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Design and Experimental Evaluation of Cooperative Adaptive Cruise Control

Jeroen Ploeg, Bart T. M. Scheepers, Ellen van Nunen, Nathan van de Wouw, Henk Nijmeijer

Abstract— Road throughput can be increased by driving at
small inter-vehicle time gaps. The amplification of velocity
disturbances in upstream direction, however, poses limitations
to the minimum feasible time gap. String-stable behavior is
thus considered an essential requirement for the design of
automatic distance control systems, which are needed to allow
for safe driving at time gaps well below 1 s. Theoretical analysis
reveals that this requirement can be met using wireless inter-
vehicle communication to provide real-time information of the
preceding vehicle, in addition to the information obtained by
common Adaptive Cruise Control (ACC) sensors. In order
to validate these theoretical results and to demonstrate the
technical feasibility, the resulting control system, known as
Cooperative ACC (CACC), is implemented on a test fleet
consisting of six passenger vehicles. Experiments clearlyshow
that the practical results match the theoretical analysis,thereby
indicating the possibilities for short-distance vehicle following.

I. I NTRODUCTION

In recent years, highway capacity has become a limiting
factor, regularly causing traffic jams. Obviously, the road
capacity can be increased by decreasing the inter-vehicle
distance while maintaining the same velocity level. As a
consequence, however, vehicle automation in longitudinal
direction is required in order to still guarantee safety. Tothis
end, Adaptive Cruise Control (ACC) seems to be an option.
ACC automatically adapts the velocity of a vehicle so as to
realize a desired distance to the preceding vehicle, or, in the
absence of one, realizes a desired velocity. The inter-vehicle
distance and the relative velocity are measured by means of a
radar or a scanning laser (lidar). However, ACC is primarily
intended as a comfort system. Consequently, relatively large
inter-vehicle distances are adopted [1], with a standardized
minimum of 1 s time headway [2], the latter referring to the
geometric distance divided by the vehicle velocity.

Decreasing the time headway to a value significantly
smaller than 1 s, is expected to yield an increase in traffic
throughput [3]. Moreover, a significant reduction in the
aerodynamic drag force is possible in case of heavy-duty
vehicles, thereby decreasing fuel consumption and emissions
[4]. It has however been shown that the application of ACC
amplifies disturbances in upstream direction at small time
gaps, see, e.g., [5] and the literature references contained
therein. These disturbances may, e.g., be induced by velocity
variations of the first vehicle in a string of vehicles. As
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Fig. 1. Test fleet, consisting of CACC-equipped passenger vehicles.

a result, fuel consumption and emissions increase, and so-
called ghost traffic jams may occur, negatively influencing
throughput whereas safety might be compromised as well.

Disturbance attenuation across the vehicle string is there-
fore an essential requirement, to be achieved by appropri-
ately designed vehicle following controllers. The disturbance
evolution across a string of vehicles, or, in general, across
a number of interconnected subsystems, is covered by the
notion ofstring stability, where string-stable behavior refers
to the attenuation of disturbances in upstream direction.
Application of data exchange by means of wireless commu-
nication in addition to the data obtained by radar or lidar,
is known to be able to achieve string stability [5]. The
resulting functionality is called Cooperative ACC (CACC).
A vast amount of literature focussing on control design for
CACC systems is available, see, e.g., [5]–[10]. The focus
is, however, often on theoretical analysis rather than on the
practical implementation and the evaluation thereof.

This paper, therefore, focusses on the practical imple-
mentation of CACC, using a test set-up consisting of six
passenger vehicles as depicted in Fig. 1. To this end, the
next section first provides a short overview of string stability
concepts. Section III focusses on control design and string
stability analysis for CACC. Next, Section IV explains the
test vehicle instrumentation, after which Section V presents
experimental results, obtained with the test vehicles. Finally,
Section VI summarizes the main conclusions and proposes
directions for further research.

II. STRING STABILITY REVIEW

Three main approaches of the notion of string stability
can be distinguished, being a formal stability-like approach,



a stability approach for strings of infinite length, and finally
a performance-oriented frequency-domain approach.

The formal stability-like approach is described in, e.g., [9],
[11]. As opposed to system stability, which is essentially
concerned with the evolution of system states over time,
string stability focusses on the propagation of states over
subsystems. Recently, new results appeared [12], regarding
a one-vehicle look-ahead control architecture in a homo-
geneous string. These approaches employ common notions
such as Lyapunov stability, input-output stability and input-
to-state stability to devise a definition for string stability.
They provide little support for controller synthesis, however.

Within the framework of string stability for infinite-length
strings of identical interconnected subsystems, the model
of such a system is formulated in the state space and
subsequently transformed using the bilateral Z-transform
[13], [14]. The Z-transform is executed over the vehicle
index instead of over time, resulting in a model formulated
in the “discrete frequency” domain, related to the vehicle
index, as well as in the time domain. String stability can
then be assessed by inspecting the eigenvalues of the state
matrix. This method, although rather elegant, is however only
applicable to linear, infinite-length strings.

Finally, a performance-oriented frequency-domain ap-
proach for string stability is frequently adopted since this
appears to directly offer tools for controller synthesis [5],
[7], [8], [10], [15]. Moreover, the fact that string stability in
literature is commonly used as a performance objective rather
than as a stability criterion, suggests an interpretation of
string stability as such, despite its name. In the performance-
oriented approach, string stability is characterized by the
amplification in upstream direction of either distance error,
velocity, or acceleration. This leads to the following defini-
tion, (implicitly) used in the above literature references.

Definition 1 (Vehicle String Stability):Consider a string
of m ∈ N interconnected vehicles. This system is string-
stable if and only if

‖zi(t)‖Lp
≤ ‖zi−1(t)‖Lp

, ∀ t ≥ 0, 2 ≤ i ≤ m,

wherezi(t) can either be the distance errorei(t), the velocity
vi(t) or the accelerationai(t) of vehicle i; z1(t) ∈ Lp is a
given input signal, andzi(0) = 0 for 2 ≤ i ≤ m.
‖ · ‖Lp

denotes the signalp-norm, whereas the vehicles in
the string are enumeratedi = 1, . . . ,m, with i = 1 indicating
the lead vehicle. Definition 1 thus states that‖zi(t)‖Lp

must
decrease in upstream direction. Note that in literature, the
choice for the scalar signalzi(t), i.e., either distance error,
velocity, or acceleration, seems rather arbitrary.

The above string stability definition can directly be used
for string stability analysis and has a clear physical meaning,
as illustrated in the next section. It seems therefore well
motivated to adopt the performance-oriented approach when
designing CACC systems.

III. C ONTROL DESIGN

An elegant method to arrive at a suitable controller for
CACC is based on formulation of the error dynamics, as

di di–1di+1

vi+1

i+1

vi vi–1

wireless

communication

radar

i–1i

Fig. 2. CACC-equipped string of vehicles.

shown below. Having designed the controller, the string
stability properties of the resulting closed-loop system are
analyzed, using a condition that directly follows from Defi-
nition 1.

A. Error Dynamics

Consider a string ofm vehicles, schematically depicted
in Fig. 2, with di being the distance between vehiclei and
its preceding vehiclei− 1, andvi the velocity of vehiclei.
The main objective of each vehicle is to follow its preceding
vehicle at a desired distancedr,i. Here, a constant time-
headway spacing policy is adopted, formulated as

dr,i(t) = ri + hvi(t), 2 ≤ i ≤ m, (1)

whereh is the so-called time headway, andri is the standstill
distance. This spacing policy is known to improve string sta-
bility [5], [8], [10], [12]. A homogeneous string is assumed,
which is why the time headwayh is taken independently of
i. The spacing errorei(t) is thus defined as

ei(t) = di(t)− dr,i(t)

= (si−1(t)− si(t)− Li)− (ri + hvi(t)) (2)

with si(t) the position of vehiclei andLi its length.
As a basis for control design, the following vehicle model

is adopted:




ḋi
v̇i
ȧi



 =





vi−1 − vi
ai

− 1

τ
ai +

1

τ
ui



 , 2 ≤ i ≤ m, (3)

where ai is the acceleration of vehiclei, ui the external
input, to be interpreted as desired acceleration, andτ a time
constant representing engine dynamics. This model is in fact
obtained by formulating a more detailed model and then
applying a pre-compensator, designed by means of input-
output linearization by state feedback [7], [15]. Also note
that the time constantτ is assumed to be identical for all
vehicles, corresponding to the above mentioned homogeneity
assumption. With different types of vehicles in the string,
as suggested by Fig. 2, homogeneity can be obtained by
adequately designed pre-compensators so as to arrive at the
vehicle behavior described by (3).

The control law can now be designed by formulating the
error dynamics. Define to this end the error states





e1,i
e2,i
e3,i



 =





ei
ėi
ëi



 , 2 ≤ i ≤ m. (4)



Then, obviously,ė1,i = e2,i and ė2,i = e3,i. The third error
state equation is obtained by differentiatinge3,i = ëi, while
using (2) and (3), eventually resulting in:

ė3,i = −
1

τ
e3,i −

1

τ
qi +

1

τ
ui−1, (5)

with the new input

qi , hu̇i + ui. (6)

From (5), it is immediately clear that the inputqi should
stabilize the error dynamics while compensating for the input
ui−1 of the preceding vehicle in order to obtain exact vehicle
following, i.e., limt→∞ |ei(t)| = 0. Hence, the control law
for qi is designed as follows:

qi = K





e1,i
e2,i
e3,i



+ ui−1, 2 ≤ i ≤ m, (7)

with K =
(

kp kd kdd
)

. Note that the feedforward term
ui−1 is obtained through wireless communication with the
preceding vehicle and, therefore, is the reason for the em-
ployment of a wireless communication link.

Due to the additional controller dynamics (6), the error
dynamics must be extended with an additional equation,
which can be obtained using the input definition (6) while
substituting the control law (7):

u̇i = −
1

h
ui +

1

h
(kpe1,i + kde2,i + kdde3,i) +

1

h
ui−1. (8)

As a result, the 4th-order closed-loop model reads









ė1,i
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ui−1. (9)

Applying the Routh-Hurwitz stability criterion while using
the fact that the state matrix in (9) is lower block-triangular,
it follows that these error dynamics can be stabilized for any
time headwayh > 0, and with any choice forkp, kd > 0,
kdd > −1, such that(1 + kdd)kd > kpτ . Note that the
stability of the dynamics (9) is sometimes referred to as
individual vehicle stability[8], [9].

B. String Stability Analysis

Under the conditions stated above, the controller (7) thus
realizes the vehicle following objective, but does not yet
guarantee string stability. In order to analyze the latter,a
string stability criterion is derived first. Introduce to this end
thestring stability complementary sensitivityΓi(s), being the
transfer function from “input” velocitŷvi−1(s) to “output”
velocity v̂i(s), i.e.,

v̂i(s) = Γi(s)v̂i−1(s), 2 ≤ i ≤ m, (10)

si−1 si

−

ui−1 ui

qiei

Li + ri

ui

D(s)

K(s)

H(s)

G(s)H (s)
−1

vehicle i

s̃i

Fig. 3. Block scheme of the CACC system.

where v̂(s), with s ∈ C, denotes the Laplace transform
of v(t). Here, the velocity is taken as a basis for string
stability, which is more relevant than distance error in view
of traffic analysis [3]. Note that the choice between velocity
or acceleration is irrelevant, sinceΓi(s) is identical in both
cases. Takingp = 2, the following relation from linear
system theory holds:

‖Γi(jω)‖H∞
= max

vi−1 6=0

‖vi(t)‖L2

‖vi−1(t)‖L2

, (11)

whereΓi(jω) is the transfer function evaluated along the
imaginary axis.‖ · ‖H∞

denotes theH∞ norm, which, for
scalar transfer functions, equals the supremum of|Γi(jω)|
over the frequencyω. Using (11), Definition 1 immediately
leads to the following string stability condition:

‖Γi(jω)‖H∞
≤ 1, 2 ≤ i ≤ m. (12)

This condition can be interpreted as requiring energy dissi-
pation in upstream direction. This follows from the fact that,
according to (11), theH∞ norm is induced by theL2 norms
of input and output, which, in turn, are measures for energy.

According to (12), string stability is thus assessed in the
frequency domain. Introduce to this end the vehicle transfer
functionG(s) = ŝi(s)/ûi(s):

G(s) =
1

s2(τs + 1)
, (13)

which follows from the fact that
...
s i = − 1

τ
s̈i +

1

τ
ui, see (3).

Also introduce thespacing policy transfer functionH(s) =
q̂i(s)/ûi(s), derived from (6):

H(s) = hs+ 1, (14)

and the feedback lawK(s) = q̂i(s)/êi(s), defined in (7):

K(s) = kp + kds+ kdds
2. (15)

The controlled vehicle can then be represented by the block
scheme depicted in Fig. 3. The occurrence of the spacing
policy transfer functionH(s) in the feedback loop can be
readily explained. Considering̃si, as depicted in the block
scheme, it appears that, using (14),

s̃i(t) = Li + ri + si(t) + hvi(t). (16)
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Hence,s̃i can be interpreted as the “virtual control point”
of vehicle i, that must be as close as possible to the actual
positionsi−1 of the preceding vehiclei− 1.

The block scheme also includes a time delayD(s) = e−θs,
representing the latencyθ induced by the wireless commu-
nication network due to queueing, contention, transmission,
and propagation. This delay can only be compensated for by
means of an estimator, which is, however, considered out-of-
scope for this paper. Using this block scheme,Γi(s) = Γ(s)
(independent ofi) can be shown to be equal to

Γ(s) =
1

H(s)

D(s) +G(s)K(s)

1 +G(s)K(s)
. (17)

According to (10),Γ(s) is the transfer function fromvi−1

to vi. Surprisingly, when taking the distance errorsei−1 and
ei instead,Γ(s) appears to be identical. This is due to the
homogeneity assumption.

The communication delay plays an important role with
respect to string stability. Without delay, i.e.,D(s) = 1,
the controlled system is string stable by definition, since
‖Γ(jω)‖H∞

= supω |H−1(jω)| = 1. Note that, due to
the vehicle following objective,‖Γ(jω)‖H∞

will never be
smaller than 1. However, the existence of a communication
delay compromises string stability to a certain extent, as
illustrated in Fig. 4. Usingτ = 0.1 s, kp = 0.2, kd = 0.7,
kdd = 0 (refer to Section V), and time headwayh = 0.5 s,
Fig. 4(a) shows the gain|Γ(jω)| for various values of the
time delayθ. It appears that an increasing time delay yields
an increased value of‖Γ(jω)‖H∞

.
From (17) also follows that increasing the time headway

h decreases‖Γ(jω)‖H∞
, in the case of a non-zero delay

θ. This is illustrated in Fig. 4(b), showing the maximum
communication delayθmax that yields string stability, as
a function of headway timeh. The curve shown here is
calculated iteratively by taking a fixed value forθ and then
searching for the value ofh such that‖Γ(jω)‖H∞

= 1.
From this figure, it can be inferred that a vehicle string with
h = 0.5 s would requireθ to be smaller than about 80 ms in
view of string stability.

Note that, in practice, the controller and the wireless
communication are implemented in discrete-time, which may
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Fig. 5. Schematic representation of the test vehicle instrumentation.

affect string stability as well [16]. Assuming a sufficiently
high sampling frequency, these effects are ignored here.

Finally, it is worth mentioning that the string stability
complementary sensitivity in case of ACC can be easily
obtained from (17) by choosingD(s) = 0. As a result, ACC
appears to be string stable forh ≥ 3.16 s, given the above
mentioned model and controller parameters.

IV. V EHICLE INSTRUMENTATION

In order to validate the theoretical results and to demon-
strate the technical feasibility, the CACC control system
has been implemented in six similarly adapted vehicles.
The Toyota Prius III Executive was selected because of its
modular setup and ex-factory ACC. Fig. 5 shows a schematic
representation of the components related to the experimental
setup. From this figure, it appears that the CACC-related
components can be categorized into original vehicle compo-
nents, CACC-specific components, and the vehicle gateway.
These three groups are subsequently explained below.

By making use of many original vehicle systems, only a
limited number of components had to be added. The long-
range radar determines the relative position and speed of
multiple objects with an update rate of 20 Hz. The ESP sen-
sor cluster measures acceleration in two directions, as well as
yaw rate. The Power Management Control (PMC) determines
the setpoints for the electric motor, the hydraulic brakes,
and the engine. Finally, the Human-Machine Interface (HMI)
consists of levers and a display.

Some CACC-specific components had to be implemented
in the vehicle in order to run the CACC system properly.
The main component is a real-time computer platform that
executes the CACC control functionality. The WiFi device,
operating according to the IEEE 802.11a standard in ad-hoc
mode, allows for communication of the vehicle motion and
controller information between the CACC vehicles with an
update rate of 10 Hz. A GPS receiver, with an update rate
of 1 Hz, has been installed to allow for synchronization of
measurement data using its time stamp.

Finally, the in-house developed MOVE gateway is the
interface between the original vehicle systems and the real-
time CACC platform. It runs at 100 Hz, converting the
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acceleration setpointsui from the CACC platform, into
vehicle actuator setpoints, such that the requested acceler-
ation is accurately realized. The gateway also processes the
vehicle sensor data and presents these to the CACC platform.
Furthermore, the gateway is connected to the vehicle HMI
(digital display and levers). As a result, the CACC can be
operated like the ex-factory ACC system. To guarantee safe
and reliable operation, the gateway also contains several
safety features. The gateway employs multiple I/O for the
communication with the vehicle systems; a single CAN bus
is used for communication with the CACC platform.

Because of the integrated low-level controllers, safety-
related functions, and sensor preprocessing, the MOVE gate-
way allows for evaluation of high-level vehicle controllers,
such as CACC, in a safe, reliable and efficient way.

V. PRACTICAL EXPERIMENTS

To validate the designed controller, experiments are per-
formed using the test fleet. To this end, the vehicle model
is identified first, based on which the controller parameters
are chosen. Next, ACC as well as CACC are evaluated to
compare the performance of both control systems.

A. Vehicle Model Validation

The vehicle model, including a low-level pre-compensator
implemented in the MOVE gateway, is identified based on
measurement of the response of the accelerationa(t) to test
signals applied to the desired accelerationu(t) = aref (t).
Subsequently, the model parameters are estimated using a
least-squares method. From this, it appears that the vehicle
model (3) needs to be adapted so as to include a time delay
φ, having the following frequency-domain model as a result:

G(s) =
1

s2(τs+ 1)
e−φs (18)

with τ = 0.1 s andφ = 0.2 s.
Fig. 6 illustrates a validation measurement, showing the

test signalaref (t), and the measured as well as the simulated
accelerationa(t) using the identified parameters. It can be
concluded that the simple vehicle model adequately describes
the longitudinal vehicle dynamics; it is fair to mention that
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Fig. 8. Measured CACC velocity response: (black–light grey) vehicle 1–6.

the well-designed drive train of the test vehicles highly
contributes to this result. Obviously, this longitudinal model
does not hold for limit situations, characterized by nonlinear
behavior due to tire slip or power limitations, for instance.

Based on speed of response and passenger comfort, suit-
able controller parameters were found to bekp = 0.2 and
kd = 0.7, whereaskdd is set to zero to prevent feedback of
the vehicle’s jerk, which is in practice unfeasible.

B. String Stability Experiments

The wireless communication delay in the current test
set-up equalsθ ≈ 150ms. From the theory presented in
Section III, it follows that for this delay, and with the above
vehicle and controller parameters, the minimum necessary
time headway for string stability equalshmin = 0.67 s.
Therefore, tests have been performed withh = 0.7 s.

The test trajectory is defined by the desired accelera-
tion aref ,1(t) of the lead vehicle, and consists of three
superimposed swept sine signals in the frequency ranges
[0.06, 1.13] rad/s,[1.13, 2.26] rad/s, and[2.26, 3.14] rad/s, re-
spectively. In view of a high level of reproducibility, the lead
vehicle is not manually driven, but instead has been equipped
with a velocity controller. The desired velocityvref ,1(t) is
determined through integration ofaref ,1(t), while using the
latter as a feedforward signal.

Fig. 7 and Fig. 8 illustrate the test results for an ACC set-
up and for CACC, respectively. Here, the ACC controller
is simply obtained by disabling the input feedforward, i.e.,
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omitting ui−1 in (7). Both figures show the velocity re-
sponses of all six vehicles for part of the test trajectory, where
the velocity response of the lead vehicle is exactly the same
since this vehicle is velocity controlled. It can be clearlyseen
that the CACC response is string stable, whereas the ACC
response is not, which corresponds to the theoretical analysis.
Noteworthy is the fast increase in overshoot for increasing
vehicle index in case of ACC: the maximum velocity (in
the time interval shown) of the last vehicle equals 18.6 m/s
(67 km.h), whereas for CACC, this is 14.6 m/s (53 km/h).

The specific test trajectory, consisting of superimposed
swept sines, provides sufficient frequency content to allow
for identification of the string stability complementary sen-
sitivity Γ(jω). Using a non-parametric system identification
method, the gain|Γ(jω)| has been estimated, the result of
which is shown in Fig. 9. This figure shows the estimated
gain |Γ(jω)| for both ACC and CACC, as well as the
theoretical gain, calculated using (17). This not only confirms
the string stability properties of both controllers, but also
validates the theoretical analysis presented in Section III.

VI. CONCLUSIONS ANDFUTURE WORK

String stability is an essential requirement for the design
of vehicle following control systems that aim for short-
distance following. It has been shown, theoretically and
experimentally, that Cooperative Adaptive Cruise Control
(CACC), which is based on common ACC sensors and a
wireless inter-vehicle communication link, allows for time
gaps significantly smaller than 1 s while maintaining string
stability. In the experimental set-up, consisting of a testfleet
of six vehicles, a time headway of 0.7 s appeared to yield
string-stable behavior. This result fully corresponds to the
theoretical analysis, which also indicates that time gaps less
than 0.5 s are feasible when optimizing the wireless link with
respect to latency. As a result, a significant increase in road
throughput and, in case of heavy-duty vehicles, decrease of
fuel consumption and emissions can be expected. Moreover,
the experimental set-up also illustrated that this functionality
can be obtained by very limited adaptations to the existing
vehicle, provided it has already been equipped with ACC.

Finally, the CACC controller does not require numerically
intensive computations and should, therefore, be suitableto
implement in the existing embedded vehicle control systems.

Current developments are focussing on implementation
aspects such as fail safety. Driving at small time gaps requires
a CACC system that is highly reliable and, if it fails, will do
so gracefully. Also, the topic of object tracking is of main
importance. In complex environments, imposed by everyday
road traffic, radar information needs to be matched to the
corresponding wireless information and, if necessary, sensor
fusion algorithms to obtain reliable object information need
to be employed.
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