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SUMMARY

The problem of quadratic stabilization for a class of nonlinear systems is examined in this paper. By
employing a well-known Riccati approach, we develop a technique for designing a state feedback control
law which quadratically stabilizes the system for all admissible uncertainties. This state feedback control law
consists of linear and nonlinear feedback control terms. The linear feedback control term is generalized from
a well-known H, result, while the nonlinear term can be viewed as a correcting term for the presence of
nonlinear bounded uncertainty. This stabilization result is extended to static output feedback and to systems
for which the nonlinear uncertainty satisfies generalized matching conditions. Furthermore, we point out that
in the presence of nonlinear uncertainty the global quadratic stability may be destroyed by some arbitrary
small mismatched uncertainty in the matrix, and proceed to establish the region of semi-global quadratic
stability of the controlled system. © 1998 John Wiley & Sons, Ltd.

1. INTRODUCTION

Robust stabilization of nonlinear systems has been an important research problem in recent
years. Its origin can be traced back to Leitmann’s paper [1] who introduced the matching
conditions and a technique for robust stabilization of systems under these conditions. Sub-
sequently, a great deal of work has been done to study various robust stabilization issues for
matched nonlinearity and uncertainty; see References 2—4 for example. Most recently, the
generalized matching conditions, also known as the triangular structure, have been used to capture
a much larger class of nonlinearities and uncertainties using the so-called back-stepping design
approach; see e.g., References 5-13.

A main drawback of the aforementioned results is that the closed-loop system may not be very
robust against additional mismatched nonlinearity and/or uncertainty. Although there are a num-
ber of papers dealing with mismatched uncertainties (see, e.g., References 14—16) the results are not
quite satisfactory in the sense that the additional uncertainty is not taken into account in the
control design. That is, the controller is designed based on the matched uncertainty only, then the
size of the allowable mismatched uncertainty is calculated depending on the robustness margin of
the resulting closed-loop system. Also, this method works only for linear systems with sufficiently
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484 S. K. NGUANG AND M. FU

small mismatched uncertainty, and it would fail for nonlinear systems in general. As we will show,
even an arbitrarily small size of mismatched uncertainty (in certain sense) will cause the
closed-loop system to lose global stability.

Another weakness of the existing results on the triangular structure is that a subsystem is
required to be stable in some sense (input-to-state stable typically); see, e.g. References 8—13. More
specifically, systems satisfying the triangular structure (26) (see Section 3.3) or a variation of it are
considered and the subsystem )

Xy = f1(x1, 1)

is assumed to be stable in some sense. This may not be a harmful assumption in the case where the
functions f; (x4, t) and g4 (x4, t) in (26) are known (i.e., they do not contain uncertainties) because
by choosing a stabilizer u;(xy, t) and a co-ordinate transformation (z, = x, — g1 (xy, t)uy(xy, t)
being a part of it), the system (26) can be rewritten to have a new f; (x,, t) which is stable. However,
this technique does not apply when the system contains uncertainties, for two reasons: (1) it is not
clear how to find a stabilizer for f; (x4, t); and (2) The co-ordinate transformation may depend on
the uncertainties.

In this paper, we consider the robust stabilization problem for nonlinear systems with both
matched and mismatched nonlinearities and uncertainties. The matched nonlinearity is not
restricted to the Lipschtz bounded, in fact, it can be bounded by almost any continuous nonlinear
and time-varying function. The mismatched part is allowed to be of large size but restricted to be
Lipschtz bounded (i.e., norm bounded) and in the autonomous part of the system. We show that
this type of uncertain and nonlinear system can be quadratically stabilized via a fixed state
feedback controller if and only if the same system with the norm-bounded uncertainty alone can
be robustly stabilized. The latter task can be solved by using a standard H ,, result [17]. That is,
the robust stabilizability of the system with mismatched norm-bounded uncertainty can be
determined by the solvability of an algebraic Riccati equation. When the algebraic Riccati
equation has a desired solution, the robust controller can be designed by a simple procedure.

The aforementioned robust stabilization result is extended in two cases. The first extension is to
convert the state feedback controller into a static output feedback controller under some
additional conditions. The second extension is to relax the matching conditions to the generalized
matching conditions by restricting the norm-bounded uncertainty to a subsystem.

Another related robust stabilization problem of interest is when the control input matrix is also
subject to some mismatched uncertainty. We will show, via a simple example, that global stability
is impossible to establish even when this additional mismatched uncertainty has an arbitrarily
small size. Hence, one has to settle for semi-global stability. We provide an estimate of the size of
the semi-global stability region (in the state space) in terms of the size of the additional
mismatched uncertainty. Furthermore, we use this estimate to show that the global stability is
restored when either the mismatched uncertainty in the input matrix completely vanishes, or
when it is sufficiently small and the matched uncertainty or nonlinearity in the autonomous part
of the system is Lipschitz bounded.

2. SYSTEM AND PRELIMINARIES

The class of systems to be considered in this paper are described by the following state equations:
2 X() = (4 + AA(x, 1) x(t) + (B + AB(x, t))u(t) + Bf(x, t)
y(1) = Cx(1) (1)
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GLOBAL QUADRATIC STABILIZATION 485

where x € R" is the state, u € R™ is the input, y € R” is the control output, 4, B and C are known
constant matrices with appropriate dimensions, f(x, t) is an m x 1 vector representing the nonlin-
ear uncertainties in the plant, AA(x, t) and AB(x, t) are matrix functions representing uncertain-
ties in the matrices 4 and B.

The following structure for the uncertainties AA4(x, t) and AB(x, t) will be assumed throughout
this paper:

Assumption 1

AA(x,t) = DF(x, t)E,

AB(x,t) = BJ(x, 1) E, (2)
where F(x, t) € R**/ and J(x, t) € R™*¥ are Carathéodory matrix functions* bounded by
F(x, 1) F(x,t) < & for some & >0 (3)
and
J(x’t);r(lg’::tl)xg - |J(x,t)E,|| <yforsome0<y<1 4)

and D, E, and E, are known real matrices which characterize the structures of the uncertainties.
The nonlinear function f(x, t) is also assumed to be a Carathéodory function and to satisfy the
following assumption:

Assumption 2

There exists a positive scalar Carathéodory function p(x, t) satisfying following conditions:

(D) 1f(x, 0 < p(x,1); V(x,t) e R"x R where |- || denotes the Euclidean norm, and
(2) p(x,t) contains terms which are quadratic or higher in x.
(3) Also, lim,_,, p(-,t) < oo, Vx e R"

Remark 1

Condition 2 given in Assumption 2 is not too restrictive. Note that if function p(x, t) does
contain terms which are linear in x, we can rewrite p(x, t) = p;x + po(x, t), where po(x, t) is
a function containing terms which are quadratic or higher in x, and p;x can be absorbed into the
AA term in the system equations.

The following linear system associated with (1) will be called the nominal system:

X(x, t) = Ax(t) + Bu(t) (5)

Remark 2

Two special cases of system (1) have been well studied. When AA4(x, t) = 0 or the matrix D in (2)
is equal to B, then we have the so-called matching conditions. It is well known that an uncertain
system with matching conditions can be robustly stabilized via a fixed state feedback controller if

*A function V:RP x R+—R? is called Carathéodory if: (i) V(z,*) is Lebesque measurable for each z € R?; (ii) V (-, t) is
continuous for each ¢ € R; (iii) for each compact set U < R” x R, there exists a Lebesque integrable function m,(-) such
that |V (z, t)|| < m,(t)for all (z, t) € U. This type of function is needed primarily for ensuring the existence and continuity
of the solution to a differential equation; see Reference 4 and references therein.
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486 S. K. NGUANG AND M. FU

and only if the nominal system (5) is stabilizable, see References 1 and 2, for example. Further,
when f(x, t) = 0, the robust stabilization problem can be solved by using an H,, control method;
see Reference 17. That is, the robust stabilizability of the system via state feedback is equivalent to
the solvability of a Riccati equation. What we intend to do in this paper is to develop a unified
method to treat the general case.

Remark 3

We emphasize that the assumption on AB(x, t) is not too restrictive in the sense that even an
arbitrarily small mismatched (i.e., unstructured) uncertainty may cause the system to lose global
stabilizability, provided that f(x, t) is not Lipschtz bounded. See Section 4 for example.

Definition 1

2 is said to be quadratically stabilizable if there exists a continuous mapping u(-); R" — R™, with
u(0) = 0, an n x n positive-definite symmetric matrix P, positive constants o > 0 such that the
following inequality holds

PL(x,t) = x'P(A + AA(x, t))x + x'PB f(t, x) + x'P(B + AB(x, ))u(t) < — o] x||? (6)
for all pairs (x, t) e R"*! and any admissible uncertainties AA(-), AB(-) and f(-).

3. MAIN RESULTS

In this section, we present a state feeback stabilization result for the system (1) under Assumptions
1 and 2. This result will be extended to static output feedback under additional assumptions, and
to systems with generalized matching conditions.

3.1. State feedback
Given the system (X) in (1), we are searching for a state feedback stabilizer of the following form:

u(t) = ¢.(x, 1) (7

where ¢.(x, t) is a Carathéodory function. We now state our main result.

Theorem 3.1

The system (X) satisfying Assumptions 1 and 2 is quadratically stabilizable via a nonlinear state
feedback controller (7) if and only if there exists ¢ > 0 and a positive-definite symmetric matrix
Q € R"*" such that the following algebraic Riccati equation

S{A'P + PA + ¢PDD'P — 2PBB'P + ;E\E,} + Q =0 (8)

has a positive definite symmetric solution P. If this is the case, then, a suitable stabilizing control
law is given by

__p v 1

where

B'Pxp*(x, 1) | B'Pxp(x, 1)]®

_ 1
0 ) = B bxpte, 07 + 657 x| (10)
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and

Remark 4

In order to guarantee the existence of partial derivatives, we need to choose ¢.(x, t) such that it
does not contain Euclidean norms of first order. It can be shown that ¢.(x, t) is uniformly
continuous if p(x, t) is, and uniformly smooth at all x # 0if p(x, t) is. This requirement is essential
for the subsequent discussion in Section 3.3.

Remark 5
Using condition 2 given in Assumption 2, it is easy to verify that ¢.(x, ¢) is in fact continuous at

the origin.

Proof of Theorem 3.1. The necessity follows from Definition 1. To prove the sufficiency, we let
V(x) = 3x'Px be a Lyapunov candidate for system (X) with (9). Then the time derivative of V (x(t))
along (X) is given by
v

-7

V(x(t) = x'P(A + DF(t)E, — Bb'P)x — 1 x'PB{1 + J(x, t)E;}B'Px + x'PBf(t, x)

v v

- x'PB.(x, ) — x'PBJ(x, 1) Exp(x, 1) (12)
(1= 1=y
Using the triangular inequality
X'PDF(x, ) Eyx < 3x'{e¢PDD'P + 5 E{E{} x (13)

for any x € R" and ¢ > 0, and using the bound on J(x, t)E, given in (4), the second right-hand
term of (12) is bounded above by zero, i.e.,

X'PB{1 + J(x,t)E,}B'Px <0 (14)

Then, following (13) and (14) we obtain

. 1 1 1
Vi(x(t) < Ex’ [A'P + PA]x + EséPDD’Px + ng‘EiElx — x'PBB'Px

+ X'‘PBf(x,t) — a ! X'PB{1 + J(x, ) E,} p.(x, 1) (15)

— 1

Using (8), we have
V(x(t) < — x'0x(t) + x'PBf(x, t) —

T xX'PB{1 4+ J(x, ) E;} p.(x, 1) (16)

Consider the last term of (16), once again using the bound on J(x, t)E, given in (4), we have the
following inequality

a i m X'PB(I + J(x, t)E5)¢.(x, t) = x'PBo.(x, t) (17)
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488 S. K. NGUANG AND M. FU

This leads to the following result:
V(x(1) < = x'Qx(t) + x'PBLS(x, 1) — ¢e(x, 1)] (18)
Then, utilizing (4), we have

I B‘Pxp(x, t)|*
IB'Pxp(x, O)II° + &**[|x]°

| B'Pxp(x, 1) | e** | x||°

V(x(1) < — x"()Qx(0) + | BPxp(x, )| —

< — X'()Qx(t 19
OCOF TP, 01 + e x]° "
Therefore, it follows from (19), (11) and the inequality below
ab?
SF g <hVab=0 (20)
that
V(x(r) < — x'Qx + ¥ x[> < — 3 x'Ox (21

Therefore, (Z) is globally exponential stabilized, according to Definition 1. [

Remark 6

We note that Theorem 3.1 is a generalization of some known results. More precisely, when
J(x, t) and f(x, t) in (T) are set to zero, our result will reduce to a result by Petersen.!® Also
Dawson, Qu and Carroll’s result'® will follow by setting F(x, t) and J(x, ) in (Z) to be zero.

3.2. Static output feedback

In certain applications it is more desirable to use output feedback control rather than state
feedback. The output feedback control problem for nonlinear uncertain systems is very difficult to
solve in general, because observers are hard to construct. It is, however, simple to extend the state
feedback stabilization result in Theorem 3.1 to the static output feedback under some additional
conditions.

Assumption 3

There exists a positive scalar Carathéodory function p(y, t) satisfying the following conditions:

1) p(y,t) = If(x, 0], V(x,t) e R"x R, where y = Cx as in (1).
(2) p(y,t) contains terms which are quadratic or higher in y.
(3) Also, lim,_,, p(-,t) < oo, Vye R™

Now, we state our static output feedback stabilization result.

Corollary 3.2

The system (Z) satisfying Assumptions 1 and 3 is quadratically stabilizable via a nonlinear and
time-invariant static output feedback controller, if there exist ¢ > 0, positive-definite symmetric
matrix Q € R"*" and a constant matrix H € R"*? such that the following algebraic Riccati
equation

1{A'P + PA + ¢¢PDD'P —2PBB'P + L E'E,} + 0 =0 (22)
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has a positive-definite symmetric solution P which satisfies the following constraint:

B'P=HC (23)

In this case, a suitable stabilizing control law is given by

1 1
ut) = ——— Hy(t) = —— ¢.(», 1) 24)
L=y (1=
where
Hyp*(y,t) [ Hyp(y, )2

Py, 1) = (25)

I Hyp(y, 01 + e y°

and 8* < %imin [Q]

3.3. Extension to generalized matching conditions

This section extends the main result in Section 3.1 to a more general class of nonlinear
uncertain systems, namely nonlinear systems satisfying the generalized matching conditions.
Systems satisfying the generalized matching conditions normally have the following form:

X1 =f1(x1, 1) + g1(xq, ) x>

Xy = f2(X1, Xa, 1) + g2(xX1, X2, )X
DI 2 S2(x1, X2, 1) + g2(x1, X2, 1) X3 (26)

-X':m :fm(xls v s Xy t) + gm(xls v s X t)u

where, x;(t)e R", i =1, ...,m, represent the state. For all i =1, ...,m the matrix functions
fi(x1, ..., x): R"—=R" and g;(-): R"”"!— R are continuous and satisfying the following assump-
tion.

Assumption 4

fi(x1, ..., x; t) have similar bounds as f(x,t) in Assumption 2, but to ensure asymptotic
stability, we assume that the bounded functions p;(0, ...,0,t) = Ofor all i = 1, ... ,m. The matrix
functions ¢;(xy, ..., X; t) are continuous and satisfying

0 <gilxy, oo s X t) <79; Vxq, ..., x;, t € R" for some constant v; 27)

In this subsection, we further generalize the generalized matching conditions to allow the
following type of system:

X1 = (A4 + AA(xy, 1))x; + (B + AB(xy, 1)) x5 + Bf(xy, 1)
Xy = fo(X1, Xp, 1) + g2(x1, X2, 1) X,

(28)

)y .
FaME ¥, =filX1, ooy X 1) + GilXg, oo, Xi D) X4 g

xm =fm(x1: R ) t) + gm(xls v s Xy [)u

where x (t) is a vector and AA(x4, t), AB(xy, t) and f(x4, t) are as in Section 3.1, and the rest of the
system is same as in system (Zgmc)-
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Corollary 3.3

The system (Zggumc) satisfying Assumptions 1 and 4 is asymptotically stabilizable if there exists
¢ > 0 and a positive-definite symmetric matrix Q € R"*" such that the following algebraic Riccati
equation

1{A'P + PA + ¢¢PDD'P — 2PBB'P + *ELE,} + 0 =0 (29)

has a positive-definite symmetric matrix solution P.
Refer to the Appendix for proof.

We finally point our that the conditions for the system (Zpgac) can be relaxed.’ For example,
x1 can be allowed to be multi-dimensional to some extent, and weaker conditions on g;(-) are also
allowed.

4. ROBUSTNESS ANALYSIS OF THE CLOSED-LOOP SYSTEM

The purpose of this section is to analyse the robustness of the closed-loop system (X) with (9) or
(24). We first show, via an example, that the global stability of the closed-loop system is very
fragile in the sense that it may be destroyed with the slight additional perturbation in the input
matrix. This non-robustness property is not only for the controllers given in Section 3, but also
for a large class of stabilizing controllers, due to the presence of nonlinear f(x, t). Based on this
observation, we derive a robustness analysis result which gives a relationship between the size of
additional uncertainty (in certain sense) and size of the semi-global stability region of the
perturbed system.
4.1. Non-robustness of global exponential stability
Consider the following simple example:
X1(1) = x,(t) — ou(t)
X (1) = x3(0) + x3(t) + u(t) (30)

where 0 is a constant to be specified. When 6 = 0, the system (30) satisfies the matching conditions
(i.e. Assumption 1), and is therefore globally stabilizable. We claim that the system (30) is not
globally stabilizable when § # 0. Indeed, define

z(t) = x1(t) + 6x,(1) (31)
then we have
2(t) = x,(t) + 0x3(t) + 6x3(b) (32)

Without loss of generality, we assume ¢ > 0. Choose the initial condition x,(0) and x,(0) such
that

2(0) = 671, x5(0) + 0x2(0) + 5x3(0) > 0 (33)

Then, we argue that Z(t) > 0 ¥Vt > 0. Indeed, from (32) and (33) it is obvious that Z(0) > 0. Let, on
the contrary, ty > 0 be the least time at which Z(¢y) = 0. Then, (32) implies that

— 37t <x,(te) <0
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and in this case,

-1

Z(to) = — a + 6x7(to)
Note that
X1(to) = z(to) — 0x5(to)
=z(ty) = z(0) =61
Hence,

6! 3671
Z(to) = —T+571 =

contradicting the assumption Z(ty) = 0. That is, Z(¢) > 0, V¢ > 0, implying that the system (30) is
not globally stabilizable.

We emphasize that the loss of global stabilizability above holds for arbitrarily sufficiently small
|0| and this phenomenon actually exists for a large class of systems.
4.2. Estimate of semi-global exponential stability bound

Consider the robust controller (7) for system (X) with an additional uncertainty in the input
matrix assumed to have following structure.
Assumption 5

AB,(x,1) = D,F.(x, t)E, and | F,(x, )| <n (34)

where, D, and E, are matrices representing the structure of the additional uncertainty.

The time derivative of the Lyapunov function V(x) = x'Px along the trajectory or trajectories
of the system () will be given by (see (12))

V(x(t) = — A3 || x[1* + x'PAB,(x, t)(— Kx — (1—1/) ¢C(X(t))> 35)
< = sl x| 4 nr(x, ) (36)
where,
1
r(x, 1) = ([|Ix"PD,|| IX’PBEu|)<IKXI + a=7 |¢C(X(t))|> (37
Rewriting it in a more compact form, we get
V(x() < = 23(1 = nlu(x, 0) 1 x(0) |12 (38)
where,
r(x, t)
Au(x, 1) == 3 (39)
Al x|

Clearly, from (38), the exponential stability region of the system is determined by the function
A4(X, t). This is summarized in the following result.
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Theorem 4.1

Suppose the system (1), satisfying Assumptions 1 and 2, is globally quadratically stabilized via
the stabilizing control law (13)—(15) in Theorem 3.1. Also suppose the systme’s input matrix is
subject to an additional uncertainty given by (34). Then for any ¢>0, M ={x:
[ X || < Amin [P1/Amax [P]1E: x € "} is a region of semi-global quadratic stability of the closed-loop
system if

<l tx, 1), Vxe M, Vt =0

Remark 7

The function 4,(x, t) in (39) is unbounded in general, hence, no global exponential stability is
guaranteed by (38) for the system (X), except for two special cases. The first case is obvious: = 0;
i.e., the unmodelled uncertainty AB,(x, t) disappears completely. In this case, (38) recovers (12).
The second case is when p(x, t) is Lipschtz bounded and 7 is sufficiently small. In this case, it is
straightforward to see from (37) and (39) that || A,(x, t)| is uniformly bounded. Thus, the global
exponential stability of the system (X) is established by (38) as long as

0 <y <min{, '(x,1):(x, 1) € #"x R}

5. A NUMERICAL EXAMPLE

Consider the following uncertain nonlinear system

X(t) = (A + DF(x, t)E)x(t) + Bu(t) + Bf(x, t) (40)
where
0 1 0 , _
A:[IO 0], B:[l} D=1[0,1], E=]0,1] 41)
f(x,t) = sin(t)x} (42)
F(x,t) = sin(x,(t)) (43)

Note that with the presence of f(x, t) this system cannot be globally stabilized by any linear
controller. However, using the design given in Theorem 3.1, if we choose Q = I and ¢ = 1, then we
have the following global exponential stabilizer

u(t) = — Kx(t) — ¢.(x, 1) (44)
where

bol ) = Kp*(x, 1) Kxp(x, 1)
o | Kxp(x, 0)]|* + &*3 || x]|°

(45)

and K = [20:0995 6:4186], p(x, t) = x2, and &¢* = 0-1. The closed-loop responses of x; and x,
are given in Figure 1 and the control input in Figure 2.

© 1998 John Wiley & Sons, Ltd. Int. J. Robust Nonlinear Control 8, 483—-497 (1998)



GLOBAL QUADRATIC STABILIZATION 493

15 T ! f ! ! ' ! ' T

10F .
x1

5_ ....................... -

N

>

©

g oF: -

‘>—< 7/

x /

o !

% I ] S A

= ' :

K | , X2

(- :
-1op ! I 4
Vo
o
!
! : :
_15_:.' .....................................................................................................
i
.20 i | i i i ! i i i
0 2 4 6 8 10 12 14 16 18 20
time (sec)
Figure 1. Closed-loop responses of a numerical example
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6. CONCLUSIONS

In this paper, we have solved a robust stabilization problem for systems with both Lipschtz
bounded and unbounded uncertainties. We have presented a state feedback controller design
technique to globally exponentially stabilize the system. In a special case, the state feedback
controller can be implemented via static output feedback. We have further analysed the robust-
ness of the controlled in the presence of some unmodelled uncertainty which causes a possible loss
of global exponential stability. Consequently, some estimate of the region of semi-global ex-
ponential stability in the state space is provided.

APPENDIX. PROOF OF COROLLARY 3.3
Proof

The design procedure adopted here is very similar to backstepping procedure,® 7 except that in the first
step of design, Theorem 3.1 is applied.

Step 1. Define z; = x; and z, = x5 — ¢ (24, t), where ¢4(z;, t) is a smooth function yet to be determined.
The first equation of the system (Zygc) can be written as

Z1= (A + AA(zy, )21 + (B + AB(zy, 1)) [25 + ¢1(z1, ] + Bf(z1, 1) (46)

t

First ignore the term (B + AB(zy, t))z, and choose the Lyapunov function V,(z,) = 1z Pz,. Then the time
derivative of V(z,) along (46) is

Vi(zi) = 24P(A + AA(zy, )21 + 24 PBfi(z1, t) + 24 P(B + AB(zy, 1)1 (21, 1)
+ z4P(B + AB(zy, 1))z, 47)

Using the design given in Theorem 3.1, we have

¢1(z1,0) = — [B'Pzy + ¢c(z1, 1)] (43)
1=y
where
B'Pzyp*(z1, 1) || B'Pz1p(z1, ) ||?

(21, 1) = 49
P ) = i o O + e [0 9)

Using (48), (49) and (29), we will have
Vi(z1) < — (c1 — &%) z1|I* + 24 P(B + AB(zy, 1))z, (50)

where ¢* is any positive scalar function yet to be chosen. Note that ¢, (z,, t) given in (48) does not contain
first-order Euclidean norms. Hence its partial derivatives exist.

Step 2. Define z3 = x3 — ¢,(z4, 22, t), again ¢, (z4, z,, t) is another smooth function yet to be determined.
Using this definition, the second equation of system (Xpgyc) Will become

Zy = f2(21, 22, 1) + g2(21, 22, )[23 + ¢2(21, 22, )] + Y1(21, 1) (51)
where
_dei(z,0)
Vi(z1, 22, 8) = —a
6 1\Z1, 6 121,
_ y (4 + A4z )2+ B+ ABG, )% + 0] + Bfer ) + “21E00 ()
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Penalizing the distance between x, and ¢(zy, t), we choose our new Lyapunov function as
Va(z1, 22) = Vil(zy) +% 252, (53)

It can be interpreted as steering x, towards the manifold ¢ (z4, t). Now computing its time derivative along
(46)—(51), we have

Va(z1,22) < — (¢1 — &%) |21 |* + 24 P(B + AB(zy, 1)) 25 + 23{f2(z1, 22, 1)

+ 92(z1, 22, 23 + ¢2(21, 22, )] + Y1 (24, 22, 1)}

=—(c1 — M) z1|1* + 2292(z1, 22, )23 + 22 {f2(z1, 22, 1)

+ 23P(B + AB(z1, 1)) + g2(21, 22, ) P2(21, 22, ) + Y1 (21, 22, £}

< —(e1 — &) z1 1% + 2292(21, 22, O[23 + G2(21, 22, 0] + @2(21, 22, 1) (54)
where
©2(21, 22, 1) = [|Z4P(B + AB(zy, 1)) + W1 (21, 1) + f2(21, 22, 1) | (55)

is sufficiently smooth function with ¢, (0, 0, t) = 0. Note that such a bound can always be chosen because of
Assumption 4. Similar to Step 1, we first forget about the term containing z;. Following the similar design
technique given in Theorem 3.1, we choose

1 2,03(21, 22, 1) | 2202 (21, 22, 1) ||?
¢(Z>Zat):__< Zy — (56)
e U 22020z 20, 017 + #3121 + [122])°
Then (54) will become
Va(z1,22) < —(e1 — e9)|z1 |? — 2| 221 + 2292(21, 22, 1) 23
220221, 22, 01622 + 122 1)° 5
| 2202(z1, 22, P + ¥ (Jlz1 | + [ 221)°
Using the fact given in (20) we will have
VZ(le 2) < —(c1 — ez 17 + [ 221%) + 2292(21, 22, 1) 23 (58)
Step i (3 <i<n—1). We repeat the above procedure, defining z;.; = x;+1 — ¢i(zy, ... ,Zz;, t), then
Zi=fiz1, s zo ) + Giz1, oz D[ Zivt + Gilze, sz ] F o121, - 20 1) (59)
where
o a(bi— (Z s e s Z 5[)
Vi-1(zy, ..,z t) = Z M. {fizis oz )+ gilze, 20 D Zk41
k=1 0z
agbi* (Z s e s Zi 5[)
+ Pulzns oz O]+ B 2,z O] (60)
Choose our new Lyapunov function as
i—1
Vi(Zla 5Zi) = V1(21) + %Z;‘Zk (61)
k=2
and compute its time derivative along (46)—(59) as
i—1
Vizy, ooy z) < —(¢p — &%) Z Iz |? + Zi19i(z1s oo sz Dz + 2 { fi(zZ1s ov s 200 0)
k=1
+gi(z1, oz O zivr + Gilzes ooz O]+ Wi (21, sz, 1)) (62)
Once again forget about the term containing z; ;. Choose
1 207 (21, - 520 O | 2pi(21s oo 2 D) ||
¢i(z1,...,zf,t>=——< 1zi— Lo o < (63)
Vi loize, - sze D17 + (2ol + - + [zil)
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where
q)i(zl> v s Ziy t) = HZggi(Zla v Zi [) + l//i*l(zl> v s Ziy t) +f;'(zla v Zi t)“ (64)

and ¢;(z4, ... ,z; t) are sufficiently smooth functions with ¢;(0, ... ,0, t) = 0. Following the same analysis as
in the i = 2 case, we will have

Vi(zi, sz t) < — (¢ — &%) Yollzdl? + Zgizrs sz )ziy (65)
k=1

Step n. Choose the Lyapunov function as

Viizi, oooyzy) =Vi(ze) + z": Zhzk (66)

k=2
and it has the following time derivative along the trajectories of the system (Zpgmc) with feedback u(r)

n—1

Vn(zh v Zy)  —(cp — &%) Z l ZkHz + Zy1Gn-1(21, oy Zum 15 1) 2,
k=1

+Zn{f;l(zla cee s Zpy t)+g"(21, ceesZps t)u+l//,,_1(21, e Zps t)} (67)
Choose
1 Z00u(Z1s oo s Z D) Z0@n(Z1s oo s 2 )2
R I e e e e I
¥ I2a@u(z1s s 2w DI + (2o | + - + [ 24])
where
(pn(zla cee s Zpy t) 2 Hzil—lgn—l(zla ceesZpn—1, t) + lPn—l(zla cee s Zps [) +f;l(zla cevsZpy [)H (69)

which does not have to be smooth, and with ¢,(0, ..., 0, t) = 0. Repeating the same analysis as in the i = 2
case, we have

Valzy, ouz) < — (e — &%) 3 izl (70)
k=1

Choose ¢* < ¢;. Then by Definition 1, the variables z; Vi = 1, ..., n are quadratically stable.
Now we need to show that the system (Zrgmc) is asymptotically stable. This follows from the fact that the
transformation defined between x and z satisfies

[xill = lzi + iz, ..., zi1 |
< lzill + Milzes o nzi- )l (71)

Since p(0,t)=0 and ¢;(0, ...,0,t)=0 for all i=2,...,n which implies that ¢;0, ...,0,t)=0
Vi=1, ...,n, clearly from (71) we deduced that the system (Zrgmc) is asymptotically stabilized.
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