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Abstract

We consider tracking control for uncertain nonlinear multi-input, multi-output systems which have arbitrary strict relative degree
and input-to-state stable internal dynamics. For a given sufficiently smooth reference signal, our aim is to design a low-complexity
model-free 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 » — 1 derivatives of the tracking error, where r is the strict relative degree of
the system. We derive an explicit bound for the resulting input and discuss the influence of the controller parameters. We further
present some simulations where our funnel controller is applied to a mechanical system with higher relative degree and a two-input,

two-output robot manipulator. The controller is also compared with other approaches.
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1. Introduction

In the present article we consider output trajectory tracking
for uncertain nonlinear systems by funnel control. We assume
knowledge of the strict relative degree of the system and that the
internal dynamics are, in a certain sense, input-to-state stable,
resembling the concept introduced by Sontag [34]. The concept
of funnel control has been developed in [20] for systems with
relative degree one, see also the survey [18] and the references
therein. The funnel controller is a low-complexity model-free
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 (non-dynamic) adaptation scheme!. Note that no
asymptotic tracking is pursued, but a prescribed tracking perfor-
mance is guaranteed over the whole time interval. Controllers
of high-gain type have various advantages when it comes to
“real world” applications; we like to quote from [8]:

“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 temperature control of chemical reactor models [25], con-
trol of industrial servo-systems [13, 14, 24] and rigid, revo-
lute joint robotic manipulators [13, 15], speed control of wind
turbine systems [10, 12, 13], current control for synchronous
machines [11, 13], DC-link power flow control [33], voltage
and current control of electrical circuits [2], oxygenation con-
trol during artificial ventilation therapy [30] and control of peak
inspiratory pressure [31].
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A longstanding open problem in high-gain adaptive control
is the treatment of systems with relative degree larger than one,
see [16, 18, 29]. In [1], a “Prescribed Performance Controller”
for systems with higher strict relative degree has been intro-
duced by Bechlioulis and Rovithakis (and in [36] the influence
of disturbances is discussed), however trivial internal dynamics
are assumed. In [5], Bullinger and Allgower introduce an adap-
tive A-tracker which achieves tracking with prescribed asymp-
totic accuracy A > 0 for a class of systems which are affine in
the control, of known relative degree, and with affine linearly
bounded drift term. However, the drawback of this controller
is that the transient behavior of the tracking error cannot be
influenced. Ilchmann et al. [21, 22] developed a funnel con-
troller for systems with higher strict relative degree by intro-
ducing a “backstepping” procedure in conjunction with a prec-
ompensator. This controller achieves tracking with prescribed
transient behavior for a large class of systems governed by non-
linear (functional) differential equations. Unfortunately, this
backstepping procedure is quite impractical, especially since it
involves high powers of a gain function which typically takes
very large values, cf. [9, Sec. 4.4.3]. Backstepping is also used
for an adaptive A-tracker in an earlier work by Ye [37].

For systems with relative degree two, a proportional-
derivative (PD) funnel controller has been introduced in [14]
(see also the modification in [8]), where the backstepping pro-
cedure is avoided. The only available generalization of this ap-
proach to systems with higher relative degree is the bang-bang
funnel controller introduced by Liberzon and Trenn [28]. How-
ever, this controller is restricted to single-input, single-output
(SISO) systems and the involved compatibility conditions on
the funnel boundaries, the safety distances and the settling times
are quite complicated. Nevertheless, we stress that the con-
trollers in [8, 14, 28] are able to achieve prescribed transient
behavior of the tracking error derivatives.

In the recent conference paper [7] the funnel controller
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from [20] is used for SISO systems with higher relative degree
by defining a virtual (weighted) output such that the system has
relative degree one with respect to this virtual output. Then
funnel control is feasible and it is shown that (ignoring the addi-
tional use of a high-gain observer) for sufficiently small weight-
ing parameter in the virtual output, the original tracking error
evolves in a prescribed performance funnel. However, tuning of
the weighting parameter has to be done a posteriori and hence
depends on the system parameters and the chosen reference tra-
jectory. Therefore, this approach is not model-free like standard
funnel control approaches and the controller is not robust, since
small perturbations of the reference signal may cause the track-
ing error to leave the performance funnel.

In the present paper we introduce a simple funnel controller
for systems with arbitrary known relative degree r and (in a
suitable sense) input-to-state stable internal dynamics. The con-
troller is based on a simple recursion law and involves the first
r — 1 derivatives of the tracking error.

1.1. Nomenclature

REO = [O’oo)
(1%l the Euclidean norm of x € R”
o (I—+R")  the set of locally essentially bounded

functions f : I—R" I C R an interval

ZL2(I—R")  the set of essentially bounded functions
f: I—R" with norm

£ = ess sup,c/ (1)

W*k=(I—R") the set of k-times weakly differen-
tiable functions f : I — R”" such that
fron fW € L1 =R

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

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

wCcv

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@ = fd@), Ty, )(@)
+0(d(0), T (v, ) (@O)ulr) (D)
y|[—h,0] yO € Wr—l,‘x([_h’o} - Rm)v

where i > 0 is the “memory” of the system, r € N is the strict
relative degree, and

(P1): the “disturbance” satisfies d € Z*(R>9 — RP), p € N;
(P2): feFR? xRT —-R™), geN,

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

20One may wonder why I is not assumed to be uniformly bounded away
from zero. The reason is that in the closed-loop system this is established any-
way due to the boundedness of the involved signals.

(P4): T:€([—h,00) = R™) = £

loc
with the following properties:

(R>p — RY) is an operator

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

sup [|C(t)| <cr= sup [[T(E)(1)] < co,
1€]—h,0) 1€[0,0)

b) T is causal, ie, for all + > 0 and all {,& €
E([—h,00) = R™),

iy = Elimnn = Tl = T(E)l0,):

where “a.a.”” stands for “almost all”.

¢) T is locally Lipschitz continuous in the following
sense: for all r > 0 there exist 7,8,c > 0 such that
for all £,AL € € ([—h,o0) — R™) with Al|_;,;) =0
and [|AL|; /4[|« < & we have

(T +AL) =T () g4l < ALt 4) -

The functions u : R>g — R™ and y : [—h,00) — R™ are called
input and output of the system (1), resp. Systems similar to (1)
have been studied e.g. in [14, 19, 20, 22]. In the aforemen-
tioned references it is shown that the class of systems (1) en-
compasses linear and nonlinear systems with strict relative de-
gree and input-to-state stable internal dynamics (zero dynam-
ics in the linear case) and the operator 7' allows for infinite-
dimensional linear systems, systems with hysteretic effects or
nonlinear delay elements, and combinations thereof. Note that
the operator T is usually the solution operator of the differential
equation describing the internal dynamics of the system and its
property (P4a) thus amounts to the input-to-state stability of the
internal dynamics. One important subclass of systems (1) are
minimum-phase linear time-invariant systems

%(t) = Ax(¢) + Bu(t), x(0)=x"€R"
y(t) = Cx(t),

where A € R"™", B ¢ R™™ C ¢ R™", which have strict rela-
tive degree r € N and positive (negative) definite high-frequency
gain matrix, i.e, CB=CAB = ... = CA"™ 2B =0and [ :=
CA™™ !B € R™ ™ is positive (negative) definite. The minimum-
phase assumption (equivalently, asymptotic stability of the zero
dynamics, see [26]) is characterized by the condition

@)

AL, —A B
20

It is known that systems of this type can be transformed into
Byrnes-Isidori normal form, see [22],

VA € Cwith ReA >0: det{

Y1) = __ilRiy(i‘1>(t)+Sn(t)+Fu(t), (0) = Cx°
77([) :Py(t)+Qn(l), n(o):nOERn—rm



where R; € R™™ for i = 1,2,...,r, S',P € RO=m)>m anq
Q € R(=rmx(n=rm) is a Hurwitz matrix, i.e., all eigenvalues
of O have negative real part. This is a system of type (1) with
I'=CA"'Band

f@d0),T(,y,....y" D) (1)) :tT(y,y',u-,y("”)(t)
Zr‘, Riy (i=1) ( )+SthT]O —|—fSeQ(”T)Py(’L')dT.
i=1 0

T is clearly causal, locally Lipschitz, and the Hurwitz prop-

erty of Q implies that T has the bounded-input-bounded-output

property (P4a). Note that T is parameterized by n° € R"~"".
Finally, we like to stress that systems of the form

Y (0) = F(d(0), Ti 3y, ...y D)(0))
+T(da(0), (3, Y, -,y (@)) ut),

where d; is as in (P1) and 7; is as in (P4) for i = 1,2 are included
in the class (1). This can be achieved by setting d := (d;,d>),
T :=(T1,T>) and a suitable adjustment of f and T.

1.3. Control objective

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

Fo:={(t,e) ERoxR" | @(t)[le] <1}, 3)

which is determined by a function ¢ belonging to

0, ¢,...,0") are bounded,
P, ;= e F"(R>0 = R)| ¢(7) >0forall >0,
and liminf;. @(7) >0
4)
Furthermore, all signals u,e,eé,... .1 should remain

bounded.

The funnel boundary is given by the reciprocal of ¢, see
Fig. 1. It 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 t > 0.

An important property of the class &, is that the boundary
of each performance funnel .%, with ¢ € @, is bounded away
from zero, i.e., because of boundedness of ¢ there exists A > 0
such that 1/¢(r) > A for all # > 0. The funnel boundary is not

necessarily 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
interval 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.
Therefore, a variety of different funnel boundaries are possible,
see e.g. [17, Sec. 3.2].

1.4. Organization of the present paper

The paper is structured as follows. In Section 2, we in-
troduce the funnel controller for the system class presented in
Section 1.2. Feasibility of the control is proved in the main re-
sult in Section 3; in particular we show that our proposed fun-
nel controller achieves the control objective described in Sec-
tion 1.3. Additionally we derive explicit bounds on the tracking
error derivatives and the input generated by the controller and
we discuss the influence of the design parameters. The perfor-
mance of the funnel controller is illustrated by means of several
examples in Section 4, where also our approach is compared to
the feedback strategies in [14, 21, 22, 28].

2. Controller structure

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

eo(t) = elt) = Y(t) = yret(t),
e1(t) = éo(r) +  ko(t) - eo(r),
et) = (@) +  ki(t) - er(2),

e r(t) = éralt) + Kealt)-eralt),

kl(t):m, l:O,

() = {—kr_lm e (1),
(5

krfl (t) c€r—1 (t)v
where the reference signal and funnel functions have the fol-
lowing properties:

if I" is pointwise pos. def.,
if " is pointwise neg. def.,

Yref € WEOO(REO — Rm),
(6)

Po € q>r7 01 eq)r*la cees O eq)l-

In the sequel we investigate existence of solutions of the
initial value problem resulting from the application of the fun-
nel controller (5) to a system (1). Even if (1) is a linear sys-
tem derived from (2), some care must be exercised with the
existence of a solution of (2), (5) since k; introduces a pole
on the right hand side of the closed-loop differential equa-
tion. By a solution of (1), (5) on [—h,®) we mean a func-
tion y € €1 ([~h, @) — R™), @ € (0,0], with Yino = 0
such that y'—1) |0, is absolutely continuous and satisfies the
differential equation in (1) with u defined in (5) for almost all



t € [0, w); y is called maximal, if it has no right extension that is
also a solution. Existence of solutions of functional differential
equations has been investigated in [20] for instance.

Remark 2.1 (Funnel control for systems with r € {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 (5) reduces to the “classical” funnel
controller u(t) = —k(t)e(t) with k(t) = m
Moreover, our assumptions on the reference signal and
the funnel function ¢ reduce to those made in [20].

r = 2: We obtain the controller
u(t) = —ki (1 )Sé(t) +ko(r)e(1)),
o) = =i

( 1

(1) = 1= (1) [é() +ko (1)e(r)[*”

=~

bl

r = 3: Here the controller (5) takes the form

u(t) = —kz(l) - [&(1) +2ko(1)* (@5 (1)e " (1)é(1)
@0 () o (1) ]|e(t)[1*)e(r)

+ko(t)e(t) +ki (1) (e(t) +ko(t)e(r))],
1

5 (1)lle(r) Hz’

IO (t>+/<o( nNe()||*?

— 1
ka(1) = 1=5 (1) [é(0)+2ko (1)2 (@5 (1)e T (1)é() +0 (1) g0 (1) [[e(1) e

ko (1)e(t)+i (1) (é(e) +ko (1)e(t)][*

Remark 2.2 (The intuition behind the funnel controller (5)).
The classical funnel controller for systems with relative degree
one and input-to-state stable internal dynamics uses the “high
gain property” [6], which states that such systems can be stabi-
lized by a proportional feedback law u(¢) = —ky(¢) with a suf-
ficiently large constant k > 0. This gives rise to the intuition
of the funnel controller for relative degree one: If the error ap-
proaches the funnel boundary at zy, then k(o) takes a large value
which stabilizes the error system.

To illustrate the functioning of the controller (5), we employ
the following thought experiment for the single-input, single-
output case m = 1, see Fig. 2: Assume that the error e = eg ap-
proaches the upper funnel boundary 1/¢y at time #yp > 0. Then
ko(9), and consequently ko (o) - e(fo) will be very large. Since
e] = é+ko - e evolves in the performance funnel .7, , we may
infer that é(z9) = e (fo) — ko(fo) - 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,...,er—p. 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

(tose1(t0))€F g,
=

é(l()) =e (to) — ko(lo)e(lo) <0

o)

Figure 2: Error in the performance funnel %,

Remark 2.3 (Funnel control by backstepping). The works [21,
22] introduce a funnel controller based on a filter and backstep-
ping construction for systems with higher relative degree. First
consider a filter with

i) = —&(t)+ & (),
ér—l(t) = _ér—l(t)+”(t)'

Introduce the projections

i=1,....r—2,

T . R(r—l)m — Rim, é = (él,‘..,érfl) — (é],‘..,éi)
fori=1,...,r—1 and functions
nk,e)=k-e
Yilk,e,mi18) := Yim1(k, e, m28)
+ DY (ke 12 8) |PKY - (14 |1 &%)
“(Gim1 +¥-1(k e, m28))

The controller in [22] takes the form

u(t) = —r(k () e(t),5(1)),

K0 = TrRemr

We stress that in [22] a much smaller class of systems than in-
troduced in Section 1.2 is considered; in [22] 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” [22]. 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&]1*) (& +ke),

where we omit the argument ¢. This feedback law is
dynamic and the gain occurs with k(z)7. 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, cf. [9, Sec. 4.4.3].
r =3 : Here the controller reads, for m =1,
u=—ke =k (k3 (1+ E7) (& +ke) — { [e+ (1+ED)
285 (&1 + ke)+ 43 (P K2) (&1 +ke) + K4 (P +K)e] ]
+ [kt K (14 E2) [2e(8) +ke) + k(2 +42)]]?
+ [+ ) 281 (& +he)+ (14 ED)] ) P 1+ €2+ D)
[& +ke+ K@+ K2) (14 E) (&) +ke))]. )
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 r = 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 [14] introduces a funnel controller which feeds back the
error e and its derivative. More precise, this controller reads

u(t) = kg (t)e(r) = ka ()¢ (1), "
folt) = r=gutiyer *1(0) = e

Note that k;(¢) in (8) is different from k;(¢) in (5). The funnel
functions @ for the error and ¢@; for the derivative of the error
have to satisfy @y € ®,, ¢; € Py, and they have to fulfill the
compatibility condition

1/ei(t) > 8~ §(1/(1))

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 (5) do not have to satisfy any compatibility condition.

Vi>036>0: Vi>0. (9

3. Main result
We show feasibility of the funnel controller (5).

Theorem 3.1. Consider a system (1) with strict relative degree

r € N and properties (P1)-(P4). For ®; as defined in (4), let
QD fori=0,...,r—1.

Let yr € W (R>9 — R™) be a reference signal, and

Yi—no) = Yy € #=1=([~h,0] — R™) an initial value such that

e€o,...,er—1 as defined in (5) fulfill

0i(0)]|e;(0)|| < Lfori=0,...,r—1. (10)

Then the application of the funnel controller (5) to (1) yields
an initial-value problem, which has a solution, and every max-
imal solution y : [—h,®) — R™, @ € (0,0, has the following
properties3:

3Note that maximal solutions are not unique in general.

(1) The solution is global (i.e., ® = o).

(ii) The input u: R>o — R, the gain functions ko, ... k.1 :
Rso—Randy,... =D R>o — R"™ are bounded.

(iii) The functions e, ...,er—1 : R>o — R™ evolve in their re-
spective performance funnels and are uniformly bounded
away from the funnel boundaries in the following sense:

Vi=0,...,r—13&>0Vt>0:

lei(t)| < @i(t) ' —&. (1)

In particular, the error e(t) = y(t) — yref(t) evolves in the
funnel F g as in (3) 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™,
o € (0,00, of (1), (5) exists. We aim at reformulating (1), (5)
as an initial value problem

x(1) = F (1,x(t), T (x)(1)),

(12)
:(y 7y7 (%)r ! 0)|[ h,0]>

x| [=h,0]

where
= (yayr . 7)’(#1))

and F is some suitable function.

Step 1a: Define, fori =0 ,r— 1, the sets

@,’ZZ{(l‘,eo,...,ei)ERZ()XRmX---XRm (t e]O)GJ% },

where f(pj is as in (3), and the functions K; : ; — R™ recur-
sively by

Ko(t,eq) i= —50

o(teo) =2 (1) leol?”

K,-(t,eo,...,e,-)

= G —l—aK' L(t,e e
1—<p,2 e o (€0---seim1)

d
+Z K’ L( l€0,~~~7€i1)<€j+1

4
=207 )

Choose some interval I C R>q with 0 € I and let (e, ...,e,—1):
I — R™ be such that, forall € I, (,eo(t),...,e,—1(t)) € Zr—1
and (eo,...,e,_1) satisfies the relations in (5). Then e = ¢ sat-
isfies, on the interval I,

i—1 .
e<i>:ei72(%)17/71(kjej) foralli=1,....r—1. (13)
=0

Step 1b: We show by induction that for all i =0,...,r— 1
we have

Viel: Z ()7 (kj(1)ej (1) = Ki(t,e0(t), .- eilr)). (14)
j=0



Equation (14) is obviously true for i = 0. Assume that i €
{1,...,r— 1} and the statement holds for i — 1. Then

= ki(l‘)el‘(l‘) + %KI;] (t,eo(t),.. .,€i—1 (t))

=Ki(t,e0(1),...,ei(t)).
Step Ic: Define
Ko :Roo xR - R™ (t,y) =y — Yret(t)
and the set
Do :={ (t,y) €Rso xR™ | (t,Ko(t,y)) € %0 }.
Furthermore, recursively define for i = 1,...,7 — 1 the maps
Ki: D 1 xR™ S R™, (t,y0,...,Yi)
'—>Yi—yi,?f(t)+Ki—1(l7ko(l,yo)>--- ie1))

aK—l(tayOa" .
and the sets

- ,I? (t,yo),---7
D=4 (t,y0,-..,¥i) € Di_g xR" (tN . }
{( Y0,--,3i) PR Rt y0,e-00) €2

It now follows from a simple induction, invoking (13) and (14)
that, forallr € Tand alli =0,...,r—1,

ei(t) =y (0) = Y (1) + Kioa (£, e0(0), - i1 (1))
:Ki(t7y(t)7y(t)7'"7y<i>(t)>'
Therefore, the feedback u in (5) reads
R (t,y(1),... y= Dt

YD) [P
Step 1d: Define

F:QF—IXR[I%RWH’ (f7y07)’17-~~7)’r—1777)
K, eV
o (re (@0, m) - )

Then the initial value problem (1), (5) is equivalent to (12).
In particular, (0,x(0)) € &,_; and F is measurable in 7, con-
tinuous in (yo,y1,...,¥r—1,7) and locally essentially bounded.
Hence an application of [19, Thm. B.1]* yields existence of
solutions to (12) and every solution can be extended to a

4In [19] a domain 2 C R>( x R is considered, but the generalization to the
higher dimensional case is straightforward.

maximal solution. Furthermore, for a maximal solution x =
(y,y,...7y(’_1>) t[=h,0) = R™, @ € (0,00], of (12), the clo-
sure of the graph of this solution is not a compact subset
of Z,_1. As a consequence, for (eg,...,e,—1) : [0,0) — R™
defined by

ei(t) = Ki(l‘,y(l‘),y(l‘),...,y<i>(l‘))7

it follows that the closure of the graph of (e, ...
compact subset of Z,_;.
Step 2: We show that ko, ...,k-—1 as in (5) are bounded
n [0,®). Forall i€ {0,...,r—1}, set yi(t) := ¢;(¢)~" for
t € (0,w), let 7; € (0,w) be arbitrary but fixed and set A; :=
infy(0,0) Wi(t) > 0. Since ¢; is bounded and liminf; .. ¢;(¢) >
0 we find that % 1//,~|[Tl,7w) is bounded and hence there exists a
Lipschitz bound L; > 0 of i, ...
Step 2a: We show that k; is bounded for i € {0, ...
Choose €; > 0 small enough so that

€10,w),

,er—1) is not a

,r—2}.

& <min{ ¥, int (w00~ o)) |

1€(0,7;]
22
and L; < & — sup [wir1(1)]. (15)
[E[Ti,oo)

Using a standard procedure in funnel control, see e.g. [17], we
show that for all 7 € (0, @) holds y;(¢) — ||e;(7)|| > &;. By defini-
tion of &; this holds on (0, 7;]. Seeking a contradiction suppose
that there exists some #; € [7;, @) with y;(f;1) — |le;(t1)]| < &
Settip =max{ ¢ € [7;,4;1) | Wi(t) — ||lei(t)]| = & }. Then, for all
t € [tio,t;1], we have that

vit) = llei@)| < &,

lei(t)ll > wilr) —& > 5,

PRV B ) i
k() = gpTanE 2 a2 %

Therefore, we find that by (5)

L e,(0) 12 = e (6) (eis1 (1) — ki(t)er(0))
— k(1) ei(0) >+ €] (Deir (1)
< (—j§+ sup )Ivm(t)l) Jei(0)]
2 L]

for all 7 € [tj,#;1]. Then
lil
[ Sl § o) ar
tli()
—Li(tq —tio)
—|wi(tin) — wiltio)|
< yiltin) — wilto),

llei(tin)]| — llei(tio) Il =

\/\ I/\

and thus we obtain & = W;(f;0) — |le:(fi0) || < Wi(ti1) — ||ei ()] <



&;, a contradiction.
Step 2b: We show that k,_; is bounded. By (13) and Step 1
we have, invoking x = (y,y,...,y"~ 1),

= FE). TW )~k T (). T O)er 1)
5 'Z (&) Ki)eit).

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, ®),

H(di) [ki(r)e H< iy “(%)jei(t)’lglvi,j;
@)

0] < o

ér_1<l‘)

fori=0,....,r—2,j=0,...,r—1—1i.

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. (5). Therefore, (16) is true
whenever j = 0. We prove (16) fori=r—2and j = 1: We find

that

éra(t) = er1(1) —kr2(t)er(1),
2 () = 2k (1) (972 (1) e, 5 (1)é,—a(1)
+@r2(1) @2 (t)ller—2(0)%),

% kr—2(t)er—a(t)] = kr72(t)6r72(t) +hkr—a(t)ér—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 — p} and as-
sume that (16) is true for all i = p+1,...,r —2 and all

j=0,....r—1—iaswellasfori=pandall j=0,...,g—1.
We show that it is true fori = p and j =g¢q

(8 ep(t) = (£)*  lepsr () — kpl1)ep(1)]

)q_leerl(t)_

Slo o

() k0= (&) (2650) (@30 (1)ép(1)
+0p(1)9p(1)lep(1)]%) )
()" T e = (§)" (ko)ep(t) +kpl1)ép(1)-

Then, successive application of the product rule and using the
induction hypothesis as well as the fact that @,, @, ..., o "
are bounded, yields that the above terms are bounded. There-
fore, the proof of (16) is complete.

By (16) and (13) it follows that () is bounded on [0, ®)
and hence, invoking boundedness of e, ..., yfé{ D also y)
is bounded on [0, w) for all i =0,...,r — 1. By the bounded-
input, bounded-output property (P4a) of the operator T it fol-

.,y(’_l)). Since f
is continuous and d is bounded, we may further infer that

lows that T'(x) is bounded, where x = (y, V..

f(d(-),T(x)(-)) is bounded on [0, ), i.e., there exists My > 0
such that

for almost all 7 € [0,): || f(d(t),T(x)(r))| < Mp.

Define the compact set

1611 < lldj0,w) ll
R™ ||n||§HT(x)|0w||w ,
leff = 1.

M =< (8,1m,e) € RP xRY x

then, since I is pointwise positive definite and the map
M3 (8,m,e) e T(8,n)e € Ruy
is continuous, it follows that there exists y > 0 such that

V(8,m,e) e : e T(8,1n)e>.

Therefore, we have
er 1 (1)TT(d(0). T (x) (1)) er1 (1)
= (fmr (@0, 700)
> Yller1 (1)

ow, choose &-_1 > 0 small enough so that

1) llert ()1

forallz € [0,w). N

&_1 < min ),
01,',1

inf  (y,_1(¢) — |ler—1 (t))}

and

r—2
L 1_48 Ly —Mr — sup G- Y M1 (A7)
i=0

ZE(D

We show that
Vi€ (0,0): y_1(t) = ler—1(1)]| = &1

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

A1 € [T—1,0) 1 Y1 (tr—11) — |ler—1(t—1.1) ]| < &—1.
Define
trero=max{t € [T—1,t,—11) | Yr1(t) — lle,—1 (1) = &1 },
then, for all 7 € [t,_; o,2-—1,1], we have that

Veo1 (1) = ller—1 ()| < &1,

ler1(0)]] = yra () — 1 > 25,

1 V-1 (1) A1
pr— > > .
k1 (0) = e oF = Zenr 2 2




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

2 .
1 ller—1()*> = 1 (t)ér—1(r)

= el (F(d0).T()(0) ~ b (VT (d0). T er1 (1)
r—2 .
@)+ E () ko))

2 r—2
< (MF48 Sy + s<up [ ||+ZMi,rli> ller—1 (D)l
i=0
< _Lr—l||er—l( )Ha
and therefore,

ller—1(tr—1.0) || = ller—1 (t—1.0)
1.1

= [ Hlera@1" Ellera )P

10
< —Lr_i(ty—11 —t—10)
< =W (tr—11) = W1 (tr—10) |
< lIfrfl(trfl 1) Yr— l(tr 10)
and thus we obtain &_1 = W,_1(t,_10) — |le—1(tr—10)]| <

Vi1 (tr—11) — |ler—1(tr—1.1)|| < &—1, a contradiction.

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

Note that it follows from Theorem 3.1 that the funnel con-
troller (5) solves the Prescribed Performance Control Problem
as formulated for the system class in [36]. Furthermore, the
funnel controller (5) is of much lower complexity than the con-
troller proposed in [36].

In the following we derive explicit formulas for the €; ap-
pearing in (11) and bounds for the input u and the deriva-
tives e() of the tracking error. We use the notation and assump-
tions from Theorem 3.1. For simplicity we assume that we have
“finite” funnel boundaries, i.e., ¢;(0) > 0fori=0,...,r—1.

For all i € {0,...,r — 1}, set y;(t) := @;(t)~" for all
t >0 and A; := inf,>oy;(r) > 0. Since ¢; is bounded and
liminf;_,. ¢;(t) > 0 we find that yy; is bounded and hence there
exists a Lipschitz bound L; > 0 of y;. Fori =0,...,r —2 set

. A:’2 Ai )
&= mln{MW JI’z( ) — ||€z(0)||}-

Then g; satisfies (15) and hence y;(z) — ||e;(¢)|| > € forallt >0
and i =0,...,r—2 as shown in the proof of Theorem 3.1.
For i = r — 1 we first need to define the following constants
in an iterative way. Set N g := |||l for i =0,...,r—1 and
Nio

Kio = ?, M;p = Nig-Kip
1

fori=0,...,r—2. Therefore, (16) holds fori =0,...,r—2 and
Jj =0 since
1 1
kl‘(l‘) = <
(I=@@)llei@) )1+ @) llei@)]]) — 1= @i(r)leit)]|
_ vi(t) Swm[ >0
vit) = lle(n)| — &
Define, fori =0,...,r—2and j=0,...,r—i—1

Ni,/’ =Nit1,j-1+M; 1,
NzO?

j—1
l]_22< )llN,_/lv

;0= | i1,

=1/
j—1 1 j—1
@,,,-:22( , )||<p,-“w~||<p,-“ I
=0

Lij= % (q)iO'Lij-H + @1 Lij+Pij-Liy+Lio-Piji1)

Q=
+ Z ( ) Py ), ( / )Ni,lz “Nij-1i-1,
L=1 L=0 2

& I 11
+i X () 101 o' ).

=0
K =K%Y
ij = Bio&ij-1

j—1 . Lh—1
+ Z ( I )Ziﬁj—ll—l Z ( l )Ki,lzﬁ-l'KiJl—lz—l )
n=1\ 4 L=0 \ 2
J j
Mw' = Z <Z)Ki"l 'Ni.,jfl~
=0

Then cumbersome but straightforward calculations show that
the above defined constants N; ;, K; j, M; ; satisfy (16). Set

i
K_1:=0, Ie,-::ZMj,,',j for i=0,...,r—2.

J=0

Using the notation from the proof of Theorem 3.1 we see that
any maximal solution y : [—h,o0) — R™ of (5), (1) satisfies

YO (1) = ei(t) + 0 t) = Ki1 (t,e0(0), - rei 1 (1)), £>0.
Therefore, using (14), it follows that
He(l)(t)H < Wi(t)"_ki—lv 1 >0,
and "
) ; N
15D oo < N[ Willew + [1ygeglleo + Kicr
fori=0,...,r— 1. Define the compact set

i—1
=<8eb(|—h,0)>R™) ||Ci“w§||llfijl||°°+||y£ef )”oo
+Ki72’ i= 17~~,V



and

My := sup [[T(C)].
fexn

With this we may set
My = sup{ [|£(8, )| [ llzll <My, A|8]| < [ld]|e- }-

Furthermore, let the set .# be as in Step 2b of the proof of
Theorem 3.1 and set

y:= min e I'(8,n)e>0.

(6,n.e)ed

Now we are in the position to define

. VAR
&—1 :=min B ) ,
4 (L + M+ 55 o+ T Mo )
)erl
2L W1 (0) = e (0)]
e .
o l1Ur—1 oo
Upd := e

which is an upper bound for the input u in the closed-loop
system as can be concluded from the proof of Theorem 3.1.
Then g,_ satisfies (17) and €1 < 1’2’1 and hence y,_;(7) —
ller—1(z)]] > €—1 for all £ > 0. We may now also extend the
definitions of the constants K; o, M, to i = r — 1; in particular,

N1 - . .
K 10:= g’—llo is a bound for k,_;. We summarize our findings

-

in the following result.

Proposition 3.2. Use the notation and assumptions from Theo-
rem 3.1 and assume that @;(0) > 0 for i =0,...,r — 1. Then
the following statements are true for any maximal solution
y:[=h,e0) = R™ of (5), (1):

(1) (11) holds with &, ... ,&-— as defined above;
(i) Vi=0,....,r—1Vt>0:

ki(t) < Kio and [|e? ()] < @i(t) ' +Kiz1:

(iii) ||th°<. < Upg.

Note that, from an engineering point of view, the bounds
derived in Proposition 3.2 may be too conservative for practical
applications. However, they are very useful for exposing the de-
pendencies of the bounds on the funnel functions ¢y, ..., @,
and may hence be exploited for their analysis in simple setups.
For instance, suitable funnel functions in the presence of con-
trol constraints may be chosen as follows: If a bound 7 is given
so that the desired control u(-) (of the form as in (5)) must sat-
isfy ||u(r)|| < i for all # > 0, then, if possible, ¢, ..., @, must
be chosen such that upy < ii. Of course, there is a minimum
feasibility requirement on the control depending on the sys-
tem parameters, i.e., a lower bound for upq. For example, if

r =1 and we choose @y = Y, ! to be constant and assume that
le(0)]| < 5o, then Ly =0,

_ Az
4max {2, Mr + ||yl }

Mrp = Mr (W)

=sup {llf(&Z)l ' 18] < [ldll Alzll < sup |T(C)m}
18 lleo <Wo+ 1 ¥reflleo

&

and hence
Upd = Kg — 4max{%’MF(WO) + ||yrefH°°}
€ Y
Wo—0 Y ’
where

(1€ 110 <llyret o=

My :=SuP{|f(5,z)||

2l < sup [T(E)]l A6 < IIdoo}-

While the bound upg for the input depends on the system pa-
rameters, this is not the case for the bound for the tracking er-
ror derivatives derived in Proposition 3.2. To illustrate this, we
consider the case r = 3 with constant ¢; = 1//1»’1 fori=1,2. Fur-
thermore, we assume that ||¢;(0)|| < 37, i=1,2and y; < $yp
as well as || Y| < 2. Then we obtain & = Jy; fori=1,2

and
2

; o Vi
le®)]l < w1+ Ko = y1 + ;? =y +2¥%
for all + > 0. Moreover, for all t > 0 we have

el < wa(t) + Ky
=ya(t)+ Mo +Mip
2 2
Yo Yy AT Vi
— haY P01 2X0 hal
llfz(t)JrgO <1I/1+80>< + 80)+81
=y (1) + 12y + 20y.

If functions ®; are given such that ||e(!)(r)|| < ®;(t) must be sat-
isfied forallt > Oand alli =0,...,r— 1, then it is always pos-
sible to choose vy, ..., Y, sufficiently small to achieve this.

4. Simulations

4.1. Mass on car system

To demonstrate the application of our controller, we con-
sider an example of a mass-spring system mounted on a car
from [32], see Fig. 3. The mass m; (in kg) moves on a ramp
which is inclined by the angle ¢ (in rad) and mounted on a car
with mass m; (in kg), for which it is possible to control the
force u = F (in N) acting on it. The equations of motion for the



my +myp
My cos O

system are given by
mycoso| (X(t) 0 u(r)
m ] <s'(z)> * <ks(t) +a’s‘(t)> < 0 ) ’
(18)
where x (in m) is the horizontal car position and s (in m) the
relative position of the mass on the ramp. The constants k
(in N/m), d (in Ns/m) are the coefficients of the spring and

damper, resp. The output of the system is given by the horizon-
tal position of the mass on the ramp,

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

Figure 3: Mass on car system.

The reference trajectory is yrer(f) = cost m. System (18) can be
reformulated such that it belongs to the class (1), see [32], with
arelative degree r depending on the angle & and the damping d.
We consider two cases.

Case 1: If Orad < o < %rad, see Fig. 3, then system (18)
has relative degree r = 2 and the high-frequency gain matrix

-2
reads [ = —3I°&
my—+mjsin” o

the parameters m; = 4kg,mp = 1kg,k = 2N/m,d = 1Ns/m,
the initial values x(0) = s(0) = 0m, x(0) = s =0m/s, and @ =
%rad. For the controller (5) we choose the funnel functions

>— > 0/kg; for the simulation, we choose

eo(t) = (5¢7 2 +0.1)"", @ (t) = (1072 40.5)7",
and obviously the initial errors lie within the respective fun-
nel boundaries, i.e., (10) is satisfied, thus Theorem 3.1 yields
that funnel control is feasible. We compare the controller (5)
with the proportional-derivative funnel controller (8) proposed
in [14], which has been explained in Remark 2.4, and choose
the same funnel functions ¢, ¢; for it. These functions satisfy
the compatibility condition (9) and hence the controller (8) may
be applied to (18) by [14].

The simulation of the controllers (5) and (8) applied to (18)
over the time interval 0 — 105 has been performed in MATLAB
(solver: ode45, rel. tol.: 107!, abs. tol.: 10~'9) 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 (5) requires
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Fig. 4a: Funnel and tracking errors

10
Fig. 4b: Input functions

Figure 4: Simulation of the controllers (5) and (8) for the mass on car sys-
tem (18) with @ = 7 rad.

less input action than the controller (8), both in magnitude and
over time. For instance, in the time interval 3 — 5.5s there is
no input action generated by (5), but several (large) oscillations
generated by (8). It seems that the controller (5) better exploits
the inherent system properties and thus requires less input ac-
tion than the controller proposed in [14].

Case 2: If a = Orad and d # ONs/m, see Fig. 5, then sys-
tem (18) has relative degree r = 3 and high-frequency gain ma-
trix I'= mldmz > 0 /kgs. For the simulation, we choose the pa-
rameters m; = 4kg,my = 1kg,k =2N/m,d = 1 Ns/m and the
initial values x(0) = s(0) = 0m, ¥(0) = s =0m/s.

For the illustration of the controller (5) we choose the funnel
functions
(p()(t):(Seizt‘i‘O.])il, (pl(l‘):('oz([):(aeir_i_b)il

with the three sets of parameter values

Cl: a=14,b=0.05,
C2: a=5,b=0.05,
C3: a=14,b=05
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Figure 5: Mass on car system with & = Orad.

the initial errors lie within the respective funnel boundaries, i.e.,
conditions (10) are satisfied, thus Theorem 3.1 yields that fun-
nel control is feasible.

T y(t) — yet(t), C1
””” y(t) - yref(t)7 c2
o5+ - | T y(t) - yref(t)7 c3
g 1/¢0
= I
£ 0Of . e =
|
=
-05¢
-1 i . . . . ‘
0 2 4 6 8 10
time ¢ / s

Fig. 6a: Funnel and tracking errors

40

time ¢t / s

Fig. 6b: Input functions

Figure 6: Simulation of the controllers (5) for the mass on car system (18) with
a = Orad and different sets of funnel functions ¢y, ¢,.

The simulation of the controller (5) with the different pa-
rameter sets C1-C3 applied to the relative degree 3 system (18)
with o = Orad over the time interval 0 — 10s has been per-

11

formed in MATLAB (solver: ode45, rel. tol.: 1014, abs. tol.:
10719) and is depicted in Fig. 6. Fig. 6a shows the tracking
errors corresponding to the different controllers applied to the
system, while Fig. 6b shows the respective input functions gen-
erated by them. The difference in the performance of the con-
trollers is discussed in the next subsection.

We did not provide the comparison of the controller (5) with
the backstepping funnel controller (7) proposed in [22] here. A
simulation of (7) for the system (18) with funnel function ¢ =
¢ is not feasible due to numerical issues, cf. the explanation in
Remark 2.3.

4.2. Influence of design parameters

In this section we discuss the influence of the design pa-
rameters of the funnel controller (5). Of particular interest is
the influence of the choice of the funnel functions ¢; in (5) on
the controller performance, that means the maximal absolute
value of the input u« and its oscillation behavior. We assume
that the choice of ¢y is done by the designer based on specific
objectives for the transient behavior of the tracking error such
as desired tracking accuracy, and the choice of ¢; is free apart
from the initial conditions (10) fori = 1,...,r— 1. In principle,
based on the explicit formula for upg derived in Proposition 3.2,
a minimization of this bound over all possible funnel functions
could be performed. This is a highly complicated venture left
for future research. However, as a rule of thumb in a noise-
free setting, we may conclude that the performance funnels .7,
corresponding to ¢; should be chosen as tight as possible, i.e.,
starting as close to ||e;(0)]| as possible and then decaying to a
small value. When noises and disturbances can be expected,
possibly wider funnels must be chosen, incorporating suitable
“safety distances”.

In order to illustrate this we consider Case 2 of the mass
on car system (18) and discuss the resulting controller perfor-
mance for the choices of parameter values C1-C3. The case C1
represents an “optimal” choice of the parameters as far as the
experiments show. It can be seen in Fig. 6b that increasing the
value of a as in C2 results in a peaking behavior of the input u
for small ¢, while increasing the value of b as in C3 leads to
possible peaks at later time instants, but smaller maximal input
values than in C2 in general. Furthermore, the distance of the
tracking error to the funnel boundary seems to depend on the
parameter b; in case C3 (for larger b), the error gets closer to
the boundary than in cases C1 and C2. These observations have
been confirmed in several other experiments.

In order to improve the performance of the controller and
reduce unnecessary large control actions one may use alterna-
tive gain functions in (5) as discussed e.g. in [23]. For instance,
using the future distance to the future funnel boundary instead
of the vertical distance to the funnel boundary as in (5) may
increase the ability of the controller (5) to avoid large control
values.

4.3. Nonlinear MIMO system

To illustrate the funnel controller (5) for a nonlinear
multi-input, multi-output system we consider an example of a



robotic manipulator from [15], see also [13, Ch. 13] and [27,
p- 771, as depicted in Fig. 7. The robotic manipulator is planar,
rigid, with revolute joints and has two degrees of freedom.

Figure 7: Planar rigid revolute joint robotic manipulator.

The two joints are actuated by u; and u; (in Nm). We assume
that the links are massless, have lengths /; and /, (in m), resp.,
and point masses m; and my (in kg) are attached to their ends.
The two outputs are the joint angles y; and y; (in rad) and the
equations of motion are given by (see also [35, pp. 259])

M(y(0)§(t) +C(y(@),3(1)y() + G(y(1)) =u(t)  (19)
with initial value (y(0),y(0)) = (O rad?,0 (rad/ s)2), inertia ma-
trix

M :R? 5 R¥2 ) (y1,y2) = M(y1,y2) =
m 2 +my (I + 13+ 2l hcos(y2))  ma(I2+ 11l cos(y2))
my (12 + 1 cos(y2)) mol

centrifugal and Coriolis force matrix

C:R?xR* = R¥2, (y1,y2,v1,v2) = C(y1,y2,v1,v2) :=
—2m21112 sin(yz)vl —m21112 Sil‘l(yz)VQ
—mglllz sin(yg)vl 0 ’

and gravity vector

G:R? =R, (y,y2) = G(y1,y) =

¢ milycos(y1) +ma(licos(yr) + 1 cos(yr +y2))
malycos(y1 +y2)

where g = 9.81m/s? is the acceleration of gravity. If we mul-
tiply system (19) with M(y(¢))~!, which is pointwise positive
definite, from the right we see that the resulting system belongs
to the class (1) with r =m = 2.

For the simulation, we choose the parameters m; = my =
1kg, /; =l = 1m and the reference trajectories yref(¢) =
sinfrad and yrf(f) = sin2trad. For the controller (5) we
choose the funnel functions

oo(t) = (e 2 +0.1)"1, ()= Be ¥ 40.1)"L.

The initial errors lie within the respective funnel boundaries,
i.e., conditions (10) are satisfied, thus Theorem 3.1 yields that
funnel control is feasible. We compare the controller (5) with
the MIMO funnel controller proposed in [15], that is (already
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fixing the gain scaling functions)
u(t)

Ki(t) = diag (1—<pi<z>e5’)<r>’ a0l )

=M((0) (Ko(ee(r) + Ko(o)Ki (1)e(r).
) i=0,1 20)

and we choose the same funnel functions ¢p,¢; for it. The
controller (20) is a modification of (8), first introduced in [8] for
SISO systems and tailored to MIMO systems with mass matrix
in [15].

(t) — y;eﬂl(t) fr(;m (5)

Y1 — Yref,1 / Tad

4 6
time ¢t / s

10

Fig. 8a: Funnel and first tracking error components
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77777 Y2 (t) — Yref 2 (t) from (20)
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time t / S

Fig. 8b: Funnel and second tracking error components

Figure 8: Funnel and tracking errors for the controllers (5) and (20) applied
to (19).

The simulation of the controllers (5) and (20) applied to (19)
over the time interval 0 — 105 has been performed in MATLAB
(solver: ode45, rel. tol: 10714, abs. tol: 10’10) and is depicted
in Fig. 8 (tracking error components) and Fig. 9 (input com-
ponents). It can be seen that for this example the funnel con-
troller (5) achieves a better performance than the controller (20)
as it generates a smaller maximal control action and does not
“oscillate” as (20) does e.g. in the interval 4 — 6s. Moreover, we
stress that the controller (20) requires knowledge of the mass
matrix M(-) of the system (19) and is specifically constructed
for systems with strict relative degree two. On the other hand,
knowledge of M(-) is not necessary for the control strategy (5).
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Figure 9: Input functions for the controllers (5) and (20) applied to (19).

4.4. Comparison with the bang-bang funnel controller

We finally compare the funnel controller (5) with the bang-
bang funnel controller developed in [28]. We consider the aca-
demic example presented in [28], that is the nonlinear relative
degree 4 system

y(4)(t) = Z(t)y()() + el u(t, 1)
) = dla—<0) () +5) -
with initial values
2(0)=0, y9(0)=y"0),i=0,...,3,

where we choose the reference signal y.f(f) = 5sinz. For the
simulation we choose the parameters

a=0.09, b=0.05 c=0.008.

For the controller (5) we choose the constant funnel functions

10,

=10, ¢3(t) = 10.
The funnel ¢ for the tracking error is the same as in [28], but

apart from that we have chosen ¢p,...,¢@3 so that the corre-

o) =1, @)= ®a(t)

13

sponding performance funnels are tighter than in [28]; this is
allowed in our framework, but in [28] several complicated com-
patibility assumptions require the funnel boundaries to be large
enough. We also stress that the controller design (5) is quite
different from the bang-bang funnel controller in [28].

The simulation of the controller (5) applied to (21) over the
time interval 0 — 10s has been performed in MATLAB (solver:
odel5s, rel. tol: 10714, abs. tol: 10710), see Fig. 10.
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Fig. 10a: Funnel and tracking error
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Figure 10: Simulation of the controller (5) for the system (21).

It can be seen that the funnel controller (5) generates a max-
imal control action of approximately 5, while for the bang-bang
funnel controller in [28] the value is around 254. Obviously, for
this example the controller (5) achieves a better performance
than the controller proposed in [28].

5. Conclusion

In the present paper, we proposed a new funnel controller
for nonlinear systems with arbitrary known relative degree and
input-to-state 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 transient performance. An explicit upper bound
for the input function resulting from the control law was derived



and based on that the influence of the controller parameters was
briefly discussed. We have illustrated the performance of our
controller in comparison with other approaches by simulations
of practically relevant mechanical systems. We stress that, al-
though the backstepping funnel controller presented in [22] is
proved to work for systems with arbitrary relative degree, it
does not seem to be practically realizable for systems with rel-
ative degree larger than three, cf. [9, Sec. 4.4.3]. Furthermore,
compared to the bang-bang funnel controller developed in [28],
our approach is not restricted to SISO systems and does not
involve complicated compatibility assumptions; additionally,
the simulations reveal that our controller outperforms the bang-
bang funnel controller. Therefore, the controller (5) seems to be
a favorable choice for tracking with prescribed transient behav-
ior for systems where the derivatives of the output are available.

Of course, in several applications the latter condition is not
satisfied, and it may even be hard to obtain suitable estimates of
the output derivatives. The solution of this issue is a topic of fu-
ture research and a first approach to circumvent these problems
using a “funnel pre-compensator” has been developed in [3, 4]
for systems with relative degree r =2 or r = 3.
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