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u() 50 = o) SN
u(t) = —kp(t)’e(t)| e(t) X —yrer(t) Vp(t)
— kp(t)é(t) ~

le(t)]
Yp(t)

kp(t) = — 2P
P(?) Yp(t) — le(t)] [HACKL, HOPFE, ILCHMANN,
kp(t) = Yp(t) MULLER, TRENN ’13]:

DA =0 @) = le@)] This works!

0<6< S¢p(t)+p(t)
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o OO 0,
u(t) = 7kP(t)26(t> e(t) B —Yret (1) 1/}P (t)
— kp(t)&(t) ~
le(t)]
__ ¥e(®)
kp(t) = ————,
Pp(t) — le(t)] [HACKL, HOPFE, ILCHMANN,
kp(t) = Yp(t) MULLER, TRENN ’13]:
DY) = Yp(t) — |é(t)]’ This works!

0<6< S¢p(t)+p(t)

Problem: derivative of y not available!
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High-gain observer for jj = u

' |

$E1 = Tg + prk(y — F1),
%fﬁg =u +p2k2(y — 1),

p1,p2 >0

[TORNAMBE ’92]:

u(t) . y(t) k > 0 large enough
] = L = IRy N T2~y

Observer ——
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High-gain observer for jj = u

[BULLINGER, ILCHMANN,

— §(t) = u(t) —¢ ALLGOWER '98]:

St N o
Observer —>$( ) Z,k e L™ and
dist(y — 21, [-A,A]) = 0
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Achim: ‘It should be possible with k(t) = y—r9l 1"
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Consider a modified observer for §j = u

- i 3 Yol(t)
$T1 = E2+ (@ + prk(t) (y — £1), k() = Yo(t) — |y(t) — T1(t)]

ait2 = u+ (g2 + pak(t)) (y — 1),

Thomas Berger and Timo Reis Some ideas on the funnel observer



UH Some ideas on the funnel observer
i Thomas Berger and Timo Reis
LoV Universitat Hamburg

Consider a modified observer for §j = u

- i 3 Yol(t)
$T1 = E2+ (@ + prk(t) (y — £1), k() = Yo(t) — |y(t) — T1(t)]

ait2 = u+ (g2 + pak(t)) (y — 1),

Yo (t)
Yo(t) — lei(t)]

el =y —T1, ez 1=y — Ta, k(t) =

é1= ey — (q + pik(t))en,
é2 = — (g2 + p2k(2t))e1,
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Consider a modified observer for §j = u

- i 3 Yol(t)
§T =T+ (@ +pk()(y —31), k()= Do(t) — y(t) — i1()]

ait2 = u+ (g2 + pak(t)) (y — 1),

Yo (t)
Yo(t) — lei(t)]

el =y —T1, ez 1=y — Ta, k(t) =

é1= ey — (q + pik(t))en,
é2 = — (g2 + p2k(2t))e1,

A= [m 1], pP= [p“ pl?] st. ATP+PA=—1
—q2 0 P12 P22

1 .
pom st ()= ()5 e ek (e

P22
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¢ = Ae—k(t) (B) ex

deTpe=c' (ATP + PA)e — k(t) (el (5)T Pe+e P (B) 61>

2
— —Jle]l> = () (11 — 22 ) &3 < —|le|?
€ P11 oo e1 =
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¢ = Ae—k(t) (B) ex

deTpe=c' (ATP + PA)e — k(t) (el( )T PeteTP(B)e )

= el = 6) (1 — 22 & < ~Jel?

= e1,e2 € L®[0,w), standard funnel argument : k € L™
= w=o00 A e(t) >0 A k(t) =1
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A-strip observer [BIA "98]: funnel observer:
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u(t) — y(t)

. Za(t)
N 431 =32+ (q + prk(t)) (y — #1) —
o Lo =u+ (g2 + p2k(t)) (y — #1) )

funnel controller

Tyref(t) Tyret'(t)

e given 9(t), we have |y(t) — yper(t)| < ¥(t) for all t >0
e controller only needs ¥, Z1, T2

Thomas Berger and Timo Reis Some ideas on the funnel observer
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straightforward approach:

u(t) = —kp(t)*(y(t) = yret(t)) — kp(t)(@2(t) — Gret (1)),
Ta(t) = y(t) — ea(t)
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straightforward approach:

u(t) = —kp(t)*(y(t) = yret(t)) — kp(t)(@2(t) — Gret (1)),
Ta(t) = y(t) — ea(t)

Problem: performance depends on ||e2||o; we need litngzb[)(t) > |le2]loo
>
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straightforward approach:

u(t) = —kp(t)*(y(t) = yret(t)) — kp(t)(@2(t) — Gret (1)),
Ta(t) = y(t) — ea(t)

Problem: performance depends on ||e2||o; we need litngzb[)(t) > |le2]loo
>

alternative approach: What if we put Z1 — yer into the funnel?
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straightforward approach:

u(t) = —kp(t)*(y(t) = yret(t)) — kp(t)(@2(t) — Gret (1)),
Ta(t) = y(t) — ea(t)

Problem: performance depends on ||e2||o; we need %n(f) Yp(t) > |lez2]loo
>

alternative approach: What if we put Z1 — yer into the funnel?

Y () = Yret (O] < |21(1) = pret ()] + lex ()] < ¥p(t) + Yo(t)

Given 1(t), let ¥p(t) = o (t) = Lu(t)
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straightforward approach:

u(t) = —kp(t)*(y(t) = yret(t)) — kp(t)(@2(t) — Gret (1)),
Ta(t) = y(t) — ea(t)

Problem: performance depends on ||e2||o; we need %n(f) Yp(t) > |lez2]loo
>

alternative approach: What if we put Z1 — yer into the funnel?

Y () = Yret (O] < |21(1) = pret ()] + lex ()] < ¥p(t) + Yo(t)

Given 1(t), let ¥p(t) = o (t) = Lu(t)

Seek a system of relative degree 2 with output ¢ := 1!
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L3 =2+ (g +pik®)er,  é1=e2— (g1 +pik(t))er,
Y= %~2 =u+ (Q2 +p2k(t))€1, € = _(QQ +p2]€(t))61,
g =1
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45 =ds+ (qn +pik(t))er,  é1=ex— (q1 +pik(t))er,
d
dt

> _ Ty =u+ (g2 + p2k(t))er, ez = —(q2 + p2k(t))e1,
- P
L9=20+ (@1 + prk(t))ex,
($)%5 = u+ (g2 + p2k(t))er + prk(t)er + (g1 + prk(t))éx
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45 =ds+ (qn +pik(t))er,  é1=ex— (q1 +pik(t))er,
d
dt

. vy =u+t (@2 +pk(t))er,  éa=—(q2+p2k(t))er,
= Z) _
internal dynamics
%f‘) = T9 + ( qQ —l—plk(t))el,
(&)29 =u+ (g2 + p2k(t)) e +pik(t)er + (g1 + pik(t))ér

-~

T(Yo.%o0,e1,e2)EL>
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L3 =2+ (g +pik®)er,  é1=e2— (g1 +pik(t))er,

Y= %~2 =u+ (Q2+p2k(t))€1, éo = _(QQ +p2]€(t))61,
B g =1
internal dynamics
%Q:i +(Q1 + prk(t ))61,
()20 =u+ (g2 + p2k(t))er + prk(t)er + (a1 + prk(t))éx

-~

T(Yo.%o0,e1,e2)EL>

[HACKL ET AL. '13]: PD-funnel controller can be applied to 3!
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45 =ds+ (qn +pik(t))er,  é1=ex— (q1 +pik(t))er,
. L3y =u+ (g +pk(t))er,  éa=—(q2+p2k(t))er,
- b=
internal dynamics
L9=20+ (q1 + prk(t))ex,
(&)29 =u+ (g2 + p2k(t)) e +pik(t)er + (g1 + pik(t))ér

-~

T (Y0 ,Y0,e1,2)EL>
[HACKL ET AL. '13]: PD-funnel controller can be applied to 3!
u(t) = —kp(t)*(#1(t) = yret (1) — kD (£) (71 (1) = frer (t))
(

— _kP(t)Q(jl t)_yref(t))
— kp(t) (Z2(t)+ (@1 + p1k (1)) (y(t) = Z1(t)) = ret (1))
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u(t) . y(t)

;f:z(t>
— %ilzih*—(th +P1k(t))(y—il) -
%izzu+(112 +p:k(t))(y—'i1) =)

u = —kp (1) (@1~ grer) ‘J

— kp(t)(Z2+ (@1 + prk(t)) (y—&1) — rer)

T e ®) Tymm

ly(t) — Z1(t)| < Yol(t), |Z1(t) — Yret ()| < ¥p(t)
| $21() — et ()] <D (1), |y(t) — yres(t)] < ¥p(t) + tho(t)
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Simulation

y(t) = za(t)

Figure: Mass-spring-damper system

Yret(t) = sint
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21~ Yref
21— Yot
****** pp

””” ¥p
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kp
ko
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] e
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Extensions

T1 = X2 %il = o+ (q1+p1k(t)) (y—71)

43y = T3+ (qotpek(t)) (y—i1)

. Y,u
Typ—1 = Tp — :

Ty = T(l‘l, s 71'?)"1'7“ %fﬁr—l = i’r"" (Q’r—l +pr—1k(t)) (y_jl)

— d ~
Yy=x1

Vei,...,xp, € L®: T(x1,...,2,) € L®, ~#0,7€R

—q1 1
: - Py P12] 1) x(r—1
A= | |, P= Pi1 € R, Py € RU-Dx(r=1)
—gr—1 (1) [Png Py| “ 1 22
—qr

p1
1
st. A'P+PA=—1 and | = < _ )
(;;}) _P221P1T2
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Extensions

T1 = X2 %il = o+ (q1+p1k(t)) (y—71)

43y = T3+ (qotpek(t)) (y—i1)

. Y,u
Typ—1 = Tp — :

Ty = T(l‘l, s 7xr)+7u %5%7"—1 = £r+ (Q’r—l +pr—1k(t)) (y_jl)

— d ~
Yy=x1

$ir = Aut (¢ +prk(t)) (y—71)
Vei,...,xp, € L®: T(x1,...,2,) € L®, ~#0,7€R

-1 1
. . P11 P12:| —1 -1
A= | |, P= Pi1 € R, Py € RU-Dx(r=1)
—gr—1 (1) [Png Py| “ 1 22
—qr

p1
1
st. A'P+PA=—1 and | = < _ )
<p;> _P221P1T2
Theorem:

Yooy D € L® = Fy,..., 3, k€ L A |y(t) —21(t)] < vol(t)
Some ideas on the funnel observer
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Extensions

$71 = To+ (qu+p1k(t)) (y — 71)

3.5‘1 = T2 d ~ - _
dg = T(x1,m0)+yu p+{ 27 ’YU+(QQ+p2]{: )( — )
Y= U= —kp(t) (l'l_yref)
—kp(t)(Z2+ (@1 +p1k(t)) (Y—F1) — et
>0, 7> 0

Vaxi,29 € C: x1 € L = T(.rl,ibg) € L*>®
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Extensions
. 1 +(Q1+P1k‘( ))( — )
1 = T2 ~ ~ ~
T Ty = Fu+ (qa+p2k(t)) (y — 1)
To = T(m17$2)+7u +q 9 w = —kp(t)2($1—yref)

—kp(

y=m kp(t) (Z2+ (g1 +p1k(1)) (Y= T1) = Yret)

V>0, 7>0
Vaxi,29 € C: x1 € L = T(.rl,:UQ)ELOO

Theorem:
|71 (t) — yret ()| < p(2)

ly(t) — Z1(t)] < vol(t),
yref(t)| < ¢P(t) + ¢O(t)

1
| $21() — et (0] < YD (), |y(t) —

Thomas Berger and Timo Reis Some ideas on the funnel observer
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Extensions
. 1 +(Q1+P1k‘( ))( — )
1 = T2 ~ ~ ~
T Ty = Fu+ (qa+p2k(t)) (y — 1)
To = T(m17$2)+7u +q 9 w = —kp(t)2($1—yref)

—kp(

y=m kp(t) (Z2+ (g1 +p1k(1)) (Y= T1) = Yret)

V>0, 7>0
Vaxi,29 € C: x1 € L = T(.rl,:UQ)ELOO

Theorem:
|71 (t) — yret ()| < p(2)

ly(t) — Z1(t)] < vol(t),
yref(t)| < ¢P(t) + ¢O(t)

1
| $21() — et (0] < YD (), |y(t) —

Proof: use saturation of T’
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Open problems

choice of design parameters ?

v = g(wy,2) > 07
condition on T: V1,29 € L™ : T(x1,29) € L>® ?

higher relative degree 7
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u= 7kp(t)2(i'| —Yref)
— kp(t)(Z2+ (g1 + prk(t)) (y—F1) —Frer)

Ty.-efa) ()

Happy Birthday, Achim!
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