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F. Navas, V. Milanés and F. Nashashibi.

Abstract— This paper examines the already commercially
available Adaptive Cruise Controller (ACC) system, and its
evolution by adding vehicle-to-vehicle communications: the
cooperative ACC (CACC) version. The transition between
ACC and CACC controllers will be done through the new
control technique called Plug&Play. This technique is able to
deal with living systems and the changes in its sensors and
actuators to preserve the system stable. The aim is to ensure
the system stability during transitions between controllers when
the vehicle-to-vehicle communication link is changing from
unavailable to available or vice versa.

I. I NTRODUCTION

to keep the original control than decommissioning the entire
existing control [5].
The idea of adding new parts to an existing system online
is known as Plug&Play control theory [6]. It is an advanced
control system that avoids the constant redesign necessary
in systems with frequent instrumentation changes. The challenge comes with the definition of a control algorithm that
can automatically accommodate this kind of changes while
preserving the stability. The Plug&Play control technique has
been used in different practical applications such as control
of a buffer tank [6], a laboratory district heating system [7],
a live-stock stable [8], a fluid process [9], a supermarket
refrigeration system [10] and an aerospace launch vehicle
[11].
Now, one intends to apply this new control technique to
the ITS framework. The quantity of changes that could affect
a vehicle and its control law is large. In this paper, a specific
application for accommodating the communication into the
CACC using Plug&Play control will be developed.

Road transport has significantly increased in recent years.
According to the European Commission, road transport
constitutes 82.4% of the whole transport for passengers in
the European Union (EU) [1]. This situation points out an
increment in the number of road vehicles, leading to a traffic
congestion problem.
The intelligent transportation systems (ITS) domain aims
to provide a more efficient solution to this kind of problems
by developing aiding systems that helps drivers. Longitudinal
speed control is a suitable aiding system to solve the traffic
congestion problem in highways. Nowadays, the longitudinal speed control commercially available is the Adaptive
Cruise Control (ACC) system, which allows the vehicle to
keep a safety distance with a preceding vehicle by using a
radar/laser front sensor [2]. Current research work explores
the idea of adding vehicle-to-vehicle (V2V) communication
to the already existing ACC systems, obtaining the socalled cooperative ACC systems (CACC). CACC will reduce
the response time to speed changes, forming tighter stable
vehicle strings [3].
The control structure for ACC relies on a frontal laser
and a spacing policy [4]. A specific controller is designed
to regulate the error between them, adjusting the speed
to maintain a headway distance between vehicles in the
same lane. The availability of a new sensor into the control
structure, such V2V communication, will make necessary the
re-design of the ACC-Controller.
Most of the controllers tend to be designed at the time
of manufacturing and often in a dedicated microprocessor
that does not allow modifications. Consequently, if new
components or subsystems are added to the control loop, the
design needs to be re-done, dealing with the high engineering
and manufacturing costs. When new parts of the system
become available for use in the control system, it is desirable

II. P ROBLEM F ORMULATION
The principal objective of a CACC system is to form
vehicles in a string as tightly as possible to decrease the traffic congestion problem. For achieving such goal, a wireless
communication link is used. For the interest of this control
study, the communication will be seen as a “device” added
to the control loop. Current factory ACC algorithms have
not been designed having in mind the possibility of adding
cooperative behaviors in the near-future. Therefore, the idea
is to be able to add the new control law to the existing
controller when the communication becomes available, while
leaving the existing control in place. In this way, it is not
necessary to change the existing controller, preserving always
the stability of the system.
On that purpose, the basis of the called Plug&Play Control,
which is able to handle changes in control living systems,
will be explained. The basis is the Youla-Kucera parameterization [12]. This parameterization allows to know all the
controllers that stabilize a given plant. This specific structure
will be used for ensuring stable transitions.
The identification process of the vehicle will be done too.
From this model, the design of two robust controllers for
both ACC and CACC systems will be carried out. Later,
Plug&Play control theory will be used to ensure the stability
during transitions between both controllers, transforming
them using Youla-Kucera Parameterization.
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A. Plug&Play Control
The basis of Plug&Play control is briefly described here,
introducing some concepts such double coprime factorization

Firstly, the scheme in the left in Fig. 1 is considered. u and
y are controllable input and measurable output respectively.
G is the model of the plant under consideration and K the
initial controller able to stabilize the system G. That will
be the initial situation, where an ACC controller is already
installed in the vehicle.
According to [17], to proceed with the Youla-Kucera
parameterization, the model G should be factorized as the
product of two different coprime factors, N and M or N 0 and
M 0 . These factors should have no pole-zero cancellations:
G = N M −1 = M 0−1 N 0

(1)

The controller K is factorized with the coprime factors U ,
V , U 0 and V 0 :
K = U V −1 = V 0−1 U 0

(2)

The resulting eight factors should be chosen to fulfill the
double Bezout identity, as follows:
 0


V
−U 0 M U
=
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 0



(3)
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V
−U 0
1 0
=
=
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0 1
This factorization allows to obtain the parameterization of
all controllers that stabilize a given plant G:
K 0 = (U + M Q)(V + N Q)−1 =
= (V 0 + QN 0 )−1 (U 0 + QM 0 )

(4)

where Q is a stable transfer function of appropriate dimensions called Youla-Kucera parameter.
Hence, based in an initial controller K any other stable
controller K 0 can be obtained through a stable parameter
Q (right part of fig. 1), in a smooth fashion and without
losing stability. Thus, the initial ACC controller implemented
in the vehicle will be changed to the CACC when the
communication is available through Q.

Cycab’s Velocity Response
Velocity (m/s)

and Youla-Kucera parameterization of all stabilizing controllers (see [13], [14], [15] and [16] for further details).

Fig. 2: Cycab robot.
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Fig. 3: Cycabs velocity response with velocity steps as
reference.

B. Longitudinal Dynamics Model
Here, the longitudinal velocity model is obtained through
identification techniques provided by MATLAB.
The vehicle to consider is a Cycab robot (see fig. 2). The
Cycab is a mobile platform used in several research labs
conceived for urban applications. From a kinematic point
of view, it is important to highlight its principal difference
with a classical vehicle: the Cycab turns its rear wheels as a
linear function of the steering angle of the front wheels [18].
The vehicle is commanded through velocity. That velocity is
limited to 4m/s, because it is mainly designed for crowded
areas where higher speeds in automated mode can lead to
unsafe situations.
The Cycab robot is commanded with velocity steps within
the limits in fig. 3. The real velocity results have a characteristic overshoot that needs to be preserved in the model with
the lowest order possible.
The model obtained is presented in (5). Fig. 4 shows how
the characteristic overshoot is well-included in this model.
1
G(s) =
(5)
0.2733s2 + 0.3228s + 1
III. A DAPTIVE C RUISE C ONTROL
ACC is an intelligent form of cruise control that slows
down and speeds up automatically to keep a specific interdistance with the preceding vehicle. In our case, a string
composed by three Cycab robots will be carried out.
Comparison of simulated model output and measured velocity
Velocity (m/s)

Fig. 1: Interconnection of a system G and the controller K
(left). A different stabilizing controller implemented through
the Youla-Kucera parameter Q (right).
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Fig. 4: Comparison between model output and real data.

The desired distance between Cycab robots will be regulated by a constant head time spacing policy [19]. It will
be done in function of the velocity of the vehicle vi and the
constant head time hd,i :

The control law is in charge of minimizing the error ei
between the real distance laser-measured dr,i and the desired
distance coming from the spacing policy di . Thus, the local
control objective can be defined as the error regulation to
zero, as follows:
ei = rr,i − di
(7)
This controller should ensure string stability. It can be
defined as the attenuation of disturbances along the vehicle
string, and it is evaluated through the string stability transfer
function in (8), which takes into account the amplification of
absolute position between two consecutive vehicles (Qi and
Qi−1 ) [20]. The maximum amplification of absolute position
along the string can be interpreted through the H-infinity
norm of the string stability transfer function (see (9)).
Qi (s)
,i ≥ 1
=
Qi−1 (s)

(8)

kSSQi k∞ ≤ 1, ∀ω, i ≥ 1

(9)

SSQi

The chosen controller is a Proportional-Derivative (PD),
to be able to predict the behavior of the error and to
act in consequence. It will be designed through classical
techniques, obtaining a stable controller able to ensure string
stability too. It emulates the initial controller that could be
in any ACC-equipped commercial vehicle.
Finally, the same controller will be parameterized through
the coprime factorization, to be used in the Youla-Kucera
controller modification in following sections, allowing stable
transitions between ACC/CACC systems when communication is available.
A. Classical Controller
To regulate the error between the actual and the desired
distances, a PD controller is used. Its output provides the
target acceleration ui that is applied to the longitudinal
dynamics model in (5) with and integrator (so G(s) is
reformulated in (11) ). Fig. 5 shows the ACC classical
scheme. The PD controller structure is given in the Laplace
domain as follows:
2
Ui (s) = (ωc,i
+ ωc,i s)Ei (s)

(10)

where ωc,i is the bandwidth of the controller; The characteristic constants kp and kd are chosen in function of ωc,i
[21] to ensure easily comfort and non-saturation condition (
ωc,i << ωq,i , where ωq,i is the bandwidth of the vehicle).
G(s) =

Vi (s)
1
=
2
Ui (s)
s(0.2733s + 0.3228s + 1)

Fig. 5: ACC Classical Scheme.
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Fig. 6: Velocity results for a string of three Cycab robots
equipped with the designed ACC. Head time 2s.

The limits of stability of the PD controller are defined
through Rough-Hurwitz. The stability is ensured if:
hd,i ωc,i > 0
2
−0.895ωc,i

+ ωc,i hd,i + 1 > 0

(12)

ωc,i < ωg,i = 2.7682rad/s
Stability analysis from (12) shows how the behavior of
the system depends on the head time hd,i and the bandwidth
of the controller ωc,i . For a specific hd,i , the lower ωc,i the
higher overshoot and error, but without oscillations. On the
contrary, the higher ωc,i the lower overshoot and error, but
with more oscillations present in the system. Therefore, ωc,i
should be chosen to have the lower oscillations and error
possible, with the proper overshoot. An average value within
the limits was chosen to balance both issues.
According to [19], the limits of string stability are obtained
with (8) and (9) together with a simplified vehicle model
Gi (s) = s−2 . The equation shown in (13), allows to obtain
the minimum head time achievable hd,i,min with a specific
ωc,i . To enhance the congestion problem, the head time has
to be as low as possible to increase the traffic capacity.
√ −1
hd,i < hd,i,min = 2ωc,i
,i > 1
(13)
The minimum head time reachable results hd,i,min = 2s
approximately, with ωc,i = 0.75rad/s. The velocity signal
shown in fig. 6 validates the calculated head time to ensure
string stability, since there is not amplification of the signal.
One can appreciate how an imaginary vehicle 0 is used as a
reference of the first vehicle in the string.
The design of this classical PD controller will be used as
initial controller, emulating a factory ACC system.
B. Coprime Factorization
Up to this point, our attention must be drawn in the
coprime factorization of the initial classical controller to
be used in the Youla-Kucera controller modification, which
allows us to introduce a new controller in the loop keeping
the original one, when the communication is available.
The coprime factorization should be done obeying the
Bezout identity too. On that purpose, in [17], a general

method based in state space realization of the whole system
is described. Two different steps need to be accomplished:
• “Translation” of the classical controller into the equivalent observer-based state feedback controller. Any classical controller, can be implemented as an observer
based state controller knowing the closed loop poles
of the system [22]. The plant should be observable and
controllable.
• Apply the corresponding matricial equations to obtain
the coprime factors.
The observed state feedback will control the plant through
a lineal combination of the different states of the system with
the gain matrix F . A Luenberger observer through a gain
matrix L will provide the states. It is known that availability
of all the states of the system is unrealistic due to economical
or physical problems. Both matrices, F and L, need to be
found. It will be possible only if the state space realization
(A, B, C, D) of the vehicle’s model G(s) is observable
0
and controllable, that is, rank C CA CA2 = n and
rank B AB A2 B = n respectively. n is the number of
states of G(s) (n = 3). Both conditions above are validated.
Considering the model G(s) and an initial PD controller
K0 (s), it is easy to calculate the closed-loop response to
a unit step reference. The closed-loop polynomial is the
denominator of the following transfer function:
CL(s) =

K0 (s)G(s)
1 + K0 (s)G(s)hd,i,min

(14)

Once the closed loop poles are known, the pole placement
design function provided by MATLAB is used to compute
F and L.
The classical controller can now be translated. The statespace realization of the system G(s) along with the characteristic gains of the state observer F and L allow us to get
the different coprime factors N0 , M0 , U0 , V0 , N00 , M00 , U00
and V00 for the initial controller. This is achieved thanks to
the application of the following state spaces realizations:




A + BF B −L
M0 U0
F
I
0 
(15)
=
N0 V 0
C + DF D I


V00

−N00

−U00
M00





A + LC
F
=
C


−(B + LD) L
I
0 
−D
I

(16)

Dashed lines indicated the matrices that belong to each
factor.
Finally, the initial ACC controller is factorized in (17) and
(18). The classical controller can be replaced by the factors
U0 and V0 as shown in Fig. 7. The obtained factors fulfills
the relation shown in (2).
U0 =

(s + 0.75)
(s + 0.467)(s2 + 0.7142s + 8.815)

(17)

V0 =

1
(s + 0.467)(s2 + 0.7142s + 8.815)

(18)

Fig. 7: ACC equivalent controller scheme obtained through
coprime factorization

Fig. 8: CACC classical scheme.

IV. C OOPERATIVE A DAPTIVE C RUISE C ONTROL
The cooperative version of ACC system includes wireless
communication with its predecessor. Concretely, the acceleration ai−1 will be sent to enhance the traffic congestion
problem, reducing the minimum head time hd,i,min that can
be implemented.
It will be shown how the communication makes change
the control structure, making useless the initial tuning of the
PD controller. A new controller will be tuned in, obtaining
the coprime factorization to be used as final controller in the
Youla-Kucera controller modification.
A. Classical Controller
At this moment, the ACC system is extended to the
cooperative version; adding the part corresponding to the
wireless communication in fig. 8 to the control structure in
fig. 5. Notice how the acceleration of the predecessor will
be the input of a feedforward filter Fi (s), whose transfer
function in (19) helps to improve the string stability [23].
Fi (s) =

1
,i > 1
Hi (s)Gi (s)s2

(19)

For the cooperative case, the stability limits in (12) holds,
as well as the use of the absolute position to study the string
stability of the string composed by three Cycabs. If Fi (s) is
substituted into the string stability transfer function results
in:
1
SSQi (s) =
,i > 1
(20)
1 + hd,i s
In this case the string stability is guaranteed for any
positive value of head time, improving the congestion problem (see [24] for further details). The minimum head time
reachable will be higher than zero due to the communication
delay present in any wireless network. The chosen head time
results hd,i = 0.75s.
The addition of the communication to the initial PD
controller with ωc,i = 0.75rad/s causes instability. One can
see in fig. 9 how the velocity response is oscillating when
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through coprime factorization.
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Fig. 9: Velocity results for a string of three Cycab robots
equipped with CACC. Initial PD configuration. Head time
0.75s.
CACC Controller. Final PD Configuration.
Velocity (m/s)

4
Cycab 0
Cycab 1
Cycab 2
Cycab 3

3
2
1
0

0

20

40

60
80
time (s)

100

120

Fig. 10: Velocity results for a string of three Cycab robots
equipped with CACC. Final PD configuration. Head time
0.75s.

the head time equals to hd,i = 0.75s. These oscillations can
make the system unstable in the transition ACC-CACC and
affects to the fulfillment of the spacing policy. In order to
prevent the situation the controller bandwidth is decreased
to ωc,i = 0.6rad/s. Fig. 10 shows how the oscillations are
removed. This is the final PD controller to be changed online
when communication is available.
B. Coprime Factorization
Here, the final PD controller is factorized through the
observer-based state feedback translation and the state space
realization in (15) and (16), obtaining the coprime factors
U1 , V1 , N1 , M1 , U10 , V10 , N10 and M10 . The former controller
can be replaced by the factors U1 and V1 as shown in fig.
11. It fulfills the factorization relation shown in (2).
U1 =
V1 =

(s + 0.6)
(s + 0.1932)(s2 + 0.988s + 5.115)

(21)

1
+ 0.988s + 5.115)

(22)

(s +

0.1932)(s2

Fig. 12: Controller parameterization modified through Q for
connection to terminals of an existing controller.

V. O NLINE C ONTROLLER M ODIFICATION
Two different PD controllers have been designed for ACC
and CACC systems respectively. Assuming that the ACC
controller will always be in place, we now draw our attention
to include the new PD controller through the Youla-Kucera
parameter Q when communication is available. The new

controller will be included accessing only the terminals of
the existing controller. The Youla-Kucera parameterization
allows us to obtain all the controllers that stabilize a given
plant G through (4). Now, if the final stable controller K1
and the initial K0 are already known, the problem can be
formulated inversely. Lets find Q that makes the system
changes from K0 to K1 :
Q = U10 − V10 V00−1 U00

(23)

Substituting all the coprime factors Q results:
(s + 7.174)(s + 4.146)(s + 1.8)(s2 + 37.95s + 393.9)
0.0098(s + 15)3 (s + 20.12)(s2 + 24.88s + 179.9)
(24)
The obtained YK parameter needs to be stable to ensure
the stability of the final controller. This condition is achieved.
The control scheme to change from the initial controller to
the final one is shown in fig. 12. Here, one can see how the
change can be easily managed by modifying the value of γ
to 0 or 1. Any lineal combination of Q and γ provides stable
responses. The lineal combination of Q and γ doesn’t make
the poles of Q unstables, so stable transitions are ensured
thanks to (4). To prove so, two different transitions between
controllers will be carried out: a step, and a 10 seconds
transition ramp.
The step will be imposed by communication availability.
The change from ACC to CACC is done in the least favorable
situation, when the system has the lower velocity. The correct
formulation of the problem is proved through the results in
fig. 13.
The results corresponding to a ramp of 10s in γ are shown
in fig. 14. In that case the weight of each controller will
change with the evolution of γ in time. The smoother change
makes the transition between controllers smoother too.
Q=
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Fig. 13: Speed responses for an ACC-CACC transition using
a step for controllers transition.
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Fig. 14: Speed responses for an ACC-CACC transition using
a ramp for controllers transition.

Experiments show the ability of Plug&Play control to
switch between controllers whereas keeping stability. It is
also worth to mention that such transition can be done
through a controllers switching or even by slightly modifying
in the weight of each of them in the control action.
VI. C ONCLUSIONS AND F UTURE W ORKS
Plug&Play Control has been used into the ITS framework, concretely into the ACC-CACC change when V2V
communication becomes available. The correct behavior of
the system has been proved through MATLAB simulation
results for a string composed by three Cycab robots.
The stability in transitions is ensured thanks to a stable
Youla-Kucera parameter, guaranteeing system stability during transitions periods using Plug&Play Control theory.
Furthermore, the existing controller of any commercial
vehicle could be changed into another stable controller just
by accessing the terminals of the original one. From an
industrial point of view, it is a significant advantage because
of the cost savings and the ability to switch back to an
existing, proven control design if the system fails.
Future work will be focused on the experimental proof
in three real Cycabs to validate the proposed approach.
Additionally, current regulation of both controllers by YoulaKucera parameter Q will be further investigated for improving vehicle stability in different scenarios.
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