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Platoons of N vehicles

xi(t) = vi(t),
mvi(t) = u(t) — fi(t,xi(t), vi(t)) + di(t), i=1,....N

O mass m;, disturbance d}, fi(t, x, v) = Fig(x) + Fio(t, x,v) + Fi(v)
O Fig(x) = mjgsinb;(x)

O Fiq(t,x,v) = %p,-(t, x)C,-,dA,-sgn(v)v2

O Fir(v) =migC erf(av)
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Control objectives

(O1) guarantee a safety distance between any two vehicles
(02) ensure a good traffic flow (distances between vehicles don't get too large)
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(O3) achieve string stability of the controlled platoon
https://www.youtube.com/watch?v=Rryu85BtALM

Thomas Berger and Bart Besselink 3/14



https://www.youtube.com/watch?v=Rryu85BtALM

" String stability and guaranteed safety for vehicle platoons
|!( UNIVERSITAT S — . .

PADERBORN

Control objectives

(O1) guarantee a safety distance between any two vehicles
(02) ensure a good traffic flow (distances between vehicles don't get too large)
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(O3) achieve (practical velocity) string stability of the controlled platoon
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Vil oo < Ci 4+ C2llvol|co-
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3G, >0VYNeNVi=1,... ,NVvg € L(R>0,R) :
Vil oo < Ci 4+ C2llvol|co-

(04) only use decentralized controllers based on local information

Thomas Berger and Bart Besselink 3/14



https://www.youtube.com/watch?v=Rryu85BtALM

" String stability and guaranteed safety for vehicle platoons
|!( UNIVERSITAT S — . .

PADERBORN

Controller design
&i(t) = xi(t) — Xi—1(t) + duin,
ei(t) = &(t) + Avi(t),
w;i(t) = vi(t) — via(t) —
1
EATORTGI)
ui(t) = —ki(vi(t) — viq(t)) — kaei(t) — ki 3(t)wi(t)

oM:= dmax - dminy
0 1 € WH°(Rx>0,R),%(t) > Oforallt > O, liminfioo 1(t) > O

1 - 1
G(t)  M+g(t)
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EATORTGI)
ui(t) = —ki(vi(t) — viq(t)) — kaei(t) — ki 3(t)wi(t)

oM:= dmax - dminy
0 1 € WH°(Rx>0,R),%(t) > Oforallt > O, liminfioo 1(t) > O

1 - 1
G(t)  M+g(t)

. 1 1
giconst. = v(t) = —Xv,-(t) + XVM(t)
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Assumptions

O |Fig(x) + Fi (x) +di(t)| < d

om<m

0 0 < Ip(t,x)CagA <P

0 xo € C}(R>0,R)st. vo := xo and vo are bounded

0 -M+5<&0)<—5 and |wi(O)| < (0)—6

0 INoVi>No: |mj—mi4| <pm; and m; <gmi_; (x)
forp,q € (O,1) with (1+p)g <1
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Main result
Theorem [B., Besselink '24]

There exists suff. large k; > O s.t. the CL-system has a global solution with:
(i) v;and u; are bounded, independent of i and N
(i) there existeq,e7 > O, independent of jand N, s.t.

—MEea <g(t) < e and |wi(t)] < ¥(t) -2

- - k i
(i) oo < % + 3 (1= +d) + (£hz) Ivolle
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Sketch of the proof

Step 1: existence of a maximal solution
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Step2 —M+ ey < &(t) < —&1 forey = (|[ihlloc + 1)
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Sketch of the proof

Step 1: existence of a maximal solution

Step2 —M+ ey < &(t) < —&1 forey = (|[ihlloc + 1)
Step 3: |v;(t)| < max {]v,-(O)|, a+k2M+k”3(t)¢(t)+k“""(t)|}

ki+Xky
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Sketch of the proof

Step 1: existence of a maximal solution

Step2 —M+ ey < &(t) < —&1 forey = (|[ihlloc + 1)
Step 3: |v;(t)| < max {]v,-(O)|, a+k2M+k”3(t)¢(t)+k“""(t)|}

ki+Xky
Step4: |wj(t)| < ¢(t) —ep forez > Oindependent of iand N
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Sketch of the proof

Step4a: |wy(t)| < (t) — & for &y = &1(ky) with k; suff. large sit.
ky + Mky > 2m1/€12
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Sketch of the proof

Step4a: |wy(t)| < (t) — & for &y = &1(ky) with k; suff. large sit.
ky + Mky > 2m1/€12
Step 4b: |w;(t)| < o(t) — & foré; = &i(ka, éiq) < &y

2{w;(t)] — m;é; mj_1&i_1

U SRR

SECIGN N R

Ei—1 | Mj mj_q

8] + @ + ILZC + C4
miky&i_1 ' mikde: 1 om 37T mi-
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Step4a: |wy(t)| < (t) — & for &y = &1(ky) with k; suff. large sit.
ky + Mky > 2m1/€12
Step 4b: |w;(t)| < o(t) — & foré; = &i(ka, éiq) < &y

2{w;(t)] — m;é; mj_1&i_1

CICON

Ei—1 | Mj mj_q

U SRR

8] + @ + ILZC + C4
miky&i_1 ' mikde: 1 om 37T mi-

<o

Step4c: Vi: & > ey by (x): ‘mi, - < fn— fori > No, hence

m, 1 mj_q

d
*Wi(t)z t t B 1
%t‘wi(t” <-4 + ot (1+p)g+ mkzs, 1 + mk22 + Fz,-c3 + %

- mie; mjéi_4 4

< Il

Thomas Berger and Bart Besselink 8/14




. String stability and guaranteed safety for vehicle platoons
I!( UNIVERSITAT S — . .

PADERBORN

Sketch of the proof
Step 4c: setz; := 1/&;, then

M0+ 50 (14 p)zy 1 i1+ 55z B+ 2 <

Thomas Berger and Bart Besselink 9/14



" String stability and guaranteed safety for vehicle platoons
I!( UNIVERSITAT S — . .

PADERBORN

Sketch of the proof
Step 4c: setz; := 1/&;, then

(t)z+¢(t)(1+P)qzl 1+ izt Z, 1+ m; C3+C4+1 [} loo

m kz
define sequence (z;) by

zi=(1+p)qgzi1 + £zi1 + %23_1 Y kpls + &4, i>No
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Sketch of the proof
Step 4c: setz; := 1/&;, then

w() +¢(f)(1+p)qz, Sz 1+mk2 2+a C3+C4+1 — 14}/l oc

m kz
deflne sequence (z;) by
zi=(14+p)qzi1 + 22i1+ 327+ kaoEz + &, 1> No
2
(z;) is bounded: choose k; suff. large s.t. o := (1+ p)q + ,% < 1and

k2 (1
2(4C o)’ > kyC3 + €y,
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Sketch of the proof
Step 4c: setz; := 1/&;, then

w() +¢(f)(1+p)qz, Sz 1+mk2 2+a C3+C4+1 — 14}/l oc

m kz
define sequence (z;) by
zi=(14+p)qzi1 + 22i1+ 327+ kaoEz + &, 1> No
2
(z;) is bounded: choose k; suff. large s.t. o := (1+ p)q + ,% < 1and

k2 (1
2(4C o)’ > kyC3 + €y,

thennVi>Ng: z_1<z = 1z <Z where

N k2 k4(1—a)? k2 ~ ~
Z .= 2(170) + \/ 2(1~2a) — %(szg + C4)

26, 4c2
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Sketch of the proof

, Where e, :=

Nl —

- i
Step 5: by Step3: vi(t)] < 4 + & + A0 ¢ (k,-fig\kz> vo(t)
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Sketch of the proof

i

Step 5: by Step3: vi(t)] < 4 + & + A0 ¢ (kﬁgkz) vo(t)], !
Step 6: uniform boundedness of v; and u; O
10/14
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Simulation - platoon with 10 vehicles

String stability and guaranteed safety for vehicle platoons
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String stability and guaranteed safety for vehicle platoons

Simulation - platoon with 10 vehicles
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Simulation - platoon with 30 vehicles

String stability and guaranteed safety for vehicle platoons

0 5 10 15 20 25 30 35
time t / s
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Open questions

o simulations exhibit synchronization — proof?

O conditions on the parameters s.t. it works with input constraints?

O incorporate filter/pre-compensator to avoid measurements of the velocities
o sampling?

O How to treat general interconnected systems?
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