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String Stability Experimentation using a Low-Cost Mobile Robotic
Testbed

Michael Johnson and Martin.J.Hayes

Abstract— This paper presents a practical implementation of
string stability research in autonomous convoy formation that
is suitable for use in a typical undergraduate project lab. The
research presents a benchmark test problem that is challenging
without representing a prohibitively expensive undertaking.
The testbed development that is presented facilitates convoy
formation, the implementation of different control laws and
provides a good motivational example for a large range of
complementary research themes. A case study that illustrates
a loop shaping proportional plus integral control scheme is
described. The example exhibits good stability and performance
results that allows students to determine hard constraints on
limits of convoy performance.

I. INTRODUCTION

String Stability may be defined as the ability of a ve-
hicle convoy or “string” to attenuate disturbances as they
propagate down the string [10]. It a requirement that, for
a system of coupled components (such as a platoon of
vehicles or robots), disturbances should always be attenuated
as they propagate through the string, such that the system
asymptotically settles to a steady state condition. A convoy
of vehicles moving in formation described in Fig. 2, (as
originally published in [10]), exhibits a typical response to a
disturbance or perturbation at the head of the convoy. String
stability is usually observed in tight formation control of
long strings of vehicles based on local information, where
the phenomenon describes the amplification along the string
of the response to a disturbance that is observed by the
lead vehicle. In the ideal string formation, all the involved
vehicles move one after another with an ideal minimum
distance, δ, between neighboring vehicles, as shown in Fig. 1.

In this paper, an analysis of string stability using two-
dimensional trajectory following for vehicle platoons with
simultaneous convoy formation control is considered. The
majority of open source research results presented in the
literature in this field largely report on simulation results.
The empirical results that are documented usually arise
from setups that are (in the main) large, expensive, un-
wieldy and prohibitively costly to duplicate or share. The
solution proposed here is used in conjunction with a 2D
circular trajectory following algorithm that facilitates convoy
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Fig. 1. Ideal Vehicle Convoy, with the same constant inter-vehicle distances

experimentation and analysis for a fraction of the cost of
comparable methods in a 1D space. The mobile robotic
testbed is of sufficient capability that it can allow complex,
distributed multi-robot control laws to be tested.

The paper is structured as follows: - Section II presents
a review of comparable research documented in the litera-
ture. Section III describes the testbed used to conduct the
experiments. Section IV describes the mapping of the 1D
convoy formation control laws to the 2D space needed for
the testbed and Section V presents the results of the convoy
experiments that have been carried out.

II. LITERATURE REVIEW

The concept of string stability has been extensively stud-
ied in the literature. String stability was first reported by
researchers working on platoon formation control of pas-
senger vehicles as a means to increase highway capacity
without building new highways (see [4] for example). It
was noticed that strings of automatically controlled vehicles
exhibited disturbances in the front of the platoon that were
amplified as they propagated upstream, as in [13] which
considers automated highway systems comprising vehicle
strings of potentially infinite length. For such systems, it
can be shown that a bounded disturbance on a vehicle at
location y(k) leads to an unbounded disturbance on y(l)
for |l - k| tending to infinity, and the system is said to
be string unstable; otherwise it is considered to be string
stable. For such “true” string stability tests, all vehicles in
the convoy need information on the lead vehicle’s pose. This
lead vehicle information needs to be communicated to all of
the convoy vehicles. In [9], the authors present the design of a
cooperative adaptive cruise control system and corresponding
experiments. In [18], a general framework for such a system
of autonomous car-following models is developed and its
linear stability properties are analyzed.



As per [15], string stability implies a uniform bound
on the system states if the initial conditions are uniformly
bounded. For a general interconnected system only l2-string
stability can be guaranteed, which is a weaker property than
string stability itself. Constant-distance control laws (such
as the ones considered in this paper) only require that a
constant distance is maintained relative to the next vehicle
ahead in the convoy. Such a condition will ultimately yield a
string-unstable system. Conversely, a constant-time-headway
control law, also known as a cruise control law ([16]) has
been shown to be weakly string stable. If all of the vehicles
in the platoon have knowledge of the lead vehicles absolute
velocity, then weak string stability can be achieved, i.e., no
disturbance would ever be amplified as it traveled upstream
in the platoon. In contrast, research (such as that conducted
by [14] or [17]) has shown that “true” or “strong” string
stability can be achieved by using control laws which use
feedback from both the immediately preceding vehicle and
the first vehicle in the string. Also, if all of the vehicles in the
platoon had knowledge of the relative position error between
themselves and the lead vehicle, then such strong string
stability can be achieved i.e. all downstream disturbances
could be geometrically attenuated as they traveled upstream
in the platoon.

Fig. 2. String Stability Position Error Response - Figure courtesy Peppard
et al

More recently, research presented in the literature has
considered convoys for multi-lane formations. [12] presents
an approach for the formation control of autonomous ve-
hicles along a multi-lane path with obstacles and traffic.
The approach integrates individual vehicle behaviors such as
lane-keeping and collision avoidance with a global formation
maintenance behavior for the convoy. Simulation results are
presented showing the success of the algorithm. Elsewhere,
[7] presents an alternative approach for formation control of
multi-lane vehicular convoys, using an extended Laplacian

graph-based, distributed control law. Networked intelligent
vehicles can join or leave the formation dynamically without
jeopardizing the ensemble’s stability. Again, the results are
evaluated in multi-vehicle simulations outlining the effi-
ciency and robustness of the proposed strategy. The challenge
for researchers is to recreate these results in the lab within
a modest budget.

III. ROBOTIC TESTBED

The testbed described in this research uses an experimental
laboratory setup as shown in Fig. 3. The testbed measures
1800mm x 2000mm and comprises a base or “floor” with
reconfigurable (maze-like) walls.

Fig. 3. Robot-in-Convoy Testbed

The setup comprises 3 distinct physical components,
namely the reconfigurable floorspace, the overhead camera
system and a convoy of mobile robots. Real-time robot
localisation is achieved using this overhead camera system,
similar to the one described in [11] or [6]. The system uses
standardised components, as shown in the Fig. 4 and returns
the global reference frame or pose for robot ’i’, which is
typically represented by the vector [(Xi, Yi,Θi)].

Fig. 4. Robot Location Capture System



Fig. 5. Merlin Systems MiaBot Pro BT V2.0

Parameter Value Comments

Size 2.0m x 1.8m Testbed is space efficient
and capable of supporting

up to 4 robots simultaneously
Robots MiaBot Pro Currently testbed known to

work with 2 types but in
Mindstorm NXT theory will support all robots

capable of Bluetooth comms
Accuracy Distance = +/- 1cm Tracking accurate to

+/- 1cm distance and
Heading = 4 Degrees within +/- 2 degrees

Processing 2Hz Real-Time tracking
at present

limited to 2.5Hz
Cost EUR400 + Robots Testbed base

cost plus robots
Scalability Yes Only limited by camera

resolution at present
Comms Bluetooth Bluetooth and TCP/IP

TCP/IP for robot control

TABLE I
SUMMARY OF ROBOTICS TESTBED FEATURES AND CAPABILITIES

The mobile robot platform used is the MiaBot Pro BT
V2.0, from Merlin Systems Corp (See Figure 5). It is a high-
speed, agile yet cost effective robot capable of operating in
conjunction with other robots for team based applications
and research. For more details about the MiaBot Pro see [1]
or [3] for more details. Table I presents the relevant features
and parameters of the robotics testbed in a concise summary.

In order to accurately and reliably reproduce the inves-
tigations described in works such as [8] in a manner that
is inexpensive, space efficient and is easily replicated in a
blended learning environment the convoy is projected onto
a 2D (bounded, finite) circular path on a bounded surface.
By mapping the forward motion of a 1D convoy suggested
by [8] to the turning motion of a 2D circular convoy, the
required floor space for such experimentation is reduced to
a circular path of manageable, finite radius. A 2D path also
significantly reduces the associated overhead costs for an
experiment.

To achieve a platoon formation of n robots circling the
beacon, the controller(s) are responsible for ensuring all the
robots form up into a convoy achieving stable circular motion
around the beacon. This is accomplished by controlling the
forward velocity of each robot. By varying this forward
velocity based on the distance to the immediately preceding
robot circling the beacon, the controller manages the for-
mation of a single platoon or convoy from the n individual
robots. Forward and turning velocities are converted into left-
and right-wheel speed demands that are applied directly to
each robot on the testbed, as shown in Figure 6 .

Fig. 6. Robot Formation on Testbed

IV. SYSTEM MODELLING

For the ith robot on the testbed, the dynamics are assumed
to be linear time invariant with a scalar transfer function
Pi(z) ε C, and scalar input ui(kT ) ε R. The vehicle
dynamics for the ith robot are given by: -

xi(t) = Pi(z) ∗ ui(kT ) , i = 1, 2 . . . n (1)

where P (z) ∗ u(kT ) is used to denote the time response
(with zero initial conditions) of the mobile robotic agent,
with transfer function P (z) and input u(kT ). It is assumed
that for each robot, the individual vehicle transfer functions,
Pi(z), for i = 1 . . . n, are strictly proper, have no unstable
hidden modes and have no zeros outside the unit circle of
the Z-plane.

In vector form, the vehicle dynamics for the resultant
convoy can, at any sample instant “k” be expressed as
x(kT ) = [x1(kT ) x2(kT ) . . . xn(kT )]

T , with the corre-
sponding vector control variable for the system given by
u(kT ) = [u1(kT ) u2(kT ) . . . un(kT )]

T . Equation 1 may
be re-written using system-level variables and the multivari-
able plant transfer function, P (z) = diag {Pi(z)} ε Cn×n

as: -

x(kT ) = P (z) ∗ u(kT ) (2)

Performance equates to inter-robot distances or separa-
tions, ei(kT ) defined for all robots i = 1 . . . n in the convoy,
is used, where the inter-robot distances for the 1D case are
calculated as:

ei(kT ) ,

{
d1(kT ) − x1(kT ), for i = 1,

δi(kT ) + xi−1(kT ) − xi(kT ), for i = 2 . . . n.
(3)

where d1(kT ) represents the desired position for the lead
robot in the convoy, xi(kT ) is the location of the ith robot
in the formation and δi(kT )εR for i ≥ 2 denotes the “target”
separation for the ith robot in the convoy. An accurate
representational system for the inter-robot distances is the
sector length sn along the prescribed circular path, calculated
as sn = R× θn, as shown in Figure 7.

Based on this, the error signal based on the inter-robot
distances from Equation 3 may more accurately be expressed
as:



Fig. 7. Sector Length Measures for 2D Inter-Robot Distances

ei(kT ) ,

{
d1(kT ) − s1(kT ), for i = 1,

δi(kT ) + si−1(kT ) − si(kT ), for i = 2, 3, . . . , n.
(4)

where δi(kT ) represents the separation for the ith robot
in the convoy, d1(kT ) still denotes the desired position
for the lead robot in the platoon at that sample instance
and si(kT ) represents the location of the ith robot in the
circular convoy. In vector form, representing the inter-robot
distance vector as e(kT ) = [e1(kT ) e2(kT ) . . . en(kT )]

T

and the corresponding target separation vector δ(kT ) =
[δ1(kT ) δ2(kT ) . . . δn(kT )]

T , Equation 4 maybe be ex-
pressed as:

e(kT ) = δ(kT )−Mx(kT ) + V n
1 d1(kT ) (5)

where V n
1 ε Rn is the first elementary basic matrix, V n

1 =
[1 0 . . . 0] and M ε Rn×n represents the coupling matrix,
and is of the form:

M =


1 0 0 . . . 0
−1 1 0 . . . 0

0 −1 1
. . . 0

...
. . . . . . . . .

...
0 . . . 0 −1 1


The target inter-robot distances δi(kT ) with i = 2, 3 . . . n

are held constant for this particular implementation, but in
the more general case may also be allowed to increase
linearly with the robots own velocity:

δ(t) = δ0 −H
d(x(t))

dt
(6)

or the corresponding discrete implementation using sampled
rate of change instead of continuous differentials for the
d(x(t))

dt portion of Equation 6. A constant spacing policy
is adopted, which means that H = 0 in Equation 6. Using
Equation 6 in conjunction with Equation 5 means that the
inter-robot distance vector e(kT ) is now:

e(kT ) = δ −Mx(kT ) + V n
1 d1(kT ) (7)

= −(M + zH) ∗ x(kT ) + V n
1 d1(kT ) + δ0 (8)

The relationship between error signal e(kT ) and the vector
control variable u(kT ) is given by: -

u(kT ) = C(z) ∗ e(kT ) (9)

Using Equations 1, 5 and 9, the state variables x for
this system are related to the target separation variables δ0
and the lead robot’s target position d1(kT ) by:

x(kT ) = (I+L(z))−1P (z)C(s) ∗ (δ0 + V n
1 d1(kT )) (10)

The system block diagram is derived as shown in Figure 8.
The structure uses PI control on the forward path and a pole
placement approach on the feedback path to improve robust
performance. Tuning uses a determination of limit cycle
oscillation with P only control of the convoy inter-vehicle
distance. A conservative Haalman type tuning regimen which
penalises overshoot is then adopted for the final design.

Fig. 8. Multivariable Feedback Loop for String Stability Experiment
System

A loop shaping approach that utilises a Proportional Plus
Integral (PI) control law is considered in this work. It is
however relatively straightforward to consider a range of
more complex control laws and behaviours going forward.
In [5], for example, string stability investigations using PID
controllers with fixed and variable time headways, anti-
windup schemes and signed quadratic terms(s) have been
considered in simulation. Moreover Model-Predictive Con-
trol (MPC) schemes, such as that discussed for use with
formation control in works such as [2], will be considered
in future work.

V. EXPERIMENTAL RESULTS

A number of different experiments were conducted to
evaluate the performance and behaviour of the system. These
experiments range from simple tuning experiments for pose
and inter-robot distance control to illustration of string insta-
bility propagation along a convoy of n vehicles using only
local information.

The robots are started from “worst-case” locations on
the testbed in order to fully test the controller’s behaviour.
Prior testing and evaluation showed that the maximum initial
overshoot for the mobile robots while still yielding a stable
convoy formation happened when the robots were initially
located at the 4 corners of the testbed floor. Figure 9 shows
a typical convoy formation process using 4 robots with such



Fig. 9. Convoy Formation Process

initial positions. All robots begin in formation mode wherein
all vehicles are required to form into a convoy following
a circular path around the (virtual) beacon, maintaining a
specified distance behind the next robot in the string.

Fig. 10. Typical Vehicle Distance Graph

Figure 10 shows a typical system response for convoy
inter-robot distance control. Comparing this response to the
theoretical expected response presented in Figure 2, it can
be seen that the system does mirror the expected string
stability behaviour for the specified number of robots in the
experiment. The initial overshoot of each inter-robot distance
increases with the robot’s position in the convoy. This is due
to the cumulative nature of the separations in the convoy, as
each robot must compensate for the errors introduced by all
of the robots preceding it within the string.

The time taken for each consecutive robot to settle to
the desired distance from the preceding convoy member
increases as one propagates down the string. Hence, the
initial overshoot or inter-robot distance error associated with
each successive convoy robot increases. These behaviours
tally with the properties illustrated in Figure 2 and in 1D
real-world experimentation ([19]).

Figure 11 shows multiple response sequences from the
system. In Phase 01 (Formation), the robots form the convoy

Fig. 11. Convoy Experimental Responses - Multiple Phases

from their prescribed start positions on the testbed, resulting
in all robots circling the beacon on the testbed floor in
platoon formation. Phase 02 (Convoy) represents a negative-
going step disturbance being introduced to the system in the
form of a stop command being issued to the lead robot in the
convoy. All other robots subsequently stop, but display the
typical string stability behaviour in their reactions. Finally,
Phase 03 (Disturbance) introduces a positive-going step
disturbance into the convoy, with the lead robot resuming
its original forward velocity.

Fig. 12. Illustration of Robot No.4 responses vs distances

Figure 12 shows the inter-robot distance response for the
final robot in the convoy (robot 4) versus time for a range
of desired separation distances (0.70m, 0.65m, 0.60m and
0.55m). Robots on the testbed use a 0.04m/s forward velocity
and a convoy circle radius of 0.5m. This reduction in desired
inter-robot distance means the corresponding system error
for the robot increases, with a maximum error of 0.40m
(for the requested inter-robot distance of 0.60m) yielding a
marginally stable system response, with unstable responses
( i.e. collisions) resulting for inter-robot distances below
this. In this figure, a buffer/safety zone of 0.1m (10cm) was
included in the convoy separation calculations to allow string



instability to be demonstrated without causing inter-robot
collisions to result from the ensuing robot behaviour.

VI. CONCLUSION

In this paper, an investigation of autonomous vehicle
convoy formation has been studied using a low-cost mobile
robotic testbed. Pose and convoy separation controllers were
implemented in a multi-objective controller configuration
on the system. Experimental measurements using this 2D
trajectory implementation tally broadly with the far more
expensive 1D simulation results seen in the literature.

At present, up to 4 robots travelling at speeds of up to
0.07m/s, have been successfully used to form the convoy for
these experiments. Further work into expanding the testbed
to cater for additional robots in the convoy, faster convoy
velocities and the testing of other multivariable or Model
Predictive (MPC) control laws will be the next phase of this
on-going work.
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