design parameters, Proj{ -} is the projection
function keeping k; within the intervals [ki, kiy] (i=1,2,3). ki and k;, are chosen such that

kT [k, ki]. If we choose the parameters am, ki, k, and p; such that (2-24a) - (2-24d) hold,
i.e

a,p, >1
a,p;(k, - k) - 4k, (a,p, - )<0
ap +amk| P, - ku 0
4piki
ap +amkl P: - k|

> supH

14



then all the signals in the closed-loop system are bounded. Furthermore, if vi and d are
constants, then the control objectivein (2-7) isachieved, i.e. v,,d® Oast® ¥.

Proof: With the proposed control law, the closed-loop system becomes
v=a_(v, +kd)+bk,v, +bk,D(d,t)+bk, (2-38)

where Ei: ki - ki (i=1,2,3). We rewrite D(d, t) as kd and denote x; = v; and x, = d. Now
we have

' :-am(xl+kx2)- blzlxl- bklzzx2 - bl-<~3+ul

} X
. Yer et (2-39)
$%, =(1- a_H)x, - a kHx, - bHk,x, - bHKk,x, - bHk, - H,u,
where u, =V, . Consider the following Lyapunov function
s b ~
V=V, +q —k? (2-40)
i=1 gi

where V; is the same as in (2-28). It is easy to verify by using the adaptive laws (2-37)
and the knowledge of k' 1 [k, ,k, ] that

VEV - LR (2-41)

3
where V_ isgivenin (2-31) and

k; =, - d (2-42)
b
Since d, Vv, are assumed to be bounded, it follows that k; is bounded. It is easy to show

that if all the conditions in (2-24a) - (2-24d) are satisfied then V  is negative when x; or x,
or both are large. This implies that V is bounded, and therefore al the signals in the
closed-1oop system are bounded.

When v and d are constants, V <0 when either x; or X is nonzero. It is easy to
verify that x,x,1 L,GCL, and x,%1 L, . It follows from Barbaat’s Lemma that

X,X,® 0 ast® ¥, i.e, the control objectivein (2-7) is achieved.
g

In [23], an adaptive controller was proposed with the nonlinear time headway in
(2-11), and the gain k was chosen as

15



k=c, +(k, - ¢ Je* (2-43)

where kg, Ck, and s are positive constants to be designed (with cx < ko). Even though it
was shown in [23] that such choice for h and k could lead to good platoon performance,
the system stability was not established. However, k in (2-43) is bounded by ¢« and ko all
the time. Hence Lemma 2.3 points out that if we choose the parameters properly, the
adaptive controller in (2-36) and (2-37) makes the closed-loop system stable with h and k
as chosenin [23].

Since we have the flexibility to choose D(d, t), we can set D(d, t) = kd where kisa
positive constant. Hence we have the following lemma, which is a special case of Lemma
2.3 with the fact that k; = k = k,. The proof follows the same steps as the proof for Lemma
2.3, and is omitted.

Lemma 2.4: Consider the system (2-2) - (2-4), with the control law

u=kyv, +kd +Kk, (2-44)

where k. the estimate of k; (defined in Lemma 2.2) with initial condition k., (i =1,2,3)
is generated according to the adaptive laws:

: kl = Proj{glxl[(plxl + X2)+ (Xl +a kp X, + amxz)H ]}
| k2 = Proj{gzxz [( P + X2)+ (Xl +a, kpx, +a, X, )]} (2-45)
% ks = Proj{ 3[( P + X2)+ (Xl +a,kp, X, +a,x, )H ]}

where am, p1, 9,, 9, and g, are positive design parameters, and Proj{-} is defined in

Lemma 2.3. All the signals in the closed-loop system are bounded if the design
parameters are chosen such that

a,p,>1 (2-469)
_ ek > supH (2-46b)
a, + a'mkpl - k

Furthermore, if vi and d are constants, then the control objective in (2-7) is achieved, i.e.
V,d® Oast® ¥.

i

To avoid unnecessary switching between the brake and fuel systems, the
following switching rules are incorporated in the vehicle following mode:
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S1. If the separation distance X, is larger than Xmax (Xmax>0 IS a design constant),
then the fuel systemison.

S2. If the separation distance x; is smaller than Xmin (Xmin>0 is a design constant),
then the brake system is on.

S3. If XmaxEXEXmax, then the fuel systemis on when u>0, while the brake system is
on when u<- up (U>0 is a design constant). When - U,EU£EOQ, the brake system is
inactive and the fuel system is operating as in idle speed.

These rules were successfully employed in PATH TO 4203 [31].

There are several other practical issues associated with the application of the
controller (2-36) or (2-44). To guarantee that the constraints C1, C2 are not violated, we
should avoid the generation of high or fast varying control signals. Such high or fast
varying control signals can be generated by the control law (2-36) or (2-44) if the lead
vehicle accelerates rapidly or changes lanes creating a large spacing error or the ACC
vehicle switches to a new target with large initial spacing error. The control parameter k
shown in (2-43) is proposed in [23] to eliminate the adverse effects of large separation
error. In [26], the nonlinear filter shown in Figure 3 is used to smooth the speed trajectory
of the lead vehicle. The filtered speed trgjectory v, is then used by the controller. The

sat(d) function defined as

1€, ifd>e,

sat(d)=fe ifd>e (2-47)

min?

1d, otherwise

is used instead of d in order to eliminate the adverse effects of large separation error.
Furthermore, a low pass filter is placed before the throttle actuator so that fast varying
commands will not be sent to the throttle system. The modifications in [26] are adopted
in our vehicle following controllers and evaluated using simulations.

The following logic is used for the ACC system to switch between the speed
tracking controller and vehicle following controller:

The speed tracking controller is active when no object is detected by the
looking-forward sensor, or one object is detected with vi>vy and d>dy; (vq is set by
the roadway controller, and d.; is a negative design parameter), or one object is
detected with d>d, (dy, is a positive design parameter). The vehicle following
controller is active when d<d, (dn2 is a negative design parameter and dn><d<dn,).
In al the other cases, the controller used in the previous time interval is employed.

This ssimple switching logic will be used in the integrated roadway/ACC system
so that al ACC vehicles can interact with the roadway controller in a safe manner.
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2.4.3 Simulations

In this section, we present the smulation results that demonstrate the performance of the
vehicle following controller given by (2-44) when applied to the validated nonlinear
vehicle model used in [26]. The variable time headway given in (2-13) is used for control
design and the control parameters are chosen as

S =5m, hy =0.5, h, = 0.016, Vimax =30, k=0.2, an=2, p1 = 20
Emax = 10M, €in = - 30M, amax = 1.0mM/S, @min = - 2.0M/s%, p = 10
k]_o = 10, klu = 16, k1| =4,

kzo = 2, k2u = 28, k2| = 06,

kso = 0, kay = 30, ks = - 30,

J1-= 1.4, J2 = 02, J3 = 0.6

It can be seen that the safety spacing in (2-17) is not violated and the parameters satisfy
the conditions given by (2-25), (2-464) and (2-46b). In smulations 3 and 4, the Pipes
vehicle following model [35] is chosen among several other vehicle following models to
simulate manually driven passenger vehicles, as it smulates slinky type effects that are
often observed in actual vehicle following [9, 33]. It isalinear follow-the-leader model
based on vehicle following theory that pertains to a single lane dense traffic with no
passing and assumes that each driver reacts to the stimulus from the vehicle ahead. The
transfer function of the Pipes model is given by

Ke-tS

2-48
s+Ke'® (2-48)

V.
Gp(s) :V_' =
i-1

with vi.; and v; are the speeds of the lead and following vehicles, respectively, t =1.5sec
and K =0.37sec™ '[9, 33].

Simulation 1

Two vehicles are used to evaluate the vehicle following properties of the proposed
controller. The following vehicle is equipped with the ACC controller (vehicle following
controller in (2-44)). The speed, acceleration, speed error, separation error, throttle angle
and brake pressure responses are presented in Figures 4(a)-(f), respectively.

At time zero, the two vehicles have zero speed and are separated with a distance
of 5. Fromt = Os to t = 20s, the lead vehicle increases its speed with a constant
acceleration 0.8m/s%, and then cruises at 16m/s. From t = 50sto t = 53s, the lead vehicle
increases its speed with a constant acceleration 2.0m/s?, and then cruises at 22m/s. From t
= 90sto t = 100s, the lead vehicle increases its speed with a constant acceleration 0.6m/s,
and then cruises at 28m/s. From t = 140sto t = 144s, the lead vehicle decreases its speed
deceleration —2.0m/s?, and then cruises at 20m/s. As we can see, when the acceleration of
the lead vehicle is not too large (0.8 or 0.6m/s%), the throttle controller regulates the fuel
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system smoothly and the ACC vehicle follows the lead vehicle with small speed and
separation errors. These errors are regulated towards zero when the lead vehicle reaches a
constant speed. When the acceleration of the lead vehicle is large (2.0m/s?) for a short
time, the following vehicle increases its speed in a smooth and comfortable way. The
transient speed and separation errors are large due to the high acceleration of the lead
vehicle. However, the errors are regulated towards zero as soon as the lead vehicle
reaches a constant speed. When the lead vehicle decreases its speed rapidly, the brake
system on the ACC vehicle is active and the brake pressure is shown in Figure 4(f). From
the acceleration and separation error responses, we can see that the ACC system worksin
acomfortable and safe way.
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Figur e 4. Responses of the following ACC vehicle: (a) speed, (b) acceleration, (c) speed error, (d)
separation error, (€) throttle angle and (f) brake pressurein Simulation 1.
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Simulation 2

This simulation is used to demonstrate that the proposed vehicle following controller in
(2-44) guarantees string stability. In this simulation five vehicles are simulated in a
vehicle following scenario. The lead vehicle generates the speed trgjectory shown as ared
dotted line in Figure 5(a). The four following vehicles are ACC vehicles. The speed,
speed error, and separation error responses of the ACC vehicles are shown in Figures
5(a)-(c), respectively. As we can see the speed and separation errors are attenuated within
the vehicle string when the brake system is not activated. When the lead vehicle begins to
decelerate rapidly, the speed and separation errors are not attenuated within the vehicle
string. This is because the switching logic introduces a hysteresis effect in the ACC
system. However, the errors are still propagated in a satisfactory manner.
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in Simulation 2.
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Simulation 3

Despite previous modifications in the vehicle following controller to take care of the
acceleration and jerk constraints, under certain conditions, the constraints C1 and C2 may
still get violated. This simulation demonstrates this flaw.

In this simulation, ten vehicles are ssimulated and the ACC vehicle isin the second
position. The other eight vehicles following the ACC vehicle are manually driven
passenger vehicles simulated using the Pipes’ model (2-48). At time zero, al the vehicles
have zero speed. From t = Osto t = 6s, the lead vehicle increases its speed with a constant
acceleration 2m/s, and then cruises at 12m/s. From t = 50s to t = 56s, the lead vehicle
increases its speed with a constant acceleration 2.0m/s’, and then cruises at 24m/s. The
speeds, acceleration, speed error, separation error responses are presented in Figures 6(a)-
(d), respectively. Though the control objective is achieved, the ACC vehicle accelerates
in an aggressive manner, as shown in Figure 6(b). This is because when the preceding
vehicle accelerates rapidly, large speed error may appear temporarily and cause fast
varying separation error. Hence the separation error should also be filtered in a proper
way so that fast varying control effort is avoided and the control objective is achieved.
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Figure 6. (a) Speed responsesin the vehicle string, and responses of the ACC vehicle: (b)
acceleration, (c) speed error and (d) separation error in Simulation 3.
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Simulation 4

This simulation is similar to Simulation 3. However, in this simulation the lead vehicle
accelerates in an aggressive manner and its speed oscillates before settling to a constant
value. This situation may arise in today’s traffic where traffic disturbances downstream
create a situation where the driver speeds up and then slows down in an oscillatory
fashion before reaching steady state. In this situation, the temporary separation distance
between the first and second vehicles will be large, and we would like to investigate how
the vehicle equipped with controller (2-44) will behave with respect to the high
acceleration and speed oscillations of the lead vehicle.

At time t = Os the lead vehicle begins to accelerate from Om/s with a constant
acceleration of 2.0m/s® for 6 seconds, and its speed oscillates around 12m/s before
settling to the constant speed of 12m/s. At time t = 50second, the lead passenger vehicle
accelerates again with 2.0m/s* for another 6 seconds and its speed oscillates around
24m/s before settling to the constant. The speeds, acceleration, speed error, separation
error responses are presented in Figures 7(a)-(d), respectively. As we can see, the ACC
vehicle accelerates aggressively and the oscillations in the speed of the lead vehicle are
unattenuated along the vehicle string.
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acceleration, (c) speed error and (d) separation error in Simulation 4.
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The above simulations demonstrate that the adaptive vehicle following controller
(2-44) can guarantee system stability and provide good transient response under normal
driving conditions. However, when the preceding vehicle accelerates rapidly, the fast
increasing vi may also lead to fast increasing d since the ACC vehicle is not allowed to
accelerate rapidly. This fast increasing d may cause high control effort (as shown in
Simulation 3 in the previous section). When the separation error is very large, it may take
long time for the ACC vehicle to catch the preceding vehicle. If we ssimply use sat(d) for
the controller (2-44), any changesin v; will affect the control signal when d>sat(d), while
some changes in vi may be ignored. In the next section we design the ACC controller to
address these issues in addition to others.

2.5 ACC Design Strategy 2: Disturbance Rejection

In the previous section, we have shown that the controllers in (2-36) or (2-44) can
guarantee system stability and provide satisfactory transient performance under normal
driving conditions (see Simulations 1 and 2). However, under some extreme conditions,
they cannot guarantee good transient performance and the oscillations in v affect the
following vehicle's speed without any attenuation, even though the separation error is
very large. This class of ACC systems has very similar properties to the ACC systems
proposed in the literature.

In this section, we design an ACC system that can use the knowledge of v and d
and provide better transient responses than those in (2-36) or (2-44) in the presence of
traffic disturbances. In the report for PATH TO 4203 [31], a vehicle following controller
is proposed for heavy trucks to reject high frequency disturbances in the speed of the lead
vehicle. This controller converts the vehicle following task to a special speed tracking
task, and has been shown to guarantee good transient responses and better fuel economy.
In this subsection, we design the ACC system based on the same motivation but with
different control design methodology. The ACC system designed in this subsection can
guarantee global stability, in contrast to only local stability established for the ACC
systemin [31].

2.5.1 ACC Design

The following lemma establishes that the vehicle following task is a special speed
tracking task.

Lemma 2.5: For the vehicle following task described in section 2.2, if the controller is
designed such that v + kd ® O ast ® ¥ (k is a positive constant) and < (v, + kd) is

uniformly continuous, then v; and d are bounded. In addition, if v; is a constant, then the
control objectivein (2-7) is achieved.
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Proof: If < (v, + kd) is uniformly continuous and v; + kd ® O then it follows from
Barbalat’s Lemma, that & (v; + kd) ® Oast® ¥ and therefore

d(v, +kd)=(1+kH)V, +kv, - k(H+H,)v, ® 0 (2-49)

ast® ¥.Italsofollowsfrom <4 (v; + kd) being uniformly continuous and-& (v; + kd) ® 0
ast® ¥ that 4 (v + kd) is bounded. Since k is a positive constant, H > 0, and H, H, and
v, are bounded, it follows that v; is bounded. In addition v; + kd is uniformly continuous
since 4 (v + kd) is bounded. Hence it can be shown that (v; + kd) is bounded since it is

uniformly continuous and converges to zero. Hence d is bounded. In particular, if vi isa
constant, then (2-49) implies vy ® 0 and therefore d ® 0 which in turn implies that the
control objectivein (2-7) is achieved.

i

Lemma 2.5 indicates that the vehicle following task can be viewed as a specia
speed tracking task, in which the desired speed vy is equal to vi + kd. If we can design the
vehicle following controller such that v® v + kd in a proper way (for example, keeping
4 (v + kd) ® O at the same time), then v; and d are guaranteed to be bounded, and the

control objective in (2-7) can be achieved when v is a constant. We propose the speed
tracking controller

u=f, l(Vref )+ kg, +K; +KqVig (2-50)

wheree, = Vit - V, Vrer iSthe reference speed, and the control parameters k; (i =1,2,3) are
updated by

I k, = Profg,e’}

| .

i k, = Proj{gzev} (2-51)
1K, = Proifg.e v,y )

In (2-51) g (i =1,2,3) are positive design parameters, and the function Proj{3} limits k;
between their lower bounds ki and upper bounds ki, (i =1,2,3). Note, the control gains k;
(i =1,2,3) are different from those used in controller (2-36) or (2-44).

Lemma 2.6: Consider the system in (2-2) - (2-4) with the controller in (2-50) and the
update laws in (2-51). If k;i and ky (i =1,2,3) are properly chosen, then all the signalsin
the closed-loop system are bounded. In addition:

() Ifdisaconstant, e® Oast® ¥.

(if) If disaconstant and v, isuniformly continuous, €,,6,® Oast® ¥.

29



Proof: For the system represented in (2-2) - (2-4), if a, b and d are known, then the
controller can be designed as

u= £V )rke, +K; +KV,g (2-52)

* a - a * * . .y .
where k; :"‘T , k, =- % k; == and an is a positive constant. In this case the

1
b
close-loop system becomes

év =-a,€e, (2-53)

Hence, €,,6,® Oast ® ¥. Since a, b and d are unknown, the control law (2-50) is
proposed, and the closed-loop system can be rewritten as

& =-an - blzlev - blzz - bESVrd (2-54)
Consider the following candidate Lyapunov function
bk N bk N bk 2
29, 29, 29,

e2
V=i (2-55)

If ki and ki are chosen such that ki £ ki £ kg is true for each i, then with the update law
in (2-51), it can be shown that

V=g vtk v TRK IR £-a,el v K (2-56)

1 92 3 2

It can be shown [34] that e, and all signals are bounded. (2-56) aso impliesthat if disa
congtant, then ¢, 1 L,CL, and &1 L,, which implies e, ® 0. Furthermore, if v is

uniformly continuous, it can be verified that €, is aso uniformly continuous. Using
Barbalat’s Lemma, we can show that €, also converges to zero.

i

Since the selected desired speed v + kd may vary fast, we employ the nonlinear
filter in Figure 8 to generate a smooth signa V¢ to be tracked. The saturation function
inside the nonlinear filter serves as an acceleration limiter that restricts the rate of change
of vier between amin and amna. The signa generated by the acceleration limiter is z =
sat{p(vi + kd - i)}, Where p is a positive design parameter. The function after the
acceleration limiter is designed to accept or ignore the change rate signal z, and is given
as
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z, ifv+m Ev, £v,+M, andz<0;

orv,-m, <V <v,+m;

f (z, VgV, ): i (2-57)

ifv+m,Ev4 £v, +M and z3 G;

i

i

!

1 orvg £v,-m,andz>0
|

s

:_ orv,, £v,-m,andz£0
.amin’

f if vy >V, +M,

where m, and M, are constant design parameters with 0 < m, < M. When v - m, < Vi <
vi + m,, which means the reference speed for the following vehicle is not too low or too
high, vi¢ can vary with any value provided by z If v increases and stays at some constant
value, vig Will never exceed v + m,. Similarly if v; decreases and stays at some constant
value, Vi Will never be lower than vi - m,. If for some reasons the condition vi + m, £ V¢
£ v+ M, issatisfied (for example, the preceding vehicle slows down), then v, decreases
when v;¢ > V) + kd, or remains constant when vies £ Vi + kd. If vigr £ Vi - My istrue, then Ve
increases when vi¢ > Vi + kd, or remains constant otherwise. In the last case, when vi¢ > v
+ M,, Vi decreases with the deceleration anmi, to avoid a higher than the limit reference
Speed.

As we can seg, this nonlinear filter limits the rate of change of vi¢ between anin
and amax, and prevents regulating v.er much higher or lower than vi. In some situations,
this nonlinear filter ignores some unnecessary changes in Vi and generates constant
reference speeds. By regulating the ACC vehicle's speed towards vi«, the ACC system
forces the vehicle to follow the preceding vehicle in a safe and comfortable way, and the
control objective in (2-9) is still achievable. The acceleration limits amin and ams are
chosen based on the constraint C1 and the vehicle dynamics.

V) A\
EEEEE——

d

—

Figure 8. Nonlinear filter used in the new ACC design for disturbance r g ection.
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Remark 2.1: Even though the signal z within the nonlinear filter in Figure 8 is
continuous, the function (2-57) may generate discontinuous signals, which may cause
problems in the analysis related to the existence and uniqueness of solutions to the
resulting differential equation. The discontinuities may arise when vi¢ varies around Vv -
m,, or vi + m, or v + M,. However, the function (2-57) can be dlightly modified so that it
will aways generate continuous signals when z is continuous. For example, we can
choose a small positive constant e, and when z>0 and vi + m, - e £ Vi < v + m, are
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satisfied, we set f equal to (v + m, - vi«)@e instead of z In such a way, discontinuous
signals will not be generated when v;¢ varies around v + m,.

Lemma 2-7: Consider the system in (2-2) - (2-4) with the controller in (2-50) and the
update laws in (2-51). If k; and ki (i =1,2,3) are properly chosen and vi is generated by
the nonlinear filter in Figure 8, then u, v and v; are bounded. In addition:
(i)Ifdisaconstant, v® v,, and V® v,;, ast® ¥.

(i) If v and d are constants, and the control parameters are chosen such that

(L/k +inf H)a,.|>m, (2-58a)
(1/k +inf H)a,, >m, (2-58b)

where inf H is the infimum of H, then all the signals in the closed-loop system are
bounded.

Proof: With the function in (2-57), it is easy to see that |vi - i« is bounded from above
by max{|i(0)- vie#(0)|, M\}. Since we can aways set vie(0) = vi(0), it can be concluded
that |vi - Vrer IS bounded by M,. It is followed from Lemma 2-7 that (v - ) IS bounded,
which implies that v; is bounded. Using the fact that v is bounded, it is easy to show that
u, v are bounded. It can be shown that 4 (v + kd) is bounded, so it follows that vi + kd is

uniformly continuous. It is verified that v , generated by (2-57) (with modifications

suggested in Remark 2.1) is aso uniformly continuous. Hence part (i) can be proven
using Lemma 2-6. For part (ii), when v; and d are constants, we consider the following
Lyapunov function:

bk . bk . %

V =1x"Px+ (2-59)
29, 29, 29,
77 k+ 1\
whereP:g]/ yp z>0,andx=[v|- Vier, d]T. Hence,
1 k
e a
v =" [(]/k+]/p+H)X1+(1+kH )XZ]Xl (2'60)

+ (Xl + kXZ)Xl + (Xl + kXZ)(hl + HhZ)
In the following analysis, we only consider the situationsin whichvi - m, £ vig £ v + m,
is satisfied since v Will be bounded by vi - m, and vi + my in finite time for any bounded
initial conditions.

? Forvi- mi<wvig<vi+m,Or Vig=V, + m,and zEO, or Vg« =V, - m,and 2 0:
Inthiscase, X, = -z= - sat{ p(x1+kx2)} . Hence
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V== [k +y p+ H)x + (L kH )x, Jsat{ p(x, +loc, )}

+(x, ko, %, + (% + o, )bv, + Hh,)

=- (]/k+ H )(Xl +kX2)53t{p Xy +kX2)} (2-61)
- (]/ p)xlsﬁt{ p(xl + sz )}+ (Xl + kXZ)Xl

+(x, +loo ), + Hh,)

If aminE p(X1t+kx2) £ amax, then (2-61) becomes
V=- p(]/k+H)(X1+kX2)2+(X1+kxz)(h1+Hh2) (2'62)

In this case V <0 if i + kxo] > |h1 + hoH[p(Vk+H)]. If p(Xa+kxz)>amax, then (2-61)
becomes

v =- (]/k + H )(Xl + kXZ )amax - (1/ p)xlamax (2_63)

+ (Xl + kXZ)Xl + (Xl + kXZ)(hl + HhZ)
It is easy to verify that when t is sufficiently large and (2-58b) is satisfied, V <0 aways
holdsin this case. If p(xi+kxz)<amin, it can aso be verified that when t is sufficiently large
and (2-584) is satisfied, V <0 always holds.

? For viet = Vi + m, and 2>0:
Inthiscase, X1 =-my, X1 +kx 3 z>0and X, =-z=0. Hence

Vv :'(X1+kxz)mv+(X1+kxz)(h1+Hh2) (2-64)

When t is sufficiently large, m>Jh; + h,H| aways holds, which indicates that V <0 in
this case.

? For vie = v + m, and z>0:
Following the same arguments as above it can be shown that V <0 holds for this case
when t is sufficiently large.

We have shown that ast ® ¥,V might be positive only when |x; + kxg|<|h; +
h,H|/[p(L/k+H)]. Since we have shown that x; is bounded, it is easy to conclude that V is
bounded and all the signals inside the closed-1oop system are bounded.

i

Remark 2.2: In the proof for Lemma 2-7, we have assumed that (2-57) always generates
continuous signals when z is continuous. One can verify that using the modifications for
(2-57) suggested in Remark 2.1, the proof for Lemma 2-7 can be achieved in a similar
way but with more regions for Vyer.
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Remark 2.3: If hy and h; are zero in (2-60), it can be shown that x;, X ® Oast® ¥, i.e.
the control objective in (2-7) is achieved. The simulation results demonstrate that (2-7)
can be achieved when v is a constant, even though we cannot prove it anayticaly in
Lemma 2-7.

The new ACC system consists of two reference speed generators and the speed
tracking controller (2-50) with the update laws (2-51). The nonlinear filter in Figure 3 is
used as the reference generator in the speed tracking mode, while the nonlinear filter in
Figure 8 is used in the vehicle following mode. The following switching rules are
incorporated in the ACC system:

(In the vehicle following mode)

S1. If the separation distance X, is larger than Xmax (Xmax>0 IS @ design constant),
then the fuel systemison.

S2. If the separation distance x is smaller than Xmin (Xmin>0 is a design constant),
then the brake system is on.

S3. If XmaxEX-EXmax, then the fuel system is on when u>0, while the brake system is
on when u<- up (U>0 is a design constant). When - U,EU£EOQ, the brake system is
inactive and the fuel system is operating asin idle speed.

(In the speed tracking mode)
SA. The fuel system is on when u>0, while the brake system is on when u<- up.
When - usEU£0, the brake is off and the fuel system is operating asin idle speed.

The ACC system designed in this subsection can be easily integrated with a
roadway controller to receive desired speed commands send out to all ACC vehicles by
the roadway. In real time implementation, the two reference speed generators work in
paralel. The lower reference speed and its derivative are passed to the speed tracking
controller. In this way, the ACC vehicle will follow the preceding vehicle in a safe
manner and without violating the speed limit set by the roadway controller.

2.5.2 Comparison Simulations

In this section, we perform simulations to demonstrate the performance of the ACC
system given in (2-50) with the update laws in (2-51). For comparison purpose, the four
simulations conducted in section 2.4.3 are repeated here with the ACC system developed
in section 2.5.1. For easy reference, we use ACCOL to represent the ACC system
designed and tested in section 2.4 and ACCO2 for the one designed in section 2.5.1. The
variable time headway given in (2-13) is used for control design and the control
parameters are chosen as

S =5m, hy = 0.5, h, =0.016, Vmax = 30, k=0.2,

m, = 2m/s, My = 8m/S, amax = 1.0M/S*, amin = - 2.0m/s%, p = 10
k]_o = 6, klu = 16, k1| = 6,

kzo = O, k2u = 30, k2| =- 30,



l%O:4ll%u:8llQ|:21
01=5,02,=0.8,0;=04

It can be seen that the control parameters are chosen such that the conditions given by (2-
58a) and (2-58b) are satisfied.

Simulation C1

Two vehicles are used to evaluate the vehicle following properties of the proposed ACC
system. The following vehicle is equipped with ACCO2.

At time zero, the two vehicles have zero speed and are separated with a distance
of 5. Fromt = Os to t = 20s, the lead vehicle increases its speed with a constant
acceleration 0.8m/s%, and then cruises at 16m/s. From t = 50sto t = 53s, the lead vehicle
increases its speed with a constant acceleration 2.0m/<?, and then cruises at 22m/s. From t
= 90sto t = 100s, the lead vehicle increases its speed with a constant acceleration 0.6m/s,
and then cruises at 28m/s. From t = 140sto t = 144s, the lead vehicle decreases its speed
deceleration —2.0m/<%, and then cruises at 20m/s. The speed, acceleration, speed error,
separation error, throttle angle and brake pressure responses are presented in Figures
9(a)-(f), respectively. As we can see, ACC0O2 works in a comfortable and safe way, and
its transient performance is amost the same as that of ACCO1 in this case.
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Figure 9. Responses of the following ACC vehicle: (a) speed, (b) acceleration, (c) speed error, (d)
separation error, (€) throttle angle and (f) brake pressurein Simulation C1.
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Simulation C2

In this ssmulation five vehicles are ssimulated in a vehicle following scenario. The lead
vehicle generates the speed trgjectory shown as a red dotted line in Figure 10(a), and the
four following vehicles are equipped with ACCO02. The speed, speed error, and separation
error responses of the ACC vehicles are shown in Figures 10(a)-(c), respectively. The
simulation results demonstrate that ACCO02 has good string stability properties.
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Figure 10. Responses of the following ACC vehicles: (a) speed, (b) speed error and (c) separation

error in Simulation C2.
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Simulation C3

In this simulation, ten vehicles are smulated and a passenger vehicle equipped with
ACCO2 is in the second position. The other eight vehicles following after the ACC
vehicle are manually driven passenger vehicles smulated with the Pipes model (2-48).
At time zero, al the vehicles have zero speed. From t = Os to t = 6s, the lead vehicle
increases its speed with a constant acceleration 2m/s?, and then cruises at 12m/s. From t =
50s to t = 56s, the lead vehicle increases its speed with a constant acceleration 2.0m/s,
and then cruises at 24m/s. The speeds, acceleration, speed error, separation error
responses are presented in Figures 11(a)-(d), respectively.

It can be seen that ACCO2 provides better transient responses than ACCOL. It
provides a smoother speed trgjectory for the following passenger vehicles which will lead
to better fuel economy and emission results. As shown in Figure 11(b), the acceleration is
strictly bounded by amax. Since the ACC vehicle responds in a smooth way, the speed and
separation errors are temporarily large. At steady state however the control objective is
achieved in a smooth manner satisfying all the safety and driver comfort constraints.
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Figure 11. (a) Speed responsesin the vehicle string, and responses of the ACC vehicle: (b)
acceleration, (c) speed error and (d) separation error in Simulation C3.
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Simulation C4

In this simulation, ten vehicles are simulated and a passenger vehicle equipped with
ACCO2 isin the second position. The other eight vehicles following the ACC vehicle are
manually driven passenger vehicles simulated with the Pipes' model (2-48). Attimet =
Os the lead vehicle begins to accelerate from Om/s with a constant acceleration of 2.0m/s”
for 6 seconds, and its speed oscillates around 12m/s before settling to the constant speed
of 12m/s. At time t = 50second, the lead passenger vehicle accelerates again with 2.0m/s”
for another 6 seconds and its speed oscillates around 24m/s before settling to a constant
speed. The speeds, acceleration, speed error, separation error responses are presented in
Figures 12(a)-(d), respectively. The ACC vehicle responds in a smooth way, and the
oscillations in the speed of the lead vehicle are not propagated upstream by the ACC
vehicle due to the use of (2-57). This demonstrates the ability of the ACCO2 to reject
disturbances which would otherwise be propagated upstream by most of the existing
ACC systems.
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Figure 12. (a) Speed responses in the vehicle string, and responses of the ACC vehicle: (b)
acceleration, (c) speed error and (d) separation error in Simulation C4.
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3 ENVIRONMENTAL CONSIDERATIONS

It has been demonstrated via extensive simulations and actual experiments that the
presence of 10% ACC vehicles in mixed traffic could lower fuel consumption and
pollution levels by as much as 8% and 3.8% to 47.3% respectively during certain traffic
disturbance scenarios [9]. Our simulation results demonstrate that the ACC system
designed in section 2.4 (ACCO1) with different time headways provides similar transient
responses as the one investigated in [9], and leads to similar fuel consumption and
emission results. The work that has been done in [9] won't be repeated here. However,
the ACC system designed in section 2.5 (ACC02) can regulate the vehicle speed in a
more intelligent way and provide better transient response than ACCO1 (see Simulations
3, 4, C3 and C4). In this section, we investigate the impact of ACC02 on mixed traffic,
with comparison to ACCO1, in terms of emission and fuel consumption using the
simulation results presented in sections 2. ACCOL has very similar properties as most
existing ACC systems and is a good benchmark to be used in evaluating the performance
of the improved and more intelligent ACC which we referred to as ACCO2.

In our work, the Comprehensive Modal Emissions Model (CMEM) developed at
UC Riverside is used to analyze the vehicle data and calculate the air pollution and fuel
consumption [36]. It calculates vehicle emissions and fuel consumption as a function of
the vehicle operating mode, i.e. idle, steady state cruise, various levels of
acceleration/deceleration, and other variables associated with road and vehicles
characters. A simple diagram for the CMEM modd is shown in Figure 13. In our
simulations, we selected the vehicle category to be 5, which is the most common vehicle
type in California: high-mileage, high power-to-weight. The inputs for the CMEM model
are vehicle longitudinal speed and acceleration data, while road grade is taken to be zero
and no wind gust is considered. Other variables associated with vehicle accessories like
air-conditioning are also neglected. The outputs generated by the CMEM models include
second-by-second tailpipe emissions of unburned hydrocarbons (HC), oxides of carbon
(CO, CO,), oxides of nitrogen (NO, NO,, denoted by NOy) and fuel consumption. More
detailed information about the emission model can be found in [36].

vehicle speed HC

——» CO
vehicle acceleration CMEM
—_— mode F————> COZ

other variables associated with - NO
road and vehicle parameters

—— »  Fuel consumption

Figure 13. Diagram of the CMEM model
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We investigate and compare the behavior of two vehicle strings, each containing
ten vehicles. In vehicle string 1, the lead vehicle generates different speed trajectories, the
second vehicle is a passenger vehicle equipped with ACCO1, and all the other eight
vehicles are manually driven passenger vehicles (modeled using the Pipes’ model (2-48)).
Vehicle string 2 is the same as vehicle string 1, but its second vehicle is replaced by a
passenger vehicle equipped with ACCO02. We investigate how vehicles equipped with
ACCO02, compared to those with ACCOL, in terms of travel time, fuel efficiency and
emissions calculated using the emission model in [36] and the simulation results in
Simulations 3, 4, C3 and C4 presented in section 2. In our study we assume that no lane
changes take place despite the creation of possibly large intervehicle spacing during
vehicle maneuvers.

Since the smulations results of section 2 demonstrated that the ACCO1 and
ACCO02 have very similar response at low lead acceleration maneuvers, we only consider
the following two tests involving high lead vehicle accelerations, in which the ACCO1
and ACCO02 behave differently.

Test 1: High Acceleration Maneuvers

The purpose of this test is to compare the effects of ACC01 and ACCO02 on the behavior
of the following eight passenger vehicles when the lead vehicle performs a high
acceleration maneuver creating a disturbance that propagates upstream.

At t = 0Os, the lead passenger vehicle begins to accelerate from speed Om/s with a
constant acceleration of 2.0m/s” for 6 seconds, cruises at a constant speed until t = 50s,
accelerates with 2.0m/s” for another 6 seconds, and then cruises at a constant speed 24m/s.
We calculate the fuel consumption and emissions of each vehicle from the time the lead
vehicle begins to accelerate, until the string covers a distance of 1.5km. The travel time
is recorded over a distance of 1.5km as this is the distance taken by the vehicles to reach
a steady state speed after completing the acceleration maneuver.

Table 2 shows the travel times, fuel consumption and emission data for the nine
following passenger vehicles in the two vehicle strings. The percentage numbers in the
last column represent the fuel and emission benefits of ACCO02 over ACCO1. As we can
see, the presence of ACCO2 will not affect the travel time of the following passenger
vehicles. However, it has better disturbance rejection properties presenting a smoother
speed response to be tracked by the following passenger vehicles in the presence of a
wide class of high acceleration maneuvers performed by the lead vehicle. This property
of ACCO02 accounts for the fuel and emission benefits shown in Table 2.

Test 2: High Acceleration M aneuver s with Oscillations

The purpose of thistest isto compare the impacts of ACC0O1 and ACCO02 on the behavior
of the following 8 passenger vehicles when the lead vehicle performs a high acceleration
oscillatory maneuver creating a disturbance that propagates upstream.



At time t = Os, the lead passenger vehicle begins to accelerate from Om/s with a
constant acceleration of 2.0m/s’ for 6 seconds, and its speed oscillates around 12m/s
before settling to the constant speed of 12m/s. At time t = 50s, the lead passenger vehicle
accelerates again with 2.0m/s” for another 6 seconds and its speed oscillates around
24m/s before settling to a constant speed. The travel time is recorded over a distance of
1.5km as this is the distance taken by the vehicles to reach a steady state speed after
completing the accel eration maneuver.

Table 3 shows the travel time, fuel consumption and emission results for the nine
following passenger vehicles in each vehicle string. The travel times of the following
passenger vehicles for the two vehicle strings are the same. It follows from Table 3 that
the presence of ACCO02, compared with ACCO1, can significantly improve fuel efficiency
and decrease emissions. This is due to the fact that ACCO2 is designed to provide smooth
response and reject disturbances such as oscillations which do not contribute to travel
time and do not affect safety.

String of 10 vehicles | ACCOL in the 2" position | ACCO2 in the 2" position
Travel Time (sec) 101.7 101.7
Fud (g) 1327 1095 (17.5%)
CO, (9) 3632 3205 (11.8%)
CO (g) 356 164 (53.9%)
HC (g) 5385 3.02 (48.4%)
NO, (g) 7.02 4.56 (36.8%)

Table 2. Travel time, fuel consumption and emission data of the 9 passenger vehiclesin a string of 10
vehiclesfor high acceleration maneuver s of the lead vehicle (no cut-ins)

String of 10 vehicles | ACCO1 in the 2™ position | ACCO02 in the 2" position
Travel Time (sec) 100.3 100.3
Fuel (g) 1482 1134 (23.5%)
CO,(9) 4003 3289 (17.8%)
CO (g9 429 191 (55.5%)
HC (9) 7.13 3.38 (52.6%)
NO, (9) 8.82 5.10 (42.2%)

Table 3. Travel time, fuel consumption and emission data of the 9 passenger vehiclesin a string of 10
vehiclesfor high acceleration maneuver swith oscillations of the lead vehicle (no cut-ins)

In our approach we assume that the lead vehicle reaches a steady state giving time
for the ACC vehicle to close in by using a higher speed leading to atravel time that is not
affected by the presence of the ACC vehicle. We can also create scenarios where the
travel time will be affected when the ACC vehicle does not speed up to close in with the
lead vehicle especially when the lead vehicle accelerates rapidly and stays at the speed
limit that the ACC vehicle cannot exceed. In such situations another effect takes place as
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the sluggish response of the ACC vehicle creates large intervehicle gaps inviting vehicles
from neighboring lanes to cut in front of the ACC vehicle. This effect has been studied in
[37] and is not considered here.
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4 TRAFFIC FLOW CONSIDERATIONS

In this section we investigate the effect of ACC vehicles on traffic flow characteristics in
mixed traffic on the macroscopic level using the fundamental flow-density diagram. A
fundamental flow-density diagram defines the steady-state relation between the traffic
flow rate g and the traffic density k. The precise definitions of these two traffic variables
and the means of measuring them are explained in [38]. We outline flow-density
diagrams for 100% manual/ACC vehicles traffic, and discuss the flow-density curves of
the mixed traffic. The manua traffic flow-density curve discussed in this report is
constructed using the linear relationship between speed and density hypothesized by
Greenshields [22]. There are two time headways considered for ACC vehicles: oneis the
constant time headway, and the other is a variable time headway modified based on the
Greenshields relationship, i.e., the time headway h, given as

_ r

h = 4-1
: kjam (Vfree - V) ( )

where r is a positive scale constant. Different values may be chosen for r based on the
safety or traffic flow concerns.

4.1 Manual Traffic

In constructing the fundamental flow-density diagram for the 100% manual vehicles
traffic, we consider the hypothesisin [22] that

& 0
V= él_ Livfree (4-2)
Kian &

where v is the vehicles mean speed (or traffic flow speed), Viree and kjam are the same
terms as those in (2-10) and (4-1). The density corresponding to the jam condition, Kam, IS
equal to /L. where L is the average spacing occupied by one vehicle when the traffic flow
speed is zero. In the following analysis, L incorporates safety spacing at low speeds and
is larger than the average length of a vehicle. The Greenshields relationship implies that
the average time headway used by human drivers, hy, isgiven as

h, = L (4-3)
Vi - V

free =

(4-3) indicates that human drivers use smaller time headways for lower speeds, or
equivaently, higher traffic density.
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The traffic flow rate g at steady state measures the number of vehicles moving in
a specified direction on the road per unit time and is given by

q= kv (4-4)
With (4-3), the manual traffic flow-density relationship at steady state is given by

& kO
q=KkGl- — v, (4-5)

jam @

The fundamental g-k diagram labeled as “100% manua” in Figure 14 is generated using
(4-5). It follows from (4-5) that the traffic flow rate achieves its maximum value

KiamV » : :
O = %”ee at the critical density k_, = —2 .
flowrateq a
Qmm
100% manual
Kem Krmax flow density k

Figure 14. Fundamental flow-density diagram of the manual traffic

If the traffic is dense enough to be viewed as a fluid, then from the conversation
of mass equation, we have

.”_k+m:o
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Further assuming that the human driver or the ACC system can adjust the vehicle' s speed
instantaneoudly to the steady state value based on the current traffic density, we can treat
g as afunction that depends only on k, and (4-6) can be rewritten as [39]
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—+c—=0 4-7
e (4-7)
where
c:%:v+kﬂ (4-8)
dk dk

When the traffic density on any road section is close to a constant ko, ¢ can be

approximated as a constant equal to v(k,)+ kOﬂ , which can be interpreted as the

k=k,
slope of the tangent to the g-k curve at k=ko. When c is a constant, the solution of (4-9) is
atraveling wave [39]

k(x,t)=F(x- ct) (4-9)

where F is an arbitrary differentiable function. If v is a non-increasing function of k,
which is true in practice, we can see that ¢ £ v aways holds. This means the traveling
wave always propagates backwards relative to the traffic flow. If ¢ > 0, then any density
disturbance propagates as a forward traveling wave. If ¢ <0, then the density disturbance
propagates as a backward traveling wave, which indicates that any density disturbance is
traveling upstream in the space without any attenuation. Using the flow-density
relationship of manual traffic described by (4-5), it can be shown that

e 0
C=V; él- 2—kj:ZV- Vi (4-10)
jam &

It follows that c is a strictly decreasing function of k and

1c2 0, if kT [0, ky] "1t
Fe<o, i KT (kg Kinn] (4-11)

cm?

In the 100% manual traffic, the g-k curve has a stationary point that corresponds
to a critical density kem that gives the maximum traffic flow rate gmm Or the capacity on
that section of the road. The point (Qmm, Kem) has been empirically observed to be
unstable, i.e. it leads to a breakdown in traffic flow [33]. When such traffic flow
conditions exist the traffic flow rate and the average speed decrease as the traffic density
increases, and the operating point moves towards the jam density kj.m on the g-k curve.
This observation is explained in [40]. As capacity is approached, the flow tends to
become unstable as the number of available gaps reduces. Traffic flow at capacity means
that there are no usable gaps left. A disturbance in such a condition due to lane changing
or vehicle merging is not “effectively damped” or “dissipated’. Asindicated by (4-9) and
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(4-11), any disturbance propagates upstream without attenuation. This leads to a
breakdown in traffic flow and “formation of upstream queues”’.

4.2 Impact of ACC Vehicles

While the behavior of human drivers is random and at best we can develop a manual
traffic flow-density model that is qualitatively valid, the response of ACC vehicles is
more deterministic due to the use of a specific spacing policy. For simplicity we assume
that all ACC vehicles have the same length L and use the same spacing policy.

Figure 15. Mixed traffic with ACC and manually driven vehicles.

Consider the mixed traffic flow shown in Figure 15, where s, and s, are the
average intervehicle spacing used by ACC and manual vehicles, respectively. Note, the
safety distance at the congestion conditions, S, has been incorporated in L. The average
intervehicle spacing at steady state, s, is given by

5= ps,(v)+(1- p)s,(v) (4-12)

where p is the penetration of ACC vehicles. In the following analysis, we consider p to
be a positive number. The average traffic density, kuix, iS given by

Koy == = 1 (4-13)
S

™ ps, +(1- p)s,

(4-13) can be rewritten as

1

O (V) = (4-14)

where gnix(V), da(V), and gm(Vv) are the flow rates at speed v for the mixed, ACC, and
manual traffic, respectively. In the following analysis, we will always use k, instead of
knix, tO represent the traffic flow density of the mixed traffic. We aso use the notations k.
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and gn as the critical density and the maximum flow rate of the mixed traffic,
respectively.

4.2.1 Constant Time Headway

In this subsection, we consider the impact of ACC systems which employ constant time
headway policy. Consider the 100% ACC traffic case. When the traffic density is low, we
can assume no vehicle interaction and all the ACC vehicles operate at the free speed Viree.
As the traffic density increases, and reaches the critical density ke, given by

K o=— - (4-15)
hv, +L

a ' free
where h, is the average time headway, the ACC vehicles begin to interact with each other.
The total spacing, s, occupied by an ACC vehicle using constant time headway h, at a
speed v is given by

s=hv+L (4-16)

Note that the safe distance term s in the spacing policy (2-6) has been incorporated into
L. The fundamental flow-density diagram for the traffic with 100% ACC vehicles is

given by

TRV 0£KEK,

= 4-17
T K, kg <kEky, i

q

Equation (4-17) does not capture effects that are due to individual vehicle responses but
describes the average steady state traffic flow characteristics. The relationship described
by (4-17) is graphically viewed in Figure 16. It follows from (4-17) that the traffic flow

v .
rate achieves its maximum value ¢, = ——=— at the critical density Kea.

a ' free

For the ACC traffic described by (4-17), it follows that

Viw, if kT [0, k]
L . - (4-18)

{- o ik (o K]

| a

where ke, is the critical density given in (4-15). From (4-18), it follows that the speed of

the traveling wave is the same as the average speed of all the ACC vehicles when the

traffic density is lower than k.. When the traffic density is higher than ke, any
disturbance in the traffic will propagate upstream with a constant speed L/h,. As we can
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see, selecting small h, increases not only the maximum traffic flow rate but also the
traveling speed of traffic disturbances.

flowrateq a

Gra 100% ACC

(constant time headway)

»
»

Kea Kiam flow density k

Figure 16. Fundamental flow-density diagram of the ACC traffic (constant time headway).

Using (4-13) and (4-14), it is trivia to show that the traffic density of the mixed
traffic is a strictly decreasing function of the flow speed, and that the fundamental flow-
density diagram of the mixed traffic must be bounded between those of the 100% ACC
traffic and 100% manual traffic. Now we consider the following cases in the mixed
traffic:

Casel: h 3 3
Vfree

In this case, ke is lower than key and gma IS lower than or equal to gmm, respectively, as

shown in Figure 17. Qma is equal to gmm if and only if h;=3L/Vjee. Using (4-13) and (4-14),

it can be further shown that the critical density, k;, and the maximum flow rate, g, of the

mixed traffic are lower than kem and gmm, respectively. This conclusion indicates that

ACC vehicles using large constant time headway (no less than 3L/viee) Will decrease the

critical density and the maximum flow rate of the highway traffic, which is undesirable.
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Figure 17. Fundamental flow-density diagrams of the manual traffic and the ACC traffic (constant
time headway h3 3L/Vee).

2L £h < 3L

Vfree Vfree
In this case, ke, islower than kem but gma is higher than gmm, as shown in Figure 18. The
flow rate of the ACC traffic is not higher than that of the manual traffic at k. Using (4-
13) and (4-14), it can be further shown that the critical density of the mixed traffic, ke, is
aways lower than k. However, the relationship between g and gnm depends on p, the
penetration of the ACC vehicles. gn islower than gmm for small p, while gn, is higher than
gmm for large p. In this case the presence of ACC vehicles increases the highway capacity
when the penetration is high, and it decreases the highway capacity otherwise.

Case 2
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Figure 18. Fundamental flow-density diagrams of the manual traffic and the ACC traffic (constant
time headway 2L Ve <3L/Viree)-

L <h, < 2L
Vfree A

In this case, ke, is lower than ke, but gma is higher than gnm. This case is different from
case 2. the flow rate of the ACC traffic at ke is higher than gmm, as shown in Figure 19.
Using (4-13) and (4-14), it can be further shown that g, is aways higher than gmm, which
means the presence of ACC vehicles aways improves the highway capacity.

Case 3:

free

L

Cased: h £
Vfree

In this case, h, is smaller than the average time headways used by human drivers at any

density. Its fundamental flow-density curve is not presented here but it can be easily

verified that the mixed traffic flow rate is always higher than the manual traffic flow rate.

Though it sounds to be an interesting case, using such small time headway is not

desirable due to safety considerations.



flowrateq a
Oma
100% ACC
Qmm
100% manual
ka  Kem Kiam flow density k

Figure 19. Fundamental flow-density diagrams of the manual traffic and the ACC traffic (constant
time headway LV ee<h,<2L Vree).

Now we can have alook at the simulation studies conducted in [21]. It was shown
in [21] that using the variable time headway based on the Greenshields relationship can
lead to better traffic performance than using the constant time headway. The simulation
parameters used in [21] are: Viree=36m/s, L=10m (or Kan=100veh/km), and h,=1s. This
situation fallsinto case 1 in our study. It is not surprising to find out that the variable time
headway performs better than the constant one around the traffic density k.m, which
agrees with simulation resultsin [21].

4.2.2 Modified Variable Time Headway based on the Greenshields
relationship

As described in (4-1), we assume that the variable time headway used by ACC vehicles,
hg, is r times of that used by human drivers on the average. r is a scaled factor that could
be adjusted for safety concerns. When r=1, the time headway used by ACC vehicles is
the same as that of the manually driven vehicles. In this subsection, we analyze how ACC
vehicles with such variable time headways will affect the traffic flow characteristics. In
[31], asimilar work has been done for heavy trucks.

From (4-13), it can be derived that

1

== 4-19
ph hmV + Lc ( )
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where p, = pr +(1- p), hmisgivenin (4-4), and k and v are the density and speed of the
mixed traffic, respectively. With (4-4), it follows that

y=_ Ltk g pltk 9 (4-20)
1- Lk + p,Lk 1- Lk+ p, Lk &

When p=0, (4-20) is the same as (4-3), and the corresponding fundamental flow-density
diagram is labeled as the “0% ACC” in Figures 20 and 21. With (4-4) and (4-20), the
traffic flow rate q is given by

q:@l_ ph—l_kgk\/f (4_21)
é 1- Lk + p,Lk 5

From (4-21), it follows that

dg _ (1- LK)’ - p,L7K?
dk  (1- Lk+ p,Lk)?

v, (4-22)

and

2
d g:_ 2p,L v, (4-23)
dk (1- Lk+ p,Lk)

d?q

2

ki [0, 2/L] indicates

<0. Hence, gisadtrictly concave function of k on [0, 1/L], and

C =$ is a strictly decreasing function of k on [0, 1/L]. The maximum traffic flow rate,

Om, IS achieved at k., where g, and k. are given as

1

kc = m (4‘24a)

Vf
On = (4-24b)
h+ /o FL

From (4-20), it follows that the speed of the traveling waves, c, is given by

_dg _ (1- Lk)’ - p,L%?
dk  (1- Lk + p,Lk)

v, (4-25)
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With (4-20), (4-25) can be rewritten as

_ V2 (Vf - V)2

Vi PnVy

(4-26)

Using the above equations we examine how the presence of ACC vehicles affects the
traffic flow characteristics. We consider the following cases:

Cael:r=1

In this case, the time headway used by ACC vehicles is the same as that used by
manually driven vehicles, or equivaently, p, = 1 for al p. This is a trivia case: the
presence of ACC vehicles doesn’t affect the traffic flow-density diagram.

Cae2:r<1

In this case, the time headway used by ACC vehicles is smaller than that used by
manually driven vehicles. Equivalently, pp = 1if p=0, and O < p, < 1 otherwise. The
fundamental flow-density diagram of the mixed traffic is labeled as “100p% ACC”

shown in Figure 20. From (4-24a) and (4-24b), we know that k. >k, :2—::_ and

Y
Uy > Qo = 4—;_ for nonzero p. This indicates the presence of ACC vehicles increases the

critical density and traffic throughput since they are using smaller time headway. It is
obvious that for two traffic flows at the same speed, the one with 100p% of ACC will
have traveling waves propagating upstream faster, based on (4-26). This point can be
graphically viewed as in Figure 20: the slope of the tangent at point A, is smaller (more
negative) than that at point Ao. Following the same analysis, we conclude that for two
traffic flows, the one with more percentages of ACC vehicles will have higher critical
density and maximum flow rate. For two traffic flows at the same speed, the one with
more percentages of ACC vehicles will have traveling waves transferring upstream faster.
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Figure 20. Fundamental flow-density diagrams of the manual traffic and the ACC traffic (variable
time headway r< 1).

Case3.r>1

In this case, the time headway used by ACC vehiclesis larger than that used by manually
driven vehicles. Equivalently, p, = 1 if p = 0, and p, > 1 otherwise. The fundamental
flow-density diagram is labeled as “100p% ACC” shown in Figure 21. From (4-244) and

%
(4-24b), we know that k. <k, :2—::_ and g, <q,,, :4—;_ for nonzero p. This indicates

the presence of ACC vehicles decreases the critical density and traffic throughput since
they are using larger time headway than the manually driven vehicles. It is obvious that
for two traffic flows at the same speed, the one with 100p% of ACC will have traveling
waves propagating upstream slower, based on (4-26). This point can be graphically
viewed as in Figure 20: the slope of the tangent at point A, is larger than that at point Ao.
Following the same analysis, we conclude that for two traffic flows, the one with more
percentages of ACC vehicles will have lower critical density and maximum flow rate. For
two traffic flows at the same speed, the one with more percentages of ACC vehicles will
have traveling waves transferring upstream slower.

58



flowrateq A

0% ACC
G /
Om

<" 100p% A

o ke Kem Kiam flow density k

Figure 21. Fundamental flow-density diagrams of the manual traffic and the ACC traffic (variable
time headway r > 1).

Shock waves are discontinuous waves that occur when traffic on a section of a
road is denser downstream than upstream. The waves on the less dense section travel
faster than those in the dense section ahead and catch up with them. Then the continuous
waves coalesce into a discontinuous wave or a “shock wave’ [38]. It can be shown that
shock waves travel at a speed, u, given by [38]

u=%" % (4-27)
kz - kl

where (ai, ki) and (g, ko) are the traffic flow rates and traffic densities on the two
sections, respectively. In the fundamental diagram, thisis given by the slope of the chord
connecting the two points that represent conditions ahead and behind the shock wave at a
and b, respectively (see Figure 22). In this report, we use (4-21) and (4-27) to analyze
shock waves. Suppose the traffic speeds ahead and after the shock wave are vi and v,
respectively. The speed of shock waves given by (4-27) is

2 2

(Vfree - Vz) Vi - (Vfree - Vl) v, _ (Vfree - VZ)(Vfree - Vl)

u=v
(Vl -V, )Vfree Viree

><i (4-28)
Py

Given pn, we can estimate how the presence of ACC vehicles affects the shock waves.
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Figure 22. Illustration of shock wavein transportation traffic.

Cael:r=1

In thistrial case, the presence of ACC vehicles doesn’t affect the shock waves.
Case2:r<1

ph=1if p=0, and O < py <1 otherwise. This indicates the shock waves are propagated
upstream faster in the case of mixed traffic with ACC vehicles.

Case3.r>1

pn=1if p=0, and p, > 1 otherwise. This indicates the shock waves are propagated
upstream slower in mixed traffic with ACC vehicles.

In this mixed traffic, if ACC vehicles use the time headway in (4-1) smaller than
manually driven vehicles, then the critical density and the maximum traffic flow rate get
improved. Hence it is desired to choose r as small as possible. However, the time
headway cannot be chosen arbitrarily small due to safety constraints. In addition the use
of smaller r leads to a faster propagation of traffic disturbances or shock waves to their
dissipation regions.
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5 CONCLUSIONS

In this project, we design two ACC systems, referred to as ACCO1 and ACCO2 that can
be implemented with a general variable time headway that includes those proposed in the
literature as well as new ones. The ACC systems are developed based on a simplified
longitudinal vehicle model and have been proven to be able to guarantee globa stability.
Simulations are conducted with a validated nonlinear vehicle model to demonstrate that
both ACC systems work in a safe manner and meet the control objectives. The ACCO1
has similar properties as the ACC systems proposed in the literature whereas ACCO2 is
different and is equipped with more intelligence when it comes to disturbance rejection
and smooth response. It is observed that under certain conditions the transient response of
ACCO1 violates the control objective when the preceding vehicle accelerates rapidly.
Furthermore, the oscillations in the speed of the preceding vehicle will be propagated
back unattenuated by ACCOL1 even when the separation distance is very large. This is
typical of the ACC systems proposed in the literature where in an effort to guarantee tight
vehicle following they follow closely oscillatory speed responses of the lead vehicle.
ACCO2 treats the vehicle following task as a special case of the speed tracking task, and
is designed to provide better transient performance by using a nonlinear logic function.
As a result the oscillations in the speed response of the preceding vehicle can be
efficiently attenuated when the separation distance is large. This specia property of
ACCO02 leads to better fuel economy and emission results than ACCOL.

We establish that on the macroscopic level the effect of ACC on traffic flow
characteristics depends on the spacing rule used rather than the type of individual control
system on board of each vehicle. As aresult ACCO1 and ACCO02 have similar properties
on the macroscopic level if both use the same spacing rule. When large constant time
headways are used, the presence of ACC vehicles decreases not only the capacity but also
the critical density of the traffic flow. We propose and analyze a new variable time
headway which is parameterized by a design constant r which is interpreted as the ratio
of the time headway used by ACC vehicles versus that of manualy driven vehicles. For
r<l the presence of ACC vehicles appears to improve the traffic flow characteristics
whereas for r>1 the traffic flow of mixed traffic becomes unstable at lower traffic
densities and at lower traffic flows compared with traffic with no ACC vehicles.

Our study concludes that the ACCO2 with the new proposed variable time
headway with r<1 provides the best performance with respect to vehicle following,
environment and traffic flow characteristics. Safety considerations may require r to be
not much less than 1 or additional technologies may be used to improve the reaction time
of ACC during braking maneuvers. The ACCO02 system is also able to receive speed
commands from the roadway and respond in a smooth way without any adverse effect on
travel time. ACCO2 will be used in a continuing project under TO5501 to develop a
roadway controller in an integrated roadway/ACC system which can be implemented in
today’ s highway system.
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