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Abstract

We consider tracking control for nonlinear multi-input, multi-output systems which have arbitrary strict relative degree and stable
internal dynamics. For a given sufficiently smooth reference signal, our aim is to design a controller which achieves that the tracking
error evolves within a prespecified performance funnel. To this end, we introduce a new controller which involves the first r — 1
derivatives of the tracking error, where r is the strict relative degree of the system. We further present some simulations where our
funnel controller is applied to a mechanical system with higher relative degree and compare it with other approaches.
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1. Introduction

In the present article we consider output regulation for non-
linear systems by funnel control. We assume knowledge of the
strict relative degree of the system and that the internal dynam-
ics are stable. The concept of funnel control has been developed
in [8] for systems with relative degree one, see also the sur-
vey [6] and the references therein. The funnel controller is an
output-error feedback of high-gain type; it is an adaptive con-
troller since the gain is adapted to the actual needed value by a
time-varying adaptation scheme. Controllers of high-gain type
have various advantages when it comes to “real world” applica-
tions; we like to quote from [3]:

“Since only structural assumptions on the system are re-
quired, high-gain adaptive control is inherently robust
and makes it attractive for industrial application.”

In particular, the funnel controller proved to be the appropri-
ate tool for tracking problems in various applications, such as
chemical reactor models [12], industrial servo-systems [4, 11]
and rigid, revolute joint robotic manipulators [5].

An obstacle for high-gain adaptive controllers are systems
of relative degree larger than one. In [1], a “Prescribed Perfor-
mance Controller” for systems with higher strict relative degree
has been introduced by Bechlioulis and Rovithakis. Though
this controller is applicable to a large class of systems, its draw-
back is that it uses not only the system output but it requires the
full information of the state. Ilchmann et al. [9, 10] developed
a funnel controller for systems with higher strict relative de-
gree by introducing a “backstepping” procedure in conjunction
with a precompensator. This controller achieves tracking with
prescribed transient behavior for a large class of systems gov-
erned by nonlinear (functional) differential equations. Unfor-
tunately, this backstepping procedure is quite impractical, es-
pecially since it involves high powers of a gain function which

Email addresses: thomas .berger [at]Juni-hamburg.de
(Thomas Berger), le.huy.hoang[at]Juni-hamburg.de (L& Huy
Hoang), timo.reis[at]math.uni-hamburg.de (Timo Reis)

Preprint submitted to Elsevier

typically takes very large values. Backstepping is also used for
an adaptive A-tracker in an earlier work by Ye [15].

For systems with relative degree two, a proportional-
derivative (PD) funnel controller has been introduced in [4] (see
also the modification in [3]), where the backstepping procedure
is avoided. However, a generalization of the PD funnel con-
troller to the case of higher relative degree is not available.

In the present paper we introduce a simple funnel controller
for systems with arbitrary known relative degree r and stable
internal dynamics. The controller is based on a simple recursion
law and involves the first r — 1 derivatives of the tracking error.

1.1. Nomenclature

R>o = [0,0)
(||| the Euclidean norm of x € R”
Lo (I—R")  the set of locally essentially bounded

functions f : I—R", I C R an interval

ZL=(I—R")  the set of essentially bounded functions
f :I—R" with norm

[1f1leo = ess sup,¢/[|./ (1)

W*5=(I—R") the set of k-times weakly differen-
tiable functions f : I — R" such that
froon f® € 2=(1—R")

€*(V—R")  the set of k-times continuously differen-
tiable functions f:V — R", V C R",
E(V-RY)=¢%(V-=RY

flw restriction of the function f: V —R" to

wWCcv

1.2. System class

In the present paper we consider a class of non-linear sys-
tems described by functional differential equations of the form

y(r)(t) = f(d(t)’T(y7yv"'7y(r71))(t))
+0(d(0), T (3,3, YD) O)u(r) (D)
Yino = Wew b=([~h,0] = R"),
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where & > 0 is the “memory” of the system, r € N is the strict
relative degree, and

(P1): the “disturbance” satisfies d € £~ (R>9 — RP), pe N;
(P2): fE€Z(RP xRI — R™),q €N,

(P3): the “high-frequency gain matrix function” I" € ¢! (R? x
R? — R™*™ takes values in the set of positive (negative)
definite matrices;

(P4): T:6([—h,00) > R™) — L=

loc
with the following properties:

(R>0 — RY) is an operator

a) T maps bounded trajectories to bounded trajectories,
1.e, for all ¢; > 0, there exists ¢; > 0 such that for all
CeC([~h) = R"),

sup )IIC(I)||§01=> sup [[T(E)(1)] < c2,

t€[—h,e0 t€[0,00)

b) T is causal, ie, for all + > 0 and all {,& €
E(|—h,) — R™),

iy =Elimny = T(Olos) = T(E)ljoy):

where “a.a.” stands for “almost all”.

¢) T is locally Lipschitz continuous in the following
sense: for all r > O there exist 7,0,c > 0 such that
for all £,AL € €([~h,) — R™)" with Al|_;,) =0
and [|AL| (/141 lle < 6 we have

H(T(C "‘AC) - T(C)) |[t,t+‘c] Hm < CHAC

[t+1] ||°°

The functions u : R>g — R™ and y : [—h,) — R™ are called
input and output of the system (1), resp. Systems similar to (1)
have been studied e.g. in [4, 7, 8, 10]. In the aforementioned
references it is shows that the class of systems (1) encompasses
linear and nonlinear systems with strict relative degree and (ex-
ponentially) stable internal dynamics (zero dynamics in the lin-
ear case) and the operator 7 allows for infinite-dimensional lin-
ear systems, systems with hysteretic effects or nonlinear de-
lay elements, input-to-state stable systems, and combinations
thereof. One important subclass of systems (1) are minimum-
phase linear time-invariant systems

x(t) = Ax(t) + Bu(t),
y(t) = Cx(1),

where A € R™" B ¢ R"™™ C e R™" which have strict rela-
tive degree r € N and positive (negative) definite high-frequency
gain matrix, i.e, CB=CAB = ... = CA2B=0and T :=
CA"™!B € R™ ™ is positive (negative) definite. The minimum-
phase assumption (equivalently, asymptotic stability of the zero
dynamics, see [13]) is characterized by the condition

Al —A

Vle(CwithRel>0:det[ C Ig}#o

It is known that systems of this type can be transformed in to
Byrnes-Isidori normal form, see [10],

,_ilR,»y“*”(r)+Sn<r>+ru<r>,

Py(t)+0n(r)

where R; € R™™ for i = 1,2,...,r, S',P € RO=—m>m anqg
0c R(=rm)x(n=rm) ig 4 Hurwitz matrix, i.e., all eigenvalues

of O have negative real part. This is a system of type (1) with
I'=CA" 'Band

Fd@0),T(y,y,.... D)) = f(y,y',-.',y“”)(f)
— ¥ Ry (1) + 8¢ (0) + [ L7 Py(1)dr.
i=1 0

=

—
~

~—
I

T is clearly causal, locally Lipschitz, and the Hurwitz prop-
erty of Q implies that T has the bounded-input-bounded-output
property a). Note that 7' is parameterized by 1(0) € R*~"™,

1.3. Control objective

The objective is to design an output error feedback u(t) =
F(t,e(r),é(t),...,e" "1 (r)), where e(r) = y(t) — yres(r) for
some reference trajectory yrr € #5°(R>9 — R™), such that
in the closed-loop system the tracking error e(z) evolves within
a prescribed performance funnel

Foi={ (1) R xR [p(0)e| <1}, @
which is determined by a function ¢ belonging to

@, ¢,...,0") are bounded,
o(t) > 0forall T >0,
and liminf; .. @(7) >0

®:=¢ 0 cF (R>0 — R)
3
Furthermore, all signals involved should remain bounded.

The funnel boundary is given by the reciprocal of ¢, see
Fig. 1. Tt is explicitly allowed that ¢(0) = 0, meaning that no
restriction on the initial value is imposed since @(0)|le(0)|| < 1;
the funnel boundary 1/¢ has a pole at ¢ = 0 in this case.

Figure 1: Error evolution in a funnel .%,, with boundary ¢()~! for ¢ > 0.

An important property of the class @, is that each perfor-
mance funnel 9}, with @ € &, is bounded away from zero,
i.e., because of boundedness of ¢ there exists A > 0 such that
1/@(t) > A for all > 0. The funnel boundary is not neces-
sarily monotonically decreasing, while in most situations it is
convenient to choose a monotone funnel. However, there are



situations where widening the funnel over some later time in-
terval might be beneficial, e.g., when the reference trajectory
changes strongly or the system is perturbed by some calibration
so that a large tracking error would enforce a large input action.

1.4. Organization of the present paper

The paper is structured as follows. In section 2, we intro-
duce the funnel controller for the system class presented in Sec-
tion 1.2. Feasibility of the control is proved in the main result in
Section 3; in particular we show that our proposed funnel con-
troller achieves the control objective described in Section 1.3.
The performance of the funnel controller is illustrated by means
of several examples in Section 4. This part also contains com-
parisons with the approaches in [4, 9, 10].

2. Controller structure

We introduce the below funnel controller for systems of
type (1):

eO(t) = e(t) = y(t _yref(t)a

ei(t) = eo(t) + kol(r) eolt),

er(t) = éft) + k() el),
er—1(t) = éat) + ka(t) - eaft),

if I" is pointwise pos. def.,

ult) = {?lm e (0),

r—1(t) - e,—1(t), if I is pointwise neg. def.,

&
—
~
~—
—_

i=0,....r—1

BRI PO

“)
where, for ®; as in (3), the reference signal and funnel functions
have the following properties:

yref G Wrm(RZO — Rm),
&)

QEDP, QED 1, ..., P11 EDy.

In the sequel we investigate existence of solutions of the
initial value problem resulting from the application of the fun-
nel controller (4) to a system (1). By a solution of (1), (4)
on [—h,®) we mean a function y € "~ !([~h, @) — R™),
@ € (0,00], with y[;_j, o) = ¥ such that y("—1) l[0,e) is absolutely
continuous and satisfies the differential equations in (1), (4) for
almost all 7 € [0, ®); y is called maximal, if it has no right exten-
sion that is also a solution. Existence of solutions of functional
differential equations has been investigated in [8] for instance.

Remark 2.1 (Funnel control for systems with » € {1,2,3}). In
the following we determine the funnel controllers explicitly for
the cases r = 1,2,3. We assume for convenience that the high-
frequency gain matrix function I" is pointwise positive definite.

r =1: The control law (4) reduces to the “classical” funnel
controller u(t) = —k(t)e(t) with k(t) = W.
Moreover, our assumptions on the reference signal and

the funnel function ¢ reduce to those made in [8].

r = 2: We obtain the controller

ul(t) =~k ()(&(e) + ko(o)e(?))
ko(t) = gzoremr
1(t) =

T =@ () ]]é() ko (r)e ()|

=~

r = 3: Here the controller (4) takes the form

u(t) = —ka(t) - [£(t) +2ko(t)* (@5 ()" (1)é(1)
+o0(1)o (1) |e(1)]*)e(r)
+ko(t)e(t) + ki (1) (e(t) +ko(t)e(1))]
1

kolt) = e

. 1
L) = CreREe Rnar

— 1
kat) = 1=3 (1) [&(1)+2ko (1) (95 (1)e T (1)é()+ @0 (1) @o (1) [e(1)][2)e (1)

ko (1)e(t)+ky (1) (e(e) +ho(1)e(n)) |12

Remark 2.2 (The intuition behind the funnel controller (4)).
The classical funnel controller for systems with relative de-
gree one and stable internal dynamics uses the “high gain prop-
erty” [2], which states that such systems can can be stabilized
by a proportional feedback law u () = —ky(¢) with a sufficiently
large constant k > 0. This gives rise to the intuition of the fun-
nel controller for relative degree one: If the error approaches
the funnel boundary at #y, then k(fo) takes a large value which
stabilizes the error system.

To illustrate the functioning of the controller (4), we employ
the following thought experiment for the single-input, single-
output case m = 1, see Fig. 2: Assume that the error e = ¢\ ap-
proaches the upper funnel boundary 1/¢y at time #y > 0. Then
ko(to), and consequently ko (zp) - e(fo) will be very large. Since
e| = é+ko - e evolves in the performance funnel .%,, , we may
infer that é(79) = e (to) — ko (to) - e(to) will take a large negative
value. In other words, e will be decreasing enormously. That
is, whenever the error e approaches the funnel boundary 1/¢y,
the controller ensures a repelling effect.

This argumentation can be repeated for the functions
e1,...,e—o. Finally, since e,_; includes the first »r — 1 deriva-
tives of e, the system with artificial output e,_; has relative de-
gree one, and the classical high gain property applies to e,_.

e(to)p(to) =~ 1 = ko(to) > 1

(to,e1(10)) € F g,
=

é(to) =e (l‘()) — ko(lo)e(to) <0

o)

Figure 2: Error in the performance funnel %,



Remark 2.3 (Funnel control by backstepping). The works [9,
10] introduce a funnel controller based on a filter and backstep-
ping construction for systems with higher relative degree. First
consider a filter with

Gi(t) = =&i(t) + &1 (1),
Eri(t) = =& 1 (1) +ulr).

Introduce the projections

7 RO—Dm _y Rim, &= (‘51,...7§r_1) — (él,...7§i)

i=1,...,r—2,

fori=1,...,r—1 and functions

1i(k,e) = —k-e
Yik,e,mi18) := Yi1(k, e, m28)
+IDY1 (k e, 2 8) K- (1+ || w1 &%)
“(Gi1+Yi-1(k e, mi28))

The controller in [10] takes the form

u(t) = =y (k(t),e(1), 5 (1)),
|
k) = T
We stress that in [10] a much smaller class of systems than in-
troduced in Section 1.2 is considered; in [10] T may only de-
pend on y and I" is assumed to be constant. The above presented
controller works provided that I' € R™*™ is positive definite.
However, this approach can be modified such that it also works
for systems in which it is not known whether I' is positive or
negative definite. In this case, the function y; has to be mod-
ified by 71 (k,e) = v(k) - e, where v : R>p — R is smooth and
satisfies the “Nussbaum property” [10]. In the following we
discuss the cases of relative degree two and three.

r = 2: Here the controller takes the form
u= —ke+(|lell*+&*)-k*(1+[[&]1*) (& +ke),

where we omit the argument ¢. This feedback law is
dynamic and the gain occurs with k(¢)”. The pres-
ence of such a large power of the funnel gain k(z) is
problematic in practice; the controller produces inputs
which might be impractical. We compare the backstep-
ping approach to our controller (4) in Section 4.

r =3 : Here the controller reads
u=ke — K4+ k) (14+ &) (& —ke) — { [~ e+ (14 ED)
[2K5 (&1 — ke)+ 43 (P K2) (&1 — ke) —k* (P +K)e] ]
+ [k K (14 ED) [2e(&) — ke) — k(2 +K2)]]
+ (22 2608 —ke)+ (14 8D WA 1+ 6+ 82)
(& — ket K+ ) (1+ER) (&1 —ke)]. (©6)

An expansion of the above product gives that this con-

troller contains the 25th power (!) of the funnel gain
k(t), and the problems depicted for » = 2 are present
here a fortiori.

Remark 2.4 (Proportional-derivative funnel control for relative
degree two). Consider a system (1) with the properties (P1)-
(P4) as in Section 1.2. Further assume that m = 1 and the high-
frequency gain function I is pointwise positive definite. The
work [4] introduces a funnel controller which feeds back the
error e and its derivative. More precise, this controller reads

u(t) = —k3(t)e(t) — ki (1)é(t),
P

@)
ko(t) = =gtiremr K1) = =5 Beay

The funnel functions ¢y for the error and ¢, for the derivative
of the error have to satisfy ¢y € ®,, ¢; € P, and they have to
fulfill the compatibility condition

Ve>038>0: 1/@(t) >8— 3 (1/go(t))  Vi>0. (8)

This controller is simple and its practicability has been verified
experimentally. However, there is no straightforward extension
to systems with relative degree larger than two. We further em-
phasize that the funnel functions ¢y, ..., @, in the funnel con-
troller (4) do not have to satisfy any compatibility condition.

3. Main result

We show feasibility of the funnel controller (4).
Theorem 3.1. Consider a system (1) with strict relative degree
r € N and properties (P1)-(P4). For ®; as defined in (3), let
Qe fori=0,...,r—1.

Let yrt € #"°(R>9 — R™) be a reference signal, and
Y=o = Yy € #7=1=([=h,0] — R™) an initial value such that
€o,...,er—1 as defined in (4) fulfill

@i(0)[lex(0)]| < 1 fori=0,...,r 1. )

Then the application of the funnel controller (4) to (1) yields
an initial-value problem, which has a solution, and every max-
imal solution y : [—h,0) — R™, @ € (0,c0|, has the following
properties:

(i) The solution is global (i.e, @ = oo).

(i1) The input u : R>o0 — R™, the gain functions ko, ... k-1 :
R>o —+Randy,... ,y(r’l) :R>o — R™ are bounded.

(iii) The functions eq,...,e,—1 : R>9 — R™ evolve in their re-
spective performance funnels, i.e.,

(t,ei) € Fg foralli=0,...,r—1andt > 0.

Furthermore, the signals e;(-) are uniformly bounded
away from the funnel boundaries in the following sense:

Vi=0,...,r—13g>0Vt>0:
lei(t)| < @i(t) "' —&. (10)

In particular, the error e(t) = y(t) — yret(t) evolves in the
funnel Fy and stays uniformly away from its boundary.



Proof. We may, without loss of generality, assume that the
high-frequency gain matrix function I" of system (1) is point-
wisely positive definite. We proceed in several steps.
Step 1: We show that a maximal solution y : [—h, ®) — R™
exists with @ € (0,c]. Consider the sets
(1, ) }
j=0,.

for i = 0,...,r— 1. Using the relations in the funnel
controller (4), we obtain that, for some interval / C R,
(€0,...,er—1): 1= R™ with (t,e,...,e,—1) € Dy forallr €1
satisfies (4) if, and only if, e = ¢ satisfies

@i:{(t,em...,e,-)€R>0><Rm><---><R’”

i—1
i _ dl 1—j
el = ¢ — a7 (kjej)
j=0

foralli=0,....,r—1. (11)

Define the functions K; : Z; — R™ by

. €Q
Ko(t,e0) := =2 (1)lleo?”

Ki(t,eo,...7ei)

= Ci +aKi71 t,e e;
R (tre0,.eim1)

BK
+Z - 1 teOa"'aeifl) (ej+1_1

¢j
~2Wlei? )

fori=1,...,r—1. We show by induction that
Vi>0: Z L5 (ki(0)ej (1) = Ki(t,e0(t), - ei(t))  (12)
Jj=
fori=0,...,r—1. Eq. (12) is obviously true for i = 0. Assume
thati € {1,...,r— 1} and the statement holds for i — 1. Then

i—1

Y. 4 (ki(0e0)) = kiet) + § ( ) (kjo)ej(r)))
j=0 j=0

= k,-(t)e,'(t) + %Kifl (t,eo(t),... ,e,‘,l(t))
:Ki(tveo(t)7"'7ei(t))'
In particular, (11) yields that, forallz € and all i =0,...,r—1,

(1) =e;(t) —Ki—1(1,e0(t),...,ei—1(¢)) and
e (t)=e,_1(t) — K1 (t,e0(t), ... er—1(1)) +kr—1(t)er—1(2).
Now, define

K :={(eg,e1,...,er_1) € C([—h,0) = R")" |
Vt>0: (l,eo(t),...,er,z(t)) € 95},

and the operator 7' : # —

100([0 ) - ]Rq) by

T (eo,e1,....e,-1) = T(eo + Yret, €1 + Yref — Ko(+, €0),

-1
<y €r—1 ergf ) 7Kr72(';60a s 7er72))a

where y.r is extended to [—h,0) such that yer €
W' ([—h,) — R™). Define x = (eg, e2,...,e,—1) and
F:9, 1 xRI—=R",
(t7eO>el7"'7er—17n) =
el = o e — 26’7"22,
1=z (1)leoll o 1*(0,(,2)0)\\@#2\\
n)e,—1 r
f(d(0),n) - pr Yret (1)
€r—1
Koot ltenert) gl

Then the initial value problem (1), (4) is equivalent to
(1), T(x)(1)), X0 ver—1)li-n0):
(13)

In particular, (0,x(0)) € Z,_; and F is measurable in ¢ and lo-
cally Lipschitz continuous in (eg, ey, ...,e,—1,7). Hence an ap-
plication of Theorem A.1 yields existence of solutions to (13).
Letx = (eg,e2,...,e,—1): [—h,®) = R™, @ € (0,00] be a max-
imal solution of (13), then the closure of the graph of this solu-
tion is not a compact subset of Z,_.
Step 2: We show that ko, ...,k-—1 as in (4) are bounded
n [0,®). For all i € {0,...,r — 1}, set wi(t) = @, '(¢) for
€ (0,w), let T; € (0, w) be arbitrary but fixed and set A; =
infy(0,) Wi(t) > 0. Since ¢; is bounded and liminf; .. ¢;(¢) >
0 we find that % ‘Vi|[T,-,eo) is bounded and hence there exists a
Lipschitz bound L; > 0 of iz, ..,
Step 2a: We show that k; is bounded for i € {0, ...
Choose €; > 0 small enough so that

X(I)ZF(I,X :(80762...

,r—2}.

inf (yi(r) ||e,-<r>||>}

& < min %,
1€(0,7;]

A2
and  L; < zh— sup |y (1)) (14)
1€[T; )

We show that

Vi€ (0,0): yi(r) = [le)] > &
By definition of ¢; this holds on (0, 7;]. Seeking a contradiction
suppose that

Aty € [T, 0) = wi(tn) — [lei(tn) || <&
Settio=max{t € [T;,t;1) | wi(t) —
t € [tio,t;1], we have that

|le; ()|l = & }. Then, for all

wi(0) = llei(0)]| < &,
lei(®)| = wir) —& > 3,
73 N E— () ]
kilt) = =7 (Olleir)> 28 =
Therefore, we find that by (4)
Salle®)l* = e (¢) (eir1(t) —ki(t)ei(t))
= —ki()llei()|* + e (D)eina (1)




A2
S(}qg+ wplwudﬂOHaOM

1€[T;,00)
(14)
< —Liflei(r)||
for all # € [tjo,;1]. Then

tj

llei(zin) || — llei(tio) | :/%||€i(t)\\71£||€i(f)||2dt
fio
< —Li(ti —tio)
< —lwiltin) — wi(tio) |
< ¥i(ti1) — wiltio)
and thus we obtain & = W;(ti0) — ||ei(ti0) || < Wi(ti1) —|lei(ti)]] <

€&;, a contradiction.
Step 2b: We show that k,_; is bounded. By (11) and Step 1
we have, invoking x = (eo,...,e,_1),

= fd(0), T (x)(1)) = k-1 ()T (d (1), T (x)(1))er1 (1)
Z di r—1— l 6‘1([)}

In the following we will prove by induction that there exist con-
stants M; j,N; j,K; j > 0 such that, for all 7 € [0, ),

ér—1 (t)

7yref

| ke <My (&) aw]| <
() k()| < K (1s)
fori:07"‘?"727]’:07"'3"71*l..

First, we may infer from Step 2a that ko, .. .,k,—o are bounded.
Furthermore, ey, ...,e,—1 are bounded since they evolve in the
respective performance funnels, cf. (4). Therefore, (15) is true
whenever j = 0. We prove (15) fori=r—2and j = 1: We find
that

ér—a(t) =er—1(t) —
Jer—2 (1) = 2k (1) (975 (1)

+ Qr2() O 2(f)||€r 2(f)\|2)7
d% [kr—2(t)e,—2(t)] = kr72(t)3r72(t) +kra(t)é,a(t),

and all of these signals are bounded since
kr—2,Qr—2,Qr_2,e,_2,e,_1 are bounded. Now let
p€{0,....r—3} and ¢ € {0,...,r — 1 — g} and as-
sume that (15) is true for all i = p+1,...,r —2 and all
j=0,...,r—1—iaswellasfori=pandall j=0,...,q—1.
We show that it is true for i = p and j = ¢:

(8)" %) = (§)" (250) (930)e; ()2 0)
+ (1) 0p(1) (1)) )
() o ep@] = (§)" (kpl0)ept) + kp(1)ep(r))-

Then, successive application of the product rule and using the

induction hypothesis as wells as the fact that @, ¢, ..., (p1<,r_p )
are bounded, yields that the above terms are bounded. There-
fore, the proof of (15) is complete.

By (15) and (11) it follows that ¢(?) is bounded on [0, @) for all
i=0,...,r— L. Therefore, also K;(-,eo(+),...,e;(+)) is bounded
on [O, a)) foralli =0,...,r— 1. Further invoking boundedness
of Veefy---, yfg and the bounded-input, bounded-output prop-
erty a) of the operator T it follows that 7'(x) is bounded, where
x = (eg,...,e,—1). Since f is continuous and d is bounded, we
may further infer that £(d(-), T (x)(-)) is bounded on [0, @), i.e
there exists Mp > 0 such that

for almostall ¢ € [0,0): | f(d(t),Tx)())| < Mp.

Define the compact set

181 < [Id[j0,0) Il
M = (8,1,6) RV XRIXR™ | ]| < [[T(x)lj0.0)llee ¢ 5
lefl = 1.

then, since I is pointwise positive definite and the map
M > (8,m,e) e T(8,1n)e € Ry

is continuous, it follows that there exists ¥ > 0 such that

V(8. me)ed: e T(8,n)e>7.

Therefore, we have

er—1(1) 'T(d(t), T (x)(t))er1(1)
= (T (@O T 00) ey

> Ve (01

Vw102

for all € [0, ®). Now, choose €_; > 0 small enough so that

&_1 <mi =L inf 1 (t) — ||le}—1 (¢
crsmin{E e (w0~ e 0D}
and
r—2
L O - Y M1 (16)
tel0,m) i=0
We show that
Vi€ (0,0): yro1(t) —[ler1(t)[| = &1

By definition of &,_; this holds on (0,7,_;]. Seeking a contra-



diction suppose that

11 € [T-1,0) 1 Y1 (tr—11) — ller—1(t—11) || < &1
Define
trero=max{t € [T—1,t,—11) | Y1 (t) = ler—1(2)[| = &1 },
then, for all 7 € [t,_; o,#—1,1], we have that

Vo1 (1) = ller—1 ()] < &1,

Ap
ler—1 (Il = W1 (1) — &1 > 75+,

_ 1 /()] Ar—1
k1) = O @P = Ze 2 B

We obtain, for all 7 € [t,_ o,%—1.1], that

Tlle, ()] = e (t)ér1(2)

= e[y () (£(d0). 7@ 0) ~ ket (OT(d(0). 7 () () 1 (1)
r=2 ,
)+ X (@) o))

2,_27 r—2
< Mp—Ziy+ sup (VO] + Y Miro1i | [lera (1)
1€(0,m) i=0

<-L, ||€r71 (t) Ha
and therefore,

fr—1,1

IIeH(trfm)||—||er71(tr7170)||=/%IIerfl(t)ll’l%Ilerfl(t)ll2 dr

1,0

<—L_i(tr—11 —t—10)

< —|W—i(tr—11) = Wr—1(t—10)]
<Y1 (tr-1,1) = Y1 (tr-10),

and thus we obtain &_1 = W—1(t—10) — |ler—1(tr—10)] <
W1 (t—11) — |ler—1(tr—1.1)|| < &—1. a contradiction.

Step 3: We show that @ = . Assume that @ < . Then,
since e;,k;, i =0,...,r— 1 are bounded by Step 2, it follows that
the closure of the graph of x = (eg,es,...,e,—1) is a compact
subset of Z,_1, a contradiction. Hence @ = oo which shows (i).
Statements (ii) and (iii) are then immediate consequences of
Step 2. O

4. Simulations

To demonstrate the application of our controller, we con-
sider an example of a mass-spring system mounted on a car
from [14], see Fig. 3. The mass m, moves on a ramp which is
inclined by the angle ¢ and mounted on a car with mass m, for
which it is possible to control the force u = F acting on it. The
equations of motion for the system are given by

my+my  mycos a] (x(t)) ( 0 > B (u(t))
mycos my §(1) + ks(t)+ds(t)) — \ 0 )’
a7

where x is the horizontal car position and s the relative position
of the mass on the ramp. The constants k,d > O are the coeffi-
cients of the spring and damper, resp. The output of the system
is given by the horizontal position of the mass on the ramp,

y(t) = x(t) + s(t) cos ax.

SCANS

()
y y
J

Figure 3: Mass on car system.

For the simulation, we choose the parameters m; = 4,my =
1,k =2,d =1 and the initial values x(0) = 0,%(0) = 0,s(0) =
0,5(0) = 0. The reference trajectory is yref(t) = cost. Sys-
tem (17) can be reformulated such that it belongs to the
class (1), see [14], with a relative degree r depending on the
angle o and the damping d. We consider two cases.

Case 1: If 0 < a < 7, see Fig. 3, then system (17) has
relative degrlee r =2 and the high-frequency gain matrix reads

I'=———"—->— sin o < 0. For the controller (4) we choose
my+mysin”- o

the funnel functions

@o(t) = (Se 2 +0.1)7",  @i(r) = (10" ¥ +0.5)7",
and obviously the initial errors lie within the respective fun-
nel boundaries, i.e., (9) is satisfied, thus Theorem 3.1 yields
that funnel control is feasible. We compare the controller (4)
with the proportional-derivative funnel controller (7) proposed
in [4], which has been explained in Remark 2.4, and choose the
same funnel functions ¢y, ¢; for it. These functions satisfy the
compatibility condition (8) and hence the controller (7) may be
applied to (17) by [4].

The simulation of the controllers (4) and (7) applied to (17)
over the time interval [0, 10] has been performed in MATLAB
(solver: ode4b5, rel. tol.: 10714, abs. tol.: 10_10) and is de-
picted in Fig. 4. Fig. 4a shows the tracking errors correspond-
ing to the two different controllers applied to the system, while
Fig. 4b shows the respective input functions generated by them.
It can be seen that our proposed funnel controller (4) requires
less input action than the controller (7), both in magnitude and
over time. For instance, in the time interval [3,5.5] there is
no input action generated by (4), but several (large) oscillations
generated by (7). It seems that our controller (4) is better able to
use the inherent system properties and thus requires less input
action than the controller proposed in [4].

Case 2: If o =0 and d # 0, see Fig. 5, then system (17) has
relative degree r = 3 and high gain matrix I' = — —_4 < 0.

mymy
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Figure 4: Simulation of the controllers (4) and (7) for the mass on car sys-
tem (17).

For the controller (4) we choose the funnel functions

Po(t) = (5e ¥ +2)",  @i(t) = ga(t) = (10e 2 +5)7",

and obviously the initial errors lie within the respective funnel
boundaries, i.e., conditions (9) are satisfied, thus Theorem 3.1
yields that funnel control is feasible. We compare the con-
troller (4) with the backstepping funnel controller (6) proposed
in [10], which has been explained in Remark 2.3, and choose
the funnel function @ = ¢y as well as {;(0) = £ (0) = 0 for
the initial values of the filter. Hence the controller (6) may be
applied to (17) by [10]. Note that the chosen funnels for the
tracking error are “wider” compared to Case 1; the reason are
numerical issues with the controller (6), see the explanation be-
low.

The simulation of the controllers (4) and (6) applied to (17)
over the time interval [0, 10] has been performed in MATLAB
(solver: ode45, rel. tol.: 1074, abs. tol.: 107'9) and is de-
picted in Fig. 6. Fig. 6a shows the tracking errors corre-
sponding to the two different controllers applied to the system,
while Fig. 6b shows the respective input functions generated
by them and Fig. 6¢ shows a zoom. It can be seen that our

Y

il © 1 O
y y
J

Figure 5: Mass on car system with a = 0.

proposed funnel controller (4) generates a maximal control ac-
tion of approximately 5, while for the controller (6) the value is
around 1.5 10°. Obviously, our controller (4) achieves a better
performance than the controller proposed in [10].

We stress that the controller (6) took a very long running
time and only small changes in the system or controller pa-
rameters may induce severe problems in the numerical solution.
The reason are the high powers of the gain function appearing
in the control law, as explained in Remark 2.3. In the present
simulation, although theoretically proved, the controller (6) is
barely feasible and takes huge computational effort. Further-
more, the enormous values generated for the input function
(which is a force) are not practically feasible in general. It
seems that for systems with even higher relative degree, the
controller from [10] is not practically realizable.

5. Conclusion

In the present paper, we proposed a new funnel controller
for nonlinear systems with arbitrary known relative degree and
stable internal dynamics. We proved that this controller, which
involves derivatives of the tracking error, achieves tracking of
a sufficiently smooth reference trajectory with prescribed tran-
sient performance. We have illustrated the performance of our
controller in comparison with other approaches by a simula-
tion of a practical relevant mechanical system. We stress that,
although the backstepping funnel controller presented in [10]
is proved to work for systems with arbitrary relative degree,
it does not seem to be practically realizable for system with
relative degree larger than three. Therefore, our controller (4)
seems to be the only choice for tracking with prescribed tran-
sient behavior in these cases.

Appendix A

Let 2 C R>( x R" be non-empty, connected and open. De-
fine

K:={Ce€(-h)—R")|Vt>0: (t,{(t)) €2 },

and assume that K is non-empty. Consider an operator 7 : K —
£ (R>o — R?) which satisfies the properties

loc
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Fig. 6¢: Input functions - zoom
Figure 6: Simulation of the controllers (4) and (6) for the mass on car sys-

tem (17).

a’) T maps bounded trajectories to bounded trajectories, i.e.,
for all ¢; > 0 there exists ¢, > 0 such that for all { € K:

[Slle <c1 = [IT(O)]|ee < 2

b’) T is causal,i.e., forallt >0andall {,& € K:
Clichy = Eliny = TOlog = Ty

¢’) T is “locally Lipschitz” continuous in the following
sense: for all ¢ > 0O there exist 7,8,c¢ > 0 such that for
all § € K, AL € €([—h,) — R") with { + A € K,
Alli_y 0 =0and || Al|y 7 [l < & we have

<c|| AC‘[nH—r} [[oo-

=

| €+ -1(©)y,.q

Let F : 2 x RY — R" be a Carathéodory function' and con-
sider the initial value problem

x(t) = F(t,x(t), T (x)(1)), )
x| g =2 €C([~h,0] = R"), (0,x°(0)) € 2.

A function x € €' ([—h,o) — R") is called solution of (18) on
[~h, @), @ € (0,00], if x|;_, o = x* and x| ) is absolutely con-
tinuous, with (¢,x(¢)) € 2 for all ¢ € [0, ), and satisfies the
differential equation in (18) for almost all ¢ € [0, ®). A solu-
tion x is called maximal, if it has no right extension that is also
a solution.

Theorem A.1. For all initial trajectories x° € € (|[—h,0] — R")
with (0,x°(0)) € 2

(i) the initial value problem (18) has a solution,
(ii) every solution can be extended to a maximal solution,

(i) if F is locally essentially bounded and x € € ([—h, ®) —
R") is a maximal solution, then the closure of
graph x| 0,0) is not a compact subset of 9.

Proof. The proof is a straightforward modification of those
of [7, Thm. B.1] and [8, Thm. 5]. ]
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