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On Semi-global Stabilization of Minimum Phase Nonlinear Systems
without Vector Relative Degrees

Xinmin Liu and Zongli Lin

Abstract— Recently, we developed a structural decomposition
for multiple input multiple output nonlinear systems that
are affine in control but otherwise general. This structural
decomposition simplifies the conventional backstepping design
and allows a new backstepping design procedure that is able to
stabilize some systems on which the conventional backstepping
is not applicable. In this paper we further exploit the properties
of such a decomposition for the purpose of solving the semi-
global stabilization problem for minimum phase nonlinear
systems without vector relative degrees. By taking advantage of
special structure of the decomposed system, we first apply the
low gain design to the part of system that possesses a linear
dynamics. The low gain design results in an augmented zero
dynamics that is locally stable at the origin with a domain of
attraction that can be made arbitrarily large by lowering the
gain. With this augmented zero dynamics, backstepping design
is then apply to achieve semi-global stabilization of the overall
system.

I. INTRODUCTION AND PROBLEM STATEMENT

In this paper, we consider the problem of semi-globally
stabilizing a nonlinear system of the affine-in-control form

{:sc = f(2) +g)u,
y,

h(w) W
where z € R, u € R™ and y € R” are the state, input and
output, respectively, and the mappings f, g and h are smooth
with f(0) = 0 and h(0) = 0. In a semi-global stabilization
problem, we are to construct, for any given, arbitrarily large,
bounded set of the state space X, a smooth feedback law, say
u = vy, (x), with v(0) = 0, such that the closed-loop system
is asymptotically stable at the origin with X contained in
the domain of attraction.

The non-local stabilization of nonlinear systems of the
form (1) has been made possible by the structural decom-
position, in the form of various normal forms, of these
systems. Indeed, there is a vast literature on the develop-
ment of the normal forms for affine-in-control nonlinear
systems ([1-13]), which explores the nonlinear analogous of
linear systems structural properties, establishes the nonlinear
equivalence of linear system structures, and identifies more
intricate structural properties that linear systems do not
display. There is also a vast literature on the applications of
the discovered structural properties to solve nonlinear control
problems (see, e.g., [14-23]).

The development of nonlinear system structural decom-
position started with the definition of relative degrees, the
nonlinear equivalence of infinite zeros, and the normal form
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decomposition for the single input single output case, i.e.,
m=p=1 [4]. This definition of relative degrees was soon
generalized to the case with m = p > 1. In general, the
system (1) with m = p > 1 has a vector relative degree
[6, 14] {r1,79, -+, rm} at x = 0 if

LgJLl}hz(J?):O, 0 < k<ri_1a 1 < Zaj <m

in a neighborhood of =0, and det {ngL;’"*lhi(O)}mxm +
0. If the system (1) has a vector relative degree
{ri,re, --,rm} at x = 0, and with the assumption of
the distribution spanned by the row vectors of g(x) being
involutive in a neighborhood of =0, it can be described by

. n = fO(x)v
&ij = i+l J=12,m =1, ?)
i = Ui
Yi = Ei,lv i:172a"'7m7
where v; = a;(x)+b;(x)u, i=1,2,---,m, with the matrix

col {b1(x),b2(x), -+, by (x)} being smooth and nonsingular.

Even though the definition of relative degree and the
resulting normal form are nonlinear equivalence of the notion
of infinite zeros and the related canonical form for single
input single output systems, the vector relative degree for
multiple input multiple output systems is a rather strong
structural property that not even all square invertible linear
systems, with the freedom of choosing coordinates for the
state, output and input spaces, could possess [24].

A major generalization of the form (2) was made in [9,
12, 13], where square invertible systems are considered. By
using the Zero Dynamics Algorithm, under the assumptions
that the ranks of certain matrices are constant and that the
distribution spanned by the row vectors of g(x) is involutive,
the system can be transformed into the following form

= fo(z),
i—1
fh] = €i7j+1+26i7j,l(x)vla ,7 = 1) 27 ey M — 17 (3)
=1

gi,ni = (Uiv

yzzgi,la Z':]-a27"'7m7

where n; < no < -+ < ngy,, v = ai(x) + bi(x)u, i =
1,2,---,m, with the matrix col{b1(z),ba(x), -+, bm(x)}
being smooth and nonsingular.

As pointed out in [9], when all §;;;(x) = 0, the set of
integers {n1,n2, -+, nmy} in (3) corresponds to the vector
relative degrees, which in this case, represent the infinite zero
structure if the system is linear. These integers however are
not related to the infinite zero structure of linear systems
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when 0;;;(z) # 0, and thus cannot be viewed as the
nonlinear equivalence of and expected to play a similar role
as infinite zeros ( see [24] for an example showing this ).

In a recent paper [24], we study the structural properties of
affine-in-control nonlinear systems beyond the case of square
invertible systems. We propose an algorithm that identifies a
set of integers that are equivalent to the infinite zero structure
of linear systems and leads to a normal form representation
that corresponds to these integers as well as to the system
invertibility structure. This new normal form representation
takes the following form

n = fa(n,za)+9a(n, za)ua,
i1
§ij = Ggrrty_digi(@vas, j=1,2,-,q;—1,
_ =1 “)
Ei,qi = Vd,i,
Ya = hA(nvzd)a
Yd,i = Ei,l; 1= 172a"';md7

where ¢1 <2 <+ <y, §={&i1:Gi2, 7 g s 2a =18,
&2, Emats va,i = a;(x)+b; (x)u, with the matrix col {by(z),
box),- -, bmy(z)} being of full row rank and smooth, and

0i () =0, for j<gq,i=1,2,---,mq. 5)

We note here that mq is the largest integer for which the
system assumes the above form. The system is left invertible
if ua is non-existent, right invertible if y » is non-existent, and
invertible if both are non-existent. In the case that the system
is square and invertible, i.e., the system that was considered
in [9, 12, 13], m = p = mq and the parts containing y» and
ua drop off. Thus, the normal form (4) simplifies to

77 = fA(nvf)a
. 1—1
gi’j = gi’j+1+zéi:jyl($)vlv .7 = 172;"';%‘*17 (6)
. =1
gi’ql' = Vs,
Yi = Ei,la i:1527"'7m7
where q1 < q2 < < dm gl = col {gi,hfi,% T ’§i7qi}7

& =col{&,&, -, &m ), and

0; () =0, for j<gq,i=12,---,m. @)

We note that the normal form (6) is the same as (3) except for
the additional structural property (7). The §1 4 equation in (6)
displays a triangular structure of the control inputs that enter
the system. The property (7) imposes additional structure
within each chain of integrators on how control inputs enter
the system. With this additional structural property, the set
of integers {q1,q2, -, qm} indeed represent infinite zero
structure when the system is specialized to a linear one.

In this paper, we would like to explore the application of
the normal form (6)-(7) in solving the problem of semi-global
stabilization for nonlinear systems (1). The normal form (6)-
(7) does not require a vector relative degree. The problem of
semi-global stabilization of system (1) with a vector relative
degree has been well-studied in the literature. For example,
the work of [14, 15] solved the semi-global stabilization

problem for nonlinear systems with vector relative degrees,
i.e., in the form of (2), but the zero dynamics is driven only
by &1, ¢ =1,2,---,m, the states at the top of the m chains
of integrators. The works of [16, 18] generalized this result
of [14, 15] by allowing f; to be dependent on any one state
of each of the m chains of integrators. More specifically, the
system considered in [16, 18] can be represented as follows,

= fon & &2ny s Emutn)s
&ij = Gij+1, J=12,,mi — 1, )
Siqi = Vi
Yi = gi,l; 1= 1a27"'7m7
where 1 < /; <r;+1, i=1,2,---,m, and & 4,41 = v;.
The peaking phenomenon, which was identified in [15] as a
main obstacle to semi-global stabilization, in such systems
is eliminated by stabilizing part of linear system with a
high-gain linear control and the remaining part of the linear
subsystem with a small, bound nonlinear control [16]. The
reference [18] shows that the same problem can be done by
linear state feedback laws, which, of course, depend only on
the linear states. The fundamental issue in design of such a
linear state feedback law is to induce a specific time-scale
structure in the linear part of the closed-loop system. This
time-scale structure consists of a very slow and a very fast
time scale, which are the results of a linear state feedback
of the high-and-low-gain nature.
In this paper, we consider semi-global stabilization prob-
lem for the following nonlinear system,

7;] = fO(na fl,gl ) §2,€27 e 7§m,€m)a

1—1
i = &Gty 0ium&u, j=1,2,--,¢:—1, ©)
, =1
gi,(h = Vi,
Yd,i = 51’,17 i:172a"'am;
where ¢1 < q2 < -+ < g, & =col{&i 1,82, i b
5:(:01{51;52;' "a§M}a and
(51'73‘71(77,5):0, for j<q,i=1,2,---,m. (10)
bLi<gr+1, i=1,2,---,m, (11D

with & ¢, +1 = v;.

As explained earlier, no vector relative degree is required
for systems to be decomposed into the above normal form.

Note that in [16, 18], ; ;; = 0. That is, the systems con-
sidered in [16, 18] are a cascade of a linear subsystem with
the zero dynamic, which is the only source of nonlinearity.

The remainder of this paper is organized as follows.
In Section II, we recall the conventional backstepping de-
sign methodology. We will also describe the level-by-level
backstepping approach as well as the mixed chain-by-chain
and level-by-level backstepping, both of which have been
developed in [25] to solve the global stabilization problem
for nonlinear systems. Section III presents our solution to
the semi-global stabilization problem for nonlinear systems
without vector relative degrees. Some examples are used to
illustrate how the proposed design approach works. A brief
conclusion to the paper is drawn in Section IV.
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II. PRELIMINARY RESULTS

In the section, we recall some results on the backstepping
design methodology [8, 12, 20, 25]. The backstepping design
method is readily applicable to systems that have vector
relative degrees and are represented in the form (2), which
contains m chains of integrators. Each of these chains
independently controlled by a separate input. If the zero
dynamics is only dependent on the states of the leading
integrators of each chain, i.e.,

n= fo(n,&,1,82,1, &m,1),

and there exist smooth functions, v} (), with v} (0) =0, i =
*

1,2,---,m, such that T] = fO(ﬁva(n)vvg(n)a U 7Um(77))
is globally asymptotically stable at n = 0, then it is
straightforward to design a globally stabilizing feedback
law vy1(x),v2(x), -, vm(x), recursively, by viewing the
next integrators as a new intermediate input. Such a design
procedure is thus referred to as “backstepping.”

The technique of backstepping, however, cannot as easily
be implemented if the system does not have a vector relative
degree. An additional assumption is required. In what fol-
lows, we recall from [12] this additional assumption on the
normal form (3) and the backstepping design procedure that
is implemented under these assumptions.

This assumption is that the coefficient functions §;
to display a certain “triangular” dependency on the state
variables [9]. Under this “triangular” dependency, a feed-
back law v; = u:(n;fl,lvéé,la T ag’ﬂhl; 5175% T ,&),Z' =
1,2,---,m that globally stabilizes the whole system can
be constructed from v}(n),i = 1,2,---,m, through a
backstepping procedure. The procedure commences with
the subsystem (12), and is followed by backstepping
ny times through the wvariables in first chain of in-
tegrators to obtain u}(n; €1.15v5 (1), v5(n), - -, v, (): 1),
and backstepping no times through the variables in
the second chain of integrators to obtain the feed-
back law w3 (n; &1,1,&2,15 v3(n),vi(n), -+, v (n); &1, &)
This procedure is continued chain by chain for i =
1 through m, each backstepping n; times through

i-th chain of integrators to discover the feedback
*

law wi(n; &1,1,820, 5813051 (M), V5o (n), - -+ v (1);
§1)€25 e aft)

As the backstepping is implemented on the integrators
chain by chain, we will refer to the above backstepping
procedure as the chain-by-chain backstepping, and corre-
spondingly, the “triangular” dependency of d; ;; on the state
variables the chain-by-chain triangular dependency.

Let us call all & 1, i.e., the “leading” variables in each
chain of integrators which connect an input to an output,
the first level integrators, and call all &; » the second level
integrators, and so on. As an alternative to the chain-by-
chain backstepping, in [25], we proposed to carry out the
backstepping on all first level integrators, and then repeat the
procedure on all second level integrators until we reach to
last level of integrators. We will refer to such a backstepping
procedure as the level-by-level backstepping, in contrast with
the chain-by-chain backstepping procedure.

12)

To make the level-by-level backstepping possible, the
coefficients §; j; in (6) should satisfy the level-by-level
triangular dependency [25]. Suppose that the level-by-level
triangular dependency is satisfied, the level-by-level back-
stepping procedure for (6) can be described as follows. We
will start with

*

0= fo(n,vi(m),v5(n), -, v5,(n)).

After the first-level backstepping, we obtain the feedback
laws

vy = U;(U;fl,l,&,h T agi,l); 1= ]-7 2; cee, 0,
where o is the number of chains that contain exactly one
integrator, i.e., g1 =¢q2 =- - - =(q, = 1. For chains that contain

more than one integrator, we have

§i2 :d’zz@?; §1,1,82,1,

Here, &; » are viewed as inputs. We next proceed with back-
stepping on the second level integrators. After the second
level backstepping, we obtain the feedback laws

vem1:€1,2,82,2,0

i:a1+17a1+27"'aa27

1), i =1+ 1,1 +2,- -, m.

7§i,2))

v =u; (n;61,1,82,1,

where avg — o3 is the number of chains that contain exactly
two integrators, i.e., a;+1 = Qai+2 = *** = Qa, = 2. For
chains with lengths greater than 2, we obtain

iz =0 s(m&1,62,1, &m1; 612,622+, 6i2),
t=as+ 1, a0 +2,---,m.

Here, &; 3 are viewed as inputs. Continuing in this way, we
finally obtain

v = w; (M€1,1,82,1, > Emi 61,2, 82,2, 5 Emy2s

’ gqu'm. -1 gi,Qm )7

for chains that contain ¢, integrators.

The level-by-level backstepping will allow the backstep-
ping to be implemented on some systems for which the
chain-by-chain backstepping procedure is not applicable. As
pointed out in [25], the triangular dependency requirement
can be further weakened if we mix the chain-by-chain back-
stepping and the level-by-level backstepping and implement
it on a same system, allowing the stabilization of a larger
class of systems.

Consider

7;]:

3 81,am—1,82,gm—1, """

fO(nvfl,th,l; e agm,l)v
1—1

§ig = &gt 0ijum&u, j=1,2,,¢—1,

] =1
iy = Vis
Yd,i = Ei,la i:1527"'5m5
(13)
where g1 < g2 < -0 < g, E=c01{€1, 82,0 €}, i =
col {gi,la e 7§i,(]7’,})
0ij0 =0, for j<gq,i=12,---,m. (14)
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Following [25], we have the following theorem, which is
crucial for the results in next section.

Theorem 2.1: Suppose that the system (13) satisfies (14)
and there exist smooth functions, v} (n), with v}(0) =0, i =
1,2,--+,m, such that 77 = fO(na UT(”LU;(U% e 7U:n,(77)) is
globally asymptotically stable at 7 = 0. Then there exists
a state feedback v that globally asymptotically stabilizes the
system at the origin if there exists an ordered list x containing
all variables of £ such that

1) &1 are the first m elements of x; &; ; appears earlier
than & j41 in K, for j = 2,3,---,¢; — 1, 1 =
1,2,---,m:

2) The function §;;; depends only on 7, and vari-
ables that appear earlier than &; ;41 in &, for j =
2,3, ,qi—1,i=1,2,---,m.

IIT. MAIN RESULTS

Definition 3.1: The system (9) is semi-globally stabiliz-
able by state feedback if, for any compact set of initial
conditions Xy of the state space, there exists a smooth state
feedback

u = o, (1, §) 15)

such that the equilibrium (0, 0) of the closed-loop system (9)
and (15) is locally asymptotically stable and X is contained
in its domain of attraction.

In what follows, we will present an algorithm for con-
structing a family of feedback laws that semi-globally stabi-
lize the system (9). This algorithm consists of two steps.

We first find positive constants ¢; s, such that the poly-
nomials

I

—1 £i72
pi(s) =s +cig,—2 8 +- 4 cin S+ cios

i:1725"'7m7
have all roots with negative real parts. Define
fifl £i72
vy = —€" 061 — € einéia — o — €€, —28i 01,

i=1,2,--,m.

where € > 0. Consider

) n = fO(na'vaUé(f"vU:n,)v
. gi,j = gi,jJrlv ]: 1a27"'7£i_2; (16)
Ei,ei—l = ”U:, ’L: 1,27...,m.

Following [18], the dynamics of (16) has a locally asymp-
totically stable equilibrium at the origin of

(n;fi,lv"'vfi,fiflai = 1a27"'am)'

Moreover, the domain of attraction of this equilibrium can
be made arbitrarily large by decreasing the value of the low
gain parameter €.

Lemma 3.1: Consider the system (16). Suppose that its
zero dynamics have a globally asymptotically stable equi-
librium at the origin. For any R > 0, there exists ¢* > 0

such that, for any 0 < ¢ < &%, the system (16) is locally
asymptotically stable and, moreover,

[n(0)]| < R,
6.5 (0)] < R,
j:1527"'5€’i_15 i:1527"'5m

lim;—.o n(t) =0,

— hmtﬁoo Ei,j (t) = 0,
i=12-- ;=1 i=1,2,--- . m.
Once the intermediate inputs v}, ¢ = 1,2,---,m, have

been obtained, both [16] and [18] design the overall con-
troller by using linear high-gain state feedback. This is
possible because the systems considered there are linear
except the zero dynamics. In our situation, the system is in
the form of (9). Because of the nonlinearities 6, ; (7, )vi,
we have to resort to backstepping procedure as described
in [25], where a special case of (9), ie., {; = 1, i =
1,2,---,m, is considered.

By Lemma 3.1 and Theorem 2.1, we have

Theorem 3.1: Let the system (9) satisfy (10) and (11), and
there exist smooth functions, v} (), with v7(0) = 0, i =
1,2,---,m, such that 77 = fO(na Uf(ﬂ)a@(ﬁ% U 77};1,(77)) is
globally asymptotically stable at 7 = 0. If there exists an
ordered list x containing {§; j, j =4, 0i + 1,2, -+, ¢;, i =
1,2,---,m}, such that

1) &, ; appears earlier than &; ;41 and in &;

2) The function d;;; depends only on 1, {&;;, j =

1,2,...,6; —1, i = 1,2,---,m}, and variables that
appear earlier than &; ;1 in x, for j =2,3,---,¢; — 1,
i=1,2,---,m.

Then the system (9) is semi-globally stabilizable. That is,
there exists a state feedback v that locally asymptotically
stabilizes the system (9) and the basin of attraction of the
closed-loop system contains any compact set X of the state
space (1), §).

Example 3.1: Consider a three input three output system
in the form of (9) with three chains of integrators of lengths
{3,4,4},

1= fo(m, 612,621, 83.3),

€1 = &1j41,

§1,3 = v1,

€25 = &2,541,

§o,3 = &2,4+02,31005 15 €2,1, 83,15 €2,2, €3,25§2,3) V1,

24 = V2,

€35 = &541, J=1,2,

§3,3 = &34+ 03,31(m:€15 62,1, 83,15 82,2, 83,2 €2,3, €3,3) 1,
{34 = vs.

(17)
It is obvious that ¢ = 2, ¢y = 1, /{3 = 3. Suppose
there exist smooth functions, v} (n), with v}(0) = 0, i =
1,2,3, such that n = fo(n, vy (n),v5(n),v5(n)) is globally
asymptotically stable at n = 0. Clearly, this system satisfies
the conditions in Theorem 3.1.
Let

vl = —ek11 — 12,
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2
vy = —e°€31 — €32 — £33,

Note that the equilibrium 7 = 0 of the subsystem

n= f0(77a 0705(77)7 0)

is globally asymptotically stable. In what follows, we will
illustrate how to implement the level-by-level backstepping
on this system. The backstepping procedure starts with the
following subsystem,

n= fO(ﬂaUIavg(U),’Uﬁ)

The variable &5 1 is the only first level variable in «. To carry
out the backstepping on the first level variables, we consider

. 77 = fO(naUTaEQJa’U(‘;)a

i1 = &2,

§12 = v,

£31 = &32, (18)
€32 = &33

£33 = i,

&1 = &9,

with &2 2 as the input. This subsystem can be asymptotically
stabilized by a control of the form

§2.2= 05 5(m:€1,1,61,2,€2,1,63,1,€3,2,63.3)- 19)
The subsystem (18) can be written as
o= fi(m,&.2), (20)

where h = col {na 51,17 51,27 52,1; 53,17 53,2; 53,3}- The eqUi'
librium 7, = 0 of this system (20) is asymptotically stabilized
by the virtual inputs £ 2 as given by (19).

To start the second level backstepping, consider

.7.71 = fI (nla£2,2)a
§i2 = &3 2y
20 = &3,

and view £; 3 and &2 3 as its inputs. Following the same
procedure as in the first level backstepping, we find the
controls of the form
{ §13 = ¢1s(m;éie2),
§23 = ¢§,3(771;§1,2752,2)
that asymptotically stabilize the equilibrium 7, =

col {m,&1,2,&,2} = 0 of the subsystem (21). The subsystem
(21) can be written as

7711 = fn (7711 s §1,37 §2,3)a

whose equilibrium 7, = 0 is asymptotically stabilized by the
virtual inputs &; 3 and &2 3 given by (22).
For the third level backstepping, we define

.7.711 = fn(nn;€1737§2,3);

§1,3 = v1,

2.3 = &2+ 02,31(m €13 82,1, 83,15 82,2, €3,25 §2,3) 1,
&33 = 53,4+53,3,1(77;51;52,1,53,1;52,2,53,2;52,3753,3)(12)?)

(22)

with v1, §24 and £34 as its inputs. This system can be
asymptotically stabilized by the controls of the form

v = uy(m:61,8€2,1,63,15 82,2, €3,2)- (24)

The subsystem (23) under the control (24) can be written as

T = fu (Mu; E2,4,€3.4), and its equilibrium 7y, = col {n,
&,3} = 0 is asymptotically stabilized by the virtual inputs
&4 and &34 as given by

{ f2a = &54(m;&13,823),
§34 = 3 4(m;813,23,833)
Finally, define

_7.711[ = fm (nm §€2747§3,4)7
§24 = w2,
§3,4 = U3,

on which we carry out the last level of backstepping to obtain

us(n; 615625631, 63,2, 63,3),
us(n; €15 62;€3).

The inputs v1, vo and vs semi-globally asymptotically sta-
bilize the equilibrium col{n,£1,£2,&3} = O of the system
7.

In what follows, we give an example which requires the
mixed chain-by-chain and level-by-level backstepping design
procedure.

Example 3.2: Consider a system in the form of (9) with
three chains of integrators of lengths {2,4,4},

V2
U3

o= fo(n&12,62,2,85,2),

&1 = &2,

§12 = w1,

21 = &2,

§22 = &3+ 0221(0,81,82,1,822,831,83,2)v1,
5_2,3 = &4+ 0231(1n,61,82,1,8,2,82,3,83,1,63,2)v1,
§24 = 2,

31 = &3,

&2 = &3+0321(0,61,82,8,1,8,2)v1,

£33 = &a+0331(0,81,82,81,83,2,83,3)v1,
§34 = w3,

(25)
where (1 = {5 = (3 = 2.
It is obvious that the system satisfies the conditions in The-

orem 3.1 with K = {€1,1,821,83,1:61,2: 62,2, 83,2, €23, E2.4,
&3.3,&3,4}. We first find the low-gain control. Let

v = —¢eki1 — &2,
vy = —e&o1 — o0,
vy = —e31 — &30

Then we carry out a mixed chain-by-chain and level-by-
level backstepping in the order of {1 2, v1,&2,2,€3,2, 2.3, €24,
v2,&€3.3,&3,4,v3 to obtain

v = ui(n,§1,82,1,83,1),
V2 = U§(77751;§2753,1;§3,2)7
3

vz = U (7)7£1a§27£3)'
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Example 3.3: Consider
0= =0+’ (v + &),

51,1 = V1,
€21 = §2,2 + 11,
£2.20 = V3.

Obviously the system satisfies the conditions in Theorem 3.1
with
=1 q@=2 (=2 (=2

Choosing both poles of linear slow subsystem to be —¢, we
obtain

’U; - _€§2,17
v = —551,1~

By backstepping, we obtain

1
vy = =821 — =20
€

Shown in Fig. 1 and Fig. 2 are some simulation results of
the closed-loop system.
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Fig. 1. State trajectories with € = 0.9
10 T T T T
ol o]
"""" 1,1
6, == 5]
art ‘22,2 1
oty e 4
or_——
b rf ———————— |
\/‘
-4t 1
6} 4
_8t |
~10 ‘ ‘ ‘ ‘
2 4 6 8 10

Fig. 2. State trajectories with € = 0.2

IV. CONCLUSIONS

In this paper, we showed how a recently developed struc-
tural decomposition can be used to solve the semi-global
stabilization of a class of MIMO systems without vector rel-
ative degrees. The design procedure involved several existing

design techniques in nonlinear stabilization, including low
gain feedback and different forms of backstepping design
procedures.
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