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Abstract. This paper presents synchronization of vehicle platoon with limited-
output information based on constant time heading spacing policy. Two control
schemes, namely neighborhood controller neighborhood observer and neighbor-
hood controller local observer designed based on constant time heading will be
applied into a vehicle platoon. These control schemes are applicable for general
topologies as long as spanning tree condition is fulfilled. Both control schemes
have identical controller part but different approach in the observer parts. Neigh-
borhood controller neighborhood observer utilizes completely neighborhood in-
formation in the observer part, while neighborhood controller local observer only
uses the internal information in the observer part. The performance of both con-
trollers will be analyzed numerically, and the results will be compared. Further-
more, the behavior of each follower in various vehicle-to- vehicle topologies in
responding to disturbance will be presented and some remarks will be summa-
rized.

Keywords: Vehicle Platoon, Constant Time Heading, Neighborhood Control-
ler, Local Observer.

1 Introduction

Solutions to various problems in the field of transportation require various technologi-
cal approaches from various sides, including the application of technology in road con-
structions, traffic sign infrastructures, traffic managements and the vehicles themselves.
This paper presents one of the possible solutions in terms of vehicle technology which
utilizes collaboration between vehicles, called as a vehicle platoon. Vehicle platoon can
be defined as a group of vehicles that collaborate to move like a train by utilizing the
information exchanged with a certain topology. With a formation like a train, the vehi-
cle at the front will be set as the leader (like a locomotive) and the remaining vehicles
as followers (like carriages). In platoon formation, each vehicle will synchronize the
distance between vehicles, velocity and acceleration, which usually depends on the
movement of the lead vehicle. It is predicted that vehicle platoon will become one of
the features of future vehicles that have many benefits such as increasing road capacity,
increasing safety, reducing air pollution and saving fuel.
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Currently vehicle platoon is one of the most active research areas because of their
promising potential benefits in the future. This research was conducted from various
sides, including controller algorithms related to vehicle dynamics and spacing policy
[1, 2], sensors and communication technology [3] with various kinds of problems in
each side. The development of control schemes on platoons mostly assumes that the
information exchanged is under ideal conditions which generally consists of position,
velocity and acceleration, as is the case in [2, 4, 5]. In reality, due to sensor limitations
only partial information can be obtained by the vehicle. In this condition, usually full-
state information will be estimated from the existing information, as is the case in the
control scheme proposed by [6, 7]. Two control schemes in [6] have been studied by
Prayitno et. al. in [8] to be applied to a vehicle platoon that apply a constant spacing
policy. Where the characteristics of the vehicle platoon on several directed topologies
have been presented. Some control schemes, such as [9, 10, 11], are also have possibil-
ity to be implemented for vehicle platoon applications with various topologies.

In term of spacing policies, there are several spacing policies that can be applied in
platoon applications, including constant spacing policy (CSP) on [2, 5], constant time
heading (CTH) on [1], and delay-based spacing (DBS) policy on [12] with various ad-
vantages and disadvantages. CSP has the advantage in its ability to maximize road ca-
pacity with the distance between vehicles as close as possible but has the potential to
cause instability of the string when a disturbance occurs [13]. Meanwhile, CTH has
advantages in string stability and increasing safety but the distance between vehicles
will widen at high speeds which is contradictory to maximizing road capacity [13].
DBS has the advantage of being more realistic by tracking the same velocity profile in
the spatial domain, especially when driving in mountainous areas with up and down
road contours [12].

The spacing policy is interesting to observe, especially the behavior of each follower
vehicle in various topologies. This information is very important for the controller de-
signer in determining which spacing policy and topology are appropriate for the platoon
application. The behavior of CSP in various directed topologies has been studied in [8].
Therefore, this paper modifies the control schemes in [8] to be applied based on con-
stant time heading for synchronization of vehicle platoon. There are two control
schemes studied here, namely the neighborhood controller neighborhood observer and
the neighborhood controller local observer which will be applied to each follower with
various topologies. Both of these control schemes have similarities in the controller but
are different from the observer side.

The contribution of this paper is in the formulation of constant time headings that
can be applied to vehicle platoon with limited output information under various topol-
ogies. Moreover, information about the behavior of each follower vehicle in various
applied topologies will be summarized. This information is very useful for understand-
ing the characteristics of constant time heading in vehicle platoon applications.
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2 System Description

Homogeneous vehicle platoon that consists of one leader and N-followers usually de-
scribed by the following dynamics,

{)'ci =Axl-+Bui, (1)

yi = Cxi.

Here, the leader is assigned with i = 0 and assumed to have constant velocity or the
value of u, = 0. The remaining vehicles are set as followers with i = {1,2, ..., N}. Lim-
ited output information is represented by the value of matrix C. Full-state information
usually consists of position, velocity and acceleration, represented by x; = [p;, v;, a;] T
The relation of position, velocity and acceleration are explained by matrices A and B
as follows,

01 0 0
A=100 1 landB =Y 2)
00 - =
g; g;

where o; is the inertial time lags of the powertrain. Homogeneity of vehicles can be
represented by the same values of ; which usually represent identical vehicles. Smaller
value of g; will has faster transient response compared to bigger value of ;. Therefore,
smaller value of g; usually owned by passenger vehicles, while bigger value of g; usu-
ally owned by heavy-duty vehicles [14].

To form a platoon, it is necessary to exchange information between vehicles according
to the topology. Internal information in each vehicle is obtained by using on-board sen-
sors and exchanged to their neighbors by using Vehicle-to-Vehicle (V2V) communica-
tion technology. For controller design and stability analysis, information flow in the
platoon is usually expressed in terms of adjacency matrix and pinning matrix. The ad-
jacency matrix expresses the information flow between followers and denoted by A =
[a;;] € RV, where the value of a;; = 1, if the information is received by vehicle i
from vehicle j, otherwise a;; = 0. While, the pinning gain represents the leader’s in-
formation received by followers which denoted by P = diag{pi1, P22, - Pun}>
where the value of p;; = 1 if the information flow from the leader to follower i, other-
wise p;; = 0. In the vehicle platoon, the V2V topology is required to contain at least a
spanning tree condition, with the leader as the root tree. There are six common V2V
topologies in the vehicle platoon, namely predecessor following (PF), predecessor fol-
lowing leader (PFL), two-predecessor following (TPF), two-predecessor following
leader (TPFL), Bidirectional (BD) and Bidirectional Leader (BDL).

When the platoon formation is achieved, each vehicle will have synchronous inter-
vehicle distance, which can either be CSP or CTH. CSP has advantages in maximizing
the road capacity and reducing the fuel cost when applied in heavy-duty vehicle with
some conditions. While CTH has shown to be able to maintain the stability of the whole
platoon and increase the safety. This paper utilizes CTH spacing policy for the platoon
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synchronization. The challenge in this paper is to formulate the desired distance be-
tween vehicle i and lead vehicle which applicable to general topology. The desired
distance is formulated as,

di,O = l(h Ui + ’g), (3)

where h is constant time heading and ¥ is the standstill of each vehicle. When the pla-
toon formation is formed, each follower will synchronize the velocity and acceleration
to the leader and maintain the desired spacing. It means that in platoon formation, the
following condition is achieved,

tli_)rgllpi(t) —po(OIll = dip
tli_g}j”Vi(t) vl =0 ) 4
limlla; () = a(®) = 0

Another challenge is when each vehicle has limited-output information due to limi-
tation of the onboard sensor. Therefore, the objective of this paper is to design distrib-
uted controller for each follower with limited-output information for synchronization
of vehicle platoon based on constant time heading. Moreover, this paper will discuss
the behavior of each follower in each topology when applying CTH.

3 Distributed Controller

In this paper, two control schemes for vehicle platoon with limited output information
will be presented, namely Neighborhood Controller Neighborhood Observer (NCNO)
and Neighborhood Controller Local Observer (NCLO). This control schemes are
adopted from [6] and will be applied for vehicle platoon with CTH spacing policy and
the behavior of each follower in each topology will be summarized.

3.1 Neighborhood Controller Neighborhood Observer (NCNO)

Block diagram of NCNO is shown in Fig. 1. It mainly consists of two parts, namely
neighborhood observer (NO) and neighborhood controller (NC). NO has responsibility
to estimate the full-state information of the vehicle dynamics. While, NC utilizes the
internal and neighbors’ states estimation for controller design purposes.



150 A. Prayitno et al.

U; _ Vi
> VEHICLE DYNAMICS »
_. Yi
e —
U; 3
= . Yi
Yo —
—* NEIGHBORHOOD OBSERVER o
V. " Xi
y} —:D »
fo E—
— ~ Uu;
2. : > NEIGHBORHOOD CONTROLLER
] ;
x;

Fig. 1. Block diagram of Neighborhood Controller Neighborhood Observer.

To include CTH spacing policy (3) in the controller design, let define vector X; =
[i(h.v; + £),0,0]7and %; = [i(h.D; + £),0,0]". Let £; be the state observer, i.e. the
full-state estimation of x;, which obtained by,

56.\!' = Aﬁl + Bui - CF#,:, (5)

where y; is the cooperative output estimation error which calculated by utilizing the
internal output estimation error, ¥; = C(x; + ;) — C(X; + X;), and neighbors’ output
estimation error, §; = C(x; + X;) — C(X; + %) and J, = Cxq — CX,, as follows,

u =N, aij(yj - }71) + 9ii(Fo — V1) 6)
The observer gain, F, can be defined as
F =P,CTR7, (7)

where P, is the solution of the observer algebraic Riccati equation (ARE), by choosing
Q and R positive definite,

0=ATP2+P2A+Q_P2CTR_1CP2, (8)

The control signal u; is designed by utilizing the internal and neighbors’ state estima-
tion,
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w; = cK XN 4{ay (& + £) — @ + )} + 9:((Ro) — & + 2)). ©)

where ¢ > 0 is a coupling gain, K € R™*" is the feedback gain matrix chosen as fol-
lows,

K = R™1BTP,, (10)

where P, is a solution of the algebraic Riccati equation (ARE),

0=ATP1+P1A+Q_PlBR_1BTP1. (11)

3.2  Neighborhood Controller Local Observer (NCLO)

NCLO is a simplification of NCNO. Instead of using completely neighbors’ output es-
timation error, NCLO only using the internal output estimation error to estimate the
full-state information of each follower. The block diagram of NCLO is shown in Fig.
2. It consists of two main blocks, namely local observer (LO) and neighborhood con-
troller (NC). In here NC is similar with (9), while local observer is designed as

%; = A%; + Bu; — cFy,. (12)
u; Vi
> VEHICLE DYNAMICS . >
Vi
U; g
LOCAL OBSERVER yi X

NEIGHBORHOOD CONTROLLER

Fig. 2. Block diagram of Neighborhood Controller Local Observer.
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4 Numerical Simulation

For numerical simulation, a vehicle platoon consists of 1 leader and 5 followers is used.
Vebhicles are assumed to be homogeneous with the inertial time lag, g; = 0.25 and only
information about position can be obtained. There are two scenarios for the numerical
simulation. First, the performance of both control schemes, NCNO and NCLO, when
applying CTH spacing policy will be presented. In the first scenario, it is assumed that
vehicle platoon applying PF topology and working with coupling gain ¢ = 0.6. In the
second scenario, the behavior of each follower in many types of V2V topology will be
presented. For this purpose, six V2V topologies are studied, namely PF, BD, PFL, BDL,
TPF and TPFL, as shown in Fig. 3. To find out the behavior of the followers in respond-
ing to disturbances, the lead vehicle is designed to have an input profile as,

0, 0s<t<25s
1, 25s<t<35s

Uy=1 0, 35s<t<65s . (12)
—1, 65s<t<75s
0, t>75s

For CTH spacing policy, h = 0.2 s and £ = 5m are selected. By choosing R =
0.01 and Q = I53, feedback and observer gain matrices are obtained as follow,

K =[10.0000 17.5946 9.4784]. (13)
F =[175.9456 104.7842 2.5000]. (14)

Vehicles are set in initial conditions as listed in Table 1.

Table 1. Initial conditions of vehicles.

Vehicle
0 1 2 3 4 5
p;(0) 50 40 30 20 10
v;(0) 20 18 18 18 18 18
a;(0) 0 0 0 0 0 0

p(0) - 40 30 20 10 O
9,0 - 19 19 19 19 19
a0 - 0 0 0 0 0

The performance of NCNO and NCLO when applying CTH under PF topology is
shown in Fig. 4. It is seen that both control schemes resulting the similar performance
when responding to the disturbance that occurs in the leader's vehicle. It means that
instead of using all neighbor’s output estimation error information, using internal out-
put estimation error only is enough for estimating the full-state information. It confirms
that NCLO scheme simplify NCNO controller algorithm.
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Fig. 3. Six common topologies in vehicle platoon application.
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Fig. 4. Performances comparison of NCNO and NCLO.

Due to the satisfactory performance of NCLO, this control scheme will be used to deter-
mine the characteristics of the follower in various types of topologies. Simulations were
carried out on the 6 topologies mentioned above with the coupling gain values varied
from small to large and the response of each follower was observed. For ease of reading,
only the four coupling gains are shown in the graph i.e. c = 0.1, ¢ = 0.6, ¢ = 10 and
¢ = 100. Simulation results are shown in Fig. 5 to Fig. 9 to represent the behavior of the
first follower to the last follower respectively.

Follower Vehicle 1
T T T T T

PF0=0.1 BD c=0.1 TPF ¢=0.1 PFLc=0.1 BDLc=0.1 TPFL ¢=0.1
TPF =06 — — —PFL0=06 — — —BDLc=0.6 TPFLc=06
PFc=10 — = ~PFLc=10 —-—-—BDLc=10 TPFL c=10
PF c=100 PFL c=100 BDL c=100 TPFL c=100]]

Distance [m]

1 | I I I I I | L
0 10 20 30 40 50 60 70 80 90 100
Time [s]

Fig. 5. The first follower’s behavior in some V2V topologies.
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TPFLc=01
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Fig. 6. The second follower’s behavior in some V2V topologies.

Follower Vehicle 3

15 T i i
TPF c=0.1 PFLG=0.1 BDL c=0.1 TPFLc=0.1
=TPFc=06 — — ~PFLc=06 — — —BDLc=0.6 TPFLc=0.6
14— TPFc=10 —-—-—PFLc=10 —-—-—BDLc=10 TPFLc=10 [
PFL c=100 BDL c=100 TPFL c=100

Distance [m]

oL
L
oL
5 | | | | 1 | | | |
0 10 20 30 40 50 60 70 80 90 100
Time [s]
Fig. 7. The third follower’s behavior in some V2V topologies.
Follower Vehicle 4
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Fig. 8. The fourth follower’s behavior in some V2V topologies.
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Fig. 9. The fifth follower’s behavior in some V2V topologies.

From the simulation results, some remarks can be written here:

5

In the first follower it appears that the responses have similar behavior for various
topologies for each value of coupling gain. This behavior makes sense because the
first follower in all above topologies is only connected to the leader.

On the remaining followers, vehicles with PFL, TPFL and BDL topologies have rel-
atively the same responses. Meanwhile, vehicles with BD topology have the highest
oscillation when disturbance occurs, followed by PF and TPF.

The greater the coupling gain, the better and the more similar the system responses
for all types of topologies.

With further observations on the control signal, to achieve relatively similar re-
sponses for all topologies, it turns out that the control signals required are relatively
the same. In BD and PF this can be achieved with a larger coupling gain value com-
pared to TPF, PFL, TPFL and BDL.

Furthermore, the application of CTH to the NCNO control scheme produces similar
characteristics in each follower vehicle.

Conclusion

Constant time heading spacing policy has been implemented for two control schemes
based on limited-output information, namely NCNO and NCLO. NCNO utilized com-
plete output estimation error from neighbors to obtain the estimated full-state infor-
mation, while NCLO only used the internal output estimation error. The results showed
that NCLO gives similar performance to the NCNO in responding to disturbance. In
various topologies, the first follower has similar behavior, while for the remaining fol-
lowers, vehicles with more complex topologies gave better performance compared to
simple topology.
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