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Abstract

Traffic flow efficiency and safety can be significantly improved via Cooperative Adaptive
Cruise Control (CACC) of vehicular platoons. One critical property in vehicle platooning
is string stability, which is essential for ensuring both safety and efficiency. String stability
serves as a key indicator of how efficiently disturbances are attenuated as they propagate
upstream in a platoon. However, the benefits of string (and vehicle) stability may be
compromised in the presense of delays in actuation, sensing, or communication.

This research aims to develop predictor-based CACC designs to compensate the neg-
ative effects of long actuation and communication delays in vehicular platoons. The
proposed control design framework is applied to heterogeneous vehicular platoons, where
each vehicle’s dynamics are modeled by a third-order linear system with input delay. For
each design we develop, we establish vehicle stability, string stability, and tracking of the
desired speed/spacing. The proofs of individual vehicle stability, string stability, and reg-
ulation rely mainly on employment of an input-output approach on the frequency/time
domains. We present consistent simulation results, including validations with real traffic
data. We further provide experimental validation results, in a pair of real vehicles, of one
of our predictor-based CACC designs.
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True knowledge is that which leads you to perfection, not that which merely adds to your
information.
—Avicenna (Ibn Sina)
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Chapter 1

Introduction

1.1 Motivation

String stability! is a crucial requirement that serves as an indicator of the safety and
efficiency properties of platoons consisting of vehicles equipped with Adaptive Cruise
Control (ACC) and Cooperative Adaptive Cruise Control (CACC) capabilities; see, for
example, [12], [39], [42]. This property is imperiled in the presence of delays that affect
actuation, sensing, or communication of vehicular systems; see, for example, [4], [14],
[19], [35], [41], [55], [57], [62], [67]. Lack of string (or vehicle) stability in a platoon may,
in particular, imply increased fuel consumption and decreased safety properties, due to,
e.g., the emergence of stop-and-go waves [4], [7], [46]. For this reason, in the thesis we
develop CACC laws to compensate long actuation and communication delays in vehicular

platoons.

1.2 Literature

Existing works address small actuation delays only [24,55], or small communication de-
lays only [1], [10], [41], [43], or both [13], [19], [32], [39], [59], [61]. To address larger
actuation or communication delays a predictor-based approach is required. Predictor-
based control designs addressing long actuation and communication delays can be found
in [4], [7], [14], [18], [36], [35], [51], [57], [58], [60], and [62]. The problem of compensation
of long and distinct (for each vehicle) actuation delays is addressed in [14] and [63]. In [14]

a distributed, sampled-data predictor-based controller is introduced and [63] employs a

1String stability refers to the property that any small disturbance in the lead car’s speed is either
damped or remains the same as it propagates down the line. This ensures that no following car overreacts,
allowing traffic to flow smoothly.
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switching type delay-adaptive predictor, which is designed to estimate the unknown input
delay for each vehicle. As compared with the related existing results, this thesis makes
the following contributions: (a) develops new, less complex predictor-feedback CACC de-
signs, b) achieves simultaneous compensation of large actuation/communication delays,
c¢) achieves complete compensation of large/distinct actuation delays, d) develops con-
structive and systematic approaches for establishing individual vehicles’ stability, string
stability, and regulation of the closed-loop systems, and e) validates the designs with real
traffic data and in actual experiments. Table 1.1 illustrates the distinctions between the

present thesis and related, existing works.

Table 1.1: Various types of delays addressed in literature

,_.
=)

—

[62] and
current
thesis

(14,62,63],
and current
thesis

References

k=)
EETE—
W O = O
TEWEE
Gl = N O

Delays Types

ot
=)
=

Small actuation
and/or
communication delays

Large actuation delay
only v

Large communication
delay only v

Simultaneous large
actuation and
communication delays

Distinct/large
actuation delays v

1.3 Contributions

In the present thesis, we first start studying robustness of string stability of predictor-
feedback CACC, which is developed for compensation of actuator delay, to the presence
of communication delays. In particular, complementing [4], we perform this study for
heterogeneous vehicles with third-order dynamics. We also provide consistent simulations
of the responses of vehicles in a platoon, with respect to initial conditions deviations from

equilibrium and leading vehicle’s maneuvers.
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To achieve full compensation for both actuation and communication delays, we then
construct a linear, predictor-feedback CACC law augmented with an integral term of the
difference between the preceding vehicle’s, delayed, by an amount equal to the respective
communication delay, speed and its current speed. In particular, we consider platoons of
vehicles with heterogeneous dynamics described by a third-order linear system with actu-
ation delay, subject to communication delays. The control design developed achieves Lo
string stability with respect to speed/acceleration errors propagation (and with respect
to spacing errors propagation as well, in the particular case of homogeneous vehicles).
Furthermore, the control design achieves stability of individual vehicles (which is a pre-
requisite for string stability) and zero, steady-state speed and spacing tracking errors,
for a constant leader’s speed. To achieve zero, steady-state spacing tracking error it is
required to reduce the original time-headway by an amount equal to the respective com-
munication delay, which imposes a condition that the desired time-headway is larger than
the respective communication delay.

We next investigate a mixed traffic scenario in which we use a linearized optimal
velocity model (OVM) with input delay for human-driven vehicles, while for the ACC-
equipped vehicle at the tail of the platoon a linear, second-order system under input delay
is used. Due to technical challenges associated with analytically investigating head-to-tail
string stability and performance, we conduct a numerical study. In particular, employ-
ing the ACC law in [7], we perform an exhaustive search on three metrics quantifying
performance in terms of fuel consumption, safety, and comfort. Additionally, utilizing
the recommended optimal/allowable control parameters, we present consistent simulation
results for a platoon of four vehicles.

Furthermore, due to the heterogeneous nature of actuation delays among vehicles in a
platoon in real-world scenarios, we construct predictor-based CACC laws, which achieve
input delay compensation, for platoons of heterogeneous vehicles whose dynamics are
described by a third-order linear system with actuation delays that may be different for
each individual vehicle. The control design developed achieves L, string stability with
respect to speed/acceleration errors propagation, under specific conditions that we derive
on the ego vehicle’s controller/model parameters, as well as on the model parameters
of the preceding vehicle and the difference between the delay values of the ego vehicle
and its preceding vehicle (no restriction is imposed on the size of each individual input
delay). Furthermore, the control design achieves stability of individual vehicles (which
is a prerequisite for string stability) and zero, steady-state speed and spacing tracking
errors, for a constant leader’s speed. We also present numerical and simulation results.

Furthermore, we present simulation results of a platoon of seven vehicles, for the practical



4 Introduction

scenario in which a vehicle cut in the platoon (described by considering initial conditions
deviations from equilibrium) and subsequently performs an acceleration/deceleration ma-
neuver. Moreover, we study numerically the robustness of L, string stability of our
predictor-based CACC design, in the presence of communication delays.

Since the predictor-based CACC design imposes a restriction on the values of the de-
lay differences between consecutive vehicles (for guaranteeing string stability), we then
develop CACC designs, which achieve complete input delay compensation, for platoons of
heterogeneous vehicles whose dynamics are described by a third-order linear system with
actuation delays that may be different/arbitrary for each individual vehicle. The design
utilizes V2V (vehicle-to-vehicle) and V2X (vehicle-to-everything) communication, where
the ego vehicle employs measurements and information about the delay/lag and control
parameter values from all consecutive vehicles ahead that have a smaller input delay and
from the first vehicle ahead that features a larger delay. Despite these requirements,
because the control input of each vehicle achieves exact delay compensation, vehicle and
string stability can be studied as in the nominal, delay-free case, considering pairs of vehi-
cles, which is an advantage with respect to analysis’ complexity. In particular, the control
design developed achieves Ly string stability with respect to speed/acceleration errors
propagation, stability of individual vehicles (which is a prerequisite for string stability),
and zero steady-state, spacing/speed error, for a constant leader’s speed. We also provide
simulation results for a platoon of three vehicles. Moreover, we compare the performance
of our developed design with the conventional predictor-based CACC design, which can-
not guarantee string stability for large delay differences among vehicles. Furthermore,
we present simulation results in even more realistic scenarios. In particular, real traffic
data are used for the trajectory of the leading vehicle, taken from two different datasets,
namely the OpenACC [33] and NGSIM [37] datasets, as well as the platoon consists of
six vehicles.

Finally, to experimentally validate our approach in a real-world setup, we provide
the explicit formulae of the respective predictor-based CACC design, when it is applied
through zero-order hold employing sampled measurements. For such a sampled-data im-
plementation we obtain vehicle and string stability conditions numerically, via derivation
of the respective transfer functions relating the speeds of pairs of consecutive vehicles. We
present consistent simulation results for a platoon of five vehicles, under digital imple-
mentation of the controller. We then present the description of the experimental setup,
including the measurements/sensors employed, the parameters of control implementation,
and the parameters identified for the model of the vehicles; we also present the results of

the experimental implementation and validation of our controller in a pair of real vehicles.
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The experimental results confirm that vehicle stability and string stability in speed error

propagation are achieved despite long and distinct actuation delays affecting the vehicles.

1.4 Organization

In Chapter 2, we present robustness results of string stability of predictor-feedback CACC,
which is developed for compensation of a fixed homogeneous actuator delay, to the pres-
ence of communication delays. In Chapter 3, we develop a linear predictor-feedback CACC
law, augmented with an integral term, to simultaneously compensate for both actuation
and communication delays. In Chapter 4, we investigate string stability in a mixed traf-
fic scenario with both ACC-equipped and human-driven vehicles. In Chapters 5 and 6,
we construct predictor-based CACC laws, which achieve input delay compensation, for
platoons of heterogeneous vehicles with actuation delays that may be different for each
individual vehicle. In Chapter 7, we implement and validate the predictor-based design
introduced in Chapter 5 in a pair of full-scale real vehicles. We provide remarks for future

research in Chapter 8.

1.5 Notation and Definitions

In the vehicular platoons considered, each vehicle is indexed by ¢ = 1,..., N, where s; =
xi1 — x; — l; and x; is the position of vehicle ¢ and [; is its length, v; is vehicle speed,
a; is vehicle acceleration, 7; is lag, capturing engine dynamics, and u; is the individual
vehicle’s control variable. Note that for the leading vehicle we assume similarly that it
has the same type of third-order dynamics as the rest of the vehicles?. The difference is
that u; acts as a time-varying, exogenous input rather than as feedback control input. We
adopt the convention that vy = v; and ay = a; are the speed and acceleration of the string
leader, respectively.

We recall the definition of string stability employed in this thesis. A platoon of vehicles
following each other within one lane without overtaking, is Lo string stable, if the following

conditions hold
SU.p|GZ(jOJ)| é 17 L= 17"'7N7 (11)

where G;(jw) denotes the transfer function between the i-th vehicle’s speed and the speed
of its preceding vehicle i — 1 (see, e.g., [12], [19]). It should be noted that string stability

2The respective design can be modified in a straightforward manner when this is not true.
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of a platoon in the heterogeneous case depends on the selection of states used to analyze
the propagation of disturbances (upstream in the platoon). Here we choose to study Lo
string stability with respect to speed errors propagation for simplicity and because this is
the most commonly used definition, see, for example, [19], [42], [62]. Note also that the
respective transfer functions, corresponding to acceleration states, are identical to those
for speed states, while for homogeneous platoons string stability with respect to spacing

errors is equivalent to string stability with respect to speed/acceleration errors.



Chapter 2

Robustness of String Stability of
Linear Predictor-Feedback CACC to

Communication Delay

Linear predictor-feedback CACC achieves actuator delay compensation in vehicular pla-
toons, provided that there is no V2V communication delay. In the present chapter, we
establish robustness of string stability of predictor-feedback CACC to (uncertain) com-
munication delay. The robustness property is established for heterogeneous vehicular pla-
toons, in which, each individual vehicle’s dynamics are described by a third-order linear
system with input delay. The proof of robustness relies on employment of an input-output
approach in the frequency domain, which enables derivation of explicit conditions on the
value of communication delay, which guarantee string stability, depending on control laws
and vehicle models parameters. The theoretical guarantees of string stability and the

respective conditions on parameters are thoroughly illustrated also numerically.

2.1 Chapter Organization

The outline of the chapter is as follows. Section 2.2 presents the considered model of
a heterogeneous platoon and the predictor-feedback designs, together with the main ro-
bustness result. In Section 2.3 we present numerical experiments for validation of the

theoretical results and in Section 2.4 we provide concluding remarks.
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2.2 Robustness of Predictor-Feedback CACC for
Heterogeneous Platoons to Communication De-
lay

2.2.1 Vehicle Model and Predictor-Feedback CACC Design

a) Vehicle dynamics: We consider the following third-order, linear system with actuator
delay that describes vehicle dynamics (see, e.g., [1], [57], [58], [59])

$i(t) = vi_1(t) — v(t), 2.1
i(t) = ai(t), (2.2)
i(t) = ~ ~ait) + Lult - D) (2.3)

where D > 0 is actuator delay, and ¢ > 0 is time.

b) Available measurements: For CACC platoons the measurements available to the
ego vehicle ¢ are its own spacing s;, speed v;, and acceleration a;, as well as the speed
of the preceding vehicle v; ;. It is possible to obtain this information through on-board
sensors. Furthermore, the control input of the preceding vehicle and its acceleration are
also available and are denoted by u;_; ,, and a;_; , respectively. These measurements are
transmitted from the preceding vehicle, through V2V communication. Due to the presence
of communication delay these measurements are defined as a;_1 m(t) = a;—1(t—D.;_1) and
Ui—1m(0) = ui—1(0 — Deci—1),0 € [t — D, t], respectively, where D.;_1 > 0,7 =1,...,N,
are fixed communication delays that may be different in each vehicle.

c) Nominal control design: Without actuation delay, the following control strategy is
constructed

Ul(t) = T; 0 (Szhf) — ’Uz(t)> + Tibi(Uz’_l(t> — Uz(t)> + TiCiai(t), (24)

where a; > 0, b; > 0, and ¢; € R are design parameters, and h; > 0 is the desired
time-headway.

d) Predictor-feedback CACC design: The predictor-based control laws, under commu-
nication delay, for system (2.1)—(2.3) are given by
TiQ

5 ¢in(t) — T3 + 0;)qi2(t) + Tibigs 3(t) + Ticigqs a(2), (2.5)

t t
Gi(t) = " P (1) + / ol B (6) df + / L= By 1 (6) db, (2.6)
t—D t—D
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where
1T T
Qi:[qz',l G2 93 G4 di5| > xi:[si Vi Vi—1 G4 ai—l,m] , (2.7)
T T

Bi=[0 0o Lo, Bi=[0000 1], (2.8)
0 -1 1 0 0]
0 0 0 1 0

=10 0 0 O 1 (2.9)
00 0 -2 0
0 0 0 O —Til

Note that for control implementation the value of the communication delay is not needed.
Control laws (2.5), in the absence of communication delay, correspond to an exact
predictor-feedback CACC design. In the present case, due to communication delay, the
states ¢; are not exact, D time-units predictor states anymore. In Figure 2.1, we present
a block diagram that illustrates how each ego vehicle constructs each own controller, as

well as which information is needed.

Vi-1(t)

u;(t) |
D »|  %;(t) = T (t) + Byw; (t - D)

Delay Vehicle i

Ok O
w@E,sele-D,0 | \(

Ui (s),S € [t= Dt

x(t)

| M
Memory

ui—l,m(t) ai—l,m(t)

Predictor-feedback controller

Figure 2.1: Block diagram of the predictor-feedback control design. The operator x{-}
defines the predictor-feedback law of each ego vehicle that utilizes the available past
actuation command of the ego vehicle and preceding vehicle. Moreover, the right dashed
box illustrates all the needed information from the preceding vehicle, which is obtained
via V2V communication.
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2.2.2 Main Result

We are now ready to state the main result of the chapter.

Theorem 2.1: Consider a platoon of vehicles with heterogeneous dynamics modeled
by (2.1)—(2.3), under control laws (2.5) with (2.6)—(2.9). There exists a positive constant
e such that forall 0 < D.; ;1 <€, ¢=1,...,N,andany D >0, h; >0, ¢ =1,..., N, the
platoon is L, string stable provided that the following conditions hold for ¢« =1, ..., V:

Lo 2.1
- ¢G>0 (2.10)
1 «;
) (b)) =X 2.11
() @+ =5 >0 (2.11)
1 2
2 1
E (Ci — 7’,‘) + 2b; + a;; > 0. (213)

Remark 2.1: The first two conditions of Theorem 2.1, which come from the Routh-
Hurwitz criterion, guarantee the individual stability of each vehicle i, which is a pre-
requisite for string stability of the platoon; while the remaining two conditions are de-
rived from the string stability criterion, for the nominal case without communication
delay. Conditions (2.10)—(2.13) can be satisfied for any given h; > 0 with a proper
choice of a;, b;, ¢;. To see this note that conditions (2.10)—(2.13) can be satisfied
provided that for a given h; > 0 the parameter v; = T% — ¢; can be chosen to sat-
isfy ~; € (max {m, \/2(ay; + bz)} , %), which in turn can be guaranteed, for
example, by a sufficiently large choice of b;. Note that these conditions concern the
nominal, delay-free design (2.4) and not the predictor-based design, owing to the delay-
compensating property of our controller.

Remark 2.2: Theorem 2.1 implies that communication delay does not affect individual
vehicle stability (this is shown via derivation of transfer function (2.14) given in (2.37)).
This is, in fact, consistent, because, as it is evident from (2.5), (2.6), communication delay
affects only the feedforward and not the feedback terms in each ego vehicle’s controller,
i.e., it affects only measurements of the preceding vehicle’s states. In addition, this is
consistent with the fact that the dependence of the predictor-feedback controller on a;_1,
u;_1 originates in that predictor feedback is constructed to predict also the preceding vehi-
cle’s speed v;_1, involved in the nominal delay-free controller (2.4), and which affects only
tracking performance and string stability, but not individual vehicle’s stability. Moreover,
this is also consistent with the fact that the predictor-feedback controller is input-to-state

stable (see, for example, [5], [27]) with respect to exogenous inputs and the states of the



Robustness of String Stability of Linear Predictor-Feedback CACC to Communication Delay 11

preceding vehicle, namely v;_1, a;_1, and u;_1, act as such, when viewed from the ego
vehicle’s dynamics perspective.
Proof of Theorem 2.1: In order to studying stability and string stability, we first

compute the transfer functions

Gi(s) = — i=1,...,N, (2.14)

viewing as input the preceding vehicle’s speed and as output the current vehicle’s speed.

Taking Laplace transform of the predictor states (2.6) we get

QZ(S) = eFiD)_(i(s) + MLZ‘(S>U1'(S) + Mg}i(S)Ul‘,l(S), (215)
where
Ml,i(S) = (SI5><5 — Fi)il (I5><5 — eFiDe*SD) Bi, (216)
MQ,i(S) = (8l5x5 — Fi)il <15x5 — eFiDefs(DJrDc’i’l)) By, (2.17)
1 —D D Eyu Fis |
0 1 0 FEou 0
-D
il =10 0 1 0 74 <1 — e”1> , (2.18)
0 0 0 ew 0
-D
0 0 0 0 eri-1 |
D =D
Eu = 72 <1——eﬁp), (2.19)
Ti
-D D
E15 = 7-3_1 (eﬂ,‘l -+ — 1) , (220)
Ti—1

E24 = T; (1 — eff) . (221)
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Using (2.8), (2.9), (2.16), and (2.17) we get

s —1 1 _STZLI STZ—i_11+1
o 0 s 0 s:;i1 0
(sI565 — ;)™ =3 0 0 s ? Sfi;il , (2.22)
00 0 % 0
_0 0 0 0 sn—l;&}l_
T
Mu(S) = {Mll,i(s) Mgl’i(S) O M417i(5) O} 5 (223)
T
Msi(s) = [mll,i(s) 0 ma(s) 0 msl,i(S)} , (2.24)
where
e~sP <Ti — Tie_ﬁp) e—sP (TEG_T? + D1; — 7'2-2> T (e_geSD - 1>
Mii4(8) = , (2.25
114(5) s27; + ST; + $21i(sT; + 1) ( )
—-D _.D —sD
eiSD(’T» — TeTl) Ti (e e - 1)
Moy i(s) = — ‘ ’ — , 2.26
21,i(s) ST; sTi(sTi + 1) ( )
-D
eme P -1
My (s) =— ————, 2.27
4L, (S) ST; -+ 1 ( )
e=#(D+Deiz1) (Ti—l — Tz‘—le”D1> e 5(PHDeizn) (7'1216”]31 + D7y — 7'31)
mn(s) == ST a STi—1
(2.28)
D
7‘2._1 (e_7'i—1€3(D+Dc,i1) — 1)
B SgTi_l(STi_l + 1) ’
e—S(D+DC,i—1) (Til — TileT;Dl) 7—1,71 (eTlee_S(DJFDC,i—l) _ 1)
J(s) = — — , 2.29
mat, <S) STi—1 STi_l(STi_l + 1) ( )
-D
i1 8(D+Dci-1) _ |
eTi-1e
i(s) =— 2.30
m517 <S) STi—1 + 1 ( )
Using the i-th vehicle’s model (2.1)—(2.3) we obtain
Si(s) 0 1
_\—1
V;(S) = (S[gxg _Fz> 0 eiSDUi(S)—F 0 ‘/;71<S) s (231)
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where
0 -1 0
=10 0o 1], (2.32)
00 —=
and hence
Sis)| |~ :
Vi(s)| = S(Tiﬂ) e PU(s) + |0 Viei(s). (2.33)
Ails) Tl 0
Using control laws (2.5), together with (2.15)—(2.30), we arrive at
i DT DT
Uils) = Ztsi(s) - (mai +b) + ) Vi(s) + (Tibi +—= ) Viei(s)
+ (Ticieﬁ‘D — Ti(Oéi + bl) <Ti — Tie”?> — T;LOQ (TiQGTiD + DTZ' — 7'12)) AZ(S)
—D (V. —D
+ (Tibi (Tr1 - Ti—leTil) + Tlf?z (Tfle”‘l + D7y — Ti21>> e Peiz15 A, (s)
+ 91i()Ui(s) + g2.(s)Ui-1(s), (2.34)
where
T
glﬂ'(S) = < h Mll,i(s) — Ti(ai + bi)MgLi(S) + TZ'CZ'MAHJ'(S)) y (235)
T
92,i(s) = ( 3 mini(s) + Tibz’miﬂ,i(s)) ' (2.36)

Hence, substituting (2.33) in (2.34) we derive U(i]—il’ which, multiplying it by s;zﬁl, gives

f11.:(8)8 + pai(s) (2.37)

GZ(S) = y
$3 + (%—ci>32+(ai+bi)s+,%

where

hi hi

f12,i(8)

p,i(s) = ( — D%e_(DJ“D“"l)S + D%G_DS — bje~(PHPeiv)s 4 po=Ds 4 bi> , (2.38)
(hz- h; h;

@i -Ds _ Y ~(D+Dei-1)s ai) _ (2.39)
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String stability in Lo is guaranteed when |G;(jw)| < 1, for all w > 0. The condition is
satisfied for w = 0 since |G;(0)| = 1. Moreover, from (2.37) we have

(i) — fri(w) 4 f2i(w)
Gilgw) fzi(w) +jf4,i(w)’ (2:40)
o o; D )
frilw) = e + h—i(cos(wD) —cos(w(D + Dc;-1))) +w ( h - bi> (sin(wD)
—sin(w(D + Dc;-1))), (2.41)
(07 . a; D
fai(w) = bjw — h—i(sm(wD) —sin(w(D + D.;-1))) +w (hi + bi> (cos(wD)
—cos(w(D + Dc;-1))), (2.42)
fai(w) = o (Ci - 7%@) + ?:, (2.43)
fri(w) = wla; +b;) =’ (2.44)

For a given w, based on the mean-value theorem [25], it can be concluded that, for each
i, there exist &(w) and (;(w) such that

cos(wD) — cos(w(D + D¢ ;1)) = wD, ;-1 sin(wé;(w)), & € (D,D+ De;—1) (2.45)
sin(wD) — SiH(UJ(D + Dcyifl)) = — CUDCJ',l COS(WCZ'(W)), CZ € (D, D + Dcyifl). (246)

Hence, (2.41), (2.42) can also be written as

fri(w) = % + %ch,i_l sin(wé;(w)) — w? (a;f? + bi> D ;4 cos(wG(w)), (2.47)
fai(w) = bw + %chﬂ-_l cos(w¢;(w)) + w? (a;LD + bz-> D. ;1 sin(w&;(w)). (2.48)

Therefore, the condition for string stability becomes fi ;(w)?+ fai(w)? < f3(w)*+ fai(w)?,
w>0,7=1,...,N, and hence, after straightforward computations, we get the following
condition that has to hold for all w >0 and ¢ =1,...,. N

Wl + w5 i(w) + W foi(w) + wWri(w) + wfsi(w) >0, (2.49)
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where

f5i(w) = (ci — i)Q —2(a; + b;) — Dfﬂ;l (cos(wgi(w))Z

2

+sin(wé;(w))?) <b§ + 2Dh0fibi + 2 25‘2 ) : (2.50)

o) = Degasinfuglo) (-2 - 2000, (251)
o) = a + 2o = 2 2050 PO o)+ in(s ()))

2DDC,i1aigos(wQ (w)) | (2.52)

foslw) = — 2Dc,i—1a?§£n(wﬁi(w))_ (2.53)

Using the facts that |sin(x)| < |z|, for all z € R, that w,§ > 0, and that § < D+ D ;4
we get from (2.51), (2.53)

2DOézbz

7

Joi(w) > —wDe ;1 (21)? +

2
2Dc7l_1al
2
hi

> (D + Dei1), (2.54)
fsilw) > —w (D + Deji1). (2.55)

Thus, condition (2.49) is satisfied if for all w > 0

w4 + wQ <f57i(w) — Dc,i—l <sz2 + hOézbz> (D + Dc,i—l))

2Dc i— 2
+ (fm(w) - TMZ(D + DC7Z~_1)> > 0. (2.56)

Since from (2.50), (2.52) we have that

1\2 2Da;b;  D?a?
fsi(w) = <Ci - r) —2(c; +b;) = 2D, <b22 + ho.é + h2%> ; (2.57)
2 i 2 e 2D2 i 062 QDDC i— 2
f77i(W) ZCK? + 20ézbl - a + it - citl 1% (258)
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condition (2.56) holds if the following two conditions hold for i =1, ..., N

1\? 2Da;b;  D?*o?
— =) —2(a; +b;) —2D?, 2 = J
<C’L Ti) (az + bz) c,i—1 <bl + hz + h? )

—De;iq <2b§ 4 e ) (D+ Dc;—1) >0, (2.59)
2 1 a?

a; <Oéi + le + hf (Ci - >> - 4Dc,i—1ﬁ<D + Dc,i—l) > 0. (260)
i Ti i

The left-hand side of (2.59), (2.60) are continuous functions of D, ;_; and equal to positive
values when D.; ; = 0, under the conditions on the parameters a;, b;, ¢;, 7, h; of
Theorem 1. Thus, there exists a sufficiently small € > 0 such that for all 0 < D, ;1 <€,
i=1,...,N the left-hand side of (2.59), (2.60) is positive, which completes the proof. [

2.3 Simulation Results

This section illustrates numerically the performance of the predictor-feedback CACC de-
sign. Note that the simulations are conducted in Matlab R2022b, where integrals in
the predictor-based controller (2.6) are computed using the trapezoidal rule. Moreover,
third-order models for vehicles’ dynamics, as described in (2.1)—(2.3), are implemented
using the Euler method. Additionally, in this section, a fixed time step of T, = 0.01 is
selected to align with typical sampling times of control execution and measurements, see,
e.g., [22], [23]. We consider a homogeneous platoon of four vehicles in order to make the
numerical example more accessible and to more clearly illustrate the benefits of predic-
tor feedback, without distracting the reader with definition of various different numerical
parameters. For a homogeneous platoon of four vehicles with third-order dynamics given
by (2.1)—(2.3), we consider a case in which 7, = 7 = 0.1, D.;—1 = D, i = 1,2,3,4, and
D = 0.7. We choose for all ¢

;= — hp*, (2.61)

b; = hp® + 3p?, (2.62)
1

¢ = —+ 3p, (2.63)
T

for some p < 0 and h; = h within the range [0.5,1.4]. This choice results in the charac-
teristic polynomial of G in (2.37) being (s — p)?.
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Figure 2.2 depicts sup,, |G(jw)| as a function of p and h. In the nominal case without
communication delay the conditions in Theorem 2.1, reduce to condition h*p*+6hp+6 < 0,
which should hold to guarantee string stability. In the top plot of Figure 2.2, the region
between the red curves indicates where condition h%p? +6hp+6 < 0 is satisfied. Similarly,
in Figure 2.2, bottom plot, we show sup, |G(jw)| with D. = 0.1. We observe that,
increasing D. makes the allowable region, which guarantees string stability, to shrink.

In Figure 2.3 we set h = 0.75, p = —3, and, D, = 0.1. According to bottom plot of
Figure 2.2, this choice satisfies the L, string stability criterion. We consider a scenario in
which a;_1,,(s) = 0,s € [-D., 0], and u;o = 0, for each vehicle i, while we set v;o = 15 (%),
i =1,2,3 and vy = 2% = 10 (m) and s;o = hvig = h x 15 m, i = 2,3, s10 = 13.5 m.
Additionally, the leading vehicle performs a deceleration and acceleration maneuver. As
Figure 2.3 shows, despite acceleration and speed responses exhibiting oscillations, £,

string stability is maintained.
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Figure 2.2: The values of function sup, |G (jw)| corresponding to transfer function (2.37)
for homogeneous vehicles, for different values of time-headway h and p. Top: sup,, |G (jw)|
)]

as function of h and p with constant communication delay D. = 0. Bottom: sup,, |G (jw
as function of h and p with constant communication delay D. = 0.1.
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Figure 2.3: Acceleration (top), speed (middle), and spacing (bottom) of four vehicles,
with dynamics described by (2.1)—(2.3), where D = 0.7, 7 = 0.1, following a leader that
performs an acceleration/deceleration maneuver, under the CACC control laws (2.5),
where D. = 0.1. The desired time-headway is h = 0.75 while control parameters are
chosen according to (2.61)—(2.63) with p = —3. Initial conditions are v,y = 15 (%),

i=1,2,3vp= 230 =10("), s = hvig = hx 15m, i = 2,3, 519 = 13.5m, and uo = 0,
fori=1,2,3.
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To further numerically analyze the Lo string stability property of the closed-loop
system, as this is described by (2.37), we define different scenarios that illustrate the
impact of D, D, and h on L, string stability. In Figure 2.4, top plot, we show the values
of sup,, |G(jw)| as function of 0.5 > D. > 0 and 1 > D > 0, with fixed h = 0.75 and
p = —3. The red line shows the distinction between string stability and instability. In
the same manner, the bottom plot shows sup,, |G(jw)| as function of 0.5 > D. > 0, and
1.4 > h > 0.5 with fixed D = 0.7 and p = —3, confirming that for a small communication
delay string stability, in the presence of a large actuator delay, is preserved. It is interesting
to observe that the upper limit of the communication delay considered in Figure 2.4 and
ensures string stability, is, usually, higher than what conditions (2.59), (2.60) may predict,
due to the conservatism of the derived bounds. Nevertheless, Figure 2.4 is consistent
with conditions (2.59), (2.60). For example, conditions (2.59), (2.60) indicate that string

stability is preserved for increasing D, when D decreases or when h increases.

2.4 Chapter Conclusions and Related Publications

In the present chapter, we establish robustness of £, string stability of predictor-feedback
CACC design, which is originally developed in [4] to compensate actuation delay only,
to communication delay. We derive analytical conditions on control law parameters and
the parameters of the vehicle models, including actuation and communication delays,
which guarantee £, string stability. We demonstrate numerically the £y string stability
properties of the platoon, including characterization of the domains, in the parameters’
space, which guarantee string stability.

This chapter is an adaptation of material appearing in

A. Samii and N. Bekiaris-Liberis, “Robustness of string stability of linear predictor-
feedback CACC to communication delay”, IEEFE International Conference on Intelligent
Transportation Systems, Bilbao, Spain, 2023.
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sup,, |G(3w)|

sup,, |G(jw)|

Figure 2.4: The values of sup,, |G(jw)| corresponding to transfer function (2.37) for ho-
mogeneous vehicles. Top: sup, |G(jw)| for different actuator delays and communication
delays with h = 0.75 and p = —3. Bottom: sup, |G(jw)| as function of communication

delay and time-headway with D = 0.7 and p = —3.



Chapter 3

Simultaneous Compensation of
Actuation and Communication

Delays for Heterogeneous Platoons
via Predictor-Feedback CACC with
Integral Action

We construct a predictor-feedback cooperative adaptive cruise control (CACC) design
with integral action, which achieves simultaneous compensation of long, actuation and
communication delays, for platoons of heterogeneous vehicles whose dynamics are de-
scribed by a third-order linear system with input delay. The key ingredients in our design
are an underlying predictor-feedback law that achieves actuation delay compensation and
an integral term of the difference between the delayed (by an amount equal to the re-
spective communication delay) and current speed of the preceding vehicle. The latter,
essentially, creates a virtual spacing variable, which can be regulated utilizing only delayed
position and speed measurements from the preceding vehicle. We establish individual ve-
hicle stability, string stability, and regulation for vehicular platoons, under the control
design developed. The proofs rely on combining an input-output approach (in the fre-
quency domain), with derivation of explicit solutions for the closed-loop systems, and
they are enabled by the actuation and communication delays-compensating property of
the design. We demonstrate numerically the control and model parameters’ conditions of
string stability, while we also present simulation results, in realistic scenarios, including a
scenario in which the leading vehicle’s trajectory is obtained from NGSIM data. All case
studies confirm the effectiveness of the design developed.

22
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3.1 Chapter Organization

The outline of the chapter is as follows. Section 3.2 presents the model of heterogeneous
platoons considered and the communication/actuation delays-compensating predictor-
feedback design with integral action. In Section 3.3, we state our main result, which is
stability, string stability, and regulation under the CACC law developed. In Section 3.4 we
present numerical experiments for validation of the string stability guarantees. Simulation

results are presented in Section 3.5 and in Section 3.6 we provide concluding remarks.

3.2 Predictor-Feedback CACC for Heterogeneous
Platoons with Both Actuator and Communica-

tion Delays

3.2.1 Vehicle Model and Nominal Delay-Free Design

a) Vehicle dynamics: We consider a heterogeneous string of vehicles (see Figure 3.1) each
one modeled by the following third-order, linear system with actuator delay that describes
vehicle dynamics (see, e.g., [1], [57], [58], [59])

5i(t) = vim1(t) — v(t), 3.1
0;(t) = ai(t), (3.2)
i) = — Tlf"“) + iiui(t _ D), (3.3)

UN Ui Si w4 U1 S1 )\

Figure 3.1: Platoon of N + 1 heterogeneous vehicles following each other in a single
lane without overtaking. The dynamics of each vehicle ¢ = 1,..., N are governed by
system (3.1)—-(3.3). Each vehicle can measure its own speed, the relative speed with the
preceding vehicle, and the spacing with respect to the preceding vehicle. The control
input and acceleration of each vehicle is communicated to the following vehicle via V2V
communication.
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b) Available measurements: For CACC platoons the measurements available to the ego
vehicle ¢ are its own spacing s;, speed v;, acceleration a;, and control input u; as well as the
speed of the preceding vehicle v;_;. It is possible to obtain this information through on-
board sensors (for a more low level description of the ways of acquiring such measurements
in practical applications the reader is referred to, e.g., [15], [16], [17]). Furthermore,
the control input of the preceding vehicle, as well as its acceleration and speed are also
available and are denoted by ;1 m, @;—1m, and v;_; ,, respectively. These measurements
are transmitted from the preceding vehicle, through V2V communication. Due to the
presence of communication delay these measurements are modeled by v;_1 1 (t) = v;—1(t —
Dei1)y @imim(t) = ai—1(t — Dei1) and w1 ;m(0) = w;i—1(0 — Deci1),0 € [t — D,t],
respectively, where D, ; > 0, i =1,..., N, are communication delays'.

c) Nominal control design: Without input delay, the following control strategy is
constructed

Ul(t) = T;0¢; (Slhit) — ’Ul(t>> + Tibi(’l]i_l(t) — 1}1(75)) + TiCiCLi<t), (34)

where a; > 0, b; > 0, and ¢; € R are design parameters, and h; > 0 is time-headway.

3.2.2 Communication Delay-Compensating Predictor-Feedback

Control Design

The predictor-based control laws with communication delay compensation for system

(3.1)—(3.3) are given by

T T
ui(t) = 5= aia(t) = 7ilei + bi) iz (t) + Tibidis(t) + micigia(t) + = —0u(t), (3.5)
6i(t) = vic1m(t) — via (D), (3.6)
t t
q; (t) = eFiDil- (t) + /t_D eri(t*G)Bmi(G) do + /t_D eFi(t*e)Buui,l,m(ﬁ) d@, (37)

!The initial conditions v;_1(s) = v;—1,(s), s € [=Dc,i—1,0], a;—1(s) = ai—1,(s), s € [-D,i—1,0] and
ui—1(s) = u;—1,(8), s € [=D — D ;_1,0) are assumed to be continuous functions.
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where
-T - T
%Z{Qi,l %2 i3 ¢4 di5| > Ii:{si Vi Viim @i ai—lﬁm} ’ (3.8)
T T

0 -1 1 0 0 ]
0O 0 0 1 0

r,={0 0 0 0 1 (3.10)
00 0 —= 0
00 0 0 —=-

It is important to note that we employ in our control design two different measurements
for the preceding vehicle speed, one from on-board sensors v;_; and one from V2V com-
munication v;_1,,. Note that for control implementation the value of the communica-
tion delay is not needed, because v;_; , can be obtained directly from V2V communica-
tion. If D.;_; is known to vehicle ¢, then one could, alternatively, employ v;_1 1, (t) via
Vic1m(t) = Vi1 (t — Dejyo1).

Control laws (3.5), in the absence of communication delay, correspond to an exact
predictor-feedback CACC design. In the present case, due to communication delay, the
states ¢; are not exact, D-time units predictor states anymore. Nevertheless, simultaneous
compensation of input and communication delays is achieved, as stated in the next section,
in which we also include details on the mechanism embedded in our controller that enables

input/communication delays compensation.

3.3 String Stability Despite Actuation and Commu-

nication Delays

We now state our main result.

Theorem 3.1: Consider a platoon of vehicles with heterogeneous dynamics modeled
by (3.1)—(3.3), under control laws (3.5) with (3.6)—(3.10). Let the leading vehicle’s speed
be uniformly bounded and continuous. For any D >0, h; > 0,7 = 1,..., N, the platoon

is Lo string stable with respect to speed errors propagation provided that the following
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conditions hold for i =1, ..., N:

——c¢ > 0, 3.11
-~ e (3.11)
1 i
( — Ci) (O./i + bz) — g > 0, (312)
Ti hi
1 2
(ci _ T) — 2+ b) > 0, (3.13)
2 1
2 (ci _ ) 42+ a; > 0. (3.14)
hi Ti

Furthermore, all states remain bounded and, for a constant leading vehicle’s speed, say
v*, regulation is achieved with lim;, | a;(t) = 0, limy_, v;(t) = v*, and lim;_, | $;(t) =
hiv* —limy_,, o 0;(t), where lim;_, , o, 0;(t) = 0;(0) + fEDw_il Vi—1,(8)ds — D ;10" .

Remark 3.1: Communication delay is compensated by regulating the speed of the
ego vehicle to match the speed of the preceding vehicle, also accounting for the re-
spective communication delay (see Remarks 3.2 and 3.3). This regulatory action in the
presence of communication delays alters the equilibrium point, resulting in loss of zero,
steady-state tracking error, as the controller aims to regulate s; + o; (rather than s;) to
hiv; (this phenomenon also appears in, e.g., [58]). To address steady-state error when
communication delay is known (e.g., as a known, average network delay), we can set
0i(0) = — f_ODm__l Vi—1,(s)ds and h; = hjges — Dci—1 (assuming h; ges > D1, which is a
reasonable requirement given that the controller reacts with D.,;_; delay and that, typ-
ically, the values of communication delay are much smaller that the desired headways),
which results in a steady-state value for s; to be h; qesv*. Note that the choice for ¢;(0)
can be implemented at t = 0 using the past measurements of v;_;, which are available.
On the other hand, if D.; 1 is unknown, we can set ¢;(0) = 0. This results in a steady-
state error for s; of D.; jv* — f_ODw__l v;i—1,(s)ds. Nevertheless, it is worth noting that,
in practice, D ;1 is typically much smaller than h;, and thus, the steady-state error is
expected not to be large, particularly when the initial condition for speed is close to the
leader’s equilibrium speed or, at least, an estimate Dc,i—l of actual communication delay
D, ;_ is available.

Remark 3.2: Note that the conditions in the statements of Theorem 3.1 do not depend
on the delays values. To better understand the structure of our controller that allows

simultaneous actuation and communication delays compensation we proceed as follows.
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We re-formulate the control laws (3.5) as?

oi(t)
0 t
uz(t) :szz(t) + KZ eFiD A?}ifl(t) + /t—D eF"(t_g)BUAui_l(Q) do s (315)
0
_Aai_l( )_
where
t t
Di (t) = eFiDii (t) + D eFi(t*e)Biui(H) do + D eFi(t*e)Buui,l(e) d@, (316)
T
j:l =18 Ui Vi1 @ az—l} ) (317>
A’l)z‘,l(t) = U,L,l’m(t) — ’Ulfl(t), (318)
Aai_l(t) = a1_17m<t> - az_l(t), (319)
Au;1(8) = ui—1m(s) —ui—1(s), s€[t—D,t, (3.20)
Kz [% — Tl(Oéi =+ bl) Tib' T;Ci O] (321)

The terms (3.18)—(3.20) in parentheses of (3.15) are viewed as error due to the communi-
cation delays D, ;_1, because in the nominal case D.;_1 = 0, terms (3.18)—(3.20) are zero
and p; is the exact predictor of Z;, D-time units in advance. Structure of (3.15) reveals
the reason for which Theorem 3.1 implies that communication delay does not affect in-
dividual vehicle stability. As it is evident from (3.15), communication delay affects only
the feedforward and not the feedback terms in each ego vehicle’s controller, i.e., it affects
only measurements of the preceding vehicle’s states; while the part K;p; achieves input
delay compensation and individual vehicle stability. This is consistent with the fact that
the predictor-feedback controller is input-to-state stable (see, for example, [5], [27]) with
respect to exogenous inputs and the states of the preceding vehicle, namely o;, Av;_q,
Aa;_q, and Au,;_1, act as such, when viewed from the ego vehicle’s dynamics perspective.

Remark 3.3: We next proceed to explaining how string stability is achieved. The
states o;, Av;_1, and Aa;_; involved in (3.15), for ¢ > max {D¢ -1} satisfy the following

2Using (3.21), relation (3.5) is written as wu;(t) = K;qi(t) + Txioi(t). Using (3.7), from defi-
nitions (3.8) and (3.17)-(3.20) we get ¢;(t) = e"Pz;(t) + P[0 0 Avi_1(t) 0 Aai,l(t)]T +
bl =B (0)do + [F eTi O Bl 1(0)dO + + [T et By Au;_1(0) df. With definitions
t—D t—D t—D

(3.16), (3.36), and noting that K;e" [o;(t) 0 0 0 O]T = 5%oi(t), we get (3.15).
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dynamics
sz_l(t) :Aaz_l(t), (323)
1 1
Ti—1 Ti-1

Then, we define the new signal p;, as the predictor of states o;, Av;_1, and Aa;_1, over a

D-time units horizon, treating Awu;_; as input, in the following manner

_ t _
ﬁl<t) = eFiDii(t) +/ er"(t_e)BliAui,l(e)dH, (325)
t—D
where
-,5@',1 0
Di = |Di2|, Ti= [Avi_1], (3.26)
| Di3 Aa;_4
[0 01 0
By=|0], T;,=0 0 1 |. (3.27)
7"1_1 O O _’T'l_l

Substituting (3.25) in the parentheses of (3.15) we get

_@‘,1_

0

ui(t) = Kipi(t) + Ki |pig| - (3.28)
0

| P33 |

Thus, (3.15) is written for ¢ > max{D.;_1} as

uz(t) = T;LCYZ Si(t —+ D) — Ti(Oéi + bz)vl(t -+ D) + Tibivi_l(t + D) + TZ'CZ'CLi(t -+ D)
+ 5% (t+ D) + by (0 1am(t + D) — vy (t + D)) . (3.29)

h;
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Hence, for t > max {D.;_1} we have
(A

ui(t) = Ty (gl(th—i_D) — vt + D)) + 7b; (Vi1 m(t + D) — vi(t + D)) + micia;(t + D),
(3.30)
where

Noting that 5;(¢) = v;_1.m(t) — v;(t), one could observe comparing (3.30) with the nominal
controller (3.4) the following. First, all involved states are predicted by D-time units
for input delay compensation. Second, communication delay is compensated through
aiming at regulation of the ego’s vehicle speed v; to v;_1,, rather than v;_;. This is
evident by the fact that v;,_; ,, is involved in (3.30) (instead of v;_;), together with the
fact that §; satisfies 5; = Vi—1m — Vi, which is viewed as the counterpart of s;, under
communication delay. One of the key aspects of the proposed controller, which makes it
beneficial to string stability, is that the controller aims at regulating v; to v;_1 m, while,
simultaneously, aiming at regulating §; (and not s;) to h;v;. In other words, the controller
regulates both speed and position of vehicle ¢ taking into account the past (by Dc;_1)
speed and position (note that §; could be viewed as x;_;(t — D.;—1) — x;(t)) of vehicle
1 — 1, because this is the available information for the reference trajectory to vehicle i at
time ¢t (and it depends on the past preceding vehicle’s speed/position). This, in a way,
aligns the objectives of speed and spacing regulation, i.e., we regulate both, accounting
for delayed information, rather than regulating speed but not spacing, using delayed
information. This matching/synchronization is beneficial for string stability, because each
vehicle’s controller reacts uniformly, with respect to time, to speed and spacing deviations.
Moreover, the way that the effect of the current speed of vehicle ¢ — 1 is being canceled
from the spacing dynamics is by subtracting, via ¢; (having units of spacing), the term
v;_1. We note here that it is anticipated that, this characteristic of the controller, may
not be beneficial for safety, due to the fact that the controller reacts to past and not to
the current speed/spacing of the preceding vehicle.

Remark 3.4: The stability and string stability conditions of Theorem 3.1 are identical
to those in Theorem 2.1, and thus, can be satisfied for any given h; > 0 with a proper

choice of design parameters «;, b;, ¢;.
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Proof of Theorem 3.1: In order to studying stability and string stability of speed error

propagation, we first compute the transfer functions

Gi(s) = — i=1,...,N, (3.32)

viewing as input the preceding vehicle’s speed and as output the current vehicle’s speed.

Taking Laplace transform of the predictor states (3.7) we get

Qi(s) = e""PX;(s) + Myi(s)Ui(s) + Ma,(s)U;_y(s)e *Pei-1, (3.33)
where
My i(s) = (sIsus — Ti) ™" (Isus — e"Pe ") By, 3.34)
Myi(s) = (slsxs — Ti) ™" (Isus — €' Pe*P) By, (3.35)
1 -D D Ey o ]
0 1 0 FEay 0
-D
P =10 0 1 0 74 (1 — en’_1> , (3.36)
0 0 0 e= 0
-D
0 0 0 0 i1 |
D oo
B = 2 (1 2 e D) , (3.37)
Ti
=D D
Eys =17, <ew—1 + - 1) , (3.38)
Ti—1
-D
E24 =T (1 — e > . (339)

Using (3.8), (3.10), (3.34), and (3.35) we get

s bbb s -1 1 -5
(loa =T)T =100 a0 =1 =000 0
L SQTZ'
0 0 S+7'7 0 0 0 p— 20
1 S°Ti—1
_O 0 0 3+TH_ _0 0 0 et |
(3.40)
[ T
Ml,i(S) - _Mll,i(3> MQLZ‘(S) 0 M417i<5) 0:| ) (341)

M2,i(5>:[m11,i(5) 0 ma1(s) 0 m51,i(8)}T7 (3.42)
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where
e—sP <7‘Z~ — Tie*f) e—sP (TfeTiD + D1; — Tf) T; (egeSD — 1>
Miqi(s) = , (3.43
114(5) s27; * ST; 2 (st + 1) ( )
-D P —sD 1
e_SD(Ti — e ) Ti <e Ti e — >
Moy i(s) = — — , 3.44
21,i(s) ST; sti(sT; + 1) ( )
-D
emie P -1
My (s) =— ———, 3.45
4, (S) ST; + 1 ( )
—-D =D
e—sP (Ti_l — Ti_leﬂ'l) esP <TZ-2_16”'1 + D71 — Ti2_1>
mn’i(s) - S2T; B STi—1
_ D
Ti—1 (e Ti—1 e_SD — 1)
_ 3.46
s2riq(smimg +1) 7 (3.46)
-D -D
e_SD (Til — Tile”‘l) Ti—1 (e”le_SD — 1)
(s) = — — , 3.47
m31, (8) STi—1 STl;l(STz;l + 1) ( )
-D
eTi—1 e—sD -1
i(s)=—————. 3.48
m51’ (S) STi—1 + 1 ( )
Using the i-th vehicle’s model (3.1)-(3.3) we obtain
Vi(s)| = (sLsxs — 1) 0| e *PUi(s) + |0] Viei(s) |, (3.49)
Ails) 1 0
where
0 -1 0
=10 o 1], (3.50)
0 0 —%
and hence
Si(s) _52(571'1""1) .
Vis) | = | soir e *PU(s) + |0 Viii(s) (3.51)
Ai(s) ! 0

sTi+1
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Using control laws (3.5), together with (3.33)—(3.48), we arrive at

T; O DTZ'OQ; T; O

Ui(s) = 5 i(s) = (e + b) + ; )vi<s>—shiv;1<s>

Di i At - . =D D
(o 2 ) 0 ) )

hi Shi
_T;Lai (Tfe:? + D1; — 7'3)) Az<3)
l A TiQ (9 2 2 —Dei_1s
+ (Tibi (%1 — Ti-1€ zl) + 5 (Ti_le it 4+ D1 — Ti_1>> e Tt A 4 (s)
+ 91i(8)Ui(s) + ga.i(s)Ui1 (s)e™Peim1?, (3.52)
where
Tlal
g1,i(s) = < " Miy,i(s) — Ti(0g + bi) Moy ;(s) + Tz‘Cz‘M41,z‘(3)> ; (3.53)
Ti0
92(s) = ( h ma(s) + TibimBLi(S)) : (3.54)

sTi—1+1
Tori1 o Bives

Hence, substituting (3.51) in (3.52)

U

(bis + %) e Peits

String stability in Lo is guaranteed when |G;(jw)| < 1, for all w > 0. The condition is

satisfied for w = 0 since |G;(0)| = 1. Moreover, from (3.55) we have

fritifulw)  _p e

Gi(jw) = : e , 3.56
() fai(w) + jfai(w) ( )
2%
fii= e (3.57)
foi(w) = biw, (3.58)
1 a;

fai(w) = w? (Ci - n) + % (3.59)

fri(w) = wla; +b;) — w®. (3.60)

By using the fact that sup, [e”P<i-17%| = 1, the condition for string stability becomes

fri+ fri(w)? < fsi(w)® + fai(w)®, w > 0,4 =1,...,N, and hence, after straightforward
computations, we get the following condition that has to hold forallw > 0andi=1,...., N

WO w5 +wfes >0, (3.61)
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where
1 2
I5i = (Ci — 7'~> —2(a; + b;), (3.62)
2 1
Joi = <O~/i + 20; + — (ci - )) . (3.63)
hi Ti

Relation (3.61) holds for all w > 0, under the conditions on the parameters a;, b;, ¢;, 7,
h; of Theorem 3.1.

We next show that boundedness of all states is achieved. Using the delay-
compensating property of predictor feedback (see e.g., [5]), we have, using (3.29),
that for ¢ > max {D,mzax {Dc,i—l}} = D (note that, due to linearity of systems (3.1)-
(3.3) and controllers (3.5), no finite escape time phenomenon can appear for ¢t < D) it
holds

0;(t)] =10 0 1 v;(t)
(ii (t) % —(CLZ' + bz) C; — 7—% a; (t)
1 0 0
+ |0 ’Uifl(t) + 10 Uifl,m(t) + 10 O'i(t>, (364)
0 b; Z—
O'Z(t) :Ui—l,m(t) - Ui_l(t). (365)
The solution to (3.64), (3.65) is given as
s - [s (O] : 0
v;(t) —ei(t=D) v; D) + /7 M 0] w1 (s) 4+ | 0] vis1m(s)
_ D
0
+ 10| oi(s) | ds, (3.66)

0i(t) =0 (D) + [ (vics (s) = vica(5)) s, (3.67)

where 4; = | 0 0 1 . Under the conditions in Theorem 3.1, A, always
% —(CL,' +b,) C; — L

T
has all its eigenvalues with strictly negative real part, which means that the states s;,
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v;, a; remain bounded, provided that o; and v;_; are bounded. We establish next the
boundedness of o7 under the assumption that the leader’s speed, denoted as vy, is bounded
by, say, My, i.e., |vo(s)| < My, for all s > —D, . We derive

o1(t) =01(0) + /Ot (vo(s — Deo) —vo(s))ds = 1(0) + /_t;iw vo(s)ds — /Ot vo(s)ds,
(3.68)

and thus,

t
) =01(0) + / s)ds — / vo(s)ds. (3.69)
D, ,0 DC,O
Considering the assumption on the leader’s speed being bounded we can derive that
t t
/ oo (s)| ds < / M, ds = My, De.o. (3.70)
t—DC’O t—Dc,O

Thus, considering (3.69), (3.70), it follows that oy is uniformly bounded, with |oy(t)] <
My,, where M,, = 01(0) +2M,, D0, t > 0. For showing boundedness of v; we proceed as
follows. By using (3.66) for i = 1, with the fact that M (1=D) < klefAl(FD), for some

positive constants ki, A, (because A, is Hurwitz, see, e.g., [29]) we get for t > D

[o1(t)] <ri1(t) +rea(t) < v1(t), (3.71)

where

t®) =k ) (s (B)] + [ (B)] s (5). 372

roa(t / ke A=) (!v (s)| + |brvom(s)| + ‘01 s) ) ds, (3.73)

_ (1+b)k ki
Ul(t) :7”1,1 (t) —+ %Mvo + /\11h1

M,,. (3.74)

Relations (3.71)—(3.74) imply that v; is uniformly bounded with |vi(s)] < M,,, s >
—D. ;. This assertion is based on the observation that v; is bounded by constant terms

(H;i)kl M,,, 1;11%1 M,,, and an exponentially decaying term, as well as using the fact that

v1(s), s € [=D.1,0] is also bounded (by assumption). Then, we need to show that o5 is
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uniformly bounded. We derive

ao(t) =02(0) + /Ot (v1(s = Decy) —vi(s)) ds )+ / . s)ds — /tiDc,l v1(s)ds.

Following a similar argument as for the boundedness of o; and since
t t
/ oy (s)] ds < / M,,ds = M,, D. 1, (3.76)
t—Dc1 t—Dc1

we conclude that oy is uniformly bounded. We next show that vy is bounded. Similarly
to derivation of (3.71)—(3.74), there exist some positive constants ks and Ay, such that for
t>D

|’Ug(t)| S?"l’g(t) + T272<t> S 172(75)7 (377)

where

) D) (s (5) s (B)] o (5). a1y
ro.a(t / kpe N2 (t=9) (!01( )|+ |bav1m(8)] + ‘02 s) ) ds, (3.79)

(1+ by) ko kocry
ATV
" W

ﬁz(t) :7”1’2 (t) +

M,,. (3.80)

This pattern continues iteratively up to « = N. Consequently, we can deduce by induction
that v; and oy, i = 1,..., N, are bounded. From (3.66) and the fact that the A; matrices
are Hurwitz we conclude that the system’s states s; and a; are also bounded.

Next, we demonstrate how control law (3.5) regulates s;, v;, a;, and o;, and we also
compute their steady-state values. Regulation follows starting with ¢+ = 1 and consid-
ering vyp = v* as the leader’s speed having constant value. This assumption leads to
bounded limits for each o; and, subsequently, results in finite limits for v;, s;, and a;.
To clarify this, we begin with o, which is constant (given a constant vy). This enables
us to recursively compute finite limits for vy, s;, and aq, based on (3.66) and the fact
that A; is Hurwitz. Then, using (3.75), together with the continuity of v, (for ¢ > D)
and the fact that v; has a finite limit, we obtain that o, has a finite limit. By con-
sidering (3.66) and the finite limit of states v; and oy, as well as the fact that A, is
Hurwitz, we deduce that vy, sy, and as have finite limits. This process continues re-
cursively, leading to the conclusion that s;, v;, a;, and o;, i = 1,2,..., N, have finite

limits. Moreover, we can derive lim; i $i(t) = limy o0 0;(t) = limy 00 @;(t) = 0,
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i = 1,2,...,N. This is established by applying, for example, Barbalat’s lemma, (see,
e.g., [49]), given that s;, v;, and a; have finite limits and by using (3.64), (3.65), which
allow us to conclude boundedness of §;, ¥;, d;. Subsequently, by using (3.64) we deduce
that limy, oo v;(t) = limy—y oo v;—1 (£) = 0%, and limy, oo ;1 (£) = limy—y oo v, (t) = V™.

Moreover, we conclude that lim;_, o s;(t) = limy_, o (hyv;(t) — 0(t)), where

0 0
lim () =0,(0) + / Vie1y(s)ds — lim Vio1(s + t)ds. (3.81)
—Dci—1

t—+o00 t—+oco J_D

c,i—1

Due to the fact that v;_; is a continuous function on the time interval (D, —1—00) and

uniformly bounded, we can derive

0
tEerOO oi(t) = 0;(0) + /—Dc . Vi—1,(8)ds — Dc 10", (3.82)
which completes the proof. O]

3.4 Numerical Illustration of String Stability

In this section, we numerically analyze the string stability properties of the closed-loop

Vi
Viet

to the closed-loop systems described by equations (3.1)—(3.3), (3.5)—(3.10), along with

choices (made for simplicity of illustration)

system, according to Theorem 3.1. The transfer function G; = , which corresponds

o = — hp?, (3.83)

b; = hip? + 3p?, (3.84)
1

C; = ; + 3])2‘, (385)

for some p; < 0 and all 7, is determined as

Vi(s) _ —pi+pipihi +3)s _op.,

CEO=79 T opnp

(3.86)
The numerical performance of the predictor-feedback CACC design (3.5) is showcased,
focusing on L, string stability definition in relation to (3.86). Figure 3.2 depicts
sup,, |G;(jw)| as a function of p; and h;, where G; is defined in (3.86). The conditions in
Theorem 3.1, reduce to condition h?p? + 6h;p; + 6 < 0, which should hold to guarantee
string stability. In Figure 3.2, the region between the red curves indicates where condition
h2p? + 6h;p; + 6 < 0 is satisfied.



Simultaneous Compensation of Actuation and Communication Delays for Heterogeneous Platoons 37

24 LRLRHRRRLRR
00200 %% % QLR
SR

Figure 3.2: The values of function sup,, |G;(jw)| corresponding to transfer function (3.86)
for heterogeneous vehicles, for different values of time-headway h; and control parameter

Di-

In fact, string stability in £,, p € [1,400], is also established. This follows based on
the facts that G;(0) = 1 and that (3.86) corresponds to a non-negative impulse response
(see, e.g., [12]). As inferred from [48] (Theorem 5; case Type D-1), the validity of the

latter is confirmed when the subsequent condition holds

L
R (pl- 4 3) >0, (3.87)

Di  Di hi

which can be also written as —h% <p < —h%_ (that also guarantees hip? + 6h;p; + 6 < 0).
Note that all conditions for string stability do not depend on communication delay D, ;_;

(or actuation delay D), demonstrating the delay-compensating property of our design.

3.5 Simulation Results

In this section, first, the performance of the actuation/communication delays-compensating
controller (3.5) is demonstrated, followed by a comparison with the predictor-feedback
CACC approach in [44], which does not achieve communication delay compensation.
Moreover, to illustrate the efficiency of predictor-feedback CACC with integral action in
more practical scenarios, we utilize real traffic data from NGSIM.

Note that the simulations are conducted in Matlab R2022b, where integrals in the

predictor-based controller (3.7) are computed using the trapezoidal rule. Moreover, third-
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order models for vehicles’ dynamics, as described in (3.1)-(3.3), are implemented using
the Euler method. These models are consistently applied throughout the simulations for
both the proposed and conventional predictor-feedback CACC methods, ensuring a fair
and direct comparison in Sections 3.5.1 and 3.5.2. Additionally, in Sections 3.5.1 and
3.5.2, a fixed time step of T = 0.01 is selected to align with the sampling time of control
execution and measurements, see, e.g., [22], [23]. Furthermore, in Section 3.5.3, a fixed
time step of Ty = 0.1 is used to match the sampling interval of the real traffic data that
are employed, with the sampling time of measurements, and control execution used in the

simulation investigations.

3.5.1 Predictor-Feedback CACC with Simultaneous Compensa-

tion of Actuator/Communication Delays

At first, we demonstrate the performance of the actuation/communication delays-
compensating predictor-feedback CACC law. We consider a heterogeneous platoon
of ten vehicles in order to make the numerical example more practical. For a het-
erogeneous platoon of ten vehicles with third-order dynamics given by (3.1)-(3.3), we
consider a case in which 7, = 0.1s, ¢+ = 1,2,6,9; 7, = 0.2s, ¢ = 0,3,5; and 7; = 0.25s,
i = 4,7,8. The desired time-headways are h;ges = 0.75, = = 3,4,7,9; hjges = 0.9,
i = 2,05; higes = 1.2, i+ = 1,6,8. The actuation delay is set to D = 0.7 and com-
munication delays are D.;—; = 0.1, ¢+ = 1,4,6; D.;—; = 0.15, = = 5,8; D.;—1 = 0.2,
i = 3; Deimr = 025, 1 = 2,9; and D.;—; = 0.35, ¢« = 7. Following Remark 3.1,
we assume that the communication delay is known. To address steady-state error,
we employ in (3.5) time-headways h; = hgesi — Dcio1 (all by, @ = 1,2,...,9, satisfy
the conditions in Theorem 3.1; see Figure 3.2) and choose o;, = _f—ODC,i_l Vi—1,(8)ds
for all vehicles. Moreover, zero, steady-state spacing tracking errors are achieved as
limyi008i(f) = higesv™, © = 1,2,..., N (see Remark 3.1). We choose control gains
according to (3.83)—(3.85) with p; = %, i = 1,2,...,9 which satisfy the conditions in
Theorem 3.1. Moreover, we consider a scenario in which a,_1(s) =0,s € [-D.;_1,0] and
ui(s) =0,s € [-D — D.;_1,0) for each vehicle i. While we set v;, = 15 (%), i=1,2,...,9
and vy, = 2o = 12 (%), u(s) = 12,5 € [=Dey,0] and v;_1(s) = 15,5 € [=De;-1,0],

5
i =2,..,9; Sy = Ndes,iVip = Ndesi X 1D m, @ = 2,3,...,9, s;, = 16 m. Furthermore, the
leading vehicle performs both deceleration and acceleration maneuvers.
Note that, here, we consider a scenario in which the initial condition for the speed of
the leading vehicle (12 (%)) is smaller than the initial speed of vehicle no. 1 (15 (%)),

i.e., the vehicle immediately behind the leader; while their respective initial spacing is 16
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m. Thus, this scenario may appear in cases in which a vehicle (taking the role of the
leader) cuts in, in front of the platoon (e.g., as a result of lane-changing from an adjacent
lane) at a lower speed and short distance; or when a vehicle in the platoon changes lane
to avoid a slowly moving vehicle in front (that takes the role of the leader after the lane-
changing maneuver). Such a realistic correspondence, between the practical scenario of
a vehicle cutting in the platoon and the simulation test using initial conditions not at
equilibrium (with the leading vehicle having lower initial speed than vehicle no. 1), has
been also considered in, for example, [27] (Scenario 3 in Section 2.2). In addition, the
sharp deceleration maneuver of the leading vehicle in the same scenario (at ¢t = 20 s)
could be also considered as related to a practical scenario of a vehicle changing lane in
front of the leading vehicle with lower speed, thus causing the leading vehicle to decelerate
abruptly. Such a correspondence, between the practical scenario of a vehicle cutting-in in
front of the platoon and the simulation scenario of a sharp deceleration maneuver of the
leading vehicle, has been also considered in, for example, [65] (Scenario 1 in Section 4.1).

As depicted in Figure 3.3, the speed and acceleration responses to these maneuvers by
the leading vehicle exhibit characteristics devoid of oscillations and overshoot. This de-
sirable outcome is attributed to the obtained impulse response positivity and L., string
stability, respectively. These attributes are guaranteed for the corresponding transfer
functions (3.86), subject to the condition (3.87). Furthermore, it is interesting to note
that all states diverged with the nominal control law (3.4) in the presence of actua-
tion/communication delays.

We note that if communication delays are not known exactly then we could still employ
the choices h; = hj ges — lA)m-,l and o;, = — fgﬁc,i—l Vi—1,(s)ds, with an estimate DCJ,l of
D, ;1. It is anticipated that steady-state, spacing tracking errors would remain small.
The only case in which steady-state spacing errors would be large is when D, ;_; are both

completely unknown and large which, in practice, may not be as realistic.
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Figure 3.3: Acceleration (top), speed (middle), and spacing (bottom) of ten vehicles,
with dynamics described by (3.1)—(3.3), where D = 0.7, 7, = 0.1s,i = 1,2,6,9; 7, = 0.2s,
1 = 0,3,5 and 7; = 0.25s, i = 4,7,8, following a leader that performs an accelera-
tion/deceleration maneuver, under the CACC laws (3.5), where D.;—; = 0.1, i = 1,4, 6;
Dc,i—l = 0]_5, 1= 5,8, Dc,i—l = 02, 1= 3, Dc,i—l = 025, 1= 2,9, and Dc,i—l = 035,
t = 7. The desired time-headways are h; ges = 0.75, ¢ = 3,4,7,9; hjges = 0.9, © = 2,5;
hides = 1.2, ¢ = 1,6, 8; while control parameters are chosen according to (3.83)(3.85)

with p; = %15 and h; = h; des — Dc,i—1. Initial conditions are v;, = 15 (%), 1=1,2,...,9,

4u; . . .
vy = 50 = 12(2); si, = higesip = higes X 15 m, i = 23,9, 51, = 16 m;

Tiy = — f_ODC ., Vi—1,(s)ds and uy = 0, for 1 = 1,2,...,9.
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3.5.2 Predictor-Feedback without Compensation of Communi-

cation Delay

In Figure 3.4 we show the response of the heterogeneous platoon of ten vehicles under the
predictor-feedback CACC law from [44] for system (3.1)—(3.3) that are given by

TiO _

u(t) = T%gl(t) — 7l + b3) @i (t) + TibiGi 3(t) + TiciGia(t), (3.88)
~ t t
cjl(t) = eFiDi’i (t) + /t—D er"'(t_e)Biﬂi(Q) do + /th eFi(t_e)Bliﬂi_Lm(@) d@, (389)
where
G S;
qz’,2 U;
G =|G3|, Ti=| v |- (3.90)
Gi,a a;
1G5 | | Gi—1,m |

Control law (3.88) aims at only input delay compensation, but does not address commu-
nication delay. String stability under (3.88) is robust to the presence of small communi-
cation delay, as it is shown in [44]. We consider the scenario in which 7;, D, and D.; 4
are the same with Section V-A and the desired time-headways are h; = 0.75, 1 = 3,4,7,9;
h, = 0.9, ¢« = 2,5; and h; = 1.2, + = 1,6,8. We choose control gains according to
(3.83)—(3.85) with p; = %f, 1 =1,2,...,9, which satisfy the stability and string stability
requirements when D.; ; = 0 (see Figure 1-top in [44]). Since we consider the same
scenario with Section V-A we choose identical initial conditions for a;, v;, u;; while we
set the initial spacing for i = 2,3, ...,9 to the corresponding equilibria for this this case,
namely, s;, = h;v;,, = h; X 15 m, and set s;, = 16 m. The respective responses are, in
general, more oscillatory. In addition, the response of vehicle 7 is string unstable, for
the given values of hy and D.g (see Figure 3 in [44]), which results in overshoot in the

respective response to leader’s maneuvers.
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Figure 3.4: Acceleration (top), speed (middle), and spacing (bottom) of ten vehicles,
with dynamics described by (3.1)—(3.3), where D = 0.7, 7, = 0.1s,i = 1,2,6,9; 7, = 0.2s,
1 = 0,3,5 and 7; = 0.25s, i = 4,7,8, following a leader that performs an accelera-
tion/deceleration maneuver, under the CACC laws in [44] (see also (3.88)—(3.90)), where
Dc,i—l = 01, 1= 1,4,6, Dc,i—l = 015, 1= 5,8, Dc,i—l = 02, 1 = 3, Dc7i—1 = 025,
t=2,9;and D.;_; = 0.35, i = 7. The desired time-headways are h; = 0.75, i = 3,4,7,9;
h; =0.9,1=2,5; and h; = 1.2, ¢« = 1,6, 8; while control parameters are chosen accord-
ing to (3.83)—(3.85) with p; = % Initial conditions are v;, = 15 (%), 1 =1,2,...,9,

o =12(™); 85 = havyy = hy x 15 m, i = 2,3,...,9, 51, = 16 m; and u;, = 0, for

V1, s

i=1,2,..,09.
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3.5.3 Validation with NGSIM Data

In Figure 3.5 we present the results of applying the predictor-feedback CACC law of
Section V-A on NGSIM dataset. We extract reconstructed data from [37] to demonstrate
the controller’s performance in real maneuvering of the leading vehicle, considering that
the leading vehicle’s trajectory is taken from the real trajectory of vehicle no. 1601.
This vehicle’s trajectory is selected because it involves interesting dynamics with several
acceleration/deceleration cycles. In fact, NGSIM data involve vehicles’ trajectories that
are taken from traffic in heavily congested conditions [37]. Indeed, from Fig. 5 (top and
middle plots) it can be observed that the leading vehicle’s (and thus, also the rest of the
vehicles’) trajectory features oscillations, as result of appearance of stop-and-go waves
(evident in congested traffic flow); while its speed varies between around 15 (%) and
4 (%) (also a feature of congested traffic flow conditions).

We consider a heterogeneous platoon of five vehicles in order to make the numerical ex-
ample more accessible and to more clearly illustrate the benefits of (3.5) in more practical
scenarios. One difference from Section V-A is the predictor-feedback law for the first vehi-
cle. Because we assume that the leading vehicle’s dynamics satisfy ©(t) = w(t — D) (and
not the third-order system (3.1)—(3.3)) we have to modify slightly the predictor-feedback
law for the first vehicle. In this case, for implementation of the predictor-feedback law,
we set u)(s), s > 0, using the practical command data, which are obtained from NGSIM
dataset and we also set uj(s) = 0, for s € [-D — D.,0). Furthermore v, is computed
from the model () = w(t — D), where w(t) = a(t), t > 0, and a;(t) are the NGSIM
values of acceleration. This scenario could correspond to a case of a leading vehicle that
is connected/automated or only connected, in which the control input commands wu,(t)
(desired acceleration) affect the vehicle with a delay D; while these commands are trans-
mitted to the following vehicle with communication delay D.,. We also note here that
we do not validate the design in scenarios in which, for example, the leading vehicle’s
dynamics satisfy ,(¢t) = w(t). The reason is that, because the leading vehicle’s dynamics
in such a case would not involve input delay, one would have to properly modify the
predictor-feedback law for vehicle i = 1, for obtaining an implementable formula for the
predictor state of v;. This could be done, for example, as in [36], assuming constant speed
for the leader. We do not investigate this scenario here, because this would imply that
we also validate the design in such type of model mismatches, rather than validating it
only accounting for real, leading vehicle’s trajectories, which is our current scope here.

In this scenario we consider a case in which 7, = 0.1s, ¢ = 1,4; 7; = 0.2s, 1 = 0,2;
and 7; = 0.25s, © = 3. The desired time-headways are h; ges = 1.2, @ = 1,4; h; ges = 0.75,

i = 2,3. The actuation delay is set to D = 0.7 and communication delays are D ; 1 =
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0.1, ¢=1,3,4 D.;—1 = 0.2, ¢« = 2. Following a similar approach to Section V-A, we
assume that the communication delay is known, so we employ in (3.5) time-headways
hi = haes;i — Dei—1, @ = 1,2,3,4 and choose o;, = _f_ODc,i—l v;—1,(s)ds for all vehicles
to address steady-state spacing error. Moreover, we choose control gains according to
(3.83)—(3.85) with p; = %f, i = 1,2,3,4, which satisfy the conditions in Theorem 1.
We set a;(s) = 0,s € [—=D.;-1,0] and u;(s) = 0, s € [=D — D;-1,0) for vehicles i =
1,2,3,4. While we also set v;, = 20 (%), 1 =1,2,3,4 and v, = 14.9 (%) (to match
the initial speed of vehicle 1601 from NGSIM data); v(s) = 14.9,s € [—D.,0] and
vi—1(8) = 20,8 € [—Dci-1,0], i = 2,3,4; Siy = NdesiViy = haesi X 20 m, ¢ = 2,3,4,
S1, = 22 m. Figure 3.5 illustrates that the performance of the predictor-feedback CACC

law with integral action (3.5) is preserved even in more realistic traffic scenarios.

3.6 Chapter Conclusions and Related Publications

In the present chapter, we design a predictor-feedback CACC law with integral action,
which achieves simultaneous actuation and communication delays compensation. We
consider heterogeneous platoons with vehicles whose dynamics are described by a linear,
third-order model with delayed actuation. The control design developed achieves string
stability with respect to speed errors propagation, individual vehicle stability, and zero
steady-state tracking errors. We provide constructive proof strategies that rely on a
combination of an input-output approach and on deriving explicit solutions of the closed-
loop systems. We demonstrate numerically the string stability conditions obtained and
we provide simulation results for a platoon of ten vehicles, considering a realistic scenario
of a vehicle cutting in the platoon and performing acceleration/deceleration maneuvers.
We also validate the performance of the design developed in simulation, using real traffic
data to describe the trajectory of the leading vehicle.

This chapter is an adaptation of material appearing in

A. Samii and N. Bekiaris-Liberis, “Simultaneous compensation of actuation and com-
munication delays for heterogeneous platoons via predictor-feedback CACC with integral
action,” IEEE Transactions on Intelligent Vehicles, vol. 9, pp. 5618-5630, 2024.

A. Samii and N. Bekiaris-Liberis, “Simultaneous compensation of actuation and com-
munication delays for heterogeneous platoons via predictor-feedback CACC with integral

action,” Furopean Control Conference, Stockholm, 2024.
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Figure 3.5: Acceleration (top), speed (middle), and spacing (bottom) of five vehicles,
where D = 0.7, 7, = 0.1s, 1 = 1,4; 7, = 0.2s, i = 0,2; and 7; = 0.25s, © = 3, following a
leader whose trajectory is obtained from the trajectory of vehicle no. 1601 in the NGSIM
data, under the CACC laws (3.5), where D.,—1 = 0.1, i = 1,3,4; D.;—1 = 0.2, i = 2.
The desired time-headways are h; ges = 1.2, © = 1,4; h;qes = 0.75, © = 2, 3; while control
parameters are chosen according to (3.83)—(3.85) with p; = %f‘ and h; = hjdes — De,i—1,

with o5, = — [p_ . vi_1,(s)ds. Initial conditions are v;, = 20 (%), i=1,2,3,4, v, =

14.9 (m) Sip = hidestiy = higes X 20 m, i = 2,3,4, s1, = 22 m; and u = 0, for
i=1,2/3,4.



Chapter 4

Numerical Investigation of
Head-to-Tail String Stability and
Performance of Predictor-Based
ACC in a Mixed Traffic Scenario

We illustrate the performance of predictor-based adaptive cruise control (ACC) with in-
tegral action in a scenario of traffic consisting of both ACC-equipped and human-driven
vehicles. We consider a linearized optimal velocity model (OVM) with input delay for
human-driven vehicles, while for the ACC-equipped vehicle we consider linear, second-
order dynamics with input delay. We demonstrate that a single ACC-equipped vehicle,
located at the tail of the platoon, under the predictor-based ACC law, is capable of guar-
anteeing head-to-tail string stability, despite the presence of input delay and the string
unstable behavior of the human-driven vehicles. We further analyze numerically the ef-
fect of the tuning parameters of the ACC law to three metrics quantifying performance
in terms of fuel consumption, safety, and comfort, providing recommendations for their
choice. The ACC law also guarantees individual vehicle stability and zero steady-state
tracking errors, which is demonstrated in simulation, considering a platoon of four vehi-

cles.

4.1 Chapter Organization

The outline of the chapter is as follows. Section 4.2 presents the model of mixed traffic

platoons considered and the actuation delay-compensating predictor-based design with

integral action. In Sections 4.3 and 4.4, we discuss stability, string stability, and head-to-
46
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tail string stability of the platoon. In Section 4.5 we present numerical experiments for
validation of the head-to-tail string stability guarantees. Simulation results along with
numerical investigation of the performance of the platoon are presented in Section 4.6. In

Section 4.7 we provide concluding remarks.

4.2 Predictor-Based ACC for Mixed Traffic

In this chapter, we consider the scenario of a heterogeneous platoon, as shown in Fig-
ure 4.1, in which the vehicles follow each other on a single line without overtaking. The
traffic consists of human-driven vehicles and automated vehicles that are equipped with
ACC system. The dynamics of the automated vehicles are governed by a linear, second-
order model with delayed actuation, while the OVM is employed as a model for car-
following dynamics of the human-driven vehicles. Automated vehicles can measure their
own speed, as well as the relative speed and the spacing with respect to the preceding

vehicle.

N N-1 2 1 1
UN  *355* wN-1 v YT v Yo
ACC HV HV HV HV

Figure 4.1: Platoon of N + 1 heterogeneous vehicles following each other on a single
lane without overtaking. The platoon contains human-driven vehicles and an automated
vehicle, equipped with an ACC system, at its tail.

4.2.1 Automated Vehicle Model and Nominal Delay-Free Con-
trol Design

Automated vehicle dynamics

The dynamics of the automated vehicle are modeled by the following second-order, linear

system with actuator delay (see, e.g., [7], [20])

SN(t> = UN,1<75) — ’UN(t), (41)
’UN(t> = ’U,N<t — D), (42)
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where sy = xny_1 — 2y — [ and zy is the position of vehicle N, [ is its length, vy is vehicle
speed, uy is the individual vehicle’s control variable, D > 0 is input delay, and t > 0 is
time.

Nominal control design

Without input delay, the ACC laws with integral action are constructed as follows

UN(t) = kLNSN(Zf) + kgyNO'N(t) -+ k37NUN(t), (43)
o (t) :thsN(t) ~on(b), (4.4)

where the control gains ki n, ko n, ks n are yet to be chosen and hy > 0 is desired

time-headway.

4.2.2 Predictor-Based ACC Design with Actuator Delay

The predictor-based control laws with actuation delay compensation for system (4.1),

(4.2) are given by

un(t) =k1,nq1,N + k2,NG2,N + k3N G3.N (4.5)
t
g (t) =e"Pan (t) + / D By (6)d, (4.6)
t_
where
0 —1
. = ' 47
FN—E 0 —1 ,IN—[SN ON UN} s ( )
0 0
T T
By = [O 0 1} ydN = [QLN q2,N Q37N} . (48)

One should notice that the control law (4.5) is suitable for autonomous operation since
it employs only measurements of the current spacing sy and speed vy, as well as of the
past D-second history of the control variable uy, which are available to vehicle N using

on-board sensors.
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4.2.3 Human-Driven Vehicle Model

Here, we consider the linearized OVM for vehicles following human behavior (see, e.g.,

[20], [31])

(1) = visa (t) — v,(b), (4.9)
0,(t) = wi(t — Dy), (4.10)

where

qmw:m<%?—w@>+m@4@—w@» (4.11)

such that «; > 0, b; > 0, and D;, > 0. Note the two feedback actions of human behavior
in (4.11), namely a proportional action depending on the spacing error and a derivative
action depending on the relative velocity. In addition, D represents time delay that

encompasses the actuation delay of the vehicle’s dynamics and the driver’s reaction time.

4.3 Head-to-Tail String Stability of Mixed Traffic

In this section, we study the head-to-tail string stability of the platoon shown in Figure 4.1.
The analysis is performed in the Laplace domain, deriving a transfer function associated
with the responses of each vehicle of the platoon, starting from the leader, all the way
through the ACC vehicle, see, e.g., [19]. With the transfer function G;;,—1 = %, we
relate the speed errors of vehicle ¢ and i — 1. The transfer function between human-driven
vehicle ¢ and preceding human-driven vehicle ¢ — 1 is given by

(bis + %) e Dns

Gi i—1\S) = . 4.12
+-1(5) 52 + ((ai +b;)s + %) e Dns (12)

The transfer function between automated vehicle N and preceding human-driven vehicle

N — 1 is given by

(038 1)

h ke hn(ki,n+k2, N '
hy o3 _ NE3N o2 4 ( )s—l—l
ka2, N k2, N ka N

GN7N_1(8) = (413)
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In that context, the overall speed response of the platoon from vehicle [ to vehicle N gives

the head-to-tail transfer function Gy as
GN(S) = H Gm_l(s). (414)

Transfer functions (4.12) and (4.13) are derived as follows. Taking Laplace transform of
i-th vehicle’s model (4.9), (4.10) we obtain

SZ(S>

Vi(s) Vici(s). (4.15)

1
_ | | ,-sD
= [ h ]e "Ui(s) +

Using (4.11) we arrive at

Uils) = o (Si,f? - vm) £ b (Via(s) = Vi(s)) (4.16)

Hence, substituting (4.16) in (4.15) we derive VE, which gives (4.12). Furthermore,

taking Laplace transform of the predictor states (4.6) we get
Qn(s) = e""P X (s) + My(s)Un(s), (4.17)
where
My (s) = (slsxs — Tn) ™" (Isxs — e™Pe*") By (4.18)
Using (4.7), (4.8), and (4.18), we get
MN(S) = [Mll,N(S) M21,N(5) M31,N(S)}Ta (4-19)

where

My n(s) = = e (4.20)
(e=*P —1)(hys+1) De 5P De*P(D + 2hy)
M. = 4.21
21,N(8) thg + hN82 + QhNS ) ( )
e s —1
Msi n(s) = — ———. (4.22)
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Using control laws (4.5), together with (4.17)—(4.22), we get

k ko ND k ko nD(D + 2h
Un(s) = <k1,N 42N 2N > Sn(s) — (kl,ND + QS’N + 2k ( v) — k3,N>

hNS hN 2hN
x V(s) + gn(s)Un(s), (4.23)
where
gn(s) Zk’LNMn,N(S) + k‘Q,NMm,N(S) + ks,NM31,N($)- (4.24)

Hence, using (4.1), (4.2), and (4.23) we arrive at (4.13).

4.4 Stability and String Stability

4.4.1 Automated Vehicles

Stability: From (4.13), we can derive that there exists choice of control parameters k; y,
kon, ks that leads to asymptotic stability. One can see this by matching the denomi-
nator of (4.13) with any desired third-order polynomial of the form (71 s + 1)(Tons +
1)(T5 s+ 1), where Ty y > Toy > T x > 0. The parameters ky n, ko n, k3 n can be

chosen as

:Tl,N +Ton +T3n — hn

k , 4.25
Ly Ty NToNT3 N ( )
h
ky = 4.26
2N Ty NToNT3 N ( )
S TiNTo N + Ty NT3 N +ToNTs N (4.27)
. TinTonTsn ‘ '

String stability: String stability, with respect to transfer function (4.13), in £,, p €
[1,400], is established by properly selecting the parameters 71 n, To v, T3 n. As inferred
from [7], the validity of string stability is confirmed when the following conditions hold

D—hN+T27N+T37N <0, (4.28)
D_hN“‘Tl?N‘FTS,N > 0. (429)

Conditions (4.28), (4.29) can be satisfied by an appropriate choice of Ty y > Ton >
T5n > 0 when D < hy. Note that string stability with respect to (4.13), is a necessary
condition for head-to-tail string stability.
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4.4.2 Human-Driven Vehicles

Stability: For transfer function (4.12) we choose the human behavior parameters as
a; = 0.12h;, b; = 0.4, h; = 5/3 (see, e.g., [31]) and D, = 0.8 (see, e.g., [20]), which
ensures stability of (4.12) [19].

String stability: For string stability a worst-case scenario is considered (see Figure 4.2),
in the sense that each human-driven vehicle behaves in a string unstable manner and
amplifies speed perturbations. In particular, |G;;—1(jw)| > 1, at some w; > 0, with

maximum |G;;_1(jw;)| =~ 1.048, for all 1.

1.2

IGii 1 (jw)]

Figure 4.2: The norm |G; ;1 (jw)| of (4.12), which shows each human-driven vehicle string
unstable behavior.

4.5 Numerical Investigation of Head-To-Tail String
Stability

In this section, we numerically analyze the head-to-tail string stability properties of the
closed-loop systems, using (4.14). We consider a mixed traffic platoon with one automated
vehicle, as the last vehicle in the platoon, and three homogeneous human-driven vehicles,
to make the numerical example more clear without distracting the reader with definitions
of various numerical parameters. For the three human-driven vehicles with second-order
dynamics given by (4.9)-(4.11), we consider the parameters that are described in Sec-

tion 4.4.2; for the automated vehicle with second-order dynamics given by (4.1), (4.2),
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4/3. To numerically an-

under (4.5), (4.6) we consider a case in which D = 0.4, h;

alyze the head-to-tail string stability properties of the closed-loop system, we illustrate

the impact of the control parameters 7 y, 15 n, 15 n. In the top plot of Figure 4.3, we

o.n > 0 and

as a function of 0.2 > T:

show the values of sup,, |Gy (jw)|, defined in (4.14),

0.1. These choices are made to simplify the initial selec-
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Figure 4.3: The values of function sup, |Gy (jw
(4.14). Top: sup,, |G(jw)| as a function of Ty 5 and 17 n,

N =5.

sup,, |G(jw)| as a function of T3 5 and T y, with fixed T}

tion of control parameters, ensuring the satisfaction of (4.28), (4.29). The red line shows

the distinction between head-to-tail string stability and instability. In the same manner,

N > 0, and 0.5 > T27N > 0,

37
5, which corresponds to a value of 7} x that allows for larger varia-

as function of 0.5 > T:

the bottom plot shows sup,, |Gy (jw)|

with fixed T}

7N =

tions of T, n, without violating head-to-tail string stability. Note that in the mentioned

case, due to the homogeneity of the human-driven vehicles, increasing or decreasing the
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number of human-driven vehicles deteriorates or improves head-to-tail string stability,

respectively, which is consistent with the findings in [20].

4.6 Simulation and Optimal Choice of Controller Pa-

rameters

This section demonstrates numerically the performance of predictor-based ACC with in-
tegral action (4.5), in the scenario of mixed platoon of Section 4.5. We consider a case
with human-driven parameters as in Section 4.4.2; along with the range of automated ve-
hicle parameters indicated in Section 4.5. In the simulation investigation, we consider the
initial conditions such that the platoon, apart from the leader, operates at equilibrium.
That is, we consider a scenario in which uy(s) = 0, s € [=D, 0], for the automated vehicle
and u;(s) =0, s € [—=Dy,0], © = 1,2, 3, for the human-driven vehicles. In particular, we
set o3, = —_”NkZ’NDZ_2k1’N§LSJ’VVI;;2]51‘NSNhN+2k3’NsN (so that uyn(0) = 0), v;, = 21(™) for
i =1,2,3 and vy, = 18(2); 55, = hivi, = 2 x 21 (m) for i = 1,2 and sy = 5 X 21 (m).

Furthermore, v is computed from the model ©,(t) = (), t > 0, where q; represents the

acceleration of the leader, acting as exogenous input. The leading vehicle performs both
deceleration at (¢ = 20 s) and acceleration at (¢ = 50 s) maneuvers. Subsequently, for the
purposes of selecting control parameters 77 n, 15 n, 15 y and of performance evaluation
we consider the following three practical indices (see, e.g., [2], [34], [51])

a) fuel consumption:

Jrnel = ; /0 i), ai(t)) dt, (4.30)
B+ BaLir, (vit), ai(t)) vi(t)

Ji = +Bsvi(t)a(t), if Rp >0 (4.31)
B, if Ry <0,
Ry, = Ba+ Bsvi(t) + Bsai(t), (4.32)
b) safety:
3 T
Jsafety = Z/ i (si(t), vi(t), vica(t)) dt, (4.33)
i=170

j o ima () — i)™, i vina(t) S wilt) | (4.34)

0, otherwise
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c¢) comfort:

3. /T
Jcomfort = Z/ a'z(t>2 dt. (435)
i=1"0

In this context, we set 7" = 100 s, and the parameters of (4.30)-(4.34) are shown in
Table 4.1. Note that changing the values of control parameters only affects the defined
costs for the ACC vehicle. For the human-driven vehicles, these changes do not have any
effect on their costs. Therefore, the ACC vehicle costs determine the characteristics of

the whole platoon costs.
Table 4.1: Parameters of Fuel Consumption and Safety Indices (4.30)—(4.34)

Parameter | (3 Ba B3 B4 Bs Bs
Value 0.666 | 0.0717 | 0.0578 | 0.527 | 0.000948 | 1.68

In order to minimize the fuel consumption, safety, and comfort metrics of the platoon,
we employ a numerical approach. More specifically, an exhaustive search is utilized to
identify the optimal values of the control design parameters ki y, ko n, and ks n. In this
direction, Figure 4.4 shows the three metrics as a function of 3 < 71y < 8 and 0 <
T, n < 0.2, while keeping T3 y fixed at 0.1, i.e., within the specific ranges corresponding
to the top plot of Figure 4.3, since our objective is to ensure head-to-tail string stability,
while improving performance. Note that among control parameters, T} y is the parameter
corresponding to the dominant pole of (4.13). Consequently, changes in the value of T} y
have a significant impact on system performance. The top plot of Figure 4.4 illustrates
that the optimal fuel consumption cost is observed when 7} x and 75 5 are minimized,
within the allowable range that guarantees head-to-tail string stability. Furthermore,
the top plot of Figure 4.4 shows that increasing 7T} y deteriorates fuel consumption. This
observation is consistent with the fact that increasing 77 y leads to a decrease in rise time,
corresponding to the transfer function (4.13) and parameters (4.30)—(4.35), which implies
more aggressive response. The middle plot of Figure 4.4 indicates that the optimal value
for safety cost is attained when 7} y is at its maximum value. This result is consistent with
the observation that increasing 7T y reduces rise time, which implies that the automated
vehicle can react more quickly to maneuvers of the preceding vehicle. The bottom plot
of Figure 4.4 demonstrates the trade-off between improved comfort (for small 7} y) and

improved safety (for large T y).
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Figure 4.4: The values of the three metrics (4.30), (4.33), and (4.35) as function of
3<Tiny <8and 0 < Ty <0.2, while keeping T3 y fixed at 0.1. Top: Fuel consumption
cost. Middle: Safety cost. Bottom: Comfort cost.
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In order to have optimal/allowable choice based on Figure 4.3 and Figure 4.4 we set
T'y =52, Toy = 0.1, and T3y = 0.1. We choose the middle value for T; x within
the allowable range (see Figure 4.3) to effectively balance all associated costs. Figure 4.5
illustrates that the selected control parameters for the tail vehicle equipped with an ACC
system maintains head-to-tail string stability. However, three human-driven vehicles ex-

hibit string unstable behavior within the platoon.

1.2 '
——|Giim1(jw)|
= — |GN,N71(]'W)|

1 \ |G (jw)l
0.8
L
=
2
S o06f
>
=
=

0.4 r

0.2r

0 :
0 1 2 3 4 5

w

Figure 4.5: Norms |G, ;1 (jw)| of (4.12), |Gy n—1(jw)| of (4.13), and |Gy (jw)| of (4.14).

In Figure 4.6 we show the respective responses of vehicles 1 and 2, which are string
unstable (see Figure 4.2), together with the response of vehicle 3, equipped with an ACC
system, which maintains string stability. The respective response from the leader to the
ACC vehicle exhibits overshoot, although Lo head-to-tail string stability is preserved (see
Figure 4.5).
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Figure 4.6: Acceleration (top), speed (middle), and spacing (bottom) of three vehicles,
following a leader that performs a deceleration/acceleration maneuver. Vehicles 1 and
2 are human-driven, while vehicle 3 is equipped with ACC. The initial conditions and
model/controller parameters are given in Sections 4.4-4.6.
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4.7 Chapter Conclusions and Related Publications

In the present chapter, we demonstrated the performance of predictor-based ACC in a
mixed traffic scenario consisting of both ACC-equipped and human-driven vehicles. We
considered a linearized OVM with input delay for human-driven vehicles, while for the
ACC-equipped vehicle we considered linear, second-order dynamics with input delay. We
numerically showed that a single ACC-equipped vehicle located at the tail of the platoon
is able to guarantee head-to-tail string stability even in the presence of string unstable
human-driven vehicles. We also presented thorough numerical analysis of the impact
of the tuning parameters of the ACC law on three metrics quantifying performance in
terms of fuel consumption, safety, and comfort. Moreover, simulation results, considering
a platoon of four vehicles, utilized to validate both head-to-tail string stability and an
efficient choice provided for the controller’s parameters.

This chapter is an adaptation of material appearing in

A. Samii, P. Karafotis, and N. Bekiaris-Liberis, “Numerical investigation of head-to-
tail string stability and performance of predictor-based ACC in a mixed traffic scenario,”

Mediterranean Conference on Control and Automation, Chania, Greece, 2024.



Chapter 5

Predictor-Based CACC Design for
Heterogeneous Vehicles with

Distinct Input Delays

We develop a predictor-based cooperative adaptive cruise control (CACC) design for pla-
toons with heterogeneous vehicles, whose dynamics are described by a third-order lin-
ear system subject to actuators delays, which are distinct for each individual vehicle.
The design achieves individual vehicle stability, string stability, and zero, steady-state
speed /spacing tracking errors, relying on a nominal, constant time headway (CTH)-type
CACC design that achieves these specifications when all actuators’ delays are zero. This
is achieved owing to the delay-compensating mechanism, of the CACC law introduced, for
long delays and despite the fact that each vehicle’s dynamics are subject to different in-
put delays, which makes the available predictor-feedback CACC designs inapplicable. The
proofs of individual vehicle stability, string stability, and regulation rely on employment
of an input-output approach on the frequency domain. We present consistent simulation
results, including an example in which we employ real traffic data for the trajectory of
the leading vehicle and an example via which we compare the performance of our design
with the existing, predictor-feedback CACC and predictor-based ACC laws. In addition,
we study numerically the robustness properties with respect to string stability of our
predictor-based CACC design to (uncertain) communication delays. Thus, our numerical
results validate the performance of the design in realistic scenarios and as compared with

related, existing control laws.

60
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5.1 Chapter Organization

The outline of the chapter is as follows. Section 5.2 presents the model of heterogeneous
platoons considered and the actuation delay-compensating predictor-based design. In
Section 5.3, we state our main result, which is vehicle stability and string stability under
the CACC law developed. In Section 5.4 we present numerical results for validation of
the theoretical guarantees. Simulation results are presented in Section 5.5, including an
example with real traffic data and comparisons with related, existing control laws. In
Section 5.6 we study robustness of string stability of our predictor-based CACC design

to communication delays, and in Section 5.7 we provide concluding remarks.

5.2 Predictor-Based CACC for Heterogeneous Pla-

toons with Distinct Actuator Delays

5.2.1 Vehicle Model and Nominal Delay-Free Design

a) Vehicle dynamics: We consider a heterogeneous string of vehicles (see Figure 5.1) each
one modeled by the following third-order, linear system with distinct actuator delays that
describes vehicle dynamics (see, e.g., [44], [57], [58])

55(8) = via () — vi(D), (5.1)
a(t) = as(t), (5.2)
a(t) = — 71(11»(7:) + Tliui(t Dy, (5.3)

where D; > 0,4 =1,..., N, are input delays, and ¢ > 0 is time.

b) Available measurements: For the platoons considered here the measurements avail-
able to the ego vehicle 7 are its own spacing s;, speed v;, acceleration a;, and control
input u;, as well as the speed of the preceding vehicle v; ;. It is possible to obtain this
information through on-board sensors. Furthermore, the control input of the preceding
vehicle, as well as its acceleration and speed (typically not required) are also available
and are denoted by u;_1, a;_1, and v;_; respectively. These measurements are transmitted

from the preceding vehicle, through V2V communication, see, e.g., [30,47,56].
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Figure 5.1: Platoon of N 4 1 heterogeneous vehicles following each other in a single
lane without overtaking. The dynamics of each vehicle ¢ = 1,..., N are governed by
system (5.1)—(5.3). Each vehicle can measure its own speed, the relative speed with the
preceding vehicle, and the spacing with respect to the preceding vehicle. The control
input and acceleration of each vehicle is communicated to the following vehicle via V2V
communication.

c) Nominal control design: Without input delay, the following control strategy is

constructed (see, e.g., [1,11])

w;(t) = moy (S;S) — vi(t)> + Tibi(vi_1(t) — vi(t)) + Tici (ai—1(t) — a;(t)), (5.4)

where o; > 0, b; > 0, and ¢; > 0 are design parameters, and h; > 0 is time-headway.

5.2.2 Predictor-Based Control Design for Compensation of Dis-
tinct Actuation Delays

The predictor-based control laws for system (5.1)—(5.3) are given by

187}
ui(t) = %Qi,l(t) — Tl + b:)qio(t) + Tibiqi3(t) + Tici (¢is(t) — qia(t)), (5.5)

t t
Gi(t) = "D (1) + / el (=0) By, (8) df + / CLiHDi=0-Di) B 0y (G) df, (5.6)
t—D; t—D; 1

where

T T
Qi:[Qi,l Q2 i3 Gia C]z’,s] y i = [Si UV V-1 Q4 aifl} ) (5‘7)
Bi=[o oo Lo Bu=[0o000 L], (5.8)

Ti—1
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0 -1 1 0 0
0 0 0 1 0
;=0 0 0 O 1 (5.9)
00 0 —= 0
0 0 0 0 —z]

The feedback law (5.5) is the predictor-based version of (5.4), which relies on the design

for general linear systems from [53] (see also [3]).

5.3 String Stability Despite Distinct Actuation De-
lays

To state our main result we need to first define the following functions

1 2 (67 Q;
pi = (Ci + Tz) —2(a; +b;) — (hiTi—l (Di = Di—q) + biTio — h—in_l

_ (Di=D;1) . 2
+e Ti-1 <2¥l7’i2_1 — biTi_1 + CZ>> , (510)
i 2 2q; (1 i
Y = (0 + b;)* — <(Dz = Di1) 2y bi> - = ( +¢— (aTi—l (D — Di—1)
. _(Di=D; ) )
+biTi—1 - % 7;2_1 +e Ti—1 <Z’LT2‘2—1 — biTi—l + C2>>> . (511)

Theorem 5.1: Consider a platoon of vehicles with heterogeneous dynamics modeled by
(5.1)—(5.3), under control laws (5.5) with (5.6)—(5.9). For any D; > 0, i = 1,..., N, the
platoon is Ly string stable with respect to speed errors propagation provided that the

following conditions hold for ¢ = 1,..., NV:

1
~ e >0, (5.12)
Ti
1 Q;
- . R S 1
(+e) @+t >0 (5.13)

along with

dy; — B2 > 0, (5.14)
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or
4y — 57 <0, (5.15)
with
Bi >0 and ~; >0. (5.16)

Furthermore, for a constant leading vehicle’s speed, zero, steady-state, spacing and
speed tracking errors are achieved.

Remark 5.1: The first two conditions of Theorem 5.1 come from the Routh-Hurwitz
criterion and they are a prerequisite for string stability of the platoon. While the remain-
ing two conditions are derived from the string stability criterion with respect to speed
errors propagation.

Proof of Theorem 5.1: In order to study stability and string stability of speed errors

propagation, we first compute the transfer functions

Gi(s) = — i=1,..,N, (5.17)

viewing as input the preceding vehicle’s speed and as output the current vehicle’s speed.

Taking Laplace transform of the predictor states (5.6) we get

Qz<8) = eFiDiXZ'(S) -+ MlJ(S)Ui(S) -+ Mz’i(S)Uifl(S), (518)

where
M i(s) = (sl5x5 — 1) 7! <I5X5 — eFiDie’SDi) B, (5.19)
MQ,i(‘S) = (SISX5 - Fi)il (I5><5 - eFiDi*leisDFl) eFi(DiiDi*l)Bu. (520)

Using (5.8), (5.9), (5.19), and (5.20) we get

s —1 1 — STZH - s*r;ri_11+1
0 s 0 N 0
B 1 sTi+1 o
(sTsx5 =T) " =5 |0 0 0 Sl (5.21)
527
0 0 sTi+1 20
-0 0 0 STi—Z;i}l J
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and

Mu(S):[Mu,i(S) M1 ;(s) 0 My (s) O}Ta (5.22)

)

M2i<3):{m117i(8) 0 msii(s) O m517i(s)}T, (5.23)

? ’

where

—2i D 9 =i 2
Ti — Tie T ) e’ "(Tie i +Dﬂ'¢—7’i>

_D;
T (e e sDi 1)

e—SDl' <
My 1(8) =

’ s27; * ST * s?ri(sm+1) 7
(5.24)
—D. ;DZ D
e*SDi(T- _ e 7/) T; (e Tioe Y — 1>
M i S) = — ! ¢ — 5 525
21,i(s) ST; sti(sT + 1) ( )
—D:
e esDi 1
M41,7;(5) = - T; (5-26>
e—sDi-1 _1q Di_le*SDifl —(Di=D;i_1) —(Di=D;_1)
mii(s) = — 5 + S5\ Ti-1 — Ti—1e 7! —e
S“T;—1 STi—1
—Di_1 —Di_1
e sPi-1 (Tz‘—1 — Tj_1€ Tl ) e~ 5P (7}216 et + D T — 7'@'21>
X 5 +
S°Ti—1 STi—1
_Diza
Ti—1 (e_SDi‘le Ti-l — 1> <est¢—1 — 1)
+ 52 (STl;l + 1) B STi—1
—(Pi—D;i_1)
x (1746 1 4+ DT — DiaTion— T (5.27)
D —(Di—D;_1)
(e*S e 1) Ti1 = Tim1€ o —(Di—D;_1)
may(s) = — p— —e il
—Dj_1 —Dj_1
e_SDi—l (’7’1‘1 — T;j_1€ Tt > Ti—1 (e Ti—1 e_SDi—l — 1)
X + , 5.28
STi_1 STi_l(STi_l + 1) ( )
~Di—Dj_4 —Dj_1(smi—1+1)
e Ti—1 (e Ti—1 — 1)
m51,i(s) = — . (529)

ST;—1 + 1
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Using the i-th vehicle’s model (5.1)—(5.3) we obtain

A —1
Vi(s) | = (sTsxs — ) 0| e™PUi(s) + 0] Viea(s) |, (5.30)
where
0 -1 0
=10 o 1], (5.31)
00 —=
and hence,
Si(s) ey s
Vils)| = | somsm e *Pil;(s) + 0] Viii(s). (5.32)
AZ(S) ST¢1+1 0

Using control laws (5.5), together with (5.18)—(5.29), we get

e D;Tici; D;Tici;
Uz(S) = ThOé Sz(S) — (Ti(ai + bz) -+ }:.a ) V;(S) -+ (lez -+ }71"05 ) ‘/;71<8)
2 ;Dl ' —D; T’La’L 7Dl7l
+ <—7’Z~cz~e i —1i(0y +b;) (Ti —Te T > s (nge i+ DT — 7'3)) A;i(s)
—-D; —Di T [ o =P 2
+ (TiCz‘e T+ Tib; (Ti—l - Ti—le”1> + » (Tz‘1e”1 + DiTi1 — 7'11) Ai_1(s)
+ 91:(5)Ui(s) + g2,(5)Ui-1(s), (5.33)
where
TiC
g14(s) = I Miyi(s) — mi(ei + bi) Moy i(s) — TiciMani(s), (5.34)
Ti O
92,i(s) = h ma1,i(8) + Tibima1i(s) + Ticimsyi(s). (5.35)

Hence, substituting (5.32) in (5.33) we derive ijl, which, after multiplying it by

e Dis(st;_1+1)

: ives
e Di-15(sr41)’ g

5z<5)

34 (L) g2 b o’ (5.36)
5% + (n —i—cl)s + (i + bi)s + 3

Gl<8) =
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where

D, s (073 Q;
51(8) :e_(Dl D"—l) ((h Tie I(D -Dl 1)+b7‘1 1 — h 7—2 1

T ((}?7-1.21 — b1 + cz>> s* + ((Dz —D;_1) % + bi) s+ C;) .

(5.37)

String stability in Lo is guaranteed when |G;(jw)| < 1, for all w > 0. The condition is

satisfied for w = 0 since |G;(0)| = 1. Moreover, from (5.36) we have

. f1i(w) +jf21(w) (D;—Dj_1)jw

G; e 5.38
(jw> f3z(w> +jf4z<w) ( )

fri(w) = %— ( Tic1 (D — Di—q) + bimioy — %712,1
—i—e_ (Dl:zf;_l) (%7_12 1 — bﬂ}',l + C@>> w2, (539)
fai(w) = <(Dz —Dj_1) (;: + bi) w, (5.40)
f37i(w) = — (JJ2 (Ci + 71_2) + ?Z, (541)
fai(w) = wlai +b;) — . (5.42)

By using the fact that sup, [e=(Pi=Pi-1)i*| = 1, the condition for string stability becomes
Jri(w)+ foi(w)? < fai(w)?*+ fri(w)?, w > 0,7 =1,..., N, and hence, after straightforward
computations, we get the following condition, which has to hold for all w > 0 and ¢ =

1,....N,
Wb+ wB; + why; > 0, (5.43)

where 3; and v; are defined in (5.10) and (5.11), respectively. Using z = w? in relation
(5.43), we obtain

22+ 28+ > 0. (5.44)

The relation (5.44) (that is a second-order polynomial in z) holds for all w > 0, under
condition (5.14) or under conditions (5.15), (5.16), from Theorem 5.1.

I'The appearance of the non-casual term e*Pi-1 is reasonably expected. This arises because the integral
term (5.6) depends on w;_1, including values of u;_1 up to the current time ¢. Consequently, the control
input u; reacts immediately to changes in u;_1. However, v;_; reacts to changes in u;_; after a delay of
D;_1, thus, essentially, u; involves a prediction of v;_1, which leads to the appearance of this term.



68 Predictor-Based CACC Design for Heterogeneous Vehicles with Distinct Input Delays

Using (5.36), we deduce (as G;(0) = 1) that lim;, oo v; () = limy_, o0 v;1(t) = vss, for

a constant leader’s speed vy. Moreover, with Vy = *= we have from (5.1) and (5.17)

. . 1— Gl(S)

}glg(l) sS1(s) = £1£I(l) Vgs (3 ) (5.45)

Thus, as G1(0) = 1% we have
lim sS1(s) = — lim VssG1 (). (5.46)
Since lim,_0G(s) = —hy and lim,_osVi(s) = lim,, o v1(t) = v, the steady-state

spacing error is calculated as
tlgrnoo (s1(t) — hyvi(t)) = }91_1}(1) s(S1(s) — hiVi(s)) = 0. (5.47)
Proceeding in the exact same manner and using limy ., v;(t) = vs, @ = 1,..., N, we
complete the proof. O

5.4 Numerical Illustration of String Stability

In this section, we numerically analyze the L5 string stability properties of the closed-loop
system concerning the propagation of speed errors. The transfer function GG; = %, which
corresponds to the closed-loop systems described by equations (5.1)—(5.3), (5.5)—(5.9) is
given in (5.36). Figure 5.2 depicts sup,, |G;(jw)| as a function of D; — D;_; and h; for
choices of Table 5.1. In Figure 5.2, the region between the red lines indicates where L,
string stability holds. As evident from Figure 5.2, increasing h; allows larger differences

in actuation delays.

Table 5.1: The parameters employed for numerical illustration of string stability with
respect to speed errors.

H Parameter Value H

T; 0.3s
Ti—1 0.25 s
(07 15
C; 1

2In fact, the transfer function 16,

its poles are all on the left half—plane:

features a zero-pole cancellation at s = 0, which implies that
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Figure 5.2: The values of function sup, |G;(jw)| corresponding to (5.36), for different
values of D; — D;_; and h; with choices of Table 5.1.

Such a condition on the actuation delays’ differences® may be explained as follows. In
view of (5.6) one can observe that the ego vehicle’s controller is coupled with the control
input of the preceding vehicle. From the viewpoint of disturbance attenuation, for dis-
turbances propagating upstream in the platoon, it may not be beneficial the ego vehicle’s
controller to react much slower or much faster than the preceding vehicle’s controller; while
the allowable magnitude of such timing difference may depend on the desired/equilibrium
inter-vehicle distance. This is reasonably expected for the case in which the ego vehicle
reacts much slower than the preceding vehicle (to a disturbance propagating upstream).
When the ego vehicle’s dynamics react too fast, based on the prediction the ego vehi-
cle’s controller makes for the preceding vehicle’s dynamics, this perhaps may also not be
beneficial, as the preceding vehicle’s dynamics would be affected by its own control input
much later. This type of control input signals (and measurements) “synchronization” has
been reported to be beneficial for string stability also in, e.g., [44], [64], [62].

Performing an exhaustive search for identifying suitable control gains to achieve string
(and individual vehicle) stability is challenging due to the large number of parameters
involved, as outlined in (5.14)-(5.16). In discussing how a choice of parameters may
ensure string stability, we consider a case satisfying (5.14). The shaded area in Figure 5.3

indicates where 4; — 32 is positive, given h; = 0.8, D; — D; 1 = 0.3, 7; = 0.25, 7;,_; = 0.2,

3Note that the values themselves of each individual delay are not necessarily restricted. Note also
that such a condition on the delays’ differences is a result of the fact that (5.6) does not correspond to
the exact predictor states.
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and «; = 15. Furthermore, for (b;,¢;) in the shaded region in Figure 5.3, conditions (5.12)
and (5.13), which ensure individual vehicle stability, also hold.

15

10

Ci

2 /
0 ! 3 '

0 5 10 15 20

i

Figure 5.3: The shaded area indicates where (5.14) holds, and thus, string stability holds.
The other parameters are h; = 0.8, D; — D; 1 =0.3, 7, = 0.25, 7,1 = 0.2, and «; = 15.

5.5 Simulation Results

In this section, the performance of the delay-compensating CACC design (5.5) is demon-
strated, followed by a comparison with the predictor-feedback CACC approach in [8] and
with the predictor-based ACC design from [9]. Moreover, to illustrate the efficiency of
the control design developed here in more practical scenarios, we utilize real traffic data
from OpenACC dataset [33].

The simulation testbed employed in this chapter is identical to the one described in
the second paragraph of Section 3.5.

Moreover, we configure the desired time headways based on two considerations: first,
in order to be close to real-world parameters (see, e.g., [21], [19], [33], [57]), and second,
to ensure they fall well within the region enclosed by the red line in Figure 5.2, which

adds a degree of robustness to string stability.

5.5.1 Predictor-Based CACC Design

We consider a heterogeneous platoon of seven vehicles in order to make the numerical
example more practical. For a heterogeneous platoon of seven vehicles with third-order

dynamics given by (5.1)—(5.3), we consider a case in which 7;, time-headways h;, and
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actuation delays D;, are set according to Table 5.2. We choose control gains «;, b;, and
c; for i = 1,2, ...,6 according to Table 5.1, which guarantee £, string stability according
to Figure 5.2. Moreover, we consider a scenario in which @;(0) = 0 and wu;(s) = 0,
s € [—=D;,0), for each vehicle ;. While we set v;, = 15 (%), i=1,2,...,6 and v, = 13 (%),
Sip = hiviy = h; x 15 m, 1 = 2,3, ...,6, s1, = 11 m. The respective responses are shown in
Figure 5.4. We observe that there is no overshoot in the responses, due to deceleration or
acceleration maneuvers performed by the leader, because the responses are string stable.
This is further illustrated in Figure 5.6 that shows functions ||;]|2,; = 1/ [ d:(s)2ds, where
0; = s; — h;v;, which implies that £, string stability with respect to spacing errors is also
achieved?. Moreover, with respect to Figure 5.5, for a constant leading vehicle’s speed,

zero, steady-state spacing errors are achieved.

Table 5.2: The parameters employed for the simulation results presented in Sections 5.5.1
and 5.5.2.

Parameters
Vehicle No. E ha D
0 0.3s - 02s
1 02s 08s 04s
2 025s 0.8s 0.7s
3 025s 09s 06s
4 02s 09s 04s
5 025s 1s 0.6s
6 0.18s 1s 0.5s

4We illustrate in simulation that string stability with respect to spacing errors also holds. However, to
analytically (or even numerically) study string stability with respect to spacing errors is quite challenging,
while certain conditions obtained may not be realistic both from a theoretical and practical viewpoint.
For example, the transfer functions that correspond to spacing errors may incorporate an additional pole
on which individual vehicle stability depends, which appears as imposing a redundant individual vehicle
stability condition (due to the particular input-output relation); while the respective string stability con-
ditions may involve the dynamics of two preceding vehicles that does not allow studying and guaranteeing
string stability of pairs of vehicles, which may be a suitable index of platoon performance.
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Figure 5.4: Acceleration (top), speed (middle), and spacing (bottom) of seven vehicles,
with dynamics described by (5.1)—(5.3), under the predictor-based control laws (5.5),
(5.6), where the selected parameters and control gains are shown in Table 5.2 and Table
5.1, respectively. Initial conditions are vy, = 15(%), i = 1,2,...,6, v, = 13 (%), Sig =
hivi, = h; x 15 m, 1 =2,3,...,6, s1, = 11 m; and u;o =0, for v = 1,2, ..., 6.
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Figure 5.5: Spacing errors 0;(t) = s;(t) — hyv;(t), i = 1,2,3,4,5,6, corresponding to the

responses of Figure 5.4.
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5.5.2 Predictor-Feedback Control Design

In Figure 5.7 we show the response of the heterogeneous platoon of seven vehicles under
the predictor-feedback CACC law from [8] for system (5.1)—(5.3). These control laws
do not address distinct input delays. We implemented the predictor-feedback controller
assuming identical input delays D = D; = 0.7 for all vehicles, despite each one having a
different actuation delay in the actual model (5.3). We consider the scenario in which 7,
D; (for the model only), and h; are the same with Section 5.5.1. We choose control gains
a;, b;, and ¢; according to Table 5.1. Since we consider the same scenario with Section
5.5.1 we choose identical initial conditions for a;, v;, u;; while we set the initial spacing for
t = 2,3,...,6 to the corresponding equilibria for this case, namely, s;, = h;v;, = h; X 15 m,
and set s;, = 11 m. Regarding Figure 5.8, the predictor-feedback control design achieves
zero steady-state spacing errors for a constant leading vehicle’s speed. However, the
respective responses are generally more oscillatory and L, string stability, with respect to
spacing errors, does not hold with the predictor-feedback CACC law, as it is indicated in
Figure 5.9. In principle, the predictor-feedback design from [8], which assumes identical
input delays for all vehicles, would still be string stable when the differences |D; — D;_1|

are small, but not for larger values of |D; — D;_4].



Predictor-Based CACC Design for Heterogeneous Vehicles with Distinct Input Delays

75

a(t)
al(t) 4
as(t)
-5 ag(t) 4
ay(t)
6 as(t) | |
ag(t)
-7 . . " .
0 20 40 60 80 100
t(s)
v (t)
vi(t)
’Ug(t) E
v3(t)
vy(t)
vs(t)| ]
ve(t)
2 . . . i
0 20 40 60 80 100
t(s)
16
£ 10
s1(t)
52(t) |
s3(t)
s4(t)] |
s5(t)
s6(t)
0 20 40 60 80 100

t(s)

Figure 5.7: Acceleration (top), speed (middle), and spacing (bottom) of seven vehicles,
with dynamics described by (5.1)—(5.3), under the predictor-feedback control laws from [8],
where the selected parameters and control gains are shown in Table 5.2 and Table 5.1,
respectively. Initial conditions are v;, =15 ("), i =1,2,...,6, v, = 13 (%), Sip = hivi, =

hi x15m,1=2,3,...,6, s5, = 11 m; and u;o =0, for v = 1,2, ..., 6.
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Figure 5.8: Spacing errors 0;(t) = s;(t) — hyv;(t), i = 1,2,3,4,5,6, corresponding to the
responses of Figure 5.7.
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Figure 5.9: Norms ||6; |2 = 1/ /¢ 6;(s)2ds corresponding to Figure 5.7’s scenario.

5.5.3 Predictor-Based CACC Design Validation with the Ope-
nACC Dataset
In Figure 5.10 we present the results of applying the predictor-based CACC law of Sec-

tion 5.5.1 to OpenACC dataset. We extract reconstructed data from [33] to demonstrate

the controller’s performance in real maneuvers of the leading vehicle, considering that the
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leading vehicle’s trajectory is taken from the real trajectory of vehicle no. 2 in AstaZero
platoon 2. This vehicle’s trajectory is selected because it involves interesting dynamics
with several acceleration/deceleration cycles.

We consider a heterogeneous platoon of four vehicles in order to make the numerical
example more accessible and to more clearly illustrate the benefits of (5.5) in more prac-
tical scenarios. One difference from Section 5.5.1 is the predictor-based law for the first
vehicle. Because we assume that the leading vehicle’s dynamics satisfy ,(t) = a)(t) (and
not the third-order system (5.1)—(5.3)) we have to modify slightly the predictor-based
control law for the first vehicle. In this case, for implementation of the predictor-based
law, because only velocity data are available from the OpenACC dataset, we obtain a;(t)
by numerically computing o;(¢).

In the present scenario we consider a case in which 7;, time-headways h;, and actu-
ation delays D; are set according to Table 5.3. Moreover, we choose control gains «;,
b;, ¢; according to Table 5.1. We set a;(0) = 0 and w;(s) = 0, s € [—D;,0) for vehicles
1 =1,2,3. While we also set v;, = 20 (%), 1 =1,2,3 and v, = 19.3 (%) (to match with
the initial speed of vehicle no. 2 in AstaZero platoon 2 from the OpenACC dataset);
Sip = hiviy, = h; x 20 m, 1 = 2,3, 51, = 13.5 m. Figures 5.10-5.12 illustrate that the
performance of the predictor-based CACC law (5.5) is preserved even in more realistic

traffic scenarios.

Table 5.3: The parameters employed for the simulation results in Section 5.5.3.

Parameters
Vehicle No. Ti hi D

02s 0.7s 04s
0.3s 0.8s 0.7s
0.25s 0.6s 0.5s

WIN| O
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Figure 5.10: Acceleration (top), speed (middle), and spacing (bottom) of three vehicles,
with dynamics described by (5.1)—(5.3), under the predictor-based control laws (5.5),
(5.6), where the selected parameters and control gains are shown in Table 5.3 and Table
5.1 respectively. The speed (and acceleration) of the leading vehicle is taken from vehicle

no. 2 in AstaZero platoon 2 in [33]. Initial conditions are v;, = 20 (%), 1 =1,2,3,
vy =193 (); 55y = hiviy = hi x 20 m, i = 2,3, 51, = 13.5 m.
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Figure 5.11: Spacing errors 0;(t) = s;(t) — hyv;(t), i = 1,2,3, corresponding to the re-
sponses of Figure 5.10.
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5.5.4 Predictor-Based ACC Design

Finally, we also present, inspired by [9], a predictor-based version of controller (5.4)

omitting the terms v;_; and a;_1, in order to be able to construct a predictor-based ACC
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law. This gives the following controller

uiacc(t) = K1:Gia(t) + KoiGio(t) + K3,:Gi3(t) — 1iciGia(t), (5.48)
- t ~ -
gl(t) = eFiDii’i(t> +/ eFi(t*Q)Biui(Q) d@, (549)
t—D;
where
Cji,l Sq
g = ?i’z Coa= T (5.50)
4,3 v;
_(11,4 a;
(0 0 -1 0 0
~ L0 -1 0 - 0
T, = | C B=| |, (5.51)
0 0 1 0
0 0 —1 L
and

5i(t) = h —v;(t). (5.52)

We choose our parameters according to Table 5.3, with control gains set as K ; = 20,
Ky; = 40, K3; = =20, and ¢; = 5 for ¢« = 2,...,6. For the first vehicle, however, we
set K11 = 15, Koy = 25, K37 = —20, and ¢; = 5 to prevent large initial transients in
acceleration response. Moreover, we consider a scenario in which a;(0) = 0 and w;(s) = 0,
s € [=D;,0), for each vehicle i. While we set v;, = 15 (%), 1 =1,2,...,6 and v, = 13 (%),
i, =0,1=2,..,6, 00y = 1; 85p = hyvy = hy x 15 m, i = 2,3,...,6, 53, = 11 m. The
respective responses are shown in Figure 5.13. Figure 5.13 demonstrates that, despite the
ACC laws (5.50)-—(5.52) maintaining vehicle stability, string stability cannot be achieved.
In particular, vehicles 4-6 are string stable, but vehicles 1-3 are not. The reason is that
the string stability conditions from [9] can be satisfied for vehicles 4-6 with small enough
control gains that result in realistic values of acceleration/deceleration (in response to non-
equilibrium initial conditions), because the time headways for vehicles 4-6 are sufficiently
larger than the respective actuation delays and the respective initial conditions deviations
from equilibrium are not large (as it is the case with vehicle no. 1, which imposes choosing

smaller control gains that, however, cannot guarantee string stability).
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Figure 5.13: Acceleration (top), speed (middle), and spacing (bottom) of seven vehicles,
with dynamics described by (5.1)—(5.3), under the predictor-based ACC laws (5.50)-
(5.52), where we select our parameters according to Table 5.3, with control gains set as
6. For the first vehicle we

set K11 = 15, Koy = 25, K31 = —20, and ¢; = 5. Initial conditions are v;, = 15 (%),

Ky, =20, Ky; =

i=1,2,..6, vy, =13 (m) i
11 m; and u; =0, fore =1,2,...,6.

i=23, ..,

67 519 =

40, K3; =

=0,i=2,..,

67 01, =

—20, and ¢; = 5 for 1 = 2, ...,

L; si,

= hivio
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The predictor-based ACC law (5.50)—(5.52) neither involves a predictor of the states
v;_1 and a;_1 nor a mechanism to address distinct input delays, and thus, its performance
(at least without advanced modifications) is not as efficient as the performance under
predictor-based laws of CACC type.

5.6 Robustness of String Stability of Predictor-Based
CACC for Distinct Input Delays to Distinct

Communication Delays

In this section, we examine the robustness of string stability of the predictor-based CACC
law, which is designed to compensate for actuator delays, in the presence of communica-
tion delays. As discussed in Section 5.2, the transmitted information, u;,_; and a;_1, is
obtained from the preceding vehicle via V2V communication, which may be subject to
communication delays. They are denoted by w;_; ., and a;_1 ., respectively, which are
defined as a;_1m(t) = a;—1(t — Dei—1) and w;_1.,m(0) = u;—1(0 — Dci1),0 € [t — D, t],
respectively, where D.;_y > 0, ¢ =1, ..., N, are communication delays.

The predictor-based control laws, under communication delay, for system (5.1)—(5.3)

are given by

TiO _

u;(t) = . i (t) — 7iay + i) o(t) + 7iiGi3(t) + 7ici (Gi5(t) — Gia(t)) (5.53)
QI(t) +/ i(t=0) BUZ( d9+/ Lilt+Di=0-Di I)Blzuz lm(g) d@
(5.54)
where

G S;

Qi 2 U;
%= \Gis|, Ti=|vi1 |- (5.55)

Gi 4 a;

1G5 | | Gi—1,m |

The corresponding transfer functions bar G; are derived as follows.
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By applying (5.53)—(5.55) and following the same steps outlined in the proof of The-

orem 5.1, we get

_ 5i
Gils) = : (s) | (5.56)
s34+ <E+Ci) 2 + (i + bi)s + G
where
5;(s) =e~ (Pi=Di-1+Deiz1)s (<(;:Z"7-i_1 (D; — Di—y) + biTioq — %Tf_l
_(Pi=Di1) /¢y '
+e Ti—1 <%Tz2_1 = b1+ Cz)) s* + ((Dz - Di—l) .
hi hi
—l—Dz‘Zj (e(DC’i—l—Di—l)s — e_Di_ls) + b; (G(Dc’i_l_Di_l)s — e Dimrs 1)) 5
+% (e(Dc,i—lfDi—l)S — e Di-1s + 1)) . (557)

5.6.1 Numerical Illustration of String Stability

In this section, we numerically analyze the L, string stability properties of the closed-loop

Vi
Vie1?

which corresponds to the closed-loop systems described by equations (5.1)—(5.3), (5.53)—

system, which concern the propagation of speed errors. The transfer function G; =

(5.55) is given in (5.56). Figure 5.14 depicts sup,, |G;(jw)| as a function of D.;_; and h;
for the choice of parameters shown in Table 5.4. In Figure 5.14, the region between the
red lines indicates where £, string stability holds. As shown in Figure 5.14, a decrease in
D, ;_, allows for smaller values of the time headway. We note that communication delay
does not affect vehicle stability (as it is evident from the denominator in (5.56)), since it

affects only the measurements of the preceding vehicle’s states.

Table 5.4: The parameters employed for numerical illustration of string stability under
communication delays.

H Parameter Value H

T; 0.3s
Tic1 0.25 s
o 15
C; 1
Di 0.6 s
Di—l 0.5s
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Figure 5.14: The values of function sup, |G;(jw)| corresponding to (5.56), for different
values of communication delays and time headways, with parameters’ choice of Table 5.4.

5.6.2 Simulation Results

In Figure 5.15 we show the response of the heterogeneous platoon of seven vehicles under
the predictor-based CACC law (5.53)—(5.55) for system (5.1)—(5.3). We consider a case
in which 7;, time-headways h;, D.,_1, and actuation delays D;, are set according to
Table 5.5. We choose control gains «;, b;, and ¢; for 1 = 1,2, ..., 6 according to Table 5.4,
which guarantee Lo string stability according to Figure 5.14. Since we consider the same
scenario with Section 5.5.1 we choose identical initial conditions for a;, v;, u;; while we set
the initial spacing for i = 2,3, ...,6 to the corresponding equilibria for this case, namely,
Siy, = hivi, = h; x 15 m, and set s;, = 11 m. As Figure 5.15 shows, even though
acceleration/speed responses exhibit oscillations and potentially larger overshoots in the
response due to non-equilibrium initial conditions as compared with the responses in
Figure 5.4, L, string stability is maintained. This string stability robustness property of

predictor-based CACC to communication delays is consistent with the results in [44].

Table 5.5: The parameters employed for the simulation results in Section 5.6.

Parameters

Vehicle No. Ti hi D;  Dei

0.3 s — 0.2 s —

02s 08s 04s 0.07s
0.25s 0.8s 0.7s 0.04s
025s 09s 06s 0.12s
02s 09s 04s 0.14s
025s 1s 06s 0.09s
0.18s 1s 0.5s 0.11s

DO | W I+~ O




Predictor-Based CACC Design for Heterogeneous Vehicles with Distinct Input Delays 85

a(t) ||
ai(t)
as(t)
as(t)| ]
ay(t)
-5 as(t) |
ag(t)
-6 : : . .
0 20 40 60 80 100
t(s)
vi(t)
vi(t)
va(t) | A
v3(t)
vy (%)
vs(t) | ]
ve(t)
2 ‘ : ) ;
0 20 40 60 80 100
t(s)
16
£ 10
s1(t)
s2(t) |
s3(t)
s54(t)
s5(t) | ]
s6(t)
0 20 40 60 80 100

t(s)

Figure 5.15: Acceleration (top), speed (middle), and spacing (bottom) of seven vehicles,
with dynamics described by (5.1)—(5.3), under the predictor-based CACC laws (5.53),
(5.54), where the selected parameters and control gains are shown in Table 5.5 and Ta-
ble 5.4, respectively. Initial conditions are v;, = 15 (% , 1 =1,2,..,6, vy, = 13 (%),
Sip = hivyy = h; x 1bm, 1 =2,3,...,6, 51, = 11 m; and u;p =0, for i = 1,2, ..., 6.
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5.7 Chapter Conclusions and Related Publications

In the present chapter, we design a predictor-based CACC law, which achieves compen-
sation of long actuation delays, for heterogeneous platoons with vehicles whose dynamics
are subject to distinct actuator delays. The control design that we develop achieves string
stability with respect to speed errors propagation, individual vehicle stability, and zero,
steady-state speed /spacing tracking errors. We provide constructive proof strategies that
rely on an input-output approach. We numerically demonstrate the string stability con-
ditions obtained and provide simulation results for a platoon of seven vehicles, including
comparisons with related, existing ACC/CACC laws. The simulation results include a
realistic scenario of a vehicle cutting-in in front of the platoon and subsequently per-
forming acceleration/deceleration maneuvers. We also validate the performance of the
design developed in simulation using real traffic data to describe the trajectory of the
leading vehicle. In addition, we study numerically the robustness of string stability of our
predictor-based CACC design to communication delays.

This chapter is an adaptation of material appearing in

A. Samii and N. Bekiaris-Liberis, “Predictor-based CACC design for heterogeneous
vehicles with distinct input delays,” IEEE Open Journal of Intelligent Transportation
Systems, vol. 5, pp. 783-796, 2024.

A. Samii and N. Bekiaris-Liberis, “Compensation of distinct actuator delays for het-
erogeneous vehicular platoons via predictor-based CACC,” European Control Conference,
Thessaloniki, 2025.



Chapter 6

Exact Predictor-Feedback CACC of

Heterogeneous Vehicular Platoons
With Distinct Actuation Delays

We develop a predictor-feedback cooperative adaptive cruise control (CACC) design for
platoons with heterogeneous vehicles, each featuring a different input delay. Complete
input delay compensation is achieved as the control laws for each vehicle rely on construc-
tion of exact predictor states over a prediction horizon equal to the respective input delay.
Such construction of the predictor states is enabled through V2V (vehicle-to-vehicle) or
V2X (vehicle-to-everything) communication, which allows the ego vehicle to receive the
state (including the actuator state) and model/control information from a certain num-
ber of vehicles ahead of it (specifically, from all consecutive vehicles ahead that feature a
smaller delay and from the first vehicle ahead that features a larger delay). The design
guarantees individual vehicle stability, £, string stability, and speed/spacing regulation,
which is established capitalizing on the exact input delay compensation property of the
design. We illustrate the design in simulation through a numerical example, including a
comparison with an alternative predictor-based CACC scheme, which cannot guarantee
string stability for large differences in the delay values among different vehicles. We also
present consistent simulation results for even more practically realistic scenarios, in which
we employ real traffic data for the trajectory of the leading vehicle, obtained from both
the OpenACC and NGSIM datasets, as well as we account for communication delays and

parameter uncertainties.

87
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6.1 Chapter Organization

The outline of the chapter is as follows. Section 6.2 presents the model of heterogeneous
platoons considered and the actuation delay-compensating, predictor-feedback design. In
Section 6.3, we state our main result, which is vehicle stability and string stability under
the CACC law developed. In Section 6.4 we present a specific example for illustration
of the design introduced in Section 6.3. Simulation results are presented in Section 6.5,
including comparison with a related, existing control law, as well as testings with real
traffic data and in the presence of parameter uncertainties and communication delays. In

Section 6.6 we provide concluding remarks.

6.2 Exact Predictor-Feedback CACC for Heteroge-

neous Platoons with Distinct Delays

6.2.1 Vehicle Model and Nominal Delay-Free Design

Wireless Communication

(o)

Figure 6.1: Platoon of N + 1 heterogeneous vehicles following each other in a single lane
without overtaking. The dynamics of each vehicle ¢ = 1,..., N are governed by system
(6.1)—(6.3). Each vehicle can measure its own speed/acceleration, the relative speed with
the preceding vehicle, and the spacing with respect to the preceding vehicle. Moreover,
the control input, acceleration, spacing, and velocity of each vehicle is communicated to
all following vehicles via V2V or V2X communication.

a) Vehicle dynamics: We consider a heterogeneous string of vehicles (see Figure 6.1)

each one modeled by the following third-order, linear system with distinct actuator delays
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that describes vehicle dynamics (see, e.g., [1], [22], [41], [45], [57], [58])

(1) = ailt). 62)
G(t) = — taz(t) + Tliui(t ~ Dy, (6.3)

where D; > 0 are input delays, and ¢ > 0 is time.

b) Available measurements/information: For the platoon considered here the measure-
ments available to the ego vehicle ¢ are its own spacing s;, speed v;, acceleration a;, and
control input u;, as well as the speed of the preceding vehicle v; ;. It is possible to obtain
this information through on-board sensors. Furthermore, control inputs of all preceding
vehicles, as well as their own acceleration, spacing, and speed are also available to vehicle
i. These measurements are transmitted from the preceding vehicles, through V2V or V2X
communication ( [40], [66]). The delay/lag and control parameter values of all preceding
vehicles are also available to the ego vehicle via V2V/V2X communication.

¢) Nominal control design: Without input delay, the following control strategy is
constructed (see, e.g., [1], [11])

u;(t) = oy (S;Ef) — vi(t)> + 7ibi(vi—1 () — v (1)) + Tici (ai—1(t) — a;(t)), (6.4)

where a; > 0, b; > 0, and ¢; > 0 are design parameters, and h; > 0 is a desired time-
headway. In the delay-free case, design (6.4) achieves the desired time-headways and
regulation of speed/accelerations, as well as string stability, under certain conditions on

the control parameters (see, e.g., [1], [53]).

6.2.2 Exact Predictor-Feedback CACC for Distinct Delays

The CACC design we develop here is inspired by the general design in [6]. In particular,
each control input 7 employs the D; time units ahead predictors of the states involved in
(6.4). These predictor states are constructed following the recursive procedure from [6], in
which one starts from constructing the predictor state corresponding to the smallest delay,
and subsequently using the dynamics of this predictor state to compute the predictor state
corresponding to the input with the second smallest delay. This procedure continues
recursively until the predictor state corresponding to the largest delay is computed. In

the present case, this procedure is followed for constructing the control input of each
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vehicle 7. In Figure 6.2, we present a block diagram that illustrates how each ego vehicle

constructs each own controller, as well as which information is needed.

vi—1(t)
u;(t) n — l —
D; | %) =Tix@®) +Bw(t—D) M
Delay Vehicle i
% ()
ToIG)" O—
u;(s),s € [t—D;,t] \l/
M u;_ni_l(s) ,S E [t = Di_np-14 t] ui—?(t)- ai—1_(t),
e i 1@ [aices
Predictor-feedback controller
vi—l(t)ﬂ Si—ll(t):
Vinr @] | St-n®

Figure 6.2: Block diagram of the predictor-feedback control design. The operator x{-}
defines the predictor-feedback law of each ego vehicle that utilizes the available past
actuation commands of the ego vehicle and preceding vehicles. Moreover, the right dashed
box illustrates all the needed information from the preceding vehicles, which is obtained
via onboard sensors and V2V or V2X communication systems.

The predictor-feedback control laws for system (6.1)—(6.3) with

e D, 1> D; >0 are given by

T
u; (1) :T%,l(t) — Til0g 4+ ;)i o(t) + Tibigis(t) + Tici (qis(t) — qia(t)), (6.5)

t t—Dji_1,
ql(t) :eFiDi[Ei(t) + / eri(t_e)Biui(Q) do + / eri(t_e_Di‘l”')Bliui_l(9) d@, (66)
t_DrL' t_Difl
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where Di—l,i = Di—l - Dl and

T
Qi:[%,l 42 i3 Gi4 Qi,s} ) (6-7>
T
Ii:[si Vi UVi—1 Q; ai_l} y (68>
T
Bi=[0o 0 0 L o], (6.9)
T
By=[0 000 1|, (6.10)
0 -1 1 0 0 |
0 0 0 1 0
;=10 0 0 0 1, (6.11)
0 0 0 —%- 0
0 0 0 0 —Ti:

e D;>D; 1>..>D;, and D; < D;_,._; are given by !

_Tiai i

it) =0 (1) = 70 b (1) + bt ()4 7ics (g, () — ala(1)) 1 (612)

. i—n; t i—n; ¢
g@Tmi(t) =et Penz(t) + / eli (t=9) > BMup(0 — Dyyin,)db, (6.13)
thifni

m=t—n;—1

— s t i
—ni+1 i i, imnitl iy
; ni+ (t) _eFZ Dz_nz+1’l_”zq; nz<t) eFZ (t 9)

t=Dji—n;+1,i—n;

: ( Y Bl"um(0 = Dyinip1) + B i, 1 (0 — Dz’—ni—l,z'—mﬂ)) “

m=t—n;+1

(6.14)

g (t) =e" Pt (1) "‘/t 5 elit=0) (Bfuz<9) + B i, (0 — Di—m—l,i)) de,

ii—1

(6.15)

"'We note that each qf_"’*l denotes the predictor state, D;_,,+1 time units in the future, of z;.
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[ i—n;+m
Qs S;
1—n;+m.
Gisi 'y Si—1
1—n;+m.
Tisin, Si—m;
1—n;+m;
qi,vz ‘ ’ V4
i—ni+m;
; 4; v, Vi—1
1—ni+m; Vi—1 =
q; ¢ b= . ) Ty = )
i—n;+m;
qiyvi—lni—ll Ui_ni_l
i—n;+m;
Gia; a;
i—n;+m;
Giai a;—1
1—ni+m;
_qi,aijnri_ [ Qi—ni—1]
for m; =0, ..., n;, where
T—Nn; __
" =
_0 i—ni 0 -
(ni+1)x(n;+1) blin, +1)x (n;+2) (ni+1) X (n;+2)
0 0 o
(ni+2)><(m+1) (ni+2)><(ni+2) Z’2("i+2>><("i+2>
0 0 L
Y (ni+2)x(n;+1) (ni+2)x(n;+2) 43 (n;+2) x (n;+2)
with
-1 1 0 0
i—n; _

bl +1)x (n;+2)

—ny;

4,2(n;+2) x (n;+2) =l

i—TLi

63 (n;+2) x (n;4+2)

and for m; =0, ..., n;,

(ni+2)x(n;+2)»
_r%- 0

mi—l

i—ng+m; _ i—n; i—ni+j pri—ni+5 T
Iy = Z+ZBi K; )

=0

(6.16)

, (6.17)

(6.18)

(6.19)
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where
_0 O2ni+3
3n;—m;+3
. 1
1—n;+m; 1 T .
Brmtmi= | 1|, Bi=| n |, (6.20)
i—n;+m;
L n;+1

U—

Ti—n;+m; Xi—n;+m;

hifn,b- +m;
Opm,
A

; “Ti—ni+m; (Oéi*m+mi + bi*nﬂrmz')

Kt = : (6.21)

Ti—ni+m; bi—m-i-mz'
0,

VA
~Ti—ni+m;Ci—n;+m;

Ti—ni+m; Ci—n;+m;

0,0,

e D; > D; 1 > ..> Dy are given by (6.12)—(6.21), where n; = i — 1. In this case,
it is necessary for the leader to provide its intentions, i.e., its future input values,
up(0),0 € [t,t + D; — Dy] for each vehicle 7, which are viewed as a reference tra-
jectory. This information can be obtained through a combination of V2V and V2X
communication. The ability to predict the future behavior of vehicles in practice,
is discussed in [36], [40], [52], [54] and it enables the generation of real-time, on-
board predictions. Such methods rely on traffic forecasting based on collection of
data from a certain number of vehicles ahead via V2V or V2X communication and

utilization of various models to predict future maneuvers [52], [54].

6.3 String Stability Despite Distinct Actuation De-
lays

The velocity is chosen here to perform the string stability analysis, as this is more relevant
than spacing errors in the scope of traffic flow performance analysis [50]. Particularly, in

heterogeneous platoons with varying time headways h;, such a definition of string stability



94 Exact Predictor-Feedback CACC of Heterogeneous Vehicular Platoons

may lead to misleading conclusions regarding platoon performance, as the respective string
stability property for each pair of vehicles (that is a desirable property for traffic flow as
well) may depend on the controller’s parameters of the preceding vehicle, which is not the
case here, according to (6.30), when considering string stability in pairs of vehicles with
respect to speed errors propagation.

Theorem 6.1: Consider a platoon of vehicles with heterogeneous dynamics modeled
by (6.1)—(6.3), under control laws (6.5) with (6.6)—(6.11), or (6.12) with (6.13)—(6.20).
For any D; > 0, h; > 0,7 =1,..., N, each individual vehicular system is stable and the
platoon is L, string stable with respect to speed errors propagation provided that the

following conditions hold for ¢ = 1,..., N:

1
— ¢ > 0, (6.22)
Ti
1 Qo
(- +e) (o +b) =5 (6.23)
along with
2¢; 1
- 20+ b) (624
20y
24 20;b;, — —= >0 6.25
or
2¢; 1 ? 20
(Ti + ? — 2(041' + b1)> —4 (0422 —+ 2041'(71' — hﬂ'l> < O, (626)
2¢; 1
S %0+ by) <0, (6.27)

Moreover, for a constant leader’s speed, zero steady-state spacing and speed tracking
errors are achieved.

Remark 6.1: The first two conditions of Theorem 6.1 come from the Routh-Hurwitz
criterion and they are a prerequisite for string stability of the platoon. While the remain-
ing two sets of conditions are derived from the string stability criterion in speed error
propagation. Feasibility of simultaneous satisfaction of the conditions in Theorem 6.1 is
explained noting, for example, that, since b; and ¢; are positive, the first four conditions
can be satisfied with a proper, potentially large, choice of «;, b;, and ¢;. Moreover, a de-
tailed numerical analysis on the selection of control parameters is presented in Figure 6.3.

In particular, the region within the red line in Figure 6.3 shows where string stability and
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individual stability hold, for transfer function (6.30) with 7y = 0.18, hy = 0.7, and ¢; = 1,

for different values of oy and b;.

20

a1 20 10
b

Figure 6.3: The values of function sup, |G;(jw)| corresponding to (6.30), for different
values of o and b;.

Proof of Theorem 6.1: In order to study stability and string stability of speed errors
propagation, we first compute the transfer functions
Vi(s)

Gils) = 7 Gy (6.28)

viewing as input the preceding vehicle’s speed and as output the current vehicle’s speed.
Using the delay-compensating property of exact predictor-feedback, namely that w;(t) =
ric; (SUEPL — vyt D)) +7ibi(via (4 D) =it + Di)) +7ics (@i (t + Dy) = as(t + Dy)),
we have that for ¢ > D; (note that, due to linearity of systems (6.1)—(6.3) and controllers
(6.5), no finite escape time phenomenon can appear for ¢ < D;), we recover the nominal

closed-loop systems, and thus, it holds that

$i(t) 0 ~1 0 si(t) 1 0
b)) =10 0 1 )|+ [0 v (@) + | 0] aia(t).  (6.29)
(IZ(t) % —(CLZ‘ + bz) —C; — T% a; (t) bz C;

Taking Laplace transform of (6.29), after straightforward computations we get

cis®+ bis + &
Gy(s) = hs . (6.30)
3 1 2 o
83 + (T—Z_—i—ci)s + (o + b)) s + 3
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Thus, the poles of GG; are on the left half plane under the conditions of Theorem 6.1.
String stability in £, is guaranteed when |G;(jw)| < 1, for all w > 0. The condition is

satisfied for w = 0 since |G;(0)| = 1. Moreover, from (6.30) we have

iy = Juiw) + 5 faiw)
Gilg) foi(w) + jfai(w)’ (6:31)
2, Y
fri(w) = —cw” + W (6.32)
fi(w) = biw, (6.33)
frilw) = —w? (cz- + 71) + Z (6.34)
fri(w) = wlai +b;) — . (6.35)

By using (6.31)-(6.35), the condition for string stability becomes f;(w)? + fa:(w)? <
f3.i(w)? + fri(w)?, w > 0, for all 4, and then we get the following condition that has to
hold for all w > 0 and i

w' + W fsi + foi >0, (6.36)
where
fra= 2 le — 2+ ), (6.37)
Joi =0} + 2a;b; — }2:; (6.38)
Using z = w? in relation (6.36), we obtain
22+ fsiz + foi > 0. (6.39)

The relation (6.39) (that is a second-order polynomial in z) holds for all w > 0, under the
conditions on the parameters a;, b;, ¢;, 7;, h; of Theorem 6.1. To see this note that (6.36)
holds either when f5; and fg,; are positive, or when the discriminant of (6.39) is negative,

which leads to the mutually exclusive string stability conditions in Theorem 6.1. O]

6.4 Illustrative Example

To help the reader better understand the structure/formulae of the exact predictor-

feedback CACC design from Section 6.2 we specialize here the design to two cases for
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a platoon of three vehicles. We consider the first case of Section 6.2.2 for vehicle 1 with
Dy < Dy, and the second case of Section 6.2.2 for vehicle 2 with Dy > D, Dy < Dy that

correspond to ny = 1 and my = 0, 1, which gives the designs

100

h G11(t) = mi(ar +b1)qi2(t) + Tibiqus(t) + 1ic1 (qra(t) — qi5(t)) (6.40)
1

Ul (t) =

t t—Do,1
ql(t) :erlDll’l(t) +/ erl(t_Q)Blul(ﬁ)dﬁ +/ ’ erl(t_G_DO’l)BHUO(H)dQ, (641)
—D t—Do

T

Q1:[C]1,1 Q2 ©13 Gia Ch,s} ) (6.42)
T

=51 v1 Vo ai ao} ) (6.43)

00020, Bu=[00o00 1], (6.44)

T1 70

0O -1 1 0 0
0O 0 0 1 0
I'h=10 0 0 O 1 , (6.45)
000 0 —= 0
O 0 0 O —%,
and
Tolx
a(8) =202 g3, (1) = a0 + Bu)a o (6)+ g, () + 7aca (0, (1) — (1) . (6.46)
with
2
gl(t) =P 7, (8) + / S B (0 — Dy )b, (6.47)
1 m=0
G2(t) =e"3P21g1(¢) + / P00 (B3uy(0) + Biuo(0 — D)) db, (6.48)
D21
q2 |:q% ED) q2 ,81 q? ,U2 q2 ,U1 q2 , V0 q2 ,a2 q2 ,a1 q2 a0:| ) (649)
q2 [q% S2 QQ ,S1 QQ ,U2 QZ ,U1 q2 , V0 q2 ,a2 q2 a1 45 ao} ’ <650>

LUQ = [82 S1 VU2 V1 Vg Q9 Qq (ZQ} 5 (651)
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where
_O2><2 M2171 02><3-
[} = [03x2|03x3 My,| (6.52)
| 03x2|03x3 M2173_
—1 10 LO0
M= , Mi,=|010], 6.53
2,1 O 11 2,2 ( )
- 001
1 0 0
Mys=|0 -+ 0|, (6.54)
0 0 -1
L 70
T
BY=[000000021], (6.55)
T
By=[00000020], (6.56)
T
Bi=[00000200] , (6.57)
and
2 =T} + BIK}", (6.58)
where
K} =[072 0 —7(ar +by) mibi 0 —mier T (6.59)

Next, we consider a scenario with Dy > Dy > Dy, ng =1, mg = 0,1, n; =0, and m; =
0. We specialize the design from the third case of Section 6.2.2, which, essentially, is the
design (6.40)—(6.59), but with additionally utilizing the leader’s intentions. Specifically,
Dy— Dy and Dy — Dy time units ahead intentions are used for vehicles 2 and 1, respectively.
In order to help the reader to better understand the construction of the exact predictor-
feedback CACC laws we review next the main premises for their derivation from [6].

We review here the basic ideas of predictor-feedback for multi-input systems with
distinct input delays from [6], for a platoon with one leader and two following vehicles with
dynamics described by (6.1)—(6.3). The main idea is to replace the states x; and z; (defined
in (6.8) and (6.16), respectively), in the nominal CACC laws (6.4), by their predictors
over a D;-time-unit horizon, namely signals x;(t + D;) and z;(t + D;), respectively. For

vehicle 1, with D; < Dy that corresponds to the first case of Section 6.2.2, we have for
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the dynamics of ¢;(0) = z1(0 + D;) that

dq1(0)
do

=I'1¢1(0) + Byui(0) + Briuo(@ — Do 1), 0 € [t — Dy, t]. (6.60)

For vehicle 2, with Dy > Dy, Dy < Dy that corresponds to the second case of Section 6.2.2
with ny = 1 and my = 0, 1, the dynamics of ¢3(6) = Z2(6 + D;) and ¢3(0) = Zo(0 + D)

can be written as

dgi(0) i 2
o ~T2@x(0) + 3 Byui(0 = D), 0 €[t — Dy, (6.61)
=0
dg3(6 .
q;é ) (P5+ B3K3" ) 3(0) + BSuo(0 — Do) + B3ua(0),0 € [t — Dy t],  (6.62)

where in (6.62) the term BiK}" comes from employment of relation u;(f + Dyy) =
KY b (0 4 Dyy) = K Z2(0 4+ Dy) = K2'¢3(6),6 > —Ds1. The predictor-feedback laws
then are derived by integrating the resulting ODEs in 6 given in (6.60)—(6.62) for initial
conditions ¢i(t — D1) = z1(t), g3(t — D1) = Z1(t), and g3(t — Da1) = g3(1).

6.5 Simulation Results

In this section, the performance of the delay-compensating CACC design from Section
6.2.2 is demonstrated, followed by a comparison with the predictor-based CACC approach
in [53]. We further validate performance using real traffic data taken from [33] and [37].

Note that implementation of the proposed controllers requires only past values of con-
trol inputs, which can be stored in the vehicle’s on-board CPU. The control signal is
then computed through an inner product operation, reducing the computational burden.
In this study, third-order models for vehicles” dynamics, as described in (6.1)-(6.3), are
implemented using the Euler method. Moreover, integrals in the predictor-feedback con-
troller are computed using the trapezoidal rule. The rest of the simulation parameters

are identical to those from Chapter 3.5.

6.5.1 Exact Predictor-Feedback CACC Design with Leader’s In-

tention

We consider a heterogeneous platoon of eight vehicles with third-order dynamics given
by (6.1)-(6.3). We consider a case in which 75 = 0.25, 71 = 0.18, 75, = 0.17, 73 = 0.2,
s = 0.16, 75 = 0.17, 74 = 0.2, 77 = 0.16; the desired time-headways are h; = 0.7,
hy = 0.6, hg = 0.6, hy = 0.7, hy = 0.8, hg = 0.8, hy = 0.8; actuation delays are
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Dy=0,D, =03, Dy =06, D3 =0.7, Dy = 1.0, D; = 0.8, Dg = 0.5, D; = 0.3. In
addition, to make the scenario more realistic, we incorporate communication delays in
the transmission of information from each vehicle ¢ to the following vehicles with values
Dy. = 0.01, Dy, = 0.03, Dy, = 0.02, D3, = 0.04, Dy, = 0.02, D5, = 0.01, and
Dg. = 0.03, which are based on experimentally validated data [22], [23]. We choose
control gains a; = 15, b; = 5, and ¢; = 1 for ¢ = 1,2,3,4,5,6,7. Initial conditions are
vip =15 (™), i =1,2,3,4,5,6,7, vg, = 13 (); 850 = hyvi, m, i = 1,2,3,4,5,6,7; a;, = 0,
and u;, =0, for i =1,2,3,4,5,6,7. The first five vehicles, as discussed in the third case
of Section 6.2.2, require knowledge of the leader’s intention for control implementation.
This information could be transmitted to all following vehicles, for example, via a V2X
communication setup, see, e.g., [52]. In particular, each following vehicle utilizes the
D, o-horizon ahead values of the leader’s control input for its computations. The last
three vehicles in the platoon correspond to the configuration described in the first case
of Section 6.2.2, which requires information only from the immediately preceding vehicle.
Figure 6.4 demonstrates the effectiveness, due to deceleration or acceleration maneuvers
performed by the leader, of the predictor-feedback CACC law under distinct actuation
and communication delays, maintaining L, string stability. As shown in Figure 6.5, by
utilizing the leader vehicle’s intentions to implement each control law, vehicles 1, 2, 3, 4
responds D; o time units earlier than the onset of the leader’s maneuver. In particular,

vehicle 2 responds earlier than vehicle 1, even if vehicle 1 is immediately behind the leader.
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s =
aq(t
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Figure 6.4: Acceleration (top), speed (middle), and spacing (bottom) of seven vehicles
following a leader, with dynamics described by (6.1)—(6.3), under the predictor-feedback
control laws from Section 6.2.2 in which 79 = 0.25, /; = 0.18, », = 0.17, 3 = 0.2,
s = 0.16, 75 = 0.17, 74 = 0.2, 77 = 0.16; the desired time-headways are h;y = 0.7,
hy = 0.6, hg = 0.6, hy = 0.7, hs = 0.8, hg = 0.8, hy = 0.8; actuation delays are
Dy=0,D; =03, Dy =06, D3 =0.7, Dy = 1.0, D5 = 0.8, Dg = 0.5, D; = 0.3; and
communication delays are Dy, = 0.01, Dy, = 0.03, Dy, = 0.02, D3, = 0.04, Dy = 0.02,
Ds. = 0.01, Dg. = 0.03. We choose control gains o; = 15, b; = 5, and ¢; = 1 for
1=1,2,3,4,5,6,7. Initial conditions are v;;, = 15 (%), 1=1,2,3,4,5,6,7, vy, = 13 (%),
Siy = hivy, m, 1 =1,2,3,4,5,6,7; a;, =0, and u;, =0, fori =1,2,3,4,5,6,7.
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Figure 6.5: Control inputs corresponding to the scenario of Fig. 6.4.

6.5.2 Predictor-Based CACC Design

In Figure 6.6 we show the response of the heterogeneous platoon of three vehicles under
the predictor-based CACC law from [53] for system (6.1)—(6.3). We consider the scenario
in which 7;, D;, h;, and control gains «;, b;, ¢; are the same with Section 6.5.1. As evident
in Figure 6.6, string stability is not maintained in this scenario (neither of vehicles 1, 2
responses are string stable) and the respective responses exhibit oscillations. This is due
to the large differences in delay values among each pair of vehicles, making it impossible to
find control gains for the control design from [53] that satisfy the string stability conditions

for the scenario in Section 6.5.1.

1)

m
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a;(t) (;

a(t)

a(t)] |
ax(t)
az(t)
ay(t) |
as(t)
ag(t) |
az(t)

o 20 40 60 80 100
t(s)
Figure 6.6: Acceleration of seven vehicles following a leader, with dynamics described by
(6.1)—(6.3), under the predictor-based control laws in [53]. Control/model parameters and
initial conditions are as in Figure 4.3.
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6.5.3 Robustness of String Stability of Predictor-Feedback
CACC to Parameters Mismatches

The next scenario considers uncertainty in the actuation delays and time constants, in
order to further assess the robustness of string stability under the proposed predictor-
feedback CACC design. We adopt the same parameters as in Figure 6.4, representing the
actual characteristics of the vehicles in the platoon. However, discrepancies in the control
design parameters (available to the designers) are introduced, reflecting the imperfect
reception of information by the ego vehicle. In this case, we consider 7y, = 0.24, 7, = 0.2,
Tor = 0.15, 73, = 0.19, 74, = 0.17, 75, = 0.16, 76, = 0.18, 77, = 0.17; actuation delays
are Dy, = 1.0, Dy, = 0.25, Dy, = 0.55, D3, = 0.60, Dy, = 0.93, D5, = 0.77, D¢, = 0.46,
D7, = 0.28. The respective responses are shown in Figure 6.7. The results indicate that,
although small parameter mismatches introduce oscillations, both stability and string

stability are preserved, as evidenced by the absence of overshoot in the velocity responses.
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Figure 6.7: Speed of seven vehicles following a leader, with dynamics described by (6.1)—
(6.3), under the predictor-feedback control laws from Section 6.2.2 for parameters and
initial conditions as in Figure 6.4. The parameters available to the designers are 79, =
024, 1, = 0.2, 7, = 0.15, 73, = 0.19, 7y, = 0.17, 75, = 0.16, 76, = 0.18, 77, = 0.17,
Dy, =1.0, Dy, = 0.25, Dy, = 0.55, D3, = 0.60, Dy, = 0.93, D5, = 0.77, Dg, = 0.46,
D7, =0.28.
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6.5.4 Validation with the OpenACC Dataset

We extract reconstructed data from [33] to demonstrate the controller’s performance in
real maneuvers of the leading vehicle, considering that the leading vehicle’s trajectory
is taken from the real trajectory of vehicle no. 2 in AstaZero platoon 2. This vehicle’s
trajectory is selected because it is characterized by several acceleration/deceleration ma-
neuvers. We consider a heterogeneous platoon of three vehicles to clearly illustrate the
benefits of (6.5) through a numerical example. For dataset implementation, we assume
that the leading vehicle’s dynamics satisfy ©1(t) = ai(f) (and not the third-order system
(6.1)-(6.3)), and thus, we have to modify slightly the predictor-feedback control law for
the first vehicle accordingly. In this case, for implementation of the predictor-feedback
law, because only velocity data are available from the OpenACC dataset, we obtain a;(t)
by numerically computing o;(t).

Figure 6.8 illustrates the results of implementing the predictor-feedback CACC, as
discussed in Section 6.2.2, on the OpenACC dataset, which confirm the effectiveness of
the CACC law developed in practically realistic scenarios. In the present scenario we
consider a case in which 75 = 0.25, 7y = 0.18, 75 = 0.17; the desired time-headways are
hy = 0.7, ho = 0.6; and actuation delays are Dy = 0, D; = 0.3, Dy = 1.0. Moreover,
we choose control gains a; = 15, b; = 5, and ¢; = 1 for i = 1,2. We set a;(0) = 0 and
ui(s) =0, s € [-D;,0) for vehicles i = 1,2. While we also set v;, = 20 (%), ©=1,2 and
v, = 19.3 (%) (to match with the initial speed of vehicle no. 2 in AstaZero platoon 2
from the OpenACC dataset); so, = have, = 12, s1, = 14 m.
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Figure 6.8: Acceleration (top), speed (middle), and spacing (bottom) of two vehicles
following a leader, with dynamics described by (6.1)—(6.3), under the predictor-feedback
control laws (6.40)—(6.59) in which 70 = 0.25, 7 = 0.18, 7» = 0.17; the desired time-
headways are h; = 0.7, hy = 0.6; and actuation delays are Dy = 0, Dy = 0.3, Dy = 1.0.
We choose control gains «; = 15, b; = 5, and ¢; = 1 for ¢ = 1,2. The speed (and
acceleration) of the leading vehicle is taken from vehicle no. 2 in AstaZero platoon 2

in [33]. Initial conditions are v;, = 20 (%), i=1,2, vy, = 19.3 (%), So, = hove, = 12 m,

s1, = 14 m; a;, =0, and u;, =0, for : =1, 2.
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6.5.5 Validation with NGSIM Dataset

Reconstructed data from [37] are also utilized to evaluate the controller’s performance
under heavily congested traffic conditions [37], with the leading vehicle’s trajectory taken
from vehicle no. 1601. We consider here a heterogeneous platoon of six vehicles and,
as in the previous scenario, for implementation of the predictor-feedback law, because
only velocity data are available from the NGSIM dataset, we obtain ¢;(t) by numerically
computing ¥;(t). Considering a larger number of vehicles it may be more illustrative
of controller’s performance in realistic traffic scenarios, the substance however of the
validation, from the stability and string stability viewpoints, is not altered even with a
smaller number of vehicles.

In Figure 6.9, we present the results of applying the predictor-feedback CACC law
from Section 6.2.2 to the NGSIM dataset. We observe in particular the smoothing effect
of our design manifested as reduction in oscillations’ magnitudes in the responses, as result
of the string stability guarantees. In this scenario, vehicles 1, 2, 3 implement a controller
corresponding to the third case of Section 6.2.2 (as the leader’s intentions are needed),
while vehicles 4, 5 implement a controller corresponding to the first case of Section 6.2.2.
The latter is because the following vehicle for vehicles 4 and 5 has a larger delay. In the
present scenario we consider a case in which 7;, time-headways h;, actuation delays D;
are set according to Table 6.1. Moreover, we choose control gains a; = 15, b; =5, ¢; = 1
for vehicles i = 1,2,3,4,5 accordingly. We set a;(0) = 0 and w;(s) =0, s € [-D;,0) for
vehicles i = 1,2,3,4,5. While we also set v;, = 16 (), i = 1,2,3,4,5 and v, = 14.9 ()
(to match the initial speed of vehicle 1601 from NGSIM data); s;, = h;v;, = h; X 16 m,
= 2,3,4,5, s3, = 11 m. Figures 6.8 and 6.9 illustrate that the performance of the
predictor-feedback CACC law (6.4) is preserved even in more realistic traffic scenarios

and in scenarios of heavily congested conditions.

Table 6.1: Parameters used for the simulation results in Figure 6.9.

Parameters
Vehicle No. Ti hi Di

0.18s 0.7s 0.3s
0.17s 06s 0.7s
02s 08s 1s
0.25s 06s 0.8s
0.17s 0.8s 0.5s

U | W N O
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Figure 6.9: Acceleration (top), speed (middle), and spacing (bottom) of six vehicles,
with dynamics described by (6.1)—(6.3), under the predictor-feedback control laws (6.5),
(6.12), where the selected parameters are shown in Table 6.1. We choose control gains
a; = 15, b; = 5, ¢; = 1 for vehicles i = 1,2,3,4,5. The speed (and acceleration) of the
leading vehicle is taken from vehicle no. 1601 in NGSIM in [37]. Initial conditions are
vip = 16(2), i = 1,2,3,4,5, v, = 149(™); 55, = hivjy = hy x 16 m, i = 2,3,4,5,
s1, = 11 m; a;, =0, and u;, =0, for i = 1,2, 3,4, 5.
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6.6 Chapter Conclusions and Related Publications

In the present chapter, we develop a predictor-feedback CACC law to fully compensate
long actuation delays in heterogeneous platoons, where vehicles” dynamics are subject to
distinct actuator delays. The control design introduced ensures string stability in terms
of speed error propagation, individual vehicle stability, and spacing/speed regulation. We
present consistent simulation results for a platoon, including a comparison with an existing
predictor-based CACC law. Moreover, we provide simulations for realistic scenarios,
utilizing real traffic data to model the trajectory of the leading vehicle. A potential
limitation of the proposed approach is its reliance on exact knowledge of the delay values
and time constants from preceding vehicles. However, the design method is robust to
moderate mismatches in the knowledge of these parameters. In addition, another potential
limitation is the need for communication of the states of a vehicle to all following vehicles.
However, such communication topologies have been employed in existing literature for
CACC design, see, e.g., [1], and thus, it can be considered as realistic such information to
be available. We further expect that for large-scale platoons, computationally complexity
of control implementation to grow. In such cases, an ego vehicle’s controller could, in
principle, utilize the predictor states computed from preceding vehicles (when these are
transmitted to the following vehicles), rather than computing all predictor states required
locally, to reduce computational burden.

This chapter is an adaptation of material appearing in

A. Samii and N. Bekiaris-Liberis, “Exact predictor-feedback CACC of heterogeneous
vehicular platoons with distinct actuation delays,” IEEE Transactions on Intelligent
Transportation Systems, provisionally accepted, 2025.

A. Samii and N. Bekiaris-Liberis, “On Compensation of Distinct Input Delays in
Heterogeneous Vehicular Platoons via Exact Predictor-Feedback CACC,” IFAC Workshop
on Time Delay Systems, Paris, 2025.



Chapter 7

Experimental Implementation and
Validation of Predictor-Based CACC

for Vehicular Platoons With Distinct
Actuation Delays

We provide experimental validation, in a pair of vehicles, of a recently introduced
predictor-based cooperative adaptive cruise control (CACC) design, developed for achiev-
ing delay compensation in heterogeneous vehicular platoons subject to long actuation
delays that may be distinct for each individual vehicle. We provide the explicit formulae
of the control design that is implemented, accounting for the effect of zero-order hold
and sampled measurements; as well as we obtain vehicle and string stability conditions
numerically, via derivation of the transfer functions relating the speeds of pairs of
consecutive vehicles. We also present consistent simulation results for a platoon with
a larger number of vehicles, under digital implementation of the controller. Both the
simulation and experimental results confirm the effectiveness of the predictor-based
CACC design in guaranteeing individual vehicle stability, string stability, and tracking,
despite long/distinct actuation delays.

7.1 Chapter Organization

In Section 7.2 we present the model considered for control design, together with the

basic, continuous predictor-based CACC law; as well as we provide the formulae of our

design when it is applied with zero-order hold employing sampled measurements. In

Section 7.3 we derive numerical conditions for vehicle and string stability, under digital
109
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implementation of the controller, as well as we present simulation results. In Section 7.4

we present experimental results. We provide concluding remarks in Section 7.5.

7.2 CACC for Heterogeneous Platoons with Distinct
Actuation Delays

7.2.1 Vehicle Model and Available Measurements

a) Vehicle dynamics: We consider a heterogeneous string of vehicles (see Figure 7.1) each
one modeled by the following third-order, linear system with distinct actuator delays that
describes vehicle dynamics (see, e.g., [45], [57], [58])

55(8) = v () — vi(h). (7.1)
(t) = ai(t), (7.2)
a(t) = — ;ai(t) + iiui(t ~ D)), (7.3)

where D; > 0 are input delays, and ¢t > 0 is time.

UN U; Si w4 (1 81 v

Figure 7.1: Platoon of N + 1 heterogeneous vehicles following each other in a single
lane without overtaking. The dynamics of each vehicle « = 1,..., N are governed by
system (7.1)—(7.3). Each vehicle can measure its own speed, the relative speed with the
preceding vehicle, and the spacing with respect to the preceding vehicle. The control
input and acceleration of each vehicle is communicated to the following vehicle via V2V
communication.

b) Available measurements: For the platoons considered here the measurements avail-
able to the ego vehicle ¢ are its own spacing s;, speed v;, acceleration a;, and control input
u;, as well as the speed of the preceding vehicle v;_;. This information is obtained through
on-board sensors. Furthermore, the control input of the preceding vehicle and its acceler-
ation are also available, and they are denoted by u;_; and a;_1, respectively. These mea-

surements are transmitted from the preceding vehicle, through vehicle-to-vehicle (V2V)
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communication. Note that the speed of the preceding vehicle, v;_1, can also be obtained

via V2V communication.

7.2.2 Continuous Predictor-Based CACC Design

a) Nominal control design: Without input delay, the following control strategy is con-
structed (see, e.g., [1,11])

S; (t) —T;

w;i(t) = Ty < — vi(t)> + 70 (vi—1(t) — v (t)) + Tici (ai—1(t) —ai(t)),  (7.4)

where a; > 0, b; > 0, and ¢; > 0 are design parameters, h; > 0 is time-headway, and
r; > 0 is inter-vehicle distance at standstill.

b) Predictor-based CACC: The predictor-based control laws for system (7.1)—(7.3) in
continuous time are given by (see [53])
T

' Qi (t) — 7oy + 0:)qia(t) + Tibigis(t) + Tici (4i5(t) — qia(t)) , (7.5)

where

t t
ql(t) = eFiDifi(t) + / er"(t_e)Biui(Q) df —l—/ eFi(H—Di_e_Di*l)Bliui_l(9) de, (76)
t—D; t—D; 1

with

_ P )

9 = |%1 %2 9,3 9,4 Gi5) > Ti= {Si — T Vi Vi1 Q4 ai_l} : (7.7)
- T T

Bi=[000Lo] Bu=[0000-1], (7.8)
0-110 0 |
0001 0

I;=0000 1 |. (7.9)
000-+ 0
0000 —-
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7.2.3 Predictor-Based CACC Design for Distinct Delays Imple-
mented with Zero-Order Hold

Let T, > 0 be the sampling period, with D; > 0 be given and [; € Z* such that D; = [,Ts.

Define the following quantities

wi(t) =u;,, te ks, (k+1)Ty), keZt, (7.10)
ji,mk :.i'l(k‘Ts - DCJ'), (712)

where D.; = [; Ty is communication delay. Then, the control inputs (7.5) implemented

with zero-order-hold are (see also [28])

T
Us), :TQi,lk — Ti(a; + bi)Gi2, + Tibigis, + Tics (%,Sk - Qi,4k) ) (7.13)
li li—l
IiD; = Iy(D;—D;_
qik =e mik + 2:1 Qij Biul'kij +e ( 1) z:l Q’i*lj Bl’iu’i*].,mk_]‘? (714)
j= j=
where
. Ts
c%:&m/'yww,j:Lw% (7.15)
0
. Ts
Qiflj :(—Z‘F”TS/ G_Fiode, ] = 1, ceey lifl, (716)
0
and
qi, Si, — T4
qi,2, Vi,
qi), = 4i3, | > jzk = | Vi-1,m, | > (717)
qi,4k Qg
| 45,5, | | Ai—1,my |
_ -D; —D; 7
1 _Dz l)z 7'1-2 DiTi — TiQGT —71-271 + DiTi,1 — T;ﬁle”’*
—D;
0 1 0 T, — T;e Ti 0
. D. -D;
elili — 0 0 1 0 Ti—1 — Ti—1€7i1 ) (718>
-D;
0 0 O e i 0
—-D;
_O 0 O 0 eTi-1 |
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TS
/ e Tifdp =
0

[ 12 T L (o N o\ ms ) EANAN
Ts 5 -5 % (Ts +2Ts7'i—2(—1+e”)7'i) 5 (Ts +2T 11 — 2 <—1+e*z—1>ri1>
07, 0 T (TS + 7 — Tie%> 0
0 0 Ty 0 Ti—1 (Ts +Tic1 — Ti_leTiTSl>

0 0 i (—1 +e%> 0
voe ’ i (<1 e)

(7.19)

7.3 Numerical Investigation of String Stability in

Discrete Time And Simulation Results

We start providing the definition of string stability employed in this chapter. A platoon of
vehicles indexed by i = 1, ..., N, following each other within one lane without overtaking,

is Ly string stable with reference to speed errors if the following condition holds (see,
e.g., [39])

sup |G (1) | <1, i=1,..,N, (7.20)

where G; <ej“TS> denotes the transfer function between the i-th vehicle’s speed and the
speed of its preceding vehicle i — 1. Here we study L, string stability with respect to
speed errors propagation, as this is the most commonly used definition, see, for example,
[12,19,21,62]. Based on G;(2) = Vv%lz()z) we perform numerical studies to investigate the
range of control parameters for which vehicle and string stability hold, also depending on
the sampling period Ts. We next derive G;(z)

In order to study string stability of speed errors propagation, we first recall the él(s)

from [53], which is given by

52(5)

GZ’S - )
) 33—|—<%+ci)82+(a,~—l—bi)s+%

(7.21)




114 Experimental Implementation and Validation of Predictor-Based CACC for Vehicular Platoons

where

51(3) :e_(Di—Di—l)S ((ZTZ ) (D D;_ 1) +biTi g — & 7_2 .

hi "
_(Di—Di_1) . . .
+e Ti—1 ((;:7'221 — biTi_l + CZ)> 82 + ((DZ — Dz’—l) (;: + b1> S+ z:) .
(7.22)
Then by applying Tustin approximation [26] and substituting s = Tl;’ri, we derive its

discrete-time counterpart

—(li—li—1) flzz +f212 +f3zz+f4z
glzz +92122+937,Z+g4z

where

. 7(D Dz—l)
f =4 (h Ti—1 (D Dz 1) + b; iTi—1 — Oész?—l +e it (OQTZQ 1 — b iTi—1 + Cl))

hi hz
Q; 2 3
iTils i — D) — + b ) iTid s .
><h7T+2((D D )h—l—b)hTTS+ozTTs (7.24)
) _(Pi—Di_1) ;
Jo,i =—4<h Tic1 (Di — Diq) + bymiy — % Lite T ((;7—7,21 biTi—1+Ci>>
X hiTiTs + 2 ((Dz —D; ) # + bi) himi T2 + 30y T2, (7.25)
. _(D szl) i
J3i=—4 <hTz 1 (D — D) + byrimg — Zl 72'2—1 +e it (27}2—1 —biTio1 + CZ>>
x hTs — 2 ((Dz - Difl) % + bi) hz‘Tin + 3042‘7'1'T337 (7'26)

. 7(D DLfl) .
f =4 (th 1 (D DZ 1) + b, iTi—1 — 217'14271 +e Ti-1 <%T2 — bﬂ'@'_l + Cz>>

X hyiTy — 2 ((Di — Diy) 2‘— + bi) hiri T2 + ayr T3

s
%

=8h;1; + 4h; T, + 4c;h; ;T —|—20&ZhTzT +2bh7’ZT2—|—O¢TZT

o) (
G2,i = — 24hiT; — 4h T — 4c;himTs + 20 h; T,T + 2b;h; 7',T2 + 3ay TlTS , (7.
gs; :24h1TZ — 4hsz — 4Cihi7—i s 2(){Zh 7'2 2b h; TlT + 30&17'ZT (

(

S

9a; = — 8h;T; + 4h T + 4c;hyT Ts — 20k, TZT — 2b;h; TZT + ast

7.3.1 Choice of Control Parameters

We numerically analyze the Lo string stability properties of the closed-loop system con-

cerning the propagation of speed errors. The transfer function G;(z) we consider, shown
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in (7.23), corresponds to the closed-loop transfer function obtained in [53] and displayed
in (7.21) (for the reader’s convenience) after applying the Tustin approximation [26]. This
is only an approximation of the actual transfer function one obtains in a closed-loop sys-
tem consisting of (7.1)—(7.3), subject to zero-order hold, under (7.13)-(7.19). We use it
however for simplicity as derivation of the actual transfer function would result in a quite
complicated expression, which would make it quite difficult to obtain string stability con-
ditions even numerically. The top plot of Figure 7.2 depicts sup,, |G1(e’“7*)| as a function
of a1 and by for choices of parameters corresponding to vehicles 0, 1 from Table 7.1. The
region between the red lines indicates where Lo string stability holds. In addition, the
bottom plot of Figure 7.2 demonstrates sup,, |G1(e’“7*)| as a function of Dy — Dj.

We note that for vehicle stability, under the zero-order hold implementation (7.13)—
(7.19), we can use the condition in Corollary 3.4 from [17], which gives the (exact) con-

dition that the eigenvalues of matrix
_ T, _
e&n<1+/‘eﬁWWw&K0, (7.32)
0

are within the unit circle, where

0-1 0 0

Ai=100 1|, Bi=10], (7.33)
00 -1 -

Ki = [Ti% —Ti(Oéi —+ bz) —TZ'CZ} . (734)

This holds for the model/control parameters in Table 7.1. Furthermore, for the con-
trol/model parameters of vehicle 1, we show in Figure 7.3 the magnitude of the maximum
eigenvalue of matrix (7.32) as function of 7. We observe that vehicle stability is preserved
for T, < 1.67.

7.3.2 Simulation Results

For a platoon of five vehicles with third-order dynamics given by (7.1)—(7.3), we consider a
case with parameters in Tables 7.1 and 7.2 taken from [21,22,53]. We consider a scenario
in which @;(0) = 0; w;(s) = 0, for each vehicle i. In Figure 7.4 we set v;, = 10 (%) and
v, =9 (%), Siy = hivi, +1r; (m) and s;, = 9.5+ (m). Additionally, we add noise to all
measurements of acceleration, velocity, spacing, and control input of preceding vehicle,
to more closely emulate experimental implementations. We observe that the platoon

is Lo string stable, but it may not necessarily be L., string stable, which may result
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sup, |G1(e’")
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Figure 7.2: Magnitude sup,, |G;(e’“?*)| corresponding to transfer function (7.23), as a
function of a; and by for choices of parameters corresponding to vehicles 0, 1 from Table
7.1 (top) and sup, |G1(e’T#)| as a function of D; — Dy (bottom).

in the small overshoots observed (that may appear also due to noise). We note that
the nominal controller (7.4), without a delay compensation mechanism, would result in a

highly oscillatory, string (and even vehicle) unstable behavior as actuation delays increase.
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Figure 7.3: Magnitude of the maximum eigenvalue of matrix (7.32) for i = 1 as function
of T§.

Table 7.1: The parameters employed for the numerical /experimental investigations pre-
sented in Sections 7.3 and 7.4.

Vehicle No.
Parameters 0 ! : s !
T; 0.067s 0.067s 0.1s 0.2 0.15
h; — 1s 1s 08s 08s
D, 0.15s 0.3s 06s 04s 03s
D ;1 — 0.02s 0.05s 0.04s 0.03s
oy — 7.5 7.5 5 5
b; - 12.5 12.5 10 10
& - 0 0 1 1

Table 7.2: The parameters employed for numerical /experimental illustration.

Parameter Value

T 0.01 s
Simulation step 0.001 s

i 10 m
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Figure 7.4: Acceleration (top), speed (middle), and spacing (bottom) of five vehicles,
with dynamics described by (7.1)—(7.3), under the predictor-based CACC laws (7.13),
(7.14), where the selected parameters and control gains are shown in Table 7.1 and Table

7.2, respectively. Initial conditions are v;, = 10 (%), 1 =1,2,3,4, v, =9 (%), Sig =
hi x 10 +7; (m),i=2,3,4, s1, = 9.5+, (m); and a;(0) = 0; u;(s) = 0, for each vehicle
i.
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7.4 Experimental Implementation and Validation

7.4.1 Description of the Experimental Setup

To experimentally validate the controller, we use a platoon of two full-scale electric ve-
hicles as shown in Figure 7.5. Details on the automation of the vehicles and associated
sensors for a (predictor-based) CACC controller, can be found in [22] and [23], respectively.
The resulting experimental platform exhibits drive-by-wire functionality that results in
a longitudinal vehicle response according to (7.3), with lag 7, = 0.067 s and input delay
D; = 0.15 s. To create distinct input delays for both vehicles, we add an additional input
delay in the software of the ego vehicle, to obtain an input delay D; = 0.3 s. The resulting
parameters of the experimental setup are identical to vehicles 0 and 1 in Table 7.2.

To implement the predictor-feedback controller, the measurements Z;;, from (7.17) and
Uj—1,m, are required. The inter-vehicle distance s; is directly measured by the automotive
radar. To obtain the ego vehicle’s longitudinal velocity v;, the rear-axle rotational speed
of the vehicle is measured. The longitudinal acceleration a; of the vehicle is obtained
through an Inertial Measurement Unit (IMU). The exact specifications of the sensors can
be found in [21]. The preceding vehicle’s velocity v;_; and acceleration a; 1, as well as its
control input w;_; are obtained through V2V communication. During the experiments,

the mode of the experienced communication latency D, ;_; was 20 ms.

Figure 7.5: Platoon of experimental vehicles that are used to perform the experiments.
The vehicles used in this study both belong to the Technical University of Eindhoven.
Access was obtained through collaboration with the Group of Vehicle Dynamics and
Control at TU Eindhoven.
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7.4.2 Experimental Results

To perform the experiments, the vehicles are initialized in an equilibrium position with
both vehicles at standstill. Next, the leader vehicle is controlled to a cruise speed of
Vi1 = 3 (%), while the follower vehicle is controlled with the predictor-based CACC
controller (7.13), with the tuning of vehicle 1 from Table 7.1. Once the cruise speed
is reached, positive and negative acceleration steps with an amplitude of 1.5 (S%) are
prescribed to the leader vehicle. The measured velocity and acceleration response of the
platoon is shown in Figure 7.6.

At the start of the experiment (from 230 to 232.5 seconds), a negative acceleration
setpoint of the ego vehicle can be observed. This negative acceleration setpoint is the result
of the initialization of the platoon, which has a slightly smaller inter-vehicle distance than
the desired inter-vehicle distance at standstill, as can be seen in Figure 7.6a. Since the
experimental vehicle cannot drive backward (without physically changing the gear), this
results in a negative acceleration setpoint which keeps the ego vehicle stationary until the
leader vehicle starts driving. The measured experimental response indicates the controller
and adopted tuning indeed result in string stability, as the there is essentially no overshoot
in both the velocity and acceleration response. In steady state situations, when the leader
vehicle is driving with constant velocity, the ego vehicle’s speed converges to the leader
vehicle’s speed. Consequently, the experimental results confirm the theoretical results

and show that the controller can operate in practice.
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(a) Inter vehicle distance s;, as measured by radar.
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(c) Platoon acceleration response.

Figure 7.6: Measured experimental response of vehicle (—) deploying predictor-based
controller (7.13), (7.14), to follow leader vehicle (—). The ego and leader vehicles’ pa-
rameters and tuning correspond to vehicles 0 and 1 from Table 7.1, respectively.
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7.5 Chapter Conclusions and Related Publications

We provided experimental results, validating in actual implementations, the delay-
compensating CACC design from [53]. The implementation relied on explicit, zero-order
hold formulae of the predictor-based CACC law, which was employed in the case of a
pair of vehicles with different actuation delays. We also provided consistent simulation
results, also studying numerically vehicle and string stability, depending on control/model
parameters. Both the simulation and experimental results confirm the effectiveness of
the design in guaranteeing vehicle stability, string stability, and tracking, consistently
with the respective theoretical results from [53].

This chapter is an adaptation of material appearing in

A. Samii, R. de Haan, and N. Bekiaris-Liberis, “Experimental implementation and
validation of predictor-based CACC for vehicular platoons with distinct actuation delays,”
IEEE Conference on Decision and Control, Rio de Janeiro, 2025.



Chapter 8
Perspectives

As an extension, future research will focus on implementing the exact predictor-feedback
CACC design from Chapter 6 in a ring-road scenario, which is a theoretically important
problem. Furthermore, we aim to develop an exact predictor-feedback approach that
explicitly accounts for the effect of control inputs applied via zero-order hold, which
better reflects practical implementation constraints. In addition, we plan to extend
the predictor-based CACC framework to accommodate various platoon communication
topologies, while integrating alternative nominal (for the delay-free case) control strategies
that , e.g., incorporate safety criteria within the platoon.

A more challenging, but promising, avenue is the development of nonlinear, predictor-
based CACC designs, accounting for model nonlinearities and relying on nonlinear nom-
inal controllers. This framework can be further extended to incorporate actuation delays
in vehicle dynamics and communication delays across the CACC vehicular network. In
addition to showing string and vehicle stability, studying the safety properties of the
platoon is a challenging, but important, problem related to development of nonlinear,
predictor-based CACC laws.

In addition, future work could explore mixed traffic scenarios involving both auto-
mated and human-driven vehicles. Within such contexts, applying ACC/CACC strategies
under varying network topologies would enable investigation of methods for reducing the
constant time-headway in light traffic conditions. Furthermore, developing adaptive time-
headway strategies tailored to heavy traffic could help increase overall road throughput.
Critical criteria, such as head-to-tail string stability, should be examined alongside opti-
mization objectives that are vital in automated vehicle systems, including fuel efficiency,

passenger comfort, and overall performance.
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