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Abstract— This paper presents simulation and experimental
validation of a backstepping-based time-gap control strategy
for autonomous vehicle platooning using a small-scale multi-
robot platform. The controller, originally developed in [1]
for nonlinear vehicle platoon dynamics, is implemented on a
three-robot e-puck2 platoon consisting of one leader and two
followers. A Python simulation is first used to reproduce the
theoretical controller behavior under idealized conditions, fol-
lowed by a Webots physics-based simulation that incorporates
realistic effects such as discrete sampling, sensor noise, and
actuator limitations. Both simulations demonstrate accurate
regulation of speed and time-gap errors and confirm the
stability properties predicted by the theoretical controller.
Physical experiments conducted using e-puck2 robots on a
guided track further demonstrate that stable platoon formation
can be maintained under realistic sensing, communication,
and actuation constraints, although larger tracking errors are
observed due to sensor inaccuracies, communication latency,
and motor response limitations. These results demonstrate the
feasibility of using small-scale robotic platforms for validating
nonlinear platooning controllers and provide a reproducible
pathway from theoretical design to physical implementation.

Index Terms— Vehicle platooning, backstepping control,
time-gap regulation, multi-robot systems, experimental valida-
tion.

I. INTRODUCTION

Automated vehicle platooning is a key technology in
intelligent transportation systems, offering potential improve-
ments in fuel efficiency, roadway capacity, and traffic safety.
Achieving these benefits requires control strategies capable
of maintaining stable vehicle formations while accommodat-
ing nonlinear vehicle dynamics and external disturbances.
Although numerous platooning controllers have been pro-
posed, experimental validation remains an important step to-
ward practical deployment [2]. Among these approaches, the
backstepping-based time-gap regulation method developed in
[1] has demonstrated promising performance in simulation
studies. This paper investigates its validation using small-
scale robotic platforms, bridging the gap between theoretical
development and physical experimentation.

A. Current Traffic Control Algorithms and Autonomous Ve-
hicle Integration

Modern traffic control systems increasingly employ adap-
tive algorithms that respond dynamically to real-time traf-
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fic conditions. The emergence of autonomous vehicles
(AVs) further enhances these capabilities through Vehicle-to-
Vehicle (V2V) and Vehicle-to-Infrastructure communication.
Cooperative Adaptive Cruise Control strategies have been
shown to improve traffic stability, increase roadway capacity,
and reduce congestion in both autonomous and mixed traffic
environments [3], [4]. As AV adoption continues to expand
and is projected to reach 20% of global vehicle sales by 2030
[5], experimental validation of advanced platooning control
strategies becomes increasingly important.

B. Swarm Robotics in System Validation

Small-scale robotic platforms provide a cost-effective en-
vironment for validating control algorithms under realistic
operating conditions. Platforms such as the e-puck2 robot
have been widely used for multi-robot coordination and
formation control due to their sensing, communication,
and mobility capabilities [6]. Unlike idealized simulations,
robotic experiments naturally incorporate sensor noise, com-
munication delays, and actuator limitations. In this work, e-
puck? robots are used to evaluate a backstepping-based time-
gap regulation strategy for autonomous vehicle platooning.

C. Novelty and Contribution
The main contributions of this paper are:

o Validation of the backstepping-based time-gap regula-
tion strategy in Python simulation, Webots simulation,
and physical e-puck2 robot experiments.

o Development of a virtually decentralized implementa-
tion that accommodates the computational limitations
of the e-puck2 platform.

o Evaluation of controller performance under realistic
sensing, communication, and actuation constraints.

The remainder of the paper is organized as follows.

Section II presents the platooning model and control formula-
tion. Section III describes the simulation framework. Section
IV presents the Webots validation results. Section V details
the experimental implementation and physical validation.
Section VI concludes the paper and discusses future work.

II. PROBLEM STATEMENT

Autonomous vehicle platooning requires vehicles to main-
tain a desired inter-vehicle spacing while tracking the motion
of a preceding vehicle. Time-gap policies are widely adopted
because they provide improved safety and string stability
compared with constant-spacing approaches. In this work,
we experimentally validate the backstepping-based time-gap
regulation strategy proposed in [1] using a platoon of e-puck2
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robots. The objective is to investigate whether the theoretical
controller can maintain stable platoon behavior under sensing
uncertainty, communication delay, and actuator limitations
encountered in physical robotic platforms.

Fig. 1 illustrates the desired time-gap policy used through-
out this paper. The follower vehicles aim to maintain a
desired spacing proportional to their velocity while tracking
the motion of the preceding vehicle.

Fig. 1.

Desired time-gap policy adopted from [1].

A. Vehicle Dynamics

The longitudinal dynamics of each vehicle are described
by the third-order nonlinear model introduced in [1],

i(t) = vilt), ()
54(t) = ai(t), @
ai(t) = fi(vi(t), a;(t)) + gi(vi(t))ui(t), 3)
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Here, x;, v;, and a; denote the position, velocity, and accel-
eration of vehicle ¢, respectively. 7; represents the first-order
actuator lag, Ay ; is the frontal area, Cg ; is the aerodynamic
drag coefficient, C;; is the rolling resistance coefficient, p
is the air density, and m; is the vehicle mass. The goal is to
design control inputs u;(t) that regulate both time-gap and
velocity errors while preserving platoon stability.

B. Backstepping-Based Time-Gap Regulation

To regulate inter-vehicle spacing and velocity synchroniza-
tion within a platoon, we adopt the backstepping-based time-
gap regulation framework developed in [1]. The controller
enforces a desired time-gap policy while accounting for
nonlinear vehicle dynamics, actuator lag, rolling resistance,
and aerodynamic drag effects. In the following controller
formulations, k;; denotes a positive controller gain, e; ;
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denotes a positive scaling parameter, dy denotes the ac-
celeration bound, e, ; denotes the velocity tracking errors,
respectively, z; ; denotes the backstepping error coordinates,
and h denotes the desired time gap.

For the first follower vehicle, a compact representation of
the nonlinear backstepping controller derived in [1] is

up (t) = g1 (vi(8) [ = fi(vi(t),a1(t)) + prz1,1(t)
+ 2+ piqr)evi(t) — (p1 + qr)ar(t) — ki321,3(t)
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For implementation on the e-puck2 platform, the interme-
diate backstepping variables are recursively evaluated using
measurable state quantities:
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The control input for the second follower vehicle follows
Uig1(t) = gip1 (Vi1 (£) 7 = firr (vip1(t), iy (1))

=2 = k1 )kt + Pralzizn
+[2 - k7i2+1,1 — (kiz110 + Pig1)Pig1)zig1 2

7
— (kis1a+Pis1 + Qir1)zisns + Y Mip14; X}, (8)

j=1

where, unlike the controller for the first follower, the control
law incorporates coupling terms that account for interactions
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with neighboring vehicles and platoon dynamics. These
terms are represented by Piy1, Qi+1, M;11, Aj, and X,
as defined in [1]. Substituting the auxiliary variables and
coupling terms into the control law yields the fully expanded
expression for the controller of the second follower vehicle:
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III. PYTHON NUMERICAL SIMULATION

To establish a baseline for experimental validation, the
backstepping-based platooning controllers developed in Sec-
tion II were first implemented in Python. The objectives were
to verify the controller implementation and provide reference
performance under idealized conditions prior to Webots and
physical experiments. Following [1], the vehicle dynamics
and controllers were evaluated using a three-vehicle platoon
consisting of one leader and two followers.

In this study, the simulation parameters were selected
according to the physical characteristics of the e-puck2
platform. The mass of each robot was taken as m = 0.13kg,
and the frontal area was estimated as Ay; = 0.0028m?. The
air density was set to p = 1.225kg/m?>, and the first-order
actuator response lag was modeled using a time constant of
7 = 0.5s. The aerodynamic drag coefficient was estimated
as Cy = 2.76 based on the geometric ratio between the robot
height and diameter together with interpolation from standard
drag-coefficient tables for bluff-body geometries.

Controller parameters were selected through iterative nu-
merical tuning to achieve stable platoon operation while

|K1TBl| + ko3 + '(K1 — hK{ A)) By

minimizing transient oscillations and avoiding excessive
control effort. For Controller 1, the gains were chosen as
kin = kio = ki3 = 1.5, while the boundary-layer
parameters were selected as €11 = €12 = €13 = 5 to reduce
high-frequency control chattering. The maximum allowable
acceleration was set to §p = 1.0, m/ s2. For Controller 2, the
gains were similarly selected as ko1 = koo = ko3 = 1.5,
with €21 = €22 = €3 = 5. These parameter values
were subsequently kept unchanged throughout the numerical,
Webots, and experimental validations to enable consistent
comparison across all platforms.

To emulate varying traffic conditions, the leader vehicle
was commanded to follow a time-varying velocity profile
generated using smooth half-cosine interpolations, as sum-
marized in Algorithm 1. This approach avoids abrupt velocity
transitions and produces bounded accelerations that more
closely resemble realistic driving behavior. The resulting
acceleration and deceleration phases introduce repeated dis-
turbances to the platoon, enabling evaluation of the back-
stepping controllers under transient operating conditions.

Algorithm 1 Leader Robot Variable Speed Profile
Require: Simulation time ¢ > 0
Ensure: Leader target velocity vargec(t)

1: function HALFCOSINEC(t, tg, t1, vg, V1)

2 if t <ty then

3 return vy

4 else if ¢ > ¢1 then

5 return v,

6: else

7 8(—(t—t0)/(t1—t0)

8 return vo + “5*2[1 — cos(ms)]
9 end if

10: end function

11: if 0 <t < 5 then

12: Vtarget < HALFCOSINE(t, 0, 5,0.15,0.21)

13: else if 5 <t < 10 then

14: Vtarget <— HALFCOSINE(?, 5,10,0.21,0.14)

15: else if 10 <t < 15 then

16: Vtarget — HALFCOSINE(, 10, 15, 0.14, 0.20)

17: > Additional 5-s and 10-s interpolations are
defined similarly

18: else if 60 < ¢ < 65 then

19: Vtarget <— HALFCOSINE(Z, 60, 65,0.13,0.20)

20: else

21: Vgarger < 0.20

22: end if

23: return vgget

Fig. 2 shows the simulated time-gap errors of the follower
vehicles. Although small transient deviations occur during
changes in the leader velocity, the errors remain negligible
throughout the simulation, demonstrating effective time-gap
regulation and platoon stability.

Fig. 3 presents the corresponding speed tracking errors.
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Similar to the time-gap results, only minor deviations occur
during acceleration and deceleration phases. These results
indicate that the control inputs generated by the backstepping
controllers provide sufficiently accurate velocity regulation
for stable platooning operation.

Fig. 4 presents the velocity trajectories of the leader
and follower vehicles. The follower vehicles closely track
the leader throughout the simulation, exhibiting smooth re-
sponses and strong synchronization during both transient and
steady-state operation. The close agreement among the ve-
locity profiles demonstrates the effectiveness of the controller
implementation and provides a benchmark for the subsequent
Webots and experimental validations.

IV. WEBOTS VALIDATION

To further validate the backstepping controller under more
realistic conditions, Webots, a physics-based 3D robot sim-

Speed Profiles
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Time (s)

Fig. 4. e-puck2 speed profiles.
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ulator developed by Cyberbotics, is employed [7]. Unlike
the idealized Python simulation, Webots incorporates rigid-
body dynamics, including inertia, mass, friction, collision
detection, and sensor-based interactions.

A. Webots Setup

The Webots simulation consists of three e-puck2 robots
arranged in a platoon with an initial spacing of 20 cm. The
same controller parameters used in the Python simulation
are retained for consistency. The leader robot follows a
time-varying velocity profile, accelerating and decelerating
between 0.075 m/s and 0.105 m/s over a 65-second interval
before maintaining a constant speed of 0.1 m/s. The first
follower uses its time-of-flight sensor to estimate the relative
distance and speed of the leader and applies the backstepping
controller to regulate time-gap and speed errors. The second
follower receives position, speed, and acceleration informa-
tion from the first follower and applies the corresponding
controller to maintain the desired spacing within the platoon.

B. Validation Results

Fig. 5 presents the simulated time-gap errors obtained in
Webots. Compared with the idealized Python simulation, the
time-gap errors exhibit larger oscillations and a small steady-
state bias caused by sensing uncertainty and discrete-time
implementation. The error magnitudes remain bounded and
the platoon formation is preserved throughout the simulation.
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Fig. 5. Webots e-puck2 time gap errors.

Fig. 6 shows that the speed tracking errors remain bounded
within approximately 40.04 m/s. The error peaks occur
during leader speed transitions and are primarily caused
by sensor noise and physics-engine effects. Despite these
disturbances, the errors decay rapidly after each maneuver.
Fig. 7 shows that the follower vehicles closely track the
leader with a small phase lag relative to the idealized Python
simulation, reflecting realistic sensing and actuation delays.
The results remain consistent with the numerical simulation
and demonstrate the robustness of the backstepping con-
troller under more realistic operating conditions.
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V. PHYSICAL EXPERIMENTS
A. Experimental Setup

1) Physical Setup: The experimental validation employs
three e-puck2 robots operating in a platoon configuration
consisting of one leader and two followers, see Fig. 8. Each
e-puck? robot has a diameter of 7 cm, a height of 4.5 cm,
and a mass of approximately 130 g [8]. The platform is
equipped with a differential-drive system driven by stepper
motors, providing a maximum speed of approximately 15.4
cm/s. The onboard sensing suite includes eight infrared
proximity sensors for short-range obstacle detection, a front-
facing camera, and a time-of-flight sensor with a maximum
measurement range of 2 m, which is used for inter-vehicle
distance estimation. Wireless communication is achieved
through WiFi, enabling real-time transmission of control
commands and sensor measurements [6], [9].

To ensure repeatable longitudinal motion, the robots were
operated on a straight experimental track consisting of rigid
metal guides spaced 20 cm apart over a distance of 3 m.

A smooth paper surface was used to reduce variations in
wheel-ground interaction and sensor measurements.

Fig. 8. Leader and follower e-puck2 robots on the experimental track.
2) Control Implementation: Unlike the numerical simula-
tions, the physical experiments are subject to sensor noise,
communication latency, actuator limitations, and discrete-
time execution. Owing to the limited computational resources
of the e-puck2 platform, the backstepping controllers were
implemented in a virtually decentralized manner. A host
computer executed the control algorithms and communi-
cated wirelessly with the robots through Wi-Fi. Sensor
measurements were collected from each robot, processed
centrally, and converted into control commands that were
transmitted back to the corresponding vehicle. This architec-
ture preserves the information structure of the platoon con-
troller while enabling real-time implementation on resource-
constrained hardware. Consequently, the experiments provide
a realistic assessment of controller performance in the pres-
ence of practical communication and actuation constraints
that are not captured by the idealized simulation models.

B. Results

Fig. 9 compares the measured leader and follower speeds
during the experiment. Although significant fluctuations are
present due to sensing noise, communication delays, and
motor nonlinearities, the follower generally responds to
changes in the leader velocity and maintains coordinated
motion without loss of platoon formation.
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Fig. 9. e-puck2 speed comparison.
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Fig. 10 presents the speed tracking errors during the ex-
periment. The observed fluctuations arise primarily from sen-
sor uncertainty, communication delays, and motor response
limitations. Although the experimental errors are larger than
those observed in simulation, they remain bounded through-
out the experiment. The results demonstrate that the proposed
controller can maintain stable velocity coordination under
realistic implementation constraints while preserving overall
platoon operation.

Fig. 11 shows the measured time-gap errors during the
physical experiments. Compared with the numerical and
Webots simulations, the experimental responses exhibit sub-
stantially larger fluctuations due to sensing uncertainty, wire-
less communication delays, limited actuator resolution, and
the short operating distance available on the experimental
platform. In particular, intermittent variations in the distance
measurements introduce abrupt changes in the computed
time-gap error. Nevertheless, the follower robot remains
responsive to the leader motion throughout the experiment,
and no loss of platoon formation or instability is observed.
These results indicate that the backstepping controller retains
its ability to maintain coordinated platoon behavior under
practical operating conditions despite significant sensing and
actuation limitations.

VI. CONCLUSION AND FUTURE WORKS

This paper presented the implementation and validation
of a backstepping-based time-gap regulation strategy for
autonomous vehicle platooning using an e-puck?2 robot plat-
form. Numerical simulations and Webots validation demon-
strate accurate regulation of time-gap and velocity errors.
Physical experiments further show that stable platoon oper-
ation can be maintained under sensing, communication, and
actuation constraints, although substantially larger tracking
errors are observed than in simulation.

Future work will focus on extending the framework to
larger platoons and more complex traffic scenarios. To im-
prove experimental performance, future efforts will investi-
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gate enhanced state estimation and communication strategies,
including sensor fusion, filtering techniques, and delay-
compensation methods, to reduce the time-gap fluctuations
observed in the physical experiments. Additional improve-
ments such as wheel-encoder integration, observer-based
velocity estimation, and more accurate distance sensing will
also be explored. Validation using larger robotic platforms
and eventually full-scale vehicles will further enable assess-
ment of controller performance under realistic aerodynamic,
powertrain, sensing, and V2V communication effects.
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