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Abstract

The present dissertation examines funnel control which is a type of output feedback con-
trol for system with known vector relative degree. The goal of funnel control is to construct a
simple controller for tracking the errors, which are the gap between system outputs y(7) and
an arbitrary given smooth enough reference signals y,ef(#), within a prespecified performance
funnel, and therefore, all involved quantities are bounded. This study addresses a number of
questions concerned funnel control problem.

Firstly, it provides a normal form for linear differential-algebraic systems. A new def-
inition of vector relative degree is proposed and based on that a normal form for linear
differential-algebraic systems is introduced. The advantage of this normal form is not only
placed on its simplicity but also the ability to design a new funnel controller tracking the
error, e(t) = y(t) — yref(t), within a prespecified performance funnel.

Secondly, this research proposes a feasible funnel control law for system with higher
strict relative degree. We consider tracking control for non-linear multi-input, multi-output
systems which have arbitrary strict relative degree and input-to-state stable internal dynamics.
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 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.

Moreover, we contribute a feasible funnel controller for non-linear multi-input, multi-
output systems with input-to-state stable internal dynamics and known vector relative degree
r= (rl, [ T rm). To address the funnel control problem, a new funnel controller involving
the first ; — 1 of the derivatives of each i-th element of the tracking error e(z), is proposed.
Furthermore, simulations are presented to demonstrate the work of this funnel controller in a
number of examples.

As an application, we consider an overhead crane model whose control variables are the
velocities of trolley and rope length respectively. The position of the load is considered as
the output of the system. The objective is to design a closed-loop tracking controller which
also takes into account the transient behaviour. Unfortunately, this system is shown that has
no well-defined vector relative degree. Therefore, this does not allow us to apply established
methods directly for adaptive control to achieve the objective. To overcome this problem, a
dynamic state feedback is proposed, which results in a system with strict relative degree four,
and then we can apply a funnel controller to this feedback system. Consequently, we made
a simulation to show that our approach can be used to move loads from one to another given
position in the situation where there are several obstacles which have to be circumnavigated.
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Nomenclature

the set of natural numbers

=NU{0}

the set of integers

= [0,00)

the open set of complex numbers with positive, negative real part, resp.

the set of real n X m matrices

:={ A € R"™" | A invertible }

the ring of polynomials with real coefficients

the set of n x m matrices with entries in IR [s]

the quotient field of R[s]

the set of n x m matrices with entries in R (s)

the spectrum of a matrix A € R"*"

the Euclidean norm of x € R”

=sup { [ Ax| | x€ R", x| = 1 }

the set of locally essentially bounded functions f : / —IR", I C R an interval
the set of locally Lebesgue integrable functions f : I —IR", I C R an interval
the set of essentially bounded functions f : I —IR"” with norm

= esssup,/ £ (1)]

the (ith) weak derivative of f € 4! (I—R")

the set of k-times weakly differentiable functions f : I —IR”" such that
foonfW e 22(I-R")

:={f6.$1 (I R") ‘f(") el

1 (IR fori=1,....k |.k€NoUss
the set of k-times continuously differentiable functions
f: V=R,V CR™ € (V-RY) =%6°%(V—R")

restriction of the function f:V—R"toW CV






Chapter 1

Introduction

This dissertation focuses on funnel control law for system with known vector relative degree.
Funnel control belongs to the non-identification control style which is of adaptive control.
The introduction shall start with a concise history of funnel control before drawing readers
attention to the research motivation and major research questions.

1.1 Adaptive control

Adaptive control is the method in which a controller is structured to adapt a closed-loop
system with parameters of varied or initially uncertain. Furthermore, the system class, de-
termined by given assumptions, is the only priori information that is needed to create the
controller. Consequently, in adaptive control the coefficients of the system are completely
unidentified while, only few structural details are available, for example: vector relative de-
gree, minimum phase, input-to-state stable internal dynamics. Therefore, it is the main task
of this control type to build a common controller that are capable to apply to all single system
belonging to a given class. The controller «, therefore, could be fully implemented by using
error e, which is the gap between the system output y and a reference signal y.¢, see Figure
.

System

Controller Cx Yref

FIGURE 1.1: Closed-loop control systems.

1.1.1 Tracking without identification

Fundamental ideas in adaptive control were introduced in 1950s by trying to design an autopi-
lot in aircraft. In 1970s, the model reference adaptive control and the self-turning regulator
were successful both in theory and application. By using stability theory, these results work
on well with systems which are fully known its parameters. At that time, using information
form systems to design feedback controller or control with identification was the main stream
of adaptive control, see Astrom [B], and Narenda [[Z0], for example. On the other hand, until
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1980’s, control without identification or non-identifier-based adaptive control was started by
different researchers from 1983 to 1985, such for instance, Mareels [b4], Martensson [b3],
Morse [67], Nussbaum [[72], and Willems and Byrnes [87]. Based on this approach, feed-
back control laws were designed without using parameter from the systems. It means that
the feedback controller does not depend on any estimation of the controlled system. Further-
more, these works created a new field to investigate within adaptive control, see the survey
Ilchmann [39].

To illustrate the main idea of non-identification control , let us consider the simple class
of systems

%(r) = Ax(t) + Bu(r), x(0)=x"cR"

y(1) = Cx(1),

in which x € IR” is the state vector, u € R™ is the input vector, y € IR™ is the output vector,
and the coefficients matrices A € R**", B € R, C € R™*".

(1.1.1)

o If m = 1, then the system (ICTT) is called the single-input, single-output system .
e If m > 1, then the system (1)) is called the multi-input, multi-output system .

Definition 1.1.1. The function G(s) := C(sI —A)~'B is called the transfer function of the
system (ICTT).

We recall definition of poles and zeros of transfer function in [38, Def.2.1.1].

Definition 1.1.2 ([BR, Def.2.1.1]). Let G(s) € R(s)”*™ be a rational matrix with Smith-
McMillan form

U Y$G(s)V™(s) = dia <81(S) s &(s) ,0,...,0> e R(s)™™",
R e “
where U (s),V (s) € R[s]"*"™ are unimodular, rankg () G(s) = r, Wi(s) Z 0, &(s), yi(s) €
IR[s] are monic, coprime and satisfy & (s)|€+1(s), Wit1(s)|wi(s) foralli =1,...,r— 1. Set

r

emzﬂawwmznww

i=1
so is called a (transmission) zero of G(s), if €(sp) = 0 and a pole of G(s), if y(s¢) = 0.

The idea of non-identification is that we completely unknow each coefficient of A,B,C
and only some structural assumptions of the systems (1) should be imposed. The follow-
ing assumptions will typically be imposed

o Strict relative degree r and sign of high-frequency gain matrix
System (ICIT) has strict relative degree r € IN, i.e, CA'B=0, fori=0...,r—2 and
I := CA"'B, which is called high-frequency gain matrix, is invertible. Furthermore,
I is either positive or negative definite (I" is not required to be symmetric).

o Minimum phase

det [AIgA g] #%0forall A € C withReA > 0.

We note that a state space system (I is normally called minimum phase, if it is sta-
bilizable, detectable, and transfer function has no zeros in C;. More clearly, we recall a
proposition from [B8, Prop.2.1.2] to change this condition to algebraic condition.
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Proposition 1.1.3 ([38, Prop.2.1.2]). The coefficients matrices A € R™", B € R, C €
R™ " from system (L) satisfies

Al—A B

det[ c 0

} £0forall A € C

if, and only if, the following three conditions are satisfied

(i) rank [AI—A B] =nforall A € Cy, i.e. (A,B) is stabilizable by state feedback,

(ii) rank [/l c } =nforall A € CL, ie. (A C)is detectable,

(iii) G(A) has no zeros in C ..
Remark 1.1.4.

e Suppose that the system (IT) has strict relative degree r. Let us calculate its output
derivatives,

$(t) = Ci(t) = C(Ax(t) + Bu(t)) = CAx(r) + CB u(t) = CAx(r),
=0
¥(t) = CAx(t) = CA(Ax(t) + Bu(t)) = CA®x(t) + CABu(r) = CA%x(t),
=0

Yy (1) = CA™ k(1) = CA™ ' (Ax(¢) + Bu(r)) = CA"x(¢) + CA"'Bu(r).
€GL,(R)

Therefore, the strict relative degree, in the case of single-input, single-output systems,
is exactly the number of times that the output y(¢) has to derivative in order to get
appearing explicit of the input u(r).

On the other hand, we also have

= 1 =1 1
—1p __ kp __ k r—1
G(s)=C(sI—A)"'B —kz_o—skHCA B _k_§ ]—skHCA B=_CA"'B+...

since CA'B =0, fori =0, ...,r—2. Hence, the strict relative degree, in the single-input,
single-output systems, is the difference between the numerator and the denominator
degree of the transfer function.

Furthermore,
> 1
. r 1 r k — r—lp _
lim s"G(s) = lim s k:zr‘il—skHCAB CA"'B=T € GL,(R).

o In the case of nonlinear systems, the condition of minimum phase is substituted by
the condition of asymptotic stable zero dynamics which will be discussed in following
chapters. However, we note that asymptotic stable zero dynamics leads to minimum
phase but not vice versa, for more detail see [53].

In control without identification, we need tracking output error, e(t) = y(f) — yret (),
which is the difference between system output and a given reference signal. Using the esti-
mation of output error e(z), a feedback controller is constructed to work on arbitrary system
from a given system class, and every reference signal from a chosen class of function. Fur-
thermore, all other related signals of the closed loop system should be bounded and defined
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on [0,0), and the tracking error e(7) need to be addressed at least one of the following targets
which were mentioned in survey [45].

(a) Asymptotic tracking: tlim e(t) =0.
—>00

(b) A-tracking: limsup |le(z)|| < A, for any prescribed A > 0.
t—so0

1

(¢) Prespecified transient behaviour: |le(t)| < @ for all # > 0, and for some suitable
prescribed function ¢.

In the initial researches of this type of feedback controller, the aim of tracking error is sta-

bilization, i.e, the set of possible reference signal % = {0}. Byrnes and Willems in [21]

introduced an adaptive controller to stabilize any system in the class of single-input, single-

output linear systems with minimum phase, relative degree one, and having negative high
frequency gain I' = CB < 0.

u(t) =k(0)y(r), k() =ly@)|%  &(0) =&’ (1.1.2)

The application of the controller (I'T2) to the system (1) with m = 1, and r = 1 leads
to a closed loop system. This closed loop system with arbitrary initial data x° € R", kK € R
yields a unique solution (x, k) satisfying
limx(r) =0and limk(r) =k~ € R.
t—o0 t—oo

The remarkable advantage of the controller (ITJ) is very simple and it combined the mono-
tone gain function k(-) with the high gain property which is imposed to the system class. This
type of controller was introduced in series of papers which were appeared around the middle
of 1980s, such as papers [B67, 87, 2T, b4]. Some generalized versions of this kind of controller
have been applied to several different classes of system, for instant, multivariable system [43],
unknown sign of high frequency gain [[77], nonlinear systems [[Z7], discontinuous feedback
strategies within the framework of differential inclusions [[Z8, [/9], infinite dimensional sys-
tems [62], transient behaviour [B6], tracking including an internal model [B5, 6I]. After three
decades, there are also various surveys were written to review the results in this field such as
[B8, B9, A5], and [B3] for the case of infinite dimension. However, the canonical high gain
adaptive controller (I'T2) and some its modifications could be faced to many disadvantages,
from both practical and theoretical perspectives. First of all, it is only available for system
with relative degree one. Moreover, the gain function k(#) is monotonically non-decreasing.
This may lead to the situation that the gain function grows dramatically when perturbations
are appeared, and after that although the perturbations may be not present anymore, the gain
function is still kept very large and continuous increasing and the transient behaviour is not
addressed. Furthermore, some small noises in measurement of the output can bring unex-
pected huge gain, and this kind of controller is also designed only for linear systems. Some
simple modification of the controller (I'T-2) was proposed to overcome the disadvantages but
it makes the control being complicated. To address some later disadvantage of high-gain con-
trol which is so call A-tracking is proposed by made the control objective be slightly weaker.
We substitute the asymptotic tracking in high-gain control by requirement that the error e(t)
closed to the strip having prespecified width 4 > 0, lim dist(|le(#)]],[0,A]) = 0. To begin

with linear system, the control strategy for A-tracking is

u(t) = —k(t)e(),

k(1) = max{||e(r)|| — 2,0}, k(0) = &°. (1.1.3)
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In contrast to (I'T2), the gain function in (I'173) is constant on any interval where the error
stays in the strip having width A > 0. The new controller allows us to enlarge nonlinear
system classes which can be applied because 0 is not compulsory to be an equilibrium point
of the system. We can also apply to the larger set of reference signal %, for example
Dot = W' (Rsg — R). In [0, 80], these results have been extended to the multi-input
multi-output nonlinear system of the following form,

y=f(t.y.2) +g(t.y,2)u(t),

1.14
:=h(t,y.2), ( :

where for n,m € IN with n > m and functions

fiRsoxR" xR"™™ — R™,
h:RsoxR" xR"™™ —R"™,

are deemed to be Carathéodory function™ with equilibrium point (y,,z.,0) € R™ x R"™" x
R™,i.e, f(t,Ye,2.) =0and h(t,y,,z.) = 0 for all z. The function g is supposed to be uniformly
bounded and bounded away from zero, and dynamics z = h(t,y,,z) is uniformly asymptoti-
cally stable. However, the assumption, which was imposed on the functions f, g has improved
from globally Lipschitz at (y,,z.) in [1] to uniformly polynomial boundedness®? in [20]. Fur-
thermore, the controller (I'T3) has been modified with s > 1 which is an upper bound of the
polynomial degree of f and g as follows

u(r) = —k(t)|le(r) |* (1),

o ) le@=2)% Jle(0)]l = A, N (1.1.5)
"“)‘{o, e <n, “O=F

With the control law (IT3), the system (ICI-4) can be driven to get the aim of A-tracking.
One of the advantages of system class (I'T4)) is it can be extended to infinite dimension case.
To demonstrate this, a multi-input multi output system are considered in [47] which are of

he form
t $(6) = F(p(0)-(T) (1)) + 8(p(0). (T3) (0).u(0)).

N (1.1.6)
Y [=n0) =y’ e €([-h,0] = R"),

where 4 > 0 is the "memory" of the system, p may be thought of as a (bounded) disturbance
term and 7 is nonlinear causal operator, g and f are assumed to be continuous. We remark
here that diverse phenomena are incorporated within the class including, for example, dif-
fusion processes, delays (both point and distributed) and hysteretic effects, see [47, Subsec.
2.4,2.5], [46, Appendix A] and references therein. % is denoted as the class of continuous,
strictly increasing function o : R>¢ — R> satisfying @ (0) = 0, and

Hew:={ a € X | aisunbounded }.
Furthermore, denote

J ={aex |foreach § >0, there exists A >0: a(07) < Ac(7) forallt>0 },

I'A function & : R>g x R? — R is called a Carathéodory function if a(-,x) is measurable on R> for each
x € RP, and o(t,-) is continuous on R? for all 1 € R>
2A function f : R>p x R"™ x R" — RY is called uniformly polynomially bounded if for some polynomials

p() € R[s], we have || f(¢,y,2)|| < p <H <}Z)) ) forall (7,y,z) € R>o x R” x R”
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and Z. = ¢ N .. Apart from some technical condition, the essential hypotheses are as
follows.

(@) f:R”xIR?— IR™ is continuous, and for every compact set C C IR”, there exist oy €
_# and constant ¢y > 0 such that

1 (@)l < e (14 o (l@l])) forall (p.o) € C x RY.

(b) g:R? xIR? x R™ — IR™ is continuous, and for every compact set C C R?, there exists
a positive definite, symmetric G € R™*” such that

u' Gg(p,o,u) > |ul* V(p,o,u) € CxRIxR",

this assumption replaces the "positive high frequency gain" assumption in the case of
linear systems.

(c) A weak bounded-input, bounded-output assumption on the operator 7' (which is a
counterpart of the minimum phase assumption in the case of linear systems). And
there exist oy € _# and constsnt ¢z > 0 such tha, for all y € €([—h,o) — R™),

1(Ty)(2)]| <er (1 +sr£[%)t(] (xT(Hy(s)H)> for almost all # € R>y.

The feedback and gain adaptation takes the form

u(t) = —k(t)p(e(r)),
k(r) = yale(r),  k(0) =K,

where the function ¢ and v are determined as follows. Choose & € _Z.. with a property

O

e (ar(s) 7

For A > 0, choose y; : IR>¢ — R to be a continuous function with properties

liming S ¥2 ()

m o)

#0and y; ' (0):={s | ya(s) =0 } = [0,A],

_ Jalllel)lell™ e, ife#o0,
ple) = { 0, if e =0.

Note that (IT3) is a particular case of this general structure. The concept of A-tracking
is implicit in [bA], albeit it is a somewhat different context to that considered here. The
concept as described above was introduced for linear systems (II) in [24], for infinite di-
mensional linear systems in [47], for the nonlinear class (I”T4) in [, 0], for the nonlinear
class (I'T6) in [27], and for systems modelled by differential inclusions in [[77]. However,
there are several questions that we need to find the answer such that: Could the disadvantages
of monotonically non-decreasing gain function be eliminated and presspecified transient be-
haviour, and how to expand the results to system with higher relative degree (larger than
one)? The answers could be partly addressed by the notion of funnel control which has been
first introduced in [4X].
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1.1.2 Funnel control

The concept of funnel control has been developed at the first time by Ilchmann et al. [48]
for systems with relative degree one, see also the survey [45] and the references therein. It is
an adaptive controller since the gain is adapted to the actual needed value by a time-varying
(non-dynamic) adaptation scheme®. Note that no exact tracking is pursued, but a tracking
error with prescribed transient behavior. Controllers of high-gain type have various advan-
tages when it comes to "real world" applications because it only require the assumption of the
system structure, see [28]. In particular, the funnel controller is proved to be the appropriate
tool for tracking problems in various applications, such as temperature control of chemical
reactor models [54], control of industrial servo-systems [34, 57] and rigid, revolute joint
robotic manipulators [33], speed control of wind turbine systems [B0, 32], current control for
synchronous machines [B1], DC-link power flow control [K?], voltage and current control of
electrical circuits [T6], oxygenation control during artificial ventilation therapy [[/5] and con-
trol of peak inspiratory pressure [[/]]. At the beginning, we can get rid of the disadvantages
of the monotonically increasing gain function by following observation. Loosely speaking,
the high-gain property ensures that the output y(z) or the error e(z) is decaying if the gain is
sufficiently large. If k is a time varying function, we may "tune" its values k() to be large
only when required: k need not be a monotonically increasing function. Based on this idea
and try to solve the issue of transient behaviour, we introduce the concept of a performance
funnel. Let ¢ be a function of the following class

0,0,..., <p(’) are bounded,
D,.:=¢ 0¥ (R>0— R) ¢(t)>0forallt>0, %, 1.1.7)
and lirnl)inf(p('r) >0

With ¢ € ©,, we associate the set
Fo:={(t,e) eRso xR"™ | @(t)]le] <1}, (1.1.8)

which we refer to as the performance funnel by Figure 2. This terminology arises from the

FIGURE 1.2: Error evolution in a funnel .%,, with boundary ¢(¢) ! for¢ > 0.

fact that, if a control structure can be devised which ensures that the tracking error evolves

3Note that often only controllers with dynamic gain adaptation are viewed as adaptive controllers of high-
gain type.
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within .%,, then we have guaranteed transient behaviour in the sense that

1
e(t)|| < —, V>0,
el < 555

1
and, moreover, if @ is chosen so that ¢(7) > 1 for all 7 sufficiently large, then A-tracking is

achieved. The funnel boundary is given by the reciprocal of @, see Figure 2. 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 t = 0 in this case. An important
property of the class ®, is that the boundary of each performance funnel .7, with ¢ € ®,
is bounded away from zero, i.e., because of boundedness of ¢ there exists A > 0 such that
1/¢(t) > A for all r > 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. [41], Sec. 3.2].

To ensure error evolution within the funnel, the controller (I'T3) is replaced by

) 1 (1.1.9)
~L=e@)]le()I

The underlying idea of the "funnel controller" (I'T9) comes in very natural way, if error e(t)
approaches the funnel boundary, then the gain k() increases. Therefore, the contact with
the boundary of the error e(7) is precluded this feature in conjunction with the high gain
property imposed on system class. Furthermore, all signals included the gain function, and
input function are remained bounded and ||e(-)|| is bounded away from the funnel boundary.
We also see that high gain values may only come into play when an output error grows
closely to the funnel boundary in order to maintain the error evolution stay in the funnel.
This remark lead us to choose the gain function in ('T_9) and this simple structure has taken
some advantages. First, k(7) is not determined by a dynamical system (differential equation).
On besides of this, the controller is also time varying proportional output feedback of striking
simplicity. This structure was introduced for the class of nonlinear systems (I'1T-6) in [2X],
modifications to mollify controller behaviour near the funnel boundary are contained in [51].
However, there still remains a question about tracking error for system with relative degree
larger than one, see [3R, 45, bY].

1.1.3 Funnel control for system with higher strict relative degree

In the case of systems with higher relative degree, high-gain adaptive control problem in
general and funnel control problem in particular, becomes much more difficult. For instance,

if we apply a conventional controller u(z) = —ky(¢) to a very simple system with relative
degree two, take, for example, y(7) = u(t); then we get the closed loop system
(1) = —ky().

This system is not asymptotically stable for arbitrary gain k. In order to find an efficiently
adaptive control law for system with higher strict relative degree, a filter or observer is fre-
quently used to obtain approximations of the output derivatives and try to combine with a
high gain controller. Mareels [b4] is one of the first try to achieve stabilization for linear
systems of higher relative degree, however, it is unsuccessful due to a counterexample to the



1.1. Adaptive control 9

main result presented in [37]. Later on, some results which relate to single-input, single-
output systems are distributed by several researchers. Hoagg and Bernstein focused on the
problem of adaptive stabilization of linear systems with higher relative degree in [37, Bf].
Bullinger and Allgéwer introduced in [I/] a high gain observer which can be cooperated
with an adaptive controller to ensure tracking with prescribed asymptotic accuracy A > 0
(A-tracking). However, the unable to achieve the transient behavior of the tracking error is a
big disadvantage of this type of controller. A "back-stepping” procedure is used by Ye [90,
9T] to attain adaptive A-tracking with non-decreasing gain. In [90], a linear minimum phase
systems with nonlinear perturbation is considered, and the class of allowable nonlinearities
is smaller than system class defined by (I'T6). In [9T], Ye also used a piecewise constant
adaptive switching strategy to stabilize the systems of maximum relative degree in parametric
strict feedback form.

To cope with the obstacle of higher relative degree, Ilchmann et al. [49, BU] devel-
oped a funnel controller by using the "back-stepping" procedure in conjunction with a pre-
compensator. This controller achieves tracking with prescribed transient behaviour for a large
class of systems governed by nonlinear (functional) differential equations,

Y1) = gRiy<f> (1) + 8(p(0). (Ty)(1)) + Tu(t),
Yi-no) = YW e s ([=h,0] = R™),

where g is a continuous function, p(¢) is a bounded disturbance, and T is a causal opera-
tor with a bounded-input bounded-output property, the matrix I' is assumed to be positive
(negative) definite. The works [49, 5] introduce a funnel controller based on a filter and
"back-stepping" construction for systems with higher relative degree. First consider a filter
with

Ci(t) = =&i(t) +&a1(r), i=1,...,r=2,
&rfl(t) = _grfl(t) +u(t)

Introduce the projections

T RO S R™ &= (G mt) > (610 &)

fori=1,...,r— 1 and functions

Y (k,e) =k-e
Hlkoei1E) = ¥t (ke T 2E) DY (ke o) PR (14 | EP)
(& + Y1 (ke m_2E))

The controller in [A0] takes the form

u(t) = =1 (k(1),e(1),8 (1)),

1
k(t) = .
L=@)?[le()]?
We stress that in [50] 7’ may only depend on y and I’ is assumed to be constant. The above pre-
sented controller works provided that I' € IR™*™ 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 pos-
itive or negative definite. In this case, the function ¥; has to be modified by i (k,e) = v(k) -e,
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where v : R>0 — IR is smooth and satisfies the "Nussbaum property" [50].

k—yoo

k
1
limsup%/v(k)dk = oo,
0
k

1
liminf% v(k)dk = —co.

k—>oo0
0

Unfortunately, the "back-stepping" procedure is quite impractical even in the known sign
case, especially since it involves high powers of a gain function which typically takes very
large values, cf. [2Y9, Sec.4.4.3]. In the following we demonstrate input function for the cases
of relative degree two and three.

r = 2 : Here the controller takes the form
u=—ke—(|le|> + &) -k*(1+IE[]*) (& +ke).

where we omit the argument ¢. This feedback law is dynamic and the gain occurs with
k(t)7. The presence of such a large power of the funnel gain k() is problematic in
practice; the controller produces inputs which might be impractical, cf. [29, Sec.4.4.3].

r = 3 : Here the controller reads, for m =1,

u=—ke— K (E+8) (1+E0) (& +ke) — { [e+ (1+ &)
25 (&1 +ke) + 43 (E4K) (€1 +ke) + KA+ K)e] )
+ [kt k(14 ) [2¢ (&1 +ke) + k(&2 +42)] ]
+ [P+ 1) 26 (& +he)+ (14 &) P (14 2+ £2)
(& ket K (4K (14 EF) (& +ke)]. (1.1.10)

An expansion of the above product gives that this controller contains the 25th power (!)
of the funnel gain k(z), and the problems depicted for r = 3 are present here a fortiori.

An alternative approach to system with higher relative degree is derivative feedback, i.e.,
the system output y(-) and its higher derivatives are used. In the model of standard position
control problem, the output y(-) and its derivatives are normally availbles, see [34, B3] and
reference therein. The first attempt by this approach is using type of a proportional-derivative
(PD) funnel controller given in [B4], (see also the modification in [28]), for systems with
relative degree two. Avoiding the "back-stepping" procedure, the authors construct a simple
funnel control for single-input, single-output systems as follow

u(t) = —ko(r)%e(r) — ki (1)e(r),

B @i (1) .
ki(t) = 1—(pi(t)\e(i)(t) , 1=0,1.

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

(1.1.11)

Vi>036>0: 1/(P1(t)25—%(1/(p0(t)) Vi>0. (1.1.12)
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Further versions of this type of controller for multi-input, multi-output system with strict
relative degree two both in linear and nonlinear case were developed by Hackl in [2X, 09, B3].
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. The
only available generalization of this approach to systems with higher relative degree is the
bang-bang funnel controller introduced by Liberzon and Trenn [60]. The authors consider
single-input, single-output systems described by a nonlinear differential equation

Xx=F(x)+G(x)u, x(0)=x"cR",
y=H(x),

with known relative degree r and positive high frequency gain. The bang-bang funnel con-
troller was introduced as

U-, ifq(t)=t
u(t) = 1. ql1) = true (1.1.13)
Ut, ifg(r) = false

where g : R>o — {true, false} is the output of the switching logic .¥ which maps the error
signal to the switching signal g. The switching logic . : e — ¢ is defined basing on r blocks
%Oa%la“ '7%7‘71’

y(e) = EBrfl(e(r_])’Qrfl’ lllrfl),
(ql’ll/l) :%l‘—l(e(iil)sqi—l7‘lli—1)9 i:r_l""sza (1114)
(gi-wi) = Bo(e).

Each block B; ensures () remaining inside the funnel
T = { (t.e)) e Rsg xR ‘ o (1) <el) <1 }
and
By e (q1,1[11> with
q1(t) = &(e(1). @) (1) — &9 (1) + & .q1 (=),
q1(0—) = q(l) € {true, false},
(/')Jr t), ifqi(t)= true,
wi =2 )
@, (1), ifqi(r) = false,
B, : (e(i),q;,l[/,') — (qi+1,l//,-+1), i=1,...,r—2with

ey =[SO g () e g (1-)). (1) = e,
" S(eD(0).977 (1) — &7y (1) & i1 (1)), i (1) = False,

~—

;' (1) = min{y;(z), —2;"}

v, (1) = max{y;(r).4,"}

gi+1(0—) = ‘1?+1 € {true, false},

vi(t+), if gi(t) = true Agiy1(r) = true,
¢ (1), ifgqi(r) = true Agit1(r) = false,
(1), ifqi(r) = false Agip1(t) = true,
vi(t+), if gi(tr) = false Agi+1(t) = false,

Vil (t) =
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B, : (e(rfl)’q"*""”*‘) + g given as above with i = r— 1, and ¢ = ¢,
q(0—) = ¢° € {true, false},

where G(e,e,¢,q01d) := [e >V (e > eAqoa)] for e,e,e € R, and goiq € {true, false}. It is
easy to see that the most limitation of this controller is only available to single-input, single-
output systems and the involved compatibility conditions on the funnel boundaries, the safety
distances and the settling times are quite complicated, see [bU, Sec.IV].

In the conference paper [?3], Chowdhury and Khalil defined a virtual (weighted) output
which can be applied to single-input, single-output systems with higher relative degree to ob-
tain the systems having relative degree one with respect to this virtual output. And, therefore,
the conventional funnel controller from [2R] is fiesible for the obtained systems. This funnel
controller is also shown that (ignoring the additional use of a high-gain observer) for suffi-
ciently small weighting 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 trajectory.
As a consequence, this approach breaks the model-free propery of funnel control. Moreover,
the controller is not robust, since the small perturbations of the reference signal may cause
the tracking error to leave the performance funnel.

In [5], a "Prescribed Performance Controller" for systems with higher strict relative de-
gree has been introduced by Bechlioulis and Rovithakis (and in [85] the influence of distur-
bances is discussed), however trivial internal dynamics are assumed. Moreover, the perfor-
mance bounds are limited to class of smooth, strict decreasing functions. In addition, the
proposed controller is not "simple" since some strategies in selection of control elements are
required.

Therefore, a simple strategy in funnel control for system with higher relative degree is
still an open problem. In the present dissertation we consider output trajectory tracking for
nonlinear systems by funnel control. We assume knowledge of the vector 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 [83].

1.2 Contribution of dissertation

We briefly highlight the main contribution of this thesis.
In Chapter 2, we consider a general class of linear differential-algebraic systems

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

where E,A € R™*", Be R*™, C € RP*".

In Section I, we study regular systems which means that / = n and det(sE —A) € R][s] \
{0}. We introduce some important fundamental concepts of system theory such that transfer
function and its properties in Subsection 21, vector relative degree and its properties in
Subsection 22272, Furthermore, normal form, which is a prime concept in adaptive control, is
introduced in Subsection 23, We also recall some important results from [9, [0, 6Y].

In Section I3, we present several results for general linear differential algebraic systems. At
the beginning of this section, in Subsection 7371, we recall some elementary results from
[Z]. In the proximal section of Section 3, we introduce a novel extension for the definition
of vector relative degree for general linear differential-algebraic systems. This new notion
does not only help us to open width the system class which have vector relative degree, but
also indicates a way to obtain a normal form of general linear differential-algebraic systems.
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Finally, in Subsection 733, we present a very new result in normal form of general linear
differential-algebraic systems. This normal form plays an important role to construct a new
efficiently funnel control law for differential-algebraic systems.

In Chapter B, we present our new result in funnel control for non-linear system with
known strict relative degree which has been published in [I3]. We introduced a novel funnel
controller for non-linear systems described by functional differential systems of the form

YO8) = F(d(@). T (p 3.y ") (@) +T(d (). T (3.3, Y (@0) u(e),
Nino =3 € €7 ([-h,0] = R™),

where i > 0 is the "memory" of the system, r € IN is the strict relative degree.
In Section Bl, we indicate some necessary assumptions which were imposed on the system
class as following.

(P1): The measurable "disturbance" satisfies d € .Z*(R>o — R”), p € N.
(P2): fc%(RPxRY — R"), g N.

(P3): the "high-frequency gain matrix function" T' € ¢ (IR? x R? — IR™*™) takes values in
the set of positive (negative) definite matrices.

(P4): T :%([—h,0) > R™) — 24> (R>9 — RY) is an operator with the following proper-
ties

a) T maps bounded trajectories to bounded trajectories.
b) T is causal.

c) T is locally Lipschitz continuous.

Moreover, minimum-phase linear time-invariant systems are shown being apart of this class
of systems.

In Section B2, we introduce a new funnel control law for non-linear system with known strict
relative degree. A theoretically comparison between our proposal and some others approach,
which was in [34, 49, B(], is presented.

In the proximal section, we prove the feasibility of funnel strategy in application of consid-
ered system class; in particular we show that our proposed funnel controller achieves the
control objective described in Subsection T, Additionally we derive an explicit bound on
the input generated by the controller and discuss the influence of the design parameters.
Finally, in Section B3, the performance of the funnel controller is illustrated by means of
several examples in mechanics control problems from "mass on car system" to "robotic ma-
nipulator”, where also our approach is compared to the feedback strategies in [34, 49, 50,
60].
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In Chapter B, we introduce and prove the feasibility of new funnel control for non-linear
differential algebraic equations with known generalized vector relative degree of the form,

R0

w2 (1) (r1—1) (rp—1)
=A@ T O (0,30

(’p)(t)

+ (a0 (19)(©)) + T2 (20, (1) () ) s (1),
0= (310 "0 O3 () 3 (0)
+ £ (s 1), (T9) (1)) + L (da (1), (T9) 1) 1)
+ £5 (ds(0). (T9) (1) ) 1),
Yino =30 = 0035 00),

We€ ([-h0 = R),i=1,...,p,
Web([-h0]—=R),i=p+1,....m,

where r = (rl,...,rp,O,...,O) e N ig called the generalized vector relative degree of

the systems. Denote |r| = ﬁ riour(t) = (ur(t),..coupy () T un (1) = (up1 (2), - oum (1)) T

i=1
The functions u = (ur,uz7)" : R — RP x R"7 and y : [~h,) — R™, where h > 0 is the
"memory" of the system, are called input and output of the system, respectively.
In Section B, we in turn present some assumptions which are imposed on system class

including class of operator introduced in [[IT].

(i) the gain I'; € €' (R x R* — IRP*P) takes values in the set of positive (negative) defi-
nite matrices, I'; € ' (R? x R® — R("=P)xp),

(ii) the disturbances dy,d, € £ (R>o — RY), and d3,ds,ds € €' (R0 — IRY) are bounded.
(i) fi € €' (RIF"=P 5 RP), f € €1(R? x RF — RP), f; € €' (RINFm—r - R7P),

f1 € €' (R?x RF - R™P), and f; - [1 0 ] is bounded.
m—p

(iv) fs € €'(RIx RF = R), and Jax > 0,¥(d,v) € R x R*: f5(d,v) > a.
(v) Operator T : € ([—h,) — R™) — €' (R>o — R¥) satisfies

(a) T is a causal operator.

(b) T is locally Lipschitz continuous.

(c) T maps bounded trajectories to bounded trajectories.

(d) € F(R" xRF = RK) 3T : [~h,0) — R™) — € (R>o — RF) with properties
(a) = (c) Vv € €([—h,0) = R™) Vi > 0:

d

L (T)(0) =20(0), (Tv)(1)).

In Subsection BT, BT, we consider some important subclasses of the system class such
as the systems with positive vector relative degree, and linear general differential-algebraic
systems.
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In the follow section, we introduce a new funnel controller with tracking for each element of
outputs for non-linear system with known generalized vector relative degree and the feasi-
bility of this funnel strategy. Additionally, we show that our new proposed funnel controller
achieves the control objective described in Subsection I'T2. Furthermore, in Subsection
A7, we demonstrate the performance of the funnel controller in simulation of several ex-
amples.

In Chapter B, we study an application of funnel control to overhead crane case which was
introduced in our proceeding paper [[4]. The model of overhead crane was presented by Otto
and Seifried in [[/3] with motion equation described as follows

5, 0 0] /5 § 0 Loy,
o g olli]|+| 1 |= 0 + (0 1 <M)
cosp 0 ]| \¢ 201 —gsing 0 o] \"

where T, 7; are time constants of trolley and winch actuator, respectively and g is the grav-
itational constant. The quantities s,/, ¢ are denoted to trolley position, length of the rope,
and the swing angle, respectively. The system inputs are served by the reference velocity of
the trolley u, and the reference velocity of the rope u;. We note that the rope velocity /, and
trolley velocity s are then rheonomic constraints on the system. And the position of the load
(s+Isin@,lcos @) plays the role of system output.
The control objective is to design a closed-loop tracking controller which also takes into
account the transient behaviour. Unfortunately, this system is not well defined vector rela-
tive degree with respect to considered input, output vectors. Therefore, we use an dynamic
feedback introduced in [56, 80] to achieve a new system which have strict relative degree.
Computer simulations are shown in Section B to illustrate that our approach can be used
to move loads from one to another given position in the situation where there are several
obstacles which have to be circumnavigated.

To summary, some parts of present dissertation, which are published or submitted for
publication, will be indicated in the following table

Chapter or Section Contained in

Section New

Chapter B Berger, LE, Reis [3, 7]
Chapter @ New

Chapter B Berger, L&, Reis [[[4]
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Chapter 2

Linear differential-algebraic systems

In this chapter, we study linear differential-algebraic multi-input multi-output systems. By
investigating zero dynamics of the system, we suppose a new approach to generalize the
definition of vector relative degree. Moreover, we base on this definition to introduce a novel
normal form of general linear differential-algebraic system.

2.1 Preliminaries
We consider linear differential-algebraic systems,

Ex(t) = Ax(t) + Bu(r),
y(t) = Cx(1)

@2.1.1)

where E,A € R, Be R>™, C € RP*". We denote 21 nm,p being the class of these systems
and write [E ,A,B,C] € Xy,,m,p- We want to stress that this systems is not required to be regu-
lar®. The functions u: R — R™, x: R — R”, and y : R — IR” are called input, (generalized)
state variable, and output of the system, respectively. We now denote what is so called the
behaviour of system (1),

1 0 om Exe # (R — R and (x,u,y)
= R —->R"x IR R? loc )
Bieasc { (r1,y) € Zoe (R — REXR™ X RP) |16 (07T) for almost all 7 & R

(x,u,y) € Bgapc) is called a (weak) solution of (ZIT). Note that Ex € Wlégl (R — RY) is
continuous but x(¢) might not be continuous.

We recall some basic notions in systems theory such that system equivalent, and zero dynam-
ics.

Definition 2.1.1. Two systems [E;,A;, B;,Cj| € X, | = 1,2, are called system equivalent
if, and only if,

W € GLy(R).T € GL,(R) - [sEl—Al Bl} _ [W 0] |:SE2—A2 Bz] [T 0]’

a0 0 ,|]| & oflo I,

and denoted by
w,T
[E1,A1,B1,C1| '~ [E2,A2,B),Cy).

System equivalence is an equivalence relation on X, ,, ,, see [8Y, [, T3] and references
therein. We discuss following an important concept which is so called zero dynamics, see
[56, Sec.4.3]. Loosely speaking, zero dynamics is resulting in a trivial output.

Definition 2.1.2 ([[4, Def.3.1,Def.3.9]).

! A matrix pencil (sE —A) is said to be regular if [ = n, and det(sE —A) # 0.
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e The zero dynamics of the systems (Z-IT)) is the set
LD Eapc) = { (x,u,y) € Bipapc) ’ yE0 }
e The zero dynamics Z°Y g 4 p ¢ is called autonomous if
Vo € ZD g apc), V1 C R open interval: if |; £20, then 0 = 0.

e The zero dynamics 2% (£.4.8,c] 18 called asymptotically stable if

V(%u,y) € ZD(papc) : lim es[SSl)lpH (wu)] = 0.
1,00

Furthermore, we introduce a notion of (E ,A,B)—invariant subspace, given in [0, [, [/4],
playing as a tool to investigate zero dynamics properties. This concept is a generalization of
controller invariance subspace or (A,B)—invariant subspace which were introduced in [&, 89,
KR, Ba].

Definition 2.1.3. Suppose (E,A,B) € R”" x R" x R™™, and ¥ is a linear subspace of
R™". IfA¥ CEY +imB, then ¥ is called (E,A, B)-invariant subspace.

Given a system [E,A,B,C| € £, , the maximal (E,A, B)-invariant subspace included
in kerC is denoted by max(E,A, B;kerC).

Proposition 2.1.4 ([[Z, Prop.3.5]). Let [E,A,B,C] € X nmp- Then the following statements
are equivalent.

(i) ZDgpc) is autonomous.

.. sE—A —-B
(ii) rank]R(s) [ _C 0 } =n-+m.
(iii) (a) rankB = m,
(b) kerE Nmax(E,A,B;kerC) = {0},
(c) imBNEmax(E,A,B;kerC) = {0}.

Proposition 2.1.5 ([7, Thm.3.6]). Consider [E,A,B,C] € ¥, and suppose that the zero
dynamics 9 [EABC] is autonomous. Let V € R"* be such that imV = max(E JA,B;kerC )

and rankV = k. Then there exist W € R"™ "% and § € GL;(R) such that [V,W] € GL,(R)
and

£.4,8,c] """ [E.4.8,6),
where
_ Ik E2 " A] A2 " 0 _
E=|0 Ej|, A= |A3 A4|.B= |I,|.C=[0 G (2.1.2)
0 Eg 0 A 0
such that

max ( Eﬂ , {f‘j , [16”] ;kerC2> = {0}, (2.1.3)

andA1 e ]kak, E>,Ay € ]ka(nfk), A3 e ]Rmxk, Ey A4 € IRmX(nfk)’ E6’A6 e ]R(lfkfm)x(nfk)’
C, € RP*(n=h),
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For uniqueness we have: If [E,A,B,C], [E,A\,B\, 6] € Ly mp are in the form (Z12) such that
(13) holds, and

~ A~

[E.A,B,C] X [E,A,B,C] for some S € GL/(R),T € GL,(R), (2.1.4)

then
S, 0 S ;
s=1|o0 1, . T:[SE) ;2]
0 0 So 4

where S| € GLg(R), Sg € GL;_¢—n(R), Ty € GL,_(R) and S3,Se, T are appropriate sizes.

In particular the dimensions of the matrices in (1) are unique and A is unique up to
similarity, i.e., 6(Ay) is unique.

In the next section, we will highlight some important results of system theory considered
for the special DAE case: the matrix pencil sE — A is regular. This case was studied by
Berger, Reis and Ilchmann in [6, [T, 9], but a normal form base on vector relative degree for
the whole case is still an open problem.

2.2 Regular systems

First of all, we need to study an important case of system pencil, that is regular pencil. The
pencil matrix sE — A is called regular if / = n and det(s —A) € R[s] \ {0}. Regularity of
the systems pencil ensures that the differential-algebraic equation Ex = Ax is solvable and its
solution is unique for each consistent initial value, as shown in [89, Sec.2.1]. Therefore, we
consider the following system.

Ex(t) = Ax(t) + Bu(r),
y(t) = Cx(1),

where A, E € R"™", B¢ R"™™ C ¢ RP*",

(2.2.1)

2.2.1 Transfer function

In this subsection, we declare transfer function which is a primary tool in control theory.
Some elementary concepts of system theory are defined via transfer function.

Definition 2.2.1. Let [E,A,B,C| € ¥, ,n,, be a regular system. Then the transfer function of
[E,A,B,C] is defined by

G(s) = C(sE —A)"'B € R(s)P*™.

Remark 2.2.2. Transfer function of the system (Z2) is a rational matrix function and in-
variant under system equivalence. For more detail, we introduce Weierstrass form of system

pencil which was mentioned in some books and papers such as [9, [0, D77], [89, Sec.2.1].
Proposition 2.2.3 (Weierstrass form). For any regular matrix pencil sE — A € R[s|"*", there
exists W,T € GL,(R) such that
. sl —As 0
SE-A=W |7 T n, T (2.2.2)

for some Ay € R™*", and nilpotent N € R"*"/. The dimensions ns,ny € INg are unique,
and the matrices A, and N are unique up to similarity.
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The index of nilpotency of a nilpotent matrix N € R**¥ is defined to be the smallest
v € INp such that N¥ = 0. It can be shown that the index of nilpotency v of N in (Z272) is
uniquely defined by the regular pencil sE —A. Hence, we say that v is the index of the pencil
sE —A. In particular, if the nilpotent block is not appear (i.e ny = 0), then the index of matrix
pencil is zero.

Corollary 2.2.4. Let [E,A,B,C| € X, .p. Then there exits W,T € GL,(IR) such that

wr ||, O [As O By
sasa(fs Sfs o) f5le o] e

for some By € R™*™ By € R, Cy € RP*™,Cp € RPY Ay € R™™™, and nilpotent N €
R <1y

The form (ZZX3) is interpreted, in terms of the system (Z211), as follows

LU, B f, and only if | ™* = Tx(-
(x,u,y) € Big 4 g if, and only i <xf<)) x(+)
solves the decoupled systems

Xg(t) = Asx(t) + Bou(r), Niyp(t) =xz(t) +Bgu(t),
ys(t) :Csxs(t)’ yf(t) :Cfo(l‘), (2.2.4)

y(t) = ys(t) + (1),

If (x,u,y) € Big 4 p) and in addition u € ¥~ ' (R — R™), then by repeated multiplication
of Nx¢(t) = xy(t) +Bsu(t) by N from the left, differentiation, and using the identity N¥ = 0,
it is easy to see that the solution satisfies

v—1
xp() ==Y N B () (2.2.5)
k=0

We also derive frequency domain result for [E,A,B,C] € ¥, , . p and its transfer function.

e A rational matrix function G(s) € R(s)?*™ is called proper if /llim G(A) = D for some
— 00

D e RP*™,
e A rational matrix function G(s) € R(s)?*™ is called strictly proper if llirn G(A)=0.
—»00

Since the transfer function is invariant under system equivalence, we have

G(s) =C(sE—A)"'B=Cy(sN —1,,)"'Bs +Cy(sl,, — A;) "' By
v—1 )
=—Y CiN'Bys'+ Y CA'Bys™
i=0 i=1

=:P(s) =:Gyp(s)

where P(s) is polynomial matrix, and Gy, (s) is strictly proper rational matrix.
We now introduce the definition of transmission zeros and poles of a transfer function
which were mentioned in [Y, Sec.1.2] or [57, Sec.6.5].

Definition 2.2.5 ([9, Sec.1.2], [57, Sec.6.5]). Let G(s) € R(s)™*™ with Smith-McMillan
form

—1 -1 — dia 81(5‘) Er(S) Sm><m
U ' (5)G(s)V™'(s) =d g(wl(s),...,Wr(s),O,...,O)E]R() ,
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where U (s),V (s) € R[s]™*" are unimodular, i.e, invertible over R[s]"*", rankg ;) G(s) = r,
&(s), Wi(s) € R[s] are monic, coprime and satisfy &(s)|&i+1(s), Wir1(s)|wi(s) for all i =
1,...,r—1. A complex number sy is called a transmission zero of G(s) if €(sp) = 0 and a
pole of G(s) if y;(s9) = 0.

Because the transfer function is invariant under system equivalence, the transmission
zeros and poles are also invariant.

2.2.2 Vector relative degree

In this subsection, vector relative degree, another fundamental concept in systems theory, is
introduced. Relative degree, roughly speaking, is a number of times the components of the
output have to be differentiated to get input explicitly. Futhermore, the vector relative degree
r=(ri,r2,...,r,) € IN? for multi input, multi output non-linear differential equation is a
vector in which each component r; is precisely the number of times one has to differentiate
the i-th output y;() at t = ¢* in order to have at least one component of the input vector
u(t%) explicitly appearing, see Isidori [86, Sec. 4.1, Sec. 5.1]. However, it is sophisticated to
use this way for defining vector relative degree to differential-algebraic systems. Therefore,
we need an alternative approach to define vector relative degree for differential-algebraic
systems. Since Remark T4, it is well-known that for single input, single output linear dif-
ferential system, the relative degree r is exactly equal to the difference between numerator
and denominator degree of the transfer function. By this approach, the value of the rela-
tive degree can be negative. For more detail, let us begin with regular case of multi input,
multi output linear differential-algebraic systems and introduce a definition of vector relative
degree presented by Berger [[7].

Definition 2.2.6 ([[4, Def. B.1]).

e Transfer function matrix G(s) € R(s)?*™ has vector relative degree (ry,---,rp) €
Z'*?_if there exists a matrix I' € IR”*" with rankI" = p such that
lim diag(s™,...,s"7)G(s) =T.
§—yo00

For convenience, we also say that system [E ,A,B,C] € Xn,m,p has vector relative de-
gree (rq,...,rp) if its transfer function G(s) has vector relative degree (r,...,rp).

e The matrix I is called high-frequency gain matrix.

e A vector relative degree (ri,...,r,) of system [E,A,B,C] is called an ordered vector
relative degree if ry > ry > --- > r).

e If r; =--- =r, =r, then we say that system [E,A,B,C| € X, ,n or G(s) has strict
relative degree r.

Remarks 2.2.7.

(i) If [E,A,B,C] has a vector relative degree, then the vector relative degree is unique.
Indeed, suppose [E,A, B,C] has two vector relative degree (ri,...,r,) and (p1,...,pp),
1.€,
lim diag(s™,...,s”7)G(s) =T € R”*" and rankT = p,
S—o0

and
lim diag(s”',...,s??)G(s) =T € RP*" and rank[ = p.

§—o0
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(ii)

(ii1)

Denote F(s) := diag(s™,...,s?)G(s), then F(s) is proper. Moreover,

lim diag(sP' ™", ...,sPP~"?)F (s) = lim diag(s”' ", ...,sP»~"7) diag(s"",...,5s7)G(s)

§—ro0 §—ro0

= lim diag(s”',...,s??)G(s) =T € RP*".

§—ro0

Since lim F(s) =T € R?*™ and T is full row-rank, we have p; —r; < 0 for all i =
§—yo0
1,...,p. Switching the role between r and p, we also obtain r; — p; < 0 for all i =

1,...,p. Therefore, r; = p; foralli =1,...,p.

Vector relative degree of a system [E,A, B,C| does not necessarily exist. For example,
consider system

E:[1 1}; A:[1 ;;B:IZ;C:IZ.

We have

Then
I = lim diag(s°,s°)G(s) = [0 ! ]

S—ro0 0 - 1

Clearly that rankI' = 1 < 2, then system does not have vector relative degree.

Consider a multi-input multi-output linear system of the form

X = Ax+ Bu,
y = Cx,

C
G

where A € R™", B= [By,B,...,B,] with B; e R”!,and C = | . | with C; € R!*",
Cin
i=1,...,m. Using definition of vector relative degree in [56, Sec.5.1] or [6Y, Def.2.1],
the system [I,A, B,C] has vector relative degree (r1,72,...,7,) € N™ if and only if
(@) GA*B;=0foralli=1,....,m,k=0,...,r;=2,j=1,...,m,
(b) and the matrix

C,A" B, cAn'By, - CAMIB,

GA” B, G,A? B, .- (C,A™7!B,
r= . . .

c,Am'B, Cc,A""'B, ... C,A™ B,

is non-singular.

It is easy to see that

: . oo 'm o —“lp _ 1; : oo I
lim diag(s™,s",...,s")C(sI —A)"'B }Lr?odlag(s S, )C<Zsk+1>B

s—yoo k=0
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Therefore, two conditions (a), (b) are equivalent to condition

. : r m R
}E‘;dlag(y S, )C<Zsk+1>3

CiA"'By CA"'B, .- CA"T!B,
GA?'B; CA™'By - GA™T'B,

= : ) ) ) € GL,(R).
CnA'B, C,A™'By --- Cn,A™"'B,

It means that Definition 2”26 is consistent with the definition of vector relative degree
given by [B6, Sec.5.1], or [6Y, Def.2.1] for linear multi-input, multi-output differential
systems.

(iv) Similar to [56, Sec.5.2], we also conclude that vector relative degree of a system is
invariant under static output feedback or static state feedback.

(v) If G(s) has strict relative degree r < 0, then
r=-max{ic{0,...,v—1} | rankC/N'By =p },

where C¢,N, B are quoted as in (ZZ23). Indeed, since r is the strict relative degree of
G(s), then

lims"G(s) =T € RP*™, and rankT = p.

§—ro0

Using notation in (23), we have

RV 5T = lim s’ (Cf(sN—Inf)_le +Cy(shy, —AS)_IBS>
V71 . . b . 1 .
= Slgl;s’ — i_ZOCfN’st’ +i_ZlCSA§_ B .

Because » < 0, and ¥, C,Ai~!'Bgs~ is strictly proper, we have
=1

=

v—1 v—I1
I=lims" | — Y C/N'Bys' | =lim | — Y C/N'Bys™ .
§—ro0 i—0 §—ro0 =0
Then
r= —max{ i€{0,...,v—1} ‘ rankCyN'By = p },

and ' = —CforBf.

(vi) Similar to [A9, Lem.2.3], we can conclude that if G(s) has vector relative degree r =
(ry,.. .,rp) € Z'*P. Then there exists a permutation matrix P € RP*? such that the
system [E,A,B,PC] has ordered vector relative degree rP = (fl, ... ,fp), ier >--->
p).

Consider linear multi-input, multi-output differential-algebraic system (ZZ21) in special
case with number of input equal to number of output, i.e, p = m. Then we have the following
proposition.

Proposition 2.2.8. Let [E,A,B,C| € %, mm be such that transfer function G(s) has vector
relative degree r = (ry,...,ry). Then
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(i) G(s) is invertible over R(s). In particular, rank B = rankC = m.
(ii) —r = (—r1,...,—1y) is vector relative degree of G~ (s).

(iii) {SE__CA _OB} € R(s)mmx4m) s invertible,

(iv) QPQ[EA’B,C] are autonomous.
Proof.

(i) Suppose that G(s) € R(s)™*™ has vector relative degree (ry,...,r,) € Z*™. Since

lim diag(s"™,...,s")G(s) =T € GL,,(RR),

§—ro0

then diag(s™,...,s")G(s) is invertible over R(s). Therefore, G(s) is also invertible
over R(s). In particular, G(s) = C(sE —A)~'B € R(s)™™ is full-rank which implies
rank B = rankC = m.
(i) We have
T -! T
lim diag(s™",...,5~)G~ ' (5) = lim (diag(s”,...,s”")G(s)) =T €GLu(R).

§—ro0 S—yoo
This shows that —r = (—ry,...,—r,) is vector relative degree of G~ ' (s).
(iii) Since

—(SE—A)"'BG!(5)C(sE—A) '+ (sE—A)"! (sE—A)"'BG!(s)
[ ~G'(5)C(sE —A)~! ~G () }

sE—A —B
_C 0 = n—+ms

sE—A B} € R(s)(r+m)x(mm) is invertible.

it follows that, [ _C 0

(iv) This follows from (iii) and Proposition I_T4.

O
Remark 2.2.9. If [E,A,B,C] € X, and L(s) € RO+ (+m) jg the inverse of
sE—-A —B then
—-C 0|

[1,1 (sE—A)‘lB] _L(s) |:SE—A —B} K,), (sE—Ij)‘lB]

sE—A 0
:L(S)[ ~C  —C(sE—A)"'B|’

Hence, the inverse of the transfer function can be represented by

G(s)=— [0 L)L(s) [lﬂ
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Therefore, in this case, it follows from Proposition "2R(ii) that

lim diag(s™,...,s)G(s) =T € GL,,(R)
— lim G ! (s)diag(s™",....,s ™) =T~ € GL,(R).

s—>o0

2.2.3 Normal form

The Byrnes-Isidori normal form (or shortly normal form) was first introduced in [22] for
nonlinear and linear single-input, single-output systems. In system theory, the normal form
plays an important role in designing local and global feedback stabilization of nonlinear
systems as in [I8, 1Y, U], adaptive observers as in [[ZT], and adaptive controllers for linear
systems as in [44, 53]. Later on, a normal form was developed for linear multi-input, multi-
output systems as in [66, bY, [T, 8]. We recall in next subsection normal form of the systems
based on vector relative degree in some special cases.

Systems with positive vector relative degree

We consider a linear system of type (1) with positive vector relative degree
r= (rl,rz,...,rm) e N> Let us begin with a linear multi-input, multi-output system
described by a differential equation

(2.2.6)

where A € R, B € R™™ and C € R™*". Tt is clear that G(s) = C(sI —A) !B € R(s)™*"™,
which is the transfer function of the system (ZZX8), is strictly proper. Therefore, if system
(ZX8) has vector relative degree r = (ry,r2,...,7m), then r; >0 for all i = 1,2...,m. In
other words, system (_2) also belong to class of system which have positive vector relative
degree. Following proposition will show the normal form for system (ZZZH)

Proposition 2.2.10 ([69, Thm 2.4]). Consider a linear system of the form (IZX8) with vector

relative degree r = (ri,ra,...,ry) € N> |r| = Z ri. If a trajectory (x,u,y) belongs to

system behaviour, then there exists T € GL,(IR) such that

Tx= (yl,...,ygrlil),...,ym,...,y,(q:’" 1),nT> cwl 1(IR —R")

loc

Sfulfills
5 ¥ R ()
y&rl)(l‘) j=tn=1 "7 Vi
(), F ¥ R0 (g
y2 (1) I (= PR +8Sn(t) +Tu(t),
" )( ) (2.2.7)
" (t m 7
R0

() = Zszl +on(),

where R;h eRwithi,je{l,....m},he{l,...,r;},S€ Rmx(n=Ir) | p e R, )= R (n—Ir]) x (n—

And
I = lim diag(s™,...,s™)G(s),
S—3o0

"),
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as in Remarks °27A(iii). Moreover, the zero dynamics of (IZX8) are asymptotically stable if,
and only if, Q is Hurwitz.

The normal form for linear systems of the form (ZZX6) was considered in [69]. More-
over, a normal form for the case of nonlinear differential systems was also mentioned in
[66, Sec.5.1] and [80, Subsec.3.3.1]. We introduce a new normal form, which can be in-
ferred straightforward from combining results in Proposition 22210 and [9, Thm.2.1], for
differential-algebraic systems with positive vector relative degree.

Ex(t) = Ax(t) + Bu(t),
y(r) = Cx(1),

where A,E € R™", Be R™", C € R™".

(2.2.8)

Proposition 2.2.11. Suppose [E,A, B ,C] € Ly mm has vector relative degree

r=(r,ry,...,rm) € NP>,

rl= Z ri. If v denotes the index of sSE — A, then a trajectory
=
satisfies

loc

(5315 3m) € Bipape 0 (Hod (R—R) < #0 (R - R™)

loc loc

X W (R = R) x - x #7 (R — IR))
if and only if there exist T € GL,(IR) such that
ITx= <y1,“.’y5r171)’“"ym"“’ygmfl)’n—r xT xT) S WISCI(H{—) Rn)

Sulfills, for almost all t € R,

g Zthy]h 1)(t)

AN
(r2) 2
; y ¥ R0
2 .() _ | Sz + 81 () +Tu(r),
(1) '
ym" (1) (h=1)
le hZ1 thy] (1) (2.2.9)
szyt +Q77 )
- Z N'B.u) (1)
i=0

where ne,nz € No, @ =n—ne—nz—|r| andRiih eRwithi,je{l,....m}, he{l,...,ri},
SeR™H P eRM, Qe R B, € R"*™ N, € R"™ " s nilpotent with index v, and
rank [NC BC} = n.. And

I = lim diag(s",...,s)C(sE —A)~!

500

Moreover, the zero dynamics of system (I2ZR) are asymptotically stable if, and only if, Q is
Hurwitz.
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Proof. Since positive vector relative degree implies that transfer function G(s) = C(sE —
A)~'B is strictly proper, we can apply [9, Lemma 7.1] to obtain the existence of Wy, T} €
GL,(R) such that

’ L, 0 0 A; 0 O B,
[E,ABC)"" | |0 N. Nel.|0 L. 0],|B].[C; 0 C
0 0 N:| |0 0 .| |0

C

for some A; € R™*"s B, € R"*™ C; € R™*"s N, € R"*"% N. € R"*" N,cR"*"% B.¢c
R™*™ and C; € R™*"¢, where N,,N; are nilpotent and rank[N,,B.] = n.. The dimensions
ng,ne,ng: € N are unique, and the matrices Ay, N, N; are unique up to similarity.

Then with Tjx = (x1,xc,x;) € w bl (R — R"), we have

loc
X1 (t) = Ax; (l‘) —|—Bsu(t),

d
E(NCXC(I) + Neaxz (1)) = x0(t) + Beu(t),

d
4 (Neexe(1)) = xe.
y(t) = Cyxy (t) + Cng.

Since, N: is nilpotent, third equation from above implies xz(¢) = 0. Therefore, we have

equations
X1 (l‘ = Ax; (l‘) —|—Bsu(t),

Moreover, since the transfer function is invariant under system equivalence, we have

—1

sl —As 0 0 By
G(s) =C(sE—A) 'B=[C; 0 Ci 0 SN, —1I,, SN B,
0 0 sNz —1I,, 0

= Cy(sl,, — As) "' By.

Apply Proposition 210, there exists 7> € GL,, (R) such that (Z27) holds. We now set

b0 T, 0
W:Wl[% 1}; T:[O2 I}Tl.

loc

29 . O

T
Thereforea Tx - <yl5' . -’ygrlil)"' '9ym’- . '9yl(1:m71)’n—r7x;r,x(—j!—) S WI’I(R — Rﬂ) fulﬁlls

The systems with positive strict relative degree which have been investigated in [9] is a
special case of system class (ZZ2H).
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Systems with proper inverse transfer function

We consider a linear system (Z21l) with proper inverse transfer function, i.e. its transfer
function G(s) has proper inverse .

Ex(t) = Ax(t) + Bu(r),
y(t) = Cx(2),

where A,E € R™", B € R™"™ C € R™*", This kind of system class was introduced in [I0].

(2.2.10)

Remark 2.2.12. We note that the class of system which has vector relative degree (r; ...,7n)
and r; <O foralli =1,...,mis a subset of the class of system with proper inverse transfer
function. Infact, using Proposition 2R, if G(s) has vector relative degree (ry,...,r,), and
r;<Oforalli=1,...,m, then G~ ' (s) has non-negative vector relative degree. This implies
that G~ ' (s) is proper matrix function which lead to G(s) has proper inverse. Hence, we
conclude that the system which has vector relative degree (rl,...,rm), and r; < 0 for all
i=1,...,mbelongs to the set of systems with proper inverse transfer function. However, the
converse is, in general, not true. To clarify this, we consider a counterexample with

-1 -1 1 1 0
1{;B=10 1 ;C:[(l) (1) g]
0 00

It is easy to calculate that

G(s) =C(sE—A)"'B= % [ R }

then the inverse of transfer function is

1—- 1
G (s) = 5, = [ bl ] R2<2,
L |
N
Hence, G(s) is invertible and its inverse is proper. However, G(s) does not have vector
relative degree because

1{-1 -1
L -1 —1 _ 1
sh_}n;dlag(s s )G(s) = 5 [ ;1 ] ¢ GLy(R).
Proposition 2.2.13 ([10, Rem.2.6]). Suppose [E,A,B,C| € ¥, m.m has proper inverse trans-
fer function. If v denotes the index of SE — A, then a trajectory satisfies
(%.1,y) € Bganc N (W“ (R — R") x #LH (R = R™) x #" (R — ]R’"))

loc loc
-
if and only if there exist T € GL,(R) such that Tx = (yT,nT,xCT,xLI> c #L (R — R
fulfills
0=Any(t) +Ann () +ut),
(1) = Auy(r) +0n (),
vl . 2.2.11
x(1) = Z NéEcy(H‘l)(t), ( )
i=0
Xg([) = O,
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where n.,nz, L € No, and A11 € R™™, A1y € R™H, Ay € R 0 e RAH E. € R,
N, € R"*" g nilpotent with index Vv, and rank [NC EC] = n.
Moreover, the zero dynamics of (I22Z1) are asymptotically stable if, and only if, Q is Hurwitz.

Remark 2.2.14. From counterexample in Remark I2T2 and the result of Proposition 2213,
it seems that knowing exactly the values of negative part in vector relative degree of a linear
differential-algebraic systems is not necessary to contribute a normal form. On the other
hand, the approach using transfer function to define vector relative degree is only applied
for regular systems. Therefore, we have to find another way to define vector relative degree
not only for regular systems but also for arbitrary linear differential-algebraic systems. The
Remark 29 bring to us a new approach which will be discussed in following section to
obtain a normal form of linear differential-algebraic systems.

2.3 Linear differential-algebraic systems

In the first part of this section, we recall some important results which were introduced in
[Z]. After that, we introduce a generalized definition of vector relative degree that can en-
large considered system class. Based on this new definition, we introduce a novel normal
form of general linear differential-algebraic systems. This normal form is not only having
simple structure but it also help us to create an efficient funnel controller for class of systems.
First of all, we reconsider a general linear differential-algebraic systems as concerning at the
beginning of this chapter,

Ex(t) = Ax(r) + Bu(1),
y(t) =Cx(1)

where E,A € R™*", B e RI*™, C € RP*",

2.3.1 Inversion form

The goal of this subsection is construction a inversion form of linear differential-algebraic
systems. In order to solve this problem, we need to recall the definition of left- and right-
invertibility of a systems that was introduced in [, Sec.4].

Definition 2.3.1 ([, Sec.4]). [E,A,B,C]| € ¥;,,n, is called
(i) left-invertible if

V(x,u,y) € Bpapc : [y = 0AEx(0) = 0] = u=0. (2.3.1)

(ii) right-invertible if

Vy € € (R = R”), I(x,u) € Lo (R = R"xR") : (x,1,y) € Bipapc)-

(iii) invertible if [E,A,B,C] are both left-invertible and right-invertible.

Proposition 2.3.2 ([[7, Lem.4.3]). Let [E,A,B,C] € ¥, with autonomous zero dynamics.
Then [E,A,B,C] is left-invertible.

We are now in the position to introduce an important result, which is so called inversion
form of system [E,A,B,C] € X, see [1, Thm. 4.4].



30 Chapter 2. Linear ditferential-algebraic systems

Theorem 2.3.3 ([, Thm.4.4]). Let [E,A,B,C| € Xy, with autonomous zero dynamics and
rankC = p. Then, there exist W € GL;(R), T € GL,(R) such that

where
Iy 0 0 Q0 Ap O 0
~ |0 Ex Ex| ~ |Ay An O 5 |Ln| A
E=10 B, N2 |0 o I, B=1|-C=101,0], (2.3.2)
0 Ep Esp 0 Ap O 0

U = dimmax(E,A,B;kerC) and N € R"™*"™, n3 = n— W — p, is nilpotent with N¥ = 0, and
NY=12£0, v €N, Ep,Ay € R™P, and all other matrices are of appropriate sizes.
For the uniqueness, we have

(i) If [E,A,B,C], [E,K,E,CV] € Xy um,p are both in form (Z32) and

[E.A,B,C] "X [E,A,B,C] for some W € GL/(R), T € GL,(R)

then there exist W1 € GLy (R), Wa3 € GL,, (R) such that

Wi 0 0 0 vl o o
o I, O 0 11

W = =0 1, o0
0 0 Wiy 0 PO G
0 0 0 I(H—p)f(n-i-m) 33

(ii) The matrices N,Q are unique up to similarity, so in particular the spectrum of Q, and
the nilpotent index of N are unique .

Remarks 2.3.4.

(i) Let [E,A,B,C] € Xy m,p With autonomous zero dynamics, and rankC = p. Using
inversion form (Z37), for any

(x.1.Y) € Bieapa N (Ho! (R = R") x #1 (R = R™) x #40 (R = RP),

loc loc loc

and Tx = (n ",y ,x])" € #L (R — REHPTS), then (Tx,u,y) solves

loc

(1) = on(r) +Any@),

v—1
0=-Y ExsN'Espy' 2 (1) — Exny(t) +Anoy(1) +Auim (1) 4+ ult),
i=0
v—1

x3(t) = Y N Esyt (1),
i=0

v—1
0=—Euny(t) = ¥ EaN'Esny ™) (1) + Apy(t).
i=0

(i) According to [, Cor. 4.6], let [E,A,B,C] € ¥, With autonomous zero dynamics,
and rankC = p, then the zero dynamics Z'% [£.AB,C] are asymptotically stable if and
only if 6(Q) C C_.
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(iii) Suppose [E,A,B,C] € ¥;,m, With autonomous zero dynamics, then [E,A,B,C] is
invertible if and only if rankC = p, Eg = 0, Ay, = 0 and E;N/E3 = 0 for j =
0,...,v—1,see [, Prop. 4.7].

(iv) Because of Proposition T4, the autonomous zero dynamics of [E,A,B,C] implies a

full column rank of [SE_CA OB} over R[s]. This infers the existence of a left inverse
sE—-A —-B
of { c o ] over R(s).

Proposition 2.3.5 ([, Lem.A.1]). Let [E,A,B,C| € L, has autonomous zero dynamics,
and be right invertible. Then, with the notation from Theorem Z33, L(s) € R(s)+m) > (+p)

is a left inverse of [SE__CA _OB} if and only if,

. (slu—OQ)*1 8 8 X14Es§ Xis(s) .

T Xou(s) I, | [w

L(S):[o zm] 0 0 (N-1)" Xuuls) Xos(s) [o 1,,]’
Xu1(s) Ln X43(s) Xua(s)  Xus(s)

where [X14(s)T,X24(S)T,X34(S)T,X44(S)T] Te ]R(s)(n-‘rm)x(l"rp*n*m)’ and

X15 (S) = (SI— Q)_lAlz, X35 S) = —S(SN—I)_IEgz,
X41 (S) = Ay (SI— Q)il, X413 (S) = —sEy; (SN—I)fl,
Xus(s) = —(sEx —An) +Ax (sI — Q) 'A1a + s°Ep3(sN —I,) ' Exa,

and L(s) is partitioned according to the block structure of (Z32).

IfLi(s),La(s) € R(s) "M >U4P) are two left inverse of matrix [SE —A B

_c 0],then

0 0
[0 L] Li(s) H = [0 I]Lx(s) [1 } :
P p
Remarks 2.3.6.
(i) Suppose [E,A,B,C| € X, has autonomous zero dynamics, and be right invertible.
Denote
R(s)™? > H(s)=—1[0 In|L(s) LO] , (2.3.3)
p
with L(s) € R(s)")*(+P) s a left inverse of SEi_CA _OB} . By Proposition 233,

H (s) is independent of the choice of L(s). Moreover,

H(s) = sEx — Az — Ay (s — Q) 'A1n — s*Ex3 (sN — ;) 'Ex. (2.3.4)

(ii) Suppose [E,A,B,C] € ¥, has autonomous zero dynamics, and be right invertible.
Recall the Remark 2229, if [ = n, p = m, then H(s) = G(s)~'. Therefore, in the case
of regular system [E,A,B,C]| € ¥, mm» H(s) is exactly the inverse of transfer function
G(s) = C(sE —A)~'B. We also note that G(s) exists only if sE — A is a regular pencil.
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2.3.2 Generalized vector relative degree

One of the limitation in defining vector relative degree via transfer function is only available
for the case of regular systems. In order to get rid of this limitation, we introduce, in this sub-
section, a novel definition of vector relative degree for linear differential-algebraic systems
and suppose it to name generalized vector relative degree. Let us begin with recalling the
notion of column degree of a rational matrix function given in [26, Sec.2.4]2.

Definition 2.3.7. The degree of a rational function, which is expressed by a quotient of

p(s)

polynomials r(s) := ——= with p(x),q(x) € R[s], g(s) £0, is

q(s)
degr(s) :=degp(s) —degq(s).
Definition 2.3.8.
e We define the degree of rational vector f(s) = (f1(s),f2(s),.... fn(s)) " € R(s)™ by
deg f(5) — max {deg fi(s)}.
1<i<m
e Given H(s) = [Hi(s) --- Hpy(s)] with Hi(s) € R(s)™, we denote the degree of i-th
column rational vector H;(s) of H(s) by deg H;(s).
Remark 2.3.9. Refer to the Remark 29 and Remarks 736, in the case of regular system
[E,A,B,C] € ¥, mm having vector relative degree r = (ry,...,ry), it was shown that
lim diag(s™,...,s)G(s) =T € GL,,(R)
S—>o0
<= lim H(s) diag(s™",....s™"") = I '€ GL,(R),
§—yo0
with G(s) = C(sE —A) !B being the transfer function of [E,A,B,C], and H(s) as in (Z33).
This brings to us a new idea by using H (s) instead of transfer function G(s) in Definition

X4 for vector relative degree. We note that being regular of system pencil sE — A is not
requirement in using H (s).

Now we consider [E,A,B,C| € X, is not regular. According to Remarks I3 8, there
are two assumptions imposed on system [E,A, B,C] to ensure the existence of H ().

(a) [E,A,B,C] has autonomous zero dynamics.
(b) [E,A,B,C] is right invertible.

Definition 2.3.10. Let [E,A,B,C] € ¥, , be right invertible and has autonomous zero dy-
namics. H(s) is determined as in (Z33). Set r; = max{degH;(s),0},
q:=#{ri>0,i=1,...,p},and
[':= lim H(s) diag(s™",...,s7"7) € R™. (2.3.5)
§—yo0
We say that r = (rq,...,r,) € N'*P is a generalized vector relative degree of [E,A,B,C], if

ranqu = ¢ for fq € R™*4 which is obtained from I by deleting all the columns respective
tor; =0.

Remarks 2.3.11.

(i) Refer to Proposition 33, H(s) is unique. Therefore, [ in C33) is unique which
implies generalized vector relative degree of [E,A,B,C] being well defined.

2In [8, Sec.2.4], the definition is given for polynomial matrix but the same for rational matrix.
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(i) If [E LA, B, C] has a generalized vector relative degree, then the generalized vector rel-
ative degree is unique. This property is obtained by the uniqueness determining of
r; = max{deg H;(s),0}.

(iii) Generalized vector relative degree of a system does not necessarily exist. For instance,
we consider an example with

1 000 -1 0 0 O 00

0110 0 1 -1 0 1 0 01 00
E= 0110 A= o 1 2 O  B= 01 ’C_{O 0 1 0}

0 00O 0 0 0 1 0 0

For this system, we have

Moreover,

. 11 - 11
— 1 : R -
F—SlggH(s)dlag(s ) = [1 J, andI'y = [1 J .
Since rank I’ ¢ =1 <2, which is the number of positive column degree of H (s). Hence,
generalized vector relative degree of this system does not exist.

@v) If [E ,A,B,C ] € XZpnmm» and SE — A is regular with proper inverse transfer function then
[E,A,B,C] has generalized vector relative degree (0,...,0). Indeed, if [E,A,B,C] €
Ynmm With proper inverse transfer function then the inversion G~!(s) of its transfer
function G(s) = C(sE — A) "' B exists. Therefore, we have

—(sE—A)"'BG(s)C(sE—A) "1+ (sE—A)~! (sE—A)"'BG7!(s)
~G!(s5)C(sE —A)~! ~G7(s)
SE—A -B]
Hence, [SE_CA OB} € R(s)#tmx(r+m) is invertible. Denote L(s) is the unique
—B

inverse of SE—4
—C 0

] . We have

[In (sE—A)lB] SE—A —B} [In (sE—A)lB}

= L(s) [ —Cc 0

0 Ly 0 Iy
sE—A 0
=L(s) [ —C —C(sE—A)IB} '
This implies
H(s)=—1[0 1,|L(s) [ﬂ =G '(s)
We obtain,

[ = lim H(s) diag(s,...,s°) € R™™,
S—ro0
since H(s) = G~ !(s) is proper. Moreover, this system satisfies condition rank fq =gq
because ¢ = 0. Hence, [E,A,B,C] € ¥, mm With proper inverse transfer function has
generalized vector relative degree (0, ...,0).
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(v) In regular case, it is obvious that if [E ,A,B,C] has a vector relative degree in con-

ventional way r = (ri,...,r,), then it also has generalized vector relative degree.
For more detail, if r = (r,...,r,) is vector relative degree of [E,A,B,C], then 7 =
(171, e, fp), where 7; = max{r;,0} fori =1,..., p, is generalized vector relative degree

of [E,A,B,C]. However, the existence of having generalized vector relative degree of
a system does not imply the existence of having vector relative degree. To verify this,
we consider the following example with

1 0 0 0 O -1 1 =2 0 0
0O 1 010 35 0 00
E={0 -1 0 0 0];A=]0 O O OO
0O 0 0 0 1 0O 0 0 1 0
0O 1 0 0O 0O 0 0 0 1
00
1 0
01 0 0O
B=10 1 ;C:[ ]
0 0 001 0O
0 0
Then i
1 0 s
G(s)=C(sE~A)" B= s+1 s4+s3+s5—4s—8
6 6s
We have

0 -1
r:= le diag(s,s ) G(s) = [O 1 ] ,and rankI' =1 < 2.
6

This implies that the system does not have vector relative degree in the sense of Defi-
nition ZZ2Z-8. On the other hand, we also have

S +s—5— 3 6
H(s) = s+1 s+1
-5 0

And we learn from that

A 1 0 A 1
R T . -3 o -
I:= SlggH(s) diag(s™,1) = [O 0} ,and 'y = [O} )
Therefore, using the Definition 7310, this system have generalized vector relative

degree r = (3,0) since rank T’ ¢ = 1 which is equal to the number of positive column
degree of H(s).

(vi) In [2], Berger consider linear differential-algebraic system [E,A,B,C] € ¥, n.m Which

satisfy following properties

- [E,A,B,C] has autonomous zero dynamics,
- [E,A,B,C] is right-invertible,
— the matrix
I=—lims ' [0 Z,]L(s) [0] e R™™

§—yoo
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exists and satisfies T = I'" > 0, where L(s) € R(s)**)*(4+m) js a left inverse

of sE—-A —B
—C 0|

This type of system class can be viewed as a unified framework for two different cases:
proper inverse transfer function and positive strict relative degree one. However, it is
more general since sE — A is not required regular. This type system class also does
not serve as a subclass of linear differential-algebraic systems with generalized vector
raltive degree since I is reqired semi positive definite and symmetry. Let us clarify
this by reconsidering the example introduced in (iii) of this remark. This system was
shown that it has not generalized vector relative degree. However,

r=—tms" 0wl [)] =1 1]

§—ro0

which satisfiesT =T > 0.
On the other hand, another example with

1000 10 0 O 00
0120 0 1 —-10 10 0100

E=lo1 10" 0o 1 2 0’3_01’C_[00 o}’
0000 00 0 1 00

this system has
o ls—=1 2s+1
H(s) = L—l s—Z}

It is easy to see that

A 1 2 A 1 2
o . 1 1
I'= ShrgH(s) diag(s™',s7 ) = [1 1] ,andl', = [1 1] .

Hence, this system has generalized vector relative degree (1,1) since ranqu =2
which is the number of positive column degree of H (s). However, the matrix

I'=—lims ' [0 I,]L(s) [I?n] = [i ﬂ

S—00
is not symmetric. It means that this system does not belong to system class introduced
in [[]. We conclude that although there are some common elements, the set of systems

which have generalized relative degree (ry,...,ry), r; € {0,1} is really different from
the set of systems which is considered in [[Z].

Definition 2.3.12. If [E,A,B,C] has generalized vector relative degree r = (ry,...,r,) €
]N(I)Xp satisfying r; > --- > rp, then r = (rl,...,rp) is called ordered generalized vector
relative degree.

Lemma 2.3.13. If [E,A, B,C| has generalized vector relative degree r = (r1,...,r,) € IN(I)XP.
Then there exists a permutation matrix P € RP*P such that the system [E ,A,B,PC] has or-
dered generalized vector relative degree rP = (Fl,...,i‘p), (ie ¥ > --- > 7). Moreover, we

have iy > > - 27, >0=---=0, andﬁ]:%[l(ﬂ.
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Proof. Leto :{1,...,p} — {l,...,p} be a permutation such that To(1) =+ > T'g(p)- More-
over, set

e
(p)
P:=| 1 | €GL,(R),
o(p)
“(r)
withe/ :=(0,...,0,1,0,...,0).
(p) —— N —
Jj—1 p—j
Then P" = P~' and Hp(s) = H(s)P' where Hp(s) = — [0 I,,| Lp(s) [IO] and Lp(s) is left
p

—A -B

. .S
inverse of matrix { _PC 0

] . This implies that

Hp(s)diag(s~"e0),...,s @) = H(s)diag(s™",...,s 7?)P".

And therefore, [E,A, B, PC] has generalized vector relative degree rP = (rg(y),. .-, 7(p)) With
Fo(1) 2" 2 To(p): =
Remark 2.3.14. If [E ,A,B,C ] has an ordered generalized vector relative degree

r= (rl,...,rq,Om ,0) € lN(l)Xp, ry > - >rq > 0. Apply the inversion form in Theorem
to [E,A,B,C] , we get the following

= lim H (s)diag(s™",...,s7 "4, 1,...,1)

s—o0

= lim[(SEzz —Azz) —A21(SI—Q>71A12 —S2E23(SN—I,,3)71E32]diag(sirl,.. LS, 1)

§—ro0

v—1
= li_>m [SEZZ —Ax»n+ Z Sk+2E23NkE32] diag(s_r‘ o8 a1, 1).
S—>00 k:O

Proposition 2.3.15. The generalized vector relative degree is invariant under static output
feedback.

Proof. Without lost of generality, we suppose that [E,A, B,C] has odered generalized vector
relative degree r = (r,...,75,0---,0) € Ny*”, r; > -+ > r, > 0. Consider a static output
feedback u(t) = Ky(r) + v(¢) with K € R™*?. Apply this feedback to system (ZZIT), we
have

Ex(1) = (A+BKC)x(1) +Bv(t),
y(r) = Cx(1).

We note that

[sE—(A+BKC) —B] _ [sE_—CA —OB] [—?éc I(,)J

sE—(A+BKC) —B SE—A —B} ntm

—C 0 —C 0 )
In conjunction with Proposition T4, we conclude that [E A+ BKC,B,C] € Xy m,p has
autonomous zero dynamics, and is right invertible if [E,A,B,C] € ¥, , has autonomous

Hence, rankp ) [ } = n+m since rankp ) [

zero dynamics, and is right invertible. Denote L(s), L (s) € R(s)"+")*(+7) are left inverses
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sE—A —-B sE—A—BKC -B
of and

—_C 0 _C 0 },respectlvely. Then

Lels) = | e 1] L0

Using the notation from Proposition 735, we have

()=~ [0 1] Lets) [}

— [0 1] [_?éc Iﬂ Lls) [10 ]

= —[-KC I L(s) [I(j ”

Therefore,

lim Hk (s) diag(s™",...,s ", 1,...,1) = lim (H(s) + K) diag(s™",...,s ", 1,...,1).

s—yo0 s—yo0

Denote ['x = lim Hg(s)diag(s™",...,s ", 1,...,1), then we can show that T K’)’} = f’q.
§—ro0

This implies rank ['g [lq] = ranqu = g. In conclusion, [E,A + BKC,B,C| has also gener-

0
alized vector relative degree r = (rl, constg, 0. ,O). In the other words, generalized vector
relative degree is invariant under static output feedback. O

2.3.3 Normal form

In this subsection, our goal is to contribute a novel normal form for general linear differential-
algebraic systems with generalized vector relative degree of the form (ZZT1l). Without lost
of generality, we suppose that [E,A, B,C] has odered generalized vector relative degree r =
(ris...,rg,0---,0) € ]N(I)Xp, ri > -+ >ry > 0. Refer to Remark 314, we have

['=lim H(s)diag(s™",...,s "0, 1,...,1)

s—ro0

v—1
= lim [SEQZ —Ap+ Z Sk+2E23NkE32] diag(sirl s a1, 1)
S—>o0 frt
Iy fu] x
=|a ~ | €R™P
I:FZI I
where ['1; € R9%4, [, € R7*(P=4) T, € Rin-a)>4 [, € ROm—a)x(p—a), According to the
definition of generalized vector relative degree, we note that

A

rank [fm] = g, since rankI’ [O =gq.
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We suppose that ry >y > - >r,>1=---=r,;>0. For j=1,...,p, denote ES(é) Eéé)
and Agjz) are the j-th column of E3;, Eyp, and —A»), respecttively. Then
|:I:—‘11 1:?12:| = lim [SE22 —Axp+ Vi’l Sk+2E23NkE32] diag(s_” s T 1 1)

1—'21 r22 S—ro0 =0 > ’ L] B

[ el B e A ],

Therefore,

A r

Fq = [f;:| = |:E23Nr1—2E3(;) E23N”’_2E§]21) EZ(SZ-H) Ez(;i) c R™¥4, (2.3.6)

Since [E ,A,B,C ] has generalized vector relative degree, fq is full column rank. Hence, there
exist ¢ rows of matrix fq being linearly independent. For that reason, we can change the
rows of the matrix rank fq such that '}, € GL,(IR). This action is obtained by changing the
rows of the matrices Ay1,A»,Ex, Ey3. By renumbered the input channels, the structure of
the inversion form of system [E ,A,B,C] is still preserved the same as in (Z3). Therefore,
without loss of generality, I'1; € IR7*4 is supposed to be invertible. Consequently, we further
construct a matrix

= [r“ 0 ] e R™™, (2.3.7)

1—‘21 Iqu

where '] = ffll € GL,(R), Ty = —fglfl_ll € R(m=4)*4_ Therefore,

I, = [g] :

On the other hand, using the notation from Theorem 22373, for any

(x.1,y) € Bpagc N (#e (R—RY) x #: (R—R™) x #0(R = RP),

loc loc

and Tx = (n ",y ,x3) " € #LH R — REHPH™)(Tx,u,y) solves

loc
n(t) =0n(t) +Any(t)

v—1
0=— Y ExNEny ™2 (1) — Exy(t) + Any(t) +Aan (t) +u(r)

L (23.8)
X3 (l‘) = Z NiEgzy(i+1) (l‘)
i=0
0=0.

Multiply both side of the second equation in (ZZ3-8) with non-singular matrix I' in (Z2372), we

obtain
v—1

0=— Y TE;N'Espy*2) —TEpy+TAyny+TAyn +Tu. (2.3.9)
i=0
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Apply (Z36)-(239), we obtain

r r - ri—1
1 0 - 0 0 - O )’EI; Ri, 0 0 0 0 )’El_]i
0 0 - 00 --- 0] Ri, 0 - 00 o [ »'
0=|0 0 0 0 of [y [+ |RT, © 00 of |yt | 4.4
0 0 0 0 o |, R o 0 0 ol | =D
yq+] L yq+1
L 0 0 00 0_ yl(;’l) _ern,rl 0 00 0_ y;)n*l)
R! 0 00 ol M\ TR R 0 0 o]
bt AT I b1
Ry, —1 00 Of [ Ri,, R, 00 0] [
| A L A R
q 7 q q r—1
R, 0 00 0 y,(]i)l RY, RY, 0 0 0 y§i1>
_Rlln,errl 0 00 0_ yl(;rZ) _ernrz R’;,rz 0 0 O_ \ygrz;l)
_R{,z Rll,,z 0 - 0] Y1 _R%,l Rtlj,l R(11+1,1 R;,l | 1
+ R?jrzl RZfl 0 0 Ya + Ril%ll RZJ}ll RZE’I RZJ’rll Ya
Ril,z e RZ,z 0 0| [ Yg+1 R?,l o RZ,] RZ+1,1 o RZ,I Yg+1
Ry -+ RJ, 0 o O \Vp RTy - RY R, Ry )\ p
Ty, 0 Ty 0
+ Aorixy + u
_r21 Imq:| S |:r2l Iqu

As a consequence, the second equation of (Z38) can be written as follow

q T B 4 . _
W0 =Y YR 0+ ¥ R+ Tidan() + Tu(t) i=1,....q
j=1h=1 j=q+1

S

0

d i h—1 e i ;
Y RO+ Y Riyyi(6) + Tidun () + Tu(t) i=g+1,...m
1h=1 j=gq+1

J
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where I'; is i-th row of matrix I' € R"™*™ from (Z2371), R;h € IR. Then the system (Z38) can
be transformed to

' (f) =0on()+ A12y< )

/
ZZ hy] 1)+ Z Riyyi(t) +TiAym (1) + Tiu(r), i=1,....q,
j=lh=1 Jj=q+1
q T
:ZZ 1)+ Z Rﬂ)’] )+ TiAyn(t) +Tu(t), i=q+1,....m
J=lh= Jj=q+1

<
‘__

N E32y(l+1) ( )

X3 (l)

I
o

We conclude this subsection by a theorem.

Theorem 2.3.16. Suppose [E,A,B,C| € L, has generalized vector relative degree r =
(rl,...,rq,O,...,O) € N(I)Xp, ri >0 foralli=1,...,q. If v denotes the nilpotent index of
matrix N in inversion form (Z32), then a trajectory satisfies

(5,2.5) € Bz ane) N (H (R =R < #L R = R™) < #0H(R - R™) )
if and only if there exist T € GL, (IR) such that Tx = (N, y1,. .0, YgsYgt1s--sVpsX3 )| €
W IR =R #H R =R x - x # (RS R) x # (R—R) - x #% (R —

loc loc loc loc loc
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R) x # (R — R™) fulfills

loc

(1) = on() +Any@),

Lo opt (1) .
Y YRy, ")+ X Ryy(t)
ysrl)(t) j=1h=1 j=q+1
q T _ P
Wi | | R0+ X R
. = | j=1h=1 Jj=q+1 +[F110]A21n(t)
(”t}‘) . :
yg ! (1) g T _ p
q jglhglR?hyﬁh 1)(t)+j:§+1R31yj(t)
uy (1)
ur(t)
+[I'11 0] : ,
U (1)
rj _ p 2.3.10
E LR 0% 0 -
q T _ 4
Y LR+ L R 0)
0= | Jj=lh=1 j=q+1 + [T21 Ln—g]A2in (2)
& om (A1) -
J);'l ;E1R’hyj 1)+ j:)q:ﬂRﬂyj(t)

ui (t)
175 (l‘
+ [FZI Im—q] : )

(1)

~—

where I'11,T2) from (E370), Q,A12,A21,N, Ex from (E32), 7; = max{r;, v}, i=1,...,q.
Remarks 2.3.17.

(i) We also note that

0 Rzlz+1,1 R;;,l
Ap=[Tu 0]Ax [l ] = e R9*(P=4)
pP—q
RZ—H,] qu,l
Rlﬁ”l Rq+l (2311)
0 gr11 T By
1422 = [r21 Iqu] Ao |:I ] = c ]R(m*CI)X(P*Q)
pP—q
Ry - Ry,

(i) We want to show the relation between the matrix I'y; from (Z377) and high-gain matrix
in the case of regular system. Consider a regular system [E,A,B,C| € ¥, u.» having

vector relative degree r = (ry,...,ry). Without of loss generality, suppose that r; >
.-+ > 1. The transfer function is G(s) = C(sE —A) !B, and the high-gain matrix of
[E,A,B,C] is

GLy(R) > T = lim diag(s".....s™)G(s).
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(iii)

@iv)

Arcoording to Remark 2279, we have H(s) = G~!(s), and

lim H (s) diag(s™"1,...,s ) =T

§—ro0

On the other hand, from Remarks Z3T1(v), [E,A, B,C] has generalized vector relative
degree (r1,...,r4,0...,0) with r; > --- > r, >0, and

lim H(s)diag(s™",...,s "0, 1,...,1) = e R™"™,

s§—ro0
R VAR A RN ST mxq
F[o_ro_fﬂeR'

In conjunction with T'j; = '[! € GL,(RR) from (Z37), we conclude that

Therefore,

I =1, o]rm.

We would like to stress that in high-gain adaptive control, it is usualy to assume that
high-gain matrix I" being positive (negative) definite. Hence, in the case of linear
differential-algebraic systems, we can suppose ['j; being positive (negative) definite
instead of using high-gain matrix I.

sE—-A —B
—C 0
in defining the generalized vector relative degree. This approach is really efficient in
finding out a nice normal form (Z310) for general linear differential-algebraic sys-
tem. Based on this normal form, we conclude that only ¢ first components of inputs

impacting on g first outputs via differential part of the systems.

By using left inverse of matrix , we avoid to use the transfer function

Consider regular system [E ,A,B, C] € X nmm With genneralized vector relative de-
gree. If E = I, then ¢ = m, and the third equation in normal form (Z310) vanishes.
Moreover, we denote n3 =n—m— [ = |r| —m, and set

x3 = (yl,..-,ygrlil),---a)}z1z,---aYr(JM7l)>T E ]RnS,
[0 0 - 0 0]
1 0 --- 00
N = diag(Ny,...,N,) € R™*™ with N; = e RUi=Dx (1),
0 O 0
0 0 - 1 0
1
0
E32 = diag(E32(1), .. .,E32(m)) ~ Rn3xm W]th E32(i) = . c R(rifl)XI‘
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We note that N is a nilpotent matrix with index of nilpotency v = max (r; — 1). Now,

1<i<m
we obtain
() = Qn(t)+A12y( ):
m Rl ( ) t
(r1) jzlhzl ]hyj ()
y% )(t) (h— 1)() ul(t)
o) 2 ZR ; u (t
¥s .() — | =1h= " ] +TAyn(t) +T 2:() ’
(rm‘) : um(t)
Ym (t)
]g hle hyjh 1)(1)
sl .
x3(1) = Y N'Esoyl™ (1),
i=0

This form is consistent with the normal form of linear differential systems which was
introduced by Mueller in [6Y] and also recalled in Corollary ZZZT0. On the other
hand, if [E,A,B,C| € ¥, mm With proper inverse transfer function, then [E,A,B,C]
has generalized vector relative degree (0,...,0), according to Remark IZ3T1. This
implies the second equation in in (Z3710) will be disappeared, and g = 0.

(1) = On (1) +Any(1),

Y Rl (0)
7 , u (1)
Y Ryyi(t) ua(t)
0=|/=! +Aun(t)+ : ,
U (1)
Z ley]( )
v—1
)C3(t) = Z NiE32y(i+1)(t).
i=0

We rewrite this system in the short form

n(t) = On(t) +Any(1),
0=Any(t) +Ann(r) +u(t),

v—1 )
= Z NIE32y(l+])(t).

i=0

This form is precisely the normal form of system with proper inverse transfer function
presented in Proposition IZ2ZT3 which was cited from [I0]. In conclusion, the nor-
mal form obtained in (Z310) is generalized, and consistent with results which was
proposed in [6Y, 10].
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Chapter 3

Funnel control for systems with
known strict relative degree

In this chapter, we study funnel control for nonlinear multi-input, multi-output systems hav-
ing strict relative degree r and input-to-state stable internal dynamics. We propose a new
simple funnel controller which require the involvement of the first » — 1 derivatives of the
output error. We further discus the feasible of this controller and the influence of the con-
troller parameters. We finally show the application of our controller to some mechanical
systems by simulation, and compare our result with some other approaches.

3.1 System class

We consider a class of non-linear systems described by functional differential equations of
the form

YOe) = F(d(@). T (335" (@)) +T(d (). T 3030y (@) ur), G
Mionoy =y° € €7 ([~h.0] = R"),

where & > 0 is the "memory" of the system, r € N is the strict relative degree, and

(P1): the measurable "disturbance" satisfies d € £*(R>¢ — R”), p € N;

(P2): fe€(R? xR?—R™), g€ N,

(P3): the "high-frequency gain matrix function" T' € ¢ (IR? x R? — IR"™*™) takes values in
the set of positive (negative) definite matrices?;

(P4): T:%([—h,00) = R™) = L=

o (R>0 — R?) is an operator with the following proper-
ties:

a) T maps bounded trajectories to bounded trajectories , i.e, for all ¢; > 0, there
exists ¢ > 0 such that for all § € € ([—h,o0) — R™),

sup [[E(0) <er= sup [T(2) (1) < ex.

t€[—h,eo) 1€[0,00)

b) T iscausal ,i.e, forallz >0andall {,& € €([—h,0) = R™),

a.a.

Clinn = Sli—nny = T(Oljos) = T(E) o)

where "a.a." stands for "almost all".

'One may wonder why T is not assumed to be uniformly bounded away from zero. The reason is that in the
closed-loop system this is established anyway due to the boundedness of the involved signals.
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c¢) T is locally Lipschitz continuous in the following sense: for all + > 0 there exist
7,8,¢ > 0 such that for all {,A{ € € ([—h,0) — R™) with AL|[_,) =0 and
HAC’[z,H—r]Hw < & we have

< CHA§|[1J+T]H°°'

oo

|(r+a0)-10)

[r.141]

Some cases of systems with the form (BTl) have been studied in, for instance, [34, 50, 48,
46]. Based on these studies, the class of systems (B-I_1]) contains linear and nonlinear systems
which have strict relative degree and input-to-state stable internal dynamics (zero dynamics
in the linear case). The operator T and its properties help us to open wide considered sys-
tems to infinite-dimensional linear systems, systems with hysteretic effects, nonlinear delay
elements, or any combination of them. We note that the operator T usually present to the so-
lution operator of the differential equation which depicts the internal dynamics of the system
and property (P4a) describes the input-to-state stability of the internal dynamics.

Remark 3.1.1. One important class of linear differential-algebraic systems that relates to
systems class (B-I1l) are regular systems with positive strict relative degree r and asymptot-
ically stable zero dynamics which was introduced in [9], and also mentioned in Subsection
23
Ex(t) = Ax(t) + Bu(t), x(0) =x" € R"
y(t) = Cx(1),

where E,A € R™", B€ R¥™, C € R™" and T = lims"C(sE — A) !B € R™™ is positive

§—ro0
(negative) definite. Similar to (ZZ29), systems of this type can be transformed into normal

form, also see [9],

(3.1.2)

Y6 = Y Ry () + Sn(0) + Tus). (0) = ¢,
M(t) =;yl(t)+Qn(t), n(0) =n" e R¥,
5 () =~ ¥ Nl ),
xe(1) =0, -

where n.,n; € No, 4 =n—n.—nz—rm, R; e R " fori=1,2,...,r,S € R™* P c R*¥*™,
B. € R"*™, N, € R">*" is nilpotent with index v, and rank [N, Bc| =n.. Q € RF*H is
a Hurwitz matrix, i.e., all eigenvalues of Q have negative real part. We begin with two first
equations in above normal form

YO (e) = YRy (0) 4 50(0) +Tu(r). y(0) =
n(t) =Py(t) +0n(t), n(0) =n° e R*

This subsystem belongs to type (BI1)) with I' = lim s"C(sE —A) !B and
s—yo00

F@@).T (3 (@) = T D) (0)

t
= ZR,‘y(‘.fl)(t) + Se9'n° +/SeQ(’*T)Py(T)d’E.
i=1 5
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T is clearly causal, locally Lipschitz, and the Hurwitz property of Q implies that 7" has the
bounded-input-bounded-output property (P4a). Note that 7 is parameterized by n° € R,
Although, system (BT2) is not apart of system class (B-I1l), we still shown in the following
sections that a feasible funnel controller of system class (B-Tl) also applied to system of the
form (BZT2). And we also note that for the third equation

v—1
x(t)y ==Y, N'Bu) (1),
i=0

the input function u(z) is required smooth enough, u € #,*" "' (R — R™). This implies the

loc
required smoothness of input function when we apply funnel controller for linear differential-

algebraic system with positive strict relative degree (B-12).
In [I3], we also indicate that minimum-phase linear time-invariant systems is a subclass of
systems (BT). Finally, we want to emphasize that systems with equation

YW0) = f(di(0) T3 3 (0) +T(da (1), T (353 ) (1) ule),

where d; is as in (P1) and T; is as in (P4) for i = 1,2 are included in the class (B&I1). This
can be achieved by setting d := (dy,d,), T := (T}, T>) and a suitable adjustment of f and T

3.2 Funnel controller with derivative feedback

For systems of type (B-I1l), we propose the following funnel controller:

(

)
=)
—
~
~—
|
)

t) = t)_yref(t
e1(t) = éo(r) + ko(t) - eo(2),
erft) = ea(t) + k@) el),

ei(t) = balt) + kealt) - eralt).

(3.2.1)
1
ki(t) = , i=0,...,r—1,
’ L= @2 (t)[lei(1) ]I
0 —ky—1(t) - e,—1(r), if T is pointwise positive definite,
u =
kr—1(t) - e,—1(¢), if T is pointwise negative definite,
where the reference signal and funnel functions have the following properties:
yref c W}",OO(IRZO — lRm),
(3.2.2)
Q@eED, oD _q,..., o1 €Dy

At the beginning, we need to solve a basic question about the existence of solutions of the
initial value problem which is obtained by apply funnel controller (B2271) to a system (B-1TI).
Some care must be exercised with the existence of a solution since k; introduces a pole on
the right hand side of the closed-loop differential equation. We like to stress that a solution
of closed-loop system (EIT), (B2Z1) on [—h,®) is a function y € "~ ([~h,®) — R™),
o € (0,00], with y|[—h,0] =0 such that y("—) ’[O,w) is absolutely continuous and satisfies the
differential equation in (BT1) with u defined in (BZZ) for almost all 7 € [0, ®). A solution 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 [2R] for instance.
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Remark 3.2.1 (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 (B221) reduces to the "classical" funnel controller

T 1= @2(1)le(n)]?

Moreover, our assumptions on the reference signal and the funnel function ¢ reduce to
those made in [4X].

r = 2: We obtain the controller

u(t) = —k (1) (E00) + ko (1)e(0)),
1
o) = TR OO
1

L—f (1) lle(t) +ko(r)e(r) ][>
r = 3: Here the controller (B3221) takes the form

u(r) = —ka(1) - [&(r) +2ko (1) (95 (1)e " (1)e(r) + @o (1) gu (1) (1) e (1)
+ko(1)e(t) + k(1) (e(r) +ko(t)e(r))]
1

k](l) =

1@ (O)]e() ]
1
T 1= 2(1)[|e(t) + ko(t)e()|2
1

T 1= @2(0)[|e(t) + 2ko ()2 (@2 ()€ (1)e(t) + @0 (1) o (1) [e(t)P)e(r)
ko (1)é(r) + ki () (e(t) + ko(1)e()) ]2

Remark 3.2.2 (The intuition behind the funnel controller (B32271)). We like to repeat the
underlying of "classical" funnel controller for systems with relative degree one and input-to-
state stable internal dynamics in [4R]. It is based on an idea that if the error e(¢) approaches
the funnel boundary, then the gain function k(7) takes a large value. This property incorporate
with high-gain property imposed to system class, keeps e(7) bounded away from the funnel
boundary.

From this basic idea, we describe the working of the controller (B=21]) through an example
of single-input, single-output system which is depicted in Figure B1l. We suppose that the
error e = eg approaches the upper funnel boundary ¢ (¢)~! at time #p > 0. Then ko(#), and
consequently ko(f) - e(tp) are very large. Since e; = é+ ko - e evolves in the performance
funnel .%,, we may infer that é(19) = ey (to) —ko(o) - e(o) takes a large negative value. It
means that e will be decreased extremely. That is, whenever the error e approaches the funnel
boundary ¢o(¢) !, the controller ensures a repelling effect.

This argumentation can be repeated for the functions ey, ...,e,_,. Finally, since e,_; includes
the first » — 1 derivatives of e, the system with artificial output e,_; has relative degree one,
and the classical high gain property applies to e,_;.

We now show feasibility of the funnel controller (B=2TI).
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e(t0)@o(to) ~ 1 = ko(to) > 1

10,€1 (to))e%pl

é(lo) =e] (l‘()) —k()(lo)e(lo) <0

FIGURE 3.1: Error in the performance funnel .7,

Theorem 3.2.3. Consider a system (B-Il) with strict relative degree r € IN and proper-
ties (P1)-(P4). For ®; as defined in (L), given ¢; € ©,_;, i =0,...,r — 1. Let yret €
W7 (Rxo — R™) be a reference signal, and y|[_j o = Y° € €" ' ([—~h,0] — R™) an initial
value such that ey, . ..,e,_1 as defined in (B2Z1)) fulfill

¢;(0)]le;(0)|| <1 fori=0,....,r—1. (3.2.3)

Then the application of the funnel controller (B21) to (B11)) yields an initial value problem,
which has a solution, and every maximal solution y : [—h,®) — R™, ® € (0,0, has the
following properties®:

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

(ii) The input u: R>o — R™, the gain functions ko, ...,k.—1 : R>o = Randy,... ,y(’_l) :
R>¢ — R™ are bounded.

(iii) The functions e, ...,e,—1 : R>0 — R"™ evolve in their respective performance funnels
and are uniformly bounded away from the funnel boundaries in the following sense:

Vi=0,...,r—13&>0Y>0:|le;(t)|| < @i(t) ' —&.. (3.2.4)

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

Proof. We may, without loss of generality, assume that the high-frequency gain matrix func-
tion I' of system (BI1l) is pointwisely positive definite. We proceed in several steps.

Step 1: We show that a maximal solution y : [—h,®) — R™, @ € (0,0|, of (BT, (B21)
exists. We aim at reformulating (B111), (B221) as an initial value problem

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

. — (3.2.5)
x|[fh,0] = (yo’yo’--- (%) lyo)‘[—ho]’

where x = (y,7,...,yU"~")) and F is some suitable continuous function.
Step la: Define, fori =0,...,r — 1, the sets

.@iiz { (t,eo,...,ei) G]RZ()XIRmX-“XIRm ’ (t,ej) eﬂ(pj,j:O,...,i },

ZNote that maximal solutions are not unique in general.
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where Q%Pj is as in (ICIR), and the functions K; : 2; — IR™ recursively by

€o
Ky(t, =
olt:0) = T o P
e; 8Kl~_]
Ki(t,e,...,e) = £,€0s- .. €
(e ) = e e ()

izl 8K,~,1 (]
<l‘,€0,...,e',1) €'+1——J .
,;o de; ’ 1= @i (0)e?

Choose some interval I C R>o with 0 € I and let (e, . ..,e,—1) : I — IR be such that, for all
tel, (teo(t),....e,—1(t)) € Zy—1 and (eo,...,e,—) satisfies the relations in (B21). Then
e = ¢ satisfies, on the interval /,

+

) i—1 d i—j—1
el — e — Z <dt> (kjej) foralli=1,...,r—1. (3.2.6)
=0

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

Viel: ,;o (Z)” (ki0)e; () = Ki(teo(0)....ei(0)). (3.2.7)

Equation (BZZ72) is obviously true for i = 0. Assume thati € {1,...,r — 1} and the statement
holds for i — 1. Then

Z <jt>ij (kj(t)ej(t)> :k,’(l‘)ei(l‘)+% (2} <jt>ij1 (kj(t)ej<t))>
— ki()es(r) + %K,-_l (teo(t)...ei (1)
:K,-(t,eo(t),...,e,-(t)).

Step Ic: Define
I%() : ]RZO x R™ — R™, (t,y) — y_))ref(t)

and the set 3
Fo:={ (t.y) ERxoxR" | (1.Ko(t.)) € Zo }.

Furthermore, recursively define for i = 1,...,r — 1 the maps
[Zj . @i_l x R™ — ]Rm,
(.50, -5 i) '—>)’i—)’r(2(f) +Ki-1 (I,Ko(t,yo),-.-,Ki—l(t,yo,-.-,yi—l))

and the sets

92,‘ = { (t,yo,...,y,-) S 92,',1 x R™ | (I,Ko(t,yo),...,I?,-(t,yo,...,y,-)) € 9 }

It now follows from a simple induction, invoking (BZZf) and (B=X2) that, for all € I and all
i=0,...,r—1,

ei(t) =y (1) =y (1) + K1 (teo(t), e 1 (1))
= Ki(1,y(1),3(1),... Y (1)),
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Therefore, the feedback u in (B22-1) reads

—Re 1 (1.3(1),. )7 (0))

R e ] [ RO NI )

rel

Step 1d: Define

F:%, 1 xR —R™,

ot} <yy Flat0y) - DA DR by )

L= @7 (DK (.0, yr-1) |12

Then the initial value problem (B2), (B221)) is equivalent to (323). In particular, (0,x(0)) €
9,_, and F is measurable in ¢, continuous in (y0sY15--->¥r—1,Mm) and locally essentially
bounded. Hence an application of [46, Theorem B. 18 yields existence of solutions to (B223)
and every solution can be extended to a maximal solution. Furthermore, for a maximal solu-
tion x = (y,y, oy U) [—h,0) = R™, @ € (0,], of (BZ3), the closure of the graph of

this solution is not a compact subset of Z,_1. As a consequence, for (eg,...,e,_1): [0,®) —

IR"™ defined by .
ei(t) := Ki(1,y(1),5(1),....y7 (1)), r€0,0),

it follows that the closure of the graph of (e, ...,e,—1) is not a compact subset of Z,_.
Step 2: We show that ko, ...,k,—; as in (B2Z1]) are bounded on [0, ®). For all i € {0,...,r —
1}, set yi(t) := @i(¢)~! for t € (0,®), let 7; € (0,®) be arbitrary but fixed and set A; 1=

inf,c(0,) Wi(t) > 0. Since ¢; is bounded and litminf(pl-( ) > 0 we find that — IV,\[T o) 1
> o0 >

bounded and hence there exists a Lipschitz bound L; > 0 of ;| [£iy00)
Step 2a: We show that k; is bounded for i € {0,...,r —2}. Choose & > 0 small enough so
that

6 <min{ %, inf (i)~ le)])}

1e(0,7;]
A2
and L,-§4—’— sup |yt (1)]. (3.2.8)

i te[T,)

Using a standard procedure in funnel control, see e.g. [41], we show that for all z € (0, @)
holds y;(7) — ||e;(¢)]| > &. By definition of & this holds on (0, 7;]. Seeking a contradiction
suppose that there exists some #;; € [T;, ®) with y;(t;1) — |Je;(fi1) || < & Set

tio =max{t € [t,ta) | yi(t) —[lei(t)]| = & }.
Then, for all 7 € [;,#;], we have that

vi(t) = llei(t) || < &,

o) = vilr) > 7.
_ 1 vilt) _ A
SO = e~ 26 2

3In [26] a domain Z C R>( x R is considered, but the generalization to the higher dimensional case is
straightforward.
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Therefore, we find that by (B21))

L2 I = 0) e 0) ~kere)

= —ki(1)]|ei(t)|* + e (t)eis1 (1)

A2
< (=554 s i) ) o))

i t€[T,0)

EZ3)
< —Lillei(7)]

for all 7 € [tj,1;1]. Then

ti1
1 ., d
lei(an)ll = llexCtio)l| = [ 5 lleie) I e o))
tio

< —Li(ti —to)

< —lyi(tn) — wiltio)|

< (i) — viltio),
and thus we obtain & = y;(;0) — |lei(ti0) || < w;(1i1) — ||ei(ti1) || < &, a contradiction.
Step 2b: We show that k,_; is bounded. By (BZZf) and Step 1 we have, invoking x =
(y,_)}9 ... ’y(ril))’

e (1) = f(d(),T(x)(1)) = kr—1 ()T (d (1), T (x) (1)) -1 (1) |
) +§ <jt) ke,

In the following we will prove by induction that there exist constants M; ;,N; ;,K; ; > 0 such

that, for all 7 € [0, ),
' <jt>j [ki(t)ei(1)]|| < M, H (Z)jei(t) (C;lt)-’ki(t)

fori=0,...,r—2, j=0,...,r— 1 —i. First, we may infer from Step 2a that ko, ..., k,_, are
bounded. Furthermore, ey,...,e,—; are bounded since they evolve in the respective perfor-
mance funnels, cf. (B2Z1). Therefore, (3229) is true whenever j = 0. We prove (B229) for
i=r—2and j=1: We find that

<N, <K;;, (329

ér 2 (t) = €r—1 (t) —kr—> (t)er72 (t),
kr—a (1) = 2k (1) (972 (1)e/ 5 (1)ér2 (1) + @r—2(t) @r—2(1) ley—2 (1) %)

a (k-2 (t)er—2(1)] = k- (t)er—2(t) + k2 (t)ér—2 (1),

dt
and all of these signals are bounded since k,_3, ¢r—2, §r_2,e,_2,e,—1 are bounded. Now let

p€{0,....,r—3} and g € {0,...,r — 1 — p} and assume that (329) is true for all i = p +
1,...,r—2andall j=0,...,r—1—iaswellas fori=pandall j=0,...,g— 1. We show
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that it is true for i = p and j =

-
|
(&) bl =

(Z)q [kp(£)ep(1)] = <j,>q_l (ke (1)ep (1) +p (1)é, (1))

a
L

lep+1(t) —kp(t)e,(t)]

q—1 d

vt (2)" ytore0),

SRR

-1

(22(1) (92(0)eg ()ep (1) + 9p ()95 (1) e (D)I) )

Q

SIS
~— ~— ~—— =

7N

Then, successive application of the product rule and using the induction hypothesis as well as

the fact that @,, @, ..., ,(f_p ) are bounded, yields that the above terms are bounded. There-

fore, the proof of (B229) is complete.
By (B29) and (BZB) it follows that () is bounded on [0, ®) and hence, invoking bounded-

ness of yref, . . . ,yﬁgf_l), also y() is bounded on [0,) forall i =0,...,r — 1. By the bounded-

input, bounded-output property (P4a) of the operator T it follows that 7'(x) is bounded,
where x = (y,y,...,y(rfl)). We denote My := || T(x)|[,0) |- Since f is continuous and d

is bounded, we may further infer that f(d(-), 7T (x)(+)) is bounded on [0, ®), i.e., there exists
Mg > 0 such that

for almost all 7 € [0,@): || f(d(t),T(x)(1))] < M.
Define the compact set
1611 < lldljo,0) |-
M= (8,n,e) eRPxRIxR" | ||n| <My ,
lef = 1.
then, since I is pointwise positive definite and the map
M (8,m,e) e ' T(8,m)e€Ruy
is continuous, it follows that there exists ¥ > 0 such that
V(§,ne)c.: e T(8,n)e>7.

Therefore, we have

er 1 (1) TT(d(0).T(x)(2))er1 (1)

— M ¥ M . »
= (@O T 0) ) e 0]
> ’)/||e,,1<t)“2

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

A .
MémﬁzhmHMJWWHw@

1€(0,7,—
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and
2‘271 () r—2
L §4’ Y—Mp— sup |y ()= Mi,—1_. (3.2.10)
r—1 1€[0,0) i=0

We show that
Vi€ (0,0): W1 (t) = ller—1(t)[| = &-1.

By definition of & _; this holds on (0, 7,_;]. Seeking a contradiction suppose that
Aty €t-1,0) 0 Wi (t—11) = |ler—1(tr—11) || < &1

Define
trmro=max{ €[t 1.t11) | Y1 (t) = lle,1(t) | = &1 },

then, for all # € [t,_ 0,%,—1.1], we have that

V1 (t) = lle—1 ()] < &1,

A
ler—1 ()]l = w1 (1) — &1 2 Tl
k1 (1) ! S W) A

=@ (ODlle—1 (P T 28 T 260

We obtain, for all 7 € [f,_1,t—1.1], that

1d )
EEHerq(t)Hz =e,_1(1)ér—1 (1)
= Ty (£ TE)(0) ~ ke (O (@(0).T () (1)) (1)
r—2 r—1—i
(r) d
U0+ () Woao)
f Eg) dt )
)erfl (") r—2
S\ Mr— g1+ sup e (1) + Y Mirai ) lle—1 (1)
r—1 te(0,) i=0
(Er1m)
< _Lr—IHer—l(t)Ha
and therefore,
11
1 . d 5
ler—1(tr—1.0) Il = ller—1 (tr—1.0) I = / ler1 (@17 ller—1 (1)1 dr
r—10
< —Lo_1(t—1,1 —tr—10)
< _|lllr71(trfl,l) - lI/rfl(l‘r71,0)|
< lI/rfl(l‘rfl,l) - lI/i'71<l‘r’71,0)a

and thus we obtain

&1 =VYr_1(tr-10) = lle—1(tr—10) | < Wrm1(tr—11) — ller—1 (tr—11) || < &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 (eg,e,...,e,—1) is a compact
subset of Z,_1, a contradiction. Hence @ = o which shows (i). Statements (ii) and (iii) are
then immediate consequences of Step 2. O
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Remark 3.2.4. Note that it follows from Theorem BZ23 that the funnel controller (B2
solves the Prescribed Performance Control Problem as formulated for the system class in
[85]. Furthermore, the funnel controller (3221) is of much lower complexity than the con-
troller proposed in [85].

In the following we derive explicit formulas for the & appearing in (3224)) and bounds for
the input u and the derivatives e of the tracking error. We use the notation and assumptions
from Theorem B23. For simplicity we assume that we have "finite" funnel boundaries, i.e.,
¢;(0) >0fori=0,...,r—1.

Foralli€ {0,...,r—1},set y;(t) := @;(¢t) ! forall > 0and A; := tiggl//,-(t) > 0. Since ¢

is bounded and litn_l> inf@;(7) > 0 we find that y; is bounded and hence there exists a Lipschitz
bound L; > 0 of y;. Fori =0,...,r—2 set
A2 A

& = min d ,—, Wi (0) —||e; (0 .
e RO Ol

Then ¢; satisfies (B28) and hence y;(r) — ||e;(¢)|| > € forall >0 and i =0,...,r —2 as
shown in the proof of Theorem B23.
For i = r — 1 we first need to define the following constants in an iterative way. Set
Nio = |||l fori=0,...,r — 1 and
Nio

Kio:==—= Mio:=Nio-Kig
1

fori =0,...,r —2. Therefore, (329) holds for i = 0,...,r — 2 and j = 0 since

i 1 1 _ v;(t)
40 = e @D F @0l = 1= el v - a0

Define, fori =0,...,r—2and j=0,...,r—i—1

Nij = Nit1,j-1+M;j-1,

Li’O::Nfo,
Jj—1 i1
L ::22 <J ; >Ni,l’Ni,jl’
=0
D0 := ||@i]|2,
N (P10 (-1
@=2% (77 )10l o
=0
1
= 3 (®io-Lijjs1+Pi1-Lij+Pij-Liy +Lio- P jt1)
j—1 . J=h s /1
J J—h L ! L1
s (D@ X (7 Mz X ()10 1101 ).
n=1 \'1 L=0 2 L=0 \/2

5 j—1 _]_ 1 L—1 ll -1
Kij =Ky Zij1+ Z I Zij-n—1 Z b Kinv1-Kigy—1-1 | »

=0
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Then cumbersome but straightforward calculations show that the above defined constants
Ni,ja Ki,j’ Mi,j satisfy (B229). Set

i
13_1 ZZO, I?i:: ZMj,i—j fOI’i:O,...,}"—Z.
j=0

Using the notation from the proof of Theorem BZ3 we see that any maximal solution y :
[—h,e0) — R™ of (1), (BZ)) satisfies

YO (1) = ei(t) +yr(g(t) —Ki_i(t.e0(t),....ei1 (1)), 1>0.
Therefore, using (B2277), it follows that
e (6)]| < wilt) +Riy, 10,

and . .
Yoo < 1 Wilew 4 1Y + Ry

fori=0,...,r— 1. Define the compact set
r i—1 o .
%= { L€ G([~hoo) > R | Gl < Wit oo+ I3Vl Rica i = 1ot}
and

My := sup | T(E) |
14374

With this we may set
My = sup{ |[f(8,2)I| | l|zll < M, A 18] < [d]l }-
Furthermore, let the set .# be as in Step 2b of the proof of Theorem B=23 and set

= i (8, > 0.
Y o 1O

Now we are in the position to define

) y-A2 .
&1 = min (r)’l - : ;’Zl,erl(())_Herfl(O)” :
4 (erl +Mp + [ Yyt [l + XiZg Mi,r*iﬁ)
and )
R 1 =
' &1 ’

which is an upper bound for the input u in the closed-loop system as can be concluded

A
from the proof of Theorem B=23. Then &,_ satisfies (B32210) and &_; < "1 and hence
V—1(t) — |le/~1(2)|| > &—; for all + > 0. We may now also extend the definitions of the

N,_
=19 45 a bound for k-—1. We

constants K;g, M;o to i = r— 1; in particular, K,_ :=
summarize our findings in the following result. "~

Proposition 3.2.5. Use the notation and assumptions from Theorem and assume that
©;(0) >0fori=0,...,r— 1. Then the following statements are true for any maximal solution
y:[—h,00) = R™ of (BZ),(BI):

1. (B2234) holds with €,...,&—_ as defined above,
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2.

3.

ki(t) < Kio and ||e (1)|| < @;(t) "'+ Ki_y forallt >0 and all i =0,...,r—1,

[t]co < Upa.

Remark 3.2.6.

®

(i)

Proposition 23 may be exploited for the design of suitable funnel functions ¢y, ..., Q.|
in the presence of control constraints in the following way: If a bound # is given so
that the desired control u(-) (of the form as in (B3221)) must satisfy ||u()|| < 4 for all
t > 0, then, if possible, ¢y, ..., ¢, must be chosen such that upg < &i. Of course, there
is a minimum feasibility requirement on the control depending on the system parame-

ters, i.e., a lower bound for upq. For instance, if » = 1 and we choose @y = y/; 'to be
Yo

constant and assume that ||e(0)]] < 5 then Ly =0,
Az

& = )
Yo .
4max {22, Mp + |1Vl |

Mr = Mr (o) =sup{ 17(8,2)1] ‘ 181 < lldfle- Allzll < sup T (E)]|en }
€ o= Yo+ et

and hence

g _4mon {5 M) 4 W} 401+ )

Upg = —> =
& Y Wo—0 Y

where

1€ 1leo<lyreslles

My = Sup{ 17(8.2)]]

Izl < sup !T(C)HMIWHSHde}-

Obviously, Yo i monotonically increasing in ¥ and Mr(yp) is monotonically non-

increasing in Yy, thus in the choice of yj there is trade-off between these two quanti-
ties.

In recent result, Berger[R] has succesful improved the estimate for the bound of track-
ing errors derivatives in Proposition BZ3. Indeed, refer to [8, Sec.4], y; : R>9 — R
is continuously differentiable and yy; is bounded for i = 0,...,r — 1. Set &{(t) is the
solution of following initial value problems

yi(0) (wi(1) — &(1))

2¢(t) ’ (3.2.11)

&(t) = Wi(t) — Wi (1) +
&(0) = yi(0) — [le;(0)

fori=0,...,r—2. In [R, Sec.4], Berger shows that (B32TT]) has a unique global solu-
tion & : R>p — R satisfying

bl

€imin < & (1) < W;(r) — € max for all 1 > 0,
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with
li::}rzlgllli(t) >0, i=0,...,r—2,
K= [ Wist — Villos i=0,...or—2,
A2
gi’min = mln{m,%(o) — ‘e,(())H} > 0
(A A
& max ‘= mln{ HIIIJ;IH 13517 61(0)‘} <0
1|l
Furthermore,

llei(1)] < wile) — & (1),
1 _ i) (3.2.12)
L=@F(0)e®)]* ~ &)

ki(t) =

fori=0,...,r—2,t>0.
Therefore, the estimate of ||e()(¢)]|| for i = 0,...,r — 2 in Proposition BZ3 can be
improved by time varying function & (¢); and still ensuring that &(-) can be calculated

a priori. For instance, if r > 4, we have a priori estimation of é (t) Now we calculate
é(t) from (BZZT).

é(1) = ex (1) — (ko(r) +ki ())er (1) +ko(r)e(t)
—kol1)? [200(1)90 () ()| + (1) 2e () (e1 (1) — ko(£)e (1)) | e(r).

In conjunction with (B2217), we have a priori estimation of ()

+ | 1 0a(BE e (w0 - ) | () - 100)
+[(fo3)2“( <,>)3 2 (wolo) - e )2](%<f>_so<z>)
#2(2) 01w - a)". G219
forallr > 0.

We note that €; depends only on ;, W41 and ||e;(0)]]. For the typical funnel functions,

it is supposed that tlim y;(t) = A; > 0. Hence, for very large times 7, we may have
—00

vi(t) = Ai, Wir1(t) = Ait1, and y;(7) ~ 0. Using (BZ_Il), we can approximate &(t)

by the solution of differential equation

Xi(Ai—x(1))
((t) = —Ai
o A7
This implies that & () ~ YRR As aresult, we have
i+1 T A

vi(t) 244
Si(l) - A,'

+1.
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Therefore, for very large times 7, and A4 < BA; with B > 0, we can choose pri-
iz

ori a constant 6 > 0 such that Z;,l((;)) <6 fori=0,...,r—2. As a consequence, if
i

functions 6; are given such that ||e(!)(¢)|| < 6;(r) must be satisfied for all # > 0 and

all i =0,...,r— 1, then it always posible to choose vy, ..., y,_1 sufficiently small to

achieve this.

Remark 3.2.7. We recall the linear differential-algebraic system with positive strict relative
degree r € IN mentioned in Remark BT

]
=.
—~
~
~—
I

Ax(t) +Bu(t), x(0)=x"€cR"

where E,A € R"™", B€ R, C € R™" and T = lim s"C(sE —A)_IB € R™ ™ is positive
§—ro0

(negative) definite. We will show that this kind of systems can be applied funnel controller

(B2 with the condiction (B2272) is substituted by

Vref € WH’M(IREO — ]Rm>,
(3.2.14)

(PO S q)ru (Pl € (Dn—h ) (Pr—l € an—r«H-

Proposition 3.2.8. Let [E,A,B,C] € ¥, mm be regular, has positive strict relative degree
r € IN, positive (negative) definite high frequency gain matrix I’ = 11_)n; s'"C(sE —A)~'B, and
asymptotically stable zero dynamics. For funnel functions @;, i =0, s .,r—1, reference signal
Yret as in (B22XT4), and any consistent initial value 10 € R” such that ey, . . .,e,_1 as defined in
BZZ) fulfill

0;(0)]e;(0)]| < 1fori=0,....,r—1.

Then the application of the funnel controller (B221l) to (B12) yields an initial value prob-
lem, which has a solution, and every maximal solution x : [0,0) — R", @ € (0,c0], has the
following properties:

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

(ii) The input u:R>o — R™, the gain functions ko, ..., k,—1 : R>g = R and x : R>9 — R"
are bounded.

(iii) The functions e, ...,e,—1 : R>0 — R"™ evolve in their respective performance funnels
and are uniformly bounded away from the funnel boundaries in the following sense:

Vi=0,...,r—13&>0Vt>0: He,(t)H S(Pi(l)71—85.

In particular, the error e(t) = Cx(t) — yret(t) evolves in the funnel F, as in (CIR)
and stays uniformly away from its boundary.

Proof. Without loss of generality, we may consider [E ,A,B,C ] in the form

Y (6) = Y Ry (6) + S () + Tu). y(0) =,
i=1
(1) = Py(r) +On (), n(0) =n" e R,

v—1
xe(t)=-Y, N'Bu' (1),
i=0
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where Vv is the index of sE — A, n¢,nz € No, 4 = n—n, —nz —rm, R; € R™" for i =
1,2,...,r, S€ R™H P e R B. € R**™ N, € R"™*" is nilpotent with index v, and
rank [Nc Bc} = n.. QO € R*** is a Hurwitz matrix.

Ignoring the last two algebraic equation of that form, the claim in (i), (iii), and the bound-
edness of u, ko,...,k,—1 follow directly from Theorem BZ23. It remains to show that x is
a bounded function. Indeed, we have N, € IR"*" ig nilpotent with index v, then v < n,.
Hence, v+ r < n. Since ¢; € ®,,_;, it is obtained that u(-) at least (v — 1) times continuously
differentiable and all of these derivatives are bounded functions. Moreover,

v—1

x(t)=— Y NBu" (),
i=0

XE([) =0.

Therefore, x. and x; are bounded function. This implies the boundedness of x. ]

3.3 Applications

3.3.1 Mass on car system

We consider an example of a mass-spring system mounted on a car from [K1] to show the
work of (BZZT) in simulation. The mass m;[kg] moves on a ramp which is inclined by the
angle o[rad] and mounted on a car with mass m; [kg], for which it is possible to control the
force u = F[N] acting on it, see Figure B2. The equations of motion for the system are given

by

my+my mpcosa| (i(r) 0 ~ (u(r)

mycosa  my ] (5@)) * (ks(t) vastt) “\ o ) (3:3-1)
where x[m] is the horizontal car position and s[m] the relative position of the mass on the

ramp. The constants k[N /m|, d[Ns/m]| are the coefficients 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 a.

FIGURE 3.2: Mass on car system.

The reference trajectory is yrer(¢) = cost[m]. System (B31) can be reformulated such that it
belongs to the class (BIT), see [8T], with a relative degree r depending on the angle a[rad)|
and the damping d[Ns/m]. We consider two cases.
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Case 1: If 0 < a < 7, see Figure B2, then system (B3) has relative degree r = 2 and

. : . in2 . .
the high-frequency gain matrix reads I' = % > 0; for the simulation, we choose the
1 2 8

parameters m; = 4[kg|,my = 1[kg],k = 2[N/m|,d = 1[Ns/ml], the initial values x(0) = 0,
%(0) =0, s(0) =0, $(0) = 0 and @ = Z. For the controller (B2Z1]) we choose the funnel
functions

() = (5 +0.1)"", @ (r) = (10e7% 4-0.5)7",

and obviously the initial errors lie within the respective funnel boundaries, i.e., (B223) is
satisfied, thus Theorem yields that funnel control is feasible. We compare the controller
(BZX) with the proportional-derivative funnel controller (' TT) proposed in [34], which has
been explained in Subsection 173, and choose the same funnel functions ¢y, ¢; for it. These
functions satisfy the compatibility condition (I'TT2) and hence the controller (I'TTT) may
be applied to (B31) by [34].

1 ' ' —y(t) — gt (¢) from (3.2.1)
-y (t) — Yret(t) from (1.1.11)
..... 1/()00
4 6 8 10

[s]

4

&)

o
T

—u(t) from (3.2.1)
---u(t) from (1.1.11)

2 4 6 8 10
[s]

Fig.B3b: Input functions

FIGURE 3.3: Simulation of the controllers (B221) and (ICT-I) for the mass
T
on car system (B31) with o = 1

The simulation of the controllers (B221) and (ICI—1) applied to (B23l) over the time
interval [O, 10] has been performed in MATLAB (solver: ode45, rel. tol.: 1014, abs. tol.:
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10719) and is depicted in Figure B3. Figure BE3d shows the tracking errors corresponding to
the two different controllers applied to the system, while Figure B3H shows the respective
input functions generated by them. It can be seen that our proposed funnel controller (B21I)
requires less input action than the controller (I'T_TT), both in magnitude and over time. For
instance, in the time interval [3,5.5] there is no input action generated by (B=21I), but several
(large) oscillations generated by (I”T_TT). It seems that the controller (BZ2I) better exploits
the inherent system properties and thus requires less input action than the controller proposed
in [34].

Case 2: If @ = 0 and d # 0, see Figure B4, then system (B31) has relative degree r = 3
and high-frequency gain matrix I' = ﬁ > 0. For the simulation, we choose the parameters
my = 4lkg|,my = 1[kg|,k = 2[N/m],d = 1[Ns/m] and the initial values x(0) = 0, %(0) =0,
s(0) = 0, 5(0) = 0.

o0

FIGURE 3.4: Mass on car system with oo = 0.

For the illustration of the controller (B3221l) we choose the funnel functions

Po(t) = (5 +2)", @i(t) = @a(t) = (ae +b)"
with the three sets of parameter values

Cl: a=14,b=0.05,
C2: a=35,b=0.05,
C3: a=14,b=0.5;

the initial errors lie within the respective funnel boundaries, i.e., conditions (B3-23) are satis-
fied, thus Theorem BZ23 yields that funnel control is feasible.

The simulation of the controller (B221) with the different parameter sets C1-C3 applied
to the relative degree 3 system (BZ3l) with oo = 0 over the time interval [0, 10] has been
performed in MATLAB (solver: ode45, rel. tol.: 1074, abs. tol.: 107!°) and is depicted in
Figure B3. Figure shows the tracking errors corresponding to the different controllers
applied to the system, while Figure B3H shows the respective input functions generated by
them. The difference in the performance of the controllers is discussed in the next subsection.

We did not provide the comparison of the controller (B=21) with the backstepping funnel
controller (CT_IM) proposed in [50] here. A simulation of (I”T_T0) for the system (B3I)
with funnel function @ = ¢y is not feasible due to numerical issues, cf. the explanation in
Subsection [CT3.

Now, we discuss the influence of the design parameters of the funnel controller (BZ2TI).
Of particular interest is the influence of the choice of the funnel functions ¢; in (32211) on the
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17 y(t) - yref(t)’ C1
_________ y(t) — yref(t)7 02
os+ -~ | === y(t) - yref(t)> C3
....... ]-/500
g Or ———r — A
-0.5} A
/-
-1 . . : : :
0 2 4 6 8 10

Fig.BHa: Funnel and tracking errors

Fig.B3b: Input functions

FIGURE 3.5: Simulation of the controllers (B=Z1]) for the mass on car system
(B3) with ¢ = 0 and different sets of funnel functions @y, ¢,.

controller performance, that means the maximal absolute value of the input « and its oscil-
lation 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 (BZ23) for i = 1,...,r— 1. In
principle, based on the explicit formula for uyq derived in Proposition BZ23, a minimization
of this bound over all possible funnel functions could be performed. This is a highly com-
plicated venture left for future research. However, as a rule of thumb, we may conclude that
the performance funnels ., corresponding to ¢; should be chosen as tight as possible, i.e.,
starting as close to ||¢;(0)|| as possible and then decaying to a small value.

In order to illustrate this we consider Case 2 of the mass on car system (B31) and discuss
the resulting controller performance 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
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FIGURE 3.6: Planar rigid revolute joint robotic manipulator.

see in Figure B3R 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 con-
trol actions one may use alternative gain functions in (B221)) as discussed e.g. in [51]. For
instance, using the future distance to the future funnel boundary instead of the vertical dis-
tance to the funnel boundary as in (B3271l) may increase the ability of the controller (B21I)
to avoid large control values. For instance, using the future distance to the future funnel
boundary instead of the vertical distance to the funnel boundary as in (B2Z1) may increase
the ability of the controller (3=21)) to avoid large control values.

3.3.2 Robotic manipulator

We show the application of the funnel controller (B221) for a nonlinear multi-input, multi-
output system by considering an example of a robotic manipulator from [33], see also [5,
p. 77], as depicted Figure B@. The robotic manipulator is planar, rigid, with revolute joints
and has two degrees of freedom. The two joints are actuated by u; [Nm| and up [Nm|. We
assume that the links are massless, have lengths [, [m] and ly[m], resp., and point masses
m [kg] and my[kg| are attached to their ends. The two outputs are the joint angles y; [rad]
and y;[rad] and the equations of motion are given by (see also [R4, pp.259])

M(y(1))3(1) +C(y(2),3(1))3(1) + 8(y(2)) = u(t) (3.32)
with initial value (y(0),y(0)) = (0,0), inertia matrix

M :R? — R*>*?,
m 3 +my(+ 13 +20lhcos(y2)) ma(B3+Lilhcos(yz))

y2) = M(y1,y2) =
(y1,y2) 1.32) my (13 + li1rcos(y2)) mal3
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centrifugal and Coriolis force matrix

C:R?>xR? — R*>*?,

—2myly by sin(y2)vy —mzl1lzsin(y2)vz]

(V1,y2,v1,v2) = C(y1,¥2,v1,v2) i= [ —maly Ly sin(ys)v; 0

and gravity vector
g:R?> - R?,

myly cos(y1) +ma (1 cos(yy) + L cos(yy —|—y2))}

b H b ::
(1.y2) = g(1.y2) g[ ol cos(y) -+ y2)

where g = 9.81[m/s?] is the acceleration of gravity. If we multiply system (B32) with
M(y(¢))~!, which is pointwise positive definite, from the left we see that the resulting system
belongs to the class (BIl) with r = m = 2.

For the simulation, we choose the parameters m; = my = 1[kg|, [ = I, = 1[m] and the
reference trajectories yref,1 (f) = sint[rad] and yrer2 (1) = sin2¢[rad]. For the controller (3221)
we choose the funnel functions

o) = (e 24+0.1)", @ ()= 3e?40.1)""

The initial errors lie within the respective funnel boundaries, i.e., conditions (B223) are sat-
isfied, thus Theorem B3 yields that funnel control is feasible. We compare the controller
(BZZ) with the funnel controller proposed in [33], that is (already fixing the gain scaling
functions)

u(r) = =M(y(t)) (Ko(r)%e(t) + Ko (1) K1 (1)é(1)).

) 1 1 ] (3.3.3)
K;(1) = diag < PN B ) , i=0,1
1= @i(t)le;” ()| 1= @i(t)]ey" (1)]

and we choose the same funnel functions ¢g, ¢ for it. The controller (3373) is a modification
of (ICIT), first introduced in [28] for single-input, single-output systems and tailored to
multi-input,multi-output systems with mass matrix in [B3]. We remark that there is a typo in
the controller formula [B3, (8)], the sign of the input # must be the opposite.

The simulation of the controllers (B221) and (B233) applied to (3372) over the time inter-
val [0,10] has been performed in MATLAB (solver: ode45, rel. tol: 10—, abs. tol: 10_10)
and is depicted in Figure B72 (tracking error components) and Figure B8 (input components).
It can be seen that the funnel controller (B221) outperforms the controller (3373) as it gen-
erates a smaller maximal control action and does not “oscillate” as (333) does e.g. in the
interval [4,6]. Moreover, we stress that the controller (333) requires knowledge of the mass
matrix M(-) of the system (B32) and is specifically constructed for systems with strict rel-
ative degree two. On the other hand, knowledge of M(-) is not necessary for the control
strategy (B2TI).

3.3.3 Comparison with the bang-bang funnel controller

We finally compare the funnel controller (3-XT) with the bang-bang funnel controller ('TT3)
developed in [BU] by using the same academic example also presented in [B0]: a nonlinear
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1r : :
—v1(t) — Yrer 1 (¢) from (3.2.1)
-1 (t) — Yrer 1 (¢) from (3.3.3)
o5~ L 1/¢0

1
—

[s]

Fig. Ba: Funnel and first tracking error components

—Ya(t) — Yret 2(t) from (3.2.1)
- (t) — Yref 2(t) from (3.3.3)

[rad]

[s]

Fig. BTb: Funnel and second tracking error components

FIGURE 3.7: Funnel and tracking errors for the controllers (BZ21) and
(B33) applied to (B32).

single input, single output system with relative degree 4

Y1) = UD*N) +eu(t),

2(r) =z(t)(a—z(1)) (z(2) +b) —ey(2) 634

with initial values . '
20)=0, yD(0)=y%0),i=0,....3,

where we choose the reference signal y.f(t) = 5sinz. For the simulation we choose the
parameters
a=0.09, b=0.05 c=0.008.

For the controller (B2211) we choose the constant funnel functions
o) =1, @ (t)=10, @ () =10, @3(¢)=10.

The funnel ¢ for the tracking error is the same as in [B], but apart from that we have chosen
1. .., @3 so that the corresponding performance funnels are tighter than in [b0]; this is
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200 - . .

—uy(t) from (3.2.1)
-y (t) from (3.3.3)

150

[s]

Fig. BRa: First input components

—us(t) from (3.2.1)
--uy(t) from (3.3.3)

[s]

Fig. B8b: Second input components

FIGURE 3.8: Input functions for the controllers (371) and (333) applied
to (B332).

allowed in our framework, but in [b0] several complicated compatibility assumptions require
the funnel boundaries to be large enough. We also stress that the controller design (B221) is
quite different from the bang-bang funnel controller in [B0].

The simulation of the controller (B221I) applied to (B3-4)) over the time interval [0,10] has
been performed in MATLAB (solver: odel5s, rel. tol: 1074, abs. tol: 107!9), see Figure
B9. It can be seen that the funnel controller (B3211) generates a maximal control action of
approximately 5, while for the bang-bang funnel controller in [60] the value is around 254.
Obviously, the controller (B221) achieves a better performance than the controller proposed
in [B0].
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1.5¢

0.5

-0.5

-1.5 : :
0

Fig. BYa: Funnel and tracking error

Fig. B9b: Input function

FIGURE 3.9: Simulation of the controller (3221 for the system (BE34).
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Chapter 4

Funnel control for systems with
known generalized vector relative
degree

In this chapter, we continue to develop the study of funnel control in Chapter B to non-linear
functional differential-algebraic systems with known generalized vector relative degree r =
(r1,...,rm) and input-to-state stable internal dynamics. We present a simple funnel controller
which require the involvement of the first ; — 1 derivatives of the each element in output
errors. We further discus the feasible of this controller, and its modifications applying to some
related system classes. We finally show the application of our controller to some systems by
simulation.

4.1 System class

We consider a non-linear functional differential-algebraic systems of the form,

yﬁ“im

(1) . .

P = A0 O T 00 (02 )
" (1)

£ (0. (1) ©)) + T (da(0). (1) (1) ) s o).
0= f3(n (0 V0 5 O3 (1), ym(0)) 4.1.1)
+ a3 (1) (T) (1)) + T (da (o), (75) (1) Y1)
+ 15 (ds(0)- (1) (6) ) o).

MNicnoy =" = G103 vm)s
We€ Y ([-n0] =R), i=1,...,p,
We€([-h0] —-R), i=p+1,...m,

We now call r = (rl, s, 0, ,0) S ]N(I)X’", r;>0,i=1,...,ptobe the generalized vector

P
relative degree of the systems. Denote |r| = ¥ ry, us(t) = (ui(t),...,u,(t))7, up(t) =
i=1

(1 (0)e ot (1)),
First of all, we recall the operator class .7, x, which was introduced by [I1], for operator 7.
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Definition 4.1.1. Fort >0, ® € € ([—h,t] = R™), 7> and 6 > 0, define the following set
of extensions of w:

%(w:t,1,5) ::{ve‘f([—h,r]—)]Rm) Wiy = @A Vs € [1,7]: }

lv(s) — ()]l <&

An operator T : €' ([—h,) — R™) — €' (R>o — R¥) is said to be of class .7, if and only
if

(i) T is a causal operator , i.e, for all > 0 and all §,& € € ([—h,~) — R™),

Clicng) = &limnny = T(O)los) = T(E) o)
where "a.a" stands for "almost all".

(i) T is locally Lipschitz continuous in the following sense: Vi > 0, Vo € € ([—h,t] —
R™), 31 >1,36 >0, Icp > 0 Vu,v € ¢(w;t,7,8) such that

max [|(Tu)(s) — (Tv)(s)|| < co max [|u(s) —v(s)[]

s€ft,1] s€(t,7]

(iii) T maps bounded trajectories to bounded trajectories , i.e, V¢ > 0 Jcy > 0, Vv €
€ ([—h,) = R™)

sup [v(1)[ <cr = sup [[(Tv)(1)] < ca.
t€[—h,o) t€[0,00)
(iv) 3z € C(R™ x RE — R¥) 3T : €([~h,0) — R™) — € (R=0 — R) with all above
properties, Vv € € ([—h,e0) — R™) Vt > 0:

LT (1) = 2(v(0), (Tv) (1)),

dt

Definition 4.1.2 (System class X.,,, , x ;). The functional differential-algebraic equation (E1-T)
is said to define a system of class X, , x s if, and only if,

(i) the gain I'; € €' (R* x R — IRP*P) takes values in the set of positive (negative) defi-
nite matrices, I';; € €' (R® x RF — IR(’"‘I’)XP),

(ii) the disturbances dj,d> € £ (R>o— R*), and d3,d4,ds € €' (R>¢ — R*) are bounded.
(i) fi € €Y(RIF"=P 5 RP), f € €' (R x RF = RP), f5 € € (RINFm=r — R"P),

f1 € € (R* x RE - R™P), and f; - L 0 ] is bounded.
m—p

(iv) f5s € €'(R* x R* = R), and Ja > 0,V(d,v) e R* x R*: f5(d,v) > .
V) T € T
In the next subsections, we will derive some class of systems that can be consistent with

system class (E1T)) satisfying definition BE2T.

4.1.1 Systems with positive vector relative degree

One of the most important subclass of X, , «  is a class of non-linear systems described by
functional ordinary differential equations. We note that from Remark 3711, generalized
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vector relative degree and vector relative degree are exactly the same in case of ordinary
differential systems. Moreover, if the vector relative degree of these systems exists, then its
components are positive. Therefore, we consider the class of systems which have positive
vector relative degree r = (rl,rz,...,rm), ri€INand r;, >0foralli =1,...,m. Since the
system does not contain the part which is respective to generalized relative degree r; = 0, we
consider a slightly extended class described as follows

yé”;(f

y r (I - Fon—

. = £ Ty ) (1)

y’(nrm.) . (4.1.2)

+F(d([),T()’1, . '7y§r1_1)" . -,)’m’- . ,yr(rfm_l))(t» M([),
We€  ([-h0] - R), i=1,...,m.

In this case, operator T only need to satisfy properties (i) — (iii) in definition (1), and
property (iv) can be eliminated because of disappearance of algebraic constraint in equa-
tion. Therefore, the set of available operator 7' can be slightly larger, which implies a larger
considered system class.

Remark 4.1.3. We recall the class of linear regular differential-algebraic systems with posi-
tive vector relative degree which were introduced in Subsection 23,

Ex(t) = Ax(t) + Bu(r),
y(t) = Cx(z),

where A,E € R™", B € R™™, C € R™*". Suppose system has vector relative degree r =

m

r| = ¥ r;, and v denotes the index
i=1

of sE —A. We have already known in Subsection that systems of this type can be

transformed into normal form,

(r1,72, s 7m) € NV 7 >0 for all i = 1,2,...,m,

mo (h—1)
(Vl)( ) jgl hgl R}hyj (®)
yp ol m
() Y ¥ R0
¥ B =P g +8Sn(¢) + Tu(t),
(r‘")(t) I
m Lom (=1
R

n(r) = ip,.y,.@ +on(),

v—1
xe(t)=-Y, N'Bu) (1),
i=0

where n¢,n: € No, 4 =n—n, —nz—|r| and R;h e Rwithi,je{l,....m}, he{l,....r;},
SeR™H P eRM, Qe RFH B, € R"*™, N. e R"™*" is nilpotent with index v, and
rank [N, B;| =n.. T = Sli_)n;diag(s”,...,s””)C(sE —A)~!B is the high-gain matrix. We
note that the zero dynamics of these systems are asymptotically stable if, and only if, Q is
Hurwitz. Ignore the third, and fourth equations, we focus on the first and second equations
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of this form

5 ¥ R0

ygrl)(t) e (h—1)
(r2) 2
; Y ¥ Ry V()
& .() _ | S +50(1) +Tu(),
(1) '
ym™ (1) U
LIRS0

ZPly, +0n(t).

It is easy to see that this subsystem is a member of type (E12) with

f(d(t),T(yl,...,ygrlfl),...,ym, ..,y,(nr’" 1))(t)):T(yl,...,y%rl*l),...,ym,...,y,(nr’”*l))(t)

z h—1

P hzl RV ()

L ¥ R0 / n

o = +SthnO—|—/SeQ(t’T)ZPiy,-(T)dr
i=1

T is clearly causal, locally Lipschitz, and the Hurwitz property of Q implies that T has the
bounded-input-bounded-output property. Note that in this case, the part of equation respect-
ing to zero elements in general vector relative degree are disappeared. Therefore, the property
(iv) in definition B-T1l is not necessary required for operator 7. In conclusion, a funnel con-
troller applied to system class also work for linear regular differential-algebraic systems
with positive vector relative degree, and asymptotically stable zero dynamics. However, we
would like to stress that for the third equation

v=1 ‘
— Y NBauD (1)
i=0

the input function u(t) is required smooth enough, u € #;". "' (R — R™). This implies the
required smoothness of input function when we apply funnel controller for linear differential-

algebraic system with positive vector relative degree.

4.1.2 Linear differential-algebraic systems with generalized vector relative de-
gree

In this subsection, another important class of system related to system class (BE=1-1]) will be
considered. First of all, we recall some results for the general linear differential-algebraic
systems which was examined in Section Z3. In this case, we consider the invariant system
with the same number of input and output as follow description,

Ex(t) = Ax(t) + Bu(t),

o) = Cx(0) e
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where A,E € R, B e R, C € R™™", Suppose that (B13) is right invertible, have au-
tonomous, asymptotically stable zero dynamics, and have generalized vector relative degree
r= (rl, RN N U ,O) e INP_ Refer to Theorem D318, the normal form of the system
(E13) can be obtained as follows

n(t) =0on(t) +Any(t),

3 (h=1)
ZZR Y; (t) + Z R]lyJ()

ygrl)(t) ]plh 1 ) Jj= P+l

(r) ZZR1 ()+ZRy()

Vs () I e i j=p+1 i + 11 0]A2in(7)
(1) '

yp " ()

p Z Z R]hyj 1)( 1)+ Z Rﬂ)’]()

j=1h=1 j=p+1

ul(t)
uz(t)

+[I'11 0] - |
um(t)
f1 hZIRijl ! )( 1)+ Z+1Rp1 yj( ) e
j J »
)4 J
Rp+2 ( 1) + RV
0= j§1h§1 ) j %H 7! o) + L2t In-p 0 (1)

v—1
X3(I) = Z N1E32y(l+l)(t).
i=0
where, Q € R*** is Hurwitz, 4 = dimmax(E,A,B;kerC), n3 =n—pu —m, N € R™*" jg
nilpotent with index v € N, i.e. NY=0and NV~' #0,R e Rfori=1,....p, j=1,...,p,
h=1,...,rj, and R’j1 eRfori=p+1,....m, j=p+1,....,m, and I'11,I; from (Z377),
E35,A71,A > from (ZZ32) are matrices with suitable size.
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We first limit the consideration in subsystem made by three first equations in (E1-4).

n(t) = On(r) +Any(t),
p r_/ _ m
L L R0+ L Rh()
yirl)(f) j=1h=1 Jj=p+1
(r2) ¢, f %Rz- y(.h_l)(l‘)—l- f R%y;(1)
Y2 () _ | 2= j=pr1 + [I'11 0]A2im (1)
(rp.)(t) p T ' m
jgl hgl R?hyﬁh_l) (t) * j:§+1R§1yj (t)
Ml(l)
us(t)
+ [F11 O] . >
”m(t)
P J
jglthf;l Eh 1)<t)—'—J'Z%ﬂRflJrlyj(t)
14 J
Y Y R0+ 8 Ry
0= | j=1r=1 j=p+1 + [T21 Ln—p] A217m (1)
p T o (h=1) m
ng h;l Rjy 1)+ j:§+1Rﬂy1(I)
u (1)
ua(t)
+ [FZI Imfp] : ’
um(t)

It easy to see that this subsystem should be a system of type (BE=1_1]) with

(Ty) (1) :== n(1) = e2n° + / 2D A,y(7)dx,
0

T is clearly causal, locally Lipschitz, and the Hurwitz property of Q implies that T has the
bounded-input, bounded-output property, and

t

d
E(Ty)(t) =020’ +Apy(t) —I—Q/eQ(t’T)Alzy(r)dr.
0

Define,

(Ty) (1) := 0% 4 0 / =D y(2)dr,
0

then T is also causal, locally Lipschitz, and maps bounded trajectories to bounded trajecto-
ries. We now set

2(y(1), (Ty) (1)) 1= Ay (t) + (Ty) (1)
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Then,

4 (ry)0)

= z(y(¢),(Ty)(r)) which implies the operator T satisfying all properties

(1)-(iv) in Definition BET1l. Furthermore, all other functions can be specify as follows

fi(n @ o0 O (1), ,ym<r>>

4 1

jlh]

(h=1)
J

)+ ¥ Rhyy(o)

j= p+1

£ xR0+ E R

£ Y R0+ E R0)

Jj=1h=1 Jj=p+1

[T11 0] A2 (Ty) (1),

CIOREHI0)
Iy (d2(0). (T3)(1) ) =T,

(1) @ T 03p (0, (1))

Lol (k1) ot

Zl Zleh Y ( )+ ZHR il )’J( )

j=1h= j=p

I 2 2

Z]thR”;T W+ ZHRﬁT y;(1)
= | Jj= j=p

£ YR 8 R (0)

j=1h=1 Jj=p+1

S (1), (T)(0)) = [Ta1 dnp) A (T3) (),
i (a(0).(79) (1)) = T
f5 (50 (10) (1)) = 1.
And the function f3 satisfies condition (iii) in Definition (E12) since
ptl pptl
. [ 0 } ) R,i1 R, =D 4, ¢ RUm—p)x(m=p).
e Ry 1 Ry,

Although, the system (E13) does not really belong to a subclass of system class type as
(ETT) since the forth equation in (B1-4)) was not included. However, we want to emphasize
that in equation

v—1
X3(t) = Z N1E32y(l+l)(t),
i=0

the output function y(7) is required smooth enough for x3(¢) being well defined. Therefore,
funnel controller for class systems (EI-T) can also be applied to (B13) with some minor
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regulation. That why in the next section, we will introduce a funnel controller not only for
system class (BT but also can be applied to class of systems (1) as well as class of
systems (E173).

4.2 Funnel controller

More than one decade since the concept of funnel control has been introduced by Ilchmann,
Ryan, and Sangwin in [AR], plenty of papers in funnel control of the both sides theoretical
and application were published by several authors such that [25, B4, [7], and the references
therein. During several years, giving a feasible funnel controller for systems which have vec-
tor relative degree is still an open problem. In [I3], we have already proposed a new funnel
feedback control for systems with known strict relative degree. In that paper, feedback strat-
egy is proved working efficiency for a wide multi-input, multi-output systems with arbitrary
strict relative degree in simulation comparison with "back-stepping" funnel controller given
by [4Y, bU] or bang bang funnel controller supposed by [B0]. In particular, for multi-input,
multi-output systems with strict relative degree two, funnel controller introduced by [I3] is
better than PD controller given by [B3] for simulation to robotic manipulators.

On the other hand, funnel control problem is considered not only to the system described
by ordinary differential equations, but also to the system described by differential-algebraic
equations. A series of papers were introduced to solve problem of funnel control for a certain
class of systems. Firstly, a funnel controller is successful created for regular systems with has
proper inverse transfer function published in [I0]. In the same year, in book chapter [H], the
authors have also given funnel strategy for regular systems with positive strict relative degree
approached via "back-stepping" funnel control. Moreover, by using the approach via systems
with autonomous zero dynamics, Berger in [[7] has proposed a funnel controller for general
linear differential algebraic system with the input does affect at most the first derivative of
the output. This result is also extended to non-linear functional differential-algebraic systems
in [IT]. However, a feasible funnel feedback controller for general differential-algebraic
systems with known vector relative degree is still a challenge. This section address that
problem by introducing a funnel controller for systems class (BEI_T). Since system (ETT)
have generalized vector relative degree, we will build a funnel controller with tracking for
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each element of outputs.
Fori=1,...,p,
en(t) = eft) = Yi(t) = Veeri(1),
en(t) = éplt) + kio()ei(?)
en(t) = éi(1) + ki (t)en (1),
€iri—1 (t) = éir2 (t) + ki r,-72(t)ez r,72(t)’
1
kig(t) = , gq=0,...,ri—2.
N 1= 7 (1)]eig (1)1 l
Fori=p+1,...,m,
ei(t) = yi(t) —eeri(t).
Set 4.2.1)
er(t) = (ern 1 (1) repr, 1)), en(t) = (epsr(t)s.rem(t)) T
1 k
ki(t) = ; ki (t) = ;
L= @7 (1)ller(1)]12 1= @7 (1) ler (1)1
then
.
—ky(t t
1(t)er(?) if I'; is pointwise positive definite,
(t) —ky(l)e]](Z)
u(t) = <”’ ) =
it f(0)er (1)
t t
e , if I’y is pointwise negative definite,
(\—ku(t)en ()
where the reference signal and funnel functions have the following properties:
Yref = (yref,la . >yref,m)’ Yref,i € WVWOGREO — R)a 4.22)
0,0 €EPLP EDP, Qi1 €Dty Q2 €EDPri=1,...,p, o
and k satisfies a following condition
7 -1 / 0
k> o sup ||f3(Y) { ] ‘ . (4.2.3)
Y cRlrl+m—p Imfp

Remarks 4.2.1.

e Similar to the case of systems with strict relative degree in previous chapter, we need

to consider the existence of solution of the initial value problem resulting from the
application of the funnel controller (B2 to a system (ELTl). A solution of (BT,
(E2T) on [—h,®) is a function y(t) = (yi(¢),...,ym(t)), yi € € 1 ([-h, @) — R),
withi=1,...,p,andy; € €([—h,0] = R), withi = p+1,...,m for some @ € (0,e0],
and y|[_j,0) = y? such thatyf"fl\[o,a,) withi=1,...,p,and yi[g o) Withi=p+1,....m
are absolutely continuous and satisfies the differential-algebraic equation in (E-1TI)
with u(r) defined in (EZZT) for almost all # € [0,0). y(¢) is called maximal, if it has no
right extension that is also a solution.

e In conjunction with (iii) in Definition E12, the condition (EZ23) is essential for the
solvability of the closed loop system (BE11), (B221). For more detail, the condition

(E23) guarantees the invertibility of atkl,—, — f5(Y) [ 0

] . This property is crucial
Lu_p
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for the explicit solution of the algebraic constrain in the closed loop system (E1T),
(BEZXD) since it ensures the index-1 property of the system.

o In the case of system subclass (EE177), it can be seen that the system does not contain
the part which is respective to generalized relative degree r; = 0. This implies I' =TI
and the funnel controller, therefore, (B2211) does not contain second part, —k;; (t)eH(t).
Hence, the funnel controller for these systems can be simplified as follow

Fori=1,...,m,

en(t) = eft) = Yi(t) = yeeti(?),
€1 (l‘) = éio(t) + kio(l)e‘io(l‘),
( +  ki(t)ei (1),

ei2<t) = ¢ t)

ei,r,-—l(t) = éi,ri—Z(t) + ki,r,-—Z(t)ei,r,-—Z(t)a
kiq(l‘)z q=0,...,r;—=2.

Set

e(r) = <el,r171(i>’--~’em,nrl<t>)T’

7( t) = _ 5

R OIEal:
then

(t) {—l_c(t) -&(t), if T is pointwise positive definite,
u =

1= 7 (1) leig (1) > (4.2.4)

k(t)-é(t), if T is pointwise negative definite.

o In the case of linear differential-algebraic system having proper inverse transfer func-
tion of type (Z2ZT10). Using normal form (ZZ2TTl), we see that the system does not
contain the part which relate to generalized relative degree r; > 0. This implies p = 0,
and the funnel controller, therefore, (3221]) does not contain the first part +k;()e;(z).
Hence, the funnel controller for these systems can be simplified as follow

e(r) =y(t) = yer(t),

k(r) =

1—@2(t)[le(1)[I*”
u(t) = —k(t)e(r).

This controller become the funnel controller introduced in [I0] for this type of system
class. In [[Z], Berger has successful applied this funnel controller for the system class
which was mentioned in Remarks 3711l

Remark 4.2.2. Let (11 be a system of X, , x 5, the reference signal and funnel functions
be as in (E227). By causality of operator T € .7, there exists j : R” — R¥ such that

Vv e € ([—h,0) = R"™) : (Tv)(0) = j(v(0)).
Hence, an initial value

=015 m)s
We€ T ([-h0 - R), i=1,....p, (4.2.5)
Web([-h0 —=R),i=p+1,....m,
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is called consistent for the closed loop system (1), (BZ2ZT), if

7 (800 (5) 00 (5)50)) + (0. 70°0))

ar ar
+Tir(d3(0). 75°(0)) ) s (0) + 5 (d5(0). S5°(0)) ) s (0) = .

where u;(0),u;(0) are defined by (EZZT) with a note that €;(0) = y?(0) — yyer.:(0).

4.2.1 Feasible funnel controller

We show the feasibility of the funnel controller (E2Z1)) for the class X, , s with generalized
vector relative degree as defined in Definition 12,

Theorem 4.2.3. Consider system (B11) belonging to X, p ks Let @1, @, Qig, i =1,...,p,
q=0,...,r;—2 from (BZX2) defining performance funnel. Then for any reference signal it
satisfying (B227), any consistent initial value y|[_h,0] = yo as in (BZL3) such that ey, ey, ejq,
i=1,....,p,q=0,...,1r; — 2 defined in (B220) fulfill

@1(0)[[e(0)]| < 1,
@1(0)|len (0)]| < 1, (4.2.6)
0ig(0)|eig(0)| <1, i=1,...,p,q=0,...,r; =2,

and k > 0 be such that (B23) is satisfied. Then the application of the funnel controller
(BEZX) to system (BI) yields a closed-loop initial value problem that has a solution and
every solution can be extended to a global solution. Furthermore, for every global solution

(),
i) The input u : R>o — R™, the gain functions kj,kij,kiq : R>o - R, i=1,...,p, g =

0,...,r;—2 are bounded.

ii) The functions e; : R>o — R?, e;; : R>o =+ R™" 7 and ejy : R>o - R, i =1,...,p,
q=0,...,r;—2 evolve in their respective performance funnels, i.e.,

(t’el) S 3?(!’1; (t’eU) S y@ﬁ (t’eilI) € y‘piq;
foralli=1,...,p, q=0,...,r;i—2andt > 0.

Furthermore, the signals e;(-),er(-),eiq(-) are uniformly bounded away from the fun-
nel boundaries in the following sense:

g >0V >0:|les(0)]| < ou(r) ' — gy,
deyr>0Ve>0: ||€1[(t)|| < (P[](I)_l —¢&q, @27
Vi= 1,...,p, qu,...,ri—2,E|£,-q >0Ve>0: |eiq(t)\ < (Piq(t)71 _giq-

In particular, each error component ei(t) =y — yref’i(t> evolves in the funnel F g,
withi=1,...,p, or g, with i = p+1,...,m, and stays uniformly away from its
boundary.

Proof. Without loss of generality, we may assume that the matrix function I'; of system
(BT) is point-wisely positive definite. We prove this theorem by several steps.
Step 1: We show that a maximal solution y : [—h, @) — R™, @ € (0,c0], of closed-loop system
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(E1T), (BE27D) exists,

W)

L = AGO T OB Oy (1, (0))
(1)
+ f2(di (1), (Ty) (1)) = Ti(da(t), (Ty) (2) ks (t)es (1),
02f3()’1(1)’--w)’Erlil)(I),---,ygrp_] (). yp+1(2)s- . ym (1)) (4.2.8)
+ falds (1), (Ty)(2)) — Tu(da(t). (Ty) (1) ks (t)er (1)
— f5(ds(t), (Ty)(t) ki (t)en(t),
Micno) =30 = 0139, 3),
Ve Y([-h0]=R), i=1,...,p,
We%([-h0]—=R), i=p+1,...m

Step la: Define, fori=1,...,p,and ¢ =0,...,r; — 2, the sets
.@iqiz { (t,e,-o,...,eiq) EIRZ()XRX--'XIR } (t,e,-j) Ey(pij,j:(),...,q },

where 9’%. is as in (B222), and the functions Kj, : Z;, — R recursively by

€0
Kip(t,ep) = ——————,
R YOI
é; 8K‘, —1
K,'q(l‘,e,'(),...,e,'q> = 1_q)2 Ej)’eiﬂz al: (t,e,-o,...,e,-,q,l)
iq

1 OK;y 1

€jj
+ 1€, €ig-1) | €ijy1 ——————= | -
L da, (oo ><”* 1—<p3,-(r>\e,~j2>

Now set

P r
9= { (t,elo,...,el,rl,l,...,ep,r],,l) S IRZ() X]R‘ ‘

(t’ei()" .. ,ei,r,-—Z) € @i,ri—Z, }

(I,EI) G‘?(PI’
D= { (t,ep+1,...,em) € ]RZO x R™7P ‘ (1,611) € ﬁ(p[ },

(t’el()"' "el,}’]—l" . "ep,rp—l) S 917
(t,ep+1,.. .,em) € @]1,

D = { (t,elo,...,el,rl,l,...,ep,rp,l,epﬂ,...,em)

Choose some interval I C R>o with 0 € I and let (e10,...,€1,51,-- - €pr,—1) : T — RI" be
such that, for all 7 € I, (t,elo(t),...,el,rl,l(t),...,ep,,p,l(t)) € Dy, (tieps1(t),....en(t)) €
Py and (ejo,...,eir—1), i = 1,...,p satisfies the relations in (EZZ)). Then e¢; = ¢; satisfies,
on the interval 1,

@ I EAYEE
eiq :eiq—z <dt) kije,j, qzl,...,i‘i—l. (429)
Jj=0

Step 1b: We show by induction that foralli=1,...,p,and ¢ =0,...,r; —2 we have

veel: Jé (;)q—j (kij(l)eij(l)> = Kjq (t,eio(t),...,eiq(l)>. (4.2.10)
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Equation (E2210) is obviously true for ¢ = 0. Assume that ¢ € {1,...,r; — 2} and the state-
ment holds for ¢ — 1. Then

é (jt)qj (ki/’(f)eij(f)) = kig(t)eiq () +% <q§) <jt)qjl (kij(f)eij(f))>

d
= kig (1)eig (1) + 2 Kigo1 (Lent). - eig1 (1))

= Kiq (l‘,ei()(l‘), . ,e,-q(t)) .
Therefore, invoking (B229), we have

eV = eiy— Kig1 (r,e,-o(z),...,e,-,q_l (x)), g=1,...ri—1, 4.2.11)

In particular,
el(ri_l) = ei,r,-—l - Ki,r,-—z (t7 elo(t)9 A ’el',r,'—Z(t)) .
Then J
el(ri) = éi,r,-—l - jKi,r;—z <taelo(t)’ M 7ei,}’,’—2 (t)> .
t
Step Ic: Define, fori=1,...,p,
Ko :R>0 x R =R, (t,yi0) = Yio — Yrefi (1)

and the set .
@,’0 = { (t,y[) c ]RZO x R ‘ (I,Kio(l‘,yi)) S @,‘0 }

Furthermore, recursively define for g =1,...,r; — 1 the maps

Kig: Zig-1 xR =R,
(t.5i0s--+Yig) = Vig —yr(Zf),,-(t) + Kig—1(t.Kio(t,5i0) - - - Kig—1(£.3i0 - - -, Yig—1)) -
We also define the sets, forg =1,...,r;, — 1,
Dig:=1{ (t.yios--..yig) € Dig-1 xR ‘ (t.Kio(2,i0)s - - - Kig(t.310,- - -.Yig)) € Dig }

and

91 = { (l,ylo,---,y1,r1—1,---,yp,r,,—1)

(t’)’iO, . ~-,)’i,ri—1) S ‘@i’ri—z xR,
(t9K107-'-,[Zl,rlfl,...,lzp’rpfl) (& @L

Recall (B221Tl), we have, forallrel,i=1,...,p,andq=0,...,r; — 1,

eig(t) = Rig(t.yi(t),- ..y (1))

Moreover,

er(1) = (R 131 (1), 0) Ry 1 (30 V0))

=Rty (1)) (),
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Define,

@II = { (L)@—&-lv--a)’m) S RZO X Rmip ‘ (t,Yp—H _)’ref,p—&-lwu,}’m_)’ref,m) S @H }9

and denote,
-
~1 -1
X = ( 1,...,y§r1 )...,yg” )) ;
_ T
Xir = Yp+is---s¥m) >
_ T
Xref,l] = ()’ref,erle- . -’yref,m) .
Then

er(t) = Xy (t) — Xeer.11(2).
The feedback u in (221) reads

—Ki(t. X (1))

u(t) = 1_—12?1(;1)1(H)K1(t i{:l(l()))nz .

)
U= u ()2 1X0 () = Xoer.r (1) |12

Step 1d: Now, we set

=(1 0 ... 0)eR"™, fori=1,...,p,
H = diag(H,,...,H,) € RP*I",

S = |:H 0 :| ElRmXM—i—m—p
I b

0 Iy
Xi
S =y.

We define an operator Tj : € ([—h,o0) — RI"*"=P) - @1 (R — R¥) such that

() o-r(e()o

T; is causal, localy Lipschitz and maps bounded trajectories to bounded trajectories since the
properties of operator 7. Set

(4.2.12)

then,

@ = { (l,X[,X[]) } (l,X[) c @1 and (t,X”) c @[1 }
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We rewrite f1, f>, and I'; from system (211) in vector form

fi

fi=| ¢ | with flo €' (R S R)  i=1,...,p,
f
5

=] | withfl: ¥ (R*xR* - R) i=1,...,p,

P
2

I}
= : | withT}: €' (R*xRFE - R>P)  i=1,...,p.
Ty

We now define functions
F} : QXIRIC _>]R‘r|7 (tayl()s"'7y1,r171"-'ayp,rpflayp-f—la"'vyman)
— <y11,--wf]l(ymy---,)’l,rl1,---ayp,r,,17)7p+17---,)’m)+f2](d1(t),77)

B T} (da(2), 1)K (1,910, Y115+ Vpiry—1)
1—@r(6)?1K1 (£, 310 sV~ 1o YD) P
-~-,f1p()710,---,yl,rlfl,---e)’p,rpfl,)’p—i-l,---,Ym)"‘fzp(dl(t)’n)
_ r;’(dz(t)sn)kl(t’yl()""ayl,r|—17""yp,r,,—1>
1—¢1(t)2||K1(t,y10,...,yl,rlfl,...,yp,r,,71)||2 .

F}] . .@Xle _>1Rm_p’ ([’yIOw--,yl,rl—l’---’yp,rp—ly))p+ly---,ymyn)
— <f3(y10,---,yl,r.—l,---,yp,r,,—l,yp+1,---,ym)+f4(d3(l),77)

B Ly (da(),n)Ki (69105 - s Y1r 15> Ypiry—1)
1—@r(1)?||Ki (8,310 Y115+ -2 Ypur,—1) |12

— f5(ds(1).m) k- (pstseeosym) = Oretpr1 ()5 Veetm (1)) )

1— (pll(t>2”(y[7+1’- .- ,ym> - (yref,p-‘rl (t>" .- ayref,m(t))Hz

Then the closed-loop system (E-XX) can be rewritten as

0o = (o (50).5 (5) 0),
o= (0 (i) 7 (3,) ©)

The equation (B2Z13) is an index-1 differential-algebraic equation. We need to differentiate
the algebraic constrain to obtain an ordinary differential equation in all system variable, the
solution of which satisfies the algebraic constraint.

Step 1e: We note that %(Ty) (1) =z(y(),(Ty)(t)), then define an operator T5 : €' ([—h,o0) —

(4.2.13)
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RIH+m=r) 5 € (R>o — R¥) such that

()0 ()0

where S as in (B2XT2). T, is causal, localy Lipschitz and maps bounded trajectories to
bounded trajectories since the properties of operator 7. Furthermore,

—K;(1,X(1))

) = oG RIR X )P
(1) = —k- (Xpr(t) — Xeet1 (t))
T o (021X () — Xeetra (1)
Then
d . —1 8K1(t,X1(t)) 8K[([,X[<t)> .
i) = T o PIR G O)R ( o T ax X’(”)X
x (1= (1)K (1. X, (1)) ||*) + 2K (£, X4 () (‘Pl(f)¢1(f)Hkl(l,Xl(t))Her
(R X ()T (ak’(t(’)f’(t)) T ak’%ﬁ’(’”x,(z)))], (42.14)
d —k

(X1 (1) = Xrers (1)) (1 — @r (1)*

ar") = (T g (0¥ (0) X PP

X || X1 (1) — Xeeta1 (1)112) + 2(Xir (1) — Xeet a1 (1)) <<P11(f) G ()1 X1 (1) — Xeer.11 (1) | >+

+ @ ()2 (Xpr (1) — Xeetr (1)) T (Xur (2) — Xref,n(f))> ] . (4.2.15)
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By differentiation of the second equation in (B2213), and using (E214),(E2213), we obtain

a1 (X,((;))(;X”(t))xl(t) n af3 (Xz(gt}?;IXu(t))XH(t)

(o0 (8)) ({2 )
dy(1)

w0 ()0 o) 2 ) ) e
) Ty (d4(t),T1 (ffl’l ) (t))

(1= @r(e)|Ki (1, X: (1)) |?)?

0=

IK(1.X(1))  IR(1.X1(1))
< ot + 8X, X](l‘)) X

X (1= (1) | Ki (0. X1 (1)) |1?) +2Ki (1. X (1)) ((p,(t)(pl(t)||K1(I,X1(t))|]2+

+ (Pl(l‘)zkl(t,X[(t))T <ak1(l‘a,i(1(t)) n 81?1(t,X,(t)) ) )

~ (a0 (3 0) ( (s(30) ?) n( )

X k- (X (1) = Xeerna (1)) kfs { ds(t ( ) (1)
1= @u (1) (X0 (1) = Xeetsr ()7 (1= @ (1)1 X0s (1) = Xeet, 11 (1) )

| (X (1) = Xeetar (1)) (1 = @1 (1)1 X1 (£) = Xeegar (1) 117) +2(Xa1 (1) — Xreg.11 (£)) %

X ((Pll(l)¢11(f)\|Xll( ) = Xeettr (1) 1P + @11 (£)* (Xar (1) = Xeerar (1)) '

x (XU(t) _Xref,ll(t))>] . (4.2.16)
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Then put X;;(¢) on the the left side, and using X;(t) = F (t, <X1(I)> T <X1> (t)>, we
Xi(t) X1

have

Japtaxa) B (07 (32) )

Xy 1= ()21 X (1) — Xeetar (1)

" <Imp+ 201 (1) (Xp (1) — ref,,(t;)(XH( )— rem@))T)

1= ()21 X1 (t) — Xeet.11 (1) 1

_ afs(x,((;))(;xn( ))F} <z, <§;((t))> T <;é’1> (t)>
walonn @) ) »(2)o)
(a1 () 0) ( (s (2 CS n(p) o )) TR
F11< 4(1), T (;(( > (t)> IR(1.X,(1) IR (6, (1)) X(t) X
¢ (P A ( (50) 1 () ©))

(= (2K (1.%:(1)) )
(1= @r()* | Kr(e. X1 (1)) +2Ki (1. Xi (1)) (fpz(t)@(f) 1R (2. X1 (1)1 + 1 (1)*Ki (1.1 (1)) T

(PRL0) | SRS g (o (30 ) .1 (1) ) >>

X

X][(I)

~ (w0 (5)0) (z (s (ffjf(’,ﬁ,( . () <z>)> AR T

ks <d5 (1).T, (ffl’l ) <r>)

(= @i (1)2]|X0 (1) = Xeet.1s (1)]]2)?

+2(X11(f)—Xref,ll(f))(9011(0(1"11(’)”?(11( ) = Xeerar (1) I+

— Xreta1 () (1 = @1 (£)*|1X11 () — Xeetar (2)||*) +

+ @ (1) (X1 (t) — Xretar (1)) T (—Xret a1 (l))> ] . (4.2.17)

In order to get ordinary differential equation, we need to prove the matrix

kfs | ds(1). T (1)
_ 9AX(0).Xu(t)) ( ( 11> >
A (1,X1(2), X1 (1)) := 3 9X,s = ou (02X () = refll(f)HZX
y (1 n 201 (1) (Xur (t) — Xeetrs (8)) (Xar (2) — Xeet1(2)) "
e 1— @ (¢)? X1 (1) — Xeer.11 () |2

) (4.2.18)
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is invertible for all € I.
Since, matrix

200 (1) (X (1) = Xrera (1)) (Xar (1) = Xrerar (1)) 7
X)) 3= = K e)~ X O

is symmetric, and semi positive definite, then the matrix 1,,—, + % (¢,Xy;(¢)) is invertible for
-1
allz €1, and H (Im,p +§§(t,X”(t)))

BET12(iv), we have

< 1. Therefore, according to ((223) and Definition

(1= (023 (0) ~ X VDR 55 (a7 (3 ) )

(I +9 (1,30 (1))) 1 252 (X’a(t)?l’lx”(t)) H <i'a! ‘ ik (X[(SQ,’,X”(I)) H <1,Viel
Hence,
(1= P10 X [ 5 (as0.1 (2) )]
y (Imf,, —i—%(r,XH(I)))_I afs (XIa(t)gl,IXH(t)) ey

is invertible. Then the matrix

openy (400 (5)0)

A (1,X1(1). X1 (1)) = oXn = ou(0)2]1Xu (1) = Xeet s (1) 2 g
X <Im_p+g(t,xn(f))>

is invertible.
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We define a function

Fii: 9 xR RY = R™ P, (6,X1, Xp7,m, 1)

XX { f%ngX) F (t, <X> ,n> ACIORIN (S Z;§f>> ’“>

Xii

d4(l) K[(l‘ X])

— T, (da(t),m) ; <S G‘;) ,u) 1- (p,(t)2||}z,(t,xl)llz

Iy <d4(t),n) 81?1(t,X1) ak](t,X]) X7
(= ()& (.X))]2)? ( o T ax (t’ <X11> J7> > -
x (1= (0)*||K; (1. X7) I”) + 2K, (1.X;) <<p1(t)<i>1(t)HI?z(t,Xz)ller

) (812,((;)(;) N akla(;lxl) £ <t, (;1’) ,n) >>

ds () k- (X1 — Xeeta1 (1))

“hEm (S (;((111) ’“) 1= 0u ()Xt — Xeetts ()]

B kfs (ds(1).m)
(1= @ur (1)1 Xir — Xret.1r (1) [|*)?

— Xeets1 () (1 — @11 (t)* |1 X11 — Xeetar (1) %)

+2(X1r —Xeet.11 (1)) <<P11(l)¢11( ) 1X2r — Xeetar (1)11° + @1 (2) (XII_Xref,ll(t))T(_Xref,ll(t))>] }
According to (B22T7), it is obtained
. _ X,(t)) <X1> <X1> >
X =K , , T , T .
u(t) =Fu <t (X,,(t) 1 x, (), T Xy (t)
In conjunction with first equation in (B2213), we have an ordinary differential equation
0= (50) 7 () 1)
X t) = F t, N T t )
1( ) 1 ( <X1[(f) 1 XII ( )
0= (1 (107 (1) 07 (3,) )
Xiu(t) =Fy|t, , T t),T: 1),

ilna = (o () D0 (5)798)

Xit|no) = Vet Ym)-

(4.2.19)

with initial value

Step If: Consider the initial value problem (EZZ2Z19), we have (0,X;(0),X;;(0)) € 2, F; is
measurable in 7, continuous in (X;,Xj7,n), and locally essentially bounded, and Fyr is mea-
surable in 7, continuous in (X;,X;7,7M, 1), and locally essentially bounded. Therefore, apply
[46, Theorem B.1]Y, we obtain the existence of solutions to (B2219), and every solution can

'In [26] a domain & C R>p x R is considered, but the generalization to the higher dimensional case is
straightforward.
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be extended to a maximal solution. Furthermore, for a maximal solution (X;,Xj/) : [—h, ®) —
RI+m=r @ ¢ (0,00, of (B22T9), the closure of the graph of this solution is not a compact
subset of 7.

The solution (X;(¢),X; (7)) of (B2XZ19) in particular satisfies (B2216). Integration gives,
forallz € [0, w),

i) ™ () )7 (0(io) 5 () )
0=Fy|t, , T t) | —Fup |0, , T 0)|.

" < (XH(I) "\ Xy ®) " X;(0) )" \ Xy (0)

It follows from the choice of y” which implies the value of (X7, Xi1)|(_ that (X;(¢),X(1))
satisfies the second equation in (BZZT3). And therefore, (X;(¢), Xy (7)) satisfies (B2Z13) for
allt € [—h, ). This leads to a maximal solution (X;,X;;) : [~h, @) — RI"+7=P @ € (0,00],

of (B2Z13), and the closure of the graph of this solution is not a compact subset of 2.
Consequently, (€10,...,€15—15--+€pr,—1:€pt1,---,€m) : [0,@) = R!"*7m=P defined by

eiq(1) :I?,-q(t,yi(t),...,yl(q)(t)), fori=1,...,pandg=0,...,r; —1,
ei(t) Vi l‘) —yref,,-(t), fOI‘in—i— 1,...,m,

where t € [0, ®). It follows that the closure of the graph of (e10,....€1,5 1. -»€pr,1.€p 1151 €m)
is not a compact subset of Z.

Step 2:We show that k;(-), ki (-), kig(+), fori=1,...,p, ¢=0,...,r;—2, as in (EZT) are
bounded on [0, ®).

Step 2a: We show that ki,(-) fori=1,...,p, ¢ =0,...,r; — 2 as in (E2Z1)) are bounded on

[0, w). This step is similar to Step 2a of the proof of Theorem B23. o
Step 2b: In the following we will prove by induction that there exist constants M; , N/

1q°° "1q°
such that, for all € [0, w),
d\’ d\’ iy d\’
- . . - . < N/ - .
|<dt> [kig () eiq ()] (dt) eig(t)| < Ny, |<dt> kig (1)

fori=1,...,p, ¢g=0,...,ri—2,and j=0,...,ri—1—gq.

First, we may infer from Step 3a that kiz(-), fori=1,...,p, ¢=0,...,r;—2, are bounded.
Furthermore, e;, are bounded since they evolve in the respective performance funnels, cf.(EZXZT).
Therefore, for each i = 1,...,p, (B2Z20) is true whenever j = 0. We prove (E2220) for
g=r;—2and j = 1. We find that

Rl >0

<, <K/,

1

(4.2.20)

iri—2(t) = €ip—1(t) —kip—2(t)eir—2(t),
kivi—2(t) =23, 5 () (9%, 5 (t)eir—2(t)éir—2(t) + @iri—2(t) Pir—2(t)|eiri—2 (1) *),

d .
[ki,r;—Z (t)e,',ri_z(l)] = ki,r[—z(t)ei,ri—Q(l) +ki,r[—2(t)éi,ri—2(t)'

dr

. d
Therefore, é;,,—2(t), kir—2(t), and 7 [kiy,—2(t)eir,—2(t)] are bounded since k;,,—2, @ir—2,

@ir—2, €ir—2, and e, are bounded. Now let s € {0,...,r;—3} and/ € {0,...,r; — 1 —s}
and assume that (BE270) is true forallg =s+1,...,r;—2and all j=0,...,r;—1—¢g as well
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asforg=sandall j=0,...,] — 1. We show that it is true for g = s and j = [:

(3) -

-1
) )1
-1 -1
j) ei’er](t)— <Cclll‘> [kis(t)eis(t)]’
-1
al) (261) (92 (Deis(t)eu (1) + @) @i 1) e (D)) ).
/ -1
<5I> [kis(f>eis(t>] - <jt) (kis<t)eis<t) +ki5(t)éi5(t))'

Then, successive application of the product rule and using the induction hypothesis as wells
as the fact that (pis,(pis,...,(pl.gr”fs) are bounded, yields that the above terms are bounded.
Therefore, the proof of (B2220) is complete.

By (EZ20) and (Z9) it follows that e\ is bounded on [0,®) forall i =1,....p, q=
0, NN 1.

Step 2c: We show that k;(-) is bounded.

Recall from Step 1a, we have, fori=1,...,p,

er(t) = A1)y @3O3t (0, ym(0) + f2(d (1), (TY) (1))
2

T() e
/= 1 (n)
rn—2 i 2 J . yref,l (Z)
AE(G) e | | =@, @) e
r,—2 d rp—lz—J yr(;?; (t>
;go <dt> kyj(t)ep;(t)
Now we set
(G moan )
n2(d\ i (@)
nmawonzsz<m> et | L A0, (T) ()
-2 r —15—] ygﬁi;(t)
;:O <dt> kpj(t)ep;(t)

AL @ T )yt (s ym(D). 42221

By the bounded-input, bounded-output property (iii) of operator T, it follows that 7'(y) is
bounded, and we denote M7 := T (y)lo,0)|l- By Step 2b, property (iii) of operator T,
continuous property fi, and boundedness of d;, we conclude that £ (¢, (Ty)(t)) is bounded
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on [0, ), i.e, there exists M;, > 0 such that
for almost all 7 € [0, ) = [|F7(z,(Ty)(2))|| < My,

Recall the definition of ¢;(-), e/ (+), and combine with (2222, we have

A

ér(1) = Fi(1,(Ty) (1)) = Ti(da(2). (Ty) (1) kr (1)es (1)
k(t) = 1 (4.2.22)
T =kl

We now define a compact set

18] < [ld2[f0,0) [l
Q=< (8,n,e1) e RPxRIxR" | ||n| <My ,
ler]] = 1.
then, since I'; is pointwise positive definite and the map
Q3> (8,n,e) e/ T(8,1n)e; € Rg
is continuous, it follows that there exists ¥ > 0 such that

V(8. m.e) €Q: e T(8,m)e>7.

Therefore, we have
er(1) " Ti(da (1), (Ty) (2))es(t) = Vler(t)|?
forallr € [O, ®). Choose & > 0 small enough so that

e <min{ %, it (wi(r)~ es0)]) }

(0,17
d L;< )72 M (4.2.23)
an —v—M;, 2.
r= 481y Fi
We show that
Vie (0,0): yi(t)—|le(t)] > & (4.2.24)

By definition of & this holds on (0, 7;]. Seeking a contradiction suppose that
du € [T,CO) : l[/](l‘I’l) — ||€1(l‘1’1)|| < €.
Set tro= max{t S [T],l],l) | l//](l) — ||€1(Z‘)H = 8]}. Then, for all t € [tl’(),ll,l], we have that

vi(t) = ller(t)l| <&,

A
Jer(o)] = () =& = .
1 4

4 = OO = 2
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Now we have, for all 7 € [t70,1.1],

1d
2di

—ller(0)|? = e/ (1)ér(e) = ¢/ (¢) [Fi(t.(Ty) (1)) = Ti(da(2). (Ty) (1) Jka (1)er (1)]

A2
< (M5~ 32 7) e

D)
< —Lillef(1)]].

Then

1(1)])? de

)
~
—~
=
—
=

|
x
N
:.*
O

I
N

._

S

=

and thus we obtain & = y;(t0) — |ler(t10) || < wi(tr.1) — |ler(.1)]| < &, a contradiction.
Step 2d: We show that ky;(+) is bounded. Seeking a contradiction, assume that kj; (1) — oo for
t— o. Set

En(t,(T9)(1)) == F01 (1)o7 (0o (031 () 3m (1))
+ fa(ds(2),(Ty)(t)). (4.2.25)

By Step 2b, property (iii) of operator T, continuous property f3, and boundedness of d3, we
conclude that £;(-,(Ty)(:)) is bounded on [0, @), i.e, there exists Mz > 0 such that

for almost all 7 € [0, @) : || Fy (2, (Ty) (1)) || < Mg,
Recall the definition of ¢;(-), e;(+), and combine with (ZZ23), we have

0= Fy(t,(Ty) (1)) = Tur(da(t), (Ty) () ks (1)es (1)
— f5(ds(1), (Ty)(t) )k (t)en (1),

(4.2.26)

~

k
1—@f (1) [len (2)]]>

We show that e;;(t) — 0 for t — @. Seeking a contradiction, assume that there exist kK > 0
and a sequence (7,) C R>o with ¢, /* @ such that ||e;;(#,)|| > « for all n € IN. Then, from
(EX28) we obtain, for all t > 0,

1Fu (2, (Ty) () = [T (da(0), (Ty) () ks (t)er (£) + f5(ds (2). (Ty) () Yhus (1) ens (1) ]

Since, k; is bounded by Step 2c, y, d4 are bounded and I'j; is continuous, there exists ;> 0
such that sule“,,(dd ), (Ty)(2))ki(t)er(2)|| < yi- Since ky (1) — oo fort — @, |ley ()] > x

k[[(t) =

and f5 (d5( n), (Ty)(t,)) > o, we find that for n € IN large enough
| Eri (2, (Ty) (2))]| > otk (tn) — Yir — oo for n — oo.

This is contradiction to boundedness property of £ (-, (Ty)(+)). Hence, e (t) — 0 fort — .
Therefore, tlim @11 (t)||err(¢)]|* = 0 because @y;(+) is bounded. This leads to lim ki (1) =k, a
—>00 —>00
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contradiction. In conclusion, k() is bounded.

Step 3: We show that @ = . Seeking a contradiction, suppose that @ < c. Then, since
eig.kigfori=1,...,p,q=0,...,ri —2, ej, ey, ky,kj; are bounded by Step 2, it follows that
the closure of the graph of (ejo,...,e1,—1-1,... €prp—15€ptis- .- ,em) is a compact subset of
92, a contradiction. O

We show that funnel controller (B224)) which is a simplification version of funnel con-
troller (B2211) works on well in application to class of systems (B12).

Corollary 4.2.4. Consider a system (B12) with vector relative degree r = (r,r,. .., rm)T €
IN™. For ®,®; as defined in (II1), suppose reference signal yrs, and @,Qig, i =1,...,m,
q=0,....,r;—2as given in @ZD). Let y|;_y5 =" = (}....)0), ») € €1 ([-h,0] = R)
an initial value such that ¢,e;y, i = 1,...,m, q =0,...,r; — 2 as defined in (E2X2) fulfill

¢(0)[e(0)] <1

4227
0ig(0)]leig(0)|| < Lfori=1,....m, ¢g=0,...,r; —2. ( )

Then the application of the funnel controller (B224) to (E172) yields an initial value problem,
which has a solution, and every maximal solution y : [—h,®) — R™, @ € (0,c0], has the
following properties:

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

(ii) The input u : R>9 — R™, the gain functions l_c,kiq Ry =R i=1,....m g =
0,....,r;i—2andy,. ..,yfr"fl) :R>9o = R, i=1,...,mare bounded.

(iii) The functions & : R>9 =+ R", ey :R>o - R, i=1,...,m, ¢ =0,...,r;,—2 evolve in
their respective performance funnels and are uniformly bounded away from the funnel
boundaries in the following sense:

Vi=1,....m,g=0,...,r;—23€, >0Vt >0:|le;, ()| < o; 1_1—8,',
q q lleig (1) 1| < @ig( )1 q (4.2.28)
Je>0Vr>0:|e(t)] <o) —&,

In particular, the error e;(t) = yi(t) — yret,i(t), i = 1,...,m, evolves in the funnel F,
as in (LIR) and stays uniformly away from its boundary.

Proof. This corollary is achieved by applying directly theorem EZ23 with noting that the part
which is respective to generalized relative degree r; = 0 vanish. O

We now consider a linear differential-algebraic system with positive vector relative de-
gree of type (IZXX).
Ex(t) = Ax(t) + Bu(r),
¥(t) = Cx(),

where A,E € R"", B € R™"™ C € R™*",
We will prove that funnel controller (224) combined with regulation condition (B2229) can
be also applied to this kind of system,

YVref € WH’WUREO — ]Rm),

_ (4.2.29)
(S q)n—\r\v(PiO €D, 001 €Pyy,... s Qir—2 € q)nfri+2,l =1,...,m,

m
with [r| = ¥ .
i=1



94 Chapter 4. Funnel control for systems with known generalized vector relative degree

Proposition 4.2.5. Let [E,A,B,C| € %, mm be regular, has asymptotically stable zero dy-

namic, positive vector relative degree r = (rl, e, rm), r; >0,i=1,...,m, and positive (neg-

ative) definite high-gain matrix T = lim diag(s",...,s" )C(sE —A) ™' B. For funnel functions
S—>o0

0.0, i=1,....m, q=0,...,r; — 2, reference signal y.r as in (B2229), and any consistent
initial value x° € R” such that e, eipg i=1,...,p,q=0,...,r; =2 as defined in (E2X3) fulfill

@(0)[le(0)] <1,
(plq(o)’elq(0)|<1a izl,...,m,q:()’_“’ri_z.

Then the application of the funnel controller (B224) to system (2ZR) yields a closed-loop
initial value problem that has a solution and every solution can be extended to a global
solution. Furthermore, for every global solution x(+),

i) The input u : R>g — R™, the gain functions l_c,kl-q Rso—= R i=1,....m g =
0,...,r;—2 are bounded.

ii) The functions ¢ :R>9 — R", and ejy : R>0 =R, i=1,....m, g =0,...,r;—2 evolve
in their respective performance funnels, i.e.,

t,e) € Fo; (t,eiy) € Fo, foralli=1,....m, q=0,...,r;—2andt > 0.
] q Pig

Furthermore, the signals é(-), eiq(-) are uniformly bounded away from the funnel bound-
aries in the following sense:

Vi=1,...,m, q=0,...,r;—2 E|£','q >0Ve>0: He,'q(t)H < (piq(l‘)_l — &ig»
Je>0Vr>0:|le(t)| <o) ' —e.

In particular, each error component e;(t) = Cix(t) — yrefi(t), i = 1,...,m, evolves in
the funnel F ,, and stays uniformly away from its boundary.

Proof. Without limitation of generality, we may consider [E ,A,B,C ] in the form

\ (h—1)
(rl)( J';lhf]R}hyj (®)
o\ m T
(r) 4 op2 (h=1)
t Y YRy (1)
y2 () _ =1h=1 Jh7J —|—ST](Z)+1—'M(I),
(r’"')(t) m T
m Lom  (h=1
E R0

() = iﬂyia) +0n(1),

v—1
x(t) ==Y NiBau) (1),
i=0

where n.,n; € No, 4 =n—n. —nz— |r| and Rz.h e Rwithi,je{l,...,m},he{l,....r;},
SeR™H P eR*, B, € R™*™ Qe R*** is a Hurwitz matrix. N, € R"*" is nilpotent
with index v, and rank [NC BC] = n.

Ignoring the last two algebraic equation of that form, the claim in (i), and the boundedness
of u, lAc, kigpi=1,...,m,q=0,...,r; —2 follow directly from Corollary EZ4. It remains to
show that x is a bounded function. Indeed, we have already known that v+ |r| < n. Since ¢ €
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D, g, Oig € Pp_y.q=0,...,r;—2itis obtained that u(z) at least (v — 1) times continuously
differentiable and all of these derivatives are bounded functions. Therefore, x. and x; are
bounded function. This implies the boundedness of x. O

We continue to consider a linear differential-algebraic sytem with generalized relative
degree of type (E13).
Ex(t) = Ax(t) + Bu(r),

y(t) = Cx(t)
where A,E € R, B e R>X™, C € R™*".

Proposition 4.2.6. Let [E,A,B,C]| € X ,,nm be right invertible and has autonomous, asymp-
totically stable zero dynamics, and has a generalized vector relative degree (rl, ceeyp, 0,000, 0) S
]N(l)xm, r; >0, fori=1,...,p. Suppose that the matrix I'11 which is defined as in (371) is
positive (negative) definite. Let @iy, @1, @y as in (B2X2) defining performance funnel, and
reference signal yier € W' (R>09 — IR™). Then, the closed-loop system (E13),(E2T) with
any consistent initial value x° € R" has a solution and every solution can be extended to a
global solution. Moreover, for every global solution x(-),

i) the input function u : R>o — R™, the gain functions kig, k;,k;; : R>o - R, i=1,...,p,
q=0,...,ri =2, the state function x : R>g — R" are bounded.

ii) the functions ej; : R>0 — R, i=1,...,p, ¢ =0,...,r;—2 and e; : R>o0 — R?, ¢j; :
R0 — R™77 evolve in their respective performance funnels, i.e.,

(t,er) € Foi(t,en) € Foys (t,eiq) € Fy, foralli=1,...,p,q=0,....,ri—2andt >0.

Furthermore, the signals e;(-),er(-),eiq(-) are uniformly bounded away from the fun-
nel boundaries in the following sense:

Vi= 1,...,p, qu,...,ri—ZEIS,-q>OVt>O: Heiq(t)H < ¢iq(t)71_8iq,
Jg >0Vt >0:[les(t)]| <@r(t) ' —g, (4.230)

degy>0Ve>0: ||€]](t)H < (pn(t)il —&.
In particular, each error component e;(t) = Cix(t) — yreti (1) evolves in the funnel F,,

withi=1,...,p, or g, with i = p+1,...,m, and stays uniformly away from its
boundary.
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Proof. Without loss of generality, we may consider system (E173) in the form

() = on(r) +Any(t),
p r_/ _ m
Y YR VO + L RLy()
yirl)(t) jzlh%l Jj=p+1
(n) (; f Z’RZ. y(.h_l)(t)—l— f R%,y;(t)
Y2 () _ | 2= j=pr1 + [I'11 0]A2im (1)
(rp.)(t) p T ' m
’ jgl hgl R?hyﬁh_l) (t) - j:§+1R§1yj (t)
Ml(l)
us (1)
+ [F“ 0] . >
”m(t)
P J
jglthf;l Eh 1)<t)—'—J'Z%ﬂRflJrlyj(t)
14 J
Y Y R0+ 8 Ry
0= | j=1n=1 j=p+1 + [T21 In—p) A2 (1)

J=1h=1 j=p+1
uy (t)
ua(t)
+ [FZI Imfp] : )
(1)
v—1l
X3(l‘) = Z NlEzzy(lJrl)(l‘)
i=0

where, Q0 € R**# is Hurwitz, 4 = dimmax(E,A,B;kerC), n3 =n—p —m, N € R™*"™ i
nilpotent with indeg veN,ie. NV =0and NV~! #£0, R;h eRfori=1,...,p,j=1,...,p,
h=1,...,rj, andR’j1 eRfori=p+1,...,m, j=p-+1,...,m,and E3p,A;,A |, are matrices
with suitable size. We recall the Subsection which states that the subsystem made by
three first equations of (14 belongs to the class of system (EI1l). We note that

(Ty) (1) :== 0 (1) = e2n° + / 2D A,y(7)dx,
0

T is clearly causal, locally Lipschitz, and the Hurwitz property of Q implies that T has the
bounded-input-bounded-output property, and

ST 1) = 0 +0 [ &I A (e)dr = 0(0). (TV)())
0
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Hence, operator T satisfies all properties (i)-(iv) in Definition ET1. Furthermore, all other

functions can be specify as follows

(@ o0 T O (1), (1))

5 zze;hth Do)+ ¥ RLyr)

j=1h= Jj= p+l
p 7
YR+ T Ry

— | j=1n=1 Jj=p+1 ,

Pl _ .
jgl h);lR?hyﬁh 1)( )+J )1;+1R]1y]( )

(0. (T3)(1)) = [T 0] Az (79) (1),
Ly (). (79) (1)) =T,

(@ o0 T Ot (1), (1))

)4 J m
EX R0+ X R0
£ YR+ F ORI

— | j=1h=1 j=p+1 ,

PR ORI 0
Sa((0).(7)(6)) = [Tar Iy A1 (75) (1),

i (ds(0).(T9)(1)) = T,

f5(as(0). () (1) = 1.

We, therefore, apply Theorem to get most of statement results of Proposition EZZ4.
What remains to prove is that the state functions are bounded. Or more precisely, we need

to show the boundedness of x3 in (E-14). Indeed, we abuse the definition of <X ((t))> and
1\t

Fy, Fy; from Step Ic,d,e in the proof of Theorem EZ23. We have <;§1 ((Z))) solves the initial
11
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value problem (E2719),

We note that by Step 2 in proof of Theorem B3, <§I> is bounded. Therefore, <§1> is
1 1

_ d

bounded since Fy, Fj; are continuously differentiable. Then again, we obtain that o <T1 (;((1 ) > s
11

d

dt
(EZT19). Iteratively, we have that

<T2 < ;((1 > ) are bounded. And the boundedness of < ;(-(1 > is also gotten by differentiating
1 1

Vji=0,...,v+1: <3co,...,cj>0Vt20: H(Xl) (1)

()"0 )

X; XI X(V+l)
and successive differentiation of (E2219) yields that <X >, ( . ) eens XI(V 41y | are bounded.
11 "

= <E|C1,C2 >0vVe>0:

As a consequense, ¥, 9,.. ., y(V“) are bounded. Hence,

v—1
X3 (t) = Z N’E32y(‘+1)(t)
i=0

is also bounded. In conclusion, x is bounded. O

4.2.2 Applications

The following simulations aim to illustrate the theoretical results of the applying funnel con-
troller (B211) to system which belong to class (E1T).

Firstly, we consider an academic example of nonlinear multi-input, multi-output system
described as follow

1 (1) = —siny; (1) +y1 ()31 (£) +y2(6)* + 31 (1) (Ty) (¢)
+ (1 (1) +y2(0)* + Du (1),
0=y1(1)’ +y1(0)31(1)* +y2(2) +y2(6) (Ty) (1)
+ () + (Ty) (2))y2 (£ )ur () + ua(2).

(4.2.31)

where operator

t

(13)(6) = (Tor32) (0= 20+ [ 2079 (201(9) =329 ds. 120
0
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for any fix n° € R. Operator T € 7 because T satisfies all properties in definition E_IT.
Obviously, the equation (BE223T) belongs to system class (BE11l) with

fr==siny; (£) +y1 (0)y1(1) +32(1)%,
fo=yi()(Ty)(2),
H=010) + 1)y () +y2(2),
fa=y2()(Ty) (1),

fs=1,

I =y (1) + () +1,

L= () + (Ty) (1))y2(2),

0
since [g—ﬁ g—ﬁ % ; 0| =1 is bounded. Furthermore, system (BE2731) has generalized
1
vector relative degree r=(2,0). For 51mu1at10n we choose reference signal y,ef = (cos2¢,sint) |,
and initial value y° = (0, ) and n = 0. We can set k = 2 in funnel controller (EZZ1) since
0
[% %’? g{ﬂ 0| =1 and f5 = 1. Because there is not any constraint condition imposed

on funnel boundary, we may choose the same funnel function ¢ for all values.
Q: ]Rz() — ]Rzo,

1
t— Ete’t + 2arctant.

This simulation has been performed in MATLAB (solver: odel5s, relative tolerance: 1014,
absolute tolerance: 107°) over the time interval [0,10], see Figure B11.

Figure BT3 shows the output errors stay in the funnel and Figure E-TH shows the input
components that drive tracking errors.

We continue consider another example of linear general differential-algebraic systems.
We note that this kind of system does not belong to class (BEITl), however it still can be
applied funnel controller (BZZT) according to Proposition E2-6. We recall example in Remark
311 which do not have vector relative degree but have generalized vector relative degree.

For more detail, we have
Ex(t) = Ax(t) + Bu(t)

(4.2.32)
y(t) = Cx(t)
where
1 0 0 00O -1 1 -2 0 0
0O 1 010 3 5 0 00
E=10 -1 0 0 0|;A=1]0 O O O O
0O 0 0 01 0O 0 0 1 0
0O 1 0 00 0O 0 0 01
00
1 0
01000
B=10 1 ;C:[ ]
0 0 001 00
00
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157 —v1(t) — Yret1 ()
AN 2(8) — he2(t)
1/

_1 5 1 1 1 1 I
0 2 4 6 8 10
Fig. ETla: Funnel and tracking errors
4 T T T T
—U71 (t)
(1)
2+ ]
OF
2+t
-4
0 2 4 6 8 10

Fig. ETb: Input functions

FIGURE 4.1: Simulation of the controller (B2 for the system (EZ231).

We have already shown in Remark D311 that the system (B232) is 2-input, 2 output sys-
tems and has generalized vector relative degree r = (3,0). Interpretation this system to
normal form (B14), the system has matrix Q = —1 which means that its zero dynamics is

8 8} Therefore, we can set k = 6 in fun-

nel controller (B21). We may choose, in simulation, reference signal y..f = (sinz,cos 2t)T,
and initial value x¥ = (0,1, 1,O,O)T. Since there is not any constraint condition imposed on
funnel boundary, we may choose the same funnel function ¢ for all values.

asymptotically stable and the matrix Ay, = [

Q: IRE() — IRE(),

1 —t
t— Ete ~+ 2arctant.

This simulation has been performed in MATLAB (solver: odel5s, relative tolerance: 1014,
absolute tolerance: 1077) over the time interval [0,10], see Figure B,

For more detail, Figure E24 shows the output errors stay in the funnel and Figure E7H
shows the input components that drive tracking errors.
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—Y1(t) — Yrer,1(t)
1 Y2 (t) = Yrer2(t)

Fig. BE2a: Funnel and tracking errors

15 - - - e

0 2 4 6 8 10

Fig. E2b: Input functions

FIGURE 4.2: Simulation of the controller (B22T) for the system (E237).
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Chapter 5

Application: Adaptive control of an
overhead crane

In this chapter, we study an application of funnel control to an overhead crane model which
has been introduced by Otto and Seifried in [[73] and Fliess et al. in [24, 5]. The objective is
to design a closed-loop tracking controller that also takes into account the transient behaviour.
Unfortunately, its vector relative degree is not available with respect to considered input, out-
put vectors. That means the funnel controller projected in chapters B, and 8 is not subjected
to direct application. The dynamic state feedback is then ultilized to acquire a new system
with strict relative degree four. This allows us to propose a new output feedback controller
based on funnel control that can perform the objective. Computer simulations are displayed,
demonstrating that our approach can be employed to move loads from one to another given
position in situations of having several circumnavigated obstacles.

5.1 Overhead crane model

The overhead crane model is an overhead gantry crane with a trolley moving along a hori-
zontal axis. A suspended load is attached to the trolley by four ropes, which are assumed
to be rigid and massless. Moreover, the winches on the trolley are synchronized which help
controlling the length of the ropes so that the attached load does not rotate around itself.
Therefore, this model can be represented by a point mass connected to the trolley by a single
rope as shown in Figure BT
Normally, the control inputs are the external force applied to the trolley and the hoisting
torque. However, force and torque controlled actuators are difficult to realize and often pose
robustness issues due to drive train friction. Hence, the velocity-controlled is considered
which the system control inputs u (in ms~1), and u; (in ms™!) are set as reference velocities
of the trolley and rope length respectively. The equations of motion of the overhead crane
model] are
T8+ 5§ = ug
ni+i=u (5.1.1)
cos(@)§+1§+2¢l = —gsin(g),
where s (in m) is the trolley position, / (in m) is the rope length, and ¢ (in rad) is the swing
angle. We note that the rope velocity / (in ms™!), and trolley velocity § (in ms~!) are then
rheonomic constraints on the system. And 7, (in s), 7; (in s) are time constants of trolley
and winch actuator, resp., and g (in m/s?) is the gravitational constant. The constants do not
depend on the trolley or load mass. As output of the model we choose the position of the

load
yi\ _ (s+Ising
v2/ \ lcosg /-
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FIGURE 5.1: Crane model.

Before study crane model for more detail, we recall basic notations by Isidori[56, Sec.1.2].
Consider the multivariable non-linear systems which are described in state space form by
equations of the following kind

x)+ igi () ui,

yi = hi(x), (5.1.2)

ym = hm(-x>,

where f(x), g1(x),...,gm(x), and Ay (x),...,hy,(x) are smooth functions, defined on an open
set X of R". We denote the derivative of h; along f at x by

" dh;
L¢hi(x) = —fi(x).
f ('x) J; axjfl(x>

If h; is being differentiated & times along f, the function L’]‘chi (x) satisfies the recursion

n (9 kflhi
Lihi(x) =Y (Lng)fj(X)

with note that Lg)ch,- (x) = hi(x). Moreover, we also denote

n 9 Lkh
Lg/th Z a P

For sake of better overview, we reintroduce the definition of vector relative degree in [56,
Sec.5.1].

Definition 5.1.1 ([56, Sec.5.1]). A multivariable nonlinear system of the form (51) has a
(vector) relative degree (71, ...,r,) at a point x° if
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6 ng(in-hi(x)) =0forall 1<;j<m 0<k<r,—1,1<i<m,and for all x in a
neighborhood of x°,

(i1) the matrix
-1 -1
Lo (LY (%)) - L, (LY i(x))
I(x) = : - :
mi1 mil
Loy (L hn(x)) oo L, (LY (%))
is nonsingular at x = x°.
Remark 5.1.2. In order to compare this definition with other definition on vector relative
degree which has been introduced in previous chapters, we calculate the vector relative degree
of a linear system

X = Ax+ Bu,
y =Cx,
G
where A € R™", B = [B,B;...,B,) with B; € R™!, and C = C,2 with C; € R™", i =
o

1,...,m.
In this case, since f(x) = Ax, gj(x) = Bj, hi(x) = Cix, we obtain

Lihi(x) = CA*x,  fori=1,...,m,
and therefore
Ly Lihi(x) =CA*B;, fori=1,...m, j=1,...m.
Thus, the vector relative degree (r1 ey rm) is characterized by the conditions
(a) GA*B;=0forall 1 < j<m,0<k<ri—1,1<i<m,

(b) and the matrix

C,A" B, CciA" By - C1AT 1B,
CA? 1B, A 'B, - C,A™ !B,
c,Am B, Cc,A'B, ... C,A™ B,

is non-singular.

In conjunction with Remark ZZ2Z72(iii), it is shown that Definition 28 and Definition BT
are consistent.

To analyze the properties of the crane system, we transform (B11) into the form (B12)
by denoting x; :=s,x 1= 8, x3 : =1, x4 := 1, x5 := @, x¢ := @, and uy := uy, up := u.

X = f(x) +g1(x)ur + g2 (x)uz,

yi\ _ (X1 +x38inxs (5.1.3)
) X3 COS X5 ’
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where

X1
X2
X3
X4
X5
X6

Since y; = x| + x3 sinxs, and y, = x3cosxs, we have

Then we obtain

and

We have matrix

[(x) =

X2
X3 0 0
——= 1
T — 0
X4 63 0
_ X4 ,81(x) = 0 &)= 1
T T
X6 0 0
2x4x6 + g sinxs n X COSXs _Co8xs 0
X3 X3 T X3Ts
Ly = xp + x4 8inx5 + X3X6 COS X5,
Lfyz — X4 COSX5 — X3X¢ SiHX5.
Lglyl = ng)’I - Oa
Lgy: = Lgy» = 0,
. 2
sin” x5
Ly, (Lfyl) = P
)
sinxs
Ly, (Lfyl) = P
1
Sinxs cos x5
Ly (Lyys) = T,
S
COS X35
Lg, (Lfy2) = .
T
sin® xs sinxs
Le (Lyy1) Legy(Lyy)| _ | "o P
Lo (Lry2) Lg,(Lgy2) SinXsCOSX5  COSXs
Ts T

Obviously, the rank of T'(x) is constant one, whence the crane model system has no strict
(vector) relative degree at any point of the state space. It means that we can not directly apply
funnel controller (B=21l) in Chapter B to this system. Therefore, we need to modify - by means
of control laws - this system to get a new one having vector relative degree. We will rather
use a feedback structure which incorporates an additional set of state variables, namely a
dynamic state feedback, see Isidori[56, Sec.5.4], or Seifried[80, Subsec.3.3.5]. We introduce
a technique which is presented in [56, Sec.5.4], namely dynamic extension algorithm to build
a dynamic state feedback. To demonstrate this algorithm, we use the notation of the matrix
I'(x) from the Definition 511,

L, (L} 1 (x)) Lg, (L} I (x))

I(x) = : : :

Lo, (L7 () Ly, (L hn(x))
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with the symbol r; denoted the number satisfying
Ly, (L} hi(x)) # 0, and Ly, (Ljhi(x)) = 0

for1 < j<m,0<k<ri—1,1<i<m,and for all x on a neighborhood U of x°. Suppose
that I'(x) has constant rank on U, and rankI'(x) < m which means that system (E1-2) has no
vector relative degree.

Dynamic extension algorithm. Denote T;(x), i = 1,...,m being the i — th row of matrix
I'(x). Since I'(x) is singular, and has constant rank on U, it is possible to find p € {1,...,m},
and p — 1 smooth functions ¢;(x),...,c,—1(x) defined on U, and iy, jo such that c;,(x) is not
identically zero,

p—1
Ip(x) = ; ci()Ti(x),

and
rig—1

Ligjo (XO) =Ly, (Lf hi (XO)) # 0.
Then, we define the dynamic feedback
u; =v; for j # jo

wo = (PO +a@E~ ¥ Tislw),

iojo J=Lj#jo

& = Vjo»

where p(x) and g(x) are arbitrary functions satisfying p(x") = 0 and ¢(x°) = 1.
Apply to system (5-12), we obtain an extended system

=10+ Y gy Y (g - Y Ty0w),
j=Lj#jo toJo j=Lj#jo
5 = Vijos
yi = hi(x),
Ym = hm(x)~

We repeat the procedure for new system until achieving vector relative degree. The system
with dynamic state feedback is depicted in Figure B2

Dynamic state feedback System ——

FIGURE 5.2: Extended system with dynamic state feedback.

The dynamic extension algorithm is applied to a system in which the high gain matrix
['(x) is singular, or in the other words, the rank of I'(x) is less than m which equals to the
number of output or the number of input. Therefore, by using a dynamic state feedback,
we can get an extended system in which the rank of the high gain matrix is possibly larger.



108 Chapter 5. Application: Adaptive control of an overhead crane

Hence, a system having vector relative degree may be achieved after a finite number of it-
erations. That is the reason why dynamic extension algorithm could be possible applied to
extend the multi-input, multi-output non-linear system (513) until the extended system has
a well-defined vector relative degree. By iteration approach, in each step of the algorithm,
system inputs or combination of those inputs are delayed by using integrators until the gain
matrix of obtained system has full rank. This technique usually add some new state variables
to the original system. Moreover, by [56, Remark.5.4.6], any two regularizing dynamic ex-
tension have necessarily the same dimension and only differ by change of coordinates and
regular static feedback. For the system (BE13), we use above procedure to get the following
dynamic state feedback

X7 = X3,
xg = V2,
"y = vy, (5.1.4)
. .2
2 (X2 — Vl)Tl S1n x5 (X7 — gsin X5)‘L'1
Uy = X4 +x3x6T + + .
T, COS X5

Hence, we have a new system

X=f(x) + g1 (v +&(x)va,
yi\ _ [x1+x3sinxs (5.1.5)
y»)  \ x3cosxs )’
where
X2 0
X2 Ts T 0
x . 0 0
3 ,  Xpsinxs x7—g sin” xs sinxs
| [t - |- |0
i s J(X): T, COSX5 ,81(%) T, ,82(%) 0
X6 0
X6 2x4x6 + gsinxs | T2cosas _ cosxs 0
7 X3 X37Ts X3y 0
X8 X3 0 1
0 0

Since y; = x| + x3 sinxs, and y, = x3cosxs, we have

Lfyl = X7 + X4 SinXs + X3X6 COS X5,

Lfyz = X4 COSX5 — X3Xg SIN X5,

L}z;yl = (x7 — g) tanxs,

LJZF)’z = x7,

L}yl = xgtanxs 4 x¢ (1 + tan®xs) (x7 — g),

Lj;yz = Xg.
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Then, we obtain

Lyyr = Lgy Ly (Lpy1) = Lg(Lpy) = Lg(Ln) = Lg(Liyn) = 0,
Lyy: = Lgyr = Lg(Lpya) = Lg(Lpn) = Lg(Lpn) = Lg(Liyn) = 0,
and
8—X7
Ly (L3y,)) = 22—~
a fyl) X3T5 COS X5
sinxs
Ly, (L3y) = —=,
gz( fyl) COS X3
Ly (Lyy2) =0,
Lg, (L}yZ) =1
Obviously, the matrix
I(f) = Lg (sz)’1) L~2(LJ3;)’1) _ §7x SIS 5.1.6)
= Lg (Lj;yg) L~2(Lj;y2) X3TSBOSXS CO?XS ..

is nonsingular at any point of state space which satisfies x; # g. Therefore, based on Defi-
nition 5T, the extended system (5T3) has strict relative degree r = 4 at any point of state
space which satisfies x7 # g.

Remarks 5.1.3. If x3 = 0, or cosxs = 0, then y, = 0. This is unrealistic position where
the load is at the same horizontal level as the trolley. Therefore, in designing an adaptive
controller for system (B13), the reference trajectory of the load and tracking area must be
chosen such that the load always moves under the trolley to avoid the case x3 = 0, cosxs =0,
see Figure 3.

_ - reference trajectory

___ - tracking area

FIGURE 5.3: Crane model and reference trajectory
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We set an output feedback controller based on funnel control for the extended systems
(ET3)

60(1‘) - e(t) = y(t)_yref(t)a
81(l) = éo(l) + k()(l)-eo(l‘),
ert) = al) + k() elr),
63(l) = éz(l) + kz(l) ez(l‘),
1 .
ki(f’_1—<p?<f>,{|el<z>|2’ s 17
SO = a0
w(t) = —ks(t) - e3(1),
v(t) =T(x) " w(r)

with k is a positive constant, and T'(%) from (EL6).
Remark 5.1.4.

(i) Since the Remark B3, we need to choose reference signal and funnel function such
that y, # 0. We note that ||e(¢)|| < @o(t) ~'. Hence, we can choose the reference signal
and funnel functions such that

Yref2(t) — @o(t) ' > 0 for all £ > 0. (5.1.8)
The condition (B1R) ensures that y, > 0.

(ii) A crucial point of funnel controller (51-2) is that I'(x)~! could not exist when x7 =
¥2 = g. On the other hand, refer to Remark BZ8 (ii), the bound of &(z) can be cal-
culated a priori and can be adjusted by using the funnel functions @g, @1, ¢,, and @s.
Indeed, set y;(t) := @;(¢) !, the estimation (3213) shows that

0 0 0 om0 |0 -0)

(1Y 2 (B0 w02 (o) - o)) | (o) - )

&(7)
#2(2 ) 1001 (o) - e0(1)

with &(t) is the solution of following initial value problems

vi(1) (wi(r) —&(t))

&(t) = wi(t) — wira (1) + 2¢,(1) ’ (5.1.9)

&(0) = yi(0) — [le:(0) |,

fori=0,1,2. We note that (8T9) is proved to have a unique global solution &; : R>o —
R satisfying

€i,min < Ei(t) < l//l(t> — & max forallt > 0,
lle:(7)]] < w;(r) —&(z) forall £ >0,
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with
Jyi=infyi(r) >0, i=0,1.2,
Ki = [[Wir1 = ¥illo, i=0,1,2,
)LZ
e 1= min{ 5B i0) )] >0

Iyill-" 2

Eimax ‘=

by [8, Lem. 4.1, Lem. 4.3]. Consequently, we can choose the reference signal and
funnel functions such that

for all + > 0, and g is a constant. The condition (ETI0) ensures that j,(¢) < g.

Therefore, this can get rid of the singularity of I'(X). Hence, system (E513) has strict
relative degree r = 4.

Now, with the suitable chosen of yeef, Wo, Wi (2), Wa(t), w3(t), and initial value 2 satisfy-
ing conditions (B1R), and (BT10), the final feedback controller, consisting of the dynamic
state feedback (R1-4)) and the output feedback controller (8171) is depicted in Figure B4.

Dynamic state feedback System

Funnel Controller O Yref

FIGURE 5.4: Combination of funnel controller and dynamic extension.

Theorem 5.1.5. Consider the crane systems (8513), and let yref € W4 (R5o — R?), ¢@; €
®,_; fori=0,1,2,3, and initial value 3° satisfy conditions (5IR), (E1I0), and e; as defined
in (B17D) satisfy

0:(0)]le;(0)]| < 1, fori=0,1,2,3.
Then the combination of dynamic state feedback (81-4)) and output feedback controller (171)

applied to the crane systems (813) yields a closed-loop system which has a maximal solution
x:[0,®) — R with the properties,
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(i) @ = oo,
(ii) all involved signals x(-), u(+), k;(+) for i = 0,1,2,3 are bounded,
(iii) the errors evolve uniformly within the respective performance funnel in the sense
(a) fori=0,1,2, and &(t) as in 6&T9), ||e;(t)|| < @;(t) ' — &(¢) for all t > 0,
(b) &3 >0,Vt >0: |les(t)|| < o3(1) ! — &

Proof. First we consider clsoed-loop system which is obtained by application output feed-
back controller (B177) to the extended system (BE13). Since y; = x; + x3sinxs, and y, =
x3cosxs, we calculate the derivatives of the outputs of the extended system (B1-3)

Y1 = X3 + X4 Sinxs + X3X6 COS X5,
)')2 = X4 COSX5 — X3X¢ sinx5,

¥1 = (x7 — g) tanxs,

y2 = X7,

y§3) = xgtanxs +x¢(1 + tan®xs) (x7 — g),
3

o =

y§4) = 2x6(x7 — g) (1 + tan® x5 ) tanxs 4 2( 1 -+ tan” x5 ) xexs

2x4X6 + gSinXs X COSX5 X7 —
& + — & vi + v tanxs,

X3 X3 Ty

1 + tan? —8)| -
+ (1 +tan”xs) (x7 g)[ X3T; COS X5

(4)

y 2 - v29
Hence, the extended system (B-13) can be written in the form of input-output relation.

(4) _, Vi <(3) 3 N >+2(( NG )X
L S N Ay ' —3h j2-g

3 . .
yg) 2N

(3)
V2—8& Y2 Y2—& V1 2 <y 72 yz—g>
<l+( )yz—

Vo —

Vi L /.. RN NOENG)
g—+ yi(a—g) =yt ) — — y 2
Y2 T Ts Vo—8

)’2—8 v+
Y2Ts Vo—g

V2,

“)

y2 —VZ,
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Set
p(y’y’y’y(3)):2yl <y$3)_y§3)yl >+2<y§3)_yg3)yl )X
Ja—g Ja—g8 Ja—g
SRS ! (y<3>_y<3> Aj )
S S " 5 1 2
=8 2 W2 g<1+("y1 ))(y'z—g) Jr-g
2—g

V1 1 < . . ) 1 ( 3) (3 M )
—g8—+ 1W2—8)—ya2y1 | —— - " .
8, T a0 (V2 —g) — 2y P St R

We note that — 1 is well-defined since j; = (§i — ) tanxs, and tanxs are determined.
Y2—8
1 3 (3 M

" 5 <y 1 Yo o

<1+ ()/71) >()’52—g) 2
y2—8

yS) tanxs = xg(1 + tan?xs) (j2 — g), and xg,tanxs are determined. As a consequence, the

function p(y, y,ji,y(3)) is well-defined. Hence, we have an equivalence of system (ET3)

4) 2 (3) 8 —}72 yl
o\ _ (p(y,y,y,y )>+ . (vl)
- V2T »w—g .
<Y§4)> 0 0 1 V2

> is also well-defined since y53) -
8

Furthermore,

e
Now, set )
8= Y1
w1 = V1 . V2,
V2T Y2—8
w2 =Va,

then we have system

(4) o (3)
o\ _ (r(.y.5.5%) Wi
<y§4)> N ( 0 ) - <W2> ' G-L1D

The system (BT-1T) belongs to the system class (B-I1l) with strict relative degree r = 4, and
"high-frequency gain" being indentity matrix. Therefore, the funnel controller

eo(t) = e(t) = y(t)—et(t),

el(t) = eo(t) + ko(r)-eolt),

ex(t) e1(t) + ki(r)-ei(r),

63(1‘) = éz(l‘) + kz(t) EQ(Z),

O = e O o
ks (1) k

C1=e3(0)les(n)]*
w(t) = —ks(t)-es(r),
with constant k > 0, can be applied to system (5_LT)) by Theorem in the case r = 4.

We note that in the proof of Theorem B23, k = 1 is considered, but the case of a constant
k>0is straightforward. Therefore, the closed-loop system (BT, (58T-12) has a maximal
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solution y : [0,®) — R? with the properties,
(1) ©= e,
(i) all involved signals y(-), ¥(-), (-), y (), w(-), k;(-) for i = 0,1,2,3 are bounded.

Moreover, in conjunction with results from [8, Lem. 4.1, Lem. 4.3], the errors evolve uni-
formly within the respective performance funnel in the sense

(a) fori=0,1,2, and &(t) ei(t)|| < @;(t) "' —&(t) forallt >0,

(b) Je3 > 0, > 0: [les (1) < 95(1) ™" — &5,

On the other hand, yret(1), Wo(2), wi(2), w2 (t), wi(t), and initial value & satisfying condition
(ET10) implies y,(7) < go < g by Remark BT4(ii). This leads to the boundedness of

_ Y27 V12 Ts
V= Sw —5W2,
g—¥ (g—¥2)
Vo = ws.
Moreover, we have
X1 =Y1— Y27 5
-4
Vi » 3 3 i
5 - (P A,
yZ_g )’2_ »w—8
2
1—|—< A )
Vo—g8
it )’ 1 (3) (3 N V1
X4 =Yy 1—|—< > (y1 -V = > )
Vo—g ¥y 2 Y2—8/Y2—8
(Gh—g 1+<.. )
Y2—&
X5 = arctan “y1 ,
y2—8
1 3 3 Vi
o 2 <ys)—y§)y2_g,
(H—(.. ) >(Y2—g)
y2—8
X7 =2,

Then, because of the boundedness of y(-), ¥(-), (-), y¥ (-), and 5, (r) < go < g, we have the
boundedness of x;(-), fori =1,...,8.
Finally, we also have

up =vi,

. )
xXp —vp)Tsinxs  (x7—gsin“xs)T
u2:x4+x3x%7:1+(2 )% 5-1—(7 i 5)1.
Ts COS X5
Since v;(+), x;(+), fori = 1,...,8 are bounded, then u; (), and u,(-) are bounded. In conclu-
sion, we get all the statements (i) — (iii). O
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5.2 Simulations
For the simulation, we have the constant parameters
7, =0.03[s], 7 =002[s], g=9.81[m/s].

We choose funnel functions for eo(z) e (), ex(t), e3(t) being

respectively. Furthermore, we may choose the reference signals

Vref,1 (1) = 3(¢ —sin(z) ) [m],
Yref2 (1) =9+ 3cos(r)[m],

fort € [0,27], and an initial values £ = (0,0, 12,0,0,0,—3,0). We note that this initial value
is realizable since x3(0) = [(0) = 12[m] is the length of the rope, and x; (0) = 5(0) = 0[m],
x5(0) = @(0) = O[rad)] at the beginning position of the load. Moreover, x7(0) = —3 since
Vret2 () = —3cost and ¥, (¢) = x7(¢). With this initial values, the reference signals, and the
funnel functions, the conditions (B1X), (&1-10) are satisfied and the system (BI3) have
strict relative 4. The simulation of the controller (821-2) with k=100 applied to (BE13) over
the time interval [0,27] has been performed in MATLAB (solver: ode45, rel. tol: 1074,
abs. tol: 10719). In conclusion, we have succeeded in using combination of output feedback
controller (&8T7) and dynamics feedback (514) to drive overhead crane model (E13), see
Figure B3.

For the chosen reference signals, yr(jf) 1 () =3cost, then y(3) (0) = 3. On the other hand,

ref, 1
y§3) (t) = xg tanxs +x6(1+tan?xs) (x7 — g). Thus, y§3) (0) = 0since #° = (0,0,12,0,0,0,—3,0).

Therefore, there is a gap between yr(:f) ,(0) and y§3) (0). Thus, u, takes certain values in its ini-

tial phase for reducing the gap and forcing the load to follow reference trajectory, see Figure
Bd.
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10 | —Real trajectéry
---Reference trajectory
5t
E
0
0 5 10 15
[m]
Fig. B™a: Load trajectory
0.2 - . . .
—y1(t) — yref,l(t)
Y2 (t) - yref,Z(t)
0.1 [ L/ 0
I | L _
-0.1
-0.2 : : : ' : :
0 1 2 3 4 5 6

[s]

Fig. B3b: Funnel and tracking errors

[s]

Fig. BSc: Input functions

FIGURE 5.5: Simulation of the controller (B1-2) and (BT-4) for the system
ET3)
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