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Achieving an L, string stable one vehicle look-ahead platoon with
heterogeneity in time-delays

Deesh Dileep’, Mauro Fusco?, Jan Verhaegh?, Laurentiu Hetel®, Jean-Pierre Richard?, and Wim Michiels!

Abstract— A methodology is proposed to design stabilising
and robust fixed-order decentralised controllers for heteroge-
neous vehicular platoons with Cooperative Adaptive Cruise
Control (CACC). We consider Linear Time Invariant (LTI)
models with constant time-delays at state, input and output.
The closed-loop systems of (identical) local controllers and
heterogeneous parameter vehicles are modelled by a system of
delay differential algebraic equations. The proposed frequency
domain approach uses the non-conservative direct optimisation
approach towards stabilisation and robustness optimisation of
delay systems. In this paper, the design problem of stabilising
(identical) controllers achieving Lo string stability for one vehi-
cle look-ahead platoon is reduced to a simultaneous controller
design problem for a parameterised (sub)system, where the
allowable values of the parameters correspond to heterogeneity
(including time-delays) of the vehicles. By treating the hetero-
geneity in parameters as perturbations contained in specific
intervals or regions, we determine the values for pseudo-spectral
abscissa and robust induced-£> norm. Hence, we ensure that
the achieved exponential stability and string stability properties
along with the overall computational complexity (of designing
the controller) are independent of the number of vehicles. The
application of CACC is simulated in MATLAB software.

Index Terms— Decentralised control, Time-delay systems,
H2/H-infinity methods, Linear systems, Large-scale systems.

I. INTRODUCTION

Problems related to traffic jams, growing constraints
in highway capacities and improving efficiency in road
transport systems have caught the attention of researchers
worldwide. Cooperative Adaptive Cruise Control (CACC)
techniques are attractive as an automated vehicle following
system based on inter-vehicular exchange of data through
wireless communication, in addition to radar or lidar [1]. As
a matter of fact, CACC is known to reduce the time gaps
between vehicles significantly [1]. In this work, a scalable
design method using frequency domain based technique for
stabilising and robust (string stable) fixed-order (identical)
local controllers for heterogeneous vehicular platoons with
time-delays is presented. The heterogeneous time-delays
could be present in these systems due to actuation, sensors
or communication (see [2]).

For the case of CACC, it is impractical to employ cen-
tralised controllers (see [1], [3], [4]). One of the main
objectives to be considered when designing controllers for
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CACC is the prevention of amplification of disturbances in
the upstream direction of vehicles. This problem is generally
represented using the notion of string stability. There are sev-
eral definitions available for string stability in the literature,
focusing on various aspects of cascaded systems (see [1], [3],
[51, [6]). We consider sufficient conditions for (strict) string
stability, based on the L5 gain, as in [1], [3]). The method
proposed in [1] has been modified to incorporate the problem
of heterogeneity and time-delays. Homogeneity in platoon is
assumed at higher layer in [1] by considering the possibility
of cancelling out heterogeneity using lower layer controllers.
This might not be suitable for some scenarios which include
multi-brand vehicular platoons with heterogeneity in time-
delays. The one vehicle look-ahead topology is considered
to design identical controllers for heterogeneous (parame-
ter) vehicles, by optimising them for sufficient conditions
of string stability in terms of (maximum) Lo gain. It is
important to note that by considering the (energy based)
Lo string stability conditions for heterogeneous vehicular
platoon, there is no insight on the £, string stability (the
possible overshoot for signal in the time domain).
Generally, traditional design methods used for designing
stabilising and H., optimal controllers for Linear Time-
Invariant (LTT) Multiple Input Multiple Output (MIMO) sys-
tems are grounded in the Riccati equation and Linear Matrix
Inequality (LMI) framework (see [7], [8], and references
therein). In most of these cases, the controllers designed by
these methods may not be structured and their dimension
could be equal to or larger than the order of the plant. In
this paper, we consider non-conservative frequency domain
based approaches proposed in [9], [10] to design structured
and fixed-order controllers. Many researchers assume homo-
geneity of vehicles in large platoons (networks), however
this might not be true in the real world scenario. In [11],
sufficient conditions for designing string stable distributed
controllers for heterogeneous platoon (solved using small
gain theorem and LMI) was presented. In [5], a pole-zero
cancellation method was proposed to cancel heterogeneity
in engine time constants through post-compensation of the
wireless feed-forward signal. In [6], the string stability
of heterogeneous vehicular platoons in an adaptive cruise
control configuration with non-connected automated vehicles
has been considered. However, in this paper, we study the
possibility to optimise, with reduced complexity, the stability
and robustness/performance of (identical) local controllers
for the large scale LTI heterogeneous vehicular platoons in an
one vehicle look-ahead topology with numerous (constant)
time-delays using frequency domain based direct optimisa-
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tion techniques. Since we consider the frequency domain ap-
proach, we have necessary and sufficient stability conditions
for the LTI system with time-delays. Additionally, it might be
possible to add an upper layer of control to one vehicle look-
ahead CACC, so as to include the possibility of information
transfer from the last vehicle to the first vehicle (see [12],
[13]). We refer to [14], [15], [16], [17] and references within
for details on recent publications related to the subject.

The remainder of this paper is organised as follows.
Section II provides a motivation for the problem considered
in this paper. Section III presents the linearised vehicle plant
model considered and the outputs available to the controller.
Section IV describes the Delay Differential Algebraic Equa-
tion (DDAE) used to model the heterogeneous vehicular
platoon with time-delays. Section V reviews the direct opti-
misation based approach available for designing robust fixed-
order (identical) controllers for CACC. Section VI validates
the proposed approach using MATLAB software. Finally,
Section VII contains the concluding remarks.

II. MOTIVATION

v ol Ge

Radar

Fig. 1. Heterogeneous platoon of three vehicles in classical ACC one
vehicle look-ahead topology.
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Fig. 2. Deceleration response, accelerations of heterogeneous (parameter)
vehicles in ACC platoon which is exponentially stable but not string stable.
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Fig. 3. Deceleration response, velocities of heterogeneous (parameter)

vehicles in ACC platoon which is exponentially stable but not string stable.

We illustrate the importance of string stability (perfor-
mance) for heterogeneous platoons using a classical Adap-
tive Cruise Control (ACC) configuration (see Fig. 1). We

simulate the string instability phenomenon in heterogeneous
vehicular platoons using third order LTI models with delays
in the ACC configuration stabilised by a PD controller,
and introducing a disturbance (deceleration input) in the
reference vehicle. We can see in Figs. 2 and 3, a small
deceleration signal in the reference vehicle (agp), results in
undesirable responses through the string. In Fig. 3, it can
be seen that the deceleration reference signal results in
negative velocity during simulation. However, in reality, it
would be saturated (at zero). One way to interpret this effect
would be that the lack of performance standards could result
in undesirable stops (velocity = 0 m/s?) or traffic jams.
The string stability performance of automated vehicles is
necessary to be guaranteed for smooth traffic flows. Even
though the undesirable effects on traffic flow are simulated
in this section using a platoon of three vehicles, due to the
nature of the problem and based on intuition, we can say that
the performance worsens as the number of vehicles increase
in the string. This performance problem is framed as a strict
string stability problem in terms of induced-L2 norm for
control design in Section V-C.

III. PLANT MODEL

In this section, we present the vehicle models used for the
CACC problem considered in this paper. The LTI vehicle
model has been taken from [1], however, we consider exist-
ing (constant) time-delays and some heterogeneous elements
in the dynamics of the vehicles. The heterogeneity considered
in this paper is confined to the parameters in Table I.

TABLE I
HETEROGENEITY IN THE CACC NETWORK.

Notation Parameter of vehicle
h; Head-way time constant
Ti Drive-line time constant
Dai Actuation delay
bi Communication delay
Pci Sensor delay

We assume all the parameters in Table I to be positive and
real-valued. We consider the i vehicle model as,

Si(t) Vi(t)
Vi(t) | = Foi(t) ;o (D
Fm‘(t) _-,-%Fai(t) + T%uz(t - ¢ai)

for all ¢ = 1,...,n where n is the total number of vehicles
in the platoon, S; is the position, V; is the velocity, and F;
is the acceleration of vehicle ¢. Given a reference trajectory,
Sref0(t) = Viepo - t, we stabilise and control the system
around the stationary solution (when u; = 0)
i
Si(t) = Sref,i(t) = Viepo - t — Z(thref,O + L+ k),
k=1

i = 1,....,n, where L; is the length, r; is the standstill
distance, and h; is the head-way time constant of vehicle
1. That is, we consider each vehicle to be associated with a
reference trajectory with real-valued constant velocity V.. o.
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Note that the reference distance for vehicle ¢ from the vehicle
ahead has a velocity component. We can describe the relative

motion of the i™ vehicle as
si(t) = Si(t) — Sregi(t), vi(t) = Vi(t) — Spesi(t), )
al(t) :Fai(t)fgmfyi(t) :Fm‘(t), VZ: 1,...,Tl

For the virtual vehicle 0, we consider Vo = Vier0, So =
Sref,0, then sg, vg = 0. The equations in (1) change to

5:(¢) Uz'(t)
al(t) —T%Clz(t) + *uz( (baz)

and the corresponding transfer function from u; to s; can be
written as
e~ Pais

(ris+1)s2
We assume that the controller of vehicle 7 has access to the
position error (e;(t)), the velocity error (¢;(t)), and the input
signal transmitted from the vehicle ahead through wireless
communication (u;—1(t)), that is y;(t) = [e;(t — ¢ei) €i(t —

Gi(s) = “4)

$ei) wi—1(t — ¢p(i—1))]"- The position error is given by
ez(t) = Si_l(t) - Sz(t) - hl‘/l(t) - Lz —T; (5)
= Si_l(t) - Si(t) — hﬂ}i(t),
and the velocity error is given by
éi(t) = Viea(t) = Vi(t) — hiFu;(2)
(6)
= ’Ui_l(t) — Ui(t) — hiai(t),

for all vehicles ¢ = 1, ...,n (by definition, sy, vy = 0).

IV. CLOSED-LOOP SYSTEM MODEL

The dynamics of the one vehicle look-ahead pla-
toon without control is given (using the state zp;(t) =

[ei(t) vi(t) ai(t) Yui(t) 7,(t)]") by

Epipi = ApioTpi(t) + ApinTpi(t — dai)

+ ApioZpi(t — bei) + Bpirwi(t) + FpioTpi—1)(t)

+ FpinZpi—1) (t = du(i—1)) + FpiaZpi—1)(t — dei),

yi(t) = Cpioxm‘(t), = 1, ey 1, .%‘po = 07
where e; is the position error, v; is the relative velocity, and
a; is the acceleration of plant/vehicle ¢, whereas ~,; and
yi are dummy variables for controlled input u; and output
to controller y; respectively. Note that 2,0 = 0 or vehicle
0 doesn’t exist from analysis point of view (see (5), (6)),

however, for simplicity of representation we consider ¢ =
1,...,n in (7). In the matrices below

)

0 -1 —h; 0 0 0
0 0 1 0 0 0
Apo=10 0 =2 0 0|, By = |0],
0 O 0 -1 0 1
0 0 0 0 -1 0

1, it (j, k) = (1,2
[Fpiol k) = {0 U k) = (1,2)
L if (k) =

Al =47
[ pl](],k) {07

otherwise,

(3,4)
otherwise,

Coio=[0 0 0 0 I],

0 0 ... O
Apio = 0 0 0 ’
pi2 1 O 0
0 —h; 0o ... 0
0 0
]., if (.77 k) = (7’ 4)
Fyirl e = 0, otherwise,
]., if (Jv k) = (6’2)
Fia](j,p) = 0, otherwise,
1 0 0 0 O
01 0 0 O
Ep =10 0 1 0 O ’
00 0 0 O
00 0 0O

Apij is given for i = 1,...,n, F};; is given for i = 2,...,n,
and Fj;; =0 (2 = 1), where j = 0,1,2. We use [ and 0 to
denote the identity matrix and the matrix with zero entries of
appropriate dimensions respectively, and [ - ; ») denotes the
element at the j™ row and k" column of a matrix. We also
consider each subsystem to be controlled by a fixed-order
LTI feedback controller (order n.) of the form
j:ci (t) = Acmci (t) + chl (t)7 (8)
u;(t)

= chci(t) + Dcyl(t)a t=1

A static controller (n, = 0) would have only the D,
component corresponding to [k, kq ksy] as in [1] (with
krs = 1). We consider the scenario of the heterogeneous
vehicles being controlled using identical local controllers
ui(s) = K(s)yi(s) Vi = 1,...,n. We define the following
state vector for the closed-loop system

wi(t) = [ (t) uj (8) w53 (2) i ()],

pr
which includes plants, controllers, and network interconnec-
tions. We use R to denote the set of all real numbers. We
re-write system equations using the new state x; € R™<, in
the form of DDAE (see [10], [18] for more details on DDAE)

sy T

Eii(t) = Ajwi(t) + Anzi(t — dai) + Aizxi(t — dei)
+Fioxi—1(t) + Fawi—1(t — dpii—1))
+Fpori1(t—¢e) Vi=1,...,n, xop=0,

)]
where the matrices are
E, 0 0 0 Apo Bpin 0 0
E=|0 o 1 ofA0=|%" 0 A ml
0 0 0 O 0 -1 C D.

A;1 = blkdiag{4,,1,0,0,0}, Fp = blkdlag{FpZmO 0,0},
A»L‘Q = blkdlag{AmQ, 0, 0, 0}, Fﬂ = blkdlag{Fp“, 0, 0, O},
Fjy = blkdiag{Fp:2,0,0,0},

i = 1,...,n, where the abbreviation blkdiag{-} implies the
block diagonal matrix. Notice in the above equation that
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the controller parameters are contained in matrix A;g, as
indicated with the dashed box. In the direct optimisation ap-
proach of [9], [10], [19], stability and performance measures
expressed in terms of the spectral abscissa and H ., norms
are optimised as a function of the elements of controller
matrices A., B., C. and D.. We contain all the controller
parameters in a vector

P = vec A Be|

Ce ' D"

Whenever appropriate, we stress the dependence of A;y on
these parameters with the notation A;o(p).

(10)

V. STABILITY AND PERFORMANCE OBJECTIVES

We optimise the controller parameters in p for stability
objectives in terms of spectral abscissa (the real part of
the rightmost eigenvalue in the complex plane) and pseudo-
spectral abscissa using algorithms in [9], [20] respectively as
a starting point. Additionally, we tune controller parameters
for robustness objectives in terms of induced-L, norms, us-
ing a graphical frequency-gridding approach with the help of
bode plot and patternsearch!. The objective functions
considered in this paper are as follows.

A. Platoon stability: spectral abscissa

The linear models of vehicles and the platoon used in this
paper are not stable. They have zero eigenvalues, therefore,
as a first step we stabilise the platoon by computing local
controllers that minimise the spectral abscissa. The spectral
abscissa (c¢(p)) of the closed-loop system in (9) can be
expressed as follows

c(p) = sup{R(A) : detA(A, p) = 0},
AeC

where,

Aq 0 0 0

Fyy Ay 0 0 (an
Anp) = | 0 Fa A 0

0 0 Fn(n—l) An

We use the notation J23()) to indicate the real part of the
complex number A (eigenvalue), also, A; corresponds to the
characteristic matrix of individual vehicles,

Ai(AD) = AE — Ajg(p) — Ape Mot — Ape™ %<1, (12)

foralli =1,...,n, and ]:_'i(z-_l) appears due to the interaction

between vehicles, where
Fiti—1)(A) = =Fyo — Fipe 260 — Fige % (13)

for all 4 = 2,...,n. Since the differences between A; V i =
1,...,n lie in some parameters within the state coefficient
matrices (see (12)), then we can rewrite it as

AN D, pi) = AE—Ao(p, pi) — A1 (N, pi) — Az (N, i), (14)

!Built-in optimisation algorithm within MATLAB.

for all i = 1,...,n, where p; = [1i hi Gai Pvi Gei]’
is the plant parameter vector corresponding to vehicle
i, Ao(p,pi) = Aiw(@), Ai(\pi) = Aje %, and
1212()\,[37) = Alge’)‘d’“'.

Theorem 1: For the systems given in (9), the spectral
abscissa in (11) is equivalent to

c(p) = maxsup{R(\) : detA(\,p,p;) =0} : i€ {1,....,n}.
v XeC

15)
Proof. The assertions for the Theorem 1 directly follow from
the block-triangular structure of (11), then (15) arises from
the diagonal blocks, and from the structure of the associated
eigenvalue problem. O
The exponential stability (unlike strict string stability) of
the whole CACC network in look-ahead topologies does not
depend on the interaction/coupling of vehicles. We minimise
the spectral abscissa of the platoon in (9) for a faster
exponential decay rate of solutions,

min ¢(p).
P

However, the computational complexity of this stabilisation
approach still depends on the number of vehicles.

B. Platoon stability: pseudospectral abscissa

In this section, we solve the stabilisation problem of
platoons in look-ahead topologies, using a method whose
computational complexity is independent of the platoon size.
We can formulate it as a problem of parameterised system,
and compute the pseudospectral abscissa for some structured
real-valued perturbations. Since the differences between the
vehicles in (12) lie in some parameters within the state
coefficient matrices (see (14)), a sufficient condition for
stability is given by the robust stability of the corresponding
uncertain system. Let us define the pseudospectrum of the
perturbed system,

A= {NeC: det(A(N,p,ps)) =0},

PsER

(16)

where the vector ps (corresponding to the vehicle ¢) is the
uncertainty belonging to some region R € R5. Note that A
in (16) can include all the characteristic matrices A; V i =
1,...,n as in (12) by defining the heterogeneity in vehicle
parameters to be contained within R. For robust stability
optimisation, we introduce the pseudospectral abscissa

a :=sup{R(A\) : A € A}.

Since the matrices in (14) are affine in the uncertain param-
eters, the pseudospectral abscissa can be computed using the
structure exploiting algorithm for real-valued perturbations in
[20]. The objective would be to minimise the pseudospectral
abscissa

min ¢,
P

to obtain a stable system for all perturbations belonging to
the region R with a < 0.
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C. Platoon string stability

In this subsection, we focus on formulating a condi-
tion for the strict string stability of the vehicular platoon.
We assume throughout this paper that we observe signals
(inputs, accelerations, and velocities) for some exogenous
disturbance (w(s)) at the input of the first vehicle such that
u1(s) = w(s)+K(s)y1(s). We define the transfer function of
the closed-loop system (9) from w(s) to the input observed
at vehicle 7 as

Pi(s) == us(s) Vi=1,..,n.
w(s)
The induced-L5 norm of the transfer function can be written
as

||Pz||7-lco = sup ||uiHE2
w0 ||W]|,

Vi=1,..,n,

where the £ norm is defined on the interval ¢ € [0, o)

luolles =/ [ " (s,

hence,
wille, < |Pillnallwlle, Vi=1,..,n.

The string stability sensitivity function corresponding to the
controlled input is
u;(s)

w(s)

IL(s) := O Pi(s)(P_1(s)) L.

w(s)
If we derive the above string stability function assuming
heterogeneity in the parameters of vehicles in the platoon,
we would obtain

7)

(Kffefcbb(ifl)s 4 Gi_lebe—de)
(]. —+ be(his + 1)Gie*¢ci5) ’
(18)
Vi=2,..,n, G; contains the plant dynamics as in (4),
K(s) = C.(sI — A.)"'B. + D.
= [bel(s) K™2(s) Kff(s)]

F(S7ﬁaﬁi7ﬁi—l) -

19)

is the stabilising controller (u;(s) = K(s)yi(s), u; €
R, y; € R3). For simplicity in representation, we use
K™(s) = K™!(s) + sK™(s) to denote the feedback part
of controller corresponding to the signal e;. The function
T" in (18) contains the plant and the controller parameters
of vehicle i, and some plant parameters of vehicle 7 — 1.
Recall that we denote the controller parameters and the plant
parameters of vehicle ¢ using p and p; respectively. The
CACC configuration that arises from (9) for heterogeneous
(parameter) vehicles is given in Fig. 4.

Note that the authors in [1] consider (18) for strict string
stability. This is sufficient for their case, as the string
stability sensitivity function corresponding to the controlled
input and the acceleration are the same for homogeneous
vehicular platoons. However, this is not valid for the case of
heterogeneous vehicular platoons. Therefore, we rewrite the
string stability sensitivity function in terms of acceleration

‘ Vehicle 7

Fig. 4. The one vehicle look-ahead configuration of CACC.

(observing the accelerations for the exogenous input w). The
new string stability sensitivity function (corresponding to
acceleration) becomes

ai(s) e*‘i’ais
w(s) Ti5+1

ai—1(s) ~ ¢ %ai-1°® L ui—1(s)
w(s) Ti_15+1 w(s)

(Kffe=?v6-13 4 G, KPe=%¢i%)(1;,_15 + 1)e~ %ai®
(1+ K™(his + 1)Gie=9ei%)(1y5 + 1)e Pati=n)®

L ui(s)
w(s)

\Il(s,ﬁ,ﬁ“ﬁi,l) -

(20)

for all ¢ = 2,...,n. Note that U is the string stability
sensitivity function corresponding to both acceleration and
velocity (a;(s) = s-v;(s)). Based on the assumptions men-
tioned above, for Ly strict string stability of heterogeneous
vehicular platoons, we define the following (similar to [1]).

Definition 1: We consider the interconnected system (9)
to be Lo strict string stable if ¢(p) < 0 and

sup [V (jw, P, p;i, pi—1)| <1Vi=2,...,n.
w€ER
Finally, we optimise (using frequency-gridding approach) the
function

win s (sup G ) b5 i € (21
P (pipi-1 \weR

while ¢(p) < 0, to obtain a stabilising controller that achieves
strict Lo string stability.

D. Investigating a robust string stability achieving controller

The platoon string stability problem in the previous sub-
section can be extended to find a controller for an uncertain
string stability sensitivity function (with uncertainties in
vehicle parameters confined to real intervals) to increase scal-
ability to multiple vehicles. Now we consider the ¥ function
to be uncertain with perturbations at all the vehicle/plant
parameters (including time-delays). We define the vectors
ps (corresponding to the parameters of vehicle ¢) and ps
(corresponding to the parameters of vehicle ahead) as the
uncertainty belonging to some region R € R® respectively.
We define the new robust induced-L5 norm (as the worst
case Lo gain for all perturbations) while the corresponding
o < 0 (exponential stability),

Xoo =

_max {Sup ‘I/(jw7p,ﬁa7255)|}~ (21)
Ps,PsER (weRrR
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If the corresponding @ > 0, then x~ = oc. By intuitively
minimising the worst case scenarios using the approach in
Section V-C, the robust induced-L2 norm may be brought
to a desirable value (x~ < 1). This provides robust
performance for all the bounded perturbations/uncertainties
in terms of maximum induced-L, norm. In this paper, we
determined Y., by maximising induced-L, norm for all the
possible combinations of vehicle parameters confined in their
respective regions in the real coordinate space.

VI. SIMULATION BASED STUDIES

Let us consider a case of heterogeneous platoon with three
vehicles (n = 3), whose parameters are given in Table II. We
consider only three vehicles in the platoon for simplicity in
presentation. Our aim is to guarantee (exponential) stability

TABLE I
THE VEHICLE PARAMETERS USED FOR SIMULATIONS.

i Ti hi | @ai Pbi Pei
1] 007 | 07 | 0.18 | 0.018 | 0.18
2 0.1 0.8 0.2 0.02 0.2
3 | 0.01 0.6 | 0.15 | 0.015 | 0.15

and (string stability) performance for the platoon?. The string
stability sensitivity function considered is

\Ij(svﬁaﬁlaﬁk) = ...
(Kffe_¢bk3 + Gkabe_¢°ls)(Tks + 1)e—¢azs
(1+ K™(lys + 1)Gre=?as)(ms + 1)e=ars’

for all k,1 = 1,2,3, where vehicle [ is following vehicle k.
Note that (20) and (22) are the same function, however, we
abuse the subscript notations (k,[) to show that we include
all possible combinations of the heterogeneous vehicles from
Table II in the platoon.

Considering that the vehicles (with parameters in Table II)
are to be controlled by identical controllers, we minimise the
objective function (while ¢(p) < 0)

(22)

m_in {InaX (Sup |\Il(]waﬁa]§l7ﬁk)|>} < 1: kvl € {1>273}7

p D1,Pk wWER
(23)
to obtain the controller
[1.4999  1.5909
ICi(t) = l'm(t)
0.5346 —3.8166
L96TT 12820 L7
K — —0.4932 11862  0.7864 |
wi(t) = |-1.0527 0.3931} zail(t)
+ [1.7204 0.0702 0.0178} vilt),
Vi=1,2,3.

(24)

A preliminary minimisation of ¢(p) was performed to
ensure that the starting values for p in (23) had ¢(p) < 0
(exponential stability). The frequency responses are plotted

2The software tool and the vehicular platoon example are available in
http://twr.cs.kuleuven.be/research/software/delay-control/CACCproblem.zip

in Fig. 5 for the function ¥ (s, p, p;, p.) with K given in (24)
for all k£, = 1,2, 3. The time responses of accelerations and
velocities for a reference signal (Vicr0, Foo = V,«e f,0) are
shown in Figs. 6-7 for a combination of the three vehicles
from Table II (in the platoon) simulated using MATLAB.
Similarly, the time responses of position errors for vehicles
in the same arrangement are given in Fig. 8. The robust
induced-£Lo norm for the one vehicle look-ahead vehicular
platoon using K given in (24) was also investigated. We
found xo <1 and oo = —0.1485 for

7; € [0.01,0.1], h; € [0.6,0.8], da; € [0.15,0.2],
dpi € [0.015,0.02], and ¢e; € [0.15,0.2]

Vv ¢ = 1,...,n, for any natural number n. In summary,
the controller K given in (24) is guaranteed to maintain
exponential stability and strict Lo string stability for any
number of vehicles in system (9) and for any combination
within the platoon, given that the vehicle parameters are
confined to the intervals in (25).

(25)

=
e
3
=
=
0 Ll |
101 10° 10!
Frequency or w (Hz)
Fig. 5. Frequency response of the function W for all the nine possible

combinations of the three heterogeneous vehicles in the platoon.
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Fig. 6. Acceleration response for the reference signal Vi..r o (platoon of
the 3 vehicles controlled using the controller K).
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Fig. 7. Velocity response for the reference signal V;..r o (platoon of the

3 vehicles controlled using the controller K).
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Fig. 8. Position errors for the reference signal V;..r o (platoon of the 3
vehicles controlled using the controller K).

VII. CONCLUSION

The design problem of stabilising (identical) controllers
that achieves strict L, string stability for heterogeneous
(parameter) vehicular platoons in the one vehicle look-
ahead topology was considered. We proposed an approach to
design the controllers satisfying the stability and performance
requirements for linearised third order heterogeneous vehicle
plant models. The proposed approach was implemented in
MATLAB and the corresponding results were presented.

We solved the controller design problem using direct
optimisation techniques in the frequency domain, grounded
in necessary and sufficient stability conditions. One of the
main limitations for the direct optimisation based approach
is the non-convexity of the optimisation problem. Therefore,
the algorithm can converge to local optimum. We mitigate
this problem by considering sufficiently large number of
randomly generated starting points, and choosing the most
optimal solution from them.

A scalable design approach to obtain (identical) decen-
tralised controllers was also proposed for the case of hetero-
geneous (parameter) one vehicle look-ahead platoon, wherein
the computational complexity is independent of the platoon
size. We ensure that the achieved exponential stability and
string stability properties are independent of the number of
vehicles in the platoon, given that their parameters are con-
fined to some real intervals. This improves the computational
efficiency and scalability.

ACKNOWLEDGEMENTS

This work was supported by the project C14/17/072 of the
KU Leuven Research Council, by the project GOA5317N of
the Research Foundation-Flanders (FWO - Vlaanderen), and
by the project UCoCoS, funded by the European Unions
Horizon 2020 research and innovation programme under
the Marie Sklodowska-Curie Grant Agreement No 675080.
In addition, this work was also supported by the project
ENSEMBLE, which is co-funded by the European Unions
Horizon 2020 research and innovation programme under the
Grant Agreement No 769115.

REFERENCES

[1] J. Ploeg, N. van de Wouw, and H. Nijmeijer, “Lp string stability of
cascaded systems: Application to vehicle platooning,” IEEE Transac-
tions on Control Systems Technology, vol. 22, no. 2, pp. 786-793,
March 2014.

[2]

[3]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

(12]

[13]

[14]

[15]

[16]

(17]

(18]

[19]

[20]

J. Ploeg, E. Semsar-Kazerooni, G. Lijster, N. van de Wouw, and
H. Nijmeijer, “Graceful degradation of cooperative adaptive cruise
control,” IEEE Transactions on Intelligent Transportation Systems,
vol. 16, no. 1, pp. 488—497, Feb 2015.

J. Ploeg, D. P. Shukla, N. van de Wouw, and H. Nijmeijer, “Controller
synthesis for string stability of vehicle platoons,” IEEE Transactions
on Intelligent Transportation Systems, vol. 15, no. 2, pp. 854-865,
April 2014.

S. Oncu, J. Ploeg, N. van de Wouw, and H. Nijmeijer, “Cooperative
adaptive cruise control: Network-aware analysis of string stability,”
IEEE Transactions on Intelligent Transportation Systems, vol. 15,
no. 4, pp. 1527-1537, Aug 2014.

C. Wang and H. Nijmeijer, “String stable heterogeneous vehicle
platoon using cooperative adaptive cruise control,” in 2015 IEEE 18th
International Conference on Intelligent Transportation Systems, Sept
2015, pp. 1977-1982.

M. Wang, H. Li, J. Gao, Z. Huang, B. Li, and B. van Arem, “String
stability of heterogeneous platoons with non-connected automated
vehicles,” in 2017 IEEE 20th International Conference on Intelligent
Transportation Systems (ITSC), Oct 2017, pp. 1-8.

P. Gahinet and P. Apkarian, “A linear matrix inequality approach to
Hoo control,” International Journal of Robust and Nonlinear Control,
vol. 4, no. 4, pp. 421-448, 1994.

E. Fridman, Introduction to Time-Delay Systems: Analysis and Con-
trol, ser. Systems & Control: Foundations & Applications. Springer
International Publishing, 2014.

W. Michiels, “Spectrum-based stability analysis and stabilisation of
systems described by delay differential algebraic equations,” IET
Control Theory Applications, vol. 5, no. 16, pp. 1829-1842, November
2011.

S. Gumussoy and W. Michiels, “Fixed-order H-infinity control for
interconnected systems using delay differential algebraic equations,”
SIAM Journal on Control and Optimization, vol. 49, no. 5, pp. 2212—
2238, 2011.

F. Gao, S. E. Li, Y. Zheng, and D. Kum, “Robust control of heteroge-
neous vehicular platoon with uncertain dynamics and communication
delay,” IET Intelligent Transport Systems, vol. 10, no. 7, pp. 503-513,
2016.

M. Fusco, E. Semsar-Kazerooni, J. Ploeg, and N. van de Wouw,
“Vehicular platooning: Multi-layer consensus seeking,” in 2016 IEEE
Intelligent Vehicles Symposium (IV), June 2016, pp. 382-387.

J. C. Zegers, E. Semsar-Kazerooni, M. Fusco, and J. Ploeg, “A multi-
layer control approach to truck platooning: Platoon cohesion subject
to dynamical limitations,” in 2017 5th IEEE International Conference
on Models and Technologies for Intelligent Transportation Systems
(MT-ITS), June 2017, pp. 128-133.

F. Gao, X. Hu, S. E. Li, K. Li, and Q. Sun, “Distributed adaptive
sliding mode control of vehicular platoon with uncertain interaction
topology,” IEEE Transactions on Industrial Electronics, vol. 65, no. 8,
pp. 6352-6361, Aug 2018.

S. E. Li, E Gao, K. Li, L. Wang, K. You, and D. Cao, “Robust
longitudinal control of multi-vehicle systemsa distributed h-infinity
method,” IEEE Transactions on Intelligent Transportation Systems,
vol. 19, no. 9, pp. 2779-2788, Sep. 2018.

J. Guanetti, Y. Kim, and F. Borrelli, “Control of connected and
automated vehicles: State of the art and future challenges,” Annual
Reviews in Control, vol. 45, pp. 18 — 40, 2018.

S. E. Li, Y. Zheng, K. Li, Y. Wu, J. K. Hedrick, F. Gao, and
H. Zhang, “Dynamical modeling and distributed control of connected
and automated vehicles: Challenges and opportunities,” IEEE Intelli-
gent Transportation Systems Magazine, vol. 9, no. 3, pp. 46-58, 2017.
D. Dileep, R. Van Parys, G. Pipeleers, L. Hetel, J.-P. Richard, and
W. Michiels, “Design of robust decentralised controllers for MIMO
plants with delays through network structure exploitation (submitted),”
International Journal of Control, 2018.

D. Dileep, W. Michiels, L. Hetel, and J. Richard, “Design of ro-
bust structurally constrained controllers for MIMO plants with time-
delays,” in 17th Annual European Control Conference, June 2018.

F. Borgioli and W. Michiels, “Computing distance to instability for
delay systems with uncertainities in the system matrices and in the
delay terms,” in /7th Annual European Control Conference, June 2018.

| INFORMATION ONLY |



fuscom
Information Only

https://www.researchgate.net/publication/332864688

