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Cooperative adaptive cruise control, design and experiments
Gerrit Naus, René Vugts, Jeroen Ploeg, René van de Molengraft, Maarten Steinbuch

Abstract— The design of a CACC system and corresponding
experiments are presented. The design targets string stable system behavior, which is assessed using a frequency-domain-based
approach. Following this approach, it is shown that the available
wireless information enables small inter-vehicle distances, while
maintaining string stable behavior. The theoretical results are
validated by experiments with two CACC-equipped vehicles.
Measurement results showing string stable as well as string
unstable behavior are discussed.

I. I NTRODUCTION
Cooperative Adaptive Cruise Control (CACC) is an extension of Adaptive Cruise Control (ACC) functionality. ACC
automatically adapts the velocity of a vehicle if there is
preceding traffic. Commonly, a radar or lidar is used to
detect preceding traffic, enabling automatic following of a
predecessor. As ACC is primarily intended as a comfort
system, and, to a smaller degree, as a safety system, a
relatively large inter-vehicle distance has to be adopted [2],
[3]. Decreasing this distance to a small, preferably constant
value of only several meters is expected to yield an increase
in traffic throughput, and, specifically focusing on heavy
duty vehicles, a significant reduction of the drag force,
thus decreasing fuel consumption [1]. To enable this for a
string of vehicles while maintaining so-called string stability,
standard ACC functionality has to be extended with intervehicle communication [9]. Extending ACC functionality
with wireless inter-vehicle communication is called Cooperative ACC (CACC). In Fig. 1, a schematic representation
of a string of vehicles, a so-called platoon, equipped with
CACC functionality is shown.
This research focuses on the design of a CACC system
using communication with the directly preceding vehicle
only, as opposed to communication with multiple preceding
vehicles or with a designated platoon leader. This is often
called semi-autonomous ACC and facilitates easy implementation, see Fig. 1 [9]. Furthermore, heterogeneous traffic is
considered, i.e., vehicles with different characteristics [4],
[10], and delay in the communicated signal is taken into
account [6], [7], [11]. Finally, the communication will be
implemented as a feedforward signal. Hence, if no communication is present, standard ACC functionality is still available
[9], [12].
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Fig. 1. Schematic representation of a platoon of vehicles equipped with
CACC functionality, where xr,i , ẋr,i and ẍi represent the relative position,
the relative velocity and the acceleration of vehicle i, respectively.

The design and analysis of CACC systems generally
evolve around the notion of string stability. The string stability of a platoon indicates whether oscillations are amplified
upstream, i.e., from the leading vehicle i = 1 to vehicle
i > 1 in the platoon. String stability is extensively discussed
in literature. As a result, various definitions are present,
see, e.g., [4], [6], [7], [9], [10], [14]. The main ambiguity
concerns the signals to consider. Either the control input,
the vehicle output or state, the error, or a combination of
these is considered. In previous work [8], it is concluded
that the vehicle output or state has to be considered when
heterogeneous traffic is taken into account in the analysis.
Following the new approach presented in [8], a frequencydomain-based framework for the design of a CACC system
and the definition of string stability is presented in Sect. II.
Using this framework as an analysis tool, in Sect. III the
influence of the available wireless information as well as
the choice for the inter-vehicle spacing policy are discussed,
focusing on string stability of the system.
The main contribution of this paper involves the experimental validation of the presented framework. In Sect. IV,
the implementation of the CACC system on a real vehicle
platform is presented, according to the concept depicted in
Fig. 1. The measurement results validate the assumptions
made in the modeling of the system and the results of the
theoretical string stability analysis. The paper is closed with
conclusions and an outlook on future work.
II. P ROBLEM FORMULATION
A. Control structure
Consider a string of vehicles, see Fig. 1. The primary control objective for each vehicle is to follow the corresponding
preceding vehicle at a desired distance xr,d,i (t)
xr,d,i (t) = ri + hd,i ẋi (t),

for i ≥ 1

(1)

where ri is the desired distance at standstill, hd,i is the socalled desired headway time, and ẋi (t) is the measured velocity of vehicle i. To anticipate high-frequent measurement

noise, the velocity signal is filtered using a first-order lowpass filter f (·) with cut-off frequency ωf,i , yielding
xr,d,i (t) = ri + hd,i f (ẋi (t)),

for i ≥ 1

(2)

The headway time is the time it takes for vehicle i to reach
the current position of the preceding vehicle i − 1 when
continuing to drive with a constant velocity. The radar output
data, xr,i (t) and ẋr,i (t), is used in a feedback setting by a
standard ACC controller. The acceleration of the preceding
vehicle ẍi−1 (t) is available via wireless communication,
and is used in a feedforward setting. The first vehicle in
the string, i = 1, is assumed to follow a given timevarying reference position x0 (t). The resulting control setup
is depicted schematically in Fig. 2.
vehicle 2

ẍ2
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Fig. 2.
Control structure of a platoon, where Gi the dynamics of
the ith vehicle, Ki the corresponding ACC feedback controller, Fi the
feedforward controller, Di the communication delay and Hi the spacing
policy dynamics, for i = 1, 2, . . ..

Consider the setup depicted in Fig. 2. The model Gi (s)
represents a closed-loop system, including a controller Kl,i
for the longitudinal vehicle dynamics. Hence, the input ui (t)
of Gi (s) can be regarded as a desired acceleration. The controller Kl,i ensures tracking of this desired acceleration via
actuation of the throttle and brake system. In a generic form,
the corresponding closed-loop dynamics of each vehicle are
represented as
Gi (s) =

kG,i
e−φi s ,
s2 (τi s + 1)

Ti =

Hi Gi Ki
1 + Hi Gi Ki

for i ≥ 1

(3)

where τi−1 = ωG,i is the corresponding closed-loop bandwidth, φi is the actuator delay time, and kG,i is the loop
gain, which equals 1 for an appropriately designed feedback
controller Kl,i . The spacing error between the desired distance xr,d,i (t) and the actual distance xr,i (t) equals ei (t) =
xr,i (t) − xr,d,i (t), where xr,i (t) = xi−1 (t) − xi (t), and
xr,d,i (t) as defined in (2). Defining ei (t) in this manner implies that positive control action, i.e., acceleration, is required
when the inter-vehicle distance xr,i (t) is too large with
respect to the desired distance xr,d,i (t), which is intuitive.
Taking, for simplicity, ri = r = 0, the corresponding Laplace
transform, denoted by L(·), equals

(6)

Correspondingly, the ACC feedback controller Ki (s) is
defined as
Ki (s) = ωK,i (ωK,i + s),

for i ≥ 1

(7)

where ωK,i the breakpoint of the controller.
The wireless communication includes delay, which
is represented by a constant delay time θi , yielding
L (ẍi−1 (t − θi )) = Di (s)s2 Xi−1 (s), where
Di (s) = e−θi s ,

s2

r2
x2

Given the vehicle dynamics Gi (s) (3) and the spacing policy dynamics Hi (s) (5), a feedback controller with PD action
provides the freedom to choose the closed-loop bandwidth
of the closed-loop system Ti (s) (from xi−1 − ri to Hi xi )

for i > 1

(8)

The acceleration of the preceding vehicle is used as a
feedforward control signal via a feedforward filter Fi (s). The
design of this feedforward filter is based on inverse model
dynamics. From (6), it follows directly that the uncontrolled
open-loop transfer equals Li (s) = Hi (s)Gi (s)Di (s)s2 . It is
assumed that an estimator for the delayed acceleration signal
is not present. Consequently, demanding L(ei (t)) = 0, the
feedforward filter is given by
−1
Fi = Hi Gi s2
,
for i > 1
(9)
B. String stability, a frequency-domain approach
The design and analysis of CACC systems generally
evolve around the notion of string stability. Different definitions of string stability are present in literature, see, e.g.,
[4], [6], [7], [9], [10], [14]. To facilitate a decentralized
controller design, focusing on feasibility of implementation,
a definition that is independent of other traffic is desirable.
Correspondingly, when string stability of a platoon of heterogeneous traffic is considered, amplification of oscillations in
the vehicle state, i.e., the position, velocity or acceleration,
have to be considered [8]. Accordingly, the transfer function
from the input L(x0 (t)) = X0 (s) to Xi (s) is given by

for i = 1

 G1 K1 S1 ,
Xi
i
Y

X1
=
Sk Fk Dk s2 + Kk Gk , for i > 1

X0
 X0
k=2
(10)
where
Si = (1 + Hi Gi Ki )−1
(11)

(5)

is the closed-loop sensitivity corresponding to vehicle i.
These relations follow directly from the block diagram in
Fig. 2. Focus is on the magnitude of the so-called stringˆ i (s)
stability transfer function SS

−1
Xi
Xi X1
ˆ
=
,
for i > 1
(12)
SS i =
X1
X0 X0

represents the so-called spacing policy dynamics. For ri 6= 0,
the subsequent analysis does not change.

where i = 1 is not considered, as vehicle 1 does not receive
wireless information of the preceding reference vehicle. The
ˆ i is a measure for the amplification of
magnitude of SS

L (ei (t)) = Ei (s) = Xi−1 (s) − Hi (s)Xi (s),

for i ≥ 1
(4)

where
Hi (s) = 1 + hd,i

ωf,i
s,
s + ωf,i

for i ≥ 1

x0 (t) upstream the platoon. A necessary condition for string
stability thus is
ˆ i (jω) ≤ 1,
SS

for i > 1, ∀ω

(13)

To fulfill condition (13) for vehicle i > 2, the dynamics of
all vehicles k ∈ {1, . . . , i−1} have to be known. Considering
heterogeneous traffic, this requires an extensive communication structure. As communication with the directly preceding
vehicle only is considered, a more conservative condition for
string stability is defined as
|SSi (jω)| ≤ 1,
where
SSi =

for i > 1, ∀ω

(14)

for i > 1

(15)

Xi
,
Xi−1

As it holds that
ˆ i=
SS

i
Y

SSk ,

for i > 1

(16)

k=2

condition (13) is automatically satisfied if (14) is satisfied.
Hence, (14) is a sufficient condition for string stability.
Condition (13) considers the platoon as a whole: if compensated somewhere else, local string-unstable behavior can
be allowed in the platoon. Condition (14), on the other
hand, imposes string stable behavior at every position in the
platoon. Combining (10) and (15) yields the string stability
transfer function SSi (s)
Gi Fi Di s2 + Gi Ki
SSi =
,
1 + Hi Gi Ki

for i > 1

(17)

A sufficient condition for string stability of a platoon of
heterogeneous vehicles is thus defined by (14). Comparing
this to the string stability definitions in [9], [11]–[14], amplification of oscillations in the vehicle state is considered,
rather than oscillations in the distance error. As a result, the
definition of string stability (14) targets preventing so-called
shockwave behavior, rather than preventing collisions.
III. S YSTEM ANALYSIS FOCUSING ON STRING STABILITY
Consider the CACC system setup as presented in Sect. IIA. The design variables are the feedback controller Ki (s),
the feedforward filter Fi (s) and the spacing policy dynamics
Hi (s). Focusing on string stability (14), in this section, the
influence of the design of Hi (s) and Fi (s) is evaluated. It is
assumed that the feedback controller Ki (s) as defined in (7)
is used. Furthermore, considering an appropriate controller
Kl,i and assuming φi = 0, ideal vehicle dynamics result,
yielding Gi (s) = s−2 . The consequences of this assumption
with respect to practice will be evaluated later on.
A. Constant inter-vehicle spacing
To start with, consider the case of no feedforward, i.e.,
Fi (s) = 0. Constant inter-vehicle spacing implies hd,i = 0,
yielding Hi (s) = 1. Without feedforward, an ACC system

instead of a CACC system results. The output string stability
transfer function (17) reduces to
SSi =

Gi Ki
= Ti∗ ,
1 + Gi Ki

for i > 1

(18)

where Ti∗ (s) is the complementary sensitivity of the resulting
system. Considering Ti∗ (s), in practice, sensor noise or
model errors will impose high-frequent rolloff, resulting in an
increased magnitude at other frequencies. Correspondingly, a
peak will be present in the complementary sensitivity Ti∗ (s),
due to the well-known Bode-sensitivity-integral constraint.
Hence, a peak will be present in the string stability transfer
function as well. Consequently, in case of an ACC system,
string stability can not be guaranteed for a constant intervehicle spacing.
In the case that the feedforward filter is taken into account,
a CACC system results, where Fi (s) = 1 for Hi (s) = 1 and
Gi (s) = s−2 (see (9)). For the sake of clarity, communication delay is not taken into account, i.e., Di (s) = 1. The
output string stability transfer function (17) then equals
SSi =

1 + Gi K i
= 1,
1 + Gi Ki

for i > 1

(19)

Hence, only marginal string stability |SSi (jω)| = 1, for i >
1, ∀ω, can be achieved. Marginal in this case indicates that
the design is not robust for uncertainties or modeling errors.
For example, taking into account time delay as well would
mean that no string stability can be achieved.
B. Velocity-dependent inter-vehicle spacing, ACC case
Consider the spacing-policy dynamics Hi (s) as defined in
(5). In this case, a velocity-dependent inter-vehicle spacing
is adopted. In the case of no feedforward, i.e., Fi (s) = 0,
in which an ACC system instead of a CACC system results,
this yields
Gi Ki
,
for i > 1
(20)
1 + Hi Gi Ki
Considering real-valued frequencies ω ∈ R only, substitution
of Gi (s) = s−2 , Ki (s) (7) and Hi (s) (5) in (20) shows that
string stability can be guaranteed if
SSi =

−1
−2
h2d,i + 2ωK,i
hd,i − 2ωK,i
≥

ω2
4 ,
ωK,i

for i > 1, ∀ω (21)

where ωf,i = ωK,i . This particular choice for ωf,i actually
improves the string stability characteristics of the system,
which is not discussed further at this point. Considering realvalued frequencies ω ∈ R implies min{ω 2 } = 0. Hence,
finding a minimum headway time hd,i,min for hd,i in (21),
yields
−1
−2
h2d,i + 2ωK,i
hd,i − 2ωK,i
≥ 0,

for i > 1

(22)

From (22) it follows directly that string stability can be
guaranteed for ωK,i hd,i ≥ 31/2 − 1 ≈ 0.73, for i > 1.
Suppose that ωK,i = 0.5 rad s−1 , then hd,i ≥ hd,i,min ≈
1.46 s has to hold to ensure string stability. This is illustrated in Fig. 3. In this figure, simulation results are shown
corresponding to a platoon of three vehicles following a

velocity [m s−1]

velocity [m s−1]

reference vehicle. For hd,i = 2.0 s (the upper figure), all
vehicles in the platoon follow the reference vehicle while
actually decreasing the amplitude of the velocity signal. For
hd,i = 0.5 s (the lower figure), however, the amplitude of
the velocity signal is indeed amplified upstream the platoon,
yielding string unstable behavior.
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Fig. 3. Simulation results of a platoon of three ACC-equipped vehicles
following a reference vehicle, represented by the dashed line. The solid
lines represent the vehicles i = 1 to i = 3 for the dark to the light colored
lines, respectively. The results in the upper and lower figure correspond to
hd,i = 2.0 s and hd,i = 0.5 s, for i ∈ {1, 2, 3}, respectively.

C. Velocity-dependent inter-vehicle spacing, CACC case
For the CACC case, where Fi (s) is as defined in (9), the
string stability transfer function (17) equals
SSi =

Di + Hi Gi Ki
,
Hi (1 + Hi Gi Ki )

for i > 1

(23)

Not taking into account communication delay, i.e., Di = 1,
yields
1
SSi =
,
for i > 1
(24)
Hi
Consequently, string stability can be guaranteed for any
hd,i > 0. For hd,i = 0, only marginal string stability can be
achieved (see Sect. III-A). In Fig. 4, the simulation results of
a platoon of vehicles where hd,i = 0.5 s is used, are shown.
As these results show, all vehicles in the platoon follow
the reference vehicle while decreasing the amplitude of the
velocity of preceding vehicles in the platoon, as opposed to
the corresponding results shown in Fig. 3 in which an ACC
system is employed.

velocity [m s−1]

θi →0

hd,i,min (θi ) is not discussed here.
IV. E XPERIMENTAL VALIDATION

20

−20
0

is required to guarantee string stability. Depending mainly
on θi , the minimum required headway time hd,i,min for
which string stability can still be guaranteed, is significantly
smaller in the case of CACC than in the case of ACC; as
(24) indicates, lim hd,i,min (θi ) = 0. Further analysis of

To validate the theory, experiments are performed using
two vehicles. For budget reasons, equipment of more vehicles
was not possible. The use of only two vehicles instead of a
larger platoon requires extrapolation of the results. However,
if the theory is validated for the first two vehicles in a
platoon, additional vehicles with the same CACC system will
show the same behavior. Hence, the theory can be validated
using only two vehicles. The models for the communication
delay Di (s) and the vehicle models Gi (s) are identified
using measurements. Based on these models, the design of
Ki (s), Fi (s) and Hi (s) is discussed. Finally, three different
experiments are executed.
A. Experimental setup
Two Citroën C4’s are used as testing platform, see Fig. 5.
For the wireless inter-vehicle communication, the standard
Wi-Fi protocol IEEE 802.11g is used, with an update rate of
10 Hz. The acceleration of vehicle 1 is derived from the ESP
system and communicated to vehicle 2. The communication
delay equals on average 10 ms. Using a zero-order hold
approach for the communicated signal, combination of the
corresponding delay and the communication delay yields
θi ≈ 60 ms as a total delay for Di (s) (8). GPS time
stamping is adopted to synchronize the measurements of the
two vehicles.
Vehicle 2 is equipped with a customized brake-by-wire
system and a corresponding controller for the longitudinal
dynamics of the vehicle [5]. Furthermore, an OMRON laser
radar with 150 m range is built-in. The CACC system is
implemented at 100 Hz on a dSpace AutoBox using rapid
control prototyping.
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Fig. 4. Simulation results of a platoon of three CACC-equipped vehicles
following a reference vehicle, represented by the dashed line. The solid lines
represent the vehicles i = 1 to i = 3 for the dark to the light colored lines,
respectively. The results correspond to hd,i = 0.5 s, for i ∈ {1, 2, 3}.

Taking into account communication delay as well, i.e.,
Di (s) as defined in (8), a minimum value hd,i,min for hd,i

Fig. 5.

Experimental setup.

B. Vehicle model identification
In the problem setup presented in Sect. II, it is assumed
that the internal closed-loop dynamics of the vehicle has
bandwidth ωG,i . In practice, however, the controller Kl,i for
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Fig. 7. Bode magnitude plots of |SSi (jω)|, considering an ideal vehicle
model (dashed black), and the identified model (solid black).
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(a) identification step response data, and (b) validation data.
Measurement results (black), corresponding simulation results (grey) with
the model G∗i (s) = Gi (s)s2 , and the step input signal (thin black).

C. CACC design
The implemented feedback controller Ki (s) is a combination of the PD-controller (7) and a first-order low-pass
filter to prevent amplification of high-frequent noise. The
breakpoint of the PD-controller lies at ωK,i = 0.5 rad s−1 .
The cut-off frequency of the low-pass filter equals half the
sample frequency, i.e., 100π rad s−1 . Hence, the influence on
the closed-loop system is negligible in the frequency range
of interest. Analogous to the analysis in Sect. III-B, the cutoff frequency of the low-pass filter f (·) (see (2)) equals
ωf,i = ωK,i .
For the design of the feedforward controller Fi (s) (9),
ideal vehicle dynamics are assumed, i.e., Gi (s) = s−2 ,
yielding Fi (s) = Hi−1 (s). This corresponds to the analysis
presented in Sect. III. The identified vehicle model, however, is not ideal. In Fig. 7, Bode magnitude plots of the
corresponding string stability transfer function SSi (s) are
shown, for hd,i = 0.5 s. Considering ideal vehicle dynamics,
Fi (s) = Hi−1 (s) would yield string stable dynamics. However, considering the identified model, the resulting dynamics
are string unstable.
D. String stability experiments
To validate the theory of Sect. III, three experiments are
performed, see Table I. In Fig. 8, the Bode magnitude plots
corresponding to the setups used in Experiments i and ii are
shown. In both experiments, wireless information is not taken

into account. Consequently, no feedforward filter is present
and an ACC system results. Based on the theory (see Sect.
III-B), the system should exhibit string√stable behavior in
−1
Experiment i, as hd,i = 2.0 > ωK,i
( 3 − 1) ≈ 1.46 s,
whereas string unstable behavior is expected in Experiment
ii, as hd,i = 0.5 < 1.46 s. The Bode magnitude plots of
SSi (s) show corresponding results; |SSi (jω)| ≤ 0 holds for
Experiment i, which is not the case for Experiment ii.
In Fig. 9 and 10, measurement results for Experiments
i and ii are shown. For Experiment i, the amplitude of
the oscillations in the velocity of vehicle 2 is smaller than
that of vehicle 1, which corresponds to the anticipated
string stable behavior. Analogously, for Experiment ii, the
behavior of vehicle 2 is string unstable; the oscillations in
the velocity of vehicle 1 are amplified by vehicle 2. However,
the corresponding acceleration of vehicle 2 shows saturated
behavior at 2 m s−2 (Fig. 10). Based on the linear, frequencydomain-based analysis, no theoretical guarantees regarding
string stability of the corresponding behavior can be given,
although, in practice, the concept still seems to hold.
In Fig. 11, measurement results for Experiment iii are
shown. The wireless information is used to determine an
additional feedforward control signal. Hence, a true CACC
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the longitudinal vehicle dynamics consists of a feedforward
part only. Hence, in this case, the generic model for Gi (s)
(3) represents a feedforward controller incorporating mass
compensation, a low-pass filter with cut-off frequency ωG,i ,
and actuator delay φi . The main difference with respect to a
feedback controller is the low-frequent gain kG,i 6= 1.
−1
The gain kG,i , the time constant τi = ωG,i
, and the delay
time φi are identified using step response measurements,
see Fig. 6. The simulation results in Fig. 6 correspond to
the model G∗i (s) = Gi (s)s2 where kG,i = 0.9, τi =
0.2 (rad/s)−1 and θi = 0.2 s. The main characteristics of the
closed-loop vehicle model are covered appropriately. Hence,
the model Gi (s) is a sufficient model to describe the vehicle
dynamics including the controller for the longitudinal vehicle
dynamics.
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Fig. 8. Bode magnitude plots of |SSi (jω)|, for (a) Experiment i, and (b)
Experiment ii.
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Fig. 9. Measurement results of Experiment i. In the upper figure, the
velocity of vehicle 1 (grey) and vehicle 2 (black) are shown. In the lower
part of the figure, the acceleration of vehicle 2 is shown.
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Fig. 11. Measurement results of Experiment iii. In the upper figure, the
velocity of vehicle 1 (grey) and vehicle 2 (black) are shown. In the lower
part of the figure, the acceleration of vehicle 2 is shown.

80

ideal low-level vehicle dynamics. Using the proposed, linear
approach, theoretical guarantees regarding string stability can
only be given for linear vehicle models.
Further experimental validation of the concept is part of
future research. Furthermore, research focuses on taking into
account saturations as well as including robustness against
model uncertainties.
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Fig. 10. Measurement results of Experiment ii. In the upper figure, the
velocity of vehicle 1 (grey) and vehicle 2 (black) are shown. In the lower
part of the figure, the acceleration of vehicle 2 is shown.

system is tested. Based on the theory, the system should
exhibit string unstable behavior, see Fig. 7. The measurement
results in Fig. 11, however, show that vehicle 2 does not
amplify the oscillations in the velocity, indicating string
stable behavior. Moreover, as the corresponding acceleration
signal, again, shows saturated behavior, no theoretical guarantees can be given regarding string stability of the system.
Nevertheless, the effectiveness of the proposed CACC setup
is evident. Comparing the results of the ACC system in
Experiment ii and the CACC system in Experiment iii clearly
illustrates the potential of the proposed design.
V. C ONCLUSIONS AND FUTURE WORK
A theoretical framework for the frequency-domain analysis and design of a CACC system is presented. The framework enables assessment of the string stability characteristics
of the system. Theoretical analysis of the CACC system
shows that a velocity-dependent spacing policy is required
to achieve string stable system behavior. Furthermore, it is
shown that the feedforward controller enables small intervehicle distances, while maintaining string stability.
Implementation of the CACC system on a real vehicle
platform is presented. Measurement results validate the assumptions made in the modeling and the theoretical results
of the string stability analysis. However, limitations of the
implementation of the CACC system on a practical setup
are also shown, such as the presence of saturation and non-
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