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Asymptotic tracking of a reference trajectory by
output-feedback for a class of non linear systems

V. Andrieu’ L. Praly'and A. Astolfi*
September 3, 2009

Abstract

We consider the problem of approximately tracking a reference trajectory by means
of output feedback for a class of nonlinear systems with some non-globally Lipschitz
nonlinearities. We solve this problem combining dynamic scaling, homogeneity in the
bi-limit and new small gain arguments.

1 Introduction

The problem of controlling a system in such a way that its state follows a reference trajectory
has been widely studied in control theory and it is still an active field of research (see [[1, §, [J]).
When only the output is available for measurement, it can be formulated as follows. Given :

1. a system 1 = f(n,u) with output y = h(n),

2. a bounded state and input reference trajectory (n,,u,), available at each time but not
ahead of time

design an output feedback w = 0(w,y,n,.), u= p(w,y,n,) which ensures global convergence or,
asymptotic closeness (in a sense to be specified) of n to n,.

This problem is challenging since, as shown in [[7], controllability and observability are
not sufficient to guarantee the existence of a solution, as is the case for linear systems. Hence,
some restrictions have to be imposed on the nonlinear function f.

Given a state feedback controller, the key step to design an output feedback controller, is
the synthesis of an appropriate observer (see [[[ for more details). The observer problem is
solved in [I6, ], [, for instance by requiring the nonlinear function f to be linear in the
unmeasured variable, or in [[J] where f is required to be globally Lipschitz with a Lipschitz
constant depending on the output.
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Recently, the problem of practical tracking has been solved in [§ for a class of systems not
globally Lipschitz in the unmeasured state components, under the assumption the reference
trajectory is bounded and this bound is known. The aim of this paper is to extend this result
to achieve asymptotic tracking while not requiring the knowledge of an upper-bound for the
reference trajectory.

To illustrate the key ideas of the design and to relate our contribution to existing results
we first consider an illustrative examplef] :

5 = —z4axit?,

T = g,

o 1+d (1)
To = utxy " + 2,

y = T,

where y in R is the available measurement, v in R is the control input and d is a real number
in [0,1). Given a bounded time function ¢ — (z,1(t), z,2(t), u.(t)), together with a solution of

: 1+d
Z = —2 + 151

we define a state and input reference trajectory ((2,,x,1,%r2),u,), which is an approximate
solution of ([l]), i.e. it solves

: _ 1+d

Zy = —Zr + x27r )

Tr1 = Tr2 + 67“,1 s (2)
3 _ 14+d

Trp = Up+T,5° + 20 + Or2,

where (0,1, d,2) quantifies the approximation error. The problem is to find an output feedback
such that the state (z, z1, z2) of ([l) approaches (in a sense to be specified) (2, z,.1, 2, 2) despite
the presence of (9,1, d,.2).

Note that system ([) is neither linear nor globally Lipschitz with respect to its unmeasured
state components due to the presence of the term z3™. Hence, none of the tracking results
developed in [Id, I8, [F, [3] can be used. Moreover functions z,, 1, T2, U, 6,1 and d,, are
not required to be bounded in norm by some known quantities, and this impedes the use of
the technique proposed in [{].

In this paper, the tracking problem is recast into the problem of finding v = u — u,,
depending on (z, x,1,%,2) and T; = x1 — 1 such that the solutions of the error systems

>z ~ \l+d _ 1+d

2= Rt (Tt T) T "

jl - j? - 57‘,1 )

L~ ~ \1+d 1+d | 2

Ty = U+ (Trp+22)' T =25+ 2~ 0p2

asymptotically converges to a ball centered at the origin, with radius depending only on the
asymptotic behavior of §,; and 9, .

To solve this problem we follow a domination approach based on homogeneity. This leads
to regard the term (z,5 + o)™ — x};gd + Z — 4,2 in the definition of Iy as a perturbation
which can be upper bounded as :

|(@r2 +22)* = 237+ 2 = 0ol < (14 d) Jwra| @] + 2] + [2] + 162 . (3)

This bound is composed of four terms each of which motivate some particular features of the
proposed design.

! For any real numbers w # 0 and r, w" denotes sign(w) [w|".



1. The term (1 + d) |z,5|? |72| is a known time function which multiplies a linear function
of the tracking error. To deal with this kind of term we follow an idea introduced in
[[9] and design a high-gain output feedback with a dynamic scaling with a gain updated
from the reference signal z, 5.

2. The second term, namely |Z,|*?, is a power of the norm of the tracking error |Z,|. To
deal with this term, we use the homogeneous in the bi-limit output feedback design
tool we have introduced in [Jf] (see Appendix [ for the definition of homogeneity in the
bi-limit).

3. The term |Z| depends on the state of the appended dynamics. We deal with this one by
imposing a minimum phase assumption and invoking a small gain argument. Note that
the gain obtained is time-varying (it depends on x,2), and this requires, in the design,
to rely on a time-varying small-gain argument.

4. Finally, the term |0, 5| coming from the approximation error of the reference is a pertur-
bation which is not necessary vanishing at the origin. This implies that exact tracking
cannot be obtained. Nevertheless, the use of high gain allows to reduce the effect of this
disturbance.

In conclusion, the solution to this tracking problem is based on a domination approach and
combines high-gain with dynamic scaling and homogeneity in the bi-limit.

In Section [] the main result of the paper is stated, commented and compared with existing
results related to this topic. Section [] is devoted to the proof of the main result. More
precisely, in Section we introduce a homogeneous in the bi-limit output feedback design
for a chain of integrators compatible with the use of dynamic scaling. With this tool in hand,
we propose an output feedback and adjust some of its parameters by studying the closed-loop
system in Section B.2 A brief summary of the homogeneity in the bi-limit theory is given in
Appendix [A], while some technical results are proved in Appendix [B.

2 Main result of the paper

2.1 Problem statement and Assumptions

Consider a system whose dynamics are described by :
4

2=F(z,x),
T =z + fi(z,x),
Ty = 23 + fo(z, 1), Yy=1a, (4)

Tn=u + fulz,2),

\
where x = (z1,...x,) is in R, y is the output in R, w is the input in R and z in R"* is the
state of some appended dynamicsf].

2 Depending on the structure of the functions F' and f;’s these dynamics are usually referred as ”inverse
dynamics”. For instance, this is the case if F(z,2) = F(z,z1).



Let t — (x,(t),u(t)) € R" x R be a bounded function to which corresponds a bounded[]
solution ¢ +— z,.(t) € R™* of the appended state dynamics

zr - F(Zraxr) . (5)

We consider t — (x,.(t), z.(t), u,(t)) € R" x R as a state and input reference trajectory. It is a
solution of (f]) up to an approximation error ¢t — 6,(t) = (0,1(t),...,0,.,(t)) € R", defined as :

( 57’,1 = Tr2 + fl(zrazr) - ir,l s
57‘,2 = Tr3 + f2(z7‘7x7‘) - LtT,2 )
: (6)
5r,n—1 = Trn + fn—l(zruxr) - ir,n—l s
5r,n = U, + fn(zrazr) - ir,n s

\

we wish to design an output feedback controller for system (f]) to ensure convergence (or
closeness, see inequality ([7)) of the solutions (z,z) toward this state reference trajectory
(0, ).

In the design, the z part can be “neglected” provided the appended dynamics with f;
as output and x as input are incremental ISS (see [[]). Specifically, we make the following
assumptions[].

Assumption 1 (Minimum-Phase) There exist non-negative C1 functions Z; and C° functions
i, such that,

1.1) for each ¢ > 0, the set {Z : 3z, : |z | + D 1 Zi(2, 2) < ¢} is compact.

0Z;

oz O 0 3) [F (e + 5, 1y + 5) — Flap 2,)] <
Zr

(20, 2) F(2zp, x,) + 0

1.2) =

_Zi(Zmé) + Vi(zraxr7j> .

As shown in [[7] in the context of global asymptotic stabilization of the origin, the tracking
problem under consideration might be unsolvable. Consequently, we need to impose some
restrictions on the functions f;. In this regard, we make the following assumption.

Assumption 2 (Nonlinear bound) :  There exist positive real numbers ¢, and qa, a real number
[N 1/} [0, ﬁ), a positive real number c, a non-negative continuous function €2, and non-
negative functions p; such that :

2.1) the functions p; are zero at zero, C' on (0 + oo) and continuous at 0, the functions pf

are convex and :

si(s) < qopui(s) Vs >0 ; (7)

2.2) for all i in {1,...,n} and all (zr,é,xr,i) in R2n=+2n

1-20(n—i—1)

filzr + 2,20 + 3) = filze, 20)| < Qar,27) Z |75 + coo Z\x [T+ i Zi(z, 2)) -

3With Assumption 1, boundedness of z, is implied by the boundedness of ;..
4See Section for some discussions on Assumptions 1, 2 and 3.



Finally, for the appended dynamics, we impose a bound on the gain between its input z
and its outputs f;.

Assumption 3 (Bound on the gain) There ezists a strictly positive real number v such that,
foralli i {1,...,n} and all (z,,x,,T) in R"=T2"_ we have,

1-d0(n—i-1)

pi((L+0)%(T, 2, 20)) < Dz, 27) j{:lxﬂ +—ca>j£:\x| T

where the functions ~;, p;, ) and the positive real number co, are as in Assumptions 1 and 2.

2.2 Main result

For systems satisfying Assumptions 1, 2 and 3, the high-gain output feedback we propose to
solve the tracking problem is expressed as :

U = Up + Ln+b¢(£_1§j) , ;i' = S+ BLn+b¢(£_1:i') +LEeK (xl - (ib_ xr,l)) ’ (8)

where
£ = diag(L?,..., L") (9)

S denotes the left shift matrix of order n, i.e.
Si = (&g,...,40-1,0)" |

and b is a positive real number chosen to satisfy ], for 1 < j <i <mn,
1—00(n—i—1) t+b i
— < = < = )
1 —0x(n—j) j—14b j-1
for all 1 < j <4 < n and with d,, as given in Assumption 2. Similarly to [J], the functions

K and ¢ are designed by following the procedure described in Section B.I.3. Unlike [f], the
high-gain parameter L is updated on line as :

(10)

L =—-aL +1L max {0, ar(az + 1 — L) + a3 Uz, z,) } (11)
where : i
U000
_ 1—000(n—2)
(2, 2,) = maX{M’ 1} ’
Coo

and where dy, a1, as, and as are positive real numbers to be defined, with a; sufficiently small
and dy, ao and ag sufficiently large, and € is selected to satisfy, for 1 < 7 <17 < mn,

1— —i—1
0<e<i+b—(b+j—-1) Qoo (n — 0 ).

(12)

5 This choice is always possible since, for 1 < j < i < n, we have :
D L Vb>0,



The update law ([[I)) is a modification of the one introduced in [[J, (24)] and in [q, (3.12)] or
4, (134)]. Its right hand side depends only on the state reference trajectory (z,,z,). Since
the reference trajectory is bounded by assumption, L is upper bounded along any closed-loop

solution. Moreover, if L(0) > a2, L(t) remains larger than a; along any closed-loop solution.
In particular, L(t) > 1 if we select ay > 1. Finally the presence of the term —a; L allows
to recover the main property of [[9, (24)], i.e. L “follows” its driving term. Specifically, as
established in Appendix [, we have :

fmsp L(1) < Pf+§gg§gﬁﬂa@xw&»ﬂ;, (13
liminf L(1) > {a2+a—ll%g1nf{§2(zr() xr(t))}}e. (14)

We are now ready to state the main result of the paper (proved in Section [J).

Theorem 1 Under Assumptions 1,2 and 3, given any strictly positive real numbers b satis-
fying ([I9) and a sufficiently large real number dy, there exist a positive real number ¢, and
functions K and ¢ such that, for all sufficiently small strictly positive real number a; and
sufficiently large real numbers as and as, the following holds.

For any bounded state and input reference trajectory t — (x,.(t), z,(t), u.(t)), with bounded ap-
proximation error t — §,(t) given by (@), the solutions of system ([J) with the output feedback
@), (12) are bounded in positive time and satisfy

limsup [£7 (z(t) — ,(t))] < (15)
t—+o00
n—1 1
. |(S T |5H( )|\ TRt 070 (1)]
- 1 2—
Cr Ametp {; L(t) z+b L(t)i+ T L(t)m+

with £ defined in (9).

2.3 Some remarks
2.3.1 About the result

If the reference trajectory is an exact solution of (f]) (i.e. if 6,(¢t) = 0) or if 0,(¢) converges
to zero as t goes to infinity, the output feedback given in Theorem [] ensures that (z(t), z(t))
converges to (x,(t), z-(t)).

In general, ([[9) implies
limsup [y (t) — 21 (f)] <

t—-+o00

limsup, ., L(t)® - 1
= (1)+b th“p{Z|5m ) 187 () [ oo Foe +2|6r,n(t)|} '

T
liminf, o L(t)THe t—oo

Therefore, if the reference trajectory is known in advance, for all k > 0 we can select the
parameter a, strictly larger than

w5 E<ZZH@mM+&Am%F@+a@MW>2b

lim sup { max { —Q(z.(t), z.(t)), c.
t—-+oo aq R



Then, by ([J) and ([4),
limsup [y(8) — r1(8)] < 5.
t——+o00
Hence, as inf] [§], we recover a practical result in its usual formulation.
On the other hand, we do not need to know in advance the whole reference trajectory or
even a bound on it to design the controller and to get asymptotically closeness of the closed

9

loop system solutions toward the reference one. This differs from the results proposed in [§

and [[[3].

2.3.2 About the Assumptions
Note that for system ([l),

e Assumption 1 follows from inequality () taking
Zi(20,2) = Za(z,2) = |77,

and )
N(E, 2z, 1) = (T2, 0,) = | (L+d) |zl 22| + 227

e Assumption 2 is satisfied setting 9. = d, oo = v/2 and picking

1
Q(Zr>$r):\/§(1+d)|$r,2|d, pm(s) = pa(s) = Vs, q =2, ¢ = 3"

e Finally, Assumption 3 is satisfied with v = 1.

Consequently, system ([l]) belongs to the class of systems satisfying Assumption 1,2 and 3 and
Theorem [[] applies.

When compared with what can be found in the textbooks [[[§, [[f] or in [[[J for instance,
our approach allows us to deal with dynamics which, in appropriate coordinates, may have
some polynomial growth in the unmeasured state components (as expressed by Assumption
2).

Assumption 1 is more general than the incremental property introduced in [f] (see also [g])
since the gain ~; in Assumption 1.2 depends also on (z,,x,). Nevertheless it retains its main
property on the behavior of the solutions. Specifically it implies that, for all bounded time
functions t — (g(t), r.(t)), if a corresponding solution ¢ +— 3,(¢) of the appended dynamics of
system (), i.e. solution of :

37’ - F(ﬁra;r) 5

is bounded, then all solutions ¢ +— 3(¢) of :

i = F(0r)

are bounded as well. If furthermore, for all i, ~;(3,(¢),z,(¢),2(t) — r.(t)) goes to zero when ¢
goes to infinity, then |3(¢) — 3,(¢)| goes to zero.

The presence of the 9,; offers a great flexibility for checking our Assumptions. Specifically,
it follows from our proof that Assumptions 1 and 2 need not to hold for all (z.,z,). It is

6See Section for more details.



sufficient they are satisfied with F'(z,,x,) and d,; given by (). For example, in the case with
no appended dynamics, by letting :

57“,1 - j:r,l - fl(Ir) ) Lri = 0 5 57“,2' = fz(xr) Vi 2 2 s
Assumption 2 becomes :

1—000(n—i—1)

Fi(@)] < Q@) > a4 coo Y |E] Toxm
j=1 =1

Then, with f; locally Lipschitz, around the origin, we recover the result on practical tracking
in [f] where standard homogeneity and domination is also used.
In the same way, by letting

F(Zraxr) =0 s 57’,2’ - fz(oal’r) - fi(zrazr)a

Assumption 1.2 reduces to a simple ISS property as assumed for example in [15].

Finally, the presence of the function € in Assumptions 2 and 3 is an important feature.
It is necessary to account for the fact that the local Lipschitz constant depend on around
where the solution is and therefore around where (z,,z,) is. But, not knowing in advance
the reference trajectory, we have no a priori upperbound for this term. This term makes the
analysis much more involved and requires ad hoc small gain arguments.

2.3.3 About the reference trajectory

The standard output tracking problem consists in designing a feedback which guarantees
boundedness of the closed loop solutions while ensuring convergence of the output to a desired
reference signal y,. To solve this problem, we follow the classical two degrees of freedom design
technique. Namely we separate the problem into two subproblems :

e trajectory generation,
e feedback compensation.

Feedback compensation is the object we present in full details in this paper. The purpose
of trajectory generation is to synthesize a state and input reference trajectory (x,, 2., u,) for
the system given the desired reference signal y,.. Here we do not require this trajectory to
be feasible since a ”dynamical mismatch” quantified by 9§, is allowed. In addition we do
not require this state and input reference trajectory, and therefore the reference signal to be
available ahead of time.

The problem of state and input reference trajectory generation is rendered more difficult by
the presence of appended dynamics. When the system we consider is right invertible (see [[L0]),
one way to solve this problem (among many others) is to decompose it in two sub-problems:

1. generation of the time derivatives of the desired reference signal y,,

2. transformation of these derivatives into a state and input reference trajectory.



The problem of obtaining the time derivative of the desired reference signal is an observer
problem. It can be solved once we have a model of the system which generates the reference
signal, the so-called exo-system in regulation theory [[I]. For example, we could pick as
approximate exo-system yﬁm) (t) = 0, i.e. y,.(t) is approximated as a polynomial of degree
m — 1 in ¢ (the model used in [{] is v = 0).

Then, to obtain the appropriate signals (x,,u,) and z,., from y, and its time derivatives
yﬁi), we follow a standard inversion procedure (see [IJ]). Specifically, if we can partition z in
(74, 3) so that ([]) takes the specific formf]

( 2 =F(z,z,) ,
ial = Tg2 + .fl(xal) 5

iana—l = TLang + fna—l(zala sy xana—l) s
. =z 16
Tang, — Tl + fna(zv'ra> ) Y ot ( )
Ty = Tpo + frg+1(2, Ta, T1)

\ ibnb =u-+ fna+nb(zazaaxb1> "'axbnb) )

then by formal differentiation we obtain functions ¢g; so that , .; = ¢ui(yy, ..., yﬁi_l)), and by
on-line integration of
27“ - F(Zraxr,a) s

we obtain z, from z,,. Finally, again by formal differentiation, we obtain functions ¢; so that

(na—i-i—l))

Lrbi = ¢bi(zr>yr“'>yr 5 Uyp = ¢bn(zra yr~-~>yq(~na+nb)) .

If, for the z subsystem there exist a particular initial condition z(0) and a bounded time
function t — x,(t) (considered here as input) such that the corresponding solution ¢ — z(t)
is bounded, then, by the minimum phase Assumption 1.1.2, the above procedure yields a
bounded state and input reference trajectory provided that the function ¢t — (y,.(¢), ..., yﬁ"”m’) (1))
is bounded. Note that we rely on a minimum phase assumption and this is not surprising in
view of the key role this assumption plays, as discussed in [d].

For system ([]) it is possible to compute an exact state and input trajectory from y,, g,
and g, selecting x, = (21, x5) with z, = (). Indeed, we obtain :

- )l—l—d o

L _ . 1+d
1’7«72 = Yr ) Uy = Yr — (yr .

Zr 237" = =2z + (yr>
Unfortunately, in general, the estimation process yielding the time function ¢,(t) and ()
from the knowledge of y,.(t) is not exact, and consequently generates an approximation for
this reference trajectory (i.e. non-zero ¢; and dy).

The procedure above is only one of many possible solutions. Others may exploit optimal
control or flatness 4.

3 Proof of Theorem [

The proof of inequality ([[J) is divided into two parts. In the first part we introduce the
functions K and ¢ appearing in the output feedback given in (§). In the second part we show

T xp is not an argument of F and z is not an argument of f1, ..., fn,_1.



how a proper selection of the parameters di;, a1, as and az in the high-gain update law ([[])
yields the result.

3.1 Construction of K and ¢
3.1.1 Posing the problem as an output feedback stabilization problem

The first step is to pose the tracking problem as a problem of stabilization by output feedback.
Setting

U =u—1U, T =22 —Xp, 2 =2—2,
we obtain :
=F(z+ 2,2, +%) — F(z,2,) ,
=8% + Bu + f(zr+ 2,2, +%) — flzr,2) — 0p
where B = (0,...,1)" and 6, = (6,1, .,0rn).

The objective is to find @ depending on the output Z; = y — 2,1 and on the state reference
trajectory (z,x,) such that () holds.

(17)

3.1.2 A high-gain domination approach

The Z dynamics of the system ([[7) have the structure of a chain of integrators disturbed by
nonlinear terms depending on the tracking error (Z, Z), the state reference trajectory (z,, z,)
and the approximation error . This motivates us to use the domination approach introduced
in [[J] (see also BI]). In this context, the nonlinear functions (the f;’s) are not used in the
design but considered as perturbations and the output feedback is designed on a dominating
model which in this case is the chain of integrators. To ensure robustness to these nonlinear-
ities, we employ high-gain techniques. This leads us to design the controller with the scaled

coordinates : '
¥, = LM, (18)

where L is the updated high-gain and b is a positive real number satisfying ([0). Compared
to the scaled coordinates used in the high-gain approach in [[J], we add an extra high-gain
parameter b which has been introduced in [[[9 and which allows gain adaptation.

3.1.3 Homogeneous in the bi-limit output feedback for a chain of integrators

Following the domination approach, we focus on the dominant part of system ([[7) in the
scaled coordinate ([[§), i.e. a chain of integrators, with state X = (x1,..., ;) in R™ described
by :
X =8X+Bu , y=2x. (19)
To design the output feedback controller for system ([J) we use the tools developed within
the framework of homogeneity in the bi-limit, introduced in [B]. (See Appendix [A] for a brief
summary. )
Selecting 09 = 0 and with 0, given by Assumption 2, homogeneity in the bi-limit is
obtained for system ([[) with the weights 7o = (ro.1,...,70n) and roo = (Too 1, -+, Toon) asf] :

ro; =1, 7Tei=1—0(n—1) |, i€ {l,...n}. (20)

8 Note that r ; increases with 4 and is in (0, 1].

10



In [B] we have proposed an output feedback for system ([[J) given by :

u=¢(X) , X=38%+BoX) + K& —x), (21)
where X = (X1,...,&,) isin R™ K is a homogeneous in the bi-limit vector field with weights
ro and r, and degrees 0 and 0., and ¢ is a homogeneous in the bi-limit function with weights
ro and 7., and degrees 1 and 1 4 0,,. Setting :

E = (e...,e0)7 = X—X%
the chain of integrators ([[9) with the controller (R1)) can be described by :

{x — 8%+ Bo(X) + K(e) (22)
E = SE + K(e) .

In [, the design of K and ¢ is performed recursively by following an observer / controller
approach in such a way that there exists a homogeneous in the bi-limit Lyapunov function U
of degree dy; satisfying, for some real number c¢q,

g—g(ﬁe, E)(SE+ K(e1)) + g—g(ﬁe, E) (53% + Bo(X) + K(el)> < (23)

A~ N dyy+000
—1 (U(%,E)+U(%,E) i ) :

To combine this tool with dynamic scaling we need to establish a specific property on the
Lyapunov function U. This property is a homogeneous in the bi-limit version of the one given
in [I9, equation (16)] or in [[J, Lemma A1] and also used in the context of observer design in
[@. Namely, given the diagonal matrix

D = diag(b,1+b,...,n—1+b),

where b is a positive real number satisfying ([[(]), the function ¢ and the vector field K are
selected such that the Lyapunov function U satisfies (B3), and also :

U - oU . . .
- - >
X E)DE + 8%(36,E)D35 > o U(X,E), (24)

for some positive real number c,.
Such a property can be obtained by modifying the recursive procedure given in [P as
claimed in the following statement the proof of which is omitted but can be found in [f].

Theorem 2 Let dyy be a positive real number satisfying dy > 2 maxi<j<n 7o, + 0. There
exists a homogeneous in the bi-limit function ¢ : R™ — R, with associated triples (ro, 1, ¢o)
and (Too, 1 + 00, Ooo), @ homogeneous in the bi-limit vector field K : R — R"™, with associated
triples (ro, 09, Ko) and (7o, 00, Koo) and a positive definite, proper and C function U : R** —
R, , homogeneous in the bi-limit with associated triples (rqo, dy, Uy) and (7o, dy, Us), such that
the following holds.

1. The homogeneous approximating functions Uy and Uy, are positive definite and proper

and for all j in {1,...,n}, the functions % and gTU;_ are homogeneous in the bi-limit
J

: Sy ' oUy 9U. oy dU. :
with approrimating functions ( de; 86;0) and ( % af«?) respectively.

2. There ezist two positive real numbers ¢, and co such that ([23) and (B4) are satisfied.
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We choose dyy satisfying also 110 > g1, with ¢; given in Assumption 2. In this way the

functions pf are convex for all ¢ > 1 +a . In what follows the parameters dy; and b, the vector
field K and the function ¢ are assumed fixed, it remains to select the parameters a;, as and
az appearing in the high-gain updated law ([[1]).

3.2 Properties of the closed loop system
3.2.1 ISS property with respect to the 9, ;’s

The system ([]) with the controller (§), ([]), introduced in Section B.3, can be fully described
by the high-gain update law ([[J]), the Z dynamics in ([[7) and the equationg]

L

E=LSE + K(ey)) — ZDE — ApL) — AL, @
X LST + Bo®) + Kler) — %Da%
where E = (e, ..., e,)T and X = (%y,...,&,)7 are defined as :
xX=£"% , E=g£%-7) (26)
and
Ap(L) =& (flzr+ 22 +8) = fzm20) . As(L) = £ (61, 00m)

are regarded as perturbations.
By inequality (BJ), the function U obtained from Theorem P satisfies, along the solutions

of system (23),
/‘—

U, B) < — L0 (U(X,B)) + Tos + Tpiw (27)

where 6 is the function defined on R, as :

O(s) = s +s W (28)
and
Tps = 7 (gg(ae E)D% + g—U(ae E)DE) ,
Tow = = S0(%,E)[A(L) + A(D)].

The above discussion and Assumption 2 yield the following result, the proof of which is
given in Appendix B.Z.

Lemma 1 There exist two positive real numbers cs and ¢y such that, for all sufficiently small
strictly positive real numbers ay and sufficiently large real numbers ay and as, inequality (27)
becomes :

UX,E) < —403L9<U(§€, E)) +al ™Y Gv) + qug ( LH{,) , o (29)
=1

9 Note that £ ' = —L 'L D g 1.
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where '
Y; = LU py(Zi(2, ) (30)

and the ¢; are O, convex, strictly increasing and homogeneous in the bi-limit functions with
weights 1 and 7 ; + 0o and degrees dy and dy + 0o, defined ady :

de"“oo,i
G(s) = [ max{|o|™ !, |o| =it }do | Vie{l...,n—1}, (31)
Guls) = Jy min{lo] ", |o] Fo }do .

If the functions Z;’s were not present (via Y;), inequality (B9) would give readily an ISS
property between % and (X, E'). To prove this claim note that the function

n—1 ) |5 | ) duy
S € R" — S; + S; Too,i 000 + o <]. + Sn m)
<Z| [+ Isi o (1

is positive definite, homogeneous in the bi-limit with weights 1 and r.; + 0o and degrees dy
dy

and dy and its homogeneous approximating functions (i.e. Y1 [s;|% and D7 [s;| 7>t

are positive definite. Furthermore, since the function s € R" ~ 67! o Yo G (s,)) is

homogeneous in the bi-limit with the same weights and degred™] by Claim A.3 in Appendix
@, there exists a positive real number ¢; such that :

— N S a dy
= (_3 2im1 Gi (si)) < Y (E?:ll\si\ﬂsi‘m,ﬁm T+l (H‘Snpﬂm)) ,

(32)
d n—1 L du
< (Zi:1 | 3] A |5g] 7o oo +2‘3”‘> :

Hence, without Y; in the inequality (B9), we would have (see [PJ)) :

n—1 :
. < dy 1 |6,(1)] 003 (8)] ) oo o
limsup U(X, E(t)) < ¢V limsup [Z ( + +2 L(t)n+b

d
0O
oo oo — L(t)i+b L(t)i—i—b
(33)
In addition, since the function U is positive definite, homogeneous in the bi-limit with degrees
dy and dy and its homogeneous approximating functions are positive definite, and since 7o ;
is smaller or equal to 1, Claim A.3 in Appendix [A] implies the existence of a positive real

number ¢;3 such that :

~ dy 1~ dy
UX,E) 2 e |[£— B = e 275" (34)
which implies that ([J) holds with ¢, = %.
‘13

1ORecall that dy — 1 > 22" for all i in {1,...,n — 1} and dy — 1 > &=L,

g : R, — R, defined in () is a bijective, homogeneous in the bi-limit function, and satisfies all
assumptions of [E, Proposition 2.11]. This implies homogeneity in the bi-limit of its inverse map =% : R, — R

d
with approximating homogeneous functions s and s v=+15 . Then [E, Proposition 2.10] implies that the function

-1 (z_;x Yol G (sl)) is homogeneous in the bi-limit with degrees dyy and dy.
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3.2.2 Small-gain arguments.

To establish an inequality like (BJ) in the presence of Z; (or Y;), we need a more advanced
argument relying on a small gain theorem.

First of all, note that, Assumptions 1 and 3 yield the following result, the proof of which
is in Appendix B.3.

Lemma 2 There exist two positive real numbers cg and c; such that, for all sufficiently small
strictly positive real number a; and sufficiently large real numbers as and as, we have, along
the trajectories of the closed-loop system,

ng _CGCi(E)+C7Q(ZraxT)9(U(‘%a E)) 9 Vi{la-'wn} . (35)

Lemma P| quantifies the ISS gain between (%, E) and Y;, which, unfortunately, depends on
(2., 2,) (through the function Q). Nevertheless, due to the special structure of the high-gain
update law ([[1)), an inequality similar to (BJ) can still be obtained.

Suppose that a; is sufficiently small and that ay and as are sufficiently large such that
Lemmas [l and [ apply. Then, inequality (BY) yields, for all 0 < s < ¢,

G(Yi(t)) < exp(es(s —1))Gi(Yi(s)) + / exp(cs(r — 1)) e Q(r) O(U(r)) dr

where we have used the compact notation :

U(t) = UXE), E®)) , Yi(t) = LT w(Zi(z (1), 2(1)) » Q1) = Qz(t),2.(1)) -
The inequality above, together with definition (0) and inequality (B9) divided by L'~¢, yields :

] ] 6r4(t)
i g-4@L@)eauo)+1chaz;g<L@yw) (36)

+ ca exp(cg(s — 1)) Z G (L(s)™ " (i Zils)))

+n@@/em@w—wmmmwmmﬂm,

where :
Zi(t) = Zi(2(t),2(1)) -
This yields :

€ € E 6r,z(t)
W < —degL(t)°0(U(t)) + L(t) C4;Q (L(t)“‘b) (37)

tea explea(s — 1) Y G (Lls) ™ (il Zils)))

i=1

+n ¢y ey sup {exp (%(r — t)) G(U(r))} /: exp (CQ—G(T — t)) Q(r)dr

[s.t]
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Now, assume for the time being that L satisfies[ :

L)y > = [W e / Cexp (%ﬁ(r - t)) Q(r)dr + 1} VE>0. (38)

C3

In this case (B7) becomes, for all s <t,

ute) : c N~ [ BralD)
M S —AeHoewe) « ey a Y6 (Fk)

n

+ ca exp(cg(s — 1)) Z G (L(s) " (il Zi(5)))

+ [e3L(t)" — 1] exp (—0—2615) sup {exp (%r) G(U(T))} )

[s.1]

< —[desL(t) +1]0(U( “cy Z Gi <L5’(”;)(Lb) (39)

+ ¢4 exp(cg(s —t)) ZQ (L(s) ) (1:(Zi(s)))
i=1

+ c3L(t)° exp (—515) su} {exp (C—;r) G(U(r))} .

[s,t

1
Since the functions § and L are upper bounded on R, and L(0) > a5 > 1, there exist 0,, and
L,, that satisfy :

m_Zg< Hb), Loy > L(t) > a5 >1, Vt>0. (40)

Then, given the initial conditions L(0) and Z;(0), we can find a sufficiently large positive real
number U,,, strictly larger than U(0), and satisfying, for all i,

Un) > 04241 0)~ ) (13(Z:(0))) + ea Ly, O - (41)

Suppose there exists a time t,, in the positive time domain of existence of the solution such
that U(t,,) = Uy, and U(r) < U, for all  in [0, ¢,,). This implies

sup {exp (%r) H(U(r))} = exp (%tm> O(U(tm)) -

[0,tm]

On the other hand, by ([]), setting s = 0 and ¢t = t,, in (BY) yields

This contradicts the definition of ¢,,. Consequently, U, upper bounds the function ¢ — U ()
in the positive time domain of existence of the solution. Since ¢ — L(t) is bounded, the same

12This property will be established at the end of the proof.
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holds for ¢ +— (z(t), Z(t)) and therefore also for t — ~;(2,(t), z.(t), Z(t)). Then, by integration,
we obtain from Assumption 1.2 that, for all ¢, the function t — Z;(z,(t), 2(¢)) is bounded on
the positive time domain of existence of the solution. Hence, by Assumption 1.1, the same
holds for ¢ — Z(t). This implies that the positive time domain of existence is [0, +00) and

that the closed loop solution is bounded on this interval.
It remains to establish ([J). Let U be any positive real number satisfying

n—1 _1 S dy
U > ¢ limsup < [9ri( (‘5”( )‘) = + 2 |5T’"(t)|) ,

P ZZlLt2+b L(t)i+ L{tyrn

with ¢5 given in (BJ). By definition of lim sup, there exists ¢; such that

n—1 1 dy
Ori(1)] |07 ()] ) oo Foee |07 (1)]
> dU | s 3 ) > .
Uzc (§ : (L(t)i—l—b) + (L(t)i+b + 2 L(t)b+n ; vt >t

i=1

Furthermore, using (B2), we obtain :

ZQ( Z+b)_03L(t)€9(Q) . vt>t .

Let Z;,, be a bound for the function t — Z;(t) and :

_itb
T l In Cq Zz lcl(a; ‘ MZ(ZZ,m))
g Cé czas 0 (U)
By (EQ), we have :
cy exp(cg(s —t)) ZQ )T (1i(Zi(s))) < es LH)OU) Vit > s+t .

Define now
U(s) = supU(r) ,

r>s

and assume that we have :
Us) > U Vs>t .

Then, by ({4) and (f5), (B9) with s > #;, gives :
0
L(t)l=c —

e L)+ 100(U®1) + 3¢ LEOUs))  VE> s+t .

So, for each time ¢ > s+ t;, for which we have 0(U(t)) > = 6(U(s)), we obtain :

e[S

Ut) < —0(U(1)) .
It follows from the proof of B3, Theorem 1] that we have :
limsup 6(U(t)) < 20(U(s)) .

t——+o0
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But the definition (P§) of 6 gives :

dy
O(a) < pb(b) = a < pP>=tiw)h VYa,b>0, Vpel0,1].

This yields :

d
limsup U(f) < (2)%=+ta U(s)

t——+o0

and this for all s > t;. By taking the limit for s going to infinity, we get

d
limsup U(t) < (2)%=+a limsup,_ . U(t)

t——+o0

and therefore limsup, ., U(t) = 0, which contradicts (). We conclude that, for each U
satisfying (f2), there exists s satisfying :

U(s) = supU(r) < U

r>s

from which ([L3) follows.
To complete the proof it remains to show that the property (BY) is satisfied. By letting

M = Lf
(L) gives :
M= —ca; M + eM max{O,al(a2+1—M)—l—agﬁ(zr,xr)} .
Since M > ay > 1, when :

aj(as + 1)+ a3 Qz,z,) > ag M

we get :
M > —caiM + ¢ [a1(az +1— M) + a3 Qz, 2,)] |
> 2ea; M + € [ar(az + 1)+ a3z, z,)] .
and, when : B
aj(ag + 1)+ a3z, z) < a1 M
we get :
M = —2eay M + eay M

> 2ea; M + € [al(ag + 1) + a3 Q(2,, :)sr)} .
By integration this yields :
t
M(t) > exp(—2eart) (M(0) —22t) + ECLg/ exp(2ear(r —t)) Uz (r), z.(r)) dr + 22
0

Picking L(0)* = M(0) > as, the inequality (Bg) holds provided a; is chosen sufficiently small
and as and ag sufficiently large.
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4

Conclusion

We have solved a tracking problem by output feedback for minimum phase non-linear systems
which admit globally a strict normal form. Unlike most existing results, we allow nonlinearities
in the model satisfying a polynomial type growth in the unmeasured state components. In
particular, the result obtained generalizes the one obtained in [§] since asymptotic tracking
may be obtained without knowing an upper-bound on the reference trajectory.

This has been achieved by exploiting the tools of domination, homogeneity in the bi-limit,

dynamic scaling and a novel time varying small gain argument.
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Homogeneity in the bi-limit

details on the notion of homogeneity in the bi-limit the reader is referred to [JJ]. For

completeness, we recall the definition and state the main properties used in the paper.

Given a weight r = (ry,...,7,) in (R /{0})", we define the dilation of a vector x in R" as

Nox = (Nay, ..., Nma,)" .
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Definition 1 (Homogeneity in the 0-limit)

e A continuous function ¢ : R" — R is said homogeneous in the 0-limit with associ-
ated triple (ro,do, ¢o), where ro in (R, /{0})" is the weightld, dy in R, the degree and
¢o : R™ — R the approximating function, respectively, if ¢g is continuous and not iden-
tically zero and, for each compact set C' in R™\ {0} and each € > 0, there exists \* such
that we have :

BV 0 2)

max | ——— —
zeC Ado

do(z)| < e VYAe (0,A].

o A wvector field f =>"", fia%i 18 said homogeneous in the 0-limit with associated triple
(0,00, fo), where fo =", foﬂ-a%i, if, for each i in {1,... ,n}, the function f; is homo-
geneous in the 0-limit with associated triple (ro, 0o + 7o, fo..)F

Definition 2 (Homogeneity in the oco-limit)

e A continuous function ¢ : R™ — R is said homogeneous in the oo-limit with associ-
ated triple (Too, dooy o) Where 1o in (R /{0})™ is the weight, dy in Ry the degree and
O : R" — R the approximating function, respectively, if ¢o is continuous and not
identically zero and, for each compact set C' in R™\ {0} and each € > 0, there exists \*
such that we have :

max w — doo(z)] < € VYA E [N, +00) .

o A wector field f =31, fiaixi is said homogeneous in the oo-limit with associated triple

(Toos Voos foo)s With foo = Y1) foo,i%, if, for each i in {1,...,n}, the function f; is
homogeneous in the co-limit with associated triple (7o, Ooo + Too,is fooi)-

Definition 3 (Homogeneity in the bi-limit)
A continuous function ¢ : R™ — R (or a vector field f) is said homogeneous in the bi-limit if
it 1s homogeneous in the 0-limit and homogeneous in the co-limit.

We now recall some properties of homogeneous in the bi-limit functions. Let n and v be
two continuous homogeneous in the bi-limit functions with weights 74, 7., degrees d,, o, dy
and d, 0, d, «, and continuous approximating functions 7y, e, Y0, Voo-

Claim A.1. The function x — n(z)y(x) is homogeneous in the bi-limit with associated triples
(T0> dmO + d%Oa Mo 70) and (Tom dn,oo + d'y,oo> To 700)'

Claim A.2. If the degrees satisfy d, o > d., o and d, o < d o, and y(z) > 0, and we have the
following implications for all non-zero x in R" :

I3 If z is partitioned as (x4, xp), we use (7oa,70p) (respectively (Tooa;Toob)) to denote the weights of z, and
Zp.
14Tn the case of a vector field the degree 9y can be negative as long as 99 +79,; > 0, for all 1 <i < n.
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Y(z) =0 = n(z) <0,
Yo(z) =0 = no(z) <0,
Yoo(x) =0 = Neo() <0,

*

such that, for all & > k*, and for all non-zero x in R" :

n(@) < ky(z), no(z) < k() Noo(r) < kyso() -
Claim A.3. If the degrees satisfy d, o > d, o and d, - < d,  and the functions v, vy and v

are positive definite then there exists a positive real number ¢ satisfying n(x) < c~(x) for all
x in R™.

then there exists a real number &

B Technical proofs
B.1 Proof of inequalities (I3) and (13)

For any ¢y > 1, let

— 1 _ €
Ly, = (a2 + - + B sup Q(s)) :

0 a1 s>t

Then from ([T1])

L(t) < —ai L(t) + L(t) max{0, a;(1 — = + L; — L(t))}  Vt>t,.

to

It follows that . )
L(t) < —2L{t) Vt>ty>1: L(t) > Ly, .

From the proof of [P, Theorem 1], this yields :

limsup L(t) < Ly, .

t——+00

As a result inequality ([[J) follows letting ty go to +oo.
Similarly, let

1
1 o B
L, = <a2 -t % g Q(s)) .

0 ay s=>to
This gives
ay Qy 1
T,— 10 < -2 1) £~ (L~ L#) V2t L2 L) (2af),
0 0
where : .
ay = 7a1a2 T -
Lto - a’2€

It follows that
liminf L(t) > L

t——+00 to 2

from which ([[4) follows letting ¢y go to +o0.
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B.2 Proof of Lemma

This proof is composed of two steps. We first give a bound on Tps and then on 1.

Bound on the term Tps. Equation (B4), and the expression of Lin (L1)), give :

— ou ou
Ths < — — L Q E)D
bs < —lon(on = L)+ a0 D) (SR E)DR +

(%, E)DE) .

From Theorem B, point 1), for each i in {1,...,n} the functions g—g(%, FE) and g—g(%, E) are
homogeneous in the bi-limit with the same weights (g, ro) and (re, ) and degrees dy — 1
and dy — roo;. Hence, by Claim A.1 in Appendix [&], the function (%, E)— g—ge(i, E)Di +
g—%(i, E)DE is homogeneous in the bi-limit with weights (¢, ) and (7, 7o) and degrees dy
and dy. Hence Claim A.3 yields a positive real number ¢q; such that :

oU oU
36(36 E)DX + o

“—(X,E)DE < ¢,;U(X,E) .

1
Finally, using (4) once again and since a5 < L€ < L, we get
Tps < —c2a3Q(z,2,)U(X, E) + enpas LUX,E) . (47)

Bound on the term 7. By Assumption 2, (), (B4) and (B0), we have, for all i,
(A (L))l
= L' b|fz(zr+z zr +2) — filzr, x|

Too,i 000 X
< Uz, x,) ZLJ Ui — e + coo LM bZ|Lb+J Yy —e)| ma  + LY77u(Z)

Jj=1 Jj=1

1
Inequality ([J) implies that, for all L > a5 > 1,

1 TOOZ+lOO_._
e L(b—l—j 1)7007j i—b

. 1
Consequently, for all (X, E) in R* and L > a5 > 1,

Too, i +000

(A (D)l < Q2,2 Z|X]_€]‘+ _LZ|XJ_€]| a4 L2

Too,it000

On the other hand, the functions ‘g—g(E)‘ |&; — e;| and }g—g(E) |&; —ej| "~ are homoge-

neous in the bi-limit with weights (rg, ro) and (rs, 7o) and degrees dy and dy + 7o j — Tooi (<
dy) and, respectively, dy — 14+ 2252< (> 4.} and dy + 0s. Hence, Claim A.3 yields positive
real numbers ¢15 and ¢35 such that

Tosst| < c10 Uz, 2) UE, E) + C°‘; 013L9<U(§€, E)) (48)
2
oU | " oU
E Ll—z—b : ZZ E Ll—z—b 57‘2
e 3 [Gn m| iz + X[ )

Collecting (P7), (E7) and (A§) with Q > %, we obtain
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/ A N

U(X,E) < — [cl ~enan — oo] L@(U(ﬁe, E)) a3 — crocad Uz, 1)U (X, E)

n . . ou
E Ll—z—b N
@)z Y5

(X%, E)‘Ll S

Hence setting c3 = <, for all sufficiently small a; and large as and a3, we have

10°
1i(Zi) -
LRI EDY

The function (X, E, d,;) — g—g(i, E) 9, is homogeneous in the bi-limit with degrees dy; and
dy 4 05 and the weights 1 and 74 ; + 0 for Sm-. Hence there exists a positive real number cy4
satisfying for any F, i, Z; and L > 1,

—

U(X,E) < ~5¢,L0(U(X, E)+Z oU 5

o B)| o

(49)

8U o 57“2' C3 o (5
) < _

Sk E)| 12 < Lo(U ) + e (£2)
~|0U 1i(Zi) C3 : pi(Z:)
1—e < il 1—e

LS B) FEt < L 0(URE)) + i L g( M)

where (; is the homogeneous in the bi-limit functions defined in (BJ]). Hence, inequality ([9)
becomes (R9) and yields the claim of Lemma [.

B.3 Proof of Lemma

Before entering the proof of Lemma [, it is useful to list some properties of the functions y;
and ;. The functions puf' are zero at zero and convex, hence by (), we have :

1 /
q—m(S) < spi(s) < qapa(s)  Vs>0. (50)
1

Similarly, by definition (BJ]) of the functions (;, we have :

dy +0
(s) < s(l(s) < = > 1
Gl) < 5Gle) € T Gl Ve 20 (51)
By integration, this gives :
dyy+900
Grs) < ri=et=2 (i(s) Vs>0,Vr>1. (52)

the functions s — (;(u;(s)) are convex, C'!' and zero at zero.

It follows that we have

SGrmls)) = ) mls) . A Gmls) = v pls) i 5>0, (53
=0 if s=0,

0 < %Q(Tﬂi(sl)) < %Q(Tﬂi(sz)) VO <51 <3y, Vr>0. (54)
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Proof of Lemma P By (BJ) and Y; defined in (B{), Assumption 1.2 gives :

R .

G (55)
S [ (Z + b)] C ( )Y + Le (H—b)g (Y)/“’LZ(ZZ(ZT7 2)) [ - Zi(zra 2) + 71(5217 Zr, xr) lf Zz 7& 0 9

Since L 4 a;L is non-negative and e satisfies ([J), we have :
L , ,
e = @+ 0] FG)Ys < [(040) = dar GY))Y5 -

To exhibit an upper bound on Le_(”b)g(Y;)u;(Zi(zr,2))[ — Zi(zr, 2) + 7i(Z, 20, ) | We
distinguish two cases :
Zi(zr> 2))
1+wv

Zi(zr, 2))
1+ov

]-) Vz(ja Zrazr) S ) 2) ’yi(‘%)ZT’axT) > ’

with v given in Assumption 3.

Case 1) : (pQ) yields :

L GV i Zier, ) | = Ziler, D)+ (@ 2,

< =% LT ) pi(Zi(zr, 2)) Zi 2, 2))
< Q1(1+U Z(}/;> Le=(+0) (Z (erz)) )
S q1(1+u 2(1/2) i

Case 2) : By using successively (p4), (pU) and (p]]), we get :
L GV, i Zirs D) | = Ziler, ) + (@, 20|
Le_(i+b) Cz/ (Le_(i—i—b):ui ((1 + U)’yi(i’v Zry 1’7’)) ) :u; ((1 + U)’yi(i’v Zry 1’7’)) %(:i'v Zry 1’7’) - qil Cz/()/;) Y; )
G (L (L 0@ 200)) ) 125 L i (4 03 200m,)) — 2 YD Vi

q1
Ty 1 G (LT (L + 0)3(@, 2, 20))) — - GV i

1-000(n—2) 1+u q

INIA

IN

where by Assumption 3, (Bf) and L > 1, we have :

Too it0o0

L0 1 (14 0)i(d, 2y 3,) < L0 Zﬂzr,mw oo ||

7=1

Q Too'f"joo

- max{m, }szm e + 12— ;| T
Coo

7=1

Too,; 000
Since the function (s;) — Z] |sil + |sj| "4 is homogeneous in the bi-limit with weights
ro and ro and degrees 1 and 74 ; + 0, the function ¢; is homogeneous in the bi-limit with
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weights 1 and 7o ; + 0o and degrees dyy and dy + 0o, and the function (i, E)— 0 (U(%, E))

is positive definite, proper and homogeneous in the bi-limit with weights (¢, 70) and (7s0, 7o)
and degrees dyy and dy + 0., there exists a positive real number c¢; such that we have :

Too,i 000

dyy + Vo . ) .
. ; ¥ <C°OZ|XJ — el + |xj — | v ) = et (U(%, E)> '
j=1

1-0(n—2) 14w
Hence, with (F3), we have obtained :

1—dal:(?fiz) 1o Gi (L p,(1 + 0) (T, 20, 20)))

dy+dco N
< e max{ﬂ(zc%jr), 1}170“’("72) 0 (U(%, E)) .
Combining the two cases, we get :
LGN Zilzr, 2)) | = Zals 2) + (@, 2 )| <
dyy +000
v Zr,Xr 1-000(n—2) y
D) GY)Y: + ¢ max{ﬂ(—cw > 1} 70 (U(%, E))
which implies for (B3) :
— v
0D < — (-t~ [(i+D) — da ) QODY;
G0 < (o~ 40 - da) €9
Q( ) 17dDU+(OnOi 5
+cr max{ﬂ,l} 9<U(1,E)> :
Coo
Q dy+0co
1-000(n—2) ~
< —cG(Y;) + or max{w, 1} 0 (U(%, E)) ,

where to get the latter inequality we have used (B]]) and chosen cg satisfying :

v

Cg < ————
6 ql(1—|—'U)

and a; satisfying
v
ity 6

<
« n+b

This completes the proof of the Lemma.
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