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ABSTRACT This paper presents a robust bidirectional platoon control method based on coupled relative
posture errors to achieve mesh stability of connected vehicles under kinematic and dynamic disturbances.
Platoon control for connected and automated vehicles must guarantee safe intervehicle distances and desired
heading angles on a two-dimensional (2D) plane, even in the presence of modeling uncertainties and
external disturbances. However, most existing studies focus on string stability in either the longitudinal or
lateral direction; consequently, bidirectional error propagation on a plane, combined kinematic and dynamic
disturbances, and path departure during curved maneuvers are not sufficiently addressed. To overcome
these limitations, this paper proposes a robust platoon control framework that guarantees mesh stability
and asymptotic convergence of relative posture errors to zero using only relative posture information.
Coupled relative posture error dynamics are derived to analyze error propagation on a 2D plane, and a novel
robust bidirectional platoon controller employing an adaptive integral sliding mode disturbance observer
(AISMDOB) is proposed to ensure asymptotic convergence of both relative spacing and heading angle errors
to zero while compensating for kinematic and dynamic disturbances. In addition, an extended look-ahead
strategy based on relative posture errors is introduced to prevent path departure during curved maneuvers
while relying solely on local onboard sensors instead of global positioning information. Simulation and
experimental results demonstrate that the proposed method reduces average relative spacing errors by
approximately 29% in simulation and 25% in experiments, and heading angle errors by approximately 9%
and 29%, respectively, compared with existing methods.

INDEX TERMS Adaptive integral sliding mode disturbance observer (AISMDOB), coupled relative posture
error dynamics, extended look-ahead, mesh stability, robust bidirectional platoon control.

NOMENCLATURE Ay Lumped dynamic disturbances.
i1 Circular arc angle where i € {1,---,n} Epi Estimation error of the AISMDOB.
and n is the number of vehicles. Ki—1 Curvature of the preceding vehicle path.
Vpi Unknown bounded constant where the sub- ®,;, )i, Po; Known terms in the coupled relative
script p represents x, y, and 6. posture error dynamics.
8vis Bwi Unknown kinematic disturbances. Wiy Wi Right and left wheel velocity inputs.
8ai Unknown dynamic disturbances. €xis €yis €0 Relative posture errors.
Ayi, Ayi, Ag;  Lumped kinematic disturbances. &xis 8yi» €0 Coupled relative posture errors.
Spis Spi Sliding surfaces of the AISMDOB.
Ui, w; Longitudinal control input and angular
The associate editor coordinating the review of this manuscript and velocity control input.
approving it for publication was Zhiguang Feng . v Longitudinal velocity.
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Vpsei» Opsei Pseudo longitudinal velocity and pseudo
heading angle.

Xi, Vi, 0 Posture variables of the i-th vehicle, including
positions x;, y;, and heading angle 6;.

Xdi, Ydi» 04i  Target posture variables of the i-th vehicle.

I. INTRODUCTION

Platoon control has attracted widespread interest due to its
potential to improve road capacity and fuel efficiency [1], [2],
[3], [4]. Maintaining a safe intervehicle distance is essential
in platoon control, but tight formation control of platoons
poses a challenge known as string stability [2]. String stability
refers to the stability that prevents disturbances or spacing
errors from propagating along a string of vehicles [2], [3], [4].
It has been extensively investigated for longitudinal and lat-
eral platoon control [5], [6], [7], [8], [9], [10], [11], [12], [13],
[14], [15].

However, platoon systems operating on a two-dimensional
(2D) plane must maintain not only safe intervehicle dis-
tances but also desired heading angles when following curved
roads and performing maneuvers. Many 2D platoon control
methods rely on GPS-based global position information [16],
[17], [18], [19], [20], [21], which becomes critical in indoor
or complex urban environments where GPS signals are
unreliable [22], [23], motivating the use of relative posture
information obtained from onboard sensors [23], [24], [25],
[26], [27], [28]. In such scenarios, disturbances or spacing
errors can propagate in both the longitudinal and lateral direc-
tions; therefore, ensuring mesh stability [29] is necessary
beyond conventional string stability along a single direction
[29], [30], [31], [32], [33].

The key innovation of this paper is the introduction of
a novel robust bidirectional platoon control method that
simultaneously guarantees asymptotic stability of relative
posture error dynamics, including heading errors, and the
mesh stability of the platoon system under both kinematic
and dynamic disturbances. This study is motivated by three
aspects that, to the best of our knowledge, have not been
jointly addressed in existing platoon control studies: 1) use
of relative posture information instead of global positioning;
2) simultaneous guarantee of asymptotic convergence of rela-
tive posture errors and mesh stability under disturbances; and
3) accurate trajectory tracking during cornering maneuvers.
In contrast to our previous work [33], which addressed mesh
stability based on global position information, the present
study derives coupled relative posture error dynamics on a
two-dimensional plane using only relative posture informa-
tion and explicitly addresses both heading angle stability and
the path departure problem during curved maneuvers.

Accordingly, the proposed method employs the derived
coupled relative posture error dynamics in conjunction
with an adaptive integral sliding mode disturbance observer
(AISMDOB), as illustrated in Fig. 1. This combination
guarantees that the relative posture errors asymptotically
converge to zero and ensures the mesh stability of the
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bidirectional platoon system in the presence of kinematic and
dynamic disturbances. Moreover, the coupled error dynamics
are formulated based on an extended look-ahead strategy,
which prevents the path departure commonly observed in
conventional look-ahead platoon control approaches during
cornering maneuvers.

The primary objectives of this paper are threefold. First,
we derive coupled relative posture error dynamics for platoon
vehicles subject to uncertainties on a 2D plane using only rel-
ative posture information. Second, we design an AISMDOB-
based robust bidirectional platoon control law that guarantees
the asymptotic convergence of relative spacing and heading
angle errors while compensating for kinematic and dynamic
disturbances. Third, we verify the mesh stability and tracking
performance of the proposed method through simulations and
experiments.

The contributions of the proposed method are as follows:

1) Novel coupled relative posture error variables utiliz-
ing relative posture information are introduced, instead
of relying on global positions as in [16], [17], [18],
[19], [20], [21], and [33]. This formulation enables
coupled relative posture error dynamics to ensure both
the asymptotic stability of errors and the mesh stability
of the bidirectional platoon system.

2) Robust asymptotic convergence of both the spacing
errors and heading angle errors to zero is guaranteed,
even in the presence of kinematic and dynamic distur-
bances. This capability overcomes the limitations of
previous 2D platoon control studies that either focus
solely on spacing error stability [19], [21], [33] or fail to
address both types of disturbances simultaneously [23],
[24], [25], [28], [29], [30], [31], [32].

3) Accurate tracking is achieved during cornering maneu-
vers by introducing a target posture based on the
curvature of the preceding vehicle path, thereby over-
coming the limitations of existing vehicle following
methods [23], [26], [32], [34], which tend to devi-
ate from the curved reference path while aiming to
maintain a constant straight-line distance behind the
preceding vehicle.

The remainder of this paper is organized as follows.
Section II reviews related works on platoon control and mesh
stability. Section III formulates the coupled relative posture
error dynamics. Section IV presents the AISMDOB-based
robust bidirectional platoon control method. Section V
analyzes simulation and experimental results. Section VI con-
cludes the paper and discusses limitations and future research
directions.

II. LITERATURE REVIEW

Longitudinal and lateral control methods have recently
attracted much attention in platoon control. Cooperative
adaptive cruise control for uncertain bidirectional platoons is
proposed in [5], while [6] introduces a leader—follower con-
trol strategy to compensate for communication delays under
the same topology. Coupled sliding mode control (SMC)
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FIGURE 1. Structure of the proposed coupled relative posture error-based robust bidirectional platoon control using AISMDOB.

methods using adaptive laws [7], integral sliding surfaces [8],
and finite-time prescribed performance functions [9] have
also been developed. In [10], a transmissibility-based mon-
itoring algorithm is proposed for fault detection of longitu-
dinal platoons. A distributed data-driven method is adopted
in [11] to address false data injection attacks in platoon
vehicles. While these methods effectively ensure longi-
tudinal string stability, lateral string stability in platoon
systems has been guaranteed by implementing proportional—
derivative [12], Hoo [13], and dynamic gain-scheduling [14]
control methods. Additionally, the influence of off-tracking
and look-ahead distance on lane-following accuracy has been
analyzed along with lateral string stability [15]. However,
these studies focus on either longitudinal or lateral control
and do not account for error propagation in both directions
within a unified stability framework at the same time.

Combined longitudinal and lateral control in 2D platoon
systems has been investigated using Bayesian optimization-
based optimal control [16], decentralized motion planning
for lane changes [17], and event-triggered lane fusion con-
trol [18]. In [19], a key point matrix is introduced to enhance
trajectory tracking during curved motion. A 2D vehicle
dynamic model is decomposed into longitudinal and lateral
models in [20] using an arclength parametric transformation
to ensure string stability and tracking performance during
curved motion. In [21], a novel extended look-ahead method
is proposed to avoid cutting-corner behaviors during curved
motion. These studies, however, rely on global position
information obtained from GPS receivers and do not explic-
itly consider kinematic and dynamic disturbances affecting
vehicle models.

In indoor or complex urban environments, GPS signals
are prone to obstruction, hindering the acquisition of global
position information [22], [23]. Alternatively, relative posture
information obtained from onboard sensors, such as cameras,
lidars, and radars, has been investigated in [23], [24], [25],
[26],[27], and [28]. In [23], radar and vehicle-to-vehicle com-
munications are used for longitudinal and lateral vehicle fol-
lowing. The relative posture obtained from reference-induced
points is used in [24] for an extended look-ahead method
with an orientation observer, whereas [25] combines it
with a deep deterministic policy gradient algorithm. Robust
distance-based predecessor following is implemented in [26]
using relative posture obtained from vision sensors. In [27],
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DoS-attack-resilient platoon control is achieved by fusing
lidar measurements with image-based object detection.
In [28], a decentralized merging algorithm is proposed
for heterogeneous platoon systems equipped with onboard
sensors. However, none of these studies consider error
propagation in the longitudinal and Ilateral directions
simultaneously.

Error propagation stability in both the longitudinal and lat-
eral directions, called mesh stability, was introduced in [29].
For platoon systems operating on a two-dimensional plane,
where disturbances (or spacing errors) can propagate in
both directions, mesh stability should be ensured rather
than relying solely on string stability, which accounts only
for longitudinal or lateral effects. The global exponential
and scalable mesh stability of an interconnected look-ahead
system is investigated in [30] and [31]. Non-identical longi-
tudinal and identical lateral control methods are combined
in [32] to maintain mesh stability. In [33], a robust bidi-
rectional control method for mesh stability is proposed
using AISMDOB based on global position measurements.
However, [29], [30], [31], and [32] overlook the nonlinearities
and uncertainties in vehicle models, such as kinematic and
dynamic disturbances that affect real-world vehicle platoons,
while [33] still relies on global positioning without consid-
ering the stability of heading angles and the path departure
problem during cornering maneuvers.

Existing studies have significantly advanced platoon con-
trol in terms of longitudinal and lateral string stability, two-
dimensional trajectory tracking, and mesh stability. However,
most approaches either rely on global position measurements,
do not jointly handle kinematic and dynamic disturbances,
or fail to simultaneously guarantee mesh stability and asymp-
totic convergence of relative spacing and heading angle errors
using only relative posture information. These gaps motivate
the coupled relative posture error-based robust bidirectional
platoon control method with AISMDOB proposed in this

paper.

Ill. COUPLED RELATIVE POSTURE ERROR DYNAMICS OF
PLATOON VEHICLES WITH KINEMATIC AND DYNAMIC
DISTURBANCES

We first detail the platoon vehicle model with kinematic
and dynamic disturbances, target vehicle model, and relative
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FIGURE 2. Unicycle-type platoon vehicles driving on curved path.

tracking error model between vehicles. Then, the novel
coupled relative posture error dynamics are derived.

A. UNCERTAIN PLATOON VEHICLE MODEL AND TARGET
POSTURE

A platoon vehicle model can be described using a unicycle-
type model [19], [21], [24], [32], as shown in Fig. 2. The
platoon vehicle model with kinematic and dynamic distur-
bances for the i-th vehicle can be expressed as

X; = v;jcos 0; + 8,; cos b;

Yi = visin6; + §,; sin 6;

Vi = Ui + fi(xi, yi, Vi, 1) + Sai

b = w; + 8w ()

where i = 1,---,n; xj, y;, and 6; are posture variables
for positions x;, y; and heading angle 6;; v; is the longitu-
dinal velocity; u; is the longitudinal control input; w; is the
angular velocity control input; f;(x;, y;, v;, t) is an unmodeled
nonlinear dynamic function that accounts for rolling resis-
tance frictions, aerodynamic drags, and other aspects; 6,; and
8i are unknown kinematic disturbances caused by posture
uncertainties and slippage; and §,; represents unknown exter-
nal dynamic disturbances. The disturbances are estimated
and compensated as detailed in Section IV. We introduce
Assumptions 1 and 2 for (1) considering real-world vehicle
platoon systems.

Assumption 1: The longitudinal and angular velocities and
their time derivatives are bounded as v;, w;, Vi, ®; € Lso.

Assumption 2: The unknown disturbances and their time
derivatives are bounded as &,;, 8, 8ai, Sv,-, Sw,-, Sa,- € Loo.

Remark 1: Assumption 1 is valid because the states in (1)
are physically bounded owing to the saturation of inputs and
outputs in the vehicle actuators. In addition, Assumption 2
has been validated in practice in [8], [26], [34], and [35] under
various types of disturbances, such as constant, harmonic, and
ramp disturbances.

Remark 2: Although (1) is a simplification of a real vehi-
cle dynamics, it extends the unicycle-type model commonly
used in various studies on 2D platoon control [19], [21],
[24], [32] by accounting for practically existing kinematic
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and dynamic disturbances, as reported in [26] and [34], which
are not jointly considered in [19], [21], [29], [30], [31],
and [32].

In this study, constant look-ahead distance / between vehi-
cles is imposed. This is achieved through a constant spacing
policy, offering numerous advantages such as enhanced traf-
fic capacity and reduced energy consumption [7]. However,
when driving along a curved path, simply keeping distance /
behind the preceding vehicle in the backward direction (i.e.,
—v;_1 direction) results in a deviation from the path, as
illustrated in Fig. 2.

To address this issue, the posture of the target vehicle,
as illustrated in Fig. 3, is defined using the circular arc angle
o;—1 as follows [24]:

Xdi = Xi—1 — [ cos (9,'71 — Ol,;l/Z)

Yai = Vi—1 — I sin (Gi_1 - 061'—1/2)
Oai = 01 — i 2)

whereo;_| = Ztan_l(l/q_l/1 /4 — l2Ki271) andk;_1 1= wj—1/
vi—1 is the curvature of the preceding vehicle path that
satisfies I < 2/|kj—1|. With «;_1, the posture in (2) lies
on the same curve as the (i — 1)-th vehicle, as illus-
trated in Fig. 3, thereby effectively preventing the path
departure (cutting-corner) typically observed in conventional
look-ahead schemes during cornering maneuvers.

Considering general driving situations of platoon vehicles
without sharp cornering maneuvers, Assumption 3 can be
introduced as in [19], [21], and [24].

Assumption 3: The circular arc angle and its first-
and second-time derivatives are bounded as «;_p, &1,
01 € Loo.

B. COUPLED RELATIVE POSTURE ERROR DYNAMICS

This study employs relative posture errors between vehicle i
and a target vehicle, as shown in Fig. 3, thereby eliminating
the need for global position information. The relative posture
errors are defined as follows:

exi cos (0;—1 —aj—1) sin(Bi—1 —a;—1) 0

eyi | = | —sin(¥i—1 —a;j—1) cos (Gi—1 —a;j-1) 0

epi 0 0 1
Xi — Xdi
Yi—ydi |- 3)
0; — B4

Relative error variables ey, ey, and ep; are employed
in the proposed platoon controller designed later in (24)
and (28). These variables can be obtained directly from
camera and lidar sensors as in [24] and [25]. This approach
provides a practical implementation and cost-effectiveness by
using readily available information from cooperative adaptive
cruise control.

Remark 3: In practice, the relative posture errors in (3) are
obtained from imperfect onboard sensors, which are affected
by noise and jitter. The resulting measurement errors are
incorporated into the lumped kinematic disturbances within
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the coupled relative posture error dynamics derived later
in (10)—(12). These disturbances are assumed to be bounded
under Assumptions 1—4 and are estimated and compensated
by the proposed AISMDOB-based robust bidirectional pla-
toon controller, as detailed in Section I'V.

The relative tracking error model is derived by taking the
time derivative of (3) and then applying (2) as follows:

éxi = (Wi—1 + Spi—1 — dti—1)ey;

+ cos(0;_1 — a;j_1) {vicosb; + 8,; cosB; — v;_1 cosb;_

Qi1
—dyji—1cosbi_1 —1 (wi—l + Swi—1 — —)

2
in (o1 751)|

+ sin(@;_1 — «j_1) {v;sin6; + 8,; sin0; — v;_; sin 6;_

. Qi1
—dyi—1sinfi_1 +1 (CUi—l + Swi—1 — —)

2
o o1 251)|

= vjcosep; + Py + 8y “4)
yi = —(wi—1 + 8wi—1 — &i—1)exi

—sin(0;—1 — a;—1) {vicos 0; + §,; cosB; — v;_1 cos0;_

o
—dyji—1cosi_1 — 1 (a)i1 + 8wi-1 — l—l)

2
in (o1 )

+ cos(6;—1 — a;j_1) {v;sinb; + 8,; sin6; — v;_ sin6;_|

. @
—8yi—18inf;i—1 + 1 (a)il + wi-1 — 171)

cos (Gi_l — %)} (5)

= y;sinegp; + be,' + 5y1
€p; = W + 8w — ®i—1 — Swi—1 + &1

= i + Py; + 5oi (6)

where

. @i
Dy = (wi—1 — @i—1)eyi — Vi1 cosaj—1 — | (wi—l - )

2
. (Oli—l )
sin | ——
2
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. . Qi1
Dy = (&ti—1 — wi—1)exi — Vi1 sina; 1 +1 (wi—l - —)

2
cos | —
2

Qy; = —wi—1 +&i-1
i = dui-1 feyi — Lsin (“T*‘)]

+ 8yi cos eg; — yi—1 COS o

dyi = duwi—1 {lcos (a,_;) — ex,-}

+ 6yi sineg; — 8y;—1 Sino;—1
— Swi—1- (N

Solely stabilizing the relative posture errors for individual
vehicles based on (4)—(6) cannot guarantee mesh stabil-
ity of the platoon system because the platoon vehicles are
interconnected and dynamically coupled [10]. To prevent
the propagation of relative spacing errors, we propose the
following coupled relative spacing errors:

80i = Swi

exi = Aexi — qexi+1, €y = Aey — qeyit] (8)

where A > 0 is a constant, and g is a positive constant
such that A < gfori = 1,---,n — 1 and ¢ = O for
i = n. These errors use the relative spacing errors of rear
vehicle i + 1 transmitted through vehicle-to-vehicle wireless
communications, as illustrated in Fig. 1.

Remark 4: The relationship between the relative spacing
errors in (3) and coupled relative spacing errors in (8) can
be easily obtained in the form of ey = Qe, and e, = Qe
for ey = [ex1, - ,emll, ey i= leyl, - ewl, & =
[ex1, - ,eml’, & = [éy, -+ ,&nl’, and a nonsingular
matrix @, as provided later in Theorem 1. Therefore, the
coupled relative spacing errors in (8) are introduced for easier
verification of the mesh stability of the platoon system using
the proposed method.

The coupled relative heading angle error can be defined
as

epi = epi — Opsei 9

where 0. is the pseudo heading angle introduced later
in (24). If the path followed by vehicles in a platoon is a
§.traight line, Ops.; becomes zero, thereby reducing épsei and
Opsei 10 zero [26]. Hence, considering not only the bounded-
ness of w; and w;, as specified in Assumption 1, but also that
the vehicles follow a smooth path, as described in Assump-
tion 3, we can introduce Assumption 4, as in [26] and [34].

Assumption 4: The pseudo heading angle and its first-
2.1.Ild second-time derivatives are bounded as )i, épsei,
ste,' € Loo-

By taking the time derivatives of (8) and (9), the coupled
relative posture error dynamics can be derived using (4)—(6)

as follows:

éx,' = Av;coseg; + AD,; + Ay (10)
éyi = Avisinep; + Ay + Ay (11)
égi = w; + Dg; + Ap; (12)

VOLUME 14, 2026
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where Ay 1= Adyi —qéxit1, Ay = A8y —qéyir1, and Ag; 1=
89i — Opsei represent lumped kinematic disturbances bounded
by Assumptions 1-4. The lumped kinematic disturbances are
estimated and then compensated using the proposed robust
bidirectional platoon controller in Section I'V.

Remark 5: Unlike most existing 2D platoon control
methods [16], [17], [18], [19], [20], [21], [22], [23], [24],
[25], [26], which often focus on controlling either the global
or relative posture errors, we formulate the coupled relative
posture error dynamics in (10)—(12) and employ them to both
stabilize the relative posture errors and achieve mesh stability
of the platoon system.

IV. COUPLED RELATIVE POSTURE ERROR-BASED
ROBUST BIDIRECTIONAL PLATOON CONTROL USING
AISMDOB
In this section, an AISMDOB is developed to estimate
the lumped kinematic disturbances. Subsequently, a coupled
relative posture error-based robust bidirectional platoon con-
troller is proposed utilizing the developed AISMDOB.

To estimate the lumped kinematic disturbances, we first
arrange (10)—(12) as follows:

e L Axi
ei | =| Ty [+] Ay (13)
ei Lo Ag;

where [I'y;, I'y;, ng]T = [Avicoseg; + LDy, Av;siney; +
A®y;, wi+Pg;]T. Bachrow in (13) is expressed forp = x, y, 6
as

bpi = Tpi + Api (14)

We consider that Ap; is bounded by H Api ||C>o < ypi for
unknown constant y,; owing to Assumptions 1-4.
Based on (14), the AISMDORB is expressed as

epi = Tpi + Api (15)
where épi and A,; are the estimates of &,; and A, respec-
tively. The integral sliding surface is designed in terms of
estimation error &p; := €,; — ep; as

t
Spi = &pi — pi(0) +/ Vpitanh {(a; + biT)epi} dT  (16)
0
Vpi = Ipi [spi tanh {(a; + bit)syi}
+ [5pil @+ biny sec i {(ai + binsyi} | (17)

where a;, b;, [1pi > 0 are constants, 7, is the estimate of the
unknown constant y,;, and sp; is a sliding surface given by

Spi = Up; + tanh {(ai + b,-t)spl-} . (18)
Here, auxiliary input vp; can be obtained from
Opi = —ilpisgn(Spi) — spi + sec b {(ai + bit)spi}
. <(ai + bit) I:Api — Ppi tanh {(a; + bit)epi}] - bispi>
— Ppila; + bit) sec h? {(@i + bit)spi} sgn(5pi) (19)
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for constant 7,; > 0, and its initial condition is selected
as vp;(0) = 0 such that the initial conditions of the sliding
surfaces satisfy s,;/(0) = 5p;(0) = 0. Thus, the reaching
phase of the sliding surfaces is eliminated. In addition, s,; is
introduced to prevent chattering owing to the signum function
in (19) by using the concept of backstepping method [35].

Remark 6: The adaptive law in (17) employs the hyper-
bolic tangent function because it is an odd, smooth, and
bounded approximation of the sign function with a bounded
derivative, which is convenient for the Lyapunov-based anal-
ysis and helps to mitigate chattering. Other smooth bounded
nonlinear functions with similar properties could also be used
in place of tanh(-) within the same control structure.

Finally, estimate Api in (17) is designed as

Api = NpiSpi — Upi

+ Ppi [tanh {(a; + bit)epi} + tanh {(a; + bit)spi}] (20)

where 7,; is a positive constant.

The estimation performance of the AISMDOB in
(15)—(20) is analyzed in Lemma 1.

Lemma 1: (AISMDOB for Estimating Lumped Kinematic
Disturbances): Under Assumptions 14, the estimation errors
obtained by the AISMDOB in (15)—(20) are asymptotically
stable in that i) 5,; € Lo, ii) Spi € Ly N Leo, iii) Spi, Spi, and &p;
asymptotically converge to zero, and iv) Api asymptotically
converges to Ap;.

Proof: The proof is omitted here and can be referred
to [33]. Unlike the previous AISMDOB [33], which esti-
mates kinematic disturbances only from spacing errors, the
proposed method in (15)—(20) is extended to estimate kine-
matic disturbances arising from relative heading angle errors
as well, which can also be proven in a manner similar
to [33]. |

Remark 7: The AISMDOB in (15)-(20) utilizes an adap-
tive law in (17) to estimate the unknown y,,; while retaining
the advantages of the conventional ISMDOB, such as fast
convergence and robust performance. This adaptive feature
further enhances its applicability to real-world platoon con-
trol. The observer gains should be carefully tuned to balance
disturbance rejection speed against noise sensitivity. The
effectiveness of the AISMDOB is verified in Section V
through comparison with the ISMDOB [35].

Next, we propose a coupled relative posture error-based
robust bidirectional platoon controller to ensure both the
asymptotic stability of (10)—(12) and mesh stability of the
bidirectional platoon system depicted in Fig. 1.

The coupled relative posture error dynamics in (10)
and (11) are further modified as follows:

- - ]E)%iéxi ~
Exi = )\.Vi COS eg; — X,’ — kx,-exi — |é | ]E 1 exp( gl‘) + Axi
x| Rxt -
. ) _ ];)zyiéyi ~
eyi = Av;sineg; — Y; — kyjey; — |é | A exp(—c1) + Ay
yi| Kyi
2D
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by introducing variables X; and Y; given by

) kZe,; .
Xi = —kyjexi — ——=— —ADy — Ay
|exi| kxi + GXP(—s't)
_ ];;éyi ~
Yi = —kyieyi — ADy — Ay (22)

‘éyi| ];yi + exp(—g7) -

for constants ky;, ky;, kyi, lzyi, ¢ > 0. Here, Axi = Ay — Axi
and A yi = Ayi— A yi are estimation errors that asymptotically
converge to zero according to Lemma 1.

Defining the first and second terms on the right-hand side
of each row in (21) as &; := Av;coseg; — X; and &y; =
Avisinep; — Y;i, v; and ep; should be adjusted to make &;
and §&,; converge to zero, which is equivalent to making the
right-hand sides of

&xi cos eg; + &y;sineg; = Av; — X; cos eg; — Y; siney;

— &yisiney; + &y; coseg; = X;sineg; — Yicoseg; (23)
become zero. To this end, the pseudo longitudinal velocity
and pseudo heading angle are expressed as

1 .
Vosei = (Xicosep; + Y;sineg,)
Gpsei = atan2 (Y, X;) (24

where atan2(-, -) is a four-quadrant inverse tangent function
satisfying X; sin Opse; = Y; COS Ops,;. Using (24) and

@,‘ = X,‘ sin eg; — Y,‘ COS €ég;
= X; sinep; — Y; cos Opsei — (COS €g; — COS i)Y

= (sin eg; — Sin O)pse))X; — (COS €g; — COS Opgei) Y

= 2sin (@)
2

+ Opsei + Opsei
[COS (691 . mez)Xi + sin (601 . psez) Y,'] . (25)

we can reformulate &y; and &y; as follows:

&xi = A(Vi — Vpsei) COS €gj + AVpgei COS €g; — X;
= Aey;coseg; + X; cos? ep; + Yicoseg; siney; — X;
= Ley;cos ey; + (—X; siney; + Y; cos eg;) sin ep;
= \ley; Cos ey; — O; sin ey;

&yi = A(Vi — Vpsei) Sin €g; + AVpsei Sineg; — Y;
= Ae,; sineg; + X; sin eg; cos eg; + Y; sin? egi — Y;
= Aey; sinep; + (X; sineg; — Y; cos ep;) cos ey;
= Aey;sinep; + ©; cos ep; (26)

where e,; := v; —V)y; denotes the longitudinal velocity error.
Owing to the equivalence of eg; = 0 and ®; = 0 by (25), if e);
and ep; converge to zero, then &,; and &,; in (26) also converge
to zero. To this end, the longitudinal velocity error dynamics
are derived from (1) as follows:

evi = i + Ay 27
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Algorithm 1 Coupled Relative Posture-Based Robust
Bidirectional Platoon Control Using AISMDOB
Input: Relative posture errors ey, ey, eg; preceding-vehicle
velocities v;_1, w;—1; control parameters.
Output: Control inputs u; and ;.
1: Construct ey, ey, and ey according to (8) and (9).
2: Compute o;_1 and its derivative ¢;— from «;_1, and then
compute ®,, &, &g using (7).
3: Update AISMDOB states and compute A Xi» Ayi, A@i
using (15)—(20).
4: Compute X; and Y; using (22) and the pseudo-variables
Vpsei and Oy, from (24).
5: Compute e,; using (27).
6: Determine u; and w; according to (28).
This procedure is executed for each vehicle i in the platoon at
every sampling instant.

where A,; = fi(x;j,yi, Vi, ) + 8ai — Vpsei Tepresents the
lumped dynamic disturbances and is bounded according to
Assumptions 1-4.

Based on (12) and (27), the control inputs to ensure the
convergence of e,; and eg; to zero are designed as

kZe,;
wj = —kyidy; — ——=2—=
|€vi| kvi + eXP(—S'f)
k2. sin eg; o
w; = —kg; singg; — ——& o — Pg; — Ag;
|sin eg;| ko; + exp(—gt)
(28)

where k,;, ky;, koi, kg; > O are constants. The lumped kine-
matic disturbances in (10)—(12) are effectively compensated
by the AISMDOB-based pseudo variables in (24), defined
from (22), along with the second line in (28). In addition,
the lumped dynamic disturbances in (27) are directly com-
pensated by the first line in (28). This explicit separation of
kinematic and dynamic disturbance compensation enhances
robustness against modeling errors and external disturbances.
Consequently, substituting (28) into (27) and (12) yields

2 -
kvieVi

— +
Ievil kvi + eXP(—S't)

eyi = —kyjey; — Ay

k2. sin eg; ~
i 71 %6 + Agi (29)

egi = —kpisiney; — Z
T Isingil i + exp(—g1)
where Agi = Ay — Agi represents the estimation error
of Ap; and asymptotically converges to zero according to
Lemma 1.

The proposed control algorithm is summarized in
Algorithm 1, and the overall control architecture of the
proposed method is illustrated in Fig. 1. The stability and
performance properties of the controller defined in (28) are
analyzed in Theorem 1.

Theorem 1: (Stabilization of Coupled Relative Posture
and Longitudinal Velocity Errors via Robust Bidirectional
Platoon Control Using AISMDOB): 1f kyi, /Eyi, koi, and ky;
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in (22) and (28) are selected to satisfy ki > Ax, + &y

kyl > L yit &yl Agl , and kw > |Ay;|, respec-
tively, then coupled relatlve posture errors ey;, ey;, €g;, and
longitudinal velocity error e,; asymptotically converge to zero
for all the vehicles. In addition, the relative spacing errors
asymptotically converge to zero as well.

Proof: To demonstrate the asymptotic convergence of e,
eyi, egj, and e,;, a Lyapunov candidate function V; for vehicle
i is chosen to be

s

1o, 1 I
Vi= + —e5 + (1 — cos &g;) +3

2 €xi 2 yt
and its time derivative is derived using (21) and (29) as

Ay + Exi)

(30)

Vi = eyieyi + eyiey; + sineg;eq; + eyiey;

P2
= exi | —kyi€xi — i
|exil kxt + exp(— §t)
+ Eyi (_kyiéyi -

Ayi + %_yi)
+ sineg; (—kgi sin eg; —

+ Agi)
e g kzev, LA
el -k 2. — .
Vi vitvi |ev1| le + exp( gt) Vi

-2 =2 L2 2 - (%
= —kxiey; — kyi€y; — koi sin” eg; — kyjey; + exi (Axi + Exi)

2
kyteyl

|eyt| kyl + exp(—¢1)
lEgi sin ey;
Isin ep;| kg; + exp(—¢1)

+ ey (Ayi + éyi) + sinegiAgi + 2y

2 2 .2 2
_ kxz xi _ kyl yi
|2xil kyi + exp(—c1)  |eyi| kyi + exp(—g1)
7.2 7.2 2
ky; sm ep; ke 6D

|sin egil ke, +exp(—s1) @il ki + exp(—gt)
The following inequality [36] holds true for p = x,y, 6, v:

k2 (+)?

- N ]gﬁi T exp(—e) < —l%,i | -]+ exp(—gct). (32)
Hence, (31) can be arranged as follows:
Vi< k@ — kit — ko sin® @i — k@l + [ A + & e
+ ‘Ayi + &l |eyi] + )Aei |sin&gi| + | Avil 18vil — kyi |2l
— kyi [eyi| — koi sinegil — kyi [2,i] +4exp(—gt).  (33)
As kg > ’Axi +§xi‘a kyi > ‘Ayi + &y, koi > ‘Aei , and

kyi > |A,;| are satisfied, (33) can be written as
Vi < —kxié)zd — k},e kv,'égl- + 4exp(—qt).

(34)

k@, s1n e9,

When the total Lyapunov candidate function for all the
vehicles in the platoon system is selected as V = >1 | V;,

VOLUME 14, 2026

its time derivative can be expressed using (34) as
V<

n
Z [—kxié)zd — ky,e), koi sin® eg; — kyie%, + 4exp(—gt)].

i=1
(35)

Integrating (35) yields
n t

0=V <VO) -] /0 [kxiéﬁi(r) + kyie(0) + ki ()
i=1

hp; sin? Egi(r)] dv +4n/c (36)

where 4n/ ¢ is a finite positive constant. Hence, it fol-
lows from (36) that ey, ey, egi,ey;i € Ly N Lo holds,
and ey, ey, epireyi € Loo follows from (21), (29), and
Assumptions 1-4, which implies that ey;, ey;, €g;, and e,;
asymptotically converge to zero according to Barbalat’s
lemma [37].

In addition, the coupled relative spacing errors in (8) are
rewritten as e, = (e, and ey = (e, as mentioned in
Remark 4, where

A—qg -+ 00
0 x —g 0
Q= : (37)
00 A —q
00 0 2

Because A > 0 is constant, the matrix Q € R"*" is invertible.
Therefore, ey = 0 and e, = 0 are equivalent to e, = 0 and
ey = 0, respectively, for all vehicles in the platoon. Conse-
quently, the asymptotic convergence of e, and ey implies the
asymptotic convergence of e, and ey. |

Remark 8: Based on Lemma 1, which guarantees asymp-
totic convergence of A Yis AW, and A@, to zero, and the
boundedness of the available variables &y; and &,; in (26)

ki, kyi, and kg; can be appropriately selected to satisfy ke >
’Axl + Exz’, ky; > ‘Ay, + Eﬂ‘, and kg; > )A@l‘ Additionally,
setting k,; to a sufficiently large value to satisfy kyi > |Ayl is
possible because A,; in (27) is bounded by Assumptions 1-4.

Remark 9: In many robust control methods [7], [8], [26],
chattering is mitigated by replacing a discontinuous signum
function with a saturation or sigmoid function, which often
results in only ultimate boundedness of the tracking errors
rather than asymptotic convergence. In contrast, the proposed
robust terms (i.e., the second term on the right-hand side of
each row in (22) and (28)), inspired by [36], reduce chattering
by smoothly modulating the magnitude of ¢, while still guar-
anteeing asymptotic convergence of the posture and velocity
errors to zero, as established in Theorem 1.

Next, we analyze the mesh stability of the proposed platoon
system shown in Fig. 1 using Theorem 2.

Theorem 2: (Mesh Stability of Platoon System Using Pro-
posed Robust Platoon Control): If the coupled relative
spacing errors with 0 < A < ¢ in (8) converge to zero,
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then the mesh stability of the platoon system shown in Fig. |
can be guaranteed.

Proof: According to Theorem 1, (8) converges to zero
regardless of the initial condition, thereby leading to Aey; —
gexi+1 = 0 and Aey; — gey;11 = 0, which can be transformed
using the Laplace transform into AEy;(s) — gExi+1(s) = 0 and
AEyi(s)—qEyi+1(s) = 0, respectively. Consequently, the error
propagation transfer functions, Hy;(s) := Eyi+1(s) / E,i(s) and
Hyi(s) := Eyiy1(s) / Eyi(s), for the x and y axes, respectively,
can be derived as

Higls) = Hy(s) = [ Mo fori=lon=l g
0 for i = n.
Because A and g in (8) satisfy0 < A < gfori=1,--- ,n—1,
which in turn guarantees |Hy(s)| = ‘Hy(s)| < 1 for all the
vehicles in a platoon, the mesh stability of the entire platoon
system shown in Fig. 1 can be guaranteed. |

We have demonstrated the asymptotic stability of the rel-
ative posture errors and mesh stability of the platoon system
using Theorems 1 and 2. The performance of the proposed
method will be verified through simulations and experiments
in Section V.

V. SIMULATION AND EXPERIMENTAL RESULTS

We present simulation and experimental results to verify the
control performance of the proposed method by comparing it
with the following methods:

o CI (proposed method with ISMDOB): Robust platoon
control combining ISMDOB [35] with the proposed
robust platoon controller in (28), replacing (17) with
ﬁpi =0.

o C2 (SMC method) [26]: A robust distance-based
predecessor-following method using the relative pos-
ture and SMC designed by replacing (22) and (28) as
follows:

(X, Y)" = —a; tanh(e;/a;) — a;sat(e;/d;)
— A[®y, Dy1"
w; = —®g; — b; sinég; — b;sat(eg;/d;) (39)

where tanh(e;/a;) = [tanh(ey/a;), tanh(ey; /ap)]”,
Sat(_éi/di) = [Sat(éxi/dwi)a Sat(éyi/dwi)]T, and a;, a;,
b,‘, b,‘, d,‘ > 0.

o (3 (extended look-ahead method) [24]: Combined
longitudinal and lateral platoon control using extended
look-ahead approach, as in the proposed method.

As no existing method is available to ensure mesh stability
of a bidirectional platoon system using relative postures,
we modified the SMC method in [26] to handle the pro-
posed coupled relative posture error dynamics in (10)—(12),
establishing method C2, such that its control performance
could be compared with that of the proposed method. Fur-
thermore, the effectiveness of the proposed method was con-
firmed by comparing it to the extended look-ahead method
in [24] (method C3), which addressed deviation on a curved
path.
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TABLE 1. Simulation parameters for initial conditions, AISMDOB, and
proposed controllers.

Value

[7.7, 4, 0]; [6.6, 3.4, 0]; [5.6, 2.9, 0];

[4.7,2.5,0];[3.9,2.2,0];[3.2, 2, 0];

[2.6, 1.9, 0] (m, m, deg); i=0,---,6
v,(0)=3m/s ; ,(0)=0deg/s; i=0,--,6

a,=2.5; b=0.001; 7,(0)=0.01; p, =8;
N, =1, =10 in (15)~(20)

/=0.51in(2); 1=0.99, g=1 for i#n,

g=0fori=n in(®); k,=k,=15;

Parameter

Initial postures
[x;(0),,(0),6,(0)]

Initial velocities

AISMDOB

Proposed controller k=5 k, =50k, = /?y,» %, =05;

k,=20; ¢=0.1 in (22) and (28)

A. SIMULATION RESULTS

The platoon system for the simulations was composed of six
vehicles (n = 6) and one virtual vehicle (i = 0), as shown
in Fig. 1. The initial and velocities for i = 0,---,6 are
listed in Table 1. The reference path was generated using
Xo = vg cos By, yo = vp sin 6y, and 6o = wo, where vo = 3 m/s
and wg was obtained by integrating the following expression:

40deg/s2, 3s<t<dsand 16s <t < 17s
—40 deg/s?, 9s<t < 1ls
0 deg /s2, otherwise.

wo(1) =

(40)

The use of the reference path generated by (40), including
the linear and curved trajectories on a 2D plane shown in
Fig. 4, allowed to verify the overall platoon control perfor-
mance. The mesh stability of the proposed platoon system
was further confirmed by setting the kinematic and dynamic
disturbances and unmodeled dynamic function in (1) such
that 8,; = 8ui = Sai-+fi(xi, yi Vi, £) = 0.5 sin(r)e— (1040107
as in [8], caused fluctuation of the spacing errors along both
the x- and y-axis directions around 10 seconds. Additionally,
zero-mean Gaussian noise with a maximum of 2% of the cor-
responding values was included in the velocity information
to demonstrate the robustness of the proposed method under
measurement noise. The controller and observer parameters
were tuned via trial and error and are summarized in Table 1.
For a fair comparison, the control parameters of methods
C1-C3 were set to perform well in the absence of kinematic
and dynamic disturbances.

Fig. 4 shows the trajectories of the platoon vehicles
used in the simulations. Figs. 4(a) and 4(b) show that the
platoon vehicles suitably followed the reference path in lin-
ear motion. However, unlike the previous vehicle-following
method obtained by setting «;—; = 0 in (2) (Fig. 4(a)),
in which the vehicles deviated from the reference path
during curved motion, all the vehicles in the platoon accu-
rately followed the reference path without deviation during
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FIGURE 4. Trajectory of platoon vehicles in simulations for (a) previous
vehicle-following method with [26] and [34] and (b)proposed method.
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FIGURE 5. Simulation results of x-axis spacing error e,; for (a) proposed
method and comparison methods (b) C1, (c) C2 [26], and (d) C3 [24].
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FIGURE 6. Simulation results of y-axis spacing error e/; for (a) proposed
method and comparison methods (b) C1, (c) C2 [26], and (d) C3 [24].

curved motion when using the proposed method, as shown in
Fig. 4(b).

Figs. 5-7 compare relative posture errors ey, ey;, and eg;,
respectively, of the proposed method with those of methods
Cl, C2, and C3 in the simulations. The relative spacing
errors of the proposed method shown in Figs. 5(a) and 6(a)
asymptotically converged to zero within approximately 1.5 s
without overshoot for all the vehicles in the platoon through
the compensation for both the spacing errors of the rear vehi-
cle and lumped disturbances. Notably, the relative spacing
errors in Figs. 5(a) and 6(a) did not propagate to the rear vehi-
cle along neither the x- nor y-axis direction, as shown in the
enlarged views from 8 s to 12 s, confirming the mesh stability
of the proposed platoon system. Fig. 7(a) shows the heading
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FIGURE 7. Simulation results of heading angle error e,; for (a) proposed
method and comparison methods (b) C1, (c) C2 [26], and (d) C3 [24].

angle errors of the proposed method, which asymptotically
converged to zero. The relative spacing errors of method C1
in Figs. 5(b) and 6(b) exhibited an overshoot of approximately
3 cm during the transient response and fluctuations owing
to inadequate compensation for the disturbances at approxi-
mately 10 s. The heading angle errors of method C1 shown in
Fig. 7(b) converged asymptotically to zero. Both the relative
spacing errors of methods C2, shown in Figs. 5(c) and 6(c),
and C3, shown in Figs. 5(d) and 6(d), indicate a poor transient
response owing to the lack of compensation for both the
spacing errors of the rear vehicle and disturbances, leading
to considerable fluctuations around 10 s. The heading angle
errors of method C2 shown in Fig. 7(c) asymptotically con-
verged to zero with some fluctuations, and those of method
C3 in Fig. 7(d) exhibited an overshoot of approximately 5°.

Table 2 lists the average values of the mean absolute error
(MAE) and root mean square error (RMSE) for the rela-
tive posture errors obtained from the simulations using the
proposed method and comparison methods C1, C2, and C3,
where the average values of the MAE and RMSE are given
by

MAE Zz |€xz(k)| + |€xz(k)|

i=1 k=1

ZZ Ieez(k)l

i=1 k=1

no | M eR(k) + €2 (k)
RMSE __ xi i
=2 |2 T

i=1 k=1

JRMSE Zn: i eik) (41)
’ i=1 "\ k=1 n’N
Table 2 shows that the average MAE and RMSE values of the
proposed method are smaller than those of methods C1, C2,
and C3 in most cases.

Fig. 8 shows longitudinal velocity error e,; and control
input u; obtained during the simulation. Because methods
C2 and C3 use velocity commands as control inputs without
considering velocity errors, and the results of method C1 are
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TABLE 2. Simulation results of average MAE and RMSE for relative
posture errors obtained from evaluated methods.

TABLE 3. Simulation results of MAE, RMSE, peak error, and settling time
for estimation errors of AISMDO Band ISMDOB [35].

MAE RMSE A A i A A A

Method oMAE [cm] M [deg] oRMSE [em] oRMSE [deg] * ’ 0 < ’ 0
> 0 & w 0 Observer MAE [cm/s, deg/s] Settling time [s]

Proposed 2.7423 0.4849 7.6831 1.1672 RMSE [cm/s, deg/s] Peak [cm/s, deg/s]

Cl 3.1238 0.5778 7.9090 1.2596 AISMDOB 0474 0365 0489 ! 1.09 2.67 1.43
C2[26] 5.1770 0.7757 9.0313 1.5146 1.251 0.839 0.820 {11.003 4.374 22.061
C3 [24] 8.6062 0.5288 10.0842 0.7949 ISMDOB 0.750 0.655 0.518 | 1.68 3.49 1.47

‘ 1.515 1.257 0.865 {13.155 4.819 14.922
g 02 S I ]
8 & Lo %10\‘ ) _
3 | ‘ ?_18 g - the adaptive gains in the simulations. Figs. 10(a)-10(c) show
% 5 10 15 20 0 5 10 15 20 Ay, Ay, and Ag, respectively, where A,, =>", Api /n
time [s] time [s]
() (b) for p = x,y,0. The estimation errors of the AISMDOB

FIGURE 8. Simulation results of (a) longitudinal velocity error e,; and
(b) control input u; of proposed method.
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FIGURE 9. Simulation results of (a) pseudo longitudinal velocity vjse3
and (b) angular velocity control input ws.
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FIGURE 10. Simulation results of estimation errors and adaptive gains.
(a) x-axis estimation error Ay and (b) y-axis estimation error A).
(c) 6-axis estimation error Ay. (d) Adaptive gains jx, yy, and 7.

similar to those of the proposed method, only the results of
the proposed method are shown in Fig. 8. The longitudinal
velocity errors shown in Fig. 8(a) asymptotically converged
to zero. The control inputs in Fig. 8(b) reflected the Gaussian
random noise applied to the velocity information, which did
not affect the control performance. Figs. 9(a) and 9(b) depict
the pseudo longitudinal velocity and angular velocity input
of the third vehicle in the six-vehicle platoon, respectively,
as a representative example for comparison of the methods.
From Figs. 8(b) and 9(b), it can be observed that the control
inputs generated by the proposed method had appropriate
magnitudes.

Fig. 10 shows the estimation errors of the kinematic distur-
bances obtained from the AISMDOB and ISMDOB as well as
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were smaller than those of the ISMDOB, particularly under
kinematic disturbances. It should be noted that except for the
constant y,,; set to 0.01, the remaining observer gains of the
ISMDORB are identical to those of the AISMDOB. Fig. 10(d)
shows the adaptive gains represented as 7, = > 1| Vi / n,
with the adaptive gains increasing until approximately 10 s
and finally converging to 1.51, 1.81, and 1.86, respectively.

Table 3 lists the MAE and RMSE for the estimation errors
of the AISMDOB and ISMDOB in the simulations. The MAE
and RMSE of the estimation errors are given by

ko+N—1 1 ko+N—1
_ A _ A2
MAE = kzkl )A,,(k)(, RMSE = | — ka: A2(k)
=ko =ko

(42)

where ko corresponds to t = 5s. To compare the transient
responses, Table 3 also reports the peak error and settling
time over t € [0, 5]s. The settling time is defined as the time
for ‘Ap‘ to return to and remain within the steady-state noise
band ¢, := 30, where o), denotes the standard deviation com-
puted over a steady interval. As shown in Table 3, AISMDOB
yields lower MAE and RMSE than ISMDOB, and its tran-
sient metrics indicate improved behavior, particularly in the
translational components A, and Ay.

We further validate the effectiveness of the proposed
method and its platoon control performance through the
experimental results.

B. EXPERIMENTAL SETUP AND RESULTS

To validate the real-time performance of the proposed
method, the proposed controller was implemented and exper-
imentally evaluated in real time using three vehicles equipped
with OpenCR microcontroller units (MCUs) and XM430-
W210 servomotors, as shown in Fig. 11. The proposed control
algorithm was executed in real time on a laptop running
MATLAB/Simulink integrated with the Robot Operating
System (ROS), and the computed vehicle commands were
transmitted to the vehicles via ROS-based serial communi-
cation. The vehicles in the platoon were differential-drive
mobile robots, as those used in [24], [26], and they were
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FIGURE 11. Experimental setup of bidirectional platoon system.

controlled by providing velocity inputs to the right and left
wheels, denoted as w,; and wy;, respectively. The transforma-
tion of pseudo longitudinal velocity v,,.; and angular velocity
input w; into the wheel velocity inputs can be determined as
follows:

1 Riw; 1 Riw;
Wy = r_ (vpse,- + %) , Wl = 7 (Vpsei - %) (43)

1 1

where the wheel radius and distance between the wheels were
ri = 0.03m and R; = 0.16m, respectively.

The initial positions were set as [xp(0),--- ,x3(0)] =
[81, 51, 24,0] cm and [yp(0), - - - , y3(0)] = [21, 11, 4, 0] cm,
while the initial heading angle was set as 6;(0) = 0 deg,
and the initial velocities were set as v;(0) = 15cm/s and
;i(0) = Odeg / sfori =0, ---,3. To support the simulation
results described in Section V-A, a reference path similar
to that described by (40) was adopted in the experiments,
involving both linear and curved motions, with vo = 15cm/s
and wy obtained by integrating the following expression:

wo(?)
10.31 deg/sz, 15s <t <16sand 64s <t < 65s
=1 —10.31deg/s?, 39s <1 <4ls
0 deg/sz, otherwise.
(44)

To demonstrate the mesh stability of the platoon system,
disturbances were included as §,;, = 6§, = 0.05sin(z)
e~ (0.3=1240.30? i (1). The experimental parameters were
fine-tuned via trial and error and set as follows: I = 0.2in (2),
Ppi(0) = 0.0001, up; = 10, and n,; = 7jp; = 3 in (15)-(20),
kx,‘ = ky,' = 0.5, k@i = 1.5, ];9,' = 1, and ¢ = 0.001 in (22)
and (28), ¢; = b; = 0.5and @; = b; = 0.01 in (39), and
the remaining parameters were the same as those reported in
Section V-A.

Fig. 12 shows the trajectories of the platoon vehicles in
the experiments. Consistent with the simulation results in
Fig. 4, all vehicles using the proposed method, as illustrated
in Fig. 12(b), accurately adhered to the reference path in both
linear and curved motions. In contrast, vehicles utilizing the
previous vehicle-following method, depicted in Fig. 12(a),
deviated from the reference path during curved motion.

Figs. 13-15 show relative posture errors ey;, ey;, and
epi, respectively, for the proposed method and compari-
son methods C1, C2, and C3. The spacing errors of the
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FIGURE 12. Trajectory of platoon vehicles in experiments for (a) previous
vehicle-following method with «; _; = 0 [26], [34] and (b) proposed
method.
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FIGURE 13. Experimental results of x-axis spacing error e,; for
(a) proposed method and comparison methods (b) C1, (c) C2 [26], and
(d) €3 [24].
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FIGURE 14. Experimental results of y-axis spacing error e,; for
(a) proposed method and comparison methods (b) C1, (c) C2 [26], and
(d) C3 [24].

proposed method shown in Figs. 13(a) and 14(a) asymp-
totically converged to zero without overshooting owing to
effective compensation for kinematic disturbances. More-
over, as shown in the enlarged views of Figs. 13(a) and 14(a),
the spacing errors did not propagate to the rear vehicle along
neither the x- nor y-axis direction, being consistent with the
simulation results shown in Figs. 5(a) and 6(a) and indicat-
ing the guaranteed mesh stability of the proposed control
method. The heading angle errors of the proposed method
shown in Fig. 15(a) asymptotically converged to zero. The
relative spacing errors of method C1 shown in Figs. 13(b)
and 14(b) initially exhibited a slight overshoot of 1.8 cm
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FIGURE 15. Experimental results of heading angle error ey; for
(a) proposed method and comparison methods (b) C1, (c) C2 [26], and
(d) €3 [24].

TABLE 4. Experimental results of average MAE and RMSE for relative
posture errors obtained from evaluated methods.

MAE RMSE
Method M [em] ey [deg] et [em] ™" [deg]
Proposed 0.5232 0.4973 1.2830 1.4385
Cl 0.6387 0.5486 1.3863 1.4026
C2[26] 0.8528 0.9556 1.5319 1.6652
C3[24] 1.2335 1.4187 1.6027 2.1611

and asymptotically converged to zero, with some fluctuations
occurring around 34 s owing to the insufficient compensation
of disturbances. The heading angle errors of method Cl
shown in Fig. 15(b) asymptotically converged to zero. In the
relative spacing errors of method C2 shown in Figs. 13(c)
and 14(c), the x-axis error converged to zero, whereas the
y-axis error had an overshoot of 2.7 cm, both exhibiting
fluctuations affected by disturbances. The relative spacing
errors of method C3 shown in Figs. 13(d) and 14(d) initially
converged smoothly to zero, but then exhibited significant
fluctuations. The heading angle errors of methods C2 and C3
shown in Figs. 15(c) and 15(d) had small initial overshoots,
but they continued to fluctuate owing to disturbances.

Table 4 lists the average MAE and RMSE values in (41)
for the relative posture errors of the proposed method and
comparison methods C1, C2, and C3. Notably, both the aver-
age values of the proposed method were smaller than those of
methods C1, C2, and C3 across most metrics, indicating the
superior platoon control performance of the proposed method
compared with the other methods.

Fig. 16 shows the pseudo longitudinal velocity and angular
velocity input of the second vehicle in the platoon for the
proposed method and comparison methods C1, C2, and C3,
which correspond to the control inputs described by (43).
Because e,; could be designed to converge to zero through
a simple proportional-integral-derivative (PID) controller
embedded in the servomotors mounted on the platoon vehi-
cles, as illustrated in Fig. 11, (43) could be applied directly
to the vehicles, and the control performance of the proposed
method and method C1 could be fairly compared with that of
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FIGURE 17. Experimental results of estimation errors and adaptive gains.
(a) x-axis estimation error Ay and (b) y-axis estimation error ly.
(c) 6-axis estimation error Ay. (d) Adaptive gains jx, yy, and 7.

TABLE 5. Experimental results of MAE, RMSE, peak error, and settling
time for estimation errors of AISMDOB and ISMDOB [35].

A, A, A, A, A, A,
Observer MAE [cm/s, deg/s] Settling time [s]
RMSE [cm/s, deg/s] Peak [cm/s, deg/s]
0.184 0.032 1.147 { 0.64 3.95 3.38
AISMDOB 0.216 0.091 2.012 { 0.776 0.986 21.090
0.244 0.059 3.107 { 1.74 7.3 1.60
ISMDOB
SMDO 0.344 0.133 4.196 { 1.079 1.044 49.074

methods C2 and C3 that used velocity commands as control
inputs. It was confirmed from Fig. 16 that the control inputs in
the experiment were generated with appropriate magnitudes.

Fig. 17 shows the estimation errors of the AISMDOB and
ISMDOB as well as the adaptive gains in the experiments.
As shown in Figs. 17(a)-17(c), all metrics of the AISM-
DOB were smaller than those of the conventional ISMDOB,
implying that the AISMDOB achieved superior estimation
performance. Fig. 17(d) shows the adaptive gains in the
experiments. The adaptive gains increased at the beginning
and around 34 s and finally converged to 1.78, 0.84, and 1.34.

Table 5 lists the MAE and RMSE values computed
using (42) for the estimation errors in the experiments, where
ko corresponds to ¢t = 10s. Table 5 also provides the peak
error and settling time over t+ € [0, 10]s, using the same
definitions as in the simulation results. The AISMDOB yields
lower errors than ISMDOB and shows improved transient
behavior.

The simulation and experimental results presented in this
section validate the effectiveness of the proposed method
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through comparison with three existing methods (proposed
method with ISMDOB [35], SMC method [26], and extended
look-ahead method [24]). The proposed controller exhibits
comparable performance to the comparison methods when
external disturbances are absent or negligible; however,
under disturbance conditions, it yields smaller overshoot,
faster recovery, and reduced steady-state errors, indicating
enhanced disturbance-rejection capability. In addition, the
proposed method maintains more accurate trajectory tracking
during cornering maneuvers than previous vehicle-following
methods [26], [34]. These observations suggest that the main
advantage of the proposed AISMDOB-based design lies in
its robust disturbance rejection and curved-path tracking
performance.

VI. CONCLUSION

In this paper, a coupled relative posture error-based robust
bidirectional platoon control method using an AISMDOB
is proposed to ensure mesh stability of a bidirectional pla-
toon system subject to kinematic and dynamic disturbances.
Coupled relative posture error variables are introduced to
derive the coupled relative posture error dynamics on a
2D plane using only relative posture information, which
enables cost-effective and practical implementation without
relying on global positioning. Based on these dynamics,
a novel AISMDOB-based bidirectional platoon controller is
designed to guarantee the asymptotic convergence of both
relative spacing and heading angle errors while compen-
sating for kinematic and dynamic disturbances. The mesh
stability of the platoon system is ensured by extending
one-dimensional platoon control concepts to simultaneously
handle error propagation in both the longitudinal and lat-
eral directions. Simulation and experimental results validate
the effectiveness of the proposed method and demonstrate
effective tracking and disturbance-rejection performance
compared with existing methods, including the conventional
ISMDOB-based method, an SMC method, and an extended
look-ahead method.

The proposed method presents several limitations. First,
the proposed method assumes that accurate curvature infor-
mation of the preceding vehicle path is available to define the
target posture. In practice, this information is obtained from
onboard sensing or road-geometry data and manifests in the
error dynamics as a bounded disturbance; consequently, the
AISMDOB can compensate for moderate curvature errors,
but significant estimation inaccuracies may still degrade
tracking performance. Second, model mismatches such as
moderate load variations and unmodeled tire dynamics are
also treated as lumped disturbances and can be handled within
the present AISMDOB framework, whereas significant or
rapidly varying parameter changes may require re-tuning
of the AISMDOB gains. Furthermore, a bidirectional com-
munication topology without packet loss is assumed in this
study, and the influence of more general topologies and
communication uncertainties has not been fully addressed.
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Future work includes extending the proposed framework
to handle communication uncertainties and more general
network topologies such as ring configurations, and ana-
lyzing the impact of curvature estimation errors. We also
plan to enhance the AISMDOB to robustly accommodate
large model mismatches and to introduce systematic gain
tuning methods (e.g., Bayesian optimization), and validate
the method on larger-scale heterogeneous platoons in more
complex road networks.
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