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System class
Xij(t) = Xij(t),
m
Xin(t) = fi(t,X(1) + D giaur(t — ),
k=1

O systemstateX = (X1.1,. .., Xty -« Xm1- -, Xmn)

o controlinputsu;,i=1,...,m

O systemoutputsy; :==x;1,i =1,....,m

O input delay 7, > O, measurement delay 75 > O

o initial history Xn|[—7,—7,.0] = ¥ € C([~7s — 74, O], R"™)
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System class
Xij(t) = Xijn(t),

Xin(t) = fi(t,X(8)) + D giatie(t — 7o),

k=1

O systemstateX = (X1.1,. .., Xty -« Xm1- -, Xmn)

o controlinputsu;,i=1,...,m

O systemoutputsy; :==x;1,i =1,....,m

O input delay 7, > O, measurement delay 75 > O

o initial history Xn|[—7,—7,.0] = ¥ € C([~7s — 74, O], R"™)

Assumption: there exists d; € L>°(R>0,R)stt.
V(t,x) € Ruo x R™ - [fi(t, x)| < |di(t)|([[x[| + 1)
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Assumption on nonlinearities

X(t) =x(®)?+u(t—7), X, 0=x°>0
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Assumption on nonlinearities
X(t) =x(®)?+u(t—7), X, 0=x°>0
Vte [-7,0]: u(t)=0
x(0)=x°, tel0,7]
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X(t) =x(®)?+u(t—7), X, 0=x°>0
Vte [-7,0]: u(t)=0
x(0)=x°, tel0,7]

—1
t> ; tE[O,min{T,1/xo})

— (1) = x(

= x(t) = <

t)?,

1
=~
— <7 = blow-up of the solutions
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Control objective

u(t—m) x(t)

Delay 7,

u(t)

Delay 7,

Ya(t)

O given v; 1 (positive, bounded, bounded reciprocal) and reference signals
Yd,» the controller achieves |y;(t) — yqi(t)| < ti1(t)

o all closed-loop signals are bounded

O the controller does not require knowledge of the system parameters and is
of low complexity
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Funnel control — without delays

t t
u(t) J[System] y(t) N

| I

P(t)

< —yref(t)

Lt

le(®)l]

[llchmann, Ryan, Sangwin '02]:
Works, if

o ordern =1

1

= e

O minimum phase
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Funnel control for systems of arbitrary ordern € N

).(;7j(t) = Xi,/'-H(t)a ).(,'n( = f t, X —|— Zg,kuk

ziy(t) = (xia(t) — ya,i(t)) /ia(t),
zij(t) = (xij(t) + kijo1(t)zija(t)) /2i(t),
ki,j (1) = 1/(1_21/ 1(t) ), j=2,....n

20(t) = (Zip(t), - - Zma(®)) |
u(t) = —zia(t)/(1 = lza(t)[1?)
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Funnel control for systems of arbitrary ordern € N

Xij(t) = Xij41(t),  Xia(t) = fi(t, X(t)) + Zg:kuk(t

Theorem [B., L&, Reis '18] (with modifications)
Ya € W2, G = (gix) € R™ M is pos. definite
= U, kij,xij € L>and [yi(t) — yq,(t)] < via(t) —
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Funnel control for systems of arbitrary ordern € N

Xij(t) = Xij41(t),  Xia(t) = fi(t, X(t)) + Zg:kuk(t

Theorem [B., L&, Reis '18] (with modifications)
Ya € W2, G = (gix) € R™ M is pos. definite
= U, kij,xij € L>and [yi(t) — yq,(t)] < via(t) —

In the presence of delays a modification is necessary!
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Funnel control for systems with delays

Xij(t) = Xija(t),  Xia(t) = fi(t, X(t)) + Zg,kuk(t— ),
k=1

Zj1(t) = (Xia(t — 75) = Yt — 75) + lia(t)) /ia(t — 75),
(1) = ( (t=7) ki ()20 + 4y (}:;)(—a)/’—"l,-*(t)) [Via(t—Ts),
ki 1( )=1/(1 —Z:, (02, j=2,...,n
n(t) = (21 n( . ,zm7,,(t))T
ui(t) =

—z,-,,,(t)/(1 — |lza(t)II?)
i,/'(t) = I;’j+1(t) — al,-J-(t), I,'J'(O) =0, j =1...,n—1,
]i,n(t) - _alhn(t) + ka:1 Si,k(uk(t) - uk(t_Ts_Tu))7 Ii,n(o) =0
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Funnel control for systems with delays

Xij(t) = xija(t),  Xia(t) = fi(t,x(t +Zg, WUkt — 1),
k=1

Theorem
Ya € W%, a0 > 0,S = (s;4) € R™M pos. definite sit.

||G - SH + C(Ts:Tu) < )\min(s)

= Uj,kij, Xij, lij € L and |y;(t) — yq(t) + lia(t)] < ¥ia(t) —
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Simulation

—y(t—7) —ya(t — 7)
.05 pi(t —75)
B M +pi1(t —7) — Li(t)
e B e
I
;370.5
z o 4 8 12 16 20
y time ¢ [s]
i} o u(t)
mi+my; mycosd| [z 5
my cos ¥ m, 5 s
u -120 -
= . . 105 : 4 12 16 20
—ks — ds + mygsin ¥ time ¢ [s]

System parameters:my = 4,m; =1, k=2,d =19 =7 /4
Delays and controller parameters: 7, = 0.05, 7, = 0.05,a = 1,511 = 1/9
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Comparison with the result of Bikas & Rovithakis [IEEE-TAC, 2023]

O no Lipschitz assumption on f; — blow-up possible

O no correction terms /; ; (only one term ftt_Ts_Tu uj(s)ds appearingin z; ,(t),
but error in the proof)

o algorithm is unstable in simulations

Thomas Berger and Jan Hachmeister 1N 2
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Comparison with the result of Bikas & Rovithakis [IEEE-TAC, 2023]

O no Lipschitz assumption on f; — blow-up possible

O no correction terms /; ; (only one term ftt_Ts_Tu uj(s)ds appearingin z; ,(t),
but error in the proof)

o algorithm is unstable in simulations

Extension of system class in joint work:

Xij(t) = xij1(t),
Xin(t) = fi(t, X(8), (1)) + > gialt,X(8), n(t))ux(t — 7u(t)),

k=1
1(t) = h(t,x(t), n(t))
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Outlook

O extension to general nonlinear systems

O relax assumptions on input matrix G and delays 75, 7,

O allow for time-varying delays 75(t)

O replace Lipschitz assumption on f; by a proper choice of the initial history
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