ROBUSTNESS OF FUNNEL CONTROL IN THE GAP METRIC'

ACHIM ILCHMANNS$ AND MARKUS MUELLERY

Abstract. For m-input, m-output, finite-dimensional, linear systems satisfying the classical
assumptions of adaptive control (i.e., (i) minimum phase, (ii) relative degree one and (iii) positive
%ﬁfe(t)”, u(t) = —k(t)e(t) achieves
output regulation in the following sense: all states of the closed-loop system are bounded and, most
importantly, transient behaviour of the tracking error e = y — y,o¢ is ensured such that the evolution
of e(t) remains in a performance funnel with prespecified boundary 1/¢(t), where y,of denotes a
reference signal bounded with essentially bounded derivative. As opposed to classical adaptive high-
gain output feedback, system identification or internal model is not invoked and the gain k(-) is not
monotone.

high-frequency gain), the well known funnel controller k(¢) =

Invoking the conceptual framework of the nonlinear gap metric we show that the funnel con-
troller is robust in the following sense: the funnel controller copes with bounded input and output
disturbances and, more importantly, it may even be applied to a system not satisfying any of the
classical conditions (i)—(iii) as long as the initial conditions and the disturbances are “small” and the
system is “close” (in terms of a “small” gap) to a system satisfying (i)—(iii).
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1. Introduction. In the early 1980s, a novel feature in classical adaptive control
was introduced: adaptive control without identifying the entries of the system being
controlled. Pioneering contributions to the area include [T} [T3} [T4} [T6l [T9] (see, also, the
survey [8] and references therein). The classical assumptions on such a system class —
rather than a single system — of linear m-input, m-output systems are: (i) minimum
phase, (ii) strict relative degree one and (iii) positive-definite high-frequency gain
matrix. Then the simple output feedback u(t) = —k(t)y(¢) stabilizes each system
belonging to the above class and k(-) adapted by k(t) = ||y(t)||* and variations thereof.
Two major drawbacks of the latter strategy (and its variations) are first, the gain k()
is, albeit bounded, monotonically increasing which might finally become too large
whence amplifying measurement noise, and secondly, whilst asymptotic performance
is guaranteed, transient behaviour is not taken into account (apart from [I5], where
the issue of prescribed transient behaviour is successfully addressed).

A fundamentally different approach, the so-called “funnel controller”, was intro-
duced in [9] in the context of the following output regulation problem: this controller
ensures prespecified transient behaviour of the tracking error, has a non-monotone
gain, is simpler than the above adaptive controller (actually it is not adaptive in so
far the gain is not dynamically generated) and does not invoke any internal model.
Funnel control has been applied to a large class of systems described by functional
differential equations including nonlinear or/and infinite dimensional systems and sys-
tems with higher relative degree [I0)], it has been successfully applied in experiments
controlling the speed of electric devices [I1] (see [§] for further applications and a
survey), and recently it has be shown that funnel control copes with input constraints
if a certain feasibility inequality holds [6].
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The contribution of the present paper is to show that the funnel controller is
robust in the sense that the control objectives (bounded signals and tracking within
a prespecified performance funnel) are still met if the funnel controller is applied to
any system “close” (in terms of the gap metric) to a system satisfying the classical
assumptions (i)—(iii) and if initial conditions and disturbances are “sufficiently small”.
This will be achieved by exploiting the concept of (nonlinear) gap metric and graph
topology from [Bl 2]. We present an example which suggests that there is a tight
trade-off between uncertainty and allowable initial condition and disturbances: ini-
tial conditions and disturbances might be “very small” in some cases. The results
are analogous in structure to its precursors: robustness of the common adaptive con-
troller [] and of the A-tracker [7]. However, some care must be exercised in finding
the appropriate signal spaces, mainly in proving the existence of a gain function, and
applying the known robustness results from [5 [2].

1.1. System class. We consider the class of linear n-dimensional, m-input m-
output systems (n,m € N with n > m)

z(t) = Az(t) + Buy(t), 2(0) = 2° € R™, }

() = Calt), (L)

which satisfy the classical assumptions in high-gain adaptive control, that is mini-
mum phase with relative degree one and positive definite high-frequency gain matrix,
i.e. they belong to

CB+ (CB)" >0,

sl, —A B

v (4,B,C)

Moy m =

The state space dimension n € N needs not to be known but only the dimension
m € N of the input/output space. Most importantly, only structural assumptions are
required but the system entries may be completely unknown.

Note that for any (A,B,C) € My, with detCB # 0 we may choose V €
R™*("=m) with rk V' = n—m and im V = ker C; then T := [B(CB)~', V] is invertible
and

T AT = {Al AQ} , T 'B= [COB] . CT = [In O (nm)] -

Moreover, if (A4, B, C') is minimum-phase, then A4 has spectrum in the open left half
complex plane C_. Therefore, we replace M, ,,, by

(4, B,0) A[Al AQ]’B[%]’C[IO]’

€ R™Xn x RMX™M 5 RMXn | Bl A € R™MX™ | gpec(A,) € C_, ’
B+ B >0

Moy =

and restrict our attention to systems (A, B,C) € M, ,, in Byrnes-Isidori normal
form, see for example [T2, Sec. 4], i.e.

t1 = Aiy1 + Aoz + CBur,  y1(0) =y e R™, } (1.2)

Z= A3y + Asz, 2(0) =20 e R* ™.



We will study the initial value problem (I]) or (IL2) as plant P mapping the inte-
rior input signal u; to the interior output signal y;, in conjunction with the controller
C' (the funnel controller (L4 in our setup), mapping the interior output-signal yo to
the interior input signal us, and in the presence of additive input/output disturbances
ug, Yo So that

ug = uy+ uz, Yo = Y1+ Y2, (1.3)

as depicted in Figure [CT1

+ U1 Y
uo O P
_f\
C Yo
U2 Y2 u+

Fic. 1.1. The closed-loop system [P, C].

1.2. Performance funnel and funnel control. The control objective, defined
in the following sub-section, will be captured in terms of the performance funnel

Foi={(t,e) € Ruo x R™ | po(t)le]| <1},
determined by ¢(-) belonging to

¢ € Wh(Rxo — Rx0), ¢(0) =0,
®:={p:Rsg—>Ryo| VE>0 : o(t) >0, liminf; o () >0,

Ve>0 : e Oo)(-)*1 is globally Lipschitz continuous

Note that the funnel boundary is given by 1/¢(t), t > 0; see Figure The concept
of performance funnel had been introduced by [9]. There it is not assumed that ()
has the Lipschitz condition as given in ®; we incorporate this mild assumption for
technical reasons. The assumption ¢(0) = 0 allows to start with arbitrarily large
initial conditions xg and output disturbances yq. If for special applications the initial
value and yg are known, then ¢(0) = 0 may be relaxed by ¢(0)||lyo(0) — Cz°|| < 1, see
also the simulations in Example EE0.
The funnel controller, for prespecified ¢(-) € ®, is given by

p(t)
and will be applied to ([LT)) or ([(C2). Note that the funnel controller (L) is actually
not an adaptive controller in the sense that it is not dynamic. The gain k(t) is the
reciprocal of the distance between ya = yo —y1 (i.e. the difference of a reference signal
yo and the output of ([TI))) and the funnel boundary 1/¢(¢); and, loosely speaking, if
the error approaches the funnel boundary, then k(t) becomes large, thereby exploiting
the high-gain properties of the system and precluding boundary contact.

We will study properties of the closed-loop system generated by the application of
the funnel controller (L)) to systems (III) of class M., ,,, or of class Py, n, (see below)
in the presence of disturbances (ug,y0) € L®(R>o — R™) x Wh>*(R>o — R™) sat-
isfying the interconnection equations ([L3)). The closed-loop system (), ([CA), [3)
is depicted in Figure



u + wu U1 = A1y1 + Asz + CBuy, 11(0) = oY -
0 u_ Z = Asy + Asz, Z(O) =20
— e -
k() = =50 e O Yo
U up(t) = —k(t) y2(t) et

Fic. 1.2. The “funnel controlled” closed-loop system.

1.3. Control objectives. We are ready to formulate the control objectives. If
the funnel controller ([IZ4), for prespecified ¢ € ® determining the funnel bound-
ary, is applied to any system ([LTI), belonging to the class M, ., in the presence of
disturbances (ug,yo) € L (R>g — R™) x WhH®(R>¢ — R™) satisfying the intercon-
nection equations ([I3)), then the closed-loop system (), (L), [3), as depicted in
Figure [C2 is supposed to meet the following control objectives:

e all signals are bounded;
e the output error y2(t) = yo(t)—y1(t) of the output disturbance and the output
of the linear system evolves in the funnel, in other words

Vi>0 : (tya(t) € Fp = {(ty) € Ruo x R™ [ o(d)[lyll <1} .

Fo 1/e(+)

g2l = llyo(t) = (B)]]
t

Fic. 1.3. Funnel Fy, with ¢ € ® and infis0 ()~ = A

1.4. Main result: robustness. The main result of the present paper is to show
robustness of the funnel controller in the following sense: The control objectives should
still be met if (A, B,C) € M, ,, is replaced by some system (A, B, C) belonging to
the system class

(A, B, C) is stabilizable

and detectable } 2 Mg.m

Pym = {(A,B,C’) € RI¥? x RI*™ x R™*4
where ¢,m € N with ¢ > m, and (Z,é,é) is close (in terms of the gap metric)
to a system belonging to M,, ,,, and the initial conditions and the disturbances are
“small”.



_ For the purpose of illustration, we will further show that a minimal realization
(A,b,¢) of the transfer function

_ N(M —s)
(s—a)(s+ N)(s+ M)’

a,N,M >0, (1.5)

(which obviously does not satisfy any of the classical assumptions since it is not
minimum phase, has relative degree 2 and negative high-frequency gain) becomes
arbitrarily close to a system belonging to M, ,, as N and M tend to infinity.

The paper is organized as follows. In Section ] we show that the funnel controller
achieves all control objectives if applied to a linear system ([T belonging to class
M, m in the presence of L®(R>g — R™) x W1°(R>¢ — R™) input/output distur-
bances, see Figure In Section Bl we collect the basics of the framework of gap
metric and graph topology from [Bl [2, ] necessary for our setup. The final Section Hl
contains the main result, i.e. robustness of funnel control.

Nomenclature

C,, C_ = {se€ C|Res > 0}, {s € C|Res < 0}, respectively

M >0 if, and only if, 2" Mx > 0 for all x € R™ \ {0}, where M €
Rnxn

||l = vz Tz, the Euclidean norm of x € R"

|| M]] = max{||Mz| |z € R™, ||z|| =1}, induced matrix norm of
M e R*m™

[lvllv the norm of v € V for any normed vector space V

LP(R>o — RY) the space of p-integrable functions y: R>g — R, 1 < p < oo
with norm

o0 1/p

Yllzrmey—rey = (Jo ly(®)Pdt)

LY (I — R?) the space of locally p-integrable functions y: I — R?, with
Jie ly(®)[|P dt < oo for all compact K C I, where 1 < p < oo
and I C Ry is an interval

L*(Rs — RY) the space of essentially bounded functions y: R>¢ — R with
norm

[YllLoe (Rop—re)y = esssupsq |y(t)]

L (I — RY) the space of locally bounded functions y: I — R, with

esssup,¢ i |Y(t)] < oo for all compact K C I, where I C R>q
is an interval

WhH°(Rso — R the Sobolev space of absolutely continuous functions
y: Rso — R with y,9 € L®(R>¢ — Rf) and norm
||y||W1v°°(]RZO—>]R@) = ”y”LOC(]RZO—»]R@) + ”y”LOO(]RZO—»]Rf)

2. Funnel control. In this section we show that the funnel controller ()
applied to any linear system (A, B,C) of class M,, ,,, achieves, in presence of in-
put/output disturbances (ug, yo) € L (R>g — R™) x W1H*°(R>q — R™), the control
objectives: yo is forced to evolve within a performance funnel F, for prespecified
¢ € ® and all signals and states of the closed-loop (CZ), (), (), as depicted in
Figure [C2 remain essentially bounded. Moreover, it is shown that the derivatives of

the output signals y1, y» and the state (%' ) are essentially bounded, too.
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Write, for notational convenience,
Dpm = Mpm X (R™ x R"™™) x & x L®(Rs¢ — R™) x WH (R — R™),

n,m € N, n > m, the set of all tuples of systems, initial values y{,n° of the linear
system, functions ¢ describing the funnel F,, and input/output disturbances (uo, yo).
PROPOSITION 2.1. Letn,m € N, n > m and ¢ € ®. Then there exists a contin-
uous map v: Dy, pm — R>o such that, for all d = ([ﬁ; ﬁj] B,C, (y),1%), ga,uo,yo) €
Dim, the associated closed-loop initial value problem (L), (m) [T satisfies

||(k,u27y2, "7)||LOO(]RZO*>]R1+'M,)><W1,OC(RZOHRmﬁ»nfm,) < l/(d)7 (2.1)
and

V=0 : (8y2(t) € Fo = {(t,y) € Roo x R™ [ o(t)[ly[l <1} . (2.2)

Note that Proposition BTl also yields that all control objectives are met if the
funnel controller () is applied to (4, B,C) € M, ,,. This had already been shown,
for ug = 0, in [9]; the essential difference to [9] is that here we prove the result by the
construction of a continuous function v so that (1) holds. The latter is crucial for
the robustness analysis of funnel control in Section Bl The proof of Proposition B
uses ideas from [ and from [6].

Proof of Proposition 2. Let d = ([‘2; ‘gi] B,C,(y),n ),gp,uo,yo) € Dpm.-
Then the closed-loop initial value problem (L2), (ﬂ:ﬂ), () may be written as

0 0
% <y,'72> = f(tayQa 7’) ; yQ(O) = yO(O) - y? € f«p x R™*™™ , (23)
1(0) 7’

where the right hand side is given by
f:Fox R*"™™ — R,

(t,ya,m) o | 192~ A2~ CB=55{mmve + 90(t) — Avyo(t) — CBuo(t) _
—Asys + Agn+ Az yo(t)

We proceed in several steps.

Step 1: We show that the initial value problem (Z33)) has an absolutely continuous
solution (y2,m): [0,w) — R™ x R™™ ™ for maximal w € (0, oo]; this solution satisfies
(t,y2(t),n(t)) € Fp x R*™™ for all t € [0,w), is unique and maximality of w means
that the solution is extended up to the boundary of F, x R"~™: the closure of
graph ((yg, )|[0 ) is not a compact subset of F, x R"~™™, ie. for every compact
KK C F, x R*™™ there exists t € [0,w) such that (t,y2(t),n(t)) € K.

Slnce lle.00) ()_ , is globally Lipschitz for every ¢ > 0 and ¢(0) = 0, it follows
that f is locally Lipschitz on the relatively open set F, x R"™" in the sense that,
for all (7,&,¢) € F, x R"™™, there exists an open neighbourhood O of (7,£,¢) and a
constant L > 0 such that
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Now by the standard theory of ordinary differential equations, see, for example, [I8,
Th. TI1.11.111], the initial value problem (3] has the desired properties.

Step 2: We collect some definition and technicalities.

By Step 1 and the properties of ¢ it follows that

3§ =46(d) >0Vtel0,d] :
g2 < lw20)[[ +1 A 1= (@) lly2(@)]| = max{1/2,(t)}. (2.4)

Let Ls > 0 denote a global Lipschitz constant of s OO)(-)f1 (which exists by defini-

tion of ®) and set A := inf {¢(¢)~! |t > 0}. Note that (t,ya(t)) € F, for all t € [0,w)
yields

vee 0w ¢ Iyt < max{ ), O e o) — gl + 1} (25)
By the minimum phase property of ([[L2), i.e. spec Ay C C_,
Ja, B3>0Vt >0 : |lett] < Be . (2.6)

In view of positive definiteness of CB, let vop > 0 denote the smallest singular value
of CB+ (CB)", and thus

Yo € R™\ {0} : (v,CBv) >~og|v|?.
Step 3: We show:
vtehw) @ ot)" —llyt)] =€, (2.7)

where § > 0 is defined by ) and, for y¢p, A, Ls, @ and (§ defined in Step 2,

1 X esA p
5.m1n{2,2, > ,[L5+<||A1||+||A2||||A3lla>

(ol e + 1169} 5,007 ()10

-1
+ [ A2llBIn° + llgoll = + | CB] ||u0||L°°] } (2.8)

Seeking a contradiction, suppose that
At € [Bw) = pt)™! = [lya(t)] <e.
Since t — ¢(t)]|y2(t)] is continuous on [0,w) and in view of (4] it follows that
Jtg>6 : to=max{t € [0,t1)|ot)" — [y2(t)]| =€}
Thus, by definition of ®,
Ve e fto,ta] = o)™ = Il <e Al 2 9™ —e = A= A/2

and hence

ly2(t)|l
o)~ = lly=20)]|

7

A
Vi€ fto,ta] > . (2.9)



By Variation of Constants, the second line of the differential equation [Z3)) yields

t
Vi 0 : () = Ml 4 / A9 4y (yo(s) —pa(s)) s, (2.10)
0

thus the first line of the differential equation ([Z3)) writes, for almost all t > 0,

y2(t) = —Ar(yo(t) — y2(t)) + A2/0 e A3 (yo(s) — y2(s)) ds

— Aze'n® + go(t) — CBuo(t) + 03#&@)”3/2@ :

Hence, by Z3), Z8), Z3) and ), we conclude, for almost all ¢ € [tg, t1],
(y2(t), 92(t))
< - A Aol ||A b !
< lly2@IH| { 1A+ Al A= ) [llollzes + [14]5 00 ()] oo
(

' (1) (1), CBya (1)
1= o) w0

+ 1 A0Bln° [ + llgoll = + | CB| ”UO“LO"} -

< sl (1411+ 1420 14812 ) [l + ]y ()]
+ 142 °] + il + 1081 ol | - — A0l )

< oo | (1420 + 1t a2 ) [l + gy

YoBA
2e

+ 1 A0Bln° [ + llgoll = + | CB| ||UO||L°°} - lly2(®)]]

< —Lslly2 )] -
Thus

ly2(t)ll = [ly2 (o) || = /t 1 % &

< —Lg(ty — to) < —|p(t1) ™" — o(to) " < (1) ™! — p(to) 7!,

whence the contradiction ¢ = ¢(to)™! — [Jy2(to)|| < @(t1)™! — [Jy2(t1)|| < e. This

proves (7).
Step 4: We show that w = oo

Let 0 = min{l,infte[(;yw) go(t)} > 0. By () it follows, for ¢ > 0 as defined
in (ZX), that

vie[bw) o 1=o)lly2(t)] = ep(t) > eo,
and so, in view of ([ZZ),
Vie[0,w) 1 —p)lly(t)]] = o

Seeking a contradiction, suppose that w < co. By (ZI) and ZI0) follows that
n € L*([0,w) — R* ™) with H77|[0 w)HLw < ¢ for some ¢ > 0. Then

K= {(t,y,2) € Fo x R*"™ [t € [0,0], 1= o(t)llyl] > eo, |2l < c}



is a compact subset of F, x R"™™ with (¢,y2(t),n(t)) € K for all ¢t € [0,w), which
contradicts the fact that the closure of graph ((yg, 77)|[07w)) is not a compact set, see
Step 1. Therefore, w = co.

Step 5: We show [ZI).

Step 4 yields w = oo. Then Step 3 and () guarantee that (¢,y2(t)) € F,
for all t > 0. Moreover, for some § > 0 as in @), ||y2(t)]| < @)~ — ¢ for all
t >4, and, in view of (), we have |[y2(t)| < |ly2(0)] + 1 < [lyo(0)]| + [[40]] + 1
for all ¢ € [0,6]. Thus yo € L*(R>¢ — R™) is uniformly bounded in terms of
d= ([ 42].B,C, (9, n°), ¢, u0,y0). Moreover, @0) and @) yield

V>0 1 p)pab)] > cplt)
and so
. o ‘P(t) 1
vEZ0 kD = T <€

which gives k € L*(R>o — R) and, in view of ), ||k||z~ < 1, thus k is uniformly
bounded in terms of d. Hence, us = —kys € L*(R>¢9 — R™) is also uniformly
bounded in terms of d. By I0) we have, for all ¢ > 0,

t
ln@)] = [ledsta® + / A1) 4y (yols) — ya(s)) ds

t
< e +/O BllAs e (lyoll L= — llyallz=) ds

_ B -
< Bl + =143l (lyoll e = lly2llzee) (1+€7*)

hence n € L™ (R>¢ — R™ ™) and moreover, 7 is uniformly bounded in terms of the
system matrices and the L°°-norms of yo and ys which yields that n is uniformly
bounded in terms of d = ([ﬁ; ﬁj] ,B,C, (y9,1°), ¢, u0,90)-

Finally, in view of (3, it follows that the derivatives of yo and 7 are also uni-
formly bounded in terms of d which yields that (y2,7) € W1 (R>o — R™ x R*™™).
Moreover, this proves the existence of a continuous function v: Dy, ,, — Rs¢ such
that () holds true.

Step 6: Finally, we show (Z2).

By Step 5 we have k € L>°(R>¢ — R). Thus, and since y5 is continuous, it follows
that, for all t > 0, 1 — @(¢)||y2(¢)|| > 0, which shows [ZZ) and completes the proof. O

3. The concept of gap metric. The material in this section is based on [B,
Sec. II], [, Sec. 2], |2 Sec. 2] and mainly [3, Sec. 2]. Definitions for extended and
ambient spaces, well posedness and the nonlinear gap can be found in [B) Sec. 2J;
however, gain-functions and gain-function stability, which are required for the robust
stability results in SectionH], is not defined in [3]. A section about the basic concepts of
the gap metric needed in the setup of robustness is in [7]; however, the latter contains
a technical flaw: extended and ambient spaces are defined there as in [, Sec. 2] and |2,
Sec. 2] and are not applicable to function spaces of continuous functions. Therefore,
in the following we correct this flaw when defining extended and ambient spaces and
well posedness more carefully. The results in [7] hold true if this minor correction is
applied; only the proof of [7, Prop. 4.4] is effected: one has to apply [I7, Th. 6.5.3
and Th. 6.5.4] which are revisions of |2, Th. 5.2 and Th. 5.3], see also Sub-section B33
for more details.



3.1. Generalized signal spaces. Let X be a nonempty set. For 0 < w < oo,
let S,, denote the set of all locally integrable maps in map([0,w) — X'). For ease of
notation define § := S,,. For 0 < 7 < w < 00, define the truncation operator T, and
the restriction of maps as follows:

o(t), telo,r) )

T :8,— S, v Tw=|t—
0, t € [r,00)

(~)‘[0,7) S, =8, v v‘[O,T) =(t—o(t), tel0,7)).

Consider next a space V C § of maps defined on [0,00) with norm || - [|y: V —
R>o. Note that T;v may not belong to V, for example if V contains continuous
functions. Therefore, we introduce the norm || - Hv‘[o ): {v|[0 9 lv € V} — Ry

where ||v IES denotes the norm on the restriction [0,7) C R>g, and write, for
0 1V]p0,7) z

ease of notation, ||T,v|y = ||v|[ for v e V.

oVl
We associate with V spaces as follows:

V[O,T)Z{UEST Jw €V with | Trwl|ly < oo : U:w|[07)}’ for 7> 0;

Ve = {v ES‘VT >0 : v|[OT) € V[O,T)}, the extended space ;
Vw:{veSw‘VTE (0,w) : v|[07)€V[0,T)}, for 0 < w < oo}

V., = Uwe(o’oo] V., the ambient space .

If v,w € V, with v|; = w|; on I = dom(v) N dom(w), then write v = w. For
(u,y) € Vo X Vg, the domains of u and y may be different; adopt the convention

dom(u,y) := dom(u) N dom(y).

The set V C S is a said to be a signal space if, and only if, it is a) a normed vector
space and b) sup,~ || T7v||y < oo implies v € V.

For the purpose of illustration, consider V = L*°(R>¢ — R™), which obviously
satisfies the aforementioned assumptions a) and b): L*(R>o — R™) is a normed
space and, if sup,sg||Trv||L~ < oo, then v € L®(R>o — R™). Note that this
also holds for the Sobolev space Wh*®(Rsg — R™). For ¥V = L*®(Rso — R™)
it follows that V. = L® (R>g — R™), V,, = L. ([0,w) — R™) for w € (0, o], and

loc loc

Va = Upcw<oo Lo ([0,w) — R™). It is important to note that V,, D L>®([0,w) — R™).
For a normed signal space U and the Euclidean space R!, I € N, also subsets of V =

R! x U will be considered, which, on identifying each # € R! with the constant signal

t — 0, can be thought of as a normed signal space with norm given by ||(0, z)||v =
VIO + [l[1Z-

3.2. Well posedness. A mapping Q: U, — Y, is said to be causal if, and only
if

Va,y €U, V7 edom(x,y)Ndom(Qx,Qy) :

["”ho,r) =Yy = (@) = (QW)]r
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Consider P: U, — YV,, u1 — y1, and C: Y, — U,, y2 — ug being causal mappings
representing the plant and the controller, respectively, and satisfying the closed-loop
equations:

[P,C] : y1=Pui, uz=Cyz, uo=mui+u, Yo=yuy+¥y2, (3.1)

corresponding to the closed-loop shown in Figure [l

For wg = (ug,yo) € W :=U x Y, a pair (w1, ws) = ((u1,y1), (u2,y2)) € Wa X W,
W 1= Uq X Va, is a solution if, and only if, [BJI) holds on dom(w;,ws). The (possibly
empty) set of solutions is denoted by

KXo = {(w1,w2) € Wo X Wy | (w1, ws) solves B}

The closed-loop system [P, C], given by B]), is said to have:
e the existence property if, and only if, Xy, # 0;
e the uniqueness property if, and only if,

Y wo € W |: (’If)l,?f)Q), (’11)1,71)2) c Xwg =

(1111,1@2)2(11}1,11}2) on dOHl(’uA}l,’lf}Q)ﬂdOIn(’J}l,’J}Q) .

Assume that [P,C] has the existence and uniqueness property. For each wy € W,
define wy,, € (0, 00], by the property

[0,wy,) = U dom(ty, Ws)

(1,W2) € X

and define (wy,w2) € Wy X W,, with dom(wy,ws) = [0,wy,), by the property
(w1, w2)|j0,4) € X, for all t € [0,wy,). This construction induces the closed-loop
operator

Hpc: W — Wo X Wy, wo — (wi,ws).

The closed-loop system [P, C], given by @I]), is said to be:
e [ocally well posed if, and only if, it has the existence and uniqueness properties
and the operator Hpc: W — Wy X W, , wo — (w1, ws), is causal;
o globally well posed if, and only if, it is locally well posed and Hp (W) C
We X We ;
e W-stable if, and only if, it is locally well posed and Hpc(W) C W x W;
o regularly well posed if, and only if, it is locally well posed and

— 00 as T — Wy,

(3.2)

If [P, C] is globally well posed, then for each wy € W the solution Hp o (wp) exists

on the half line R>o. Regular well posedness means that if the closed-loop system has

a finite escape time w,,, > 0 for some disturbance wy € W, then at least one of the

components ui, ug Or yi, Y2 is not a restriction to [O,wwo) of a function in U or Y,
respectively. If [P, C] is regularly well posed and satisfies

Ywg €W 1 | wy, <0 = H(prcwo)“O’T)HWTXwT

Ywg €W : [wwo <00 = HP’C(wO)h o) € WI[0, ww,) xW[O,wwo)} ,

0,w

there does not exist a solution of [P, C] with a finite escape time, and therefore [P, C|
is globally well posed. However, global well posedness does not guarantee that each
solution belongs to W x W; the latter is ensured by W-stability of [P, C]. Note also
that neither regular nor global well posedness implies the other.

11



3.3. Graphs, the nonlinear gap metric and gain-function stability. To
measure the distance between two plants P and P it is necessary to find sets associ-
ated with the plant operators within some space where one may define a map which
identifies the gap. These sets are the graphs of the operators: for the plant operator
P: U, — Y, and the controller operator C': Y, — U, define the graph Gp of the
plant and the graph G of the controller, respectively, as follows:

o={(2)

Note that Gp and G¢ are, strictly speaking, not subsets of W; however, abusing the
notation one may identify Gp 3 ( p, ) = (u, Pu) € W and G¢ > (C;/y) = (Cy,y) e W.

The essence of Section B is the study of robust stability of funnel control in a
specific control context. Robust stability is the property that the stability properties
of a globally well posed closed-loop system [P, C] persists under “sufficiently small”
perturbations of the plant. In other words, robust stability is the property that [Py, C]
inherits the stability properties of [P, C], when the plant P is replaced by any plant
P, sufficiently “close” to P. In the present context, plants P and P; are deemed to
be close if, and only if, their respective graphs are close in the gap sense of [3]. The
nonlinear gap is defined as follows:

Let, for signal spaces & and ),

ueu,Puey}cw, gc:{(?’) ‘ Cyeu,yey}cw.

LU,y = {P U, — Y, | P is causal}
and, for Py, P, € T, define the (possibly empty) set
Op,,p, == {®: Gp, — Gp, | ® is causal, surjective, and ®(0) = 0} .
The directed nonlinear gap is given by

5: T(U,Y) xTU,Y) — [0,00],

(P, P2) — _ inf sup
PCOPy, Py xzeGp, \{0},7>0

<|Tr(‘1> —Dig,, (x)lluxy>

1Ty

with the convention that g(Pl, P) =it Op, p, = (), and the nonlinear gap § is

- -

g: F(uay) X F(uay) - [ano]a(PhPQ) '_’ma'x{(s(PlaPQ)aa(PQaPI)}'

The following definition of gain-function stability goes back to [B]: A causal op-
erator F': X — V,, where &',V are subsets of normed signal spaces, is said to be
gain-function stable if, and only if, F(X) C V and the following nonlinear so-called
gain-function is well defined:

g[F] : (r9,00) — R>o,
ri glF)(r) = sup {IT, Fally | @ € X, ||Teallx € (ro,1], 7> 0},

where ro = infyex ||z]|x < 0.

A closed-loop system [P, C] is said to be gain-function stable if, and only if, it is
globally well posed and Hpc: W — W, x W, is gain-function stable.

Observe that || T-Fz|lv < g[F](||Trz||x) and note the following facts:

12



(i) global well posedness of [P, C| implies that im Hpc C W, X W;

(ii) gain-function stability of [P, C| implies W-stability of [P, C];

(iii) if [P, C] is W-stable, then Hp o : W — Gp x G¢ is a bijective operator with

inverse H;lc s (w1, we) — wy + wa.

To see (iii), note that Hpc(W) C W x W implies that Hp (W) C Gp X Go, and
since, for any wi; € Gp C W, ws € Go C W one has w; + ws € W, it follows that
Hp (W) D Gp x Ge. Therefore, think of a gain-function stable Hp ¢ as a surjective
operator Hpc: W — Gp x Gc. The inverse of Hpc: W — Gp X G¢ is obviously
HIS’IC s (wr, we) — wy + wa.

Finally, we associate with the closed-loop system [P, C] given by ([BJ)) the following
two parallel projection operators:

Op/jc: W — Wa, wo — wr and Heyyp: W — Wa, wo — wa.

Clearly, Hp,c = (HP//C , HC//P) and lp,,c + g/ p = I. Therefore, gain-function
stability of one of the operators Ilp//c and Ilg/,p implies the gain-function stability
of the other, and so gain-function stability of either operator implies gain-function
stability of the closed-loop system [P, C].

We close this section with an example. Define, for a > 0 and 2° € R the plant
operator

Pa;xo : Lgo (RZO — R) — W;’W(RZO - R) )

ul»—>y1:ac,a'c=ax+u1,ac(0):ac0. (3.3)

Note that the transfer function () has a minimal realization (A, b,¢) of form ()
where

0 1 0 0
A:= |aN+2M(a—M —N), a—2M — N, 2M(NM + M? — aM — aN)] . b= [N] ,

-1 0 -M 0
¢:=1[1,0,0],
(3.4)
and N, M > 0. This defines, for 2° € R3, the plant operator
PN,M,a;E(’: Lgo (RZO — R) — W;’M(RZO — R) y
Uy — Yy = Cx, a'c:gac—i—gul, I(O):EO. (3.5)

In [7, Ex. 3.5] it is shown that, for 2° = 0, 2° = 0, a > 0 and sufficiently large M > 0
and N = 2M, P, is close to Py, u,q;0 in the sense

lim sup 6(Pao; Pont.ar.a0) = 0. (3.6)

M—oo
4. Robustness of the funnel controller.

4.1. Well posedness of the nominal closed-loop system. For n,m € N with
n > m, consider Py, ,,, as a subspace of the Euclidean space R7+2mn by identifying a
plant 8 = (A, B,C) with a vector # consisting of the elements of the plant matrices,
ordered lexicographically. With normed signal spaces U and Y and (0,2°) € P, X
R", where 2° € R™ is the initial value of a linear system (), we associate the causal
plant operator

P(H,:co): Uy — Vo, U +— P(@,:co)(ul) =y, (4.1)
13



where, for u; € U, with dom(u;) = [0,w), we have y; = cx, = being the unique
solution of ([CT) on [0,w). Note that P is a map from (J,,~.,,,(Pn,m x R™) to the space
of maps U, — YV,. Consider, for ¢ € &, the control strategy (L) and associate the
causal control operator, parameterized by ¢, i.e.

C(0): Vo = Ua,  y2— C(@)(y2) = uz. (4.2)

Note that C' is a map from the set of inverse funnel boundary functions ® to the space
of causal maps YV, — U,.

In this sub-section we show that, for f = L>®(R>¢ — R™) and Y = WH>®(R>o —
R™), the closed-loop system [P(6,2°),C(p)] of any plant of the form () (with
associated operator P(,2°)) and controller (CA) (with associated operator C(y)),
where (0,2°) € Pym x R™ and ¢ € ®, is regularly well posed. Furthermore we show
that, for § € M,, ,,, the closed-loop system [P (6, z°), C(y)] is globally well posed and
(Z/l X y)—stable.

PROPOSITION 4.1. Let n,m € N withn > m, ¢ € ®, (0,2°) € My, ;m x R™ and
(uo,y0) € L®(R>o — R™) x WH°(R>q — R™). Then, for plant operator P(6,x°)
and funnel control operator C(p), given by @) and @), respectively, the closed-loop
initial value problem [P(0,2°), C(p)], given by (L), [C3), [T, is globally well posed
and moreover [P(0,2°),C(p)] is (L°°(R>o — R™) x W (R — R™))-stable.

Proof. The proposition is a direct consequence of Proposition EZT1 a

In the following sub-section we show that an application of the funnel controller
to any stabilizable and detectable linear system (A, B, C) yields a closed-loop system
which is regularly well posed. This is required for the robustness analysis in Sub-
section B3l namely the application of [I7, Th. 6.5.3 and Th. 6.5.4].

4.2. Well posedness of the general closed-loop system. For (A, B,C) €
Pr.m, 2° € R™ and ¢ € @, the closed-loop initial value problem (), (IZ3), (CF) may
be written as

z(t) = Axz(t) + Bluo(t) — u2(t)], 2(0) = 2% e R,
_ o(t)
S PR (43)
y2(t) = wo(t) — Cu(t),
up(t) = —k()y2(t).

PROPOSITION 4.2. Let n € N with n > m, ¢ € ®, (0,2°) € P x R" and
(uo,y0) € L®(R>q — R™) x WH°(R>q — R™). Then, for plant operator P(6,x°)
and funnel control operator C(p), given by @) and D), respectively, the closed-loop
initial value problem [P(6,2°), C(p)], given by @), has the following properties:

(i) there exists a unique solution z: [0,w) — R™, for some w € (0,00], and the

solution is mazimal in the sense that for every compact K C R>q x R™ exists
t € [0,w) such that (t,x(t)) ¢ K;

(ii) if (u2,y2) € L=([0,w) — R™) x Wh®([0,w) — R™), then w = o0, k €
L*(R>¢ — R) and yz is uniformly bounded away from the funnel boundary
1/o();

(iii) [P(0,2°),C(p)] is reqularly well posed.

Proof. Set, for p € ® and yy € WH>°(R>g — R™),

Hyyo = {(t;2) € Ruo x R™ [@(t)[lyo(t) = Caf| <1} .
14



i): The initial value problem may be written as
(i) y
T =g(t,x), z(0) =2°, (0,y0(0) — Czp) € Hyy, » (4.4)

where

o(t)
T o@lwlt) —Ca] >

satisfies, in view of ic.00) (-)~! being globally Lipschitz for every ¢ > 0 and ¢(0) = 0,

g: Hpyo — R™,  (t,x) — Az + Bug(t) + (yo(t) — Cx),

see the definition of ® in Section [, a local Lipschitz condition on the relatively open
set Hy,y, in the sense that, for all (7,§) € Hy, y,, there exists an open neighbourhood
O of (1,£) and a constant L > 0 such that

V(t,x) €O gt x) —g(t, &)l < Lz =]

Therefore, standard theory of ordinary differential equations, see, for example, [I8]
Th. III.11.I11], yields that (), and therefore [@3]), has an absolutely continuous so-
lution z: [0,w) — R™ for some w € (0, 0o, which satisfies (¢, z(t)) € H,,y,. Moreover,
the solution is unique and the solution can be extended up to the boundary of H, 4.
In other words: for every compact K C H,, 4, exists ¢t € [0,w) such that (¢,z(t)) ¢ K,
as required.

(ii): Suppose (uz,y2) € L>®([0,w) — R™) x WH([0,w) — R™) and, for contra-
diction, w < oo. By boundedness of ¢, see the definition of ®, it follows that there
exists A > 0 such that ¢(t) <1/ for all ¢t € [0,w). Thus

1 1 Y2 t A
view : L@@l <y = 1 <ol <200 o )= 2
which yields, in view of y2 € L*>([0,w) — R™) and T;H“;—Z)”yg =uy € L*([0,w) — R),

that

Vie0w) o T—p@)ly2(t)] <

N |

o O el

= el = T @ = 30— @ )

thus ﬁp‘m is bounded on {t € [0,w) |1 — @(t)||y2(t)|| < 1/2}. Moreover, for all
t € [0,w) such that 1 —(t)||y2(¢)| > 1/2, (%) < 2/A. Thus k = #M €
L>([0,w) — R). Hence, by continuity of the solution

Je>0Vie[0,w) : 1—o@)|y200)|| > €. (4.5)

Then, Variation of Constants applied to B3] yields the existence of constants ¢y =
co(B, A, €), c1 = c1(A) > 0 such that

Vie[0.w ¢ el < e <+ / wew5><||uo<s>||+||y2<s>||>ds>. (4.6)

Since y3 € L*®([0,w) — R™) and ug € L>®(R>g — R™), it follows from the convolu-
tion in (ECH) that the right hand side of #) is bounded by c3 = co(e™* + (e +
1) ([uoll Lo (0,0)—rm) + ||y2||Loo([07w)_,Rm))/cl) > 0 on [0,w) which gives that
K:=A{{t,2) € Hpyo |t € [0,w], |lz]| < s}
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is a compact subset of H, ,, with (¢,2z(t)) € K for all ¢ € [0,w), which contradicts
the fact that the closure of graph (ac|[0 w)) is not a compact set, see (i). Therefore,

w = oo and in view of ([H) we have k bounded and ys is uniformly bounded away
from the funnel boundary o(-)~!.

(iii): By (i), the closed-loop initial value problem [P(6,z%),C(y)] is locally well
posed. To prove that [P(#,2°),C()] is regularly well posed, it suffices to show
that [@2) holds. For arbitrary wg = (uo,y0) € W consider (wi,ws) =
Hp(9,29),0(p)(wo) where dom(w;,ws) = [0,w) is maximal. Suppose, contrary to the
right hand side of ([B2), H(wl’w2)|[0,w)HwaWw < 0o. Then (ug,y2) € L*>([0,w) —
R™) x Wh*°([0,w) — R™), which, in view of (ii), yields w = oo, i.e. the contrary of
the left hand side of ([B2). Hence the closed-loop system is regularly well posed and
the proof is complete. a

4.3. Robustness of funnel control. In Proposition Bl we have established
that, for (0,2°,¢) € My.m x R? x ® and n,m € N with n > m, (uo, yo) € L= (R>o —
R™) x Wh*(Rso — R™), the closed-loop system [P(6,2°),C(p)] is globally well
posed and has certain stability properties.

The purpose of this sub-section is to determine conditions under which these
properties are maintained when the plant P(6,2°) is perturbed to a plant P(G,fo)
where (5, 50) € Pgm x R? for some ¢ € N, ¢ > m, in particular when 0 ¢ Mgm.
Proposition shows that the closed-loop system [P(8,7°), C(y)] is regularly well
posed. This provides the basis for our main result: Theorem B3 shows that stability
properties of the funnel controller persist if (a) the plants P (9,0) and P(6,0) are
sufficiently close (in the gap sense) and (b) the initial data 2° and disturbance wy =
(up,yo) are sufficiently small.

To establish gap margin results, we will need to construct the augmented plant and
controller operators as in [f] and []. Note that 0 §é M, . Define Y = R” amn o
U =~R" +2m”xL°°(R>OHRm) and let W —Ux)JfZ/lXWIOO(RmHR )
which can be considered as signal spaces by identifying § € R” *+2mn with the constant

function ¢ ~ 6 and endowing U with the norm ||(8,u)| 7 = \/||9H2 + Ul e sy —emy-
For given P(6,0) as in [@J)), we define the (augmented) plant operator as

P:U, » WE®(Rso — R™), (0,u1) =0y — y1 = P(@y) := P(6,0)(u1). (4.7)
Fix ¢ € ® and define, for C(p) as in ([Z), the (augmented) controller operator as
C: Wa™(Rso = R™) = Uy, yo — Tz = Cly2) = (0,C(¢)(y2)) = (0,u2) . (4.8)
For each non-empty Q@ C M,, ,,,, define
W= (@ x L(Rzo — R™)) x WH(Rz0 — R™) and HY - = Hp glwe . (4.9)

It follows from Proposition Bl that H S W = W x W is a causal operator for
any {2 C My, . In the following Proposmon I we show gain-function stability of
H9 &~ This is a supposition of Theorem 5.2 in [2], the latter being used to show
Proposmon E7] and thus the main result Theorem B

PROPOSITION 4.3. Let n,m € N withn > m, ¢ € ® and assume Q@ C M,, p,
is closed. Then, for the closed-loop system [P,C) given by @), @) and EX), the
operator Hg’é given by D) is gain-function stable.
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The proof for Proposition is equivalent to the proof of [7, Prop. 4.3], when
applying Proposition Bl instead of [, Prop. 2.1], and therefore omitted.

The following proposition establishes (L>®(R>q — R™) x W1 (R>o — R™))-
stability of the closed-loop system [P(a, 29),C(p)] for a system ] belonging to the
system class Py, if, for a system 6 belonging to M., ,,,, the gap between P(g, 0) and
P(6,0), the initial value 2° € R? and the input/output disturbances wo = (ug, yo) are
sufficiently small. The proof uses the robustness results [I7, Th. 6.5.3 and Th. 6.5.4].

PROPOSITION 4.4. Let n,q,m € N with n,qg > m, Y = L®(R>o — R™), Y =
WL (Rsg — R™), W = U XY and 0 € My . For (0,°,¢) € Pym x RY x
®, consider P(6,7°): Uy — Vo, and C(9): Yo — Uy, defined by @) and @),
respectively. Then there exist a continuous functionn: (0,00) — (0,00) and a function
Y Pgm — (0,00) such that the following holds:

N (5,50,w0,r) € Pgm x RT x W x (0,00) :

Y(0)]Z°| + Jwollw <7

= H,;- wy) €W X W.
5(P(6,0), P(9,0)) < n(r) } P20t )

The proof of Proposition EE4 is equivalent to the proof of [d Prop. 4.4] if the
gain-function stability result Proposition for funnel control is applied instead of
the corresponding result [7, Prop. 4.3]. Moreover, one has to choose signal spaces as
in Section B namely U = L>®°(R>g — R™) and Y = WH°(R>g — R™) instead of
U=Y=WHe(Rsg — R™), and apply [Id Th. 6.5.3 and Th. 6.5.4] instead of |2
Th. 5.2 and Th. 5.3].

Finally, we are in the position to state and prove the main result of the present
paper. Loosely speaking, we show that funnel control achieves the control objectives if
applied to a system (A, B, C) € Py,m as long as this system is sufficiently close —in the
terms of the gap metric — to a system (A, B,C) € /T/l/mm and the initial value 2° € R?
for (A, E, 5) and the input/output disturbances (ug,yo) are sufficiently small. As a
consequence (Z, B , 5) € P,4,m may not even satisfy any of the classical assumptions:
minimum phase, relative degree one and positive high-frequency gain.

THEOREM 4.5. Let n,q,m € N with n,qg > m, U = L°(R>¢9 — R™), Y =
WL (Rsg = R™), W=UXY, p€® and 6 € My, . For (0,7°) € Pyom x RY con-
sider the associated operators P(0,7°): Uy — Vo and C(@): Ya — Uy defined by @)

and D), respectively, and the closed-loop initial value problem (), (3)), ().
Then there exist a continuous function n: (0,00) — (0,00) and a function ¥: Py m —

(0, 00) such that the following holds:

V(a,fo,wo,r) € Pgm x RT x W x (0,00) :
~ V>0 : (t,y2(t)) € Fyp

$(O) 13 + llwollw < r
§(P0.0), PEO) <nr) ([ ) FET R E (4.10)
xr e WI’OO(RZO — RQ) ,

where (x,k) and y2 satisfy [E3).

Proof. Step 1: We show

((ula yl)v (U27y2)) = HP(§,50)7C(¢)(U)O) eEWxW. (411)
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Choose functions 7: (0,00) — (0,00) and ¥: Py — (0,00) from Proposition EAl
Let

(g,io,wo,r) € Pym X RIX W x (0,00) :
$(0)[Z°] + [[wollw <7 A 5(P(8,0), P(6,0)) < n(r).

Then Proposition B4 gives (ETT]).

Step 2: By Proposition EA it follows that [3) has a unique solution z: [0,w) —
R? on a maximal interval of existence [0,w) for some w € (0, 00]. Proposition EL2(iii)
yields w = oo and k = ﬁp‘m € L*(R>¢ — R), the second assertion of (EI0).

Step 3: By Step 2 we have k € L*(R>¢ — R) which, in view of continuity of
1 — @|lyz|| on (0,00), yields 1 — @(t)||ly2(t)|| > ll¢llL= |kl % > 0. Thus, for all ¢t > 0,
o(t)]|y2(t)]] < 1, which yields the first assertion of EI0).

Step 4: It remains to show that x € WH®(Rx>o — RY).

Let (/Nl,é,é’) € Py m associated with ([CTl). Detectability of (/T,E,CN’) yields
the existence of a matrix F' € R?*™ such that spec(ﬁ + Fé’) C C_. Setting g :=
7[F+k§] (yo — y2) + Bug + B kyo gives

@ =[A—kBClz+Bug+Bkyo=[A+FClz+g. (4.12)

By Proposition B4l and Step 3 we have y2 € Wh>®(R>q — R™) and k € L™ (R>¢ —
R) and since wg = (ug,y0) € L®(R>o — R™) x WH*(Rso — R™) it follows that
g € L*(R>9 — R?). Hence, by @IZ) and Variation of Constants we obtain z €
L>*(R>¢ — R?). The first equation in @3] then gives & € L>®(R>9 — RY) which
shows the third assertion in ([I0) and the proof is complete. |

EXAMPLE 4.6. We revisit, for o, N,M > 0, the plant operators P, o and
Py ar,a:z0 defined by ([B3) and ([3), respectively. These plants will be studied in
conjunction with the control operator C(yp) defined by EZ).

In passing, note that P, ;o has transfer functions s — ﬁ; the plant Pn as ;50

has transfer function s — N(M — s)/[(s — a)(s + N)(s + M)] and, for (A,b,¢) as
in B3], a minimal realization in normal form is

51 0 1 0 51 0
% &) =|aN+2M(a—M —~N), a—M—N, 2M(NM + M? —aM — aN) L1+ | —-N|w
z -1 0 -M z 0

y1="61.
(4.13)
We have already shown in (B8] that for zero initial conditions the gap between
the system (/T,E,E) € P31\ Ms; and (a,1,1) € My tends to zero as N = 2M
and M tend to infinity.
Now, in view Theorem ELH there exist a continuous function n: (0,00) — (0, c0)
and a function v¢: P31 — (0,00) such that, for all (z2°,wq,r) € R3 x W x (0,00), we
have

Vi=0 : (tyo(t) —ui(t) € Fy
= ke LOO(RZO — R)
xr € Wl’OO(RZO — RS)

Y((A,b,2) ] + [[wollw < 7
5 (P((e,1,1),0), P((4,5,),0) ) < n(r)
where W = L®(R>g — R) x WH*®(R>o — R) and we use the notation from Theo-

rem EE3 namely P((a, 1, 1),0) = Py, and P((E,E,E),O) = Py M a:0-
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Note that Theorem shows only existence of the functions ¥ and 7; it is not
straightforward to find these functions.

We are now in a position to discuss simulations for various values of N, M > 0
and 7*; all simulations are performed by MATLAB for

a=1, u=y =0
and funnel boundary, for A = 0.1,

15.31 — 7.8t + 2, ift€]0,3.9)

—1.

#()7: Rx0 = Roo, tH{m, if ¢ > 3.9.

The variables y1, k£ and u; of the nominal closed-loop system B3), (), ([3),
i.e. the funnel controller C(y) applied to the linear system P,.,0, are depicted in
Figure for initial value z° = 1.

Consider next the closed-loop system E13), (CA), [3) for N = 2M = 100.
In [@, Sec. 3.5, p. 2737], it is shown that then 5(Pa, Pnore) < 8/51. In Fig-
uresfE.1(b)]land [I-1(c)} we depict the simulations for initial value z* = (0.1,0.1,0.08) T,
which is sufficiently small to guarantee funnel control: all components of the solution
€) T, 2() = (w1(-),91(:),2(-)) and k(-) and uy(-) are bounded. However, a slight
increase of the third component of the initial value to 2 = (0.1,0.1,0.1) T leads to a
finite escape time: the output y; tends to the funnel boundary in finite time ¢; > 0
and therefore u;(¢) tends to infinity as ¢ — t1, see Figure

Consider the closed-loop system [@13)), (L), (C3)) for N = 2M = 10, 000.

Then the gap 5(Pa;0, Pn a0:0) < 1/625 is very small and r > 0 might be large such
that the second inequality of the left hand side of (I0) holds. However, the system
has very unstable zero dynamics; this indicates that 1/)(11, E,E) might be very large.
Therefore, the initial value must be very small so that the first inequality of the left
hand side of I0) holds. Since 1 maps any system (A, b, ¢) into (0, c0), then in view
of @I0) and given that the second inequality holds for r and (E, E,E), it is always
possible to choose a sufficiently small initial value not equal to zero such that the first
inequality holds.

Figures[f.2(a)land f.2(b)| show that funnel control is achieved in case of the initial
value 72 = (0.001,0.001,0.001) " (note that g; is very large), whereas funnel control is
not achieved in case of the initial value 7* = (0.001,0.001,0.0015) T, see Figure

If N = 2M = 10, then the gap between P,.0 and Py ar,q;0 is rather big. Fig-
ure indicates that in this case the output tends to the funnel boundary for
any initial value not equal to zero; the initial value for the simulation is 7° =
(1076,1076,107%) . We conjecture that in this case the second inequality in (EI0)
is not satisfied for small N, M > 0 since the gap is too large, whence the funnel
controller will not achieve stabilization for any initial value not equal to zero.

Figure shows a shortcoming of the main result: Theorem ensures, as for
A-tracking [7, Thm. 4.5], only existence of functions ¢ and n in IW). For a given
system 0 it maybe hard to calculate the value w(bv) It could be also possible that the
functions ¥ and 71 counteract in some way, as seen in example for “huge” N, M > 0.

However, the simulations show that funnel control may be applied to system (BH)
despite the fact that it has unstable zero dynamics, relative degree two and negative
high-frequency gain. The only restrictions are that the zero is “far” in the right half
complex plane, the initial condition z° is “small” and the L> x W input/output
disturbances ug and yo are “small”.
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Fig. 4.1. Funnel control simulations: nominal system P, o and general system Py ps o5,
i=1,2, with N =2M = 100

5. Conclusions. We have shown robustness of the funnel controller (L)) for a
class of linear systems which are close in the gap metric to minimum phase systems
with (strict) relative degree one; moreover, funnel control copes with certain bounded
input/output disturbances. The only shortcoming of the present approach is that the
main result shows only existence of continuous functions ¢ and 7 in [EI). For a
given systems g it maybe hard to calculate the value 1/)(5) It could be also possible
that these functions counteract in some way. For example: given small 7 > 0 and
0 € Py m such that 5(P(9,0),P(9,0)) < n(r) it could be possible that () is very
large which requires then a very small initial value g € R? so that the left hand side
of (@I0) holds. However, in view of [IM) given that the second inequality holds for
r and 0 it is always possible to choose a sufficiently small initial value.
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