A Delay-Based Spacing Policy for Vehicle
Platooning: Analysis and Control

B. Besselink and K.H. Johansson

Abstract Reducing inter-vehicular distances and the formation of groups of closely
spaced vehicles have the potential to increase traffic flow, reduce congestion, and
reduce fuel consumption. In this chapter, such vehicle platoons subject to a delay-
based spacing policy are considered and the design of distributed controllers is pur-
sued. Specifically, it is shown that the use of the delay-based spacing policy ensures
that all vehicles in the platoon track the same velocity profile in the spatial domain,
which offers advantages as road properties such as hills, bends, or road speed limits
are specified in this domain. The proposed controller exploits delayed information
about the preceding vehicle to achieve string-stable platoon behavior. In addition, a
relaxation of the delay-based spacing policy is presented that exploits more informa-
tion about the preceding vehicle. This extended delay-based spacing policy is shown
to lead to improved platoon behavior. The results are illustrated by means of simu-
lations.

1 Introduction

Platooning amounts to the formation of automatically controlled groups of closely
spaced vehicles, which has the potential to increase traffic flow and reduce congestion
[1]. Moreover, platooning offers a reduced aerodynamic drag and therefore reduces
fuel consumption and emissions, particularly for heavy-duty vehicles [2]. These clear
economical and ecological advantages have led to a large interest in the efficient con-
trol of vehicle platoons, with an early work given by [3]. Many results have followed
since, e.g., [4, 5].
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The so-called spacing policy, which specifies the desired inter-vehicular distance
as a function of the velocity of two neighboring vehicles, largely determines the
dynamics of a platoon and is therefore of crucial importance. The most common
examples are the constant spacing [6] and constant headway [7, 8] policies. How-
ever, experiments with heavy-duty vehicles driving over hilly terrain in [2] have
shown that these spacing policies might lead to undesirable platoon behaviors as
they might require follower vehicles to accelerate while climbing a hill in an attempt
to maintain the desired gap to their predecessor. Due to limited engine power, this
might be infeasible. Fundamentally, these undesired dynamics are due to the fact
that the constant spacing and constant headway policies do not guarantee that all
vehicles in a platoon track the same velocity profile in the spatial domain. As the
required velocity profile of a platoon is constrained by the spatial domain (due to,
e.g., hills, bends, or road speed limits), this provides a fundamental limitation for the
use of these spacing policies in practice.

These aspects have led to the analysis of the so-called delay-based spacing policy
in [9] (see also [10] for an early discussion on spacing policies). In this policy, a
vehicle tracks a time-delayed version of the trajectory of its predecessor, which can
be shown to lead to velocity profiles that are equal in the spatial domain. In fact, the
analysis and control design in [9] is performed using space (rather than time) as the
independent variable.

This chapter builds on the work of [9], but takes a time-domain perspective. This
leads to the following contributions.

First, distributed controller design for vehicle platooning in the time domain is
presented, which leads to a controller that is easier to interpret and implement. To this
end, an alternative characterization of the delay-based spacing policy is exploited. In
addition, it is shown that a relaxation of the delay-based spacing policy on the basis
of the velocity tracking error leads to string-stable platoon behavior, implying that
perturbations do not amplify as they propagate through the platoon. Here, it is also
observed that tracking of the delay-based spacing policy only requires time-delayed
information about the preceding vehicle, making this approach inherently robust to
(small) delays in wireless communication between vehicles.

Second, a further relaxation of the delay-based spacing policy is introduced that
exploits more information about the preceding vehicle in the control design. In par-
ticular, rather than only using delayed information, a distributed-delay approach is
taken in which also the current state of the predecessor is included. It is shown that
the use of this additional information can lead to improved platoon performance in
the sense that the propagation of perturbations through the platoon can be further
suppressed.

Before developing the points introduced above, it is stressed that the role of delays
is different than in other works on delays in vehicle systems. Namely, in these works,
the delay is generally regarded as a detrimental effect as a result of wireless inter-
vehicle communication (see, e.g., [11, 12]), whereas, in the current work, the delay
specifies the desired inter-vehicle spacing.

The remainder of this chapter is organized as follows. Section 2 introduces the
delay-based spacing policy that is used throughout this chapter, whereas control
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design and analysis for this spacing policy is presented in Sect. 3. A distributed-delay
approach to improve platoon performance is presented in Sect. 4. Sections 5 and 6
present a numerical evaluation of the proposed control strategies and the conclusions,
respectively.

2 A Delay-Based Spacing Policy for Platooning

The dynamics of a platoon of vehicles is largely determined by the spacing policy,
which specifies the desired inter-vehicular distance within a platoon, as illustrated
in Fig. 1. With s; and s..¢; the actual and desired position, respectively, of the i-th
vehicle in the platoon, the delay-based spacing policy

Sref,i(t) = Si—l(t - At)’ (1)

is considered, with delay 47 > 0. In this spacing policy, which is discussed in [9] (see
also [10]), a vehicle tracks a time-delayed version of the trajectory of its predecessor.
When this spacing policy is perfectly tracked, each vehicle in the platoon achieves
the same velocity on the same point on the road. This is formalized as follows [9].

Lemma 1 Consider the kinematics §,(t) = v/(t) and assume s;(t) = s, ;(f) and
vi(t) > 0 for all t € R. Then, (1) holds if and only if," for all s,
vi(s) = v, (). (2)

Lemma 1 provides the main motivation for the use of the delay-based spacing
policy (1). Namely, the desired velocity of a vehicle is generally determined by spa-
tial properties such as the road speed limit, but also bends and hills. It is therefore
important to reflect this in the spacing policy, especially for large platoons. Existing
spacing policies as the constant spacing [6] and constant headway [7, 8] policies do
not share the property (2) and, as a result, might result in undesirable or even infea-
sible platoon behavior. An example is given by heavy-duty vehicles driving over a
hilly road, where the last vehicle in a platoon does not always experience the same
road grade as the first vehicle in the platoon. As a result, the last vehicle might not
have sufficient engine power to maintain the platoon formation when, for example,
a constant inter-vehicle spacing is required. This effect is observed in experiments
in [2], whereas a more thorough motivation for the use of the delay-based spacing
policy (1) can be found in [9].

In this work, the synthesis of distributed controllers for a platoon formation is
pursued according to the delay-based spacing policy. Specifically, motivated by the
above discussion, the control objectives are twofold. Namely, a control strategy is
sought that, first, ensures that each vehicle in the platoon tracks a desired reference

!'The slight abuse of notation v;(¢) and v;(s) is used to indicate the velocity of vehicle i as a function
of time and space, respectively.
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Fig.1 Desired spacing vehicle i — 1 vehicle i
policy s,q¢ () — 5;_1 (1)
between vehicles in a platoon

velocity profile v,.¢(+) specified in the spatial domain, and, second, maintains a pla-
toon formation by tracking the desired delay-based spacing policy (1).

Here, it is noted that these two objectives are aligned due to Lemma 1. Finally,
the following assumption is made on the reference velocity profile.

Assumption 1 The reference velocity profile v, () satisfies (for some v ;) v, (5) >
Vmin > 0 for all s > 0 and is twice continuously differentiable.

3 Platoon Control Design and Stability Analysis

A platoon of N + 1 vehicles is considered, where the index set .#, := {0, 1,...,N}
represents the lead vehicle with index O and the follower vehicles with indices in the
set & :={1,2,...,N}. Following, e.g., [5, 13], each vehicle is modeled as

§5,(0) = v,(0),
P(1) = ay(0), 3)
ta,(t) = —a,(t) + u(1).

Here, s,(r) € R, v;(t) € R, and a,(f) € R denote the position, velocity, and accel-
eration of vehicle i € .#, respectively. The control input u,(f) € R represents the
desired acceleration, whereas the final equation in (3) can be regarded as the actua-
tor dynamics of the vehicle with time constant z > 0. The dynamics (3) can be the
result of applying feedback linearization to a more complex nonlinear vehicle model,
see [5].

As stated in Sect. 2, the design of a controller is pursued that tracks, first, the
desired velocity profile v,(-) specified in the spatial domain, and, second, the delay-
based spacing policy (1). In order to achieve the first objective, the relative velocity
error ¢; is introduced as

e(t) 1= i

o Vref(si(t)) -

1, “)

for each i € .¢,. It will be shown later that this choice for the velocity tracking error
allows for obtaining relevant (string stability) properties of the controlled platoon.
Next, it can be shown that choosing the input u; in (3) as
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u;(t) = a,(t) + v, (s5;(2))it;

— TV, (8;(2)) <3 i 1

d 1
s=s,(1) d2s vref(s)

3
v,y ()
ds v, (s) s=5.(0) )
achieves feedback linearization of the final two equations in (3) with respect to the
output (4). Namely, after applying the feedback linearizing control (5), the dynamics
(3) can be written as

3.0 = Vg (s (D) (1 + €,(D))
é,(1) = (1), (6)

for i € .#,. Here, the definition (4) is exploited and i,(¢) € R.

Whereas e, in (4) provides a characterization of the velocity tracking error corre-
sponding to the first control objective, a measure for the tracking error related to the
desired spacing policy (1) is introduced next to target the second control objective.
Specifically, the spacing tracking error 4;, i € .#, is defined as

5;(0) 1
A = / ds, (N

1 (t—Ar) Vref (s)

where it is noted that the property v,.¢(s) > v.;, (see Assumption 1) guarantees that
A;(t) = 01if and only if 5,(f) = s5;_, (¢ — At), which corresponds to the desired spacing
policy. The time-differentiation of 4; in (7) yields

v v Ay
Vref(si(t)) Vref(si—l(t - At))

40 = =¢;(1) —e;_(t — Ar), ®)

such that the definition of the spacing tracking error 4; is in agreement with the
definition of the velocity tracking error e; in (4).

However, rather than directly using 4; as in (7) in the control design, controllers
will be synthesized that aim at asymptotically achieving 6,(¢) = 0, where 6, is defined
as

6;(t) 1= A(t) + he,(1), )

for i € .# and with h > 0. It is recalled that the two terms in (9) correspond to
the spacing tracking error (7) and velocity tracking error (4), such that (9) can be
regarded as a relaxation of the desired spacing policy. In particular, it allows the
spacing between vehicles to increase if the follower vehicle drives at higher speed
than the reference velocity. This will be shown to lead to a suppression of perturba-
tions as they propagate through the string of vehicles, as is generally referred to as
string stability. Even though the desired spacing is given by (1), the definition in (9)
will be referred to as the delay-based spacing policy.
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In order to obtain a controller that asymptotically achieves 6,(¢) = 0, (9) is differ-
entiated (three times) with respect to time to yield

6.(t) = ii;(t) — it (t — At) + hii(?). (10)

Here, (8) as well as the dynamics in velocity tracking error coordinates (6) are
exploited. Next, by regarding #; as a controller state, a virtual input &, € R can be
introduced as

E(1) 1= hiy(t) + i;(2), (11)
for i € .#. After choosing the virtual input &; as
E(1) = — (koS,(t) + ki 6,(1) + ky6,(1)) + ity (t — Ap), (12)
it is readily seen that the following closed-loop dynamics is obtained
6:(1) + kyb,(1) + k 6;(F) + kyS,(t) = 0 (13)

for i € .#. Consequently, the controller parameters k;, j € {0, 1,2} can be chosen
(e.g., by the Routh—Hurwitz criterion or pole placement techniques) to achieve
asymptotic stability of the dynamics (13), which asymptotically achieves 6,(f) =0
for §; as in (9). The subspace for which §; = 0 plays a similar role as the sliding sur-
face in sliding mode control. In the final part of this section, it will be shown that
asymptotically achieving 6, = 0 indeed reaches the objectives of tracking the desired
reference velocity and delay-based spacing policy, characterized through e; in (4) and
4, in (7), respectively.

At this point, it is worth noting that the total controller for the follower vehicles
i € .7 is given by the feedback linearizing part (5), the controller dynamics (11), and
the feedback (12). This latter part relies on measurements of 6, (obtained through (9))
and its time derivatives as well as the controller state of the preceding vehicle i,_,,
see (12).

Remark 1 The controller state it;_; in (12) can be obtained through (wireless) com-
munication between vehicles. As only a delayed version of i,_; is required for the
control of vehicle i, this control approach is inherently robust to (small) time delays
in this communication. In Sect. 4, an approach will be discussed that also exploits
information about the preceding vehicle in the interval (¢ — At, f] in an attempt to
improve platoon performance.

Remark 2 The controller presented above targets tracking of the desired delay-based
spacing policy and only applies to the follower vehicles with indices in .#. The lead
vehicle (with index i = 0) can be controlled to track the desired reference velocity
profile v, by exploiting the same feedback linearizing controller (5) and choosing
ity as

ref
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iy (1) = —lyeo (1) — 1, e (D). (14)

It follows immediately from (6) with &, in (14) that the velocity error dynamics is
asymptotically stable whenever /; > 0 for j € {0, 1}.

In the remainder of this section, stability properties of the controlled platoon are
analyzed. Here, it is noted that asymptotic stability of the dynamics for 6; in (13)
does not directly imply that the desired delay-based spacing policy is achieved. This
can be observed by considering the definition of 6, in (9). Namely, after applying (8),
it follows that (9) can be written as

hA(t) = —A,(t) + 5,(t) — he,_,(t — A1), (15)

fori € .#, such that the specific choice of §; in (9) induces the dynamics (15). Conse-
quently, the total dynamics of the follower vehicles are given by the dynamics (13)
and (15). Note that this dynamics follows from the vehicle dynamics (6) with the
dynamic controller (11) and feedback (12) using the coordinates (7) and (9).

When the lead vehicle employs the controller discussed in Remark 2, the total
platoon asymptotically achieves tracking of the desired velocity profile and the delay-
based spacing policy. This is formalized as follows.

Theorem 1 Consider the closed-loop platoon dynamics (13), (15) for i € .% and
the lead vehicle controller (14). Then, the origin A, = 6;=6,=6,=0,i € ¥ and
ey = €y = 0 is asymptotically stable if and only if the controller parameters satisfy
ko >0, k; > 0, ky > 0 such that k k, > ky and l, > 0, [, > 0.

Proof The proof will be based on induction on the index of the follower vehicles,
where the first vehicle is considered in the first step.

It is clear from the controller (14) and the dynamics &, = i, (see (6)) that the
equilibrium e, = ¢, = 0 is asymptotically stable under the conditions in the state-
ment of the theorem. Consequently, the lead vehicle achieves tracking of the desired
reference velocity v,.¢(+), as follows from the definition of e; in (4).

A follower vehicle with index i satisfying the dynamics (9), (7) is considered in
order to establish the inductive step. First, it is noted that the dynamics for 6, in (9)
is independent of the state 4; and is asymptotically stable under the conditions of
the theorem. This follows from the Routh—Hurwitz criterion, e.g., [14]. Next, con-
sider the dynamics for 4; in (7). Introduction of the function V(4,) = %hAf and time-
differentiation of V along the trajectories of (15) yields

%V(Ai(t)) <-(1- a)|Ai(f)|2, Va|A ()| > |6,(t) — he,_,(t — A1)], (16)

for any a such that O < @ < 1. This implies that the dynamics (15) is input-to-state
stable (see [15]) with respect to the input 6,(¢) — he,_(t — At).

Taking i = 1, it is recalled that the relative velocity error dynamics of the lead
vehicle is asymptotically stable, such that e,_; vanishes (as it is generated by an
asymptotically stable system). Similarly, 6, vanishes due to asymptotic stability of



256 B. Besselink and K.H. Johansson

(13). Consequently, the dynamics of the first follower vehicle and the lead vehicle
form a cascade interconnection of the input-to-state stable dynamics for 4;, whose
total inputs result from the asymptotically stable dynamics for 6, and the asymptoti-
cally stable dynamics for ¢,. Due to the input-to-state stability property, this cascade
it itself asymptotically stable (see [16]). Moreover, e; can be regarded as an output of
this asymptotically stable cascaded system (through (9)), which therefore vanishes
as well. Induction on the vehicle index i then leads to the desired result. ]

The result of Theorem 1 ensures the closed-loop stability of the desired delay-
based spacing policy, regardless of the value of the delay 4z (4¢ > 0). However, this
does not guarantee that any disturbances caused by velocity tracking errors of the
lead vehicle do not amplify through the platoon. The following result provides a
bound on the amplification of velocity tracking errors.

Theorem 2 Consider the spacing policy (9), let 6,(t) = 0 for all t, and assume that
A,0) =0, i € 7. Let the velocity tracking error of the lead vehicle be such that
ey(t) =0 for all t < 0. Then, the velocity tracking errors e; of the follower vehicles

satisfy
lle;ll> < lle;_yll, (17)

foralli e J. Here ||¢;||, denotes the £, signal norm, i.e., ||el-||§ = fooo le,(1)]? dt.

Proof In order to prove the theorem, consider the dynamics (15) induced by the
spacing policy (9). Setting ; = 0, the transfer function from e;_, to e, can be obtained
as

|-
Hj(s) = hs—-l-le At, (18)

where the relation he; = A; (see (9) for 6; = 0) is used. It then follows that the
,-norm of Hy, defined as ||H;|, = sup,cr |Hs(jw)|, satisfies ||H;||, = 1. This
proves the result (17) through the Parseval identity. ]

The result in Theorem 2 provides a so-called string-stability property, which
ensures that velocity tracking errors do not amplify as they propagate through the
platoon. An early reference on string stability is [17], whereas a recent overview is
givenin [13]. Itis noted that the dynamics for §; in (13) is independent of the velocity
tracking error, such that the assumption 6; = 0 is not restrictive. In fact, (17) holds for
any controller that renders 6, = 0 in (9) invariant. As such, it is clear that the string-
stability property in Theorem 2 is a direct result of the choice of the spacing policy
(9) rather than the details of the controller design. Note that the controller parameters
determine the speed of convergence towards the subspace on which 6; = 0, see (13).

Remark 3 The design of controllers achieving the delay-based spacing policy (1)
was first pursued in [9]. However, rather than directly addressing the time delay At
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in the time domain as pursued in the current work, the results in [9] rely on a for-
mulation in which space (rather than time) is taken as the independent variable. By
taking a time-domain approach, the results in this chapter allow for a more insight-
ful interpretation. Moreover, this approach allows for considering more advanced
spacing policies, as will be discussed in the next section.

4 Platoon Control Performance

In the previous section, control design on the basis of the delay-based spacing policy
(9) was shown to achieve desirable string-stability properties (see Theorem 2). Here,
it is recalled that the controller of a given vehicle relies on delayed information on
its preceding vehicle, where the size of the delay corresponds to the desired time gap
At in the spacing policy (1). This is particularly apparent from the definition of the
spacing tracking error (7) and the feedback control part (12).

Consequently, information about the preceding vehicle in the time interval
(t — At, t], although available, is not exploited in the controller. In the current section,
it will be shown that this additional information can be employed to improve the per-
formance of the controlled platoon.

In particular, the delay-based spacing policy (9) is extended as

ni(t) = Ai(t) + he, (1) — kp;_, (1), (19)

withi e ., h > 0, k > 0, and where p,_; is defined as

0
pi () = / e A0, (t+6)dé. (20)
—At

The influence of this additional term (20), with @ > 0, can be understood by con-
sidering the case #; = 0 in (19) (this will be, similar to before, the control objec-
tive). Namely, the term p,_; provides an additional relaxation of the desired delay-
based spacing policy (7) by allowing a momentarily shorter inter-vehicular distance
(4,() > 0) when the preceding vehicle drives faster than desired in the time interval
(t — At, t] (p;_,(¢) > 0). Note that the delay-based spacing policy (1) requires tracking
of the trajectory of the preceding vehicle subject to the delay Az. As such, informa-
tion on e,_; in the interval (f — At, ], as characterized through p,_; in (20), can be
regarded as preview information of “future” behavior of the velocity of the preceding
vehicle. This information is weighted using the kernel e=*“+9 which ensures (for
a > 0) that data in the near “future” (for 8 close to —A¢) has the highest importance.

A controller on the basis of the extended delay-based spacing policy #; in (19) can
be synthesized using a similar approach as discussed in Sect. 3 for the spacing policy
o, in (9). Therefore, in the remainder of this section, it will be assumed that #;(r) = 0
in (19) and the performance of this extended spacing policy will be analyzed by
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Fig. 2 Comparison of the 10°
frequency response functions
H;(jo) in (18) and H, (jo) in
(21), corresponding to the
spacing policies (9) (for

6; = 0) and (19) (for ; = 0),
respectively. The parameter
values are At =1,h=0.8,
k=0.6,and « = 0.9

|H5|a |HT]| [']
Bl

considering its transfer function, in analogy to (18) in Theorem 2. Specifically, the
transfer function from e;_; to e; is obtained as

1 ohs ks e—aAt _ e—sAt
S+ . 21
hs + 16 hs+1 s—a D

H,(s) =

Here, the expression (8) is used, whereas the right-most term in (21) is the result of
the distributed delay in (20).

In order to compare the behavior of the extended spacing policy (19) with transfer
function (21) to that of the spacing policy (9) with transfer function (18), the magni-
tude of their frequency response functions is depicted in Fig. 2. From this figure it is
clear that the extended delay-based spacing policy characterized by H, also ensures
that perturbations in the velocity tracking error do not amplify to the string of vehi-
cles, as was proven for the delay-based spacing policy §; in (9) in Theorem 2. In fact,
the extended spacing policy #; in (19) achieves a better suppression of disturbances,
in particular for higher frequencies. Consequently, the use of the extended spacing
policy (19) is expected to lead to increased performance of the controlled platoon.
This will be verified through simulations in Sect. 5.

Remark 4 The implementation of the extended delay-based spacing policy (19)
requires the evaluation of the integral in (20). However, the computation of this
term cannot be obtained as the solution of a differential equation, as this involves
an unstable pole-zero cancelation (at s = a, see (21)). Instead, an online numeri-
cal computation of the integral term in p;_, (¢) is required. It is remarked that these
issues are also encountered in the finite spectrum assignment problem, which fea-
tures a similar integral term. For an overview and computational approaches in this
framework, see [18] and the references therein.
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Table 1 Parameter values for the vehicle dynamics (3), spacing policy (9) and controller (5), (11)
and (12). The lead vehicle is controlled through (14)

T 1(s) ly 2.00 (s72) k, 7.92 (s73)
At 1(s) A 2.82 (s7h k, 11.96 (s72)
h 0.8 (s) ky 6.00 (s™")

5 Evaluation

The performance of the controller designed in Sect. 3 as well as the spacing policies
6;1n (9) and #, in (19) is evaluated by means of simulations.

First, a platoon of eleven vehicles (i.e., N = 10 follower vehicles) is considered
using the controller given by (5), (11), and (12). For the parameter values in Table 1,
the tracking of the reference velocity profile v,¢(-) and delay-based spacing policy
(9) is considered in Fig. 3. Herein, the initial conditions for the velocity profiles are
randomly chosen and deviate from the equilibrium point. From this figure, it is clear
that the equilibrium e,(#) = 0, which corresponds to v;(¢) = v,.(s;(¢)), is asymptot-
ically stable. The same holds for the spacing tracking error 4;, indicating that the
desired inter-vehicular spacing is obtained. To further illustrate the first point, the
velocities v; are depicted as a function of s; in Fig. 4, from which it can be seen

Fig. 3 Velocity tracking 005 f
error e; (top) and control
input u; (middle) for the lead T
vehicle (in black) and & 0
N = 10 follower vehicles (in
gray) for non-equilibrium -0.05 1
initial conditions and 0 16 26 36 46 50
velocity reference
Veer (8) = 20 — 1.75(1 — :
¢0s(0.02z(s — 500))) for
500 < s <700 and = 0 ~
Vet (8) = 20 otherwise. S
Spacing errors 4; (bottom) -5
are shown for the first ‘ ‘ ‘ ‘
follower vehicle (in black) 0 10 20 30 40 50
and remaining follower

. . 0.05
vehicles (in gray)

Z oI
<
-0.05

t[s]
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Fig. 4 Velocity v; in the 21
spatial domain for the lead
vehicle (in black) and 20
follower vehicles (in gray)
corresponding to the — 19}
simulation in Fig. 3 g

= 18t

17t
16 \ \ \
0 200 400 600 800
s [m]

Fig. 5 Velocity tracking o2f A
error e; for the spacing 3
policies (9) (in gray) and — Hy
(19) (in black) for a platoon 0.15¢ ]
of N = 20 follower vehicles. .
The initial perturbation e, as = 01}
well as the trajectories of ©
vehicles 5, 10, 15, and 20 are 0.05}
shown in thicker lines for '
easy comparison. The
parameter values correspond 0 ‘ ‘ —
to those in Fig. 2 0 10 20 30 40 50

t [s]

that all vehicles achieve the same velocity profile in the spatial domain as stated in
Lemma 1.

Second, the spacing policy 6; in (9) and extended spacing policy #; in (19) are
considered. Here, it is assumed that the spacing policies are tracked perfectly, i.e.,
6;(t) =0 and n,(r) = 0 for all  and i € .#, such that the design of controllers is not
explicitly addressed. This case corresponds to the frequency response functions in
Fig. 2. Figure 5 shows the velocity tracking errors of a platoon of N = 20 follower
vehicles in case the lead vehicle experiences a perturbation e, which is considered as
an input to the total platoon. It is clear that, for both spacing policies, the influence of
this perturbation is decreased as it propagates through the platoon. In addition, as can
also be seen in the frequency response function in Fig. 2, the extended delay-based
spacing policy #; in (19) achieves a larger suppression of disturbances and therefore
a better performance. In fact, the disturbances are also handled earlier in time due to
the distributed-delay term in (20). Here, it is recalled that the repeated application
of (18) always leads to a delay of Ar seconds before a disturbance is propagated
from a vehicle to its immediate follower. Finally, Fig. 6 shows the corresponding
spacing tracking error, which confirms these observations and indicates an even more
apparent benefit of the extended spacing policy (19).
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Fig. 6 Spacing tracking 0.02F
error A; for the spacing
policies (9) (in gray) and 0
(19) (in black) for a platoon ~0.02}
of N = 20 follower vehicles, —
corresponding to the velocity — -0.04r
tracki in Fig. 5 =
racking errors in Fig.
-0.061
-0.08} Hj |
-0.1 ‘ | | =
0 10 20 30 40 50

6 Conclusions

The design of distributed platoon controllers for a delay-based spacing policy is
discussed in this work, leading to platoon behavior in which all vehicles track the
same velocity profile in the spatial domain. It is shown that a relaxation of this spac-
ing policy leads to string-stable platoon behavior. Contrary to earlier results in [9],
control design and analysis were done in the time domain (rather than the spatial
domain), leading to a controller that is easier to interpret and implement. In addition,
the time-domain approach allows for an extension of the delay-based policy. Herein,
more information about the preceding vehicle is used by taking a distributed-delay
approach, which is shown to lead to improved platoon behavior.

Future work will focus on further developing this distributed-delay approach, with
particular emphasis on the implementation of this extended delay-based spacing pol-
icy and the resulting controller.
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