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Global output-feedback tracking for nonlinear systems with
unknown polynomial-of-output growth rate

LIU Yun-gang®
(School of Control Science and Engineering, Shandong University, Jinan Shandong 250061, China)

Abstract: This paper is concerned with the adaptive practical tracking by output-feedback for a class of nonlinear sys-
tems with linearly unmeasurable states dependent growth. Quite different, the system growth rate is unknown polynomial-
of-output with given powers but unknown coefficients, and the assumption on the to-be-tracked reference signal is rather
weak (merely itself and its time-derivative are known). To solve the problem, by flexibly using the ideas and methods from
universal control and dead zone, an observer with new dynamic high-gain is first introduced to re-construct the unmea-
surable system states, and then an adaptive output-feedback tracking controller is successfully designed. It is shown that
if the design parameters in controller are suitably chosen, then all the states of the closed-loop system are bounded, and
furthermore, the tracking error will be prescribed sufficiently small when time is large enough. A numerical simulation is
also provided to demonstrate the validity of the proposed approaches.
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1 Introduction and problem formulation
Global output tracking is a research issue of theoreti-
cal and practical importance, and has received much atten-
tion during last two decades for many classes of nonlinear
systems, by incorporating with adaptive technique, back-
stepping design, dead zone and output regulation theory,
among others (see e.g., [1-17], as well as the references
therein). With sufficient condition/information on nonlin-
ear systems and the reference signal to be tracked, asymp-
totic output tracking can be achieved, see, e.g., [4,8-9,11].
However, when condition/information is not sufficient, this
type of control would be very hard to achieve, even impos-
sible, and consequently, practical output tracking, which
is enough for many practical applications, is proposed
to establish a slightly more degraded control objective
than the former one; that is, the tracking error is steered
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prescribed small when time is large enough, rather than
asymptotically convergent to zero. Besides, practical out-
put tracking usually needs less information than asymp-
totic output tracking, and particularly, allows the pres-
ence of many classes of unmodeled dynamics and uncer-
tainties/unknowns in the systems and the reference signal.
Mainly because of these, practical output tracking have ac-
quired much attention and is still an active area of research.

Recently, when only partial system states or output
available for feedback, some representative results have
been obtained for practical output tracking for classes of
nonlinear systems in [7, 12-13, 15, 17], not only extend-
ing the related results on stabilization, but also developing
distinct methodologies of control design and performance
analysis. More specifically, in [13], practical output track-
ing was considered for a class of stochastic nonlinear sys-
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tems. Work!”! addressed adaptive practical output tracking
(or A-tracking) of nonlinear systems with unknown control
coefficient and the growth of polynomial-of-output multi-
plying an unknown constant, and developed the backstep-
ping design procedure. Different from [7], work!!?! further
studied the systems with the dominating nonlinearities lin-
early composed by unmeasurable states with a factor of
bounded function, and presented a much simpler controller
than that in [7]. Work!"! with less information on the
reference signal than that in [7, 12], addressed the practi-
cal output tracking for nonlinear systems with higher-order
unmeasurable states dependent growth. Our work!!"l al-
lows serious unknowns (i.e., unknown constant growth rate
and unknown bounds for reference signal and its deriva-
tive), and hence essentially different from work!>. Tt is
worth mentioning that both in [7, 12, 17], a dead zone is
employed in the updating law in feedback design to effec-
tively restrain the bursting phenomenon, and more impor-
tantly, to directly establish the desired tracking objective.
This paper continues our investigation presented in
[17], from unknown constant growth rate to unknown
polynomial-of-output one. Specifically, the adaptive prac-
tical tracking is investigated for the following class of
single-input single-output (SISO) nonlinear systems™:

G=Ca+oit,Cu),i=1,--,n—1,

Cn = u+ ¢n(t, ), M
Y= Cl = Yr,
where n € N\{1} is the system order; { = [¢; -+ ()T

€ R™ is the system state with the initial condition {(to) =
Co; u € Rand y € R are the control input and system
output, respectively; y, : [to, +00) — R is the reference
signal to be tracked by the system output; functions ¢; :
[to,+00) x R® x R — R,é = 1,---,n are continuous
in the first argument and locally Lipschitz in the rest two
arguments. In what follows, suppose only the system out-
put y is measurable. This means that (; and 3, may not
be measurable and hence the problem to be solved is dif-
ferent from those in [4,9, 13] where y, is precisely known.
In addition, such situation is often encountered in practical
applications, as already discussed in [15]. For notational
simplicity, let {5 = 0 in the later development of the paper.

The purpose of this paper is to search for an output-
feedback controller such that the global practical tracking
problem of system (1) can be solved under the following
assumptions:

Al) There exist a known integer p € N and an un-
known constant § > 0, such that

64(t,C.u)| < 001+ [G7) 3 1G] +0,
]:
fortc=1,---, n.

A2) The reference signal t — v, (t), ¢t € RT is contin-
uously differentiable. Moreover, there exists an unknown

constant ¥ > 0 such that

sup(|y: (8)] + [9:(8)]) < 0.
t>0

Rigorously speaking, in order to establish the tracking
objective, we will explicitly construct an adaptive output-
feedback controller for system (1) under assumptions Al))
and A2) in the following from:

X =ax(x,y), u=0Br(x,¥), (2)

such that

i) the solution of the resulting closed-loop system is
well-defined and globally bounded on [0, +00);

ii) for any prescribed constant A >0 and for any ini-
tial condition (p, there is a finite time 7% > 0 such that

sup [y(t)| = sup [Ci(t) — y:(t)] < A,
t=>T\ t=>Ty

where Y is the state vector with the appropriate dimension
and the initial value xo = x(0), A > 0 is used to repre-
sent the tracking accuracy, functions « and (3 are vector-
valued continuous and scalar continuously differentiable,
respectively, both dependent on A. The control just formu-
lated is sometimes called \-tracking (see e.g., [1-3,12,14]
and the references therein).

It is worthwhile to point out assumption Al) shows
that system (1) heavily relies on the unmeasurable states
and has the growth rate of polynomial-of-output multi-
plying an unknown constant (or saying unknown coeffi-
cients polynomial-of-output). This assumption also makes
system (1) is essentially different from those studied in
[12,18-20], where the authors considered classes of non-
linear systems with another type of unmeasurable states
dependent growth, i.e., the system nonlinearities are con-
sisted of unmeasurable states multiplying an unknown con-
stant or functions satisfying some severe conditions. Be-
sides, assumption Al) clearly means that the system may
not necessarily have equilibrium points and allows the
presence of the lower-order (than 1) growing unmeasur-
able states. From these, one can see that system (1) under
assumption A1) represents a larger class of nonlinear sys-
tems and is significantly different from those in the existing
literature on tracking control (see e.g., [4,7,9-13,15,17]).
Assumption A2) shows that no more information is needed
on the reference signal y, except the existence (unneces-
sarily known) of the upper bounds of it and its derivative.
Although with the similar but slightly stronger constraints
than assumption Al), the stabilization problem has been
settled in [21-22], the practical tracking problem has re-
mained unsolved so far for system (1) under assumptions
Al) and A2). This is partially because of the weaker con-
ditions imposed on the system and reference signal. In
addition, to author’s knowledge, it seems impossible to
realize the global asymptotical tracking control (see e.g.,
[7,12,15-16,21,23-24]).

*Throughout this paper, N = {1, 2, 3, - - - } denotes the set of all natural numbers; R denotes the set of all real numbers, Rt denotes
the set of all non-negative numbers, R™ denotes the real n-dimensional space; for any vector or matrix X, XT denotes its transpose,
and || X || (i.e., || X||2) and || X ||oc denote the Euclidean norm (or 2-norm) and the infinity norm (or maximum norm) for vectors, and the
corresponding induced norm for matrices, respectively; for any symmetric matrix P, Amax(P) and Amin(P) denote its maximum and

minimum eigenvalues, respectively.
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The paper proposes a new adaptive output-feedback
controller which successfully accomplishes the global
practical tracking objective prescribed above for system
(1). First, an appropriate high-gain observer is con-
structed, and the high-gain contains two dynamic (updated
on-line) components to compensate for the polynomial-
of-function and unknown constant in the system growth
rate, respectively (roughly speaking). Then, stimulated
by the ideas and methods from universal control and dead
zone!1%12:21-231 "an adaptive output-feedback tracking con-
troller is successfully constructed. Most importantly, the
proof of the validness of the controller is rigorously ad-
dressed, which reveals that by a suitable choice of the
design parameters, the controller designed can guarantee
global practical output tracking, while keeping the global
boundedness of all the closed-loop system states.

The remainder of the paper is organized as follows.
Section 2 provides the design scheme for global practical
tracking control, and Section 3 summarizes the main re-
sults of the paper. Section 4 gives a numerical example,
and Section 5 addresses some concluding remarks. The pa-
per ends with an important appendix which collects rigor-
ous proofs of a crucial lemma and two fundamental propo-
sitions and obviously is an absolutely necessary part of the
paper.

2 Output-feedback tracking control design

This section is devoted to designing an adaptive
output-feedback tracking controller for system (1). First,
a dynamic high-gain observer is introduced to reconstruct
the system unmeasurable states. The novel updating laws
for the high gains, which are inspired by the idea of dead
zone and the related stabilization results, can effectively
compensate the unknowns in the system and reference sig-
nal. Then, based on the dynamic high-gain observer, an
adaptive output-feedback controller is explicitly designed
to make the tracking error prescribed small after a finite
time, while keeping the global boundedness of all the re-
sulting closed-loop system states.

From (; = y + v;, and assumptions Al) and A2), we
know that, forany ¢ = 1, --- ,n,andany t € R™, { €
R™ u € R,

|9(t, ¢, u)| <

01+l + ") X Il +6 <
P
7
0(1+20719P + 2771 ylP) 3 |G + 6 <
j=1

6 max{1 + op—lyp 2p_1}(1 +1ylP) 3o || + 6.
j=1

3)
This obviously means that system (1) does not necessarily
have an equilibrium point since the presence of adding 6 in
(3), and system (1) can be dominated by a system hav-
ing linearly unmeasurable states dependent growth with
the rate of polynomial-of-output multiplying an unknown
constant.

2.1 State transformation
For the convenience of control design, let’s first intro-
duce the following simple transformation:
T1=Y=C Y, Ti =GC, 1 =2, ,n. “4)
Then, by (1), we have
T = xip1 + @it x,u), =1,
En = u+ @n(t,z,u), %)

Yy =,

7”717

where = [z; --- x,]T with the specified initial condi-

tion, and
{ p1(t 2, u) = ¢1(t, ¢, u)|(4) — Yrs

@i(taxa ’U,) - ¢z(t7 Ca U)|(4), L= 2; L2

and for the simplicity of expression, variable ¢ in ¢;’s is
used to denote all the effects caused by time ¢ itself, the
reference signal and its first derivative. Clearly, by assump-
tion A2) and the definitions of ;’s, we know that ©;’s sat-
isfy the similar relations to (3) with respect to argument x,
and therefore, the transformed system (5) has the similar
growth property to that of the original system (1).

It should be emphasized that, by introducing transfor-
mation (4), the tracking control of the original system (1)
will be solved by studying the following control design
problem of the transformed system (5): an output-feedback
controller should be designed such that all the closed-loop
system states are bounded on [0, +00) and meanwhile the
system output is regulated into a prescribed small neigh-
borhood of the origin when time is large enough.

2.2 Output-feedback control design

This subsection is to design an output-feedback con-
troller in the form of (2) for system (5).

First, motivated by [21-22], the following state ob-
server is constructed for system (5):

Li‘i = ii'iJrl —+ ri(t)li(:cl — i’l),
i:17"'7n_17 (6)
Tn = w4 " () (1 — 21),

where /;’s are constants to be determined later, r(t) £
L(t)M(t), t € RY is called dynamic gain in which L and
M satisfy the following updating laws:

) U — 71)2 22
i = M max{0, (‘Zm(t)l) “ @t
n 72
2;1 m} L(0) =1, (7)
M = =31 M? + Bo(1 + |yP)* M,
M(0) =1,
with to-be-determined design parameters (31, (32 and a sat-
isfying0 < f1 < frand 0 < a < 0p° respectively (p is

the same positive integer as in the assumption A2).
Thus, based on observer (6) and updating laws (7), the
output-feedback controller is designed as follows:
w=—(r"(t)kid1 + 1" (Okads + -+ r(t)kndn),
®)
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where k;’s are constants to be determined later.

As to be stated in the later Proposition 1 and Lemma
1,one cansee that L(t) > 1, Vt €e RT and M (¢t) >1, Vte
R, and consequently 7(¢) > 1, V¢t € R*, and therefore,
observer (6) is of the Luenberger-like one with the dynamic
high-gain 7. This type of observers are more flexible than
the observers with the non-high-gain or constant-gain, and
are particularly applicable to output-feedback control de-
sign for the systems with inherent nonlinearities and un-
certainties [12,15,21,24].

Roughly speaking, the components L and M of dy-
namic gain r play different important roles in realizing
global practical tracking by output-feedback. On one hand,
L will be updated large enough to compensate the bounded
unknowns/uncertainties in system (5) (or system (1)) and
the reference signal. On the other hand, the dynamic gain
M is necessary to compensate the polynomial-of-output
system growth rate.

It is worth pointing out that the particular updating law
for L is different from those in the closely related litera-
ture (see e.g., [12,21]). This is quite important, since the
presence of dead zone in the updating law of L, ones can
finally assert the prescribed tracking objective as long as
the global stability is ensured for the closed-loop system,
as to be stated in the proof of Theorem 1. Besides, from
(8), one can know that the proposed controller is linearly
composed of the observer states and hence easy to be im-
plemented in practice. However, the subsequent treatment
indicates that the stability and tracking performance anal-
ysis for the resulting closed-loop system is rather compli-
cated (majorally due to the particular updating laws for L
and M).

For the further treatment, define the state estimation
error £ = = — & of the resulting closed-loop system, which
obviously satisfies

T = —r' (L% + Tiv1 + 93,
t=1,---,n—1,

I;n = —’I“n(t)lni‘l + ©n.
Besides, for the sake of simplicity, we introduce the fol-
lowing scaling transformations:

i =——,1=1,--,mn,

. C)
ni:m’ =1,

where a is the same design parameter as in (7). Letting

e=[e1 - en)Tandn=[n - 0,7, we have
~(t
e=r(t)Ae+ f — MDa&:,
r(t)
() (10)
n=rt)Bn+r(t)le — %Dan,
where
=l Ll
_¥P1 P2 Pn_ T _
f o [7“7 ratl T Ta+n—1} -
[¢1—Z)r 2 Pn T
ra rat+l patn—14 2

Vol. 31
D, =diag{a,a+ 1, a+n — 1},
and
4 1.0 0O 1 --- 0
A= R . B=| o
1y 0 1 0o 0 --- 1
1, 0---0 —ky —ky - —ky,

3 Main results

In this section, the main contributions of the paper
will be addressed and rigorously proven. As an additional
consequence of the proofs, we will accomplish the entire
conditions on the design parameters, and will deeply
understand the necessity of the aforementioned choices/
requirements, such as, the updating laws for L and M, and

the preliminary constraints on a, 31, f2,1.e.,0 < a <

and 0 < ﬁ1 < ﬂg.

Theorem 1 Consider system (1) under the assump-
tions A1) and A2). If the design parameters I;’s, k;’s, (31,
(B2 and a are suitably chosen, then based on the dynamic
high-gain observer (6), the output-feedback controller (8)
guarantees that all the states of the resulting closed-loop
system are well-defined and bounded on [0, +c0), and fur-
thermore, the global practical tracking can be achieved,
i.e., for prescribed A > 0, there exists a finite time T},
such that |y(¢)| < A, V& = T).

Proof In fact, in the entire proof, the design parame-
ters l;, k;, ¢ = 1,--- ,n are chosen to satisfy (A.1), and a,
(31, B2 are chosen to meet (A.6).

By (1), (5)—(8) and Statement iii) of Proposition 1
later, it is easy to verify that the right-hand side of
the resulting closed-loop system is locally Lipschitz in
(z,%, M, L) in an open neighborhood of the initial con-
dition, and hence the closed-loop system has a unique so-
lution on a small interval [0, ¢¢) (see Theorem 3.1, page 18
of [25]). Let [0, T¢) be the maximal interval on which a
unique solution exists, where 0 < T < +oo (see Theo-
rem 2.1, page 17 of [26]). As will be stated in Lemma 1
later where Ty = 400, the closed-loop system states are
well-defined on [0, 4+00).

To continue the proof, we shall need some basic prop-
erties of components L and M in dynamic high-gain r,
given in the following proposition.

Proposition 1 For system (5) and observer (6), the
dynamic gains L and M described by (7) are provided with
the following properties:

i) M(t) > 1foranyt € [0, T});

ii) L is monotone nondecreasing on [0, T%), and con-
sequently L(t) > 1 forany ¢ € [0, T%);

iii) The dynamics of M and L are locally Lipschitz in
(y, M) and (y, &, M, L), respectively.

Proof Let’s first prove Statement (i) by a contradic-
tion argument. Otherwise, there would exist a time £y €
[0, T¢), at which M (typ) < 1. In fact, from (7), it can
be known that M > —(;M? when M > 0. This shows
that no matter what the system output y is, M (¢) > 0 has

10p
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bounded derivative in any time interval on which M <0
and hence is a continuous function in time on this interval.
Based on the fact and from M (0) = 1, M(tm) < 1, itis
not hard to see that there exists another time ¢, € [0, t\),
at which M (t};) = 1, M (t};) < 0, and also a sufficiently
small constant 7 > 0, such that M (t) < 0.and 0 < M(t)
< 1forVt € (t}y, tyy + 7). However, (7) and M < 0 on
(ty, thy + 7) means that for V¢ € (tyy, th + 7).M(t) >

1 P)2
M > @ > 1, which clearly contradicts the

just estz}blished M <1 1on (#, tyy+7), and consequently
Statement 1) is true.

We next turn to proving the remainder two statements
of Proposition 1. First from the statement i) and (7), we
know L(t) > 0, ¥t € [0, Tt), and hence L(t) > L(0) =1,
V¢t € [0, T¢). Statement ii) is thus proven. In State-
ment iii), the locally Lipschitz property of the dynamics
of M is because that it is smooth in both M and |y,
and in addition |y| is locally Lipschitz in y. It remains
only to verify the locally Lipschitz property of the dynam-
ics of L in (y, &, M, L), which is true since noting State-
ments i) and ii), max{, 0} is 1200a11y Lipschitz in v and

20y —#1)% A2 n ,
% —9 T 2;::1 7“21—% is a smooth function
of (y, M, L).

Before completely proving the theorem, we next pro-
vide two important propositions, which are both rigorously
proven in Appendix. Specifically, Proposition 2 character-
izes the dynamic behavior of the closed-loop system via a
Lyapunov candidate function and will play a central role
in the later analysis for stability and tracking performance.
Proposition 3 reveals the intrinsic relationship between the
high-gain L and the other system states and shows that in
order to prove the global boundedness of the closed-loop
system, it suffices to prove that of L.

Proposition 2  For the same closed-loop systems as
in Theorem 1 with the same design parameters, there exist
a known constant v > 0, an unknown constant @ > 0 and
symmetric positive definite matrices P and (), such that on
[0, Tt), V(e,2) = AVile) + Va(z) == ve"Pe + 0" Qn
satisfies

. &
V < =050 = O)(llell® + [Inll*) + o

Proposition 3  For the same closed-loop system as in
Theorem 1 with the same [0, T}), then all the other system
states are bounded on [0, Tt) as well.

We can now proceed the main proof of Theorem 1 with
the help of the above Propositions 1, 2 and 3. The first
claim of the theorem is directly obtained from the follow-
ing lemma whose proof is provided in Appendix for the
sake of compactness though it is the most technical part of
the whole proof of the theorem.

Lemma 1 For the same closed-loop system as in
Theorem 1 with the same design parameters, Tt = 00

and all the system states are bounded on [0, +00).

It remains only to prove the global practical tracking
can be achieved, i.e., for any prescribed A > 0, there exists
a finite time T, such that |y(¢)| < A, Vt > T).

First, from (5)—(7), Proposition 1 and Lemma 1, we
can easily verify the following two properties:

a) L is continuously differentiable on [0, +00) and

lim L(t) = sup L(t) exists.
t—+o0 t>0
b) In the expression of L, function
20y — 1) A2 @2

N(t) = M( o T22 e

r2a 2r

is continuously differentiable in time ¢ and particularly, N
is global bounded on [0, +00), i.e., sup [N (t)] < +oc.
>0

Then, from property b), it can be concluded the uni-
form continuity of L on [0, +00); that is, for any € > 0,
there exists d(e) > 0, for any ¢1, t2 € [0, +00) satisfying
[ta — t1] < 6, such that

|L(t2) — L(t1)] < e
In fact, if ¢ is chosen such that
0<d<

max{1,sup [N (t)|}
=0

for any ¢ > 0, from property a) and the expression of L
(i.e., (7)), it isn’t hard to obtain

L(t2) — L(t)] <

[N(t2) = N(t1)| < sup [N ()] - [tz — t1] <

>0
esup [N ()]
120 - < e
max{1,sup [N (£)]}
>0

Keeping in mind property a) and the uniform continu-
ity of L, by using Barbdlat’s Lemma, we finally establish
, ligrn L(t) = 0. Moreover, from Lemma 1, it follows that

— T 00

2

inf —— > 0. Therefore, from the expression of L, we
20 L(t)

know that for any initial condition of the closed-loop sys-
tem, there is a finite time 7% > 0 such that for any ¢ > T},

2(y(t) — 1 (1)? N2

MOC= w2 *
no 322(t) A2
3 < 3 —
22 raay) S 3L
)\2
2 sup L(7)’
T—+00

which together with Proposition 1 implies that for any
t>T)y
2(y(t) —a1(1)® N2
r2a(t) 2r(t)
LA A?
SN (RN
=1 r2i—2+42a (t) 2L(t)

M(t)( +

"Barbilat’s Lemma Suppose that x : [0, +00) — R is a continuously differentiable function, and . lig_n x (t) exists and is finite.
L— oo

If x(t),t € [0, 400) is uniformly continuous, then , ligl X (t) = 0. For more details on the lemma, refer the readers to [26].



926 Control Theory & Applications

Vol. 31

and therefore, for any ¢t > T),

— 2
i U0
no 72(¢) A2
22 ey S Iy

Thus, by 2a < 1, Proposition 1 and

y? < 2(y — 1) + 243,

we have that for any ¢ > T),

A2 S

Tt)/

e e
20 P 50

Yy
iz 2 Ty ~ L)
which directly concludes that
(O] < A, ¢ > T

The proof for the last claim is complete, and hence so is
that of the theorem.

Remark 1 Theorem 1 shows that the desired con-
troller is based on the suitably chosen design parameters.
Also, from the detailed proof of the theorem, we know that
the design parameters should be chosen such that

i) Aand B (orl;’s and k;’s) satisfy

AYP+PA<—I, I < DyP + PD, < hol,
BTQ+ QB < =21, hsI < D,Q + QD, < hyl,
where P and ) are symmetric and positive definite, and

h;’s are positive constants;

1
i 0<a< —,

10p
0< /61 < ! )
max{4hs(1+ ||Ql||?), 2h4}
31+ QU

B2 > max{f, min{hs, hy (1 + ||Ql||2)}}

This is the complete conditions on the design parameters
for an appropriate output feedback practical tracking con-
troller.
4 A simulation example

Consider the following second-order uncertain nonlin-
ear system:

él :CQa
o =u+0'¢Psin Go|Co| + 6, (1D
y=C1— Yr,

where unknown 6’ and y, are assumed to be 2 and sin(40t)
on [0, c0), respectively. It can be verified that this system
satisfies the assumptions A1) and A2) with § = 2, p = 2
and 9 = 40.

As shown in Subsection 2.1, 21 and 2> are the estima-
tions of (1 — y, and (o, respectively, and their dynamics

satisfy (6) with n = 2. Then, according to (7) and (8), the
output-feedback tracking controller of system (11) can be
easily designed in the form (8), and furthermore, in virtue
of Theorem 1 above, choose the appropriate design param-
eters as

[ )" =1 107, [k ko) =12 1]7,
1
a= 0 (1 =0.1and G2 = 10.

Setting the initial conditions of the closed-loop system
by Go = ¢(0)=[0 1JT,2(0)=[0 0], L(0) = L and M(0)
= 1, the simulation results are shown in Fig.1—Fig.4.
These figures show that all the closed-loop system states,
ie., (,z,M and L, are all bounded, and furthermore,
demonstrate the effectiveness of the tracking controller de-
signed above, namely, tracking error |¢; —sin(40t)| < 0.02
whent > 0.15s.

1.0 T T T T
0.8

0.4

= 00

-0.4

0.8

71.0 1 1 1 1
0.0 0.1 0.2 0.3 0.4 0.5

t/s

Fig. 1 The trajectory of the tracking error y

1.0 T T T T

300 T T T T

200 - b

150 - A

M,
(=

-100 |- B

—200 |- -

7300 /1 1 1 1
0.0 0.1 0.2 0.3 0.4 0.5

Fig. 2 The trajectories of n; and 72
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0.8 ; . ; | 5 Concluding remarks
0.6 i In this paper, the global practical tracking (or A-
tracking) problem has been successfully solved by output-
041 i feedback for uncertain nonlinear system (1). Mainly due to
. 02F - the presence of the unmeasurable states dependent growth
" 0.0 with the rate of polynomial-of-output of unknown coeffi-
cients, the tracking problem of system (1) is rather difficult,
“02r 7 and its explicit solution, as the main novelty of the paper, is
0.4 4 established by introducing the new dynamic high-gain ob-
iy . . . . server and flexibly combining the ideas and methodologies
0.0 0.1 0.2 0.3 0.4 0.5 of universal control and dead zone. It is necessary to point
t/s out that the design parameters in the designed controller
is undetermined, and their appropriate choice always ex-
250 : : : : its and should be taken within ranges (rather than a set of
200 - J constants) which would provide control designers with a
150 - - freedom in choosing the tracking controller. As one can
100 |- . see, the adaptive controller designed is essentially based
50 J . on the precise knowledge of the upper bound on the high-
& est power of the polynomial-of-output in the growth rate
-50 - . of system (1), and apparently, the current methods are un-
-100 - 1 available to the case without such knowledge, for which
-150 - 1 any tempt deserves special consideration.
200 | .
-250 ' ' ' '
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Appendix

The appendix provides the rigorous proofs of fundamental
Propositions 2 and 3 and crucial Lemma 1, which is absolutely
necessary for the paper.

Al The detailed proof of Proposition 2

First, the design parameters [;, ¢ = 1,--- ,nand k;, ¢ =
1,--- ,n are chosen to meet Hurwitz condition? and such that

there exist constants h; > 0,4 = 1,--- ,4 and symmetric posi-
tive definite matrices P, @ satisfying

ATP+ PA< —1I, hiI < DaP + PDa < hol,
BYQ+QB < —2I, h3] < DaQ + QDa < hal.
(A1)

It is necessary to point out that the above choice for /;’s and
k;’s is always possible according to Lemma 1 of [20].

Let v = 1+ |QI||?. Then, for V (e,7) = ve* Pe +nTQn,
along the trajectories of (10) on [0, T}), we have

V<

77r||€||2 + 2’76TPf — ¥6T(D3P + PDa)e —

11.
2rnl®+2rn" Qler— 0" (DaQ+QDa)n.  (A2)

We next deal with the destabilized terms on the right-hand
side of the above inequality. From (7) and Proposition 1, we

7 M L M 2
- = — — > — = — p
know ; i + A B1M + B2(1 + |y|”)” on

[0, T¢). Then, from (A.1) and Proposition 1, we have
- %f‘ET(DaP + PDy)e <

Y(BLM = Ba(1 + [y|*)*)e" (DaP + PDa)e <
hayBLM |le)|* — havBa(1 + [yP)? e,

- gnT(DaQ +QDa)n <

(B1M — Bo(1 + [y[")* )" (Da@Q + QDa)n <
haBuMnll* — haBa(1 + [y”)?[In]>.

(A.3)

We then handle the second and the fifth terms on the right-
hand side of (A.2). By (4) and (9), Proposition 1, we know
that

lyl < [Z1] + [81] < 7%eal + r®m| < v (llell + lInlD-

Thus, by (3) and the inequalities that |y|P <
P 1 1
——[y[P + —— and [y[PT" < (1+]y[?) y| forany y € R,

p+1 p+1
we have
$1 — Yr |p1| + |9r]
fil=1—a— <=5 <
) p
00+ )| | 0+9 _
ra T.(L
0 p
0L+ lolP)(yl +9) | 6+9
Ta 7-(1
0 dp+2),  0+9
—~—((1 1 p <
L (DA WPl + =757 + =

L+ 980+ ") (llell + [Imll) +
09(1 + 1) L0+

ra ré

where
0 = Omax{(1+ 2P~ '9P), 2P~ 1},

and fori =2,--- | n,

?i

A1+ [yIP) (9 + ilum +1a50) + 0
P

Ta+i71 §

That is, polynomials s™ + 118"  + -+ + 15+ I, and s™ + k15" "' + .-+ + k15 + k,, are Hurwitz.
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_ 7 .
01+ |y[") (0 + Zl r* = leg| + Ing 1) + 6
j=
,,«a+i71

<

i
>~ (lejl + Ing ) + 2 4 8 <

(1 +[y") ) G

J
0L+ [yl?) (el + ) + 200y €

ra’
Combing the above estimations results in
[flloc = max |[fi] <
1=1,---,n

o(1 P e
n (+|y|)+7

r ra’

O+ ly")(llell + lInll)

where © = 6 4+ 9 + /n(1 + 219)0 is obviously an unknown
positive constant.

Therefore, by the method of completing square, the sec-
ond term on the right-hand side of (A.2) satisfies (noting that
1—2a>0andr(t) > 1, Vt € RT)

27" Pf < 29||P) - llell - ([ flloo <
29||P|l - llell(@Q + [y[") (el + lInll) +
o(1 p e
(1 + 1yl )+7)<
T T
A2 2 2 2 2 2
YOIIPIZ el + 2y (1 + [y*) = (llell” + lInll%) +

32 2 1-2a 2
2 2 ’7@ P r g
A+ e + 220D e

Jr

2592 2
Al
r ~
1—2a

32 2 2
(= +2O7IPI7)lell” +

D (6
B(1+ P2l + ) + 212, (A4)

where D1 = 57v262| P||? is an unknown positive constant.
In addition, the fifth term on the right-hand side of (A.2)
satisfies

2rn" Qley <
2 2 2
2r(| QL - Hinll - lex| < rlIQUIE(l™ + rllnll®

Substituting this, (A.3) and (A.4) into (A.2), we obtain
T1—2a

4
hoyBLM —16%||P||*)|lel|* — (L~ haBr) MIn||* -

(hsfB2 — 37)(1 + [y")?[In]l* —
0)

(e =3+ Pl + 2400 s

V< —(yr —r|QU -

where the design parameters a, 31 and J2 are chosen as fol-
lows:

1
max{4vyha, 2h4}’

B2 = max{p1,

0<p< (A.6)

377}

min{hg, h1v}"

It is clear that inequalities of (A.6) have absorbed the preced-

ing constraints on a, 37 and (32 given in subsection 2.2, i.e.,
1 .

0 < a< —and 0 < B; < P2. Moreover, according to

10p
(A.1), one can see that h;’s depend on a, so do 31 and (2, and

hence the choice described by (A.6) should be implemented in
the order of first a, then (1, and finally (2.

From (A.6) and the facts p> 1, r=LM, L(t) > 1, M(t)
> 1, Vt € [0, +00), it clearly follows that
0<1-2a<1,
741—2a

4

(L — haff1)M = 0.5r,
h3B2 —3v = 0,
hl’}’ﬁ2 - 37 2 07

and therefore from (A.5) and noting v = 1 + [|QI|®> > 1, we
have

+ hoyB1 M < 0.5r,

’ e
V<-05r =)l + ") + =, A7)

where © = max{y6?||P||?, D1(0)}. This completes the
proof of Proposition 2.

A2 The detailed proof of Proposition 3

By the preceding definitions of €, and r, it is easy to
know that the boundedness of = and & can be implied by that
of ,e, M and L. Therefore, to complete the proof, it suffices
to prove the boundedness of 7, € and M, based on that of L on
[0, T¢).

Let’s first show that 7 is bounded on [0, 7T}). Consider
the function Vj,(n) = nTQn for (10). Then, by (A.1), T =

. . . T
M L _ M . .
2> =
i + T2 and the foregoing updating law of M, we have
Vn =

,'Z.
~2r|lnll* + 2T Qler = TnT (DaQ + QDa)n <

MUT(DaQ +QDa)n <
—2r||nl|® + 2rn " Qler + hafi M |n|* —

haB2(1 + [y[P)?|nl|>. (A8)
Noticing

M
—2r(|n||* + 2rn" Qley —

1
2rn" Qler < Srilnll® + 2rl|QI|%eE,

the facts hqy31 < =, h3fB2 > 0 (ensured by (A.6)), the sup-

posed boundedness of L on [0, +00), and using (7) and (A.8),
we have

Vi <

—rllnll* + 2r[|QU*et — haBa(1 + y*)?[lnl|* <

2
2 2 2 2 A
ol + QU LM (22} + 20> - 5.) +

Neu?
2 )

N =

22(|Q1|2 ‘
AW < —exrvi + QUL E +

where ¢; = > 0, and L(T¢) denotes the maximum

-
)\max(Q)
of L on [0, T¢). From this, it is easy to see that on [0, T%)
(keeping in mind the fact r > 1),

d

d N|QtPect
dt '

(Vo (n(1))e™") < | QUIL(Ty) L(t)e " + 2

(A.9)

Then, from 0 to any ¢ € [0, T%), integrating both sides of (A.9)
directly yields

Vi (n(1)e** <



930 Control Theory & Applications

Vol. 31

Va(n(0)) + IQUL(T) ] e 7L +

NMIQUZ ¢t eyro
I
Vi (1(0)) + || QU L(Ty) (e L(t) —

¢ 2
er [} LiryeTdr) + 2 QCQZH (1!

L(0) -
— 1) <

>\2\|Ql||2
2c1

Vi (1(0)) + |QUIP L (Tr)e " +
which shows that for V¢ € [0, T}),

2 2
Van(t)) < Valn())e > + flQu 2z + A

and hence 7 is bounded on [0, T%).

We next show that & is bounded on [0, T%) as well. For
this purpose, we introduce the following scaling transformation
(similar to that in [21]):

T

T @

i=1,---,n,
where L* > L(T}) is a positive constant to be chosen large
enough. Then, in terms of the foregoing dynamics of & and M,
we have

éi = L*M§i+1 — L*Mlz§1 + L*Mlzglf
L 1 ¢i(°)
LM(52)" ™ i1+ oy pyraT

M
~(ita—1)&, i=1,,n—1,
M

L

€n = —L*Mln& + L*Mly&; — LM(ﬁ)"*lznm

n(: M
(L*]@)%—M(n*‘a—l)fm

which can be compactly rewritten in the following form:

§= L*MAE + L*MI¢& — LMTIIE +
otz u) — %Da& (A.10)
where
e=la - &l
. L L
F:dlag{Lﬁv"' 7(?) 1}7
A,l and D, are the same as before, and
= gt =
e1(:) a(:) on(-)
[(L*M)a (L*M)a+1 (L*M)a—i—n 1] (All)

Then, along the solutions of (A.10), the Lyapunov candidate
function Vg (§) = ¢T P¢ satisfies

Ve < —L*M||§H2 +2L* MET Plgy — 2LMET PIIg, +
26T Pf -
Let’s handle the destabilized terms on the right-hand side of

the above inequality. By the method of completing square, we
obtain

g (DaP + PDa)E. (A.12)

L*MJ¢|*

L A3
LMl
el

20" MeT Ple, <AL M| PL|PEd +

2LMET Prig, <ALM || PII|PET +

Moreover, by (3)—(4)(A.11) and the fact L*M > 1 on
[0, T}), we have

. 1ol _
|f1‘ ‘(L*M)a‘\ (L*M)a =
B+l 0

(L*M)e (L*M)e =
0L+ |y (@] + [21]) , 0+
(L*M)e (L*M)e =
_ 0+
1 p s S
0L+ [yI") (€] + Im]) + (T )e
_ 0+
p
O+ [y[P)(llell + lInl) + (LM’
and similarly fori = 2,--- | n,
51 =

et S
A1+ [yl) (9 + ilufjw T 1251)) + 0
P

(L*M)a-i-i—l

01+ ) 651+ 1) + o) + cpogye <

PR
001+ WP )VIEl + ) + T3 + i

<

which together with the preceding definition of unknown con-
stant © result in

[f*loo = max |fF|<
1=1,---,n
O(1 + |yl*) o
L*M (L*M)e

Based on above estimation and by the method of completing
square, we have

O(L+ly") (gl + lImll) +

2TpPf* <
2|[P|| - lIEN@ + [yP)IEl + lImll) +
o1 +y") e ) <
LM (LM’ S
h1B2 2 20 o2
oM @+ lyl")?lel”? +W8 |1P[|“M -
h
(€ + IImlI*) + 2[11?]\24(1 + lyP)? el
oo _
207 P|| n o|P| (14 €] <

L*Mh1f2 ~ (L*M)e
MDy(B)([l€l” + lInlI?) +

% (14 i) lel + D (6),

where Dy = WQ | P||* + 6|/ P|| is an unknown positive
constant. From this together with (A.12)—(A.13) and the up-
dating law of M, it follows that
Ve <
. . L*M 2
LMl +azt i pyed + MIEE

ALM|PTU|2E} +

LMe)® |,
4

JIEIR + ) + 202 14 g2

D3(0) — (=AM + B2(1+ [y*)*)€" (DaP + PDa)é <
—(0.5L" — D2(6) — hap1) Mi€]|* + MD2(6)|n]|”

MD>(6
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_ 1
AM (LT[ PUP + LI PLUP)ET = hafa(1 = M7H(1+ L vom + [ muvie <+
2
‘y‘p) ||£H +D2(@) . . 2 —1+2
Then, after integrating I, = M max{2e% + 2||n||> — (2r) 1A%,
If L* is chosen large enough such that 0} from O to T, we have
L* > max{L(T}), 4D2(0) + 4ha51}, +o0 = L(T}) — L(0) =
2
and noting the foregoing updating law of L and M (t) > 1, t € Tr M(#) max{2:2(4) + 2 2 A
n(t ——, 0}dt <
v Jo M@ max{2e(®) + 20| - 5755 0}

Ve < —0.25L*M||€||> + M Do(6)||n]|* +
AM(L*|[PU* + LI PTU*)éf + D2(6) <
—0.25L* M||¢||? + (0.5D2(6 )
2(L*||PL? + L(T}) | PI)L
A2 (0.592(@) +2(L*|| P + L(T})

2

PIl)|?
P ))+

D»(0),

from which, noting the boundedness of || PI'l|| by the foregoing
definition of I" and applying the same reasoning as the above
proof of the boundedness of 7, we can easily show that ¢ is
bounded on [0, T%), as well as €.

It remains only to prove the boundedness of M on [0, T}).
In fact, from the boundedness of L,  and ¢ on [0, T}), we eas-
ily know that

ly(t)] < DM*(t), vt € [0, T¢),
where positive constant D = L(t¢) sup (|e1(t)|+ [71(2)]).
te[0,tr)

€[0,t

Then, from the updating law of M, it follows that on [0, T%)

M = =B M? + Bo(1 + |y|")*M <
—B1M? + 2D N p1H29P 4 98,0,

which together with the fact 1+ 2ap < 2 directly concludes the
boundedness of M on [0, T}).

So far, the proof of Proposition 3 is complete.

A3 The detailed proof of Lemma 1

To begin with, let’s prove Ty = +oo by a contradiction ar-
gument. Suppose that 7} is finite. Then, to seek contradictions,
consider the following two mutually exclusive cases:

Case1 L isboundedon [0, T}).

Case2 L isunbounded on [0, T}) i.e., L escapes at T}.

First for Case 1, because 75 is finite and as pointed out be-
fore, [0, T¢) is the maximal interval of existence of the solution
of the closed-loop system, we know there must exist at least one
other closed-loop system state which escapes at 7. However,
by Proposition 3, the boundedness of L on [0, T¢) implies that
e, n and M are bounded on [0, t¢), and so are all the closed-
loop system states. This obviously results in a contradiction
and consequently shows Case 1 does not occur.

Second for Case 2, since the solution of the closed-loop
system is well defined and L is monotone nondecreasing, both
on [0, Tf), there must exist a finite time ¢* € (0, T¢), such that

L(t) > 2+26, Vt € [t*, Tp),
which and (A.7) result in
. 2 2
V< =M([lell” + lInl") + © <
—coMV + 0, Vtel[t', Tp),
1

max{yAmax(P), )\maX(Q)}.
to show that £ and 7 are bounded on [0, 7%), and furthermore,
by the finiteness of Tt,

fT‘ M)V (£)dt + ft* M)V (£)dt <
t* 0

(A.14)

where co = From this, it is easy

Tr 2 2
7 M) 223 () + 2n()]*)dt <

0
fOTf es M)V (£)dt < +o0,
2
min{yAmin(P), Amin(Q)}’

tion and hence shows that Case 2 is impossible to occur.

which is a contradic-

where c3 =

So far, the infiniteness of T} is concluded from the above
two contradictions brought out in Cases 1 and 2.

We next turn to proving the boundedness of x, %, L and
M on [0, Tf) = [0, +00). As discussed before, it suffices to
prove the boundedness of ¢, n L and M on [0, +c0). Further-
more, by Proposition 3, we only need to show the bounded-
ness of L on [0, +00). This will be proceeded by a contra-
diction argument. Suppose that L is unbounded on [0, +0o0).
Then, by the monotone nondecreasing property of L, we know
that tligrnoo L(t) = +oo. Thus, due to the continuity of L on

[0, 4+00), for any small constant o € (0, 1), there exists a finite
time Ty € (0, +00), at which

L(Ty) = 1426 + —, (A.15)
ocy

where co is the same constant as defined in (A.14). By this,
(A.7) and the fact L(t) > L(Ts), Vt € [T5, +00), we know
that on [T, +00),

. 1 2 2 ]
< - <

Vv = oca (HEH + HZH )+ ’I"(TU) =~

1 e
—— . Al
SV T (A.16)
Multiplying e=! on both sides of (A.16), it is easy to see
d 1y

e 1
< 7 (o) )
< L(Tg)e , Vt € [Ty, +00)

where and in what follows, V() denotes V' (g(t), n(t)) if no
confusion occurs. After integrating both sides of the above in-
equality from 75 to ¢, we yield

4G

+er Ty (T,), (A.17)

forVt € [T,, +00).

It is noticed that (A.15) means that T, is monotone in-
creasing to infinity as o goes to zero. Thus, there holds that
Ty > Ty since o < 1, where Ty = Ty |o=1. This and (A.17)
imply that

O
L(Th)
e+ V(Tl),
from which and (A.17), if follows that V' (¢) <
vVt € [Ts, +00), and consequently,

V(t) £ max{20 + V(T1),

V(T,) < terM-Ty () <

20 + V(T),

sup V(r)} =V,
o<t

Vit e [0, 400). (A.18)
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By (A.18) and the preceding definitions of V' and c3, we
easily have |y| < r“(c;;V)é on [0, +00). Then from Propo-
sition 1 and the foregoing updating law of M, it follows that

M= —B1M> + B2(1+ |yP)> M <
—B1M? + 28 (1 n 7«2“”07;17”) M <
—B1M? + 2B(1 + L**PEVP) M2,

This together with M/ (0) = 1and 0 < 4

282 20p)) 74
5 (1+cpvp(0r£3§t/;(r)) "))

< 2 concludes that
M(t) < (=

for V¢t € [0, +00), which and the monotone nondecreasing
property of L on [0, +o0) imply that

M(#) < (267 8o (1 + L*P(H)EVP)) =55, (A.19)

for Vt € [0, +00). This reveals a quite essential relationship
between M and L to be used in the subsequent proof. Also,

. . 1
noting that a is chosen such that 0 < a < 100 and hence
P

2ap 1 e see from (A.15) and (A.19) that

0
<1—2ap 4

2ap

M(To) € cqo” T=20p L ¢q0 %,

Vo e (0,1), (A20)

where
cs = (267 Ba(1+ (1 + 20 + 2cy) 2P EVP)) =20
_ Moreover, by (7)(A.18) and the above definitions of c3 and
V, one has on [0, +00)
L= Mmax{2} +2||n||> — (2r) 'A%, 0} <
2M (5 + [In)|*) < esM V. (A21)

Also, from (A.19), the facts of L > 1 on [0, +00) and
2ap

1 .. . ..
< -, it is not hard to obtain for positive constant
1—2ap 4

cs = (267 ' Ba(1 + BVP)) =5,
t) < c5 v/ L(t), Vt € [0, +00),

which together with (A.21) straightforwardly leads to

L(t) < c6 v/ L(t), Vt € [0, +00),

for positive constant cg = c3¢5V, and in turn

(A.22)

5cg
4

ES

L) < (CS -1+ L3(T)7,  (A23)
forVt € [Ty, +00).

By obvious observation, we know that if time ¢ is large
enough, then the last second term on the right-hand side of
(A.17) will become arbitrarily small. Thus, in order to pro-
ceed further, we need to find a sufficiently large time ¢ (> 75 ),
such that the following inequality of ¢ holds

2
ei( )V A
8car(t)”
This can be implied by (since (A.22) and (A.23))
2
Tty o A

8ezes (28 (t — To) + L3 (T))
or equivalently

Hce

%6 (¢ — To) + LE(To)) < X2,

86365‘76” (To 7t)(

which is further implied by (since etau > 7, Vr e RT)

sesePod 1032810100 L) < 4.
Therefore, if o € (0, 1) is chosen sufficiently small such that

< 80305VL% (Ts) + 100czescsV,
(A24)

100c3csceV < 22

for any prescribed A, then by solving the above inequality of ¢,
we obtain

8cacs \_/L% (Ts)

t> Ty =T + oln —
7 7 A2 — 100c3cscgV

(A.25)

which evidently ensures that Tg > T, and

2
F Tty ¢ A t>T
8car(t)’ Z oo

Moreover, by (A.23)
L(Ty) <

(506 oln 80305VL4(T0)
4 A2 —100c3esc6V

(506 oln 8C3C5VL4(TU) 4 (A.26)
4 A2 — 100c3csceV

. VLi(T,

Noting that (A.15), we have lim EUIHM =
R o—0t+ 4 A2 — 100c3csc6V

0. Then by L(Ts) > L(Ts) > 1 and (A.26), we know that

when o sufficiently small (see Remark A.1 below), there holds

L(Ty) < L(Ty) < (3)FL(Ty), (A27)
and in this situation,
2 2
v To=Dy < AN A VisT,
863C5LZ(T0) 663C5LZ(T0)

For the first term on the right-hand side of (A.17), by
(A.20) and (A.27), when o € (0, 1) small enough, we know

11~ 4.1 1 1 4. 1 1
cx1L31(T,) < (5)504L4(Tg) < (g)s(1+2@+2/c2)4,and
therefore,

BN ALIGAIATer )

L(T;) = 3 Li(T,)
of 41420+ 2ey)i16 _
Li(T,) 3 -
#- (A.28)
66365L1(Tg)

In virtue of above estimations, for any prescribed tracking
level A > 0, one can always choose sufficient small o > 0,

such that for any ¢ > ﬁ;,
oO < A2
L(Ty) ~ 66365[/% (T\a) 7
22

e%(Toft)V <

from which together with (A.22) and the definitions of V' and
cs3, it is concluded that for V¢t > Ty,

2e1(t) + 2[n(®)|I° < esV (t) <
A2 A2 A2
— < < —
3C5LZ(T0)

2esL%(Ty)  2r(Ts)
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This is the extremely important inequality in the entire proof,
based on which we can establish a contradiction to the forego-
ing supposed L(+00) = o0 and finally prove the bounded-
ness of L, as will be proceeded in the later.

Due to the continuity of the closed-loop solution on
[0, 4+00) (already discussed) and L(+o00) = +oco (supposed
above), there always exists a finite time 7" > fg, such that
L(T") > L(T5). Then by (A.29) and the updating law of L,
there must exist times on (ﬁ,, T"), at which 2e32¢% + 2||n||% —

2

A = = 0. In these times, we use 7"’ denote the first time (or
2¢5 L4
the minimal time), at and before which, there hold respectively

A2
2es L1 (T")’
2
Ais, vt € [Ty, T").
e L1 (t)

261(T") + 2|n(T")||* =

2e3(t) + 2[n(®)|I° <

N (A.30)
The first relationship concludes L(T") > L(Ts). Since oth-

erwise, we know L(T") = L(T,) and in turn 2¢3(T") +

2 2
(") < e = —
2¢5 L4 (Ty) 2¢5La (T")
contradicts the first inequality of (A.30). On the other hand,
from (A.22) and the second inequality of (A.30), we have for
vt e [Ty, T"),

by (A.29), which

AQ
263 () + 2n(®)|* < —5— =
2¢5 L% (t)
2 2
>\ 1 < >\ b)
2L(t)esLi(t)  2r(t)

which together with the updating law of L leads to L(t) = 0,
vt € [’fm T"), and then by the continuity of the closed-loop
system, we have L(T") = L(T}). This contradicts the just
deduced L(T") > L(T,) from the first inequality and finally
shows that L(¢) is bounded on [0, +00).

The boundedness of ¢, n and M can be immediately estab-
lished by that of L and Proposition 3. From this and the defined
transformation (9), we can obtain that z and Z are bounded on
[0, +00), so is u by its expression (i.e., (8)). The proof of the
lemma is complete.

Remark A.1 In above proof, constant o > 0 is required
to be sufficiently small several times to satisfy different condi-
tions. Collecting all situations (see (A.24)—(A.26), (A.28)), we
have

5

100c3csceV < Mg 8cscs VL4 (Ty) + 100csescsV,

_ 5
4 5ce 8cacsVL1(Ty) (4
* 1 \5

(3) R v R T —"r

A? > 8eses(14 260 + 1/02)i80%.

EITS

|
—
WV

Noting L(T5) = 1+20 + ic, it is obvious that there always
oc2

exists solution in (0, 1) for the always exists solution in (0, 1)
for the above inequalities of o.
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