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Abstract— This paper addresses the problem of e-safety
driving in urban areas, where the principal limiting factor is
vehicle-to-vehicle or vehicle-to-infrastructure communications.
Time-varying network-induced delays constitute the main
concern of networked control systems since they may negatively
affect the velocity control of a vehicle at low speeds and
consequently cause an accident. A system to adapt the vehicle’s
speed to avoid or mitigate possible accidents has been developed.
In particular, gain scheduling is used in a local fractional-order
proportional integral controller to compensate the effects of
delay. Experimental results on a prototype Citroën vehicle
in a real environment are presented, which demonstrate the
effectiveness of the proposed system.
Index Terms— Adaptive control, delay effects, fractional
calculus, networked control systems (NCSs), vehicle driving,
vehicle safety, velocity control.

I. I NTRODUCTION

S

INCE 2001 when the European Transport Commission
set out its guidelines for the next decade concerning road
transport policy, and which were reaffirmed in the midterm
review communication of 2006 [1], there has been a major
effort on the part of all European countries to improve
road safety. One fruit of this effort has been the more than
60 projects in the EU 6th and 7th Framework Programs under
the e-safety umbrella. The e-safety initiative includes research
projects based on vehicle-to-vehicle (V2V) or vehicle-toinfrastructure (V2I) communications designed to reduce the
number of vehicle accidents.
Intelligent cooperative systems based on wireless communications will play a key role in the development of new
advanced driver assistance systems (ADAS). Indeed, the development of dedicated short-range communications (DSRC)
as a reserved band for communications among vehicles [2]
reflects the importance of applying communication systems to
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increase road safety. Future trends in this line will be based
on control stations to coordinate the traffic within a zone
[3]–[5]. However, the main drawback of wireless communication systems is that they present delays that can cause failures
in the control system since information has to go from the
vehicle and the infrastructure to a control station and then
return to the vehicles and devices in the infrastructure for them
to take the most appropriate action. Most road fatalities are due
to excessive speed, so management of delays in the information exchange between a control station and the vehicles in its
vicinity can be critical for collision avoidance. The literature
on multivehicle systems has grown rapidly recently, and so
has the general interest in the development of control systems
implemented across networks [6]. In particular, networked
vehicles have become a prominent research theme in the
control and vehicle literature. They have shown the need to
find solutions to several challenging problems in distributed
motion control, and have illustrated the need for algorithms
that can be implemented over shared networks with little
message-passing. However, while much work has been done
on “networkable” motion-control algorithms, relatively little
attention has been paid to the motion-control problems posed
by the network itself.
The main application of current interest in multivehicle
systems is formation control and several papers have appeared
in recent years treating this problem from a distributed
(networked) perspective, but they do not explicitly address
networking concerns (see [7] and references therein). The
insertion of a communication network in the feedback loop
imposes additional challenges in designing the control system,
in particular concerning transmission delays, packet losses or
the consideration of band-limited channels (see [8]–[10] for
more details).
During the last few decades, networked control systems
(NCSs) have gained considerable importance, and today they
play a key role in the control of industrial processes. Recent
reviews of NCS solutions may be found in [11]–[13].
In the automotive field, however, NCSs have received
relatively little attention. Spacing control of multiple vehicles
over lossy datalinks was analyzed in [14], presenting the
condition for leader-to-formation stability. Trajectory-tracking
of a scaled car using network-based fuzzy decentralized
sliding-mode control was presented in [15]. An approach to
vehicle control datalink communication design, performance
analysis, and verification was presented in [16]. The networked
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control of an active suspension was addressed in [17] with
the application of optimal control. With respect to unmanned
ground vehicles (UGV), a simulation to implement a
network-controlled UGV path-tracking system using five
delay estimation algorithms is presented in [18]. A networkbased quadratic controller for a scaled UGV navigation system
based on a networked webcam and a remote computer server
is described in [19]. With respect to heavy-duty vehicles,
an NCS-oriented motion synthesis and control method based
on system-level contour control for the steering control of
large transportation vehicles is presented in [20]. Finally, a
theoretical study of the effects of communication losses and
delays in platoons of vehicles is described in [21] and [22].
However, to the best of our knowledge, there has been no
treatment in the literature of network-based control for vehicle
speed adaptation in production cars.
Among the applied networked control strategies, currently
one of the most applied trends is to use gain scheduling techniques because operating network conditions always change,
and replacing a proper and widely used controller by a
new one for efficient network-based capability can be costly
and time consuming. Gain scheduling can be considered as
the simplest classical strategy of adaptive control, several
gain scheduling approaches have been applied successfully in
NCSs, as in [23]–[27]. For the particular case of networkinduced delays, other compensation methods are discussed
in [28], taking into account protocol specifications based on
adaptive Smith predictor schemes, as well as sampling period
scheduling approaches [29]–[31], online reset control with
neural and dynamics Bayesian networks [32], average-time
[33], predictive control [34], [35], H∞ [36] techniques, and
so on. An interesting review on other effective networked
methodologies can be found in [37].
Fractional-order control (FOC), that is, the generalization to
noninteger orders of traditional controllers or control schemes,
and its applications are becoming an important research field
in recent years because it translates into more tuning parameters or, in other words, more adjustable time and frequency
responses of the control system, allowing the fulfillment of
robust performances. It has been applied in a satisfactory
way in several automatic control applications (see [38]–[41])
because of the better performance of this type of controllers in
comparison with the classical integer-order ones, as has been
demonstrated, e.g., in [39] and [42]. However, FOC has not
been applied to low-speed control of autonomous vehicles,
even though it is expected to provide more robust results.
The problem we discuss in this paper may be formulated
as follows. Consider a number of vehicles driving in a common area and a control station capable of communicating
with all of them through a wireless network. The control
station will be responsible for sending each car its specific
target speed so as to avoid the possibility of collisions.
In this context, the objective of this paper is twofold: 1)
to design, develop, and implement a fractional-order proportional integral (PIα ) controller—using a production vehicle Citroën C3 Pluriel in a real environment—to manage
a vehicle’s speed in the common area at low speeds and
2) to design a gain scheduler to make adaptations to the
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local speed controller from the control station. In particular,
we make the designed local PIα controller capable of performing efficient networked control by modifying its gains with
an external gain β (β > 0) which will be determined as an
optimal function of current network conditions. For the sake
of simplicity, only one vehicle will be considered in the experimental part. Also, we only consider here longitudinal control
at low speeds since this is the most challenging problem in
the development of a capable and efficient ADAS due to the
highly nonlinear dynamics of vehicles at these speeds.
To summarize, the principal contributions of this paper are
the following.
1) Design and development of a fractional controller for
automotive applications—specifically, speed control at
low speeds.
2) Design and development of a network-based controller
to intelligently manage a vehicle’s speed via a control
station, considering variable time delay.
3) Implementation of the system in a prototype vehicle
performing real experiments on real roads.
The rest of this paper is organized as follows. In Section II,
the whole system is described, highlighting the most representative features of the local station and the experimental
vehicle. Section III briefly presents the designed fractionalorder PIα local controller together with the process that gives
it the capability of performing efficient networked control by
means of gain scheduling. Section IV presents the experimental results for the local and network-based cases under
different network conditions, emphasizing the improvement
in the vehicle performance when applying the gain-scheduled
controller to compensate network-induced effects. Conclusions
are given in Section V.
II. S YSTEM D ESCRIPTION
The AUTOPIA Program at the Center for Automation and
Robotics (CAR) has been working on the development of
autonomous vehicles for the last 15 years. It began with
the design and implementation of an architecture to permit
autonomous guidance for a single vehicle driving in an urban
area [43]. The program’s current emphasis is oriented toward
traffic control of cooperating vehicles, for which a novel
architecture designed to handle this kind of system has been
developed [44]. This architecture is mainly based on local
control stations. These receive information from the vehicles
in their domain, analyze it to determine when a situation of
risk might arise, and modify the vehicles’ speeds in order to
avoid an accident. Although control stations are capable of
analyzing traffic conditions in real time, delays caused by the
wireless communications between each vehicle and the control
station may cause inappropriate control signals to be sent to
the vehicles. This paper describes a controller that is capable
of overcoming this problem. This section will briefly describe
the local station and the prototype vehicle, including the simple
linear model used to represent its longitudinal dynamics.
A. Local Station
In accordance with the aforementioned architecture, a local
control station is responsible for detecting traffic risk situations
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Fig. 1.

3

Experimental vehicle at the CAR.

in its control area and then modifying the speeds of the
vehicles involved so as to avoid or mitigate possible accidents.
A wireless access point is used to detect any vehicle in
its vicinity, establishing a V2I communication following the
Wi-Fi (IEEE 802.11) standard.
Although V2V solutions have been proposed for several
automotive applications including adaptive cruise control
(ACC) [45], V2I communications play a key role for the
management of driving areas since they significantly reduce
the number of communication channels required. Indeed,
various initiatives are currently under way worldwide, with
DSRC in the USA and the communication access for land
mobiles ISO standard in Europe being the most relevant
advances up to now.
One of the major concerns in the V2I communication field
is the ability of the infrastructure (i.e., the control station) to
manage the information coming from hundreds of vehicles
in real time with minimum delay [46]. To obtain a suitable
intelligent infrastructure management system, it will be vital
to deal with the effects of traffic density on the communication
requirements. If one considers an X-shaped intersection with
several lanes where a control station is responsible for intelligently coordinating the vehicles’ rights of way, appropriate
management of any delays in the information exchange among
vehicles and infrastructure will permit cross-road traversing
maneuvers to be coordinated efficiently and safely. This paper
presents a first approach toward such a reliable control system
for intelligent vehicle control.
As a first step for cooperative maneuvers, this paper only
considers a single vehicle driving in the control area. The
vehicle is able to send its current position and speed to the
control station, which will take into account the vehicle’s
proximity to a curved stretch of road, an intersection or a traffic
merging segment, and the measured condition of the network
to determine the reference speed. It will then send this data
together with the measured network delay to the vehicle for
it to adapt its speed to the road’s layout.
B. Experimental Vehicle
A production vehicle—a convertible Citroën C3 Pluriel
(see Fig. 1)—was used to check the operation of the fractional
networked-based controller in practice. This car has been
modified to permit actions on the brake and throttle pedals
by means of control commands [47]. Its throttle is controlled
with an analog signal that represents the pressure on the pedal
generated with an analog card. For the brake automation,
a brake-by-wire system was installed in the trunk of the
vehicle. It consists of a pump attached to a dc motor that

Fig. 2.

Experimental and simulated vehicle’s longitudinal dynamics.

permits different pressures to be applied to the brake shoes
(refer to [48] for more details).
The vehicle is equipped with an on-board control unit
which is responsible for receiving the control commands to
be applied to the vehicle’s actuators—i.e., its throttle and
brake pedals. In order to obtain its position and speed, a
sensorial fusion of a differential global positioning system and
an inertial measurement unit is used [49]. The actual speed and
acceleration are obtained from the controller area network bus.
In the vehicle automation literature, it is commonly accepted
to use a simple linear model of the vehicle’s speed for
the circuit on which the experimental maneuvers will be
performed, including the vehicle’s interaction with the terrain
during the identification of its dynamics [50], [51]. Because
it is impossible to obtain the exact dynamics that describe
the vehicle, this paper uses a simplification of a previously
developed complex model [52] based on the vehicle’s experimental response. The model is implemented in the M ATLAB
Identification Toolbox in the frequency domain, taking a chirp
signal as the input to the vehicle’s throttle and a second-order
model for the approximation. The transfer function obtained is
G(s) =

s2

K
+ 2δωn s + ωn2

(1)

where K = 7.8473 × 104 , δ = 160, and ωn = 55.87.
The poles of (1) are p1 = −0.1746 and p2 = −1.7878 × 104,
so the vehicle dynamics will evidently be given by p1 , being
the greater time constant. As a result, the transfer function
(1) can be reduced to a first-order function as
G(s) 

4.39
K
=
s+p
s + 0.1746

(2)

which corresponds to the dashed line in Fig. 2. The comparison
of the experimental and simulated results justifies the use of
this simple linear model for the kind of maneuvers we perform.
It is important to remark that the identification process of
the vehicle dynamics is carried out only with actions on the
throttle. The identification when braking is neglected for two
reasons: 1) since the target speeds are set lower than 15 km/h,
the vehicle always remains in first gear (with a high engine
braking force) and 2) the automated braking system has been
designed for emergency braking situations at high speeds,
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so that the least action on the brake at low speeds causes
significant deceleration [48].
III. C ONTROL D ESIGN
This section describes the design process of the local
controller and its network-based efficient adaptation. We use a
fractional-order strategy as an attempt to open a new perspective in longitudinal control at low speeds in the automotive
field because of its capacity to provide time and frequency
responses that are more adjustable.
A. Local Control
For low-speed control purposes, the following specifications
are required for the controlled system: 1) the desired closedloop response to have a value of overshoot M p close to 0%
and a rise time tr  4 s or, equivalently, a phase margin and a
crossover frequency of around 90° and 0.45 rad/s, respectively,
so as to ensure passenger comfort in terms of acceleration (a
vehicle acceleration less than 2 m/s2 ) since greater values of
these two parameters cause poorer system performance [53])
and 2) robustness against any nonmodeled dynamics or imprecisions in the measurements. The full description of the design
can be found in [54].
As we can see, the transfer function (2) has the same
structure as that corresponding to a velocity servo, for which
PI controllers are widely used. Since three specifications have
to be satisfied, and for a practical application it is desirable
to minimize the effects of high-frequency noise in the measurements, the simplest way to do this is to use, instead of a
traditional proportional-integral-derivative, a fractional PIα , of
the form

ki
zc 
C(s) = k p + α = k p 1 + α , with z c = ki /k p . (3)
s
s
Let us denote the gain crossover frequency by ωc and the
phase margin by ϕm , and assume that the output disturbance
rejection is defined by a desired value of a sensitivity function
S(s) for a desired frequency range (in this paper, about one
decade under ωc ). Then, the three specifications to fulfill are
as follows.
1) Phase margin specification
Arg[G ol ( j ωc )] = Arg[C( j ωc )G( j ωc )] = −π +ϕm .

(4)

2) Gain crossover frequency specification
|G ol ( j ωc )| = |C( j ωc )G( j ωc )| = 1.

(5)

3) Output disturbance rejection for ω ≤ ωs = 0.035 rad/s




1
 ≤ −20 dB. (6)

|S( j ω)|dB = 
1 + C( j ω)G( j ω) 
dB

The phase and magnitude of the open-loop frequency response
G ol ( j ω) of the system can be written as


 
z c ω−α sin φ
−1
−1 ω
−tan
(7)
Arg (G ol ) = − tan
1 + z c ω−α cos φ
p

2 
2
K k p 1+z c ω−α cos φ + z c ω−α sin φ
|G ol | =
(8)
ω2 + p 2

Fig. 3.

Bode plot of the vehicle when applying the designed PIα .

Fig. 4.

Magnitude of the sensitivity function S(s).

where φ = απ/2. Specification 1) leads to

 

z c ωc−α sin φ
−1 ωc
= −π + ϕm .
− tan−1
−tan
p
1 + z c ωc−α cos φ
In accordance with specification 2)


2
K k p 1 + z c ωc−α cos φ + z c ωc−α sin φ
ωc2 + p 2

(9)

2

=1

(10)

and, finally, specification 3) can be established as






1

  .
|S| = 
K
 1 + k p 1 + z c ω−α cos φ − j z c ω−α sin φ j ω+

p
(11)
Solving the set of (9)–(11) with the M ATLAB function fsolve,
one obtains the values of the controller parameters as k p =
0.09, ki = 0.025, and α = 0.8. Fig. 3 is the Bode plot of
the controlled system using the designed controller. As can
be observed, the crossover frequency is ωc = 0.46 rad/s
and the phase margin is ϕm = 87.79°, fulfilling the design
specifications properly. Moreover, we force the magnitude
of the sensitivity function S(s) to be less than 20 dB for
frequencies ω ≤ ωs = 0.035 rad/s, which is also fulfilled
as illustrated in Fig. 4.
B. Networked Control
As mentioned above, the trend for the future in the automotive field is to develop ADAS to ensure safe driving within a
zone by using a communication network to control the traffic.
This means that the local station has to be able to adapt each
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Fig. 5.

5

Scheme of the gain scheduling approach to adapt a vehicle’s speed.

vehicle’s speed according to the circumstances. In this sense,
the previous local speed controller has to be moved toward a
networked speed controller so that network effects have to be
taken into account. This section presents the adaptation of the
fractional controller presented in Section III-A for networked
control by minimizing the effects of network-induced delays.
The idea to achieve this end is, following one of the most
representative current trends in NCSs, to enable the designed
local controller to perform efficient networked control by
means of an external gain β since replacing the local controller
can be costly and time consuming. This is based on the
approach proposed in [26]. In particular, it allows controller
gains to be adapted by β (β > 0) with respect to the
current network condition by measuring or estimating the
current network delay τnetwork . Thus, β will be a function of
τnetwork , β = f op (τnetwork ) (calculated by minimizing a defined
cost function), which will optimally adapt the vehicle’s speed
according to the current network conditions, enabling the local
controller to perform efficiently over the network. A scheme
of this fractional gain scheduling strategy is shown in Fig. 5.
As can be seen, there are three basic components.
1) The central decision unit, whose function is to measure
(or estimate) the current network condition via roundtrip time (RTT) measurements. This measurement is then
utilized by the gain scheduler, as well as to determine
the reference speed.
2) The gain scheduler, which modifies the controller output
with respect to the current network condition. It is
determined by an offline optimal study of the system.
3) The remote system—in this case, a production vehicle.
In [26], the authors solve the stability of the system roughly
using the root locus, so that an approximation is needed for
delays. On the contrary, here the Nyquist stability criterion is
applied to calculate the maximum value of β that guarantees
the system’s stability. This means that we solve the system’s
stability precisely. Hence, the structure of the gain scheduling
and the form of tuning β ensure closed-loop stability for any
given τnetwork .
Next, the application of the gain scheduling to the PIα
controller, referred to as a fractional gain scheduled controller
(FGSC), is presented for networked vehicle speed adaptation
at low speeds. Following the steps summarized in Fig. 6, the
optimal function β with respect to τnetwork can be obtained as
follows.
1) The nominal gains of the PIα controller are (k 0p , ki0 ) =
(0.09, 0.025) (refer to Section III-A). Analytically, β
modifies k 0p and ki0 but maintains unchanged the ratio
z c between the two constants.

Fig. 6.

Summary of the FGSC design process.

Fig. 7.

Nyquist plots of the vehicle for different values of τnetwork .

2) Considering a working range τnetwork ∈ (0, 3.2] s, for
increments of 200 ms, the Nyquist plots of the controlled
system are represented in Fig. 7. The maximum value
of β, i.e., βmax , for each value of τnetwork is determined
from the corresponding Nyquist plot.
3) In order to evaluate the best possible vehicle performance at low speeds with respect to the gain β under
different network conditions, it is necessary to define
a cost function J which is to be minimized. In this
case, taking into account that the main purpose of gain
scheduling is to preserve the vehicle’s behavior as was
done in the local case, the cost function J is given by
J = ω1 J1 + ω2 J2

(12)

where J1 and J2 are the overshoot M p and a function
of the rise time tr , respectively, and ω1 and ω2 are their
corresponding weights that specify the relative significance of J1 and J2 for the overall system performance.
In particular, ω1 = 0.35 and ω2 = 0.65, which means
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Fig. 9.
Fig. 8.

Cost function J for different values of τnetwork .

that the significance of J1 is equal to 35% and that of
J2 is 65%. Besides
J2 =

0.8tr , if tr > tr0
0.2tr , if tr ≤ tr0

(13)

with tr0 = 4 s (the value of the design specification for
the rise time). The cost function (12) was adjusted in
simulations to obtain a proper vehicle performance for
different speeds of less than 15 km/h.
4) Due to the fact that J does not have a closed-form
relationship with β—there is no analytical function connecting the two variables—it is not possible to determine
β analytically with respect to J . A feasible approach to
search for β is to conduct an offline set of simulations
in which β is varied from 0 to βmax for each value
of τnetwork considered. From these simulation results,
the values of the cost function J as β is varied from
0 to βmax are calculated for each τnetwork , considering
these last as constant delays. The form of J is shown in
Fig. 8.
5) Finally, the optimal values of β are obtained by minimizing J for each value of τnetwork (see Fig. 9). The
function βop is implemented as a lookup table in C++
code in the vehicle’s computer.
It can be noted that, as expected, the optimal beta should
be equal to 1 when there is no delay—the nominal or local
case—in order not to affect the performance obtained by the
local controller. However, as shown in Fig. 9, the external
gain would be greater than 1 for zero delay in our design.
There are two reasons for this. First, we consider an already
existing controller for the local case, with a particular and
efficient behavior for the longitudinal control of the vehicle
at low speeds. The aim of this paper is to keep it the same
for another kind of maneuver managed by the local station,
i.e., speed adaptation to prevent an accident. Moreover, we
presume that the process of designing and implementing a new
controller for the remote control when the network condition
varies would be time consuming. Second, the cost function
J does not maintain the design specifications of the local
controller exactly. This function was tuned experimentally for
delays greater than zero to obtain a behavior of the vehicle
as close as possible to the local case for zero delay but while
keeping the vehicle’s acceleration to below 2 m/s2 —as noted

Optimal values of β for different values of τnetwork .

above, passenger comfort may be taken to be the main concern
in the design. With this strategy, for the local case the vehicle
would exceed the maximum allowed acceleration. Hence, the
gain scheduler will only modify the controller output when
the delay is greater than 200 ms.
The possibility of delay observation in the Wi-Fi network
allows online measurement of its current condition. Therefore,
in this application we measure the Wi-Fi network condition
by means of RTT measurements with an implemented C++
counter. Refer to e.g., [10], [28], [55], and [56] for further
information about delay measurement in Wi-Fi networks.
IV. E XPERIMENTAL R ESULTS
The fractional-order PI controller was tested on the real
vehicle in CAR’s private driving circuit. This circuit was
designed for scientific purposes so that only experimental
vehicles are driven in this area. The circuit includes 90° bends
and different slopes, and can therefore validate the controller
in different circumstances close to a real environment.
In order to evaluate and validate the proposed fractionalorder strategy, more than 20 different field-testing experiments
were performed with the real vehicle. These experiments can
be grouped into three scenarios.
Scenario I) In this scenario, first, we will show the vehicle’s
performance using the designed PIα local controller, and then the degradation of the vehicle’s
performance when the local station takes over
control for the global coordination of the traffic
within a zone. We assume that the local station
has to increase the vehicle’s speed from 10 to
15 km/h, and after that decrease it to 8 km/h
to coordinate a specific maneuver successfully.
Also, we consider different Wi-Fi network conditions corresponding to different values of the
delay which may originate from, for example,
different workload situations in the network.
Delays will be kept constant during a given
maneuver.
Scenario II) This group of tests deals with the comparison
of the application of the local and the proposed FGSC controllers through the network
for two speed cases managed by the control
station: a) keeping the vehicle speed constant
and b) varying the reference speed. In both
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(a)

Fig. 11. Degradation of vehicle speed when applying the local PIα controller
in remote mode.

(b)

(c)

(d)
Fig. 10. Vehicle response when applying the PIα controller (Scenario I, local
case). (a) Speed. (b) Acceleration. (c) Speed error. (d) Control action.

cases, we also consider different communication conditions during which the network delay
will be constant, too. The effectiveness of the
proposed FGSC when compared to the local
controller will be shown.
Scenario III) In this scenario, the effect of the FGSC controller on the vehicle’s performance is studied
considering time-varying network delays. The
aim of this scenario is to validate the proposed
FGSC for low-speed remote control when the
condition of the network is as close to reality as
we could make it. The results will be shown for
constant and variable reference speeds, similar
to the previous scenario.
Before presenting the results for each scenario, the experimental implementation of the PIα in the on-board vehicle’s computer will be described. Theoretically, a fractionalorder controller is an infinite-dimensional linear filter, and
continuous- and discrete-time implementations are based on
finite-dimensional approximations. In practice, we use a digital
method—the indirect discretization method—which requires,
first, a finite-dimensional continuous approximation to be
obtained, and, second, the resulting s-transfer function to be
discretized. In our case, the fractional integral s −0.8 was implemented as s −1 s 0.2 to preserve the integral effect. Therefore,
only the fractional part Rd (s) = s 0.2 is approximated.
To obtain a finite-dimensional continuous approximation
of the fractional order differentiator, a modification of
Oustaloup’s method is used (see [39]). An integer-order transfer function that fits the frequency response of the fractional
order derivative Rd (s) in the range ω ∈ (10−3 , 103 ) is
obtained, with seven poles and seven zeros. This continuous

TABLE I
S PEED E RRORS (km/h) FOR D IFFERENT VALUES OF τnetwork

10 km/h
15 km/h
8 km/h
Mean

Nominal
0.01
0.19
0.32
0.17

1
0.38
1.02
1.06
0.82

2
0.74
1.57
1.58
1.298

3
0.63
1.97
1.17
1.26

4
0.83
2.22
1.30
1.26

5
1.44
2.82
0.42
1.56

6
1.70
3.19
0.51
1.80

approximation is then discretized by using Tustin’s rule with
a sampling period Ts = 0.2 s–GPS sampling period–to give
the following seventh-order digital infinite impulse response
(IIR) filter:
7

bk z −k
k=0
Rd (z) =
(14)
7

−k
1+
ak z
k=1

where b0 = 0.157, b1 = 0.132, b2 = −0.439, b3 = −0.366,
b4 = 0.406, b5 = 0.334, b6 = −0.124, b7 = −0.101,
a1 = −0.866, a2 = −2.746, a3 = 2.339, a4 = 2.507,
a5 = −2.095, a6 = −0.760, and a7 = 0.621. Therefore,
the resulting total fractional-order controller is given by the
C++ implementation of the following eighth-order digital
IIR filter:
−1

2 1 − z −1
Rd (z).
(15)
C(z) = 0.09 + 0.025
Ts 1 + z −1
A. Scenario I
Fig. 10 shows the real behavior of the vehicle when applying
the designed PIα controller. In Fig. 10(a), the solid line refers
to the experimental response obtained, and the dashed line
corresponds to the simulated response. In principle, the two
responses, experimental and simulated, are quite similar, so
the model used for the longitudinal dynamics of the vehicle
is good enough for the maneuvers considered. Besides, it is
important to remark that the vehicle’s behavior is stable and
smooth, and the desired comfort constraint on the acceleration
is also fulfilled [Fig. 10(b)] while keeping the speed error
close to zero [Fig. 10(c)]. For a better interpretation of the
speed error results, the absolute value of the mean of the
speed error for 10, 15, and 8 km/h were 0.0117, 0.1872, and
0.3242 km/h, respectively. These are acceptable values for the
speed error at low speeds, but it is also worth mentioning
that the slope of the circuit considerably affects the vehicle’s
response since the vehicle remains always in first gear and
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(a)

(a)

(b)

(b)

(c)

(c)

(d)

(d)

Fig. 12.
Vehicle response (Scenario II, constant speed). (a) Speed.
(b) Acceleration. (c) Speed error. (d) Control action.

(a)

(b)

(c)

(d)
Fig. 13. Vehicle response comparison (Scenario II, variable speed). (a) Speed.
(b) Acceleration. (c) Speed error. (d) Control action.

the engine braking force is high. Fig. 10(d) illustrates the
actions of the throttle (solid line) and brake (dashed line). One
can appreciate the smoothness of the action on the vehicle’s
actuators, providing good comfort for the car’s occupants as
reflected in the acceleration values.
The degradation of the vehicle’s performance when applying
the local PIα controller for different values of τnetwork ∈

Fig. 14.
Vehicle response comparison (Scenario III, constant speed).
(a) Speed. (b) Acceleration. (c) Speed error. (d) Control action.

[0, 1.6] s–τnetwork = 0 means the local or nominal case—is
illustrated in Fig. 11. The speed errors in the steady state are
given in Table I. As can be seen, the performance of the PIα
controller using its nominal gains is significantly poor when
the network-induced delay is large. Moreover, it is clear that
the greater the value of τnetwork , the greater the mean value
of the speed error. Consequently, the local PIα controller, in
a simple but effective solution, requires an adaptation method
when the control station is managing the maneuver.
B. Scenario II
For a desired constant speed of 10 km/h, Fig. 12 represents
the vehicle’s behavior for the network case 1 (τnetwork = 0.2 s),
where the solid and dashed lines refer, in what follows, to the
application of the FGSC and local controllers, respectively.
As can be observed in Fig. 12(a) and (c), the vehicle’s
performance with the FGSC is significantly better than with
the application of the PIα controller. In particular, the mean
values of the speed errors in the steady state in Fig. 12(c) are
0.0048 and 0.3636 km/h, respectively. Defining the percentage
of improvement I as
I (%) =

SEPIα − SEFGSC
100
SEPIα

(16)

where SEPIα and SEFGSC are the speed errors obtained using
the local PIα and FGSC controllers, respectively, the improvement in the vehicle’s performance provided by the FGSC
controller is 98.68%.
The comparison of the vehicle’s performance using the
two controllers for a variable reference speed for the same
network condition is plotted in Fig. 13. In this case, the mean
values of the speed errors in the steady state are 0.0364 and
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0.8230 km/h, respectively, so that the improvement in the
vehicle’s performance when applying the FGSC is 55.77%.
To summarize, when the local station manages the speed
control of the vehicle, and the network-induced delay is
assumed to be constant, the performance of the vehicle using
the proposed fractional-order gain-scheduled controller is adequate in terms of vehicle response, acceleration, and speed
error, meaning that passenger comfort is guaranteed. This
novel approach enables the local PIα controller to perform
efficiently over a network.

9

(a)

(b)

C. Scenario III
The following cases consider random time-varying delays
−τnetwork ∈ [0.2, 0.4] s, i.e., a delay of the order of a sampling
time, which can be considered as a packet lost in the Wi-Fi
network during the experiment.
For a constant desired speed of 10 km/h, Fig. 14 shows
the comparison of the vehicle’s performance, in which the
color code is the same as that in Scenario II. It can be stated
that the vehicle speed response is significantly better with the
fractional gain scheduling approach. The mean values of the
speed error in each case are 0.1080 and 0.6252 km/h for
the FGSC and PIα controllers, respectively, which corresponds
to an improvement of 82.72% in the vehicle’s performance.
Fig. 15 illustrates the comparison of the vehicle’s performance for a variable reference speed. As can be seen in
Fig. 15(a) and (c), the vehicle’s performance is also significantly improved with the application of the FGSC controller
by nearly 83.85% because the mean values of the speed errors
are 0.2105 and 1.3034 km/h. Hence, the improvement in
the vehicle’s performance using the FGSC controller is even
greater when the network-induced delay is variable.
V. C ONCLUSION
In this paper, we reported the successful design and
implementation of an FGSC to perform the networked-based
low-speed control of a production vehicle via V2I communications. This allows a local PIα controller to be enabled
for efficient speed control from a control station, adapting
the vehicle speed appropriately to coordinate traffic within a
driving zone by means of a gain scheduling approach, since
the performance of the local controller using the nominal
gains is significantly poor when the network-induced delay is
large.
The application of the proposed FGSC controller provided
good vehicle performance for changes in navigation speed,
especially in ensuring the comfort of the vehicle’s occupants,
with the following points standing out.
1) For a constant reference speed, the vehicle performance
obtained with the FGSC was significantly better than
with the use of the PIα controller in a remote mode,
with the improvement being greater than 69% in the
cases studied in terms of speed error. When the network
delay was time-varying, the improvement was even
greater.
2) For a variable reference speed, and especially with timevarying network delays, the vehicle behavior obtained

(c)

(d)
Fig. 15.
Vehicle response comparison (Scenario III, variable speed).
(a) Speed. (b) Acceleration. (c) Speed error. (d) Control action.

with the FGSC relative to the PIα case was really
superior. The improvement in the cases analyzed was
about 80%. This conclusion may be of interest for ACC
maneuvers.
Although stability and robust analyses would be required,
in many instances designs are clearly reasonable and can
be justified by the appropriate experimental results, as
shown in this paper. Our future research efforts will focus
on those analyses and the networked control of cooperative maneuvers considering several vehicles and the use
of fractional-order strategies to compensate network-induced
effects. To this end, not only longitudinal control but also
lateral control will be taken into account, i.e., steering wheel
management.
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