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Experimental Application of Hybrid Fractional-Order
Adaptive Cruise Control at Low Speed

S. Hassan Hosseinnia, Inés Tejado, Vicente Milanés, Jorge Villagrá, and Blas M. Vinagre

Abstract— This brief deals with the design and experimen-
tal application of a hybrid fractional adaptive cruise control
(ACC) at low speeds. First, an improved fractional-order cruise
control (CC) is presented for a commercial Citroën C3
prototype—which has automatic driving capabilities—at low
speeds, which considers a hybrid model of the vehicle. The
quadratic stability of the system is proved using a frequency
domain method. Second, ACC maneuvers are implemented with
two different distance policies using two cooperating vehicles—
one manual, the leader, and the other, automatic—also at very
low speeds. In these maneuvers, the objective is to maintain
a desired interdistance between the leader and follower vehi-
cles, i.e., to perform a distance control—with a proportional
differential (PD) controller in this case—in which the previously
designed fractional-order CC is used for the speed control.
Simulation and experimental results, obtained in a real circuit,
are given to demonstrate the effectiveness of the proposed control
strategies.

Index Terms— Adaptive cruise control (ACC), fractional-order
control (FOC), hybrid system and control, stability.

I. INTRODUCTION

THE CONSIDERABLE increase in the number of vehicles
for transportation of people or goods in recent decades

have caused an increase in the number of road fatalities. Since
more than 80% of road accidents are due to the human factor
[1], it turns road transport into a suitable candidate to the appli-
cation of autonomous or semiautonomous control systems to
avoid—or reduce—driver errors.

During last years, significant advances have been carried
out in this field. Although most of the commercial vehicles
have included cameras or radars to detect pedestrians [2]
or a leading vehicle [3], or ultrasound sensors for parking
assistance [4], or even warning devices as head-up displays
and audible signals, the last decision remains on the driver.
Therefore, next step is to turn from warning to automatic
devices for accident reduction or mitigation, which is an open
field of research. Concerning vehicle’s automation, one can
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distinguish between the lateral—associated to the steering
wheel—or longitudinal—associated to the brake and throttle
pedals—actions. The work presented in this brief focuses in
the latter.

Automatic speed control—well known as cruise
control (CC) in the literature—was one of the first autonomous
systems implemented on a vehicle. It involves in regulating
the action over the throttle pedal to try to follow a desired
speed. Subsequent step was the inclusion of the brake pedal
in the speed control system. Based on this inclusion and
the use of radar system for detecting the leading vehicle,
adaptive CC (ACC) systems were implemented for freeways
driving [5]. Current research line in speed control is based
on vehicle-to-vehicle (V2V) communications to reduce the
distance between vehicles. These control systems, called
cooperative ACC, have been experimentally tested with
prototype vehicles [6]–[9].

Controlling the speed of a vehicle is a classic application
of control system theory and, as a matter of fact, most of
the commercial systems are based on proportional-integral-
differential (PID) controllers because of the proper vehicle’s
behavior versus their easy implementation. Although PID
can achieve adequate results, advanced control techniques
capable of improving their benefits are required in the
automotive field. In this context, in the past few years,
fractional-order PID controllers, i.e., the generalization of
traditional PID to noninteger orders, are recognized to
guarantee better closed-loop performance and robustness with
respect to the classical controllers—refer to [10] and [11]
for fundamentals and benefits of fractional-order control
(FOC).

One of the key issues in longitudinal control is the commu-
tation between the throttle and brake pedals due to the signifi-
cant differences between the accelerating and braking vehicle
dynamics. In this context, hybrid control—because of switch-
ing between different controllers—can be an accurate approach
to achieve stability and provide an effective mechanism to deal
with these highly complex systems by combining the advan-
tages of different controllers [12]–[14]. Examples of hybrid
controllers in the automotive field include applications for
automated highway systems [15], motion planning [16], [17],
collision avoidance [18], trajectory tracking [19], [20], and so
on. Even though, research in hybrid control has been the object
of an intense and productive effort in the recent years in the
automotive field, from the best of our knowledge, this is the
first time that benefits of both FOC and hybrid control are
used for ACC maneuvers.

At this point, let us formulate the final aim of this brief as
follows. Consider a number of vehicles driving in a common
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area at low speeds with V2V communications 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. The objective of this brief is to
develop a capable and efficient advanced driver assistance
system on the basis of FOC to allow the control station modify
the speed of the cars to keep safety for all maneuvers in
the area, which can be divided into two items: 1) remote
CC maneuvers, which were addressed in [21] and 2) ACC
via networks. In this brief, we will focus on the first step
of this second item, more particularly, on the adaptation of
the system developed in [21] to local ACC applications. With
these premises, the purpose of this brief was threefold.

1) Design two fractional-order PI controllers to act over the
throttle and brake pedals independently, so as to adapt
the control designed in [21] for CC to ACC maneuvers.

2) Implement a hybrid control law for the commutation
between the action over each pedal in a safe and robust
way.

3) Validate the proposed hybrid control experimentally con-
sidering two different strategies for generating the safe
interdistance between vehicles. It is worth mentioning
that the idea was to compare two widely used rules with
a classical PD controller, but not to design a fractional-
order one—it will be addressed in future works.

The rest of this brief is organized as follows. Section II
briefly describes the follower vehicle and its dynamic longitu-
dinal model obtained for this kind of maneuvers. Section III
addresses CC maneuvers. In Section IV, ACC maneuvers and
the interdistance policies considered for the experiments are
described. Simulation and experimental results are given in
Section V to validate the proposed hybrid fractional strategy
for CC and ACC maneuvers. Finally, concluding remarks are
included in Section VI.

II. AUTOMATIC VEHICLE

This section briefly summarizes the modifications per-
formed in the follower vehicle—an automatic convertible
Citroën C3 Pluriel, whereas the leader is an electric Citroën
Berlingo—to act autonomously on the throttle and brake
pedals for the experimental CC and ACC maneuvers, as well as
its dynamic longitudinal model when accelerating and braking
at very low speeds. Both follower and leader vehicles belong
to the AUTOPIA Program at the Center for Automation and
Robotics (CAR).

A. Description

The vehicle control system for automatic driving, following
the classical perception–reasoning–action paradigm [22], [23],
is in charge of localizing as precisely and robustly as possible
the vehicle. To that end, the following subsystems are embed-
ded in the vehicle.

1) A double-frequency global positioning system (GPS)
receiver running in real-time kinematic (RTK) carrier
phase differential mode that supplies 2 cm of resolution
positioning at a refresh rate of 5 Hz.

2) A wireless local area network (IEEE 802.11) support,
which allows the GPS to receive both positioning error
corrections from its base station and vehicle and posi-
tioning information from the preceding vehicle.

3) An inertial measurement unit (IMU) Crossbow IMU
300CC placed close to the center of the vehicle to
provide positioning information during GPS outages.

4) Car odometry supplied by a set of built-in sensors in the
wheels, whose measurements can be read by accessing
the controller area network bus of the vehicle.

5) An on-board computer, which requests values from each
of the on-board sensors with which to compute the
controller’s input values.

Finally, the devices that make possible to act on the throttle
and brake of the car are an electrohydraulic system, which is
mounted in parallel with the original one, capable of injecting
pressure into the car’s antiblock braking system, and an analog
card, which can send a signal to the car’s internal engine
computer to demand acceleration or deceleration. More details
can be found in [24].

B. Dynamic Longitudinal Model

To design the controllers for CC and ACC maneuvers at
very low speeds, a model of the vehicle was obtained exper-
imentally when accelerating and braking. It is worth men-
tioning that obtaining the exact vehicle longitudinal dynamics
is not required in this application because of the kind of
experimental maneuvers to be performed. Thus, simple linear
models were considered—similar models have been also used
in [25] and [26]. On the one hand, the vehicle speed when
accelerating was simplified as

G1(s) � 4.39

s + 0.1746
. (1)

On the other hand, the vehicle dynamics when braking can be
given by an uncertain first-order transfer function that depends
on the voltage applied to the brake pedal [24]

G2(s) � 1

τ s + 1
(2)

where the time constant varies in the interval τ ∈ [1.6, 3.1] s—
the nominal value of τ was considered as 2.25. The validation
of these models can be found in [21], [27], and [28].

III. CRUISE CONTROL

This section presents the hybrid CC of the vehicle at low
speeds based on the above-mentioned different dynamics. The
design of the fractional-order controllers for the throttle and
the brake is firstly given and then, the hybrid modeling,
control, and stability analysis.

A. Design of the Fractional-Order Controllers

The most important mechanical and practical requirement
of the vehicle to consider during the design process is to obtain
a smooth vehicle’s response so as to guarantee its acceleration
to be less than the well-known comfort acceleration, i.e., less
than 2 m/s2.
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In [21], [27], and [29], some classical and fractional-order
PI controllers were designed for CC maneuvers. In this brief,
the fractional-order PI controller designed in [27] will be
used for the throttle action—it was designed to control the
throttle and brake pedals, but neglecting the dynamics during
braking—whereas the brake will be controlled by a robust
fractional-order PI due to the system uncertainty described pre-
viously. The motivation of improving that design by consider-
ing a hybrid model of the vehicle mainly arises from its appli-
cation to ACC maneuvers, in which commutation between
the pedals plays a key role for the success of the whole
control.

Consider a fractional-order PI controller of the form

C(s) = k p + ki

sα
. (3)

Specifications related to phase margin, gain crossover fre-
quency and output disturbance rejection are going to be
considered. Let assume that the gain and phase crossover
frequency of the open-loop system are given by ωgc and ωpc,
the phase and gain margins are denoted by φm and Mg , and
the output disturbance rejection is defined by a desired value
of a sensitivity function S(s) for a desired frequencies range.
The three specifications to be fulfilled to achieve stability and
robustness are the following.

1) Phase margin specification

arg(C( jωgc)G( jωgc)) = −π + φm (4)

arg(C( jωpc)G( jωpc)) = −π. (5)

2) Gain crossover frequency specification

|C( jωgc)G( jωgc)| = 1 (6)

|C( jωpc)G( jωpc)|dB = 1/Mg . (7)

3) Output disturbance rejection
∣
∣
∣
∣

1

1 + C( jω)G( jω)

∣
∣
∣
∣
dB

≤ −20 dB, ω ≤ ωs . (8)

To tune the fractional-order PI controller (3) for the throttle,
the set of (4)–(6)–(8) was solved with the MATLAB function
fsolve for the following specifications: 1) φm = 90°; 2) ωgc =
0.45 rad/s; and 3) ωs = 0.035 rad/s. The controller parameters
were: 1) k p = 0.09; 2) ki = 0.025; and 3) α = 0.8—the full
design of this controller can be found in [27].

With respect to the control of the brake, a fractional-order
PI controller robust to variations in the system time constant
was required. Since the controlled system phase never crosses
−π rad, and in accordance with the idea proposed in [30],
the following specifications are considered instead of (5)
and (7):

arg (C( jωm)G( jωm)) = pm (9)

|C( jωm)G( jωm)|dB = 1/Mm . (10)

Thus, (9) and (10) are used to find the frequency ωm at the gain
Mm and the phase pm . Therefore, defining θ = απ/2, (4), (6),
(9), and (10) turned into the following set of four nonlinear

Fig. 1. Bode diagrams of the vehicle controlled by the fractional-order PI
with different values of the time constant τ for the brake.

equations with four unknown variables −kp, ki , α, and ωm :

tan−1

(

k pω
α
gc sin θ

ki + k pωα
gc cos θ

)

−tan−1(τωgc)+π − θ−φm = 0

(11)

tan−1
(

k pω
α
m sin θ

ki + k pωα
m cos θ

)

− tan−1 (τωm) − θ − pm = 0

(12)

20 log

⎛

⎝

√

(ki + k pωα
gc cos θ)2 + (k pωα

gc sin θ)2

ωα
gc

√

(τωgc)2 + 1

⎞

⎠ = 0

(13)

20 log

⎛

⎝

√

(ki + k pωα
m cos θ)2 + (k pωα

m sin θ)2

ωα
m

√

(τωm)2 + 1

⎞

⎠ − 1

Mm
= 0.

(14)

In this case, the MATLAB function fmincon was used to
reach out its solution, which finds the constrained minimum
of a function of several variables. Actually, (13) was consid-
ered as the main function to optimize with (11), (12), and
(14) as constraints. Considering φm = 90°, pm = −100°,
ωgc = 0.7 rad/s, and Mm = 20 dB as specifications, the
parameters obtained for the brake controller were kp = 0.7,
ki = 1.1, α = 0.45, whereas ωm = 5.7 rad/s. This controller
was tuned to be robust for the above-mentioned interval for τ .
Fig. 1 shows the Bode diagrams of the vehicle when braking
with the designed PIα controller. It can be observed that ωgc =
0.7 rad/s and φm = 93°, which fulfill the design specifications
with robustness to variations of system time constant τ .

B. Hybrid Control

Let us describe the system and the controllers by their
transfer functions Gq (s) = Kq/s + Tq and Cq (s) = k pq +
kiq /sαq , where q = {1, 2} refers to the throttle and brake
actions, respectively, and with the parameters shown in Table I.
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TABLE I

SYSTEM AND CONTROLLER PARAMETER

Fig. 2. Phase differences between the characteristic polynomials of the
closed-loop system.

Thus, the closed-loop transfer function of the system can be
written as

Y (s)

R(s)
= γqsαq + βq

sαq+1 + (Tq + γq)sαq + βq
, q = {1, 2} (15)

where γq = Kqk pq and βq = Kqkiq .
To analyze the stability of the hybrid system, the frequency

domain method proposed in [31] is going to be used. To this
respect, the system has to be described as a switching system.
Therefore, assuming αq = Nq/Dq , the switching system can
be represented as

D
1

Mq x = Aq x (16)

where Aq , q = {1, 2}, are the switching subsystems and Mq is
lowest common multiple of the denominators of Dq and Nq .
Then, system (16) is quadratically stable if and only if

|arg(det(A1 − jωI )) − arg(det(A2 − jωI ))| <
π

2
∀ω (17)

where Aq = −(−Aq)1/2−Mq , q = {1, 2}, and I is identity
matrix with proper dimension. The characteristic polynomials
of the controlled system for the throttle and the brake are
d1 = s1.8 + 0.57s0.8 + 0.11 and d2 = s1.45 + 0.76s0.45 + 0.49,
respectively. Thus, the corresponding fractional-order system
can be represented in state space by

D
1
5 x = A1x =

[
O1,5 −0.57 O1,3 −0.11

I9,9 O9,1

]

x

D
1

20 x = A2x =
[

O1,20 −0.76 O1,8 −0.49

I29,29 O29,1

]

x

where Ol,m and Il,m denote matrix of zeros and identity
matrix with dimension of l × m, respectively. Fig. 2 shows
the graphic representation of condition (17) applied to this
system. It can be observed that the maximum phase difference
is 36.33◦ independently of τ—less than 90◦—which prove the
stability of the controlled system considering the uncertainty
in the brake dynamics.

Fig. 3. Scheme of ACC maneuvers with two Citroën vehicles.

IV. ADAPTIVE CC

This section addresses ACC maneuvers with two different
distance policies considering two cooperating vehicles—one
manual, the leader, and another automatic—at very low speeds
(see a scheme in Fig. 3). The objective is to act the throttle
and the brake of the automatic vehicle to track as precisely
as possible both a desired distance between the two vehicles
(interdistance) and a target relative velocity. Actually, a classi-
cal PD controller will be designed to perform the interdistance
control, whereas the previously designed hybrid fractional-
order control will be used for the longitudinal control of the
automatic vehicle. Thus, at least two control law regimes
are needed: one for the desired velocity tracking (problem
studied in Section III) and the other which tracks a desired
following distance between the leader vehicle and a detected
lead vehicle.

A. Interdistance Policies

In ACC, it is necessary to set the interdistance in a safe
distance, which is called safe interdistance, dr , and will be the
reference distance for the control. Although different strategies
have been proposed in the literature to obtain dr , we will focus
on the distance policies reported in [32] and [33] mainly due
to their success.

In accordance with [32], dr has been calculated as the
minimal distance to avoid a collision if the preceding vehicle
were to act unpredictably

dr = hV + dc + lv (18)

which is known as constant-time headway policy, where lv is
the vehicle length, dc is the minimal interdistance to avoid
collision, and V is vehicle velocity and h is the constant-
time headway, which is specified by the driver. No collision
can occur if it is satisfied h ≥ 2γmax/Jmax, where γmax and
Jmax are the maximum attainable vehicle’s acceleration and
the maximum driver desired jerk, respectively [34].

On the other hand, a safe interdistance policy is proposed in
[33] in such a way control could be designed independently of
the vehicle’s model, permitting the additional control loop to
only be responsible of the model-matching between the actual
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Fig. 4. Scheme of the closed-loop control of the automatic vehicle for ACC
maneuvers.

system and the desired reference dynamics. The dynamic
reference model will provide a reference interdistance less than
the 2-s headway rule if the allowed maximum acceleration is
high enough. In particular, the interdistance reference model
describes the virtual dynamics of a vehicle, which is posi-
tioned at a reference distance dr from the leading vehicle as
follows [33]:

ḋr = c(d0 − dr )
2 + ẋl(t) − [c(d0 − dr (0))2 + ẋ f (0)] (19)

where d0 is the nominal safe interdistance, c plays the role
of a damping constant—from a nonlinear model–, xl is the
position of the leading vehicle, and ẋ f is the velocity of the
follower. Note that all l and f subscripts refer to leading and
following vehicles, respectively.

It should be remarked that both interdistance policies (18)
and (19) satisfy the following comfort and safety constraints:
1) dr � dc; 2)

∣
∣V̇ f

∣
∣ � γmax; and 3)

∣
∣V̈ f

∣
∣ � Jmax. They are

taken to represent the worst case scenario in an emergency and
limitations on the response of the traction and braking systems
in the vehicle, as well as what is physiologically tolerable for
the occupants.

B. Design of the Interdistance Controller

In this section, a classical PD controller is going to be
designed to obtain the reference speed for the following vehi-
cle and guarantee the tracking of dr , which will be generated
with the aforementioned policies.

A block diagram of the closed-loop control to be per-
formed in the vehicle is shown in Fig. 4. The inner loop
system can be expressed as F(s) = Cd (s)Gc(s)Gd (s), where
Cd , Gc, and Gd denote the transfer functions of PD con-
troller, the closed-loop longitudinal control and a traditional
integrator, respectively, i.e., Cd(s) = k p + kds, Gc(s) =
Cq(s)Gq (s)/1 + Cq(s)Gq (s), and Gd(s) = 1/s.

To design a unique PD for the two inner-loop systems
because of the brake and throttle dynamics, the system with
lower phase margin was considered: the dynamics when throt-
tle is active. Considering the following design specifications
for the inner loop:

arg(F( jωgc)) = −π + φm (20)

|F( jωgc)| = 0 dB (21)

with φm > 80° and 0.6 < ωgc < 1 rad/s, the parameters
obtained for the PD controller were: kp = 0.7 and kd = 1.2.

V. SIMULATION AND EXPERIMENTAL RESULTS

The real experiments were carried out on the real vehicle
in the CARs private driving circuit, which was designed with
scientific purposes, so only experimental vehicles were driven
in this area. Two vehicles were used for the experimental
phase: a fully automated vehicle and a manually driven one. As
commented, the former is a convertible Citroën C3 Pluriel and
is equipped with automatic driving capabilities with hardware
modifications made to the throttle and the brake pedal actions.
The latter vehicle is an electric Citroën Berlingo van also
equipped with automatic driving capabilities. For the purpose
of this brief, it was driven by a human driver making the
leading car’s behavior as close to a real traffic situation
as possible. Both vehicles were equipped with RTK-DGPS
working at 5 Hz as the main sensor.

This section shows the goodness of the proposed fractional
hybrid strategy through simulation and experimental results,
grouped into CC and ACC maneuvers. First, the details of
how to implement the fractional-order controllers digitally are
given.

A. Digital Implementation of Fractional Order Controllers

Theoretically, a fractional-order controller is an infinite-
dimensional linear filter, and that all existing implemen-
tation schemes are based on finite-dimensional approxima-
tions. In practice, we use a digital method, specifically the
indirect discretization method, which requires two steps:
1) obtaining a finite-dimensional continuous approximation
for the integral part s−α and 2) discretizing the resulting
s-transfer function. In our case, to preserve the integral
effect, s−α was implemented as s−α = s−1s1−α ; actually,
only the fractional part P(s) = s1−α was approximated
by the modified Oustaloup’s method [10]. Thus, an integer-
order transfer function that fits the frequency response of
P(s) in the range ω ∈ (10−3, 103) rad/s was obtained with
seven poles and seven zeros. Later, the discretization of this
continuous approximation was carried out using the Tustin
rule with a sampling period Ts = 0.2 s—GPS sampling
period. Considering both the throttle and the brake con-
trollers, eight-order digital IIR filters of the form Cq(z) =
kpq +kiq (2/Ts1 − z−1/1 + z−1)−1 Pq(z) were obtained, where
Pq(z) = ∑7

k=0 bkz−k/1 + ∑7
k=1 akz−k and with the coeffi-

cients shown in Table II.

B. Results for CC Maneuvers

The designed hybrid controller for CC maneuvers was tested
by MATLAB/Simulink simulations and on the real automatic
vehicle for different low velocity references between 5 and
20 km/h. In simulation, a random noise with zero mean and
variance of 0.85 was added to the nominal value of τ to show
the efficiency of the robust controller.

Fig. 5 shows the behavior of the vehicle when applying
the designed fractional-order hybrid controller; more precisely,
velocity tracking, acceleration, and normalized control action
are included. In Fig. 5(a), the solid and dash-dotted lines
refer to the experimental and simulated responses, whereas
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TABLE II

COEFFICIENTS OF THE APPROXIMATIONS Pq (z) OF THE FRACTIONAL-ORDER CONTROLLERS

Fig. 5. CC results. (a) Velocity. (b) Acceleration. (c) Normalized control
action.

the dotted lines is the velocity reference. First, it is worth
mentioning that both the experimental and the simulated
behaviors are quite similar, so the considered longitudinal
dynamics of the vehicle is good enough for the maneuvers
at low speeds. Furthermore, the simulated and experimental
vehicle responses are stable and smooth and track the desired
reference. In Fig. 5(c), both the throttle and the brake control
inputs were normalized to the interval [−1, 1], where positive
values mean throttle actions—solid line—and the negative,
brake ones—dotted line. It can be observed that the accel-
eration and control action are met the desired intervals. One
can also appreciate the soft action over vehicle’s actuators
obtaining a good comfort for car’s occupants—this is reflected
in the acceleration values.

To sum up, the fractional-order hybrid control may be useful
for autonomous vehicles at low speeds to control both the
brake and the throttle actions, specially due to its possibility
of obtaining more adjustable time and frequency responses
and allowing the fulfillment of more robust performances.

C. Results for ACC Maneuvers

To compare the control with the two interdistance policies
in conditions as equal as possible, a predefined route was
recorded. This route was first travelled over with the man-
ually driven vehicle, and all the relevant variables to per-
form the control-position, speed and acceleration were stored.

Fig. 6. ACC results using (18) as the reference interdistance (dc + lv = 6 m).
(a) Velocity. (b) Interdistance. (c) Acceleration. (d) Jerk. (e) Normalized
control action. (For the velocity, the reference corresponds to the velocity
of the leading vehicle.)

In this way, the human influence in two consecutive trials
was removed. The distance between vehicles at the beginning
of the test was set to 6 m. Once this distance was achieved with
1-cm accuracy using the RTK-DGPS positioning system, the
test was initiated. The interdistance dynamic models were
parameterized to provide: 1) a maximum speed of Vmax =
50 km/h; 2) a maximum acceleration of γmax = 2 m/s2;
3) a maximum jerk of Jmax = 5 m/s3; and 4) a constant-time
headway of h = 0.8 s.

Figs. 6 and 7 show the behavior of the automatic vehicle
when using the reference interdistance given by (18)—with
dc + lv = 6 m—and (19) for ACC maneuvers, respectively.
Figs. 6 and 7(a) show the simulated—thinner red lines—and
experimental—thicker blue lines—velocity of the following
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Fig. 7. ACC results using (19) as the reference interdistance. (a) Velocity.
(b) Interdistance. (c) Acceleration. (d) Jerk. (e) Normalized control action.
(For the velocity, the reference corresponds to the velocity of the leading
vehicle.)

vehicle with respect to the leading one, which is considered
as reference for the former. Only slight differences can be
observed between the velocity of the leader and the follower,
especially in simulation. In Figs. 6 and 7(b), the desired and
the experimental interdistances are represented. As observed,
the actual interdistance tracks the reference interdistance ade-
quately. Automatic vehicle’s acceleration and jerk are shown
in Figs. 6 and 7(c) and (d), whose values are lower than the
aforementioned prerequisites. Finally, Figs. 6 and 7(e) show
the normalized control action. As can be observed, the vehicle
behaves efficiently during both acceleration and deceleration,
even when the leading car reduces its speed significantly—at
time 65 s, the following car properly follows the reference
interdistance as at the same time it increases the speed.

To compare the results for the different interdis-
tance policies, an error function was defined as,
J = 1/T

∫ T
0 (|ep| + |ev | + us)dt, where ep = d − dr

is the interdistance error (in m), ev = V fref − V f is the
velocity error (in km/h) and us = |du/dt | is the control
smoothness. Table III shows the results obtained by both
strategies. As can be observed, the interdistance policy given
by (19) causes smoother interdistance and, consequently, the
vehicle’s behavior is smoother. On the contrary, using the
rule (18), the vehicle’s performance is poor in comparison

Fig. 8. Comparing ACC results of classic PI and proposed controller.
(a) Interdistance (Rule (19) was used as the reference interdistance policy).
(b) Velocity. (For the velocity, the reference corresponds to the velocity of the
leading vehicle.)

TABLE III

ACC RESULTS WHEN USING THE REFERENCE INTERDISTANCE

GIVEN BY (18) AND (19)

with the previous strategy, but may be acceptable for a range
of speeds.

For comparison purposes with integer-order strategies,
the experimental results in [6] when applying a traditional
PI controller were also considered, in which the same route
was used for the tests with the interdistance policy (19) (see
the interdistance and the velocity comparisons in Fig. 8).
As observed, there exist meaningful differences between the
hybrid fractional strategy proposed in this brief and the clas-
sical PI control, especially in terms of interdistance error and
tracking, mainly due to the fact that the fractional controller
allows the vehicle to follow the interdistance reference with
more accuracy. On the one hand, the greatest interdistance
error—with a value of 3.67 m—is obtained with the
PI controller at around 65 s, because the autonomous vehicle is
driving around a curved stretch; at that time, the error obtained
with the proposed controller is almost zero. In contrast,
the higher interdistance error obtained with the fractional
controller is 1.54 m at 90 s; at that time, the error with the PI is
even greater, i.e., 1.61 m. On the other hand, considering the
mean value of the interdistance error, the proposed controller
also shows a significantly better performance in ACC against
the traditional PI: 0.431 against 0.658 m, respectively.
Concerning the velocity, it can be said that the PI controller
follows the leading vehicle’s speed with poorer results.

VI. CONCLUSION

In this brief, a fractional-order hybrid strategy has been
designed to control both the throttle and the brake pedals for
CC and ACC maneuvers at very low speeds. Simulated and
experimental results, obtained for real vehicles in a real circuit,
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were given to demonstrate the effectiveness of the proposed
fractional hybrid control law.

Since the vehicle has different dynamics during accel-
erating and decelerating, two fractional-order PI controllers
were designed for controlling the throttle and the brake for
CC maneuvers. A hybrid model of the controlled system
was obtained and its quadratic stability was proved using a
frequency domain method, modeling the system as a switch-
ing hybrid system. ACC maneuvers were performed by two
different distance policies using two cooperating vehicles—
one manual, the leader, and another automatic—in which
the desired interdistance between the leader and follower is
maintained by an additional PD controller.

Our future effort will focus on replacing: 1) the fractional
hybrid controller by a robust fractional-order PI controller to
be applied to both the throttle and the brake pedals and 2) the
PD interdistance controller by a fractional-order version.
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