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Abstract In the context of coordination of connected autonomous vehicles (CAVs), the platooning opera-
tion is a promising application. The formulation of a single stream of CAVs is conducive to traffic efficiency
and merging operations extend the benefits for multilane road users. However, the problem of simultaneous
merging and platooning lacks comprehensive investigation. A solution is formulated in this paper through a
new scheme that considers inter-vehicle safety distance constraints and distributed deployment utilizing lo-
cal inter-vehicle information exchanges. A distributed consensus-based controller synthesized with a collision
avoidance design is developed to direct the CAVs to maintain the velocity and spacing required to avoid inter-
vehicle collisions. Furthermore, a framework fusing an agent motion model with vehicle controllers based
on a dynamics model that facilitates both longitudinal and lateral controls is proposed, contributing to a
cross-model planning-tracking controller. Theoretical proof of asymptotic stability of the proposed controller
and its collision avoidance capability are also elaborated. The merging and platooning function was tested in
a hardware-in-the-loop (HiL) experiment, demonstrating the precise tracking performance and comparable
merging responses to a typical multiagent system. In comparison with trajectory-based merging algorithms,
the proposed framework is able to achieve finer stepwise tracking results without centralized coordination or
predefined trajectories.
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1 Introduction

Connected autonomous vehicles (CAVs) serve as the information and actuation nodes of an intelligent
transportation system (ITS). Equipped with autonomous and communication technologies, a group of
CAVs are expected to complete coordinated tasks automatically with safety guarantees and traffic effi-
ciency [1]. The use of shared information to coordinate these vehicles challenges traditional vehicle control
by extending the problem of a single vehicle to multiple ones, raising concerns about communication and
coordination mechanisms. Hence, various preliminary scenarios, such as nonsignalized intersection con-
trol [2], ramp merging [3,4], and lane changing [5,6], have been investigated so that researchers can focus
on specific application requirements.

Platooning [7] is a typical application scenario for CAVs that requires coordinated vehicle maneuvers.
To assemble a line of vehicles, the key issues of constructing the information flow topology, node dynamics,
distributed controller, and formation geometry [8] need to be resolved. The existing literature reveals
that spacing control realized through vehicle longitudinal control has received most of the attention,
whereas the lateral control is often omitted. The same-lane location setting is reasonable as the sole
consideration of platooning. Situations where CAVs are initially dispersed in different lanes are cases
where current platooning methods may not apply. Some initial demonstrations have shown great potential
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in expanding current platooning applications to more complicated cases. Refs. [9,10] utilized designed
protocols to conduct the merging of two platoons in separate lanes. Ref. [11] also considered the merging
of two platoons but placed more emphasis on the spacing policy so that steering can be carried out as
long as the spacing is appropriate. Ref. [12] utilized a centralized trajectory-based approach to realize the
merging of CAVs into a platoon but lacked vehicle models to implement actual steering commands. In
these studies, the lateral vehicle controllers are not explicitly formulated and spacing adjustments need
to be accomplished before the merging happens, which could result in time-consuming cascading spacing
adjustments. Therefore, to better utilize the lane resources, a more practical merging and platooning
scheme that handles both steering and throttling simultaneously needs to be put forward.

The important merging phase in assembling a platoon from multiple lanes requires lane-changing
operations. Existing studies that focus on trajectory generation [13], merging traffic [14], and trajectory
prediction [15] are mostly related to an isolated controlled vehicle. In multivehicle cases, they may add
an extra communication and computation burden to notify other vehicles of the planned trajectories, and
the subsequent conflict resolution mechanism [16] may not be suitable for multivehicle implementations.
In reality, vehicle-to-vehicle (V2V) technology can reliably support 10 Hz basic safety messages (BSMs)
or cooperative awareness messages (CAMs) communication among vehicles with critical information
transfer, such as real-time vehicle positions and velocities [17]. Multi-CAV interactions demand the
simultaneous fulfillment of the required control performance and real-time requirements with limited
communication cost, which is a necessary but challenging task.

Widely adopted in multiagent systems, consensus control is based on coordinating controllable agents
to move and reach a desired common state [18]. Such control is generally conducted by autonomous agents
with information exchanges with nearby agents. This locally lightweight feature suits the requirements of
the merging and platooning task [19]. Taking advantage of the consensus control’s inherent consistency
with the platooning requirement, we propose to apply this coordination idea combined with vehicle
dynamics considerations through newly-designed controllers to realistic vehicle models.

In this paper, we aim to solve the problem of multilane merging and platooning. Practical considera-
tions of maintenance of a safe distance, information exchanges, and lane usages are considered through
a distributed consensus controller design. A framework named planning and tracking with feedforward
steering (PaTFS) is proposed to assemble both coordinated agent motion and vehicle-based trajectory
tracking controls. This combination of models, which ensures feasible vehicle inputs through the com-
bined controller structure, is further strengthened through a conversion scheme of acceleration input into
vehicle-compatible steering commands. Hardware-in-the-loop (HiL) experiments were conducted to verify
the real-time implementation of the proposed framework as well as to demonstrate its precise tracking
performance compared with other predefined trajectory-based methods.

The contributions of this paper are as follows.

(1) To improve the traffic efficiency through a better vehicle platooning scheme, a PaTFS framework is
proposed to accomplish the multilane merging and platooning task. It provides a solution by integrating
the simplified motion model in the platooning operation and the actual vehicle handling that relies on
vehicle dynamics. This design provides vehicle-compatible coordinated steering and longitudinal control
to facilitate simultaneous merging and platooning with real-time performance and better lane usage.

(2) To formulate the necessary inputs and reference states for PaTFS, a distributed controller is
proposed for the specific sequential platooning scenario supported by a theoretically-guaranteed safe and
reachable platooning configuration design. A sequential platooning configuration is proven to ensure
a safe distance while avoiding the possible local minima caused by collision avoidance potential fields.
Additionally, the asymptotic stability of the proposed controller in the presence of nonlinear collision
avoidance terms is proven.

(3) The framework bears precise control performance at each timestep, which was verified through a
HiL experiment in comparison with fixed merging trajectory methods. The idea of cross-model stepwise
planning and tracking control is realized with effective reference tracking performance. The successful
conveyance of motion information to the vehicle actuator inputs in the framework is expected to be
compatible with other motion models and vehicle controllers to accommodate different coordination
tasks for future studies.

The rest of the paper is organized as follows: Section 2 describes the problem of multilane merging
and platoon formation and introduces the tracking dynamics model. Section 3 proposes a consensus-
based controller for a second-order point model with a collision avoidance mechanism and demonstrates
its association process with vehicle dynamics. Section 4 carries out the stability analysis and the proof
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Figure 1 Illustration of the scenario. The following CAVs 1,2, ..., n initially located in multiple lanes are expected to achieve a
single-lane platoon formation with a desired distance r; relative to the leader and maintain the same velocity v; as the leader.

of collision avoidance guarantee of the proposed scheme. Section 5 verifies the proposed planning and
control scheme through HilL experiments in multilane merging and platooning scenarios. A comparison of
other different models and schemes is carried out. Section 6 gives the conclusion and prospective future
research topics.

2 Problem formulation and model description

This paper considers a homogeneous platoon composed of n identical sequentially ordered CAVs following
a leader vehicle. Initially dispersed in different lanes, the following CAVs exhibit velocity and spacing
differences. The objective is to eliminate such inconsistencies during the process of platoon formation
and make the CAVs follow a stable line configuration.

2.1 Problem formulation

Among the n following CAVs, CAV i¢,i = 1,...,n is characterized by the following double integrator
model:

(1)
where q;(t) = [2;(t),y;(t)]T and v;(t) = [v¥(t),v!(t)]T € R? are the position and velocity, respectively.
The leader vehicle [ has the same model with g;(t) = [z;(t), yi(¢)]" and v; = [vf(t), v} (t)]. The desired
following position of CAV i is characterized as g;(¢), and the desired relative position of CAV i to the
leader can be characterized by 7; = g} (t) — qi(t) = [r¥,r¢]", which is set as a constant vector here.

Without loss of generality, we set up a straight road aligned with the positive = axis, and the leader
vehicle is driving in the positive x direction. Thus, the following definition concludes the requirements
for the multilane merging and platooning problem.

Definition 1. In a straight road with a positive x driving direction, a leader bears constant velocity
v = [vF(t),0]T,vf(t) > 0 without steering, y;(t) = ;(0). The desired single-lane platoon formation of
CAV i is then characterized by r; = [r#,0]T and 7§ < .-+ < 7% < -+ <72,

The multilane platoon formation control objective is then formulated. Design a control method wu; so
that the following CAVs 4,7 = 1,...,n in multilane locations can ultimately achieve a platoon formation
in the same lane as the leader [. Moreover, a predefined vehicle spacing vector r; needs to be reached.

Jim (gu(t) — @(t) — ) =0, Tim (v3(1) — wy(1)) = 0. (2)
An illustration of the scenario is given in Figure 1. In the following Sections 3-5, ¢ in the time-dependent
variables will be omitted for concise expression if no extra declaration is given.
Remark 1. The model in (1) characterizes the moving states of the following CAVs but is not viewed
as the vehicle plant. Its integration in the PaTFS framework for reference generation and feedforward
control of the CAVs will be detailed in Section 3.

2.2 Dynamics model description

Note that the basic motion states and vehicle interaction can be defined through the simplified motion
model described in Subsection 2.1; however, the actual vehicle states and inputs are not fully characterized
by it. An actual vehicle dynamics model is still required to derive vehicle control input to each of the

CAVs.
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Figure 2 (Color online) (a) The tracking models. The gray vehicle represents the reference. (b) The block diagram of the
proposed PaTFS framework for the merging and platoon formation task.

The lateral reference tracking model is introduced to facilitate the necessary lateral control. Figure 2(a)
shows a typical tracking model, where ecg = [@,y]T — [Zref, Yret]T = [€x,€y]T is the deviation from the
vehicle’s center of gravity to the desired tracking position. The deviation from the desired yaw angle
ref to the vehicle’s actual yaw angle v is characterized by 1. = 1 — ¥et. The yaw rates of the actual
vehicle and the reference model are denoted by w and wief, respectively. How these reference and error
states are acquired will be discussed in Section 3. According to [20], a small 1, facilitates the following
approximation: ey & €,, and a tracking model to minimize e),; can be formulated as

- 01 0 0177z 0 0

. —M; — Mo . C M2+(7j\ar:eh)2

& 0 3 Ml oE 3 =L 0T

| ¥ vl n L m 5= Uven Wref, (3)
be 00 0 1| |ve 0 0

. _ _ . l -

veh

where My = (Cy + C,)/m, My = (I;C; —1,C})/m; Iy and [, are the distances from the center of gravity
to the center of the front and rear axles, respectively; m is the vehicle mass; I = ([;Cy —1,,C,.) /I, I, =
(lchf +12C,)/1;; I, is the yaw moment of inertia; v, is the longitudinal velocity; | = I + [, is the
wheel base; Cy and C). are the known front and rear tire cornering stiffness, respectively; ¢ is the front
wheel steering control input.

So far, the developed point motion model and vehicle dynamics-based tracking model are still separate
modules. A joint framework that integrates them is detailed in Section 3.

3 PaTFS framework design

This section introduces the PaTFS framework that handles the problem formulated in Subsection 2.1.
The platooning objective is achieved using a consensus-based controller applicable for the second-order
point motion model. As this model merely generates an acceleration input that cannot be directly applied
to actual CAVs, multiple modules were designed to formulate the integrated PaTFS framework, which
accomplishes the necessary reference trajectory generation, control input conversion, and tracking control.

The diagram of the proposed framework illustrated in Figure 2(b) describes the system integration.
Within this framework, the consensus-based controller generates the basic motions needed for the co-
ordination of the CAVs. The generated reference states are then fed to the tracking and feedforward

controller to generate feasible vehicle actuator inputs. Each module design is explained in the following
Subsections 3.1-3.3.

3.1 Consensus-based controller design

Viewing a graph G composed of CAVs as vertices V = {1,2,...,n} and the connections between them
as edges & = {(ij) € V x V}, we can use the adjacency matrix A = [a;;] containing the nonnegative
components a;; to characterize whether a pair of CAVs ¢ and j share the information: a;; > 0, means
that the CAV 7 can receive the information of CAV j, and a;; = 0, means that it cannot.
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A controller that takes into account the information shared through the communication topology is
proposed as follows:

wi == aa((gi = g; =i+ 1) + (0 0y)] = ehillg — @ — i) + (v — v1)

- Z pc (|7 — z5]))ti; — ¢r(sign(yi(0) — 1(0))(vi — y1) + w)tr i, (4)

where o € R is a positive gain parameter and k; € R is a nonnegative number denoting the extent to
which CAV i is influenced by the leader. The parameter v = diag(vys,7,) € R? is a weighted positive
definite gain matrix with v, v, > 0.

The two terms ¢ and ¢, are introduced as repulsive forces that effectively prevent collisions among
the agents [21] and ensure lane-keeping. t;; = [tfj,ti/j]T = ([x; — 2;,0]7)/||zj — 2] is a unit vector
pointing from ¢ to j in the « direction, and t; ; will be explained later.

The collision-avoidance force generated by a potential function is given as follows:

sollzsl) = {ph<||xij||/ract>¢d<|xm>, i#]

0, i =J,
where
1, z €[0,h),
1 1
ba(s) = Goap ® >d,  pn(z) = 5[1 +cos(mi=p)], 2 € [h,1], (6)
0, otherwise,
[lxij]l = |lx; — x;|| represents the longitudinal distance between vehicles ¢ and j. In addition, rac is the

effective radius of the potential field, which is slightly smaller than the desired spacing ||r; — 7;|; d is
the smallest distance allowed between the CAVs. h € [0, 1] is an adjustable term. The function ¢(||z;;||)
serves as a basic action function, and pp(||2i;]| /Tact) is @ bump function from [22] that helps smooth this
action function.

The potential field is effective when ||@;;|| € (d, 7act]. Note that as ||z;;|| — d*, the repulsive force may
grow infinitely, ¢c(||zi;||) — oo. In reality, this case may never occur, and it is proven in the bounded
Lyapunov analysis in Section 4 with collision avoidance guarantee.

To better describe the formulation of the lane-keeping force, we introduce the error states:

qi=qi—q—"Ti V;=v;—v. (7)

Thus,

Ti—xp =i =&, Y~y —r] =Y~y = U (8)

The lane-keeping force ¢y, is formulated similar to that of ¢¢:
¢ (sign(y:(0))g: + w) = pa((sign(y:(0))gi + w)/w)¢o((sign(y:(0))g: + w)), (9)

where w is half of the lane width and the sign function indicates whether the CAV 14 is merging into the
desired lane from the right or from the left. t;; = [0, —sign(§(0))]T is a unit vector pointing from the
initial lane to the desired lane.

Remark 2. Compared with the existing studies on platooning [19,23], the distributed controller in (4)
employs practical distance and lane keeping functions, which is a realistic concern. The lateral control
input will also be handled in the PaTFS framework for practical steering inputs generation.

3.2 Reference generation and tracking

The difference between the point and vehicle models makes the direct application of (4) infeasible; thus,
a local controller is necessary. Knowing that the point model provides only position and velocity infor-
mation, we treat (4) as a reference generator. The states of the point model gyef, vyer can then serve as
the reference states of a planned trajectory.
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Figure 3 (a) The relationship between acceleration and velocity. The vectors ayer and vyer generated by the point model are
used to deduce the sideslip angle 8 and turning radius R. (b) The geometric relationships of the sideslip angles: 8y, 8, 8 and the
feedforward steering angle ¢ that needs to be derived.

The error states are acquired through:

en = —(ex)sin(y) + (ey) cos(v),
we = ¢ - wreﬁ
€n = —€q cos(Pp)w — ey sin(yh)w — €5 sin(y) + €y cos(1)),

we = W — Wref-

(10)

Note that most of the parameters are available except the desired heading ot and the yaw rate wyet
information, which need to be derived as they are not inherited in the point motion model. Therefore, we
propose a conversion scheme for this purpose. From Figure 3(a), the acceleration normal to the velocity
is

Un = Gror Sin(0y) = v2; /R = w2, R, (11)

where 6; = ¥, — 1, is the included angle between the acceleration and velocity and R is the turning
radius. The desired yaw rate w,cf is therefore achieved by

wret = 2t sin(0,), (12)
Uref

where the reference acceleration aes and velocity s are taken from the motion model in (1). The
calculation of the desired heading .t is given in Subsection 3.3. Because all reference states and error
states can be calculated and applied to the lateral tracking model (3), the steering angle dy,x can be
achieved through a linear quaratic regulator (LQR) tracking controller from [20]:

4T
5trk — _KLQR |:ecg écg l/}e we:| ) (13)

where K1 qr is the optimal gain.
3.3 Acceleration input conversion

A fast feedforward calculation is introduced here, mapping the acceleration to actual vehicle control
inputs. In particular, the steering angle dg and longitudinal acceleration a?, are derived.

The turning radius is already derived in (11). The assumption of the steady cornering state then yields
the geometric relationship shown in Figure 3(b), by which the sideslip angle can be derived using [24]:

mv?l, mv3ly

br=5cr T ucw

(14)

where R is the turning radius.
Information on the geometric relationships of the sideslip and steering angles is also acquired as follows:

l

R=—"—"——.
6ﬁfﬂf+ﬂr

(15)
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From (11), (14) and (15), the steering angle is acquired as follows:

ot SIN(0) mvil,  mu?ly
o = l — 16
1 02 ( " ie;, T2, ) (16)
where the subscript ff represents the feedforward control.
The vehicle heading attainable as the angular relationships in Figures 3(a) and (b) indicates:
Ly
ﬂ+ﬂr:E7 l/}:wv+ﬂ~ (17)
Thus, the longitudinal acceleration is expressed as
, asin(6 muv?l
aieh = Qref COS(wa - w) = Oref COS |:wa =ty — 1;2( t) (Z’“ - QZCrf):| . (18)
With (13) and (16) combined, the steering control is expressed as
0 = O + Otrk. (19)

Recall that the reference heading ¢ is needed in Subsection 3.2, which can be derived in the same

way as in (17):
Qyer SIn(6y) mv2lf
ref — lr - . 20
s = 22 (1, 20)

4 Stability analysis

This section provides the theoretical analysis of the distributed controller (4) with provable stability and
safety guarantee.

The distributed controller’s inherent network topology design has been found to greatly influence the
stability of CAVs in the platooning process [8]. Some assumptions regarding its properties are listed.
Assumption 1. The graph G is connected and undirected.

Assumption 2. At least one vehicle has access to the leader information: i, k; > 0.

Then, the following conditions hold: A = [a;;] is symmetric, and G’s Laplacian matrix L and pinning
matrix K = diag(k1,..., ki, ..., k,) are positive semidefinite.

Lemma 1 ([25]). Given Assumptions 1 and 2, the summation L + K is positive definite.

Intuitively, a direct extension of Lemma 1 is the following.

Corollary 1. Given the same condition in Lemma 1 on L and K, M = aL + €K is nonsingular for
a,e € R, a,e > 0.

To demonstrate the stability of the proposed controller, the error states are formulated along with the
corresponding input representation.

Substituting the corresponding terms in (4) with (7) we have

{‘gzqquvza (21)
UV, = V; — U] = V; = Uy,
and the input u; has the following dynamics:
wi=—Y_ aa;[(G — ;) + 1 — ;)] — eki(Gi + ;)
j=1
= dclllE — & +rf —rf |ty — oo (sign(i(0))Fi +w)tr.. (22)

j=1
Writing (22) in a compact form using M = aL + eK:
wi ==Y midy =7y mi; — y 60l — @+ i — rill)ts; — oL (sign(G(0)g + witni.  (23)
Jj=1 J=1 7j=1

where M = [m;;].
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Theorem 1. The control scheme (4) leads the following vehicles from different lanes to merge into one
lane to form a platoon:

(1) with a uniform velocity: v; = v;,V1, 4,1 # j,

(2) without causing any collision: ||g;;|| —d > 0,
if g(0) and 9(0) are bounded and ||z;;(0)| > d.
Proof. ~ We start by proving the first statement of Theorem 1. Constructing the following Lyapunov
function:

1 . 1 ~ Tact n w
V= ivT'v + 54 TMe L) g+ = E E / bc(s)ds + E / or(s)ds, (24)
i=1 j=1 |&:=2;+rf—rsl i—1 7 sign(7:(0))g:+w

where I3 is an identity matrix of size 2 and ® denotes the Kronecker product. The state variables are
defined as © = [0, ..., 9T and ¢ = [G],...,q}]|T. Tt is easy to verify that V' > 0. Take the derivative
of (24):

V= Z Zm”q] 'yZm”v] Jer Zmz]q]

=1

= 8" dollE — & + i — il — Z@T%(Sign@i(o))ﬂi +w)tr

i=1 j=1 i=1
1 n n
+t5 SN @7 =) de(|F — &5+ rf —rF DL Z o} o1 (sign(g:(0))g; + w)sign(g:(0)).  (25)
i=1 j=1 i=1

The following condition holds given the symmetry of the forces ¢¢:

n n n n
1
Z ;FZ (NZi — 5 +ri —rilD)ti; +§ZZ ¢C (IZi — 5 + a'c”)tfj =0. (26)

i=1 j=1

Similar symmetry analysis can be obtained because the unit vector ¢y, ; is perpendicular to the = direction:

= 0 pu(sign(i(0))gi + witr — Y 6Yr(sign(§:(0))7; + w)sign(§i(0)) = 0. (27)

=1 =1

Egs. (25)-(27) together indicate: '
V=3"Moy) s <0. (28)

Note that M, according to Corollary 1, and  are positive definite. The term M ® - is thus positive
definite and V = 0 only when © = 0, which implies that velocity consensus is achieved.

To prove the second statement of Theorem 1, recall that ¢(0) and 9(0) are bounded and |g;(0) —
q;(0)]] > |lz;;(0)|| > d. This indicates that the initial situation V'(0) is bounded. Similar to the idea
of [26], suppose a collision is happening between CAVs i and j at time t., ¢c(||zi;j(te)|]) — oo as
|z; — 2| —d — 0, meaning that V(t.) > V(0), which contradicts V' < 0 in (25). This proves that
Hqi — qu > HxUH > d holds.

Corollary 2. If the following CAVs are initially sequentially located in different lanes: z1(0) < --- <
2;(0) < -+ <2,(0), then z1(¢) < --- < m;i(t) < --- < z,(t) always holds.

The proof follows similar approaches as those used for proving the second statement of Theorem 1 and
is omitted here.

Remark 3. ¢(0) and 9(0) are bounded and ||z;;(0)|| > d. These settings on the initial states result from
the obvious physical limitations of the CAV velocities and inter-vehicle distances. Hence, the nonexistence
of any collisions at the very beginning makes platooning possible.

Remark 4. Velocity consensus does not directly imply that the desired following positions are reached.
To ensure g; = 0, further analysis is needed.

To ensure that convergence to the desired platoon configuration is achievable, some practical settings
suitable for the vehicle and traffic characteristics were elaborated with the following assumption.
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Assumption 3. The sequential platoon is assumed to hold the following conditions:

(1) The desired spacing is equal: ||7; — rip1|| = ||| > Tact, i = 1,...,n— 1 and d < rae; < 2d.

(2) Only CAV n, which is the nearest to the leader [, has access to the information of I: ky,...,k,—1 =
0, k,, > 0, and the following CAVs have an undirected nearest-neighbor communication topology:

—aaj, li—4l=1i=2,...,n—1,
0, lli =3l =2,
mij = § aa,2, 1=7=1, (29)
(@i +aiio1), i=74i=2,...,n—1,
o i—1 + €ky, i1=7=n.

Assumption 3 constrains the problem to a scenario where the following CAVs with their nearest-
neighbor communication topology are expected to form a straight-lane constant-spacing sequential pla-
toon with the leader [ at a constant velocity, which is a typical setting [27].

The following theorem is then subsequently constructed to prove the convergence of the position errors.
Theorem 2. If velocity consensus © = 0 is reached, the following conditions hold:

(1) No collision avoidance forces exist, which means ¢¢c(||Z; — Z; + r; — r;||) = 0, V4, j, i # J;

(2) No lane-keeping forces exist, which is ¢ (sign(g;(0))g; + w) = 0, Vi;

(3) The desired position of each CAV is reached: g = 0.

Proof. ~ We start the proof with the first statement of Theorem 2. The velocity consensus, v = 0 as well
as © = 0, simplifies (23) to the following form:

n n n n n
@i =>a" (=D mud | =Y. @ ec(E — & +rf — ity
i=1 i=1 j=1

i=1 j=1
n

—> a6 (sign(§:(0))7s + w)tr; = 0. (30)
i=1

From Corollary 2 and the second statement of Theorem 1, ||z; — x;4p| > hd,h > 1,i=2,....,.n—1,i+

h e [l,i—1]U[i+ 1,n]. Note that Eq. (6) and the first statement of Assumption 3 indicate that the
collision avoidance force is effective only when||z; — ;14 || < ract < 2d, precluding any condition that a
collision avoidance force exists when h > 2,

dpc(|ziiznl]) =0, h>2,i=2,...,n—1. (31)

Assume there exist two consecutive CAVs 4,4 +1,i = 2,...,n — 1 that have repulsive forces generated
by the potential fields under the condition where all CAVs reach a velocity consensus v = 0, v = 0.
Given (31) and the second statement of Assumption 3, the control of CAV i is

Wi =— My ip1Git1 — Mii@i — Mii—1Gi—1 — Oc(||Tiiv1|)tiiv1 — oo (|zii—1|)tii—1 — on(F:)
=— aa;i+1(qi — Gi+1) — @ai—1,:(@i — Gi—1) — dpc(|ziiv1])tiiv1r — dc(|1zii—1])tii—1 — dL(F:)
=fii+1 + fii-1 + ¢cijiv1 + ¢cii-1 + ¢, =0 (32)
in which fi ;11 = —aa;i+1(¢i — Gi+1), fii-1 = —0ai—1,i(@i — Gi—1), ¢c,ij = —dc(|Ti — @ +ri —ri )t

and ¢r; = —¢r(sign(4:(0))7; + w)tr ;. To continue the proof, we analyze how the CAV i is balanced in
the z direction through simplifying (32):

flivi + i + 0G0+ 0621 =0 (33)

with the fact that the lane-keeping force ¢r, ; has O component in its « direction.
Given the first statement of Assumption 3 and Corollary 2, we have

vig1 = —0aiip1(Ti — Tig1 — 17 + 1) = 0 (g — gigall cos ¢ — [|7]))

< @ i1(Tact 08 — [[7]]) < @i iv1(race — [|7]]) <0, (34)
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Figure 4 Illustration of the forces exerted on a CAV i when a velocity consensus is reached, with the assumption of a repulsive
force.

as o, aj i1 > 0. In addition, the 2 component of ¢c(qiiv1): 0¢(qiyiv1) = do(|Ti—Tip1+r —ri ) (zi—
Zi+1)/||zi — xixa|| < 0. Then Eq. (33) becomes

vl T 9Ciio1 = —filiv1 — PG >0, (35)

as Figure 4, containing all forces exerted on CAV i, shows.

A similar analysis could be carried out iteratively for the following CAVs i — 1,...,2, and Eq. (35)
still holds, which indicates that a CAV i always needs a following CAV i — 1 to balance itself. However,
for the last CAV 1, no following CAV exists, and the  component of input u; is

uy = fio+ 0612 <0, (36)

which contradicts (33). Thus, no repulsive forces exist when the velocity consensus is reached: ¢¢(||Z; —
jz"L'Jrl + Tf - T’?Jrl”) = O,VZ,],Z 7é ]aq~z - dj = 0.
The first statement of Theorem 2 is proven. We can now rewrite (30) in the following form:

STqloi=>a" | => mia; |+~ or(sign(§i(0))gi + w)tr; = 0. (37)
1=1 1=1 7j=1 1=1

From (9), it is easy to verify that
— q; o1 (sign(:(0))7; +w)tri = Fior (sign(g:(0))g: + w)sign(§:(0)) < 0. (38)

Eq. (38) along with Y1  gf(— >i—1mijq;) < 0 indicates Eq. (37) holds only when g; = 0,Vi,
proving the second and the third statements of Theorem 2.

Remark 5. Ref. [28] indicates that the potential-generated local minima may exist. Theorem 2 proves
the nonexistence of potential-generated forces at the equilibrium. This indicates that no local minima
caused by the potential fields exists. Thus, the local minima problem is avoided and a global optimum is
reached.
Theorem 3. The desired single-lane platoon is formulated through the controller (4) without collisions
among the CAVs.
Proof.  This can be directly concluded from Theorems 1 and 2.

The coordination protocol of CAVs established in this section yields further issues of implementations,
which is discussed in Section 5.

5 HiL experiment and analysis
As described in this section, we construct two sets of scenarios to validate the proposed framework.

5.1 Scenario 1: triplet interaction

The first scenario is a basic case where three following vehicles located in three different lanes need to
form a platoon with the desired spacing and distance relative to the leader. This scenario, which consists
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Table 1 Parameter settings

Symbol Description Value Unit
q(0) CAVs’ initial positions [1,6,20, 2,40, IO]T m
v(0) CAVs’ initial velocities [21,0,20,0,19,0]" m/s
q;:(0) Leader’s initial position [60,6]" m

v Leader’s velocity [15,0]T m/s
r Desired displacement from the leader [—45,0, —30,0,—15,0]" m
d Minimum allowed distance 9 m
«, € Gain parameters a=0.2,¢=0.24 —
¥ Gain parameters v = diag(6,4.8) -
k Pinning matrix k=10,0,1] -
010
A Adjacency matrix 101 -
010
Ty Communication interval 0.1 s
T Simulation time 60 s
IDS 1006 realtime simulator | il iniii— —

|
| — LnEE .
& —‘"I ”””” | MicroAutobox | =il 2 Longitudinal accelerAatlon aZ eh
. I3
-~

|
|
| . i l
I Y CANBUS PO
! Sohicle sies p T r# Reference generation - Tracking control | |
| vehicle states ¥;, w; Ir} ; Iy P
—C-T-T-TTT-TTTTTTTTZ== ] ! Reference state Pl
| Simulink desktop real-time | :3 Acc‘f,zl‘fﬂr_ytf"n Sl Qigref 5 Viref o
: ! — } = : Piref Wi, ref Pl
””” ! 3 ‘ A Pl
: ﬁ Leader vehicle state qi, v, ----- P “»_Control conversion |
1
|
S | L _______ 1
(a) (b)

Figure 5 (Color online) (a) illustrates the composition of the HiL experiment platform and the signal flow. Hardware connections
and the data transferred within the network are given. (b) shows the actual implemented testbed.

Table 2 Vehicle parameters

Symbol Description Value Unit
m CAV’s mass 1830 kg
I, CAV’s yaw moment 3234 kg - m?
ly Distance from the front axle to the CoG 1.45 m
Iy Distance from the rear axle to the CoG 1.6 m
l Wheel base 3.05 m

Cyr,Chr Cornering stiffness 98.3 kN /rad

of a triplet of CAVs is a minimum configuration for the multilane interaction activities [11]. In this work,
the necessary tests on longitudinal and lateral controls were performed using PaTFS. We demonstrate
the validity of the PaTFS framework through comparison with other simplified implementations of the
proposed controller: the point model (PT) and the planning-and-tracking without feedforward (PaT)
schemes. PT is based on the controller (4) applied only to the point model without vehicle dynamics
consideration, which acts as a baseline. PaT is a degraded version of PaTFS that does not consider
feedforward steering (16). The effect of lacking this part of the control will be presented and explained
later. The initial position and velocity information is listed in Table 1 along with other control parameters.

Note that r = [r{,... r}]T.

The HiL experiment platform described in Figure 5(a) is designed for the high-fidelity verification
of vehicle controllers. The platform is composed of a MicroAutobox, a DS 1006 simulator, and a PC
running Simulink, which are connected through a controller area network (CAN) bus. The experiment
parameters are listed in Table 2. Other parameters include the gain of the LQR tracking controller:
Q@ = diag(0.01,0,0,0) and R = 5.
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Figure 6 (Color online) (a), (¢) and (e) illustrate the trajectories of CAV 1, CAV 2 and CAV 3 during the merging and platooning
operations using PT, PaT, and PaTFS respectively. In each subfigure, each of the colored lines denotes the trajectory of a particular
CAV with one of the aforementioned three controllers while the gray dotted lines represent the results of other CAVs. The position
error state evolutions of CAV 1, CAV 2 and CAV 3 are illustrated in (b), (d) and (f). The differences in CAV positions using
PT and PaTFS are given. These values compare the actual (A) and planned (P) positions of the PaTFS with those of the PT.
Deviations from PT in the merging phase were ultimately alleviated.

5.1.1 Comparison of trajectories and error evolutions

Figure 6 shows the trajectories of each following CAV. In each subfigure, the colored lines indicate the
trajectories of the same CAV under the PT, PaT, and PaTFS models. The leader’s trajectory is also
depicted as the reference. Though multilane merging and platooning was accomplished in all cases,
scrutinization on how the trajectories evolve indicates the differences of each controller’s performance.

For PaT, although its state responses were comparable to those of PT or PaTFS, it showed the most
evident fluctuations in trajectories. The loss of information during the lateral acceleration acquisition
led to inaccuracies in the derivation of the steering maneuvers, which impedes the settlement of lateral
deviations along the desired lane. PaTFS in contrast, acted in accordance with the PT model, obtaining
better convergence performance owing to the more effective steering control. All CAVs with PaTFS
showed lower fluctuation magnitudes from the target lane’s centerline than those with PaT. In addition,
all CAVs with PaTFS navigated to the target lane before CAV 1 reached 200 m; at that point, CAVs
with PaT showed larger deviations.

Compared with the point model movements, PaTFS showed similar convergence performance, which
is desirable in forming the platoon in less time and lower lane occupation. The concern that differences
in the motion patterns of PaTFS and PT may compromise the platooning performance is addressed in
the following discussion.

The following analysis is based on the trajectories produced by the PaTFS framework only. The actual
position, the reference position, and the point model position of CAV ¢ are denoted by gq;, g;rcr, and
q;,pT, respectively. The errors between them depicted in Figure 6 reveal the tracking performance of
the proposed method. The process through which the step-wise planning and tracking scheme is able to
achieve the same equilibrium as under the PT model can be observed. The following error analysis is
given.

e In P-PT, all CAV planned trajectories gradually converge to the PT results. The relatively large
deviations observed in the initial stages are caused by the steering maneuvers and spacing adjustments,
which are attenuated after the velocity changing stage is complete.

e In A-P, the vanishing tracking errors between the actual and planned reference positions reveal the
high precision of stepwise reference-following behaviors.

e In A-PT, the convergence of the actual and PT state differences can be observed when inter-vehicle
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Table 3 RMS and final values of the tracking errors for 3 states of the following CAVs using the PaTFS framework

Case CAV 1 CAV 2 CAV 3
A-P 4.0544 x 10~* 6.6270 x 10~* 1.5333 x 1073
RMS (m) P-PT 0.4982 0.3906 0.2076
A-PT 0.4981 0.3906 0.2074
A-P 2.5362 x 1077 1.9859 x 1077 1.0090 x 10~7
Final _3 -3 -3
error (m) P-PT 9.9724 x 10 7.8153 x 10 3.9435 x 10
A-PT 9.9723 x 1073 7.8152 x 1073 3.9434 x 1073
~ ~©- a2 -2, (PT) —O— z2 — 7, (PaTFS) 20 ~O- [lo|(PT) —&— |vs]|(PaTFS)
£ -El- 25— 21(PaT) -~ [ria]| T ~B- [ (PaT) -%- [ul
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& F * * * =16}
1 1 1 1 14- ----------------- ? ? ?
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Figure 7 (Color online) The spacing evolution of PT, PaT, and PaTFS applied to each CAV is given in the left column. (a), (c)

and (e) show the spacing between CAV 1, CAV 2 and CAV 3 and their predecessors. The reference spacing is given to demonstrate
convergence. The velocities of PT, PaT and PaTFS applied to each CAV are given in the right column. (b), (d) and (f) show the
velocities of CAV 1, CAV 2 and CAV 3. The reference velocity is given to demonstrate convergence.

distance and velocity fluctuations diminish, confirming the performance of PaTFS in achieving the the-
oretical desired platooning states. This is a direct conclusion from the results of P-PT and A-P.

The tracking performance was further evaluated through the root mean square (RMS) and final position
errors of the three cases in Table 3. The A-P results show a precision of 107* m for the RMS and
107 m in the final value, proving excellent reference-following performance. The RMS values of the
P-PT and A-PT models are in the order of 107! m depending on different CAVs, which reflects the
trajectory differences between the PT and PaTFS. The final values of P-PT and A-PT reach 1072 m in
precision, demonstrating that the convergence to an accurate platoon configuration is achieved by the PT
model.

5.1.2  Spacing and velocities comparison

The spacing and velocities depicted in Figure 7 highlight the longitudinal states of PaTFS, which comply
with the PT model. The desired spacing between two adjacent CAVs is reached along with a final
consensus in the velocity with respect to the leader’s. The resemblance between the PaT and PaTFS
performances arises from the same vehicle plant and similar longitudinal controls.

CAVs do not violate the minimum inter-vehicle distance constraints in any of the cases. PaT and PaTFS
have almost identical performances, which is a direct reflection of the velocities depicted in Figures 7(b),
(d), and (f). The responsiveness of the longitudinal control is desirable from a safety perspective. In the
final platooning results, the PaT and PaTFS frameworks manage to reach spacing consensus precisely.
It is safe to conclude that PaTF'S is accurate and effective enough in longitudinal control.



Wu J K, et al. Sci China Inf Sci  November 2021 Vol. 64 212202:14

2 4

2 = '\ -0 y3 — u(PT) =6 y3 — yi(PaTFS)
_ P N o 3 o g3 — yy(PaT) e
g1 B = ‘= Eo ‘ Nea & ’E B E) ' & g5~ y(PaT) o
— e ’ N NS 7 = == — &
S 09 ,1:“"\‘“ % — s | 7 o._.-8 g 5
- \ . ‘o ! [ !
s-1 5 om, -5 32 3

) -0 y1 — yPTYy - y1 — yi(PaTFS) o 4o —y(PT) - yo — y(PaTFS)

-2 -0 y1 — yi(PaT) - Y -+ yo — y(PaT) - U

0 10 20 30 40 50 60 I

=

B 10 20 30 40 50 60
t(s) t(s) t(s)

@ (b) (©
Figure 8 (Color online) The lateral deviations of CAV 1 (a), CAV 2 (b), and CAV 3 (c) from the desired lane respectively. The

results of the cases where PT, PaT and PaTFS are applied to each CAV are all plotted. The desired lateral position is also plotted
for each CAV as the reference.

Table 4 Lateral deviations of the CAVs from the desired positions under the PT, PaT and PaTFS models, respectively

Scheme CAV 1 CAV 2 CAV 3
PT 0.1237 0.8667 0.8115
RMS (m) PaT 0.8898 0.9556 1.1209
PaTFS 0.03921 0.7994 0.8714
Pinal PT —7.0732 x 1073 —5.5593 x 1072 —2.7976 x 10—3
error (m) PaT —0.6969 —0.5046 —0.1012
PaTFS 4.9173 x 1074 3.7834 x 1074 1.9921 x 10~4

5.1.3 Lateral states comparison

Figure 8 shows the varying lateral deviations of the different controllers. PT and PaTFS manage to
shrink the multilane CAV configuration to a single-lane with trivial final deviations from the center of
the desired lane. PaT, on the other hand, exhibits unfavorable overshoot and fluctuations for certain
vehicles. In the merging process, compared with PaT, faster convergence with much fewer oscillations to
the desired lane center is achieved through PaTFS, which is caused mainly by the feedforward steering
term. The RMS values of lateral errors in Table 4 confirm this observation, with PaTFS having smaller
RMS values for all CAVs compared with PaT.

Consistency with Figure 8 is also observed in the final values of the lateral errors in Table 4. All
tracking errors of PT and PaTFS diminished. The RMS values of their lateral deviations are comparable,
which conform to the fast merging actions of PaTFS. PaT, however, shows a degraded performance with
larger RMS for all CAVs, which is a direct consequence of the obvious lateral sways along the lanes.
The comparison demonstrates the superior performance of PaTFS in responsiveness and fine tracking
accuracies compared to that of PaT. This result is further solidified with the final lateral deviations, in

which PaTFS obtains precise position keeping while the fluctuations of the PaT fail to yield meaningful
final deviations.

5.2 Scenario 2: distant and close case comparison with predefined trajectory tracking

A more complicated scenario was constructed to compare the PaTFS with a trajectory tracking controller
demonstrating its vehicle-compatible actuation inputs and tracking performance.

Two cases were selected in this scenario: one with initially farther spaced CAVs and higher velocities,
and another with tight spacing as well as lower velocities. We will refer to them as distant case and close
case hereafter. In both cases, the following CAVs were expected to reach the desired same spacing and
velocity settings as in scenario 1.

In this scenario, we include six following CAVs with the following consideration: for a random consec-
utive pair of CAVs, the combination of their roles, a predecessor or a follower, and their lane locations in
the target lane or the adjacent lane, can find a corresponding pair among the six CAVs, which encloses
the possible multilane initial conditions comprehensively. The parameters that are changed from the
previous case are given in Table 5. Note that the CAVs 3 and 4 are merging CAVs initially located in ad-
jacent lanes. The communication topology setting is still a bi-directional topology with nearest-neighbor
communication. The corresponding adjacency matrix is a 6-by-6 matrix which is omitted here.

The adaptive cycloidal lateral trajectory (ACLT) in [29] for merging vehicles constrains the lateral
acceleration perpendicular to the lane direction. It is chosen as a method for comparison because it fea-
tures a representative methodology that depends on the predefined lane-changing trajectories to conduct
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Table 5 Parameter settings for scenario 2

Value

Symbol Unit
Close case Distant case
q(0) [0,6,15,6,30,2,45,10,60, 6,75, 6] [10, 6,30, 6,50, 2, 65, 10, 80, 6, 100, 6] m
v(0) [17,0,17,0,18,0,18,0,16,0,16,0]" [20,0,20,0,21,0,21,0,19,0,19,0]" m/s
q:(0) [90, 6] [120,6]T m
r [—90,0, 75,0, —60, 0, —45,0, —30,0, —15,0] T m
k [0,0,0,0,0,1] -
¥ diag(8, 8) -
—— ¢i(PaTFS) = = ¢ (ACLT) L0 —— ¢(PaTFS) = = ¢ (ACLT)
——— )(PaTFS) = = ey(ACLT) ——— ¢)(PaTFS) = = ey(ACLT)
e3(PaTFS) = = ¢3(ACLT) e3(PaTFS) e3(ACLT)
= ¢,(PaTFS) es(ACLT) — ¢y(PaTFS) e4(ACLT)
——— ¢5(PaTFS) = = e5(ACLT) g e ¢;(PaTFS) e5(ACLT)
—— €g(PaTFS) = — ¢5(ACLT) Z0.5 —— ¢5(PaTFS) = = ¢(ACLT)
8]
L L e d ds J . B
0 10 20 30 40 50 60 30 40 50 60
t(s) t(s)
(a) (b)

Figure 9 (Color online) The absolute tracking errors at each step for all CAVs in the (a) close and (b) distant cases, respectively.
Absolute values are chosen for comparison. Note that ACLT only provides trajectories for the merging CAVs 3 and 4; the comparison
of the tracking errors is thus based on these two CAVs. CAVs 3 and 4 exhibit larger deviations from the trajectories for ACLT. On
the other hand, a much smaller magnitude of errors is observed when PaTFS is applied.

Table 6 Peak longitudinal and lateral acceleration of the CAVs

SchemePeak acceleration Close case Distant case
(m/s?) CAV1 CAV2 CAV3 CAV4 CAV5 CAV6 CAV1 CAV2 CAV3 CAV4 CAV 5 CAV 6
a, max . . . . . . . . . . . .
PATFS veh 0.728 1.014 1.348 2.138 1.943 1.055 1.279 1.182 1.996 2.141 3.560 3.646
a
a max 112 . 3.085 1.945 1.182 .2 .1 L6935 2.6 1.632 . .
veh 0 0.734  3.08 94 82 0.280 0.128  0.693 64 32 0.978  0.204
a max . . . . . . . . . . . .
ACLT veh 7.248 4491 3.584 4.203 3.720 1.773 22.500 16.406 10.896 8.448 11.667 6.463
a max 3.1 3. 3.305 2.741
veh 0 0 3.169  3.007 0 0 0 0 3.30 74 0 0

merging control. As ACLT applies to the point model only, we replace the consensus control and reference
generation parts of PaTFS framework with ACLT so that it can be applied to the vehicle plants. The
maximum lateral acceleration is selected as ||ay||max = 1 m/s?.

The merging and platooning task could be both fulfilled by the PaTFS and ACLT. On the other hand,
the planning and tracking performance in Figure 9 illustrates their major differences. The PaTFS gener-
ates reference states at each step and the tracking errors descend to near zero values within approximately
10 s for all CAVs. The ACLT, though producing well-defined trajectories, generates errors in the order
of 107! m in both the close and distant cases during the lane changing process, which are significantly
larger. The settling time for all CAVs within 10 s is similar to that of PaTFS.

The peak acceleration values are listed in Table 6. In the close case, both ACLT and PaTFS exhibit
reasonable acceleration inputs. In the distant case, different performances can be observed: for most
CAVs, the ACLT implements higher peak accelerations, which may be impractical for real-vehicle actu-
ation. The overly large accelerations in both longitudinal and lateral controls impede the tracking of the
merging trajectory for CAVs 3 and 4, as the changing accelerations and velocities may hinder the precise
steering during the tracking process. In this sense, a predefined trajectory would not always serve as
an appropriate reference given the varying states of CAVs in different working conditions. In addition,
the PaTFS in the distant and close cases produced comparable results, indicating their adaptiveness to
different scenarios, as the tracking errors vanished in a similar fashion. The ACLT on the other hand,
showed larger deviations from the planned trajectory during the merging operation in the distant case.
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6 Conclusion and future work

This paper applies a newly designed controller consisting of multiagent coordination and a vehicle compat-
ible control scheme to the context of multilane merging and platooning. Theoretical stability proof of the
proposed distributed controller is given to guarantee that the desired platoon is asymptotically achieved
with no inter-vehicle collisions. The PaTFS framework, which assembles the coordination scheme with
controllers considering vehicle dynamics, is proposed and verified through a HiL experiment. Accuracy
and responsiveness results were superior to those using conventional tracking methods. To enhance the
comprehensiveness of the proposed control scheme, the formulation of higher fidelity models in the theo-
retical analysis along with practical limitations on vehicle states and control inputs will be considered in
future work.
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