IEEE TRANSACTIONS ON CONTROL SYSTEMS TECHNOLOGY
https://doi.org/10.1109/TCST.2023.3348072

Stability and Intervehicle Distance Analysis of
Vehicular Platoons: Highlighting the Impact of
Bidirectional Communication Topologies

Amir Zakerimanesh'®, Graduate Student Member, IEEE, Tony Z. Qiu?®, Member, IEEE, Mahdi Tavakoli'®,
Senior Member, IEEE

Abstract—Vehicular platooning, a configuration comprising a
leading vehicle and multiple follower vehicles (FVs) seeks to
achieve and maintain specific intervehicle distances (IDs) while
synchronizing FVs with the velocity and acceleration of the lead-
ing vehicle. Prior to attaining a desired stable state, the IDs may
undergo transient fluctuations. While the attainment of internal
stability is pivotal for realizing the intended spacing between
vehicles, it does not inherently guarantee that these transient
fluctuations remain within safe thresholds, thereby mitigating
the risk of collisions. Communication between vehicles has a
critical role in vehicular platooning and significantly influences
these transient distance fluctuations. Consequently, we present
a mapping between the initial conditions and these transient
fluctuations which hinges on the communication topology, as well
as the control parameters. Specifically, our focus is directed to-
wards bidirectional communication topologies (BDCTs), wherein
FVs possess the capability to communicate both with preceding
and subsequent vehicles within the platoon. Investigation of
these mappings illuminates the advantages and disadvantages
of various BDCTs. Notably, we discern that within BDCTs, the
receipt of information from a greater number of vehicles situated
behind may at times hinder the overall performance of the
platoon, resulting in larger deviations from the desired inter-
vehicle distances or the velocity and acceleration of the leading
vehicle. In contrast, information derived from vehicles located
ahead, particularly the leading vehicle itself, serves to enhance
intervehicle distances and thereby contributes significantly to the
safety of the platoon. In conclusion, our theoretical insights are
substantiated through a series of simulations.

Index Terms—Platoon, Stability, Transient Behavior, Forma-
tion Control, Bidirectional Communications

I. INTRODUCTION

A group of vehicles, led by one primary vehicle and
followed by several others, forms what is known as a vehicular
platoon. The primary objective of platooning is twofold: firstly,
to attain and maintain the desired intervehicle distances (IDs),
and secondly, to ensure that the follower vehicles (FVs)
closely mirror the speed and acceleration of the lead vehi-
cle. This collaborative formation brings several advantages.
Firstly, due to the reduced space between vehicles, there is
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a significant decrease in aerodynamic drag between them,
resulting in a substantial reduction in fuel consumption [1],
[2]. Furthermore, the tight spacing of vehicles in a platoon
allows for the accommodation of more vehicles on the road,
thus enhancing highway capacity. Additionally, platooning
systems are designed to enable automated and rapid responses
by follower vehicles to the lead vehicle’s actions, thereby
contributing to the overall safety of drivers [3], [4]. To
achieve these objectives, various spacing policies have been
utilized, including constant time headway [5], nonlinear [6],
delay-based [7], and constant distance [8], [9] policies. This
work focuses on the constant distance policy, which seeks to
establish and sustain fixed distances between adjacent vehicles.
Platoon dynamics encompass considerations of vehicle dynam-
ics, communication topology (CT), distributed controllers, and
spacing policies [10], [11]. In this study, the emphasis is placed
on the longitudinal motion of vehicles and the utilization of
distributed linear controllers [12], [13], [14].

Communication topology, which governs how vehicles ex-
change essential information such as position, velocity, and
acceleration, holds a central position in determining platoon
stability and performance. While existing literature extensively
examines the stability and performance of vehicle platoons
within specific CTs, there is a limited focus on differen-
tiating the impact of CTs on platoon performance. Recent
studies have started addressing this gap. In [15], a general
graph theory framework is applied to explore the impact
of connectivity measures within CTs on the performance of
distributed algorithms. This investigation assesses the ability of
these algorithms to mitigate communication disruptions, detect
cyber-attacks, and uphold resilience against such challenges.
Additionally, [16] delves into the distinctions among three
unidirectional communication topologies (UCTs) and their
implications on stability, robustness, safety, and emissions
within vehicle platoons. In terms of safety analysis, this study
relies on two metrics, maximum time to collision (MTTC)
and deceleration rate to avoid a crash (DRAC), to assess and
contrast the security performance of platoons operating under
the influence of three different UCTs. It is worth mentioning
that in UCTs, vehicles only receive data from vehicles ahead
of them. On the other hand, one aspect of platooning that
has received limited attention in the existing literature is
the transient behavior of IDs, a critical factor closely linked
to platoon safety. It is worth noting that favorable transient
behaviors, as well as steady-state conditions, as studied in
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[17], can significantly contribute to preventing intervehicular
collisions and enhancing the overall safety of platooning.

Therefore, in addition to the roles of controllers, vehicle
features, and initial conditions, communication structures play
a pivotal role in influencing platooning dynamics, particularly
their impact on transient distances between vehicles. This
study thoroughly explores this critical aspect by focusing
on transient intervehicle distance errors (TIDEs). In our
definition, TIDEs quantify momentary deviations in spacing
between neighboring vehicles before their distances align with
the intended values. Our specific investigation centers on
how various bidirectional communication topologies (BDCTs)
affect TIDEs, as these transient distances are paramount in
determining the safety and collision-free operation of pla-
toons. Notably, unlike unidirectional communication topolo-
gies (UCTs), BDCTs enable vehicles following one another to
exchange their current state information with both preceding
and succeeding vehicles. This paper’s contributions can be
summarized as follows:

1) Novel Dynamic Model: We have introduced a novel
closed-loop dynamic model for vehicular platoons, shift-
ing our focus from differences between follower-leader
states to differences among neighboring vehicles. This
approach allows for the relaxation of the requirement for
the leader vehicle’s velocity to remain constant for inter-
vehicle distance convergence of FVs and for followers
to reach their desired velocities and accelerations. As
a result, the key determinant for the convergence lies
solely in achieving internal stability.

2) Analysis of Transient Intervehicle Distances: Our find-
ings indicate that the deviation levels of transient inter-
vehicle distances from their desired values are depend
on crucial parameters such as the leader vehicle’s accel-
eration, initial conditions, control gains, the engine time
constants of follower vehicles (FVs), the number of FVs
in the platoon, and the communication type employed.

3) Analytical Distance Trajectories: We have developed
analytical distance trajectories for each pair of neigh-
boring vehicles, revealing their behavior across different
bidirectional communication topologies (BDCTs).

4) Communication Topology Insights 1: We have high-
lighted the advantages and disadvantages of various
BDCTs. Our observations suggest that, within the do-
main of distributed controllers, the collection of data
from a greater number of vehicles ahead, especially the
leading vehicle, has the potential to reduce the likeli-
hood of breaching safe intervehicle distances in BDCTs.
Although our focus differs from the study in [16],
our findings align with their conclusion, emphasizing
that predecessor-leader-following (PLF) and multiple-
predecessor-leader-following (MPLF) configurations are
notably superior to predecessor-following (PF).

5) Communication Topology Insights 2: Conversely, incor-
porating information from more vehicles behind can
have an adverse impact on intervehicle distances, ele-
vating the risk of breaching the safe spacing between
vehicles.

6) Enhanced Platoon Performance: We have demonstrated
that broadcasting the leader vehicle’s state to other
vehicles has the potential to improve overall platoon per-
formance. This leads to smaller deviations from desired
values during transient states.

7) Simulation Validation: We have provided simulations to
validate our theoretical findings and support our research
contributions.

In summary, our work emphasizes the importance of studying
transient intervehicle distances and their relationship with
various bidirectional communication topologies.

II. NOMENCLATURE

In this paper, the time argument of signals will only be
included if they enhance clarity. To differentiate between
elements within vertical and horizontal vectors, we will utilize
the semicolon and colon symbols, respectively. For instance,
a 3-by-1 vector is symbolized as [.;.;.], while a 1-by-3 vector
takes the form of [.,.,.]. This notation will be consistently
employed throughout the document to improve lucidity and
ease of reading. The following section provides an overview
of the important parameters and variables utilized in this paper:

n Number of follower vehicles

S Laplace variable

ID Intervehicle distance

TID Transient intervehicle distance

TIDE Transient intervehicle distance error
BDCTs  Bidirectional communication topologies
FV Follower vehicle

BDL Bidirectional-leader

BD Bidirectional

TBPF Two-bidirectional-predecessor-following
TPSF Two-predecessor-single-following
SPTF Single-predecessor-two-following

Tig1 Position of the (i+1)*" vehicle

Azl Tip—wy

Tigq Velocity (v;11) of the (i+1)" vehicle
Ai Tig1—;

Eipq Acceleration (a;; 1) of the (i+1)*" vehicle
A, Tig1—%;

it Jerk (J;11) of the (i+1)" vehicle
AT 21— T

Xit1 (@i 15854138 i41]

Xit1 [T 1385415 Tig1]

T Desired position of the (i+1)" vehicle
Ty, Desired velocity of the (i+1)'" vehicle
LA Desired acceleration of the (i+1)™" vehicle
Zit1 Tip1— T

ApITY Fi—din

m Ap;(0)

Tit1 Tip1—E7

éﬁfﬂ Ti—Tit

Tit1 Tip1—Ti

Aaitt Ti—Tit

Tip Tip— T

ATF FmFi
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Xit1 [$z+1,9€z+1,$1+1}

AXiJ'_l [ ~z+ A~7+1 A~i+1]

45{::-&-1 [A@H_l A&H—l A:|1+1]

X; (X1 X5 X,

AX, [AXO,AX%, AXT ]

T Engine time-constant of vehicles

ditt Desired distance between vehicles 7 and 7-+1

DZH Distance between vehicles ¢ and i+1

L; Length of the i*" vehicle

witt Li+dt!

dit1,j Desired position difference between vehicles i+
1 and j

k Coefficient of position errors in the distributed
controller

b Coefficient of velocity errors in the distributed
controller

h Coefficient of acceleration errors in the dis-
tributed controller

K [k,b,h]

i.1=1  Indicates vehicle i+1 receives information from

vehicle ¢

zi,;=0  Indicates vehicle i+1 does not receive informa-
tion from vehicle 7

Litq Set of vehicles from which the (i+1)" follower
gets information

Rit1 =l 1—{i}

R; =I;—{i+1}

Q; Vehicles ahead providing info only to i*" fol-
lower in pair (i,i+1)

Bi Vehicles behind providing info only to (i+1)*"
follower in pair (4,i+1)

M, Vehicles ahead (j<i) providing info to (i+1)%"
follower in pair (4,i4+1)

B; Vehicles behind (j>i+1) providing info to ith
follower in pair (i,i+1)

J; Union of M; and B;

|| Cardinality of a set

ki1 = |Liz1lk

bit1 = [Lialb

h;1 =1+ 1|

K1 =kiy1,bir1,hi41]

K =P€,b71+h]

Ei _Jilk

3 _ITib

hi _1413in

€it+1 = —gao—ao, ap is leader acceleration

€it1 = [0;0;€541]

Vec(.) Concatenates its arguments vertically

A, Closed-loop system matrix with X, as the pla-
toon’s total state vector

An, Closed-loop system matrix with AX, as the
platoon’s total state vector

AZH System matrix for coupled dynamics of neigh-
boring vehicles

Aﬁfzi TIDE of neighboring vehicles ¢ and i+1 excited
by the pair’s initial condition (zero input)

Ap;t.  TIDE of neighboring vehicles i and i+1 when

ApIT(0)=0 (zero state)

AP = [Apg; ADT:- s APy 4]

U(.) The unit step function

W Initial IDE between adjacent vehicles

Aﬁé“ Input signal for coupled dynamics of neighbor-
ing vehicles ¢ and ¢+1

v, TIDE of neighboring vehicles 7 and ¢+1 excited
by all relevant initial conditions

v (Wo; Vs W, ]

Q Matrix mapping initial conditions to TIDEs

d; ivq Safe distance between neighboring vehicles

III. PRELIMINARIES
A. Bidirectional Communication Topologies (BDCTs)

Fig. 1 displays common BDCTs employed in vehicle pla-
tooning. In this context, each follower vehicle (FV) pos-
sesses the ability to communicate its state, including posi-
tion, velocity, and acceleration, with both the vehicles ahead
and those behind. This interplay establishes a bidirectional
flow of communication across all vehicles. Subsequently, to
maintain conciseness, unless specifically stated otherwise, we
will collectively denote the state information of each vehicle,
comprising its position, velocity, and acceleration, as simply
‘information’.

@ @ 9 BDL
P&E————S 00— 00— 0<—0 BD
f/?m. TPSF
@ L ] <0 SPTF
5 4 3 2 1 0
e L"“A.‘ = . ,‘“.,‘ ,“\.,‘ P -

Fig. 1: Exemplification of different common BDCTs between
vehicles. The leading vehicle (referred to as the leader) is
designated as 0, while the FVs are labeled from 1 to 5.

In the depicted bidirectional-leader (BDL) topology in Fig.
1, each FV receives information from the leader vehicle.
Simultaneously, every FV exchanges information with both
its immediate succeeding and preceding vehicles. Similarly,
within the bidirectional (BD) topology, each FV participates
in information exchange with both its following and preced-
ing vehicles. In the two-bidirectional-predecessor-following
(TBPF) topology, each FV communicates with its two imme-
diate followers and two immediate predecessors. In the two-
predecessor-single-following (TPSF) topology, each follower
vehicle (FV) obtains information from its two immediate
predecessors and one immediate follower. Also, each FV
conveys its own state to its two immediate followers and
one immediate preceding vehicle. In the single-predecessor-
two-following (SPTF) topology, each FV acquires information
from its two immediate followers and one immediate predeces-
sor. Furthermore, each FV sends its state to its two immediate
predecessors and one immediate following vehicles.
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Consider the platoon shown in Fig. 1 and, in preparation for
later use, let for the pairwise vehicles (7,i4+1) where 4 ranges
from 0 to n—1 (with n=>5 for the showcased platoon), the
following sets be defined as:

1) T;41: Vehicles from which the (i+1)*" follower gets
information. For example, in TPSF topology for pair
(2,3), I3 is {1,2,4}.

2) I;: Vehicles from which the *" follower obtains infor-
mation. In TPSF topology for pair (2,3), I is {0,1,3}.

3) R;y1: Vehicles, excluding vehicle 7, providing informa-
tion to the (i+1)*" follower. In SPTF topology for pair
(2,3), Rs is {4,5}.

4) R;: Vehicles, excluding vehicle i+1, supplying informa-
tion to the i*" follower. In SPTF topology for pair (2,3),
Ry is {1,4}.

We also use zf to represent the information linkage between
vehicles ¢ and j, where zf =1 means vehicle ¢ gets information
from vehicle j, and z/=0 means it does not. For TPSF
topology, examples are z3=1 and 2}=0 (Figure 1).

B. Representation of Constant and Changing Distances

We use a left-to-right direction for vehicle movement,
designated as — for positive direction, and < for negative
direction. Constant lengths or distances are represented by
+>. In Figure 2, L; and L,;; indicate vehicle lengths, while
dﬁ“ represents the desired constant gap between them. For
instance, arbitrary variable distances s, So, S3, and s4 follow
the formulas: S1=T;—Tj4+1, 82=$¢+1—($Z‘—Li), S3=T;4+1, and
sq4=x;. Here, x; and z;; refer to the front-side positions of
the vehicles.

Ti+1 S1 T
i+1
Lia i L
it 1 e i
| — 52 |

0 a. »“. a_ “

S3 x

> sS4

\ 4

Fig. 2: Illustrating adjacent vehicles: Vehicle ¢+1 as the
follower and vehicle 7 as the predecessor, showing constant
and changing distances.

C. Vehicles Dynamics and ‘Follower-Leader’ State Errors

We make the assumption that the leading vehicle does not
undergo any control process. Instead, the position, velocity,
and acceleration of the leading vehicle are utilized to govern
the behavior of the subsequent vehicles. In this context, each
following vehicle’s behavior within the platoon is described
mathematically using a third-order linear model [18], [12],
[14], [19], [20], [21], [22], [23], [24], [25]. This model is
defined as:

Tit1=Viy1
1.1i+1=0;7;+1 i=0,...,n—1 (1)

: 1 1
it 1= 70417+ 1

Here, a;4+1, v;+1, and 7 represent the acceleration, veloc-
ity, and engine time constant of the (i+1)*" follower. Let
X122 15944 1;441] define the state vector of the (i+1)"
follower, where @;1=v;41 and Z;1=a;+1. Consequently, for
1=0,...,n—1, and given the equation (1), the state-space model
for the (i+1)"" follower can be represented as:

01 0 0
Xi+1: 0 0 1 Xi+1+ 0 Ui+1
00 -1 L @
T. T
AA 4B

The controller u;; will be discussed subsequently. For each
index 7=0,...,n—1, the desired position denoted as x; 1
desired velocity denoted as z;,,, and desired acceleration
denoted as &}, of the (i+1)"" follower with respect to the
state of the leader vehicle are defined as follows:

i
2 1y ox
x;-kﬂ—xo—g (Lp+d™), @7 ,=vo, and & =ag (3)
k=0

regarding which let the desired state vector of the (i+1)*"
follower be denoted as X7, =[x}, ;47 1;#7, 1. It is important
to observe that our specified reference values in (3) are in
contrast to those presented in [18], [12], [14], where Z},,
was set to 0. Through these considerations, the desired state
of the followers are calculated with respect to the state of
the leader vehicle. Therefore, let ’follower-leader’ state error
of the _(i+1.)th follower be defined as XiﬂéXH_le;‘H:
[Ti413Ti415Ti41] Where Ty 1=2541—2] 1, Tip1=Dip1—T]
and :iiﬂz:iiﬂ—:}%;‘ﬂ. Mlustrated in Fig. 3 is a vehicular
platoon, where the desired positions and the ’follower-leader’
position errors, denoted as Z;;;, are showcased for each
follower. This presentation spans the range of :=0,...,n—1
(with n=5 in this instance). Since state errors are calculated
relative to the leading vehicle, we have joz‘%oz‘%o:o.

D. Platoon Targeted-Kinematics, and Controllers

The primary goal of the controller ;11 in (2) is to achieve
synchronization between the velocities and accelerations of the
follower vehicles and those of the leading vehicle. Addition-
ally, it aims to maintain desired distances between adjacent
vehicles, denoted as dﬁ“. To put it more straightforwardly,
for each value of index ¢ within the range from 0 to n—1, the
controller has two main aims: firstly, to eliminate the *follower-
leader’ state errors, and secondly, to align the velocity v;41
and acceleration a;y; with the velocity and acceleration of
the leading vehicle, indicated as vy and ag, respectively. To
accomplish this dual objective, a distributed linear control law
[26] is utilized. The control law can be expressed using the
following equations:

Uip1=— Zk(Axg+1_di+1,j)‘f'bAng*’hAjgﬂ
j€l;ita
max(i+1,5)—1 4)

> Letdit!

k=min(i+1,5)

dip1,;5—sgn(i+1—j)
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335 I .
» o X *
» =3 ;(22 CE‘{
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di Ly gdy Ly ddy Lo ddi Ly ddy Lo o
i
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Ts5 i
- ~
T4 - P &
Ls o La Ly Ly L
5 4 3 2 1 0
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- H_ - /| u_ - ] u_ - J u i u_ - u I_’ :L’
0 5 |4} Ty |di T3 d3 Ty |d? )

Fig. 3: Desired positions and ‘follower-leader’ position errors of the follower vehicles.

V- ) o ) A
where Axj =xi1—xj, Ay =t~ and Ay =
Lit1—Ty. COIISldeI'IIlg that $i+1ij7di+17j:l‘i+1717j,
j:i+1f:'rj::ii+1f:ij, and £.L.'i+17£.i'j:"fi+1f.ij, the controller
(4) can be reformulated as:

Ui41=— g K( it1—X )
JELi+1

in which AXJ+1—XH1 —X; and the vector K2[k,b,h] is
introduced as the control-gain vector, which quantifies the
impact of relative measurements between the (i+1)" follower
and the vehicles transmitting information to it.

> KAXI,,

J€Li+1

&)

E. Platoon Dynamics, and Internal Stability

To find the platoon closed-loop dynamics, first noting that
Tiy1=Ti41+ao and :r“i—&-l: T j+1+aop, and plugging (5) in (1),
for :=0,...,n—1, yields

. 1 . 1 -
Ii+1:f;Ki+1Xi+1+ Z ;KX]‘+€H_1

J€Lit1

(6)

in which €i+1é—%a0(t)—d0(t) and Ki+1é[ki+1,bi+17hi+1]
such that

Kiv1=2[Litalk, bip1=|Lipalb, by 214+ Lk (D)

where |[;11| denotes the cardinality of the set I;;1. Now,
considering (6), knowing Zo=zo= :ro—O and deﬁmng the
platoon’s total ‘follower-leader’ state-error vector by X2
[Xl,Xg7 ,Xn}, then the platoon’s closed-loop state-space
dynamic model can be compactly characterized by

Xt:[ln®A—P®BK])~(t+ I5,, Vec(€y,€,...,€p) 8)
N—————— ~NN—————

A A
=Bt =u;

2A,
in which Vec(ey,ea,...,€,)=]€1;€2,...;€,,] where for i=
0,...,n—1, €41=[0;05€;41], I3, is the identity matrix of size
3n, and PeR™*™ whose elements p,;; are according to

L if k=]
Prj=40 if zl=0 )
-1 if  zi=1

where x,j=1,...,n and |I,;| shows the cardinality of the set L.

Remark 1: Given (9) and Fig. 1, for BDCTs: BDL, BD
and TBPF, since the communication between followers is
undirected, i.e., j€l;<=i€l;, i,j=1,...,n—1, then the matrix
P has only real eigenvalues (\;, i=1,...,n) [12]. Also, for
BDCTs: TPSF and SPTF, the matrix P has combination of real
(M, i=1,...,]) and conjugate complex (o;+jw;, i=1 l)
eigenvalues [14].

Remark 2: For those BDCTs in which the matrix P has
only real eigenvalues, the platoon dynamics (8) would be
asymptotically stable if and only if the resultant matrices

A-)\,BK (10)

are all Hurwitz, i.e., their eigenvalues are all negative [12].
Note that \;; ¢=1,...,n—1, denote the eigenvalues of the
matrix P. Given that k,b,h>0, using Routh-Hurwitz stability
criterion, the following condition can be found for the internal
stability of the platoon:

kT

b>—
>1+>\minh

1D
where Apin=min;{\;}.

Remark 3: For those BDCTs in which the eigenvalues of
the matrix P are combination of real and conjugate complex
values, the platoon dynamics (8) would be asymptotically
stable if and only if the following resultant matrices

1)A—-)\,BK i=1,...,l

o (12)
vy

w;
RBK

g

LA — i=1,..

%

are all Hurwitz, i.e., their eigenvalues are all negative [14].
Note that in (12), the second matrix would result in a charac-
teristic polynomial of degree six.

Remark 4: Internal stability in platooning ensures that ve-
hicle states (positions, velocities, and accelerations) remain
bounded over time for any bounded input. However, it does
not guarantee collision-free distances between vehicles, as we
will show with examples. Meeting internal stability conditions
is crucial for stable platoon behavior but does not always
prevent collisions or unsafe distances caused by control gains
that meet these conditions. In simpler terms, relying solely
on an internally stable platoon will not guarantee favorable
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transient spacing between vehicles or even transient speeds
and accelerations of the FVs. To reiterate, ’transient’ simply
pertains to the duration of trajectories before they reach their
desired values.

 Remark 5: Considering (8), when ag(t)=0, we arrive at

X,=AX,. Ensuring the internal stability conditions are met
will lead to X, converging to zero in a steady state, which
implies that z; 1 (t)=x7, (1), Ti11(t)=27 (1), and &; 11 ()=
&7, 4(t) for i=0,...,n—1. However, if ag#0, the control in-
put u, will impact the convergence of IDs as well as the
follower’s velocities and accelerations toward their desired
values. Nevertheless, we will demonstrate that by employing a
state coordinate transformation, the new states associated with
neighboring FVs, become independent of the leader vehicle’s
acceleration and jerk trajectories. Consequently, even if ag7#0,
satisfying the internal stability conditions will still be sufficient
for achieving convergence of IDs between FVs, velocities, and
accelerations to their desired values.

IV. STATE COORDINATE TRANSFORMATION

Highlighting the platoon’s dynamics, the closed-loop dy-
namics (8) emerges through the incorporation of established
state errors between the ’follower’ and ’leader’ units. These
errors are denoted as Xi+1 where i=0,...,n—1, and their
visual representation (the position component) can be observed
in Fig. 3. Nevertheless, achieving internal stability does not
inherently safeguard against momentary variable distances
among neighboring vehicles dropping below a safe threshold
before attaining a desired intervehicle spacing. On the other
hand, the ‘follower-leader’ state errors do not provide direct
information about the state differences between adjacent vehi-
cles. As such and as far as safety and collision concerned, we
need to have a direct formulation for distance between every
neighboring vehicles.

Adding to this, the visual representation of ’follower-
leader’ position errors, as evident in Fig. 3, not only lacks
an intuitive portrayal of distances between adjacent vehicles
but also inadequately facilitates direct analysis of transient
intervehicle distances (TIDs). To establish a comprehensive
framework surpassing internal stability considerations and
fostering an intuitive TIDs examination, we undertake a trans-
formation of previous state coordinates from ’follower-leader’
errors to follower-predecessor’ errors. This transformation
yields ’follower-predecessor’ errors derived from consecutive
"follower-leader’ errors, exemplified in Fig. 4. An instance of
this is the ’follower-predecessor’ error between followers 1
and 2, derived from the ’follower#1-leader’ and ’follower#2-
leader’ pairs.

According to this coordinate transformation, we introduce
coupled position, velocity, acceleration, and jerk errors be-
tween neighboring vehicles ¢ and i+1 as follows: 1. Cou-
pled position error: Denoted as Ap“rl—xz Ziy1, representing
the difference in position errors. 2. Coupled velocity error:
Denoted as Af;;“éiffmﬂ, signifying the difference in
velocity errors. 3. Coupled acceleration error: Denoted as
Adf“éiz——im, representing the difference in acceleration

errors. 4. Coupled jerk error: Denoted as AJ’H— zTi— xlﬂ,

indicating the difference in jerk errors. With these formula-
tions, the ’follower-predecessor’ state error and its derivative
for neighboring vehicles ¢ and i+1 can be expressed as
follows:

AXH—lAX X7,+1 [Apz+1 sz—i—l Aa;+1]

13
AX7,+1AX Xerl [A@Hl Ad”l A:[H»l} (13)

Using these error terms, we derive the coupled distance
dynamics governing neighboring vehicles in BDCTs. We will
refer to ApiT'(.) as the transient intervehicle distance error
(TIDE) between vehicles ¢ and i+1 in both the time and
Laplace domains (please see Fig. 5 for visual presentation of
coupled position errors). Importantly, for instance, ’follower-
predecessor’ state errors between vehicles ¢ and j (where j>17)
can be expressed as AXJ X; fXj.

V. PLATOON DISTANCE DYNAMIC MODEL

In this section, we present an alternative dynamic model
based on (8), sharing the previously mentioned internal sta-
bility conditions (Remarks 2-3). This model enables the ex-
amination of TIDEs and the determination of control gains to
prevent collisions and maintain safe spacing between vehicles.
To find the coupled dynamics of pairwise neighboring vehicles
i and ¢+1, we need Ajﬁ“ for i=0,1,...,n—1.

Theorem 1: For i=0,...,n—1, the coupled jerk error be-
tween neighboring vehicles 7 and ¢+1 under BDCTs (Fig. 3)
is given by:

i—1
JI AX 4= KZZAX““

JEa; k=]

1 it ‘
+;KZ Z AX:+1—U(O.5—Z)67;+1

JEBik=1+1

Ajz}l

(14)

In this equation, U(.) is the unit step function, and J; is defined
as | ], where |J;| is determined as follows:

L] if B;=0 & i#0
J={ 1 if i=0
if Bi#0 & i#£0
The sets a; and f3; are defined as qié{jeRi} z{zl &
2 =0& j<i} and B;E{jeR;y1 | 2),1=1& 2/=0& j>
i+1}, respectively. Refer to Table I for sets «;, §;, and |I; 1]

values for the platoon under BDCTs (Fig. 1).
Proof: For i=1,...,n—1, using (6), we have

5)

Lyl

T =—1KX+1 KX+
"Yje N (16)
Z 1= K1 XY e, KX teinn
Therefore, given ¢;=¢; 1 and AT"H— Ii— I 41, We get
AFF =LAt oL ok )X
T T
(17)

1 < 1.
> KX;= Y KX

Jjel; JELi+1
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Platoon states are based on follower-to-leader relative states

Follower 1

Xl{ | i
i [
~ Xo¢ Follower 2 i
X; 2 | Xa¢ T = & B ) | m—
t A-3€ i a- .‘f To,T9, T2 a_ ‘.‘. M
X

Xs - } Xo fo Xt X f= Xt X,
Foplapleyiepiepieiupienl plapipiapiiei o 1 i i P, )

i Follower 5 Ii Follower 4 | i ollower 3 i l Follower 2 | i Follower 1 i l Leader

: /‘\\. N w2| 0/‘\\. N :W§= ‘,/“\» N :WS 0/‘&77‘ :w%= b/‘\\. N :wé b/‘&.‘r‘

i - E. a_a | ] a.e | a_6 | ] o a0
------------------------------- 1 T ] - 1

Platoon states are based on follower-to-predecessor relative states

Fig. 4: State coordinate transformation from ‘follower-leader’ errors to ‘follower-predecessor’ errors.

Since —%(KZ-—KI-H):ZjGHiH%K—ZjGL%K then (17) can

be rewritten as
<. 1 - . 1 ~ . 1 ~ .
i+1__ . 1+1 - i+1_ - 1+1
AL =—KiAX] +ZTKAXJ. 42 “KAX]
jel; j€livq
o S (18)
Also, as X,;—X,;11=X,;—X;+X;—X;;1, (18) can be refor-
mulated as
<. 1 y
i+1_— | . _ i+1
AT = (K1+K)+ZK _Z K | AX!
JER; JER 41
1 i 1 i
+Y_“KAXj- 3 SKAX]

JER;

19)

JER; 11

Desired positions and ‘follower-predecessor’ position errors of the follower vehicles.

Note that for the given BDCTs we have I;=R;U{i+1} and
I,11=R;+1U{i}. Splitting j€R; and jER; 1 in two parts, i.e.,
j<i and j>i+1, and using the fact that for part j>i+1, we
have Xj—Xi:Xj—XiH— (Xi—XH_l), (19) can be reformu-
lated as

~(K+K)+ Y K- Y  K|AXiH
JER; <1 JER; 41<i
1., o 1 o
+ D CKAXi- Y KAX]
JjER; <t JER; 1<t
1 o 1 Ny
+ Y, CKAXL,- Y CKAX],

JER; f1>i4+1 JER;>i+1

Ajlﬁ“:l
v T

(20)
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TABLE I: Sets «; and ;, and values of |I;11| and |J;| for the platoon and BDCTs given in Fig. 1.

Pairs: (0,1) (1,2) (2,3) (3,4) (4,5)
{a0,80} & |I1] & [Jo| {a1,81} & |I2| & |T1|  {a2,B2} & |I3] & |T2| {3,083} & |Ia] & |T3|  {as,84} & [I5] & [T4]
BDL  {0{2}} &2&1 03 &3&3  {({1h{4}&3&3 {205} &3&3 {310} &2& 3
BD 021 & 2& 1 LBl &2&2 {{U{aP &2&2 {{21{5}} &2 & 2 ({310} & 1 &2
TBPF  {0{23}} & 3 & 1 [0.{4}) & 4 & 4 ({01 {5}} & 1 & 4 (111.0V & 3 & 4 ({210} & 2 & 3
TPSF  {0,{2}} &2 & 1 {3 &3&3  {{o}{al&3&3 {{11{5}} &3&3  {{2}0} &2& 3
SPTF  {0,{23}} &3& 1  {{0}{4}} &3&3  {{1}.{5}} &3 &3 (230 & 2&3 (B3I & 1 &2

Remark 6: In the context of the provided BDCTs, when
we examine any pair (i,i+1), one of the following conditions
holds: 1. Both the i** and (i+1)*" vehicles receive information
from vehicles either ahead or behind them. 2. Only the 7*"
vehicle receives information from specific vehicles ahead,
while the (i+1)*" vehicle does not. 3. Only the (i+1)*"
vehicle acquires information from specific vehicles behind,
while the it vehicle does not. For instance, considering the
pair (2,3) in the TPSF topology shown in Fig. 1, both vehicles
2 and 3 receive information from vehicle 1. Vehicle 2 obtains
information from the leader vehicle, while vehicle 3 does not.
Additionally, vehicle 3 receives information from vehicle 4,
and vehicle 2 does not.

Given Remark 6, and sets «; and [3;, (20) can be simplified to

. 1 - 1 .
AT =—"| —(K,+K K | AXiH! ZKAXE
1 T (Kit+ )+jezav i +ZT J
1 -
+Z;KAX§+1
JEB:

JEa;

2L

Having |o;| as the cardinality of the set «y, (21) can be
reformulated as

s 1 % LKA

+1_ ) i ) i+1 - T

AT (Kt K—[a[K)AX [+ Y ~KAX]
JEQ;

e (22)

+Z;KAX1‘+1
JEB:

On the other hand, for i=1,...,n—1 and BDCTs, we have

|Li1|= [T+ (1—as]) & [Bi]=1

T
if B;=0 23)
if B;#0

which implies that

K;
Ki+1

it Bi=0
if B;#0

Therefore, given (23), (22) can be rewritten as

Ki—kK—aiK:{ (24)

1 vi+1 1 . —
SIKAXLLY  IKAXE fi=0

JEaT
1 iy 1 .
—TK;  AXETE ZKAXE
ot g +ZT J
JEQ;
1 _
+Z;KAX3+1
JEB:

N 25)

i BiF0

Now, given that for the pair (i,i+1), AX;- and AX/ 41 can be
rewritten in the following form:

AXi=3""TLAX R j<i
{ S e J 26)

AX] =300 X it
then substituting (26) into (25) yields

K=]

CAKIKY L Y ARE S 40
i—1

1 vi+1 1 v K+1

—KAXTK Y Y AKS

JEQ k=]

1 T on
+KY D AXpH

jEBik=i+1

Aji+1:
’ ;o BiAD

(27
Now, let us study the pair (0,1). For the given BDCTs, given
that Xy=0 we have

- 1 -1 -
A=K AXG— > KXj—

JERy
1 o oq 1 R
=K AXG— 3 K(AXj+AX])-a  (8)
JjER1>2

1 1 »
=—2(Ki—|B| K)AXE+=) KAXI—

T( 1—180/K) 0+7]§ 1—€1

0

where Bo={j€R;[j>2}. Also, for the pair (0,1), since |3o|=
IT1|—(1—|ao|), then K;—|Bo|K=K, where K=[k,b,1+h].
Therefore, (28) can be rewritten as

< 1 | izt
AN =—"KAX}+-K AXET_
] - ot >N AXE (29)

JjE€Bok=1

Subsequently (27) and (29) can be unified as a single for-
mula. Let the set J; be defined as J;2{j | j<i & 2/ ,=1}U
{j | j>i+1 & 2/=1};i=0,...,n—1. For i=1,...,n—1, first we
split the set J; in two sets: M;Z{j | j<i & z/,,=1} and
B;2{j | j>i+1 & z/=1}, such that J;=M,UB,. Figs. 6a-6b
depicts these sets, respectively.
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(@) Mu2{j | j<i & zf+1:1} which is depicted with solid green
arrows. The dashed black arrow represents the followers I;11—M;
from which the (i+1)" follower receives information.

o—0

1 0

(b) Bi&{j | 7>i+1 & 2/=1} which is depicted with solid purple
arrows.

Fig. 6: llustration of sets M; and B;

Regarding the definition ;2 {j€R;41 | 2/ ,=1 & z/=0&
j>i+1}, we have two cases for the pair (i,i+1); i=1,...,n—1:
Case 1: 3,=0
Having 3;=0 implies that the followers behind from which the
(i—&—l)”” follower receives information (the followers II;;—
M, see Fig. 6a), also send information to the i** follower.
Therefore, the set B; (see Fig. 6b) can be obtained as B;=
{i+1}U([;41—M,). It is clear that |J;|=|M,|+|B;| in which
|.| denotes the cardinality of the sets. As such, we have |B;|=
14T +1|—|M;| and, therefore, |J;|=1+1;11|=|L;| (see (23)).
Case 2: 3;#0)
Having (3;#() implies that the followers behind (other than
the (i+1)!" follower) from which the " follower re-
ceives information are only I;;1—M,;—p;. Therefore, B;,=
{i+1}U([Lip1—M;i—f;), and thus |Bj[=1+[L;11[—[M|—| 5]
and [J;|=[M|+[Bs|=1+Li1|—|Bi|=[li41] (see (23)).
Finally, given the definition of the set J;, we always have
Jo={0} and therefore |Jo|=1. Thus, for i=0,...,n—1, (27)
and (29) can be unified and the unified coupled jerk error
between the neighboring vehicles ¢ and i+1 under the BDCTs
given in Fig. 3 would be according to (14). Therefore, the
proof completed. u
Theorem 2: The state errors of ‘follower-leader’ pairs and
the state errors of neighboring ‘follower-predecessor’ pairs are
governed by a shared internal stability condition.

Proof: Considering (14), regarding the facts that
d/dt{ AP =A% and d/dt{AT T }=AalT!, assuming
AGITI=ApT as the output of the pairs coupled dynamics,
then for ¢=0,...,n—1, the state-space model for the pair
(i,i+1) can be presented as

AXIT o A A+ Bt A it
{ K2 2 K2 + K2 uZ (30)

AFH=CIHAXIH

where CI*'=[1,0,0], Bi*'=B, and A"*'€R3*3 and @it e R
are

0 1 0
A= 0 0 1 (31)
[BAL |J;|b 1+|J;|h

T T T

and

~1+1 KZZXH+1+KZ Z Xn+1

JEaik=] JEBik=1+1

—1)€it1

(32)
respectively. Note that that the sets J;, «; and [(; are
mutually disjoint, i.e., J;,Na;=0, J;N3;=0 and «;NG;=0
Also, always ap=0 and S,_;=0. Defining AX,eR3"*1=
[AX5;AX2: .. AX™_,], applying i=0,...,n—1 to the first re-
lation in (30), the stacked resultant relations can be compactly
shown as

AX,=[I,2A-PEBK] AX,;+1I3,Vec(-€1,0,...,0) o)

Y
=An

where 02[0;0;0], and P€R™ "™ whose elements, p;;, are
according to

—\Sjﬁai_ﬂ if j<1
Dij=1 |Ji-1] if j=1 (34)
—‘ijﬂ7;,1| if 7>

where |.| denotes the cardinality of the relevant sets, S;=
{j—1,j-2,...,0} and V;£{j,j+1,...,n}. Also, p;;=0 for the
cases Sjﬂai,lz(l) and Vjﬂ@;l:@. Fig. 7, illustrates the
platoon dynamics (8) which has been developed by using
the ‘follower-leader’ state errors, and the alternative dynamics
(33) which obtained after state coordinate transformation and
utilizing neighboring ‘follower-predecessor’ state errors.

Following (9) and (34), for any BDCT depicted in Fig. 1,
the eigenvalues of the matrices P and P are identical. For
instance, for the case of having five followers and using TBPF
topology, the matrices are

3 -1 -1 0 0 1 -2 -1 0 0
-1 4 -1 -1 0 4 -1 -1 0
P=|-1 -1 4 -1 -1f, P=|-1 -1 4 -1 -1
0o -1 -1 3 -1 0o -1 -1 4 0
0 0o -1 -1 2 0 0 -1 -1
(35)

both of which have eigenvalues: 0.2935,2.1324,3.3900,5.0000
and 5.1841 and thus are similar matrices. Please check Link
for matrices P and P of the other BDCTs. Considering (8),
(33), and the fact that ag(t) is bounded, since the system
matrices A; and A, are in similar formats as

A,=]I,A—P®BK] (36a)

Ain=[1,9A-P2BK| (36b)

and regarding the property that P and P are similar, dynamics
(33) can be utilized instead of (8) for internal stability analysis.
Therefore, the two cases mentioned earlier in the Remarks 2-3
are valid for the matrix P as well. Thus the proof completed.

|

VI. TRANSIENT INTERVEHICLE DISTANCE ERRORS
(TIDES)

Given (14) and BDCTs in Fig. 1, there is a coupling between
the pair (i,i+1) and the pairs in the set (Ujeq,Ui ')V

K=J
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Fig. 7: llustration of platoon dynamics with ‘follower-leader’ and neighboring ‘follower-predecessor’ state errors.

(UjegiUf;%HCn) in which the set (. is defined as (.=
{(k,5+1)}. Note that the sets «; and §; are not empty sets
at the same time. For i=0,...,n—1, assuming A%/ "'(0)=
AaTH(0)=0, and all initial TIDEs are equal to pu, ie.,

(3
Ap:t(0)=p, in Laplacian domain we have

AX(s)=T1Ap ! (s)~Top 37)

where T12[1;5;5?] and T22[0;1;s]. Given (30), Ap; ™ (s),
for ¢=0,...,n—1, would be the summation of zero-state
(Af(ﬁ“( ) 0) response and zero-input (Au”l—O) response.

Theorem 3: Given (15), (30), and (37), TIDE between
neighboring vehicles would be according to

N ACRTRITIR) 3 Wt
JEQ k=]
(53 Z A U(0.5—4)(1+7s)ao(s)
et (Ts3+(1+h) 2+bs+k)
(38)
where
h2 b,k
Hi(s)=—F"F""; i 39
()=t o or A (39)
and
‘u<S2+1+(\Ji|*%‘)h5+(\3i\*’h‘)b>
W,(s)= L T 7/ i=0,...n—1 (40
(8) 83+h1‘82+b1‘8—|—k‘i ! " (40)
in which Bizw, BizlJ;‘b, EZ:|J;\k’ and ’Yz:ZjEOzi(i_j)_F

2jep,U=i=1).

Proof Given (30), the zero-input response, let be defined
as ApZ *1(s), would be according to

11 (s24hs+b;)
$34-h;s24+b;s+k;
41

Apitt

2,21(8):C§+1 (SI _Az:Jrl) AX%JFI( )

where I5 is the identity matrix of size 3. Also, the zero-state
response, let be defined as Apl *1(s), would be
AﬁH—l

s (5)=G () AT (s) 42)
in which given (32) and (37) we have GiT!(s)=

C;-H(SI A;'H) Band

Aﬂf’l(s) U(O 5— )(1—’_78)0’0( ) A z+1( ) 43)
T
where
) i—1 i—1
At (s)=KT1 Y > Aprti(s)-KT2 > > p
JEa; /{:j JEa k=]
j—1
+KT ) Z AT (s)-KTy Y . Y p
JjEBir=i+1 jEBik=i+1
(44)

Thus Gj;“(s):%(83—1—%1-324—52-5—&-1%)71 and simplifying (44)
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results in
Aalt(s)= (h32+bs+k)

155 UL 2 LR

JEaiK=] jELik=1i+1

Yy S

Jjeain=j  jEBirn=i+1

—(hs+b)

(45)
using which and substituting A@‘™!(s), (43), into (42) yields
ettt
3+B'82+B‘8+E'

U(0.5—4)(1475)ao(s)
7(753+(1+h) 24bs+k) s

(S § s

JEai k=] jEBik=1+1

O o) [y
s3+his?+b;s+k;

Apiti(s)=

1,28

(46)
Therefore, given (41) and (46) we have Ap”l( )= Apzti( )+
A;ﬁﬁ{,( ) which is equal to (38). Therefore, the proof com-

pleted ]

A. Mapping Between TIDEs and Initial Conditions
Calculating (38) for i=0,...,n—1 and stacking them to-

gether, after some mathematical manipulation, it is possible
to reformulate (38) in the following compact form:

AP(s)=Q () (¥(s)+U(s)) (47)
such that AP(s)2[Ap(s);Ap3(s);...; AR _(s)], ¥(s)=

)
(Wo(s);W1i(s);...;¥,—1(s)], and Q(s)€e C"X" whose elements
are defined as
1=y

(s) 1 if
qij\5)=q _ . ..

pijHi—1(s) if i)
where p;; are defined in (34). Also, U(s)€C™*! such that
U(s )A[7(753$a18}3?02(j‘)b5+k),07 ;0]. Therefore, if we define
the elements of Q~1(s) as Q(1+1)j(s)’ then exploring (47)
yields

(48)

~2+1

ZQ o (5) T (s)

U(0-5-1)Q7y (s) (1+75)ao(s)
T(753+(14-h)s?+bs+k)

(49)

B. Different Scenarios for TIDEs

Given (49), it follows that Ap. ™ (¢) represents the impulse
response of Ap’“(s), or equivalently the inverse Laplace
transform of Ap!*!(s). Consequently, for a given K=[k,b,h],
the appropriate control gains necessary to ensure safe and
collision-free distances can be determined based on the re-
lationship between TIDEs, safe and desired IDs. The different
scenario are illustrated in Fig. 8. If Ap{ ™ (t)>—(dit'—d; ;)

holds during the travel time (TT), it leads to a stable-safe
distance over TT (cases a and b). Similarly, when Ap:™!(t)>

—d/™ holds within the TT, and Ap: ™ (t)<—(di™'— ds ;1)
occurs during TT, it results in a stable-unsafe distance over
TT (case c). Conversely, if Ap:T*(t)<—d'™" takes place over
the TT, it leads to a stable-collision occurrence within platoon
(case d). Note that, in Fig. 8, D! (t)=wx;(t)—w;y1(t)—Li=
APt (t)+diT! exhibits the real distance between neighboring
vehicles ¢ and i+1. Please observe that when Api™!(¢) con-
verges to zero, signifying a stable platoon, the actual distance
between adjacent vehicles will also converge to the desired
values.

i+1
z+] Aw?ﬁ T
|
~1+1
LH»I ! A D d:l+1 _ Lz I (a
1 | i+1 s : |
gy 47 =i A
p . a_ ol _ .
_ﬂ——‘I | a_fal
i+1
| i
T+l >
D;
(@) _
AP @i Azit! T;
T ; 7
L1 | di i1 L; 1 (b
PR > —
i+ 1 i |
" - | ‘/‘~m_ 4|
a__a a_o .
| i+1
| di
l >
, Ditl
i+1 i
d; dfzﬂ
(b)
A%JA Ti41 Az T
- |
d; i1l '
remrrennrnnanan, » |
Liv; | L; : (c
i+ 1 1 ) |
| — ‘| | — ‘|
ﬂ'—l-! a8 , .
gitt —
— i i+l
i+ 3
d; *df,z‘“ '
(©
Apt Tit1 ;
|
di iy | Az
S |
Lin | L; 1 (d
i+1 1 4 I
| - | e |
T
dit! L
< N i Ditl =
e i
d; —di i
(d)

Fig. 8: Portraying different situations featuring transient inter-
vehicle distance errors (TIDEs) among neighboring vehicles.

VII. SIMULATIONS AND RESULTS

In this section, we present simulation results that serve
to validate the theoretical findings. To do so, we consider
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Fig. 9: Control Gain Categories: Unstable (red), Stable-Collision (yellow), Stable-Unsafe (blue), and Stable-Safe (green).
Desired and safe distances between neighboring vehicles: 5m and 3m, respectively.

a platoon comprising one leader and five followers, with a
constant distance policy set at 5m. Within the simulations, all
vehicles begin with initial velocities and accelerations set to
zero. Their lengths are uniform at 4m. Furthermore, the safe
distance between vehicles is set at 3m, denoted as d ;  ;=3m.

A. Comparing BDCTs Based on TIDE Performance

In the provided BDCTs (see Fig. 1), stability analysis
reveals that BDL, BD, and TBPF topologies exhibit real
eigenvalues in their matrices P and P (defined in (9) and
(34)), while TPSF and SPTF topologies feature a mix of
real and conjugate complex eigenvalues. For simulations, let
control gains k and b vary between 0.1 and 19.6 (with 0.5
increments). Also, we assume that 7=1, h=4, and the absolute
value of leader’s acceleration over travel time is 8m/s2
Unstable control gains are identified when stability conditions
are not met, while stable control gains are those satisfying the
conditions.

Further analysis, using (49) and the approach detailed in
the ’Different Scenarios for TIDEs’ subsection of the pre-
vious section, reveals which control gains lead to unstable,
stable-collision, stable-unsafe, or stable-safe distances between
neighboring vehicles. These findings are visually represented
in Fig. 9, with red indicating unstable, yellow for stable-
collision, blue for stable-unsafe, and green for stable-safe
gains. Referring to Fig. 9, several noteworthy conclusions can
be made:

1) BDL Reigns Supreme: BDL topology emerges as the
front-runner, boasting larger stable and stable-safe areas,
indicating its superior performance in platoon control.

2) Leader Broadcasting: Broadcasting the leader’s state,
as demonstrated in the BDL topology, significantly ele-
vates platoon performance compared to the conventional
BD topology.

SPTF’s Limitations: SPTF displays limitations, with
the smallest stable area and the largest stable-collision
area, suggesting challenges in maintaining platoon sta-
bility.

BD vs. SPTF: Despite SPTF providing more informa-
tion from vehicles behind, BD outperforms it, highlight-
ing the impact of information sources on performance.
TPSF’s Advantage: TPSF outperforms TBPF, even
though TBPF offers additional information from vehi-
cles behind, emphasizing the significance of information
exchange with vehicles ahead.

Information from Rear Impacts Performance: The
introduction of extra information from vehicles behind,
beyond the immediate follower, is associated with a
degradation in platoon performance.

BD, TPSF, SPTF Comparison: TPSF, with additional
information from vehicles ahead, enhances performance
compared to BD. Conversely, SPTF, with extra rearward
information, diminishes performance.

BDL vs. TPSF Parity: BDL and TPSF exhibit com-
parable performance levels. However, it appears that
performance could further improve if the additional
information from vehicles ahead originates from the
leader vehicle.

3)

4)

5)

0)

7

8)
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Fig. 10: Leader’s velocity and acceleration.

B. Analysis Validation for TIDE Study

Consider time interval ¢}<t;<t? during which the leader
vehicle’s acceleration remains constant at ay. Therefore, for
each time interval we can apply basic physics principles to
find its velocity (v?) and position (x?):

v (t)=a(t—t;)+v](t))

RO =aa—t) -l
Fig. 10 depicts an arbitrary acceleration and the associated
velocity trajectories we have considered for the leader vehicle
for the simulations. Considering (8), and assuming a sampling
time of At, we can calculate the updated X,({+At) as
follows:

X, (t4+A0) = (Tyn+- A At ) Ky (t)+ AtVee(er,€2,...€0) (51)

Here, I3, is the identity matrix of size 3n. Now, Given the
acceleration trajectory of leader vehicle, using (3), and noting
that X, 1 (t)=Xi11(t)— 7+1(t), other than TIDEs, we can
find the follower vehicles’ position, velocity and acceleration
trajectories. The communication topology is considered to be
the BDL topology, and the initial positions are selected as
2;(0)==17%xi m, i=0,1,...,5, where given d§+1:5m, and
d§,+81:3m, the initial TIDE between neighboring vehicles
would be Apit!(0)=8m. Additionally, we employ a sampling
time of 0.01s. The simulation time is established as 100s,
though for the sake of clarity in presentation, results may be
shown for time intervals less than 100s.

Associated TIDE trajectories of selected points from the
BDL topology (Fig. 9) are illustrated in Fig. 11:

1) K=[16.1,3.1,4] (from the unstable area), error trajecto-
ries diverge, rendering the platoon unstable.

2) K=9.1,3.6,4] (from the stable-collision area) results in
converging error trajectories, but some cross the red-
dashed line (—5m error), indicating collisions.

3) K=[15.6,10.1,4] (from the stable-unsafe area) leads to
converging error trajectories, with some crossing the
blue-red line (—2m error), signifying violations of the
safe distance.

4) K=1[6.6,17.6,4] (from the stable-safe area) results in
converging trajectories that do not cross the red-dashed

(collision) or blue-dashed (safe distance) lines, ensuring

the maintenance of a safe distance between vehicles.
Therefore, the error trajectories validate the identified unstable,
stable-collision, stable-unsafe, and stable-safe areas from the
provided analysis elaborated on in Section VII.
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Fig. 11: Api™(t) trajectories of selected points from the BDL

topology (see Fig. 9).

C. Tracking Performance

Platooning aims to achieve two vital objectives: 1) aligning
followers with the leader’s velocity and acceleration, and 2)
ensuring IDs converge to preset values, assumed here to be
5m. In our demonstration within the BDL topology, we have
chosen representative K points from each stability region (see
Fig. 9). Fig. 12 displays position, velocity, and acceleration
trajectories for 1=1,...,5 at these selected points. Within stable
regions (yellow, blue, and green areas), we observe velocities
and accelerations converging to match the leader’s values.
The convergence times vary among points, with the stable-
safe point showing the quickest convergence and the stable-
collision point the slowest.

In line with our explanation in the ’Different Scenarios for
TIDEs’ section, selected points within stable regions demon-
strate error convergence to zero, ensuring attainment of the
predefined desired distances between neighboring vehicles.

D. High-Fidelity Simulation of Truck Platooning

We have assessed the controller’s performance and com-
munication topologies in realistic vehicle platooning using
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Fig. 12: Velocity, acceleration and position trajectories for BDL topology under control gains K=[9.1,3.6,4] (stable-collision),
K=[15.6,10.1,4] (stable-unsafe) and K=[6.6,17.6,4] (stable-safe), respectively.

MATLAB’s Vehicle Dynamics Blockset for simulation, em-
ploying both BDL and BD communications. Each vehicle’s
dynamics in the platooning setup encompassed key aspects,
including vehicle geometry, suspension, tire, powertrain, and
steering/braking systems. The platooning controller governed
acceleration input for each vehicle, maintaining a fixed steer-
ing angle of zero degrees, focusing on longitudinal control.

In addition to the intricate components of vehicle dynamics
modeling, the platooning scenario also integrates vehicle-to-
vehicle (V2V) communication for deployment. In the realm of
communication modeling, each vehicle within the platoon is
equipped with V2V transmitters and receivers. Specifically, we
configure the communication model to utilize BDL and BD
communication protocols. The transmitters are responsible for
transmitting basic safety messages (BSMs) containing pose
information, while the receivers within the platoon’s follow-
ers intercept and extract this valuable data from the BSMs.
Subsequently, the information obtained by the receivers of the
platoon followers is employed by their respective controllers
to compute the necessary acceleration for maintaining the de-
sired following distance from the lead vehicle and effectively
tracking its movements.

The platooning setup includes one leader and four followers.
Each follower has a platooning controller (specified in (4))
that regulates longitudinal controls to maintain a constant
spacing from the preceding vehicle while following the lead
vehicle. The inbuilt vehicle dynamics are modeled using a
six degrees of freedom tractor-trailer system, representing a
three-axle tractor towing a three-axle trailer through a hitch.
Both the tractor and trailer have individual models for their

vehicle body, wheels, and suspension. The vehicle lengths are
set at 17.2m, and the safe and desired intervehicle spacing
are established at 7m and 3m. Identical control gains are
applied to each follower vehicle, defined as K=[20,25,4].
Additionally, the initial positions for the trucks are initialized
as z;(0)=—32x4 for i=0 to 4.

Figs.13a and 13b illustrate the vehicle velocities under BDL
and BD topologies. This simulation emphasizes the substan-
tial enhancement in velocity tracking for follower vehicles
achieved through the broadcast of the leader vehicle’s state.
Additionally, in Figs. 14a and 14b, the desired and safe
distances between vehicles, as well as the actual distances
between adjacent vehicles in the platoon, are presented. This
simulation outcome further underscores the improved platoon
performance in coordinating vehicles with the desired inter-
vehicle distances, resulting from the broadcast of the leader
vehicle’s state. It is noteworthy that in the BDL topology, the
distances between vehicles consistently remain above the safe
distance threshold, while in the BD topology, the distance
between the leader and the first follower has breached the
safe distance threshold. Fig. 15 shows the corresponding
truck platooning at times {=0s and t=>50s. Please note that
an associated simulation video accompanies these results as
pointed out to in Fig. 15.

VIII. CONCLUSION

While guaranteeing internal stability is essential for achiev-
ing desirable steady-state performance, it cannot ensure fa-
vorable transient dynamics of intervehicle distances among
adjacent vehicles. To address this, we introduced a novel
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Fig. 13: Tllustrating the beneficial impact of broadcasting the
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Fig. 14: Tllustrating the beneficial impact of broadcasting the
state of the leader vehicle to FVs.

closed-loop distance dynamic model for platoons, shifting our
focus from follower-leader state differences to neighboring-
vehicle state differences.

Through this innovative dynamic model, we not only as-
sessed system stability but also conducted transient inter-
vehicle distance analysis for adjacent vehicles. Considering
the leader vehicle’s state, and based on initial conditions,
vehicle’s engine time constants, the number of vehicles,
and communication type, we analytically determined distance
trajectories between each pair of neighboring vehicles. Our

15

t=0

Side View

S g

Fig. 15: Truck Platooning under BDL topology. States of
platoon at t=0s and t=50s. Please check the link https:
/lyoutu.be/rxQ-XsYFaEM?si=uJITOoELSiFWvoEH to watch
the simulation video for BDL case.

exploration of various control gains allowed us to investigate
how distance trajectories behave across different bidirectional
communication topologies (BDCTs).

These investigations highlighted the advantages and disad-
vantages of different BDCTs. Notably, our findings indicated
that within BDCTs and with a given control gain, receiving
information from vehicles far behind may adversely impact
platoon performance. Conversely, obtaining information from
vehicles far ahead can enhance TIDs, ensuring they remain
within a safe range. Furthermore, we demonstrated that broad-
casting the leader vehicle’s state to other vehicles holds the
potential to enhance overall platoon performance. Finally, sim-
ulations are provided to substantiate the theoretical finding.
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