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Abstract: We consider a general high-gain scaling tech-
nique for global control of strict-feedback-like systems. Un-
like previous results, the scaling utilizes arbitrary powers
(instead of requiring successive powers) of the high gain pa-
rameter with the powers chosen to satisfy certain inequali-
ties depending on system nonlinearities. The scaling induces
a weak-Cascading Upper Diagonal Dominance (w-CUDD)
structure on the dynamics. The analysis is based on our
recent results on the w-CUDD property and uniform solv-
ability of coupled state-dependent Lyapunov equations. The
proposed scaling provides extensions in both state-feedback
and output-feedback cases. The state-feedback problem is
solved for a class of systems with certain ratios of nonlin-
ear terms being polynomially bounded. The controller has
a simple form being essentially linear with state-dependent
dynamic gains and does not involve recursive computations.
In the output-feedback case, the scaling technique is applied
to the design of the observer which is then coupled with a
backstepping controller. The results relax the assumption in
our earlier papers on cascading dominance of upper diagonal
terms. However, since the required upper diagonal cascad-
ing dominance in observer and controller contexts are dual,
it is not possible to use a dual high-gain observer/ controller
in the proposed design preventing the bounds on uncertain
functions from being of the more general form in our earlier
work. A topic of further research is to examine the possibil-
ity of a scaling (perhaps utilizing more than one high gain
parameter) that achieves bidirectional cascading dominance.

I. Introduction
The class of systems considered in this paper is
T, = ¢i(t,y, T2, .., i) + Pty (Y)Titr , i=1,...,5 -1
Tsri = Gepi(t, Y, T2, Toti) + Prati,stit) (Y)Tsrit1
+tui(yu, i=0,...,m—5; Tpy1 =0 (1)
where z = [mh...,xn]T € R" is the state and v € R is
the input. ¢ 41y and p; are continuous functions with

O(nnt1) = 0. ¢; are time-varying uncertain functions.’ s
is the relative degree of the system. We consider both state
(y = z) and output-feedback (y = x1) problems.

Among the control design methodologies developed in the
literature for various classes of nonlinear systems ([1-3] and
references therein), backstepping and its robust and adaptive
variants are particularly suited for lower triangular systems.
While (1) is not, in general, in lower triangular form in the

state-feedback case (y = x), a variant of robust backstepping
under certain assumptions on ¢; and ¢(; ;41) can be applied.

Assuming that ¢; are known and linear in the unmea-
sured states, i.e., ¢; = ¢>(i,1)(xl)JrZ;:Z(;ﬁ(i,j)(xl)xj, the gen-
eralized output-feedback canonical form [4] is obtained which
reduces to the standard output-feedback canonical form [1-
3] if ¢(;5),5 > 2 are constants. In [5], this system class
was considered with ¢(; ;)’s being bounded. This restriction
was removed in [6] using an observer of order n(n + 3)/2
with gains generated through a matrix Differential Riccati
Equation (DRE). In [4], assuming that a constant positive-
definite matrix can be found to satisfy a certain inequality, a

1¢i can depend on all states and input. However, ¢; are shown in
(1) to be functions only of subsets of the state to emphasize the
state dependence of the bounds to be introduced on ¢;.
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solution was proposed of dynamic order (n — 1) and the ob-
server structure recovered the standard linear reduced-order
observer for linear systems. A sufficient condition for the
existence of a matrix satisfying the required inequality was
shown to be the CUDD condition requiring the upper di-
agonal terms ¢(; ;41y to be larger than ¢; ;) and @iy i42)
(to within constant factors) [4]. Adaptive extensions of the
results in [4] and [6] were considered in [7] assuming that
parametric uncertainties appear in output-dependent terms.
In [8], assuming that ¢ 41y = 1 for i = 1,...,n — 1, and
that ¢;,7 = 1,...,n, are incrementally linearly bounded in
unmeasured states, the matrix DRE in [6] was collapsed to a
scalar DRE driven by z1 and governing a scalar parameter r
appearing as a dynamic high gain scaling. The scaling in [§]
differs from earlier high gain[9-11] results in two features: 1)
the dynamics of r are a scalar DRE driven by y guaranteeing
boundedness of r if y remains bounded (which is not guaran-

teed by the classical dynamic high gain scaling with 7 = y?),
and 2) an additional scaling T—lb is introduced in the scaled

observer error definition. In [12], the high gain scaling was
shown to essentially amplify the upper diagonal terms thus
inducing CUDD [4]. Furthermore, the additional scaling r°
was removed in [12] through the solution of a pair of coupled
Lyapunov equations. Motivated by duality considerations,
a dynamic high gain scaling based state-feedback controller
was designed in [13] and a dual high gain observer/controller

architecture was proposed in [14,15]. The removal of r? in
our earlier result proves important in the dual design.

In this paper, we consider a generalization of the scal-
ing technique by introducing arbitrary powers of the high

gain parameter. The standard scaling —3i with constants

a and b can scale the functions ¢; relative to the upper diag-
onal terms ¢(; ;41) as in [12]. However, this scaling does not
modify the relative magnitudes of the upper diagonal terms
since all upper diagonal terms are scaled by r*. Hence, it
was necessary to assume cascading dominance of upper diag-

Ty

onal terms [13,14]. In this paper, it is seen that a scaling
with arbitrary constants ¢; can scale ratios of upper diagonal
terms. Moreover, choosing constants g; appropriately, non-
linear functions ¢; can be scaled to obtain control designs
under weaker assumptions. The scaling technique and basic
results are presented in Section II. In Section III, polynomial
bounds on ratios of certain terms in the system dynamics are
shown to be sufficient to design a state-feedback high gain
based controller of an algebraically simple structure, being
essentially a linear feedback with state-dependent dynamic
gains and involving no recursive computations. The asso-
ciated Lyapunov function is simply quadratic in the scaled
states. The output-feedback problem is considered in Sec-
tion IV. The cascading dominance assumption on upper di-
agonal terms in [14] is not required in this design since the
cascading dominance is essentially achieved by the scaling.
The obtained output-feedback controller is applicable to the
largest class of systems for which output-feedback results are
currently available and includes the class of systems in [6] as
a special case. While [6] required a matrix DRE resulting
in a controller of order n(n + 3)/2, the proposed solution
is of order n. This confirms the expectation noted in the
conclusion of [4] that an n** order system linear in unmea-
sured states should be output-feedback stabilizable with a
dynamic observer/controller of order O[n].
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II. Definitions and Basic Theorems

Definition 1: Let p be a positive constant. An n X n matrix
A is said to be w-CUDD(p) if the following hold:
1) Ais in lower Hessenberg form, i.e.,> A(; ;) = 0for j > i+2.
2) The upper diagonal elements of A are non-zero, i.e.,
(i,i41) #0, 1= 1,...,7’1,7 1.
3) The following inequalities hold:
4G5

A+ 1AG-1.5]
[Aen,

|A(n71,n)||A(j*11j)|

[Agi it
[AG—1,9l

< p,i=2...,n—1,7=2,...,i

IN

p,J=2...,n

< p.i=2...,n—L )

Definition 2: Let p be a positive constant. An n xn matrix
A is said to be dual w-CUDD(p) if the following hold:
1) Ajis in lower Hessenberg form, i.e., A(; jy = 0 for j > i+2.
2) The upper diagonal elements of A are non-zero, i.e.,
A(i,i+1) ;é 0, = 1,...777,— 1.
3) The following inequalities hold:

[Ae, 5l

[AG i [AG-1.5)]

[Ag,nl

VIAG i+ 1A@,2)]

[Agi—1,9l

< pLi=2,...

IN
A
<
Il
=

< pLi=2...n-1 (3)

[Ae it
The w-CUDD and dual w-CUDD concepts are dual in the
sense that a matrix A is w-CUDD(p) if and only if the ma-

trix A = QAT Q is dual w-CUDD(p) where Q is the matrix
with 1’s on the anti-diagonal and zeros elsewhere. The w-
CUDD and dual w-CUDD concepts appear in the observer
and controller contexts, respectively, for systems of form (1).
The duality between these concepts can be used to map the-
orems from one context to the other and essentially results
in a unified observer and controller design procedure.

Theorem 1: Let 6 be a variable ranging over some set
©. Let A(f) be an n x m matrix function of 6. Let
D1(0),...,Dn(0) be scalar real-valued functions of 6. As-
sume that positive constants D and D exist such that
D < D;(#) < D,i = 1,...,n, for all § € O. Define
D = diag[Di(0),...,Dn(0)]F. Let C = [1,0,...,0] be a
1 x n vector. Assume that a positive constant p exists such
that A(#) is w-CUDD(p) for every 6 € ©. Assume also that
for each i € {1,...,n—1}, the sign of A(; ;4+1)(0) is indepen-
dent of . Then, an n x 1 vector G(0), a constant symmetric
positive-definite matrix P, and positive constants v1, v,, and
Vo exist such that for all 6 € ©,
P[A(6) + G(0)C] + [A(0) + G(0)CTT P < —vi|An—1,m) (DI (4)
v,I < PD(0) + D(O)P < D1 (5)
Let A, ;11)(0) and Apivny(0),i = 1,...,n —1, be posi-
tive functions of 0 satisfying A ;. 1)(0) < [Ag,i41)(0)] <
Z(i,i+1)(9)7 7= 1, SN 1) —17 for all # € ©. Let Z(Ll)(QLZZ
1,...,n, be positive functions of 0 satisfying |A(; 1)(0)| <
Ai1)(0) for all @ € ©. Then, the choice of G(6) to sat-
isfy (4) needs to depend only on A, ;,,,(¢) and Agiiv1)(0),
i1=1,...,n, and Z<¢71)(9),i =1,...,n. Furthermore, G(0)
can be picked such that a positive constant G exists satisfy-
ing

IG(0)] < G| max{A(1,2)(8),..., A(n_1,n)(0)}

2If A is a matrix, A, ;) denotes its (i,7)t" element.

—2 —2
maX{A(l,l)(0)7 R A(n,1)(0)}
min{é<1’2)(9), S aé(nflyn)(e)} '

(6)

Theorem 2: Let 6 be a variable ranging over some set
©. Let A(f) be an n x m matrix function of 6. Let

D1(0),...,D,(0) be scalar real-valued functions of 6. As-
sume that positive constants D and D exist such that
D < D;(0) < D,i = 1,...,n, for all § € ©. Define
D = diag[D1(9),...,D,(0)]". Let B = [0,...,0,1]7 be an
n X 1 vector. Assume that a positive constant p exists such
that A(0) is dual w-CUDD(p) for every § € ©. Assume
also that for each ¢ € {1,...,n — 1}, the sign of A(; ;1+1)(0)
is independent of 8. Then, a 1 X n vector K(6), a constant
symmetric positive-definite matrix P, and positive constants
V1, Uy, and Ty exist such that for all § € O,

P[A(0) + BK(0)] + [A(0) + BK(0)]"P < —v1]| A1 2y (0)|1 (7)
v,I < PD() + D(0)P < D> 1. (8)
Let A(i’iﬂ)(H) and Z(mﬂ)(@), i =1,...,n — 1, be posi-

tive functions of 0 satisfying A ;;1)(0) < [Ag,i+1)(0)]
Z(i,i+1)(0)7 i=1,...,n—1, for all 0 € ©. Let Z(W-)(G),j =
1,...,n be positive functions of 6 satisfying |A,,;)(9)]
An,jy(0) for all @ € ©. Then, the choice of K () to sat-
isfy (7) needs to depend only on A(MH)(@) and Z(,-,M)(e),
i1=1,...,n, and Z(mj)(O),j =1,...,n. Furthermore, K (6)
can be picked such that a constant K > 0 exists satisfying

IA

IN

‘K(@)l < K max{z(l,Z) (0)7 cee 7Z(n71.n)(6)}

—2 —2
max{A(n,l)(6)7 s A(nTn)(e)}
min{AO’z)(Q), s »é(nfl,n)(g)} ’

9)

Remark 1: The proofs of Theorems 1 and 2 can be found
in [16] and are omitted for brevity. In the particular case
where A has nonzero entries only on the upper diagonal,
solvability of the coupled Lyapunov equations was proved in
[12]. The solvability of the single Lyapunov equation (4) as-
suming CUDD was shown in [4]. Theorem 1 can be thought
of as a result on assignability of observer gains so that the
system matrix A(#) + G(6)C is uniformly stable in the sense
that a common quadratic Lyapunov function demonstrating
stability exists for the entire family A(¢) + G(0)C, 0 € ©.
Theorem 2 which is a dual of Theorem 1 can be similarly
interpreted in the context of assignment of controller gains.

Theorem 3: Let A(6, 3) be an n X n matrix function of § =
[01,...,6,] € R" and 8 € R™. Assume that a positive func-
tion f(3) exists such that A(6,3) is w-CUDD(f(5)) for all
0 € R", € R™. Let p be any positive constant. Then, posi-
tive constants q1, . . ., gn exist such that for every § € R™ and
B € R™, the matrix A(r,0,8) = T(r)A(0, )T *(r) is w-
CUDD(p) for all r > @ where T'(r) = diag( =7, - - - » =0 )-

Y rdn
Proof of Theorem 3: Define
1 1 X . .
q = 1+§(n71)n7§(n71)(n71+1),z:l,...,n. (10)
The matrix A is easily seen to satisfy Properties 1 and 2
in Definition 1. To verify Property 3, note that the (i,7)"
element of A is given by A(; ;) = r¥ ™% A(; ;). Hence,

|Ai, il _ w [Ag, 5l
VIAG i)l AG-1,)] VIAG i+ TAG=-1,5]
o (j—i—l)(Z;:,—i—j+1) ‘A(“])'
VIAG D IAG-1,5]
< UG L i=2, . m—1,5=2,...,i

T
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[Aqn, ] w [An, 5]
VIAw—1mllAG -1l VIAG1m 1A,
B 1 [A(n,
- —
TM VA —1,m)AG-1,5]
< @ ,J=2,...,n
T
|é(i,i+1)‘ _ T(qi+l+‘1ifl_2‘1i) ‘A(i,i+1)|
‘A(i—l,i)l |A(7‘r—11i>‘
1A, :
- —w<m,i=2,“.,n—l. (11)
r|AG—1,5)] r
If r ) , it readily follows that A is w-CUDD(p).

Theorem 4: Let A(f,3) be an n X n matrix function of
0 = [61,...,0,] € R" and B € R™. Assume that a pos-
itive function f(/) and non-negative constants (¢ jx),? =
2,...,n,j=2,...,4,k=1,...,4, exist such that the follow-
ing inequalities hold® for all § € R™ and 3 € R™:

A - -
lAG.5| B)[1 + E |0k|C(l,Jyk)],i:2,...,n71,
k=1

<
VI AG i+ 1AG-1,5]

j=2,... 4
A !

_ Menl < F(B)L + E 1610 i=1,...,n—1

VI1AG i 1A@ 2] .

Patol o g+ § 0uSGHI0] im2 L — L (12)

‘A(z 1+1)|

k=1
Let p be any positive constant. Then, positive constants
Gi,---,qn, and a positive function R(0,3) exist such that

for every § € R"™ and f € R™, the matrix A(r, 0,8) =
T(r)AT (10, 3)T(r) is dual W—CUDD( ) for all r >
R(6, 8) where T(r) = diag(-7, - - .

7r’2n :

Proof of Theorem 4: The matrix A is easily seen to
satisfy Properties 1 and 2 in Definition 2. Note that
the (4,7)!" element of A is given by A jy(r,0,8) =
rqff‘hA(i,j)(Tfl(r)G,,B). Pick ¢1 to be any arbitrary con-

stant. ga,...,¢n can be recursively obtained to satisfy the
inequalities

Qit1 > maX{ [2 qi+q5+qj—1+2max{qr e, i,k |k = 1, -~,i}],
[2 qi —q2+ 3q1+ 2 max{qr (e, 1,k =1, ... J}} ,

1+2qi—qi—1+max{qr (i it1,x) [k = 1, Z}:| } (13)

Defining
R(0,8) = max { f(ﬁ) max{[l-&-z 04(1 3 k)] i =2,
k=1
i=2,...,,k=2k=1,...,i}p, (14)

we see through inequalities similar to (11) that A(r, 6, 8) is
dual w-CUDD(p) for all r > R(6,3) and allf € R™,3 € R™.

II1. State-Feedback Control

A.  Assumptions

Assumption Al: Observability, controllability, and uni-
form relative degree of (1), i.e.,

[¢G,it1y(x)] >0 >0,1<i<n—1;|p(z)>0c>0Ve € R™. (15)

3For notational convenience, we drop the arguments of functions
whenever no confusion will result.

Furthermore, the sign of each ¢(;4+1),¢ = 1,...,n
independent of its argument.

— 1, is

Assumption A2: The inverse dynamics of (1), i.e.,

z2i = ¢s+i(t,T,[Ul,yz]T7U2,~-~7U5721,---,Zi)
H:([Uhyz]T)
+¢(s+i,s+i+1)([leyZ]T)Zi+17 14T¢(s,s+1)([v17y2]’r)zl
po([vi, y2]T)
+hi(lvr,y2) o s 1<i<n—s (16)

with 2,,—s+1 =0 being a dummy variable are Bounded-Input-
Bounded-State (BIBS) stable with states (z1,...,2,—s) and

inputs (Y, vo,...,vs) where* yo = [21,..., Zn_s]

Assumption A3: The functions ¢; can be bounded as

(it v, w2, 0| S Y b (@] L i=1,s (17)
j=1

with ¢ 5,1 =1,...,s8,7 =1,...,4, being known continuous

nonnegative functlons Nonnegatlve functions v ;) (1’1) and

nonnegative constants (¢ jx),? = 2,...,M,5 = 2,...,5,k =

1,...,14, exist such that for all x € R"

“b(i,j)(aj)l <7, J)(xl)i ‘.’Ek‘g(ljk) i=2,...,n—1

Ve @llég-1,5) @) —
J=2,...,1

D, (2)

e (@) < v, 1>(z1)§ |k |CGLR) i=1,. . n—1
Vi @lléa,2 @) —
[P(i—1,5) ()] ¢
T < Y- ’L("L‘l)zlwkl (hitlk) =2 ... ,n—1. (18)
|¢(i i+1)('L)| =t

Furthermore, a positive functlon ¢(1 2)(#1) and nonnegative
constants €; j),% = 1,...,m —1,j = 1,2, exist such that

[p(i,1)(2)| < 6(@,1)@(1,2)(961)\/ [o1,2) (@) ||@(2,3) (%), i=2,...,n—1
b2 ()| < €iray b0y (@in/ |d(1,2) (@)||b2,3) ()] ,i=1, ..., n—1.(19)

B. Controller Design
Define & = z2 +((z1) ; & = @i, i = 3,...,8 ; & =
[€2,...,&]T where ¢(z1) = Ci(z1)z1 is a design freedom to
be chosen later. The control input u is designed to be
1

= o [P @)3en - K(r )] (20)

where r > 1 is a dynamic high gain scaling parameter whose
dynamics will be designed later and K(r,z) isan (n—1) x 1
gain vector to be specified later. Under the action of the
control law, (20), the dynamics of £ are given by

£ = [Ae+ BcK + HC ¢+ ® 4+ = (21)
0 (z)(gyg) 0 0
) b4 0
Ac = . . (22)
0 ' so1,s
0 0 i o
B = [0,...,0,1)7 | C.=[1,0,...,0] , ®=[pa,....0:]" (23)
H = [{¢i(z1)z1 + Ci(z1)}b,2)(2),0,...,0]7 (24)

= = [tenn+a @i -ses@atalko....0]. @)

¢1(z1) denotes the partial derivative evaluated at x1 of (1.
The dynamic high gain scaling parameter r is initialized
greater than 1. The dynamics of r designed during the sta-
bility analysis will ensure that r is non-decreasing.

C. Stability Analysis
Define
M; = [eq) +eu2lCi(@)da,2) (@) 3 M=

[Ma, ..., M] (26)

4In the output-feedback case, the required assumption on the inverse
dynamics is Assumption A2 with yo being the empty vector.
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P(2,2) 0 0 0

?(3,2) ?(3,3) 0 0
3 = : . (27)
D(s—1,2) P(s—1,5—1) 0
L &2 D(s,s)

= | (¢l @)ar + G )b (@)

LV |¢'(1,2)($)‘
T

+|¢(1,2)($)Cl(11)”}101'“10:| . (28)

[
I

It is easily seen that the matrix A(£,z1) = (A + ® +
HC.) satisfies the assumptions of Theorem 4. Hence, if
p is any given positive constant, nonnegative constants
qi,..-,9s—1, and a positive function R¢(T(r)€,z1) > 1 ex-
ist such that T(r)A(&, z1)T " (r) is dual w-CUDD(p) for all
r > Re(T(r)€,z1) where T(r) = diag(%,...,ﬁ). As
noted in Theorem 4, g1 can be picked arbitrarily. Hence,
without loss of generality, we set ¢1 = 1. Also, since the
construction in Theorem 4 recursively assigns lower bounds
on qz,...,qs—1, we set g2 > 4. Note that R¢ depends on the
choice of the function ¢ and this dependence is indicated in
the subscript. Define n = T'(r)§. The dynamics of 7 are
i = T(M)[Ae + BoK + HCJT ™ (1) + T(r)® + T(r)E — - D.n (29)
T
where D, = diag(q, . ..,gs—1). Using Theorem 2, a 1x(s—1)
vector K (r,x), a symmetric positive-definite matrix P., and
positive constants v., v, and V. exist such that for all r >
R(T(r)é,z1) and all z € R™
PAT(r)[Ac + @1®Q2 + HC.|T '(r) + B.K}
HT(M)[Ac+Q1BQa+HCT ™ (1) + B K} Pes= —Z—[6 (2,3 (@)1
v, I < PeDe+ DcPe <Vl (30)
where 1 and Q2 are arbitrary (s — 1) x (s — 1) diagonal
matrices with each diagonal entry +1 or —1. Furthermore,
by Theorem 2, the choice of K does not need to depend on Q1
and Q2. K(r,z) is defined as K(r,z) = r?-1K(r,z)T(r) so
that B.K = T(r)B.KT~'(r). Closed-loop stability can be
demonstrated using the Lyapunov function V' = %x%—}-nTPcn
whose derivative satisfies

. r
V = z1[p1+d(1,0y22] — ;nT<PCDC+DCPC)n+2nTPC(T<1>+T5>

+n" PCT[AC+BCK+HCC]T*1+T*‘[AC+BCK+HCC]TTPC}W. (31)
The term 21T P.T(r)® can be upper bounded as®

[®le <e M/l (@)ld2,3 (@) |lz1] + BT (r)|n]e
20" P.T(r)® lp2,3) (@) [[07 Pele T(r)M]? + |p1,2)(2)]z]

+2n" PeQuT(r)®T ™~ (r)Q2n
1
SAZ e (P IM P 62,3y ()| [0]° + |b(1,2) ()] 25
T

+2nT P.T(r)Q13Q2T " (r)n (32)
where @1 and Q2 are (s—1) x (s — 1) diagonal matrices with
each diagonal entry +1 or —1 such that |P.n|. = Q1P.n and
[nle = Q2n. The last inequality in (32) follows using r > 1,
T(r) is a diagonal matrix containing negative powers of r,
and two diagonal matrices commute. Similarly,

Ele  <e Ey/loa,2(@)|z1]

1 -
M PT(NE < T—Qkfmm(PcNE\anlz +16(1,2) (@)]27F. (33)
Using (32) and (33), (31) reduces to

V< —I?¢(1,2)(I)Cl(w1) + lé,2) (@) v, (z1) |21

IA

IN

‘(24'((1,1,1))

5|[3|€ denotes a matrix of the same dimension as 8 with each ele-
ment replaced by its absolute value. <. denotes an element-wise
inequality between two matrices of equal dimension. A, ¢z (P) with
P being a square symmetric matrix denotes the maximum eigen-
value of P.

T N
*;WT(PCDE + DcPe)n + r26(21,2)¢?1’2)(w1)\¢><213)(w)\|n|2

+nT{PcT(r>[Ac + BeK + HC. + Q19Q2]T ™' (r)
+T 7 (r)[Ac + B.K + HC. + QIEQZ]TT(T)PC}n

2

Note that |Z| < 2/ | (2,3 (x)| with
E = [¢1(z)z1+C1 (@) ler,2) b1,z (z1) [y, 1yl |CE 1D +[¢1 (21)((35)
Define

1
— ety 5y 87 w2, (PIMPE 42T\
R((n,ml)—maX{Rg, G200 (N PAIMP +5 )7 o0

1 —
+31001,3) (@10 + 5 Mo (PIMP 10,5 @] + [0 (34)

1|

Ve Ve

By the definition of R, the function R is not smaller than
unity for any argument. Recalling that g2 —q1 > 3, it follows

from (30) that if » > Re¢(n, x1), then
n" {PCT(r)[AC + B.K + HC. + Q19Q2]T ™ (r)

+T 1 (r)[Ac + B.K + HC. + QIEQz]TT(T)pC}n
+T2€?1,2)‘$?1,2)($1)|¢(2,3)($)\\77\2
1 = c
5 M mae (PIM P 6 (@0) (@) +EP)InI® <= 02,9 (@)Inl (37)
The design freedom ¢; is picked to satisfy®

1
Gz) = ;sign(¢(1,2))[30+07(1‘1>(«Tl)\wl\4“’1’1)+C*(w1)] (38)

where ¢* is a function of z1 with inf,,er (*(z1) > 0. The
dynamics of the high gain parameter r are designed as
if r < Re(n, z1)

. A(r,z)
_ : 39
" { 0 if - > R, z1) (39)
r " ris—1 —
Alry@) = —= " + 2Amas (Pe) —— [HAC+BCK+HCCH+II<I>H]

- 1 =2
472y 600 |+ 2 N (P M4 100 (40

with r* being a positive constant. Using (34), (38), (39),
and (40), if r < R¢(n,z1), the derivative of the Lyapunov
function V satisfies V < —23¢* (z1)—r*|n)%. Ifr > Re(n, x1),
we have V' < —27¢*(21) — £7°|$(2,3)(2)||n|*. Hence, V is
a non-increasing function of time implying that z; and n
are bounded. Thus, R¢(n, z1) is bounded. Hence, r remains
bounded and since r is initialized greater than 1, r(¢) > 1 for
all time. The boundedness of £ and hence, x2, ...,z follows
from boundedness of r. Invoking the BIBS Assumption A2,
all closed-loop states remain bounded. Also, z1 and 7, and
hence z1,...,xs go to zero asymptotically. Strengthening
Assumption A2 to include a minimum-phase assumption, all
closed-loop states (except 7) go to zero asymptotically.

Theorem 5: Under Assumptions A1-A3, the proposed dy-
namic state-feedback compensator achieves global stability
of system (1) and z1,...,xs go to zero asymptotically. Fur-
thermore, under a minimum-phase assumption on the in-
verse dynamics, x1,...,ZTn, and u go to zero asymptotically.

Remark 2: To make the dynamics of r smooth upto any
number of derivatives I, dynamics (39) can be replaced by
# = q(R¢c —7)A(r, ) where q is a nonnegative I-times contin-
uously differentiable function such that ¢(b) = 1if b > 0 and
q(b) = 0 for b < —e, with ¢, being any positive constant.

IV. Output-Feedback Control

In this section, we consider output-feedback control of sys-
tem (1) with output y = 1. The output-feedback design in
this section is based on Assumptions A1, A2, and A3’.

6By assumption, ¢ (1 2)(x) assumes the same sign for all z € R™.
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A.  Assumptions

Assumption A3’: Continuous functions (ﬁi(mxh cey Tg)
and nonnegative functions ¢; ;) are known such that
[pi(t,21,0,...,0)| < ¢y (z)|z1], 1<i<n

|$i(t, z1, B2, ..., &85) — pi(t,z1, 02, ..., 23)| < a1y (z1)]21]

+Y " b @lds — s, 2 < i< (41)
j=2

Remark 3: As seen from Theorems 1 and 2, the cascading
dominance of upper diagonal terms required in observer and
controller contexts are dual. The observer design requires
upper diagonal terms nearer to the output to be larger while
the controller design requires upper diagonal terms closer to
the input to be larger. Hence, it is not, in general, possi-
ble to design a high gain observer and high gain controller
using the proposed scaling technique. The output-feedback
design in this section uses the proposed scaling technique for
the observer which is then coupled with a backstepping con-
troller. This constrains the functions ¢; to be incrementally
linear in unmeasured states and prevents them from having
the more general bound in [15]:
\¢i(t7w1,§:2, .. ,iL) - ¢(t 1,2 ...

’l’i)l < @, (w1)|z]

+E $i.g)(T1) |%|+E |Zj—x;]], i=2,...,n.(42)

The term Z s \xj| which would need to be compensated for

by the controller design cannot be handled in a backstepping-
based design because, while backstepping can efficiently as-
sign gains to the output, the gains to other states cannot
be assigned arbitrarily since states farther from the output
appear in increasingly complicated combinations in the re-
cursive design procedure and generated Lyapunov function.
In contrast, the high gain controller of [15] which is simi-
lar to the state-feedback controller in Section III utilizes a
Lyapunov function quadratic in the state estimates and pro-
vides robustness both to uncertainties ¢; satisfying (42) and
to appended ISS dynamics driven by all states.

B. Observer Design
A reduced-order observer for the system (1) is given by’
= ¢i(t, w1, &2 + fa(r,z1),..., & + fi(r,z1))
+¢,it1y (@) [Tit1 + fir1(r, 1)) + pi—s(z1)u
—gi(r,z1)[T2 + fa(r,z1)] — 7hi(r,z1) , 2<i<mn (43)
where r is a dynamic high gain scaling parameter, f;(r,z1)

are design functions of x1, and

ofi ofi(r,
gi(r, 1) = ¢, 2)(E1)w %

The dynamics of r are of the form 7 = w(r, x1) with w being
s-times continuously differentiable. Defining the observer

, hi(r,z1) = (44)

grroLs & + fi(ryz1) — 2z, 2<i<mn, (45)

the observer error dynamics are, 2 < ¢ < n,

. - ¢

€ = ¢i — i+ Pty (T1)eit1+9i (7 @1) ——— —gi(r, 71 )e2 (46)
é(1,2)(z1)

with e,41 = 0 being a dummy variable where, for notational
convenience, we have introduced

bi = ¢i(t, 1,22 + fa(ryz1), ..., & + fi(r,@1)) , i=2,...,n. (47)

In matrix form, the dynamics of e = [ea, ..., en,]” are
¢ = ®+[A,+GCle (48)
d = [Ba,..., 8.7 Bi=i— bi +gilrz1) (49)
D(1,2)
0 b 0 0
0 0 @4y - 0
Ao = : - (50)

0 Pn-1,
0 0 gt

7 For simplicity of notation, we introduce the dummy variables
Ep+1 = fnt1 = gnt1 =0 and p; =0 for ¢ < 0.

G(ryz1) = lg2(mz1)seeoygn(rz)]” , C=1[1,0,...,0.  (51)
C. Controller Design

Define & = @5 + fi(r,z1) , i = 2,...,s. The controller is
designed through backstepping[2] using the subsystem with

states (x1,&2,...,&s) whose dynamics are

1 = —¢a,2(z1)e2 + P1(t, x1) + b1,2) (1)
& = —gi(rzi)es + it 1, Ea,. .., ) + gi(T,wl)iqﬁl(t’Il)
$(1,2)(z1)
+éG, i+ (@)€iv1 , 1 =2,...,5—1
: _ I ¢1(t711)
& = —gs(r,z1)es + ¢s(t,x1,82,...,8) +gs(r, 1) ———F—=
¢(1,2)(11)
+¢(S,3+1)(11)[is+1 + fot1(r,z1)] + po(z1)u. (52)

Step 1: The backstepping is commenced using the Lyapunov
function V; = %n% with n1 = z; yielding
Vi = —z1¢(1,2)e2 +T161 + T1601,0)E2
2

Clﬂf + ¢@a,2ymn2 + % (53)
where ¢; > 0 is a constant, « is a smooth positive function,
n2 =& — & (r, 1), and

. [r®z167) 5y (T1)+ b1 (@1)T1+ G171 +a(r, @1)@1]
13 (Txiﬂl) = -
$(1,2)(z1)
Step i (2 < i < s—1): Assume that at step (i — 1), a

Lyapunov function V;_; has been designed such that
i—1

< 704(7“,1:1)1’? -

. (54)

. : — 2
Vicer < —a(rz)zf — (1 - Z?)Cﬂlf - ZC;‘W?
j=2

+o—1,i)Mi—1Mi + % (55)
where n; = & — f;(?‘,xl,fz, R §j—1)7j =2,...,1, with é-;
being functions designed in the previous steps of backstep-
ping. Defining V; = V;_1 + 2771,

V; <—a(r,z1)z) — (1* )CNh Z CJU] +é, 1+1)7h7h+1+

j=2

- §:+1(r7x17£27 s 7&1) and

where 7,41 = &i+1
1

Siv1= T @) Cimi + Pim1,)Ni—1 + Pi(t, x1,€2, ..., &)
6 * il a *
*%w(ﬁfl) - 82 [ (t, 21, €2,..., &)

j=2

040 (@1)E5 1] + s [ — gi(r,
i—1 65*
D5
9¢;

j=2

1 o g
i 2
e 2 5640 ¢<m>(““}' o
j=2

Step s: At this step, the control input u is designed as
eatnlon) {5* 1€s) — Bsg1 — fs+1(T’I1)] (57)

po(z1) sr1(rsz1, &2,
where ¢%,; is obtained from (56) with i = s 4+ 1. The Lya-

punov function Vs = %Zj ) 771'2 satisfies

St Z@n] § 2% (58)

D. Stability Analysis
Define

M; =

2 s gi(r, 1) 85;‘
(T’zl)} +f [47(1 oy (z1) O

u =

Ve < —a(rzi)z}

ée1,1)(z1)

_— = [Ma, ..
[p(1,2)(x1)] (M

@@,y (@1) + 1gi(r, 1)) M)
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?(2,2) 0 0 . 0

?(3,2) ¢@E3 0 0
3 = : - (59)
P(n—-1,2) Pn—1,n—1) 0
P(n,2) P(n,n)

The matrix A, + ® satisfies the assumptions of Theorem 3.
Hence, given any positive constant p, nonnegative constants
Giy--.,qn-1, and a positive function R(x1) > 1 exist such

that T(r)[Ao + §]T_1(r) is w-CUDD(p) for all r > R(x1)
where T'(r) = diag(=i7, .. ., Tq,%) From the construction
in Theorem 3, ¢q1 can be taken to be 1 and ¢, — gn—1 = 1.
Using Theorem 1, a (n — 1) x 1 vector G(r,z1), a symmet-
ric positive-definite matrix P,, and positive constants v,,v,,
and 7, exist such that for all » > R(z1) and all z; € R
Po{T(r)[A6 + Q19Q2]T (r) + GC}

HT (M)A +Q1PQT ™ (1) +GCY Po < ———"—|$(n—1,m) [T

v, I < P,Dy+ DoPy < Tl (60)
where D, = diag(qi,...,¢n—-1) and Q1 and Q2 are arbitrary
diagonal (n —1) x (n — 1) matrices with each diagonal entry
+1 or —1. By Theorem 1, the choice of G does not need to
depend on @1 and Q2. G(r,z1) = [g%(r,xl), e ,gn(r,gzl)]T
is defined as G(r,x1) = v~ T (r)G(r,z1) so that GC =
T(r)GCT™(r). fi,i=2,...,n, are obtained as

’ gi(r, )

1
fi(ryz1) = /0 mdﬂ. (61)

The dynamics of € = T(r)e are
T(r)® + T(r)[A, + GCIT !

F—

(r)e — iD(,e. (62)
T

The derivative of the Lyapunov function V, = €T P,e satisfies

Ve, = 2T P,T(r)®+ " {P,T(r)]A, +GC]T—1( )

+T7 () [Ao + GO TT(r) Py }e — —e T[P,Dy + Do Pole. (63)

The term 2¢” P, T(r )<I> can be upper bounded as

N ?@.1)
[@;] < E b, yles| + (o, + lgal Iz
[p(1,2)]
j=2
|‘i"e <e $‘€|e + Mlz1|
2T P, T(r)® < 21T P T(M) [T (r)|e]e + M|z1]]
< 2T P T(r)Q1BQaT (r)e + 22T ||?
2
A (Po) M2 (64)

where @1 and Q2 areo diagonal matrices with each diagonal
entry +1 or —1 such that |Pye|le = Q1 Pe and |e|]e = Qz€.

The dynamics of the high gain parameter are designed as

7 =¢q(R — r)A(r,z1) with initial value 7(0) > 1 (65)
dn—1 _

A(r,z1) = r {r*_,'_QAmam(Po)rrT ||A°+GCH+H¢’||:| " V;a} (66)

with r* being any positive constant. ¢ is a nonnegative s-

times continuously differentiable function such that ¢(b) =1

if b > 0 and ¢g(b) = 0if b < —e, with €, being a positive

constant. Usmg (60) (64), (65), and (66), (63) reduces to

2
v, < PO 4 SN (Po) M s (67)

The controller d651gn freedom a(r,z1) is picked to satisfy

*

7m1n(

a(ra) = 22, (P)| M
Voo
25" 1,1y (z1)
= P, E ; PaniTi)
oo A2 e (Po) |:¢(1 (1) +lgi(r, z1)] l6(1,2) (€1)] (68)

=2
where

241
S o= (69)
min (5%, r*)

Defining the overall Lyapunov function V =V, + s*V,, dif-
ferentiating, and noting that e2 = 1€y = rea,

St Z G- (70)

Using (70), €, x1, 772, ...,ns are bounded. Boundedness
of z1 implies boundedness of R(z1), and hence of r and
e = T~ '(r)e. Boundedness of Z;,i = 2,...,s, follows from
boundedness of 12, ...,7ns,z1, and r. Invoking the BIBS As-
sumption A2, Zsy1,...,2T, are bounded. Hence, all closed-
loop states are bounded. Moreover, from (70), noting that

¢i(t,0,...,0) =0, it follows that ez, ..., en,z1,T2,...,Ts O
to zero asymptotically. If Assumption A2 is strengthened
to include a minimum-phase assumption, it is seen that all
closed-loop states (except r) go to zero asymptotically.

Theorem 6: Under Assumptions Al, A2, and A3’, the pro-
posed output-feedback compensator globally stabilizes sys-
tem (1) and makes observer errors and states z1,...,%s g0
to zero asymptotically. Moreover, under a minimum-phase
condition on inverse dynamics, the observer errors, states
Z1,...,%n, and control input u go to zero asymptotically.

Vo< —e?
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