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Cooperative Adaptive Cruise Control in Real Traffic
Situations

Vicente Milanés, Steven E. Shladover, John Spring, Christoplograkowski, Hiroshi Kawazoe and
Masahide Nakamura

Abstract—Intelligent vehicle cooperation based on reliable capacity and smoothness, reducing congestion on highways.
communication systems contributes not only to reducing traffic By introducing V2V communications, the vehicle gets infor-
accidents, but also to improving traffic flow. Adaptive Cruise Con- mation not only from its preceding vehicle —as occurs in ACC—

trol (ACC) systems can gain enhanced performance by adding . . .
vehicle-vehicle wireless communication to provide additional but also from the vehicles in front of the preceding one. Ksan

information to augment range sensor data, leading to Cooperate {0 this preview information, oscillations due to speed gen
ACC (CACC). This paper presents the design, development, by preceding vehicles can be drastically reduced. Benedits f
implementation and testing of a CACC system. It consists of jncluding communications in ACC systems have been widely
two controllers, one to manage the approaching maneuver to studied in recent years [4], [5], [6].

the leading vehicle and the other to regulate car-following once Pri . tal it . hicl hicl .
the vehicle joins the platoon. The system has been implemented rior experimental results using vehicle-vehicle coopena

on four production Infiniti M56s vehicles, and this paper details t0 improve vehicle following performance were achieved by
the results of experiments to validate the performance of the the California Partners for Advanced Transit and Highways
controller and its improvements with respect to the commercially (PATH) in 1997 [7], [8] when a platooning maneuver involv-
available ACC system. ing eight fully-automated cars was carried out using wire-
Index Terms—Cooperative Adaptive Cruise Control (CACC), less communication among vehicles —mainly for longitutlina
adaptive cruise control (ACC), intelligent driving, cooperative control- and magnetic markers in the infrastructure —nyainl
\(/ﬁ_rgt):les, connected vehicles, intelligent transportation systems ¢, |ateral control. Based on the idea of a leading vehicle
guiding several followers, the Safe Road Trains for the En-
vironment (SARTRE) European Union project has developed
. INTRODUCTION virtual trains of vehicles in which a leading vehicle with a
Significant developments in Advanced Driver Assistangsrofessional driver takes responsibility for each plat¢@h
Systems (ADAS) have been achieved during the last decadhat concept of the professional driver in the first vehicksw
Intelligent systems based on on-board perception/detectoriginally developed in the European project called CHAUF-
devices have contributed to improve road safety [1]. The neéXEUR [10].
step in the development of ADAS points toward vehicle- Specifically related to CACC implementations in production
to-vehicle (V2V) communications to obtain more extensivears, two important projects were recently conducted in the
and reliable information about vehicles in the surroundingetherlands. The Connect & Drive project, funded by the
area, representing a cooperative ITS system. Using w&el€utch Ministry of Economic Affairs, carried out a CACC
communication, potential risk situations can be detecteliee demo using six passenger vehicles [11] adopting a constant
to help avoid crashes and more extensive information abaithe gap spacing policy. For the Grand Cooperative Driving
other vehicles’ motions can help improve vehicle contra@@hallenge (GCDC) competition in 2011, nine heterogeneous
performance. Research projects have been conducted troughicles from different European research institutiorisdtr
out the world to define the requirements for an appropriate perform a two-lane CACC platoon [12]. This competition
vehicular communication system and its possible apptioati revealed some of the most important problems to be solved
[2]. before bringing this technology into production, incluglithe
Although most of the V2V cooperative ITS applicationgommunication systems reliability. From the control paiiit
have been focused on improving collision avoidance andysaf@iew, most of the implementations were based on proportjona
[3], the extension of the commercially available Adaptiv@roportional-derivative feedback/feedforward conedl [13],
Cruise Control (ACC) system toward the Cooperative ACQ4], [15] or Model Predictive Control (MPC) techniques [16
(CACC) system has a high potential to improve traffic floya7].

I . . When it comes to designing a CACC system, string stability

V. Milanés wants to especially thanks to the ME/Fulbrigidgzam and the | k le [18]. Th | is designi bl
Center for Automation and Robotics (CAR,UPM-CSIC) for itpgart in the plays a ey'roe [ ] € goal Is designing a Sy_Stem a. €
development of this work. to reduce disturbances propagated from the leading vehicle
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based on simplified theoretical models of ACC vehicle folow
ing behavior, and have shown encouraging results. Howe
real production ACC systems have significant response slelg
that have not been represented in the prior theoretical a
yses, but which destabilize the vehicle following respense
Consequently those theoretical analyses have produced ui
alistically optimistic estimates of the traffic stabilitynpacts
of ACC.

In previous PATH research, a CACC involving two vehicle| =

was tested with very favorable results [23], [24], [6]. Riiig
on that previous work, this paper describes a new contr
system design and implementation that is integrated in fou
production vehicles. A constant time-gap car followingastr
egy was implemented similar to the commercial ACC, but with
the availability of significantly shorter time-gap settnd his
is achievable because V2V communications permit tight
control of vehicle spacing and guarantee string stabifty,
that inter-vehicle time-gap settings significantly shorttean
the production ACC time-gap settings are comfortable a
acceptable to drivers [24]. The whole system was then t(nste;
real traffic scenarios in order to compare its performandhéeo .
production ACC system installed in the vehicles. Cut-in an
cut-out maneuvers were also tested to evaluate the cantroll
under regular traffic circumstances, emulating everydaf§itr
situations.

The rest of the paper is organized as follows. Section
Il presents a brief explanation about the production vehi-
cles used in the experimental phase, the control archictu
implemented on each vehicle and the vehicle model. The

| ) )
|P. 1. Experimental M56s vehicles

and brake pedals, i.e. the low-level controller. This caist
ngewhat limits the options when it comes to designing the
controller since the low-level controller could not be neat,

but it still provides adequate dynamic range for contrgllin
tlae vehicle under non-emergency transient conditionsurgig
shows the block diagram for the vehicle control architextu

t consists of a classical robotics control architectunaddid

(r]zto three stages:

Perception phase where all information from the sensors
installed in the vehicle is received. Two sources can be
distinguished. On one hand, information coming from
the WSU system, where all data communicated by other
vehicles in the platoon —speed, acceleration, distance to
preceding vehicle, current time gap, control activation
and so on- is received and included on the CAN bus

control system that has been implemented based on a gap data structure. This data also includes detection and as-

closing controller and a gap regulation controller is exygd

in Section lll. Several experiments to validate the prodose
systems are included in Section IV. Finally, some conclgdin
remarks are given in Section V.

Il. EXPERIMENTAL VEHICLES

Four production Infiniti M56s (see Fig. 1) were used as
the experimental vehicles. These vehicles are rear-whes d
with a 420-hp 5.6 liter V8 gasoline engine. They were fac-
tory equipped with lidar-based ACC, lane departure warning
(LDW) and blind spot detection systems. Additionally, a
5.9 GHz Dedicated Short Range Communication (DSRC)
system with a differential Global Positioning System (GPS) *
incorporated in a Wireless Safety Unit (WSU) was supplied
by DENSO. Control was implemented through a dSpace
MicroAutoBox which received data from both the WSU and
the production vehicle’s Controller Area Network (CAN). In
particular, lidar data from the first and immediately prengd
vehicles and data from on-board vehicle sensors —speed,
acceleration, and yaw rate— were used by the control compute

A. Control architecture

As previously stated, a factory installed ACC controller
was available in the vehicles. This controller sends target
speed commands to the vehicle’s actuators. The same control
variable is available for the CACC system, but it needs to
act through the commercial system that controls the tlerottl

signment of the vehicle position sequence in the platoon,
which is carried out by the WSU using its GPS with
Wider Area Augmentation System (WAAS) differential
corrections. On the other hand, information is obtained
from the on-board sensors, such as factory available
lidar measurements (relative distance to the preceding
vehicle), odometer (current speed) and acceleration, and
flag signals (to get information about the interaction of
the driver with the driver interface such as activation or
deactivation of the system or gap setting selection). The
driver interface buttons, located on the right side of the
steering wheel, are also used for the CACC controller.
Planning stage includes the high-level controller. Both
controllers, the commercial ACC system and the newly
developed CACC system, are available during the tests
so the driver can switch between them in real time.
For switching, the control code reads the CAN bus
information coming from the transmission mode selection
button—i.e., eco-driving mode, sport mode, standard mode
or snow mode. When the sport mode is chosen, the high-
level controller will take the CACC controller output.
When any of the other modes is chosen ,the production
ACC controller output will be sent to the low-level
controller. The CACC controller code has been developed
in Matlab/Simulink and is loaded in the vehicle using a
dSpace MicroAutoBox which is connected to the vehicle
via the CAN bus, where the target speed commands are
sent. The CACC controller can be deactivated in the
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Fig. 2. Control architecture block diagram
Braking response
29 T T
same way as the commercial ACC, either using the driv ™/ ; ——Reforonce ]
interface buttons or pressing the brake pedal. El T Srermental results) |
o Actuation phase is in charge of executing target ref &l i
erence commands coming from the planning stage. . 2al \'/’, eyt
previously stated, this low-level controller is in charde 23, : - = - -
converting the target speed commands into throttle a Time (s)

brake actions, using the factory ACC controller.

Fig. 3. Vehicle’s longitudinal dynamics response for ac@len and braking
maneuvers

B. \ehicle model

The vehicle dynamic model, to be used for evaluating
vehicle performance from the string stability point of viewpoth the dynamics of the vehicle and the low-level controlle
is identified based on its step responses to different spdharge of managing throttle and brake actions.
changes. For these tests, a simple open-loop controller is i
charge of generating speed target commands to the vehicle. lIl. CONTROL DESIGN
Once the vehicle is stably driving at its current target spee  The goal of the CACC controller is maintaining the driver-
new speed command for an accelerating or braking maneudesired time gap to the preceding vehicle in any traffic cireu
is sent to the vehicle. The Infiniti M56s vehicles are equippestance, with both smoothness and accuracy. The ACC driver
with a powerful engine that produces fast and strong regsonmterface is used to manage the CACC controller. It includes
to changes in the target speed command. Considering tligftons for activating and deactivating the ACC contrgller
a second order response model can be extracted from theee gap settings and the option of setting, increasingeer d
experimental test data, where two different dynamic respsn creasing the cruise control speed, in case no vehicle istéete
are clearly evident in the behavior of the vehicle during thie front of the ego-vehicle. For the ACC factory system, the
accelerating and braking phases. Overshoot occurs on #wailable gap settings are 1.1, 1.6 and 2.2 seconds. For the
braking response since a high engine braking force — edlyeciC ACC system, the shortest gap is set at 0.6 seconds. This valu
in the sport driving mode, where the CACC controller wakas been chosen based on estimates of the separation needed t
designed- is added to the friction braking action. Two sdeorenable crash avoidance under emergency conditions, as well
order models with time delay were identified from the tests previous tests of acceptance by drivers from the general

data, with the following structure public [24]. The other two available CACC gap settings age 0.
and 1.1 seconds. There were two limitations when designing
F(s) = %@*Tcﬁ (1) the CACC controller: it is not possible to access or modify
52 + 20w, s + w2 the low-level controller; and acceleration and deceleratire

with k, 0, w, and Ty being the static gain, damping factor]imited to maximum values((1g and (0.28¢ respectively) by
natural frequency and time delay respectively. Parametéhe low-level controller.

for both models —i.e. braking and acceleration responses-The controller has been divided in two stages. The first
are defined in Table I. They are obtained using the Matlatage occurs when the CACC system is activated and there is
System Identification Tool, which permits selection amongo vehicle in front of it or the ego-vehicle is far away froneth
different candidate transfer functions. This transferction preceding one. In these cases, the vehicle is usually foitpw

for representing vehicle behavior was chosen as a trade-tdf set speed so an approaching maneuver has to be carried
between simplicity (second order model) and goodness of diit before switching to a car-following policy. This corltev
(over 95%). Responses for both models to a speed change-#ite gap closing controller— has to be as smooth as possible
depicted in Fig. 3. One can appreciate how well the modt permit a good transition to the gap regulation controlier

fits the response of the real vehicle. This model incorperatis also used in case of cut-out maneuvers when a vehicle in



Pp(s) | Freceding car-following policy - correspond to the car-following policy with respect to thie-p

Xi i [~ Preceding gap error controller ceding and the leading vehicle respectively; terffis(s) and
¥ | Ke(s)] K (s) represent time-gap error regulation controller for the
U. Ul Vehicle model x, Ppreceding and the leading vehicle respectivély;and U;
: @Comm —; @ correspond to the control action for the ego-vehicle and the
Xs . P preceding vehicle (coming from the wireless communication
8 1 Ku(S) Teading gap error controller system) respectively; the ter(s) = e~%° represents the
T time delay in the wireless communication; aA¢g, X; ; and

Pu(s) Leading car-following polic e . .
9 9pelY X, represent the positions of the ego-vehicle, the preceding

Fig. 4. CACC control structure block diagram and the leading vehicle position in the platoon. The colrol
is formed by three main terms: one of them is in charge of
keeping the current speed but, instead of using the ega@leehi
the middle of the platoon decides to leave and the following preceding vehicle speed [23], the preceding vehicleetarg
one has to cover the cut-out vehicle gap. speed U;_1) is used as a feedforward term. This permits
Once the vehicle has joined its predecessor, the seconel stagproving the vehicle response time to speed changes and
controller —the CACC gap regulation controller— is in cleargreducing delays in the transition between throttle and drak
of implementing the car-following policy depending on thactuations. The other two terms try to keep the errors with
time gap selected by the driver. Three different time gapsspect to the preceding vehidi&s(s) and the leading vehicle
are available, following the production ACC structure. ShiK (s) as small as possible. Both terms correspond to a classic
controller is also in charge of managing cut-in maneuvePD structure defined as
when a non-equipped vehicle merges into the platoon. Both
controllers have been designed to be consistent with how a Kp(s) = kis + ks (4)

human driver handles each driving situation.
Ki(s) = kas + ky (5)

A. Gap regulation controller where car-following policies can be defined as

Once the vehicle is close enough and the gap closing ma-
neuver has finished, the system switches to the gap regulatio Pp(s) =hps+1 (6)
controller, which is the core of the CACC control system. Pols) — ] 1 7
Commercially available ACC systems try to reduce the gap L) = hrs+ (7)
error (z.) between the ego-vehicle and the preceding ongith 1, andh;, being the time-gap target values with respect
Information from the lidar/radar is used to reduce gap errgs the preceding and leading vehicles respectively.
(zc) between desired time gaff,) and relative distance As previously stated, the vehicle clearly exhibits differe
(zr = z, — xy) —Wherez, is the current position of the gynamics in the acceleration and braking phases that can be
preceding vehicle and; is the position of the ego-vehicle,modeled by second-order functiongi(s) = F(s) so the
following the next expression position X;(s) for a vehicle in the platoon can be determined
as
Te = Xp — VUyty )

where vy is the speed of the ego-vehicle. For this purpose, Xifs) = G(s)Uils) (8)
a controller, K'p(s) based on a standard PD-control structurghere U;(s) is the target speed command for that vehicle.
[25], [26], can be easily adjusted to get stability with resfto  Assuming the vehicles start from rest and using equation (8)

the immediately preceding vehicle but, as previously demoghe relation between the ego-vehicle and the precedingne i
strated [27], this is not enough to guarantee string stgbili given by

Exchanging information among vehicles using wireless
communications permits improving the vehicle’s respornse a
well as significantly reducing time gaps, keeping safety. Whe X;(s) = e 1;((8) +PG(S)KPI(;) Iz Xi—1(s)
it comes to designing a CACC system, string stability is one +G(s) [Kp(s)Pp(s) + Ki(s)Pr(s)] )
of the main goals. It can be defined as the system's ability £ 1oing the criteria defined for string stability, the goa

to r_educe perturbations downstrear_n_, a_void_ing that Ieadi&gtO keep the Bode magnitude below the unity gain of both
vehicle speed changes cause amplification in the rest of (ighicje dynamics, i.e. acceleration and braking responses
vehicles [28]. According to [29], it can be defined as Control gains were firstly modified using tuning tools from
Xi(s) Matlab/Simulink to fulfill the requirements. Final tuningas/
[SS(s)] = ‘7’ <1,i>2 (3) carried out in the experimental vehicle in order to not only
Xia(s) get an accurate response from the car-following policy fpoin
where: indicates the position of the vehicle in the platoon. of view but also a smooth riding quality from the driver
Figure 4 shows the CACC controller block diagram whengerspective. Table 1l shows the final parameters selected fo
G(s) represents the vehicle model; term®% (s) and P(s) the preceding and leader car-following policy controlléree
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Fig. 5. String stability frequency analysis

same parameters were used for accelerating and braking |
neuvers since good responses were obtained for both dysan
and they fulfilled string stability criteria. Control gais$ the
controller in charge of minimizing the error with respecthe
leading vehicle are smaller than the ones in the contrdilatr t
tries to reduce the error with respect to the preceding ohis. T
is consistent with the need to ensure safety (avoiding pialen —Preedr
impact with preceding vehicle) and to reduce the perceiv L Taret ratover ‘ O
variability of the gap relative to the preceding vehicle ti R s % & e % Z E
promote driver confidence in the system.
Figure 5 shows responses for both dynamics —i.e. acc o .
eration and braking— in the frequency domain, showing th
the string stability criterion is fulfilled. The differende both
dynamics is also reflected in the frequency analysis. For t
controller design, it was assumed that there is no delayen t i - —
wireless communication system, i.B8(S) = 1. This assump- T o
tion was subsequently confirmed during the experimentspwh W w W ® W e  w =®
the packet loss percentage was insignificant. Effects dfgiac
loss on string stability are out of the scope of this paper. Fig. 7. Preceding car approaching maneuver in cut-out sicenar

Acceleration (g)
I
°
&

B. Gap closing controller experiment for this situation are included to show the bihav
For approaching the preceding vehicle, a simple lineaf the gap closing controller.
function depending on the relative speed and distance ketwe Figure 7 depicts the performance of the gap closing con-
vehicles and the desired deceleration has been used. Itecartrller during a three-vehicle CACC test. The top graph lot
configured according to the driver’s preference. Fig. 6 showhe evolution of the speeds of the vehicles and their forward
the gap closing controller operation whete,;,,; represents vehicle speeds estimated from the lidar range measurements
the initial inter-vehicle distance when a preceding vehicl The middle graph plots the vehicles’ accelerations during
detected;vr;q,¢+ indicates relative speed between vehicleshe experiment. The bottom graph represents the time gaps
dr.,q represents the distance when the controller switchbstween vehicles during the test. For notation, the leading
to the gap regulation mode; and-.,, indicate the final vehicle is the first vehicle during the whole test; the préogd
relative speed equal to zero. The ego-vehicle braking mameuvehicle—solid blue line—is the one that starts the platootiné
depends on the desired deceleration-6.8,o0th, Gmedium OF  S€coONd position and then cuts out; and, the follower vehicle
anqra N the graphic. This parameter can be configured swlid black line—is the one that begins in the third position
match the driver’s preferences. The smoother the decielerat and then performs the approaching maneuver. The preceding
the earlier the vehicle starts to brake. The controller leenb and follower vehicles are driving under CACC control with a
tested both following a set speed before joining a platoah atime gap of 0.9 seconds and a set speed of 31.1 m/s. Forward
in a cut-out maneuver when the vehicle initially switchemhfir vehicle speeds estimated from the lidar range measurements
the gap regulation controller to the gap closing contrpbeid of the preceding vehicle—dotted green line—and the folfewe
then switched again to the gap regulation controller. Sthise dotted red line—are also shown.
second option involves more complex situations, resultanof  During the firsts4seconds, preceding and follower vehicles



are driving in CACC following the leading vehicle in the
platoon. One can appreciate how the speed estimated fr
the lidar range measurements of the follower—dotted res-lin
is tracking the preceding vehicle’s speed-solid blue IClese

to second 54, the preceding vehicle changes lane (cuts @ut
both its speed and lidar measurement have been removed %% W @ % om0 o B w10
the sake of clarity. One can appreciate how the followeradste
that its preceding vehicle has cut out and a sharp changein
time gap occurs. At that point, the system switches betwe
the gap regulation controller and the gap closing controlle
The follower starts to smoothly accelerate in order to clos
the gap with the leading vehicle. Considering the decéterat W W W W w w w0 w0
parameter constraint for this tesb.+g, the vehicle starts to ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘

T T
—— Follower
—— Leader

Speed (m/s)

0.051~

-0.05

Acceleration (g)

I
)

brake smoothly to create a new two-vehicle platoon with tt ot E

leading vehicle. The new target vehicle is driven by a hum: g"g

driver so some speed changes—as occurs in real traffic giivir , , \A

during the gap closing maneuver are seen. It can be obser ” N T T M T S

how the vehicle switches again to the gap regulation cdetrol S T

close to second 65, where a change in the deceleration_is .
. .. . Fig. 8. Gap setting changes response
observed. Then, the vehicle finishes the gap closing maneuve

perfectly fitting the desired time gap.

vehicle comes back to the longest gap. In this case, it isndyiv
V. EXPERIMENTAL RESULTS at 0.6 seconds behind the leading vehicle when the reference

The CACC system was implemented in four Infiniti M5682apP is 1.1 seconds so a significant deceleration is observed o
vehicles equipped with 5.9 GHz DSRC for wireless commdbe part of the follower in order to achieve the desired gap.
nication. Several trials were carried out with the vehidies One can appreciate how time gap transitions among different
validate the proposed approach and the designed controlféP Settings are smoo'_[h, and_ once the de_siregl gap has been
In particular, three different test results are shown h@re reached, the car-following policy is well-maintained. &ig,
first experiment consists of evaluating behavior of the caifound second 100, it can be noticed that there appears to
following policy while the driver is changing the gap segin P& Some lag in the speed response of the follower as the
The second experiment shows a realistic situation on higawaeader accelerates. Although this might intuitively appas.
when the ego-vehicle is following a leader, and anotheratehi @ delay in the response, the lag is actually an artifact ofgusi
wants to take the next exit, executing both a cut-in and &constant time-gap car-following policy, instead of a ¢ans
cut-out maneuver in a relatively short period of time. Th&Pacing car-following policy. As speed increases, so does t
third experiment compares the CACC performance of the foisired inter-vehicle distance. Examining the assocititee-
vehicles following a moderate, but realistic, speed chan§@P Plot, one can see that the time gap remained constant
profile with the performance of the production ACC systerluring the lead vehicle acceleration.
under the same conditions.

B. Cut-in and cut-out test

A. Gap setting changes test A regular situation, if the CACC platoon is driving in the
For testing controller behavior when the driver chooses t@ht-most lane on a highway, is that sudden and unexpected
change the gap setting, only two vehicles were used, oneooft-ins occur when other vehicles want to enter or leave the
them acting as the leading vehicle and the other one runnihighway. In these situations, a vehicle carries out bothta cu
the CACC controller. Figure 8 shows this test result. Theauppin and a cut-out maneuver in a short period of time. In this
plot shows the speed of both vehicles during the test; tlegperiment, the system response to those situations isnshow
middle plot depicts the acceleration; and the gap settiogelm  For the sake of clarity, a two-vehicle CACC platoon re-
by the driver is shown in the bottom graph, compared with tleponse is shown in this test, but the test has been performed
actual gap. successfully for a four-vehicle CACC platoon. For safety
During the test, the leader accelerates and brakes slightBasons, the chosen gap setting is 1.1 seconds. Figure $ show
emulating real traffic behavior. The experiment starts vaith vehicle behavior during this experiment. As in the previous
gap of 1.1 seconds, the longest CACC gap available on thee, the upper graph shows vehicle speeds; the middle graph
driver interface. Around second 58, the driver changes ¢o thhows vehicle accelerations; and the bottom graph depiets t
middle gap setting —i.e. 0.9 seconds. The follower accelsracurrent and reference (desired) time gaps.
smoothly to reduce the gap. One can appreciate this transiti At the beginning, the leader is driving at a constant speed
in the time gap plot where no overshoot or sharp changed the follower is perfectly tracking the leader's speed at
occurs. The vehicle exhibits a similar behavior when it gogke desired gap. Around second 205, a cut-in vehicle merges
from the middle to the shortest gap —0.6 seconds. Then, thetween them. This vehicle is detected by the lidar, as ledea



pattern ai1/20)g and(1/10)g with 20 seconds of driving at a
constant speed between acceleration and deceleratiotseven
This profile emulates a real driving situation in moderately
congested traffic, where repeated accelerations and decele
ations happen. The speed variations have been constrained
for this test so that it could be conducted safely on a public
highway, mixed with other traffic.

Figure 10 shows the ACC system response to this profile,
with the gap between vehicles set to 1.1 seconds, the shortes
available on the production ACC. Before starting the profile
all vehicles drove with the ACC system activated and in a
stable state. The leading vehicle drove as close as pogsible
the initial speed, 25.5m/s, and then activated the profile.

Upon acceleration, note the oscillations, mainly on thedthi
and fourth cars in the platoon, in both the vehicle speed and
time gap, before stabilizing around second 30 at a constant
e | time gap. In the subsequent acceleration cycles, note that
W | releneine g : 1 the third and fourth car response delays are considerably

R larger and the overshoots in the speed during the last two
accelerations caused an amplification downstream along the
platoon. A considerable delay, close to 15 seconds, can also
‘, ‘, ‘ ‘ ; i ‘ ‘ ‘ ] be noted in the response of the last car of the platoon. jnall
N from the fourth vehicle driver's perception, his vehicleedo
not appear to be following any gap control policy because of
the unstable behavior during the last speed change.

It is worth noting that this ACC system is not a degradation

by the sudden change in the time gap, whose value decreef%:fe ur CACC cgntroller .from removing the feedforwarq bu_t
to 0.42 seconds. The follower brakes in order to increase tie"e c_ommermall_y available ACC that ha.s. been working in
gap to the new vehicle and, after a few seconds, it reactffgduction cars with really good acceptability on the pdrt o
the desired gap. Then, around second 224, the cut-in vehit]§ drivers. It was designed with serious considerationroigs
cuts out by doing another lane change. Again, that movemé&iPility, uniike many other ACC systems, and is actually
is detected by the lidar and a sudden increase in the timere stable tha_n Some pther comr_neruall_y available systems
gap occurs. The follower accelerates smoothly to achiglloWever, even its stability enhancing deggn fegtures ate n
the desired gap with the original leader. One can notice tRBI® 1© overcome the challenges associated with the lack of
smooth transition toward the desired time gap in both the ciffformation available about the motions of the vehiclesaghe

in and cut-out maneuvers without any abrupt behaviors. TRE e immediately preceding vehicle
hardest deceleration occurs when the vehicle cuts in, igh 1€ Same profile was tested for the CACC controller, and

because the time gap is drastically reduced, creating atiaite Figure 11 shows the results using the same time scale asefor th

safety hazard that needs to be reduced as quickly as possiffeC st results. For this test, the shortest gap 0.6 sedond
It is also important to note that deceleration is always imith ©ACC—Was used. One can appreciate how the overshoot of the

the comfort range, set at0.2g [30]. th_ird_ and fourth \_/ghicles during_the last two s_peed chan@_gss w
eliminated. Additionally, there is no appreciable delaythe
) vehicles’ responses, and the car-following policy is pettfe
C. Four vehicle test tracked by all vehicles in the platoon. These results glearl
The last experiment shows the comparison between tslgow how CACC control improves on ACC results for vehicle
production ACC system and the newly developed CACIllowing and there has the potential to significantly imgo
controller. To this end, an automatic speed profile was desig traffic efficiency and safety.
and implemented on the leader car. It consisted of the fellow Figures 12 and 13 detail the final braking transient when
ing series of speed changes. In the first cycle, the vehiategr the leading car braking rate equéldg. On the ACC graphic,
at 25.5m/s for 10 seconds; then, it accelerates at a constiduet response delay is clearly seen since the last vehickeein t
acceleration of(1/80)g to reach 29.5m/s speed. The speeplatoon —solid blue line— is still accelerating during thexipd
remains constant for 10 seconds, before the vehicle strtsrt which the leading vehicle is braking. Both the significant
decelerate at a constant rate (df/80)g to come back to a delay and the amplification are observed in the acceleration
constant speed of 25.5m/s for 10 seconds. The second cygiaph. Most striking is the fact that the leading vehicle
repeats the same acceleration and deceleration curve withraking, 0.1¢g, is amplified by the last car t6.3g, causing
constant acceleration @1 /40)g and 15 seconds of driving atan uncomfortable behavior from the driver and passenger
a constant speed at the top and bottom of each acceleratiopaint of view. In contrast, the CACC graphic shows how the
deceleration event. The third and fourth cycles repeatdhees leading vehicle braking is attenuated by the last car, aed th
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Fig. 9. Cut-in and cut-out vehicle response with CACC cdntro



Speed (m/s)

N
@

Acceleration (g)

N
I
{
{
{
€
é.

Time gap (s)

o
o
I
|

o

50 100 150 200 250
Time (s)

Fig. 10. Four vehicle ACC test results with speed profile ia lading vehicle

35

w
=]

Speed (m/s)

N
@

First

| | | | |
20
0 Second 50 100 150 200 250
Third

Acceleration (g)

=

&)
I
|

Time gap (s)
=
I
|

o
o
I
|

o

50 100 150 200 250
Time (s)

Fig. 11. Four vehicle CACC test results with speed profilehia leading vehicle

deceleration is actually lower than the initiall g disturbance The CACC controller design takes advantage of wireless
during the event. The accurate tracking of the time gap policommunication information, introducing feedforward terin
for the hardest braking during the speed profile is also worthe control logic, to enable significant reductions in inter
noting. vehicular gaps. The system has been tested on public roads
showing good performance. First, reduced gap variability
V. CONCLUSION was demonstrated. Then, the ability to gracefully handle
This paper presents the design, development, implemerit&equipped vehicles cutting in and out was also validated.
tion and testing of an enhancement to commercially avalffinally, a comparative study between the production ACC
able ACC systems, based on introducing vehicle-to-vehicg¥stem performance and the new CACC controller was carried
communications, to produce CACC. The system has been iitt. The CACC clearly showed improvements in response time
plemented in four production Infiniti M56s vehicles equigpeand string stability, indicating the potential for a CACGEmM
with DSRC devices for information exchange among vehiclel® attenuate disturbances and improve highway capacity and
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