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Control of vehile platoonsCACC (ooperative adaptive ruise ontrol)
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Networked ontrol of multi-agent system

Network thinking:What are the appropriate properties of the ontrolledagents?What is a reasonable ommuniation struture?
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Requirements on the platoon behaviour



Requirements on the platoon behaviour
Requirements on the platoon behaviour:(R2) Synhronisation: limt→∞ |vi(t)− v0(t)| = 0(R3) Time-headway poliy: diref(t) = βivi(t) + αi(R4) Collision avoidane: di(t) ≥ αi, t ≥ 0(R5) Continuous progression: vi(t) ≥ 0, t ≥ 0



Requirements on the platoon behaviourModel of the vehile with ACC
vsi

di

vi
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:

V̄i :

{

Vi(s) = Ḡi(s)Vsi(s)

D̃i(s) = F̄i(s)Vsi(s),
i = 1, 2, ..., Nwith

F̄i(s) =
1

s
(1− Ḡi(s))ACC: Vsi(s) = Vi−1(s)



Properties of the ontrolled vehiles



Properties of the ontrolled vehilesPermanent time-headway spaing:
di(t) = diref(t) = α+ βvi(t), t ≥ 0, i = 1, 2, ..., N

⇐⇒ di(0) = α+ βvi(0), i = 1, 2, ..., N

ḋi(t) = βv̇i(t), t ≥ 0

⇐⇒ ḋi(t) = vi−1(t)− vi(t)Hene,Ideal vehile behaviour:
V̄i : v̇i(t) = − 1

β
vi(t) +

1

β
vi−1(t), i = 1, 2, ..., N



Properties of the ontrolled vehilesIdeal vehiles
Ideal vehile behaviourPermanent time-headway spaing is ensured if and only if thevehile dynamis is represented by

V̄i : v̇i(t) = − 1

β
vi(t) +

1

β
vi−1(t), i = 1, 2, ..., N.



Properties of the ontrolled vehilesIdeal vehiles

Consequene:The platoon of ideal vehiles is guaranteed to avoid ollisions.



Properties of the ontrolled vehiles(R2) Synhronisation for onstant veloity vref(t) = v̄

lim
t→∞

vi(t) = Ḡi(0)v̄
!
= v̄i.e.Neessary ondition for (R2) synhronisation:

Ḡi(0) = 1



Properties of the ontrolled vehiles(R3) Time headway for onstant veloity vref(t) = v̄

lim
t→∞

d̃i(t) = F̄i(0)v̄
!
= βiv̄i.e.Neessary ondition for observing (R3) time-headway poliy:

F̄i(0) = βi



Properties of the ontrolled vehiles(R3) Time headway for vref(t) = v̄

What does it mean?
F̄i(0) = lim

s→0
s
1

s

1

s
(1− Ḡi(s))

= lim
t→∞

∫ t

0

(1− h̄i(τ)) dτ

=

∫ ∞

0

(1− h̄i(τ)) dτ
!
= βi (R3)



Properties of the ontrolled vehilesVehile delay
∆i =

∫ ∞
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Neessary ondition for observing the time-headway poliy:
∆i = βi



Properties of the ontrolled vehiles(R4) Collision avoidane(R5) Continuous progression:
The ontrolled vehile has to possess the following property:

vi−1(t) ≥ 0 ⇒ vi(t) ≥ 0, d̃i(t) ≥ 0.That is, the vehile has to be externally positive.[Farina/Rinaldi℄:A system y(t) = g(t) ∗ u(t) is externally positive if and only if
g(t) ≥ 0.



Properties of the ontrolled vehiles(R4) Collision avoidane(R5) Continuous progression:
Neessary ondition for (R4) ollision avoidane and (R5)ontinuous progression:

f̄i(t) ≥ 0, ḡi(t) ≥ 0, t ≥ 0.The veloity vi(t) is adapted to the referene vsi(t) = vi−1(t)without overshoot.



Properties of the ontrolled vehiles
Summary of the design objetives:Platoon behaviour Vehile behaviourSynhronisation Ḡi(0) = 1Time headway spaing ⇐⇒ ∆i = βiCollision avoidane f̄i(t) ≥ 0Continuous progression ḡi(t) ≥ 0



Properties of the ontrolled vehiles
Behaviour of a platoon



Communiation struture design



Communiation struture design
For vehiles with delay ∆i = βi, ACC solves the ontrolproblem.CACC is neessary, if a vehile has delay ∆i > βi .
Whih ommuniation links are neessary?



Communiation struture designModel of the platoon with CACC:
vsi

di

vi

G(s )
_

_
Vi

Gd(s)

:

V̄i :

{

Vi(s) = Ḡi(s)Vsi(s)

D̃i(s) = F̄i(s)Vsi(s),
i = 1, 2, ..., NCACC: Vsi(s) =

i−1∑

j=0

âijVj(s)How to hoose âij? âij ≥ 0,

i−1∑

j=0

âij = 1



Communiation struture designCumulative delay of the trunated platoon
∆i0 =

∫ ∞

0

(1− h̄i0(τ)) dτ



Communiation struture designCumulative delay ∆i0:
∆10

∆20

∆30

∆40

∆00 = 0

∆i0 = ∆i +
∑

j∈Ni

âij∆j0



Communiation struture designCumulative delay ∆i0:
β1=∆1=∆10

β1+β2=∆20

∆20 = ∆2 + â21β1
!
= β1 + β2Hene,

â21 = 1− ∆2 − β2

β1
, â20 = 1− â21



Communiation struture designTheorem (Time-headway spaing with CACC)For CACC with the following adjaeny matrix
â10 = 1

âili =

∑i
j=li

βj −∆i

β
, i = 2, 3, ..., N

âi,li−1 = 1− âili , i = 2, 3, ..., N

âij = 0, j 6= li, j 6= li − 1,where the indies li, (i = 2, 3, ..., N) satisfy the inequalities
0 ≤

i∑

j=li

βj −∆i ≤ βli , i = 2, 3, ..., N,the platoon with CACC satis�es the requirement (R3).



Communiation struture designOnly 2 ommuniation links are neessary for eah vehile:
âi,li =

∑i
j=li

βj −∆i

β
and âi,li−1 = 1− âili .The ommuniation struture an be obtained in asystemati way:

0 ≤
i∑

j=li

βj −∆i ≤ βli , i = 2, 3, ..., N.



Communiation struture designExample: βi = 2

∆1 = 2, ∆2 = 3, ∆3 = 4, ∆4 = 2, ∆5 = 4.5, ∆6 = 3
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Communiation struture design



Conlusions and outlook



Conlusions and outlook
Summary of the design objetives:Synhronisation Ḡi(0) = 1Collision avoidane ⇐⇒ f̄i(t) ≥ 0Continuous progression ḡi(t) ≥ 0Time headway ⇐⇒ ∆i = βi with ACC

∆i > βi with CACC



Conlusions and outlookVehile merging:



Conlusions and outlookAutomated rossroad management:



Conlusions and outlook
J. Lunze:Networked Control of Multi-AgentSystems,ISBN 9789463867139Setion 5.4:Distane ontrol of vehile platoons
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