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Abstract: In this paper, we consider input-affine invertible MIMO nonlinear systems which
can be transformed into a special normal form by means of the structure algorithm. The normal
form highlights a partial state, a subset of state variables, which plays in this setting a role
similar to that of the outputs and its derivatives in a SISO system. It is shown that, if a system
in this class can be asymptotically stabilized by means of a static feedback from that partial
state, then semiglobal stabilization can be achieved via dynamic feedback driven by the output
of the system. The dynamic feedback in question is based a (non—trivial) extension to MIMO

systems of the standard high—gain observer.
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1. INTRODUCTION

A classical problem in nonlinear control theory is the
design of feedback laws to the purpose of asymptotically
stabilizing a given equilibrium point or to asymptotically
track or reject certain signals generated by an independent
system. Specific design methods depend, of course, on the
kind of information available for feedback. Since full state
information is seldom available, design methods based on
the availability of partial state information are important.

A relevant class of systems for which systematic design
methods are available is that of single-input single—output
(SISO) input—affine systems having a well defined relative
degree r, in which asymptotic stability can be achieved
using partial state information, consisting of the output
and its first r — 1 derivatives. Typically, this is the case
when a system possesses an asymptotically stable zero
dynamics (see e.g. Saberi et al. [1990] and Byrnes and
Isidori [1991]). If such partial state is not available, the
output can be used — as shown in the pioneering papers
Esfandiari and Khalil [1992] and Teel and Praly [1994] —
to drive a dynamical system by means of which the partial
state in question can be “roughly” approximated by means
of a high-gain observer (see, in this respect, also Praly
and Jiang [1993], Kaliora et al. [2006], Ahrens and Khalil
[2009] and the expository survey Khalil [2008]). This leads
to the design of a dynamic control law by means of which
asymptotic stability with guaranteed region of attraction
can be achieved.

The problem of asymptotic stabilization multi-input
multi-output (MIMO) nonlinear systems via output feed-
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back, despite of its obvious relevance, has received little
attention in the literature. Of course, there is a class of
nonlinear MIMO systems to which the results indicated
above can be trivially extended, that is the class of systems
having a well-defined vector relative degree {ry,...,7m},
possessing a well-defined global normal form (and glob-
ally asymptotically stable zero dynamics), whose so-called
“high-frequency gain matrix” can be rendered “positive”.
But this is indeed a limited class of MIMO systems: even
in the case of linear systems, to have a well-defined vector
relative degree is a quite restrictive property. A much
broader class of MIMO systems is the class of systems that
are invertible (in the sense of Hirschorn [1979] and Singh
[1981]) and in fact, for such systems, it has been shown
in Liberzon [2004] that global asymptotic stability can be
achieved via full state feedback, provided that the system
is “minimum-phase” (in the strong sense of Liberzon et al.
[2002]). But the problem of achieving stability via output
feedback is still largely open.

In this paper we consider — as in Liberzon [2004] — in-
vertible nonlinear MIMO systems, and we additionally
assume that the so—called Structure Algorithm (which,
following Hirschorn [1979] and Singh [1981], is used in
Liberzon [2004] to characterize the property of invertibil-
ity) can be implemented in a simplified manner, by means
of state-independent matrix multipliers (see below). The
class in question can be considered as an “intermediate”
level between the (general) class of invertible systems and
the (quite restricted) class of systems possessing a vector
relative degree. Systems in this class, if certain vector
fields are complete, possess (as shown in Schwartz et al.
[1999] and Liu and Lin [2011]) a globally defined normal
form which can be used as a point of departure for the
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design of a partial state feedback law yielding, under appro-
priate “minimum-phase” assumptions, global asymptotic
stability or asymptotic stability with guaranteed region
of attraction. The partial state in question, though, does
not simply consists of the collection of outputs and their
derivatives, but rather consists of a set of intermediate
variables that are defined at the various stages of the
structure algorithm (see again Schwartz et al. [1999]). The
purpose of this paper is to show how the components
of such partial state can be “roughly” approximated by
means of a multivariable (and nontrivial) extension of the
high-gain observer of Esfandiari and Khalil [1992], and
this provides the basis for the design of a semi-globally
stabilizing dynamic output feedback law.

This paper is organized as follows. Section 2 presents the
basic assumptions and introduces the normal form and the
required stabilizability property via partial-state feedback
law. In section 3, a special “rough—derivatives” observer of
the partial-state is presented, followed by the discussion of
semi—global stabilization via dynamic output feedback.

2. SETUP AND ASSUMPTIONS

In this paper, we consider square MIMO nonlinear systems
defined by equations of the form

in which z € R", u,y € R™ and the mappings f(z),
g(x) and h(z) are smooth mappings, with f(0) = 0 and
h(0) = 0. Throughout the paper we suppose the following
assumptions are satisfied.

Assumption 1. There exists a state feedback law u =
a(x) + p(z)v, with invertible 5(z), such that the resulting
system

& = f(z) +g(x)a(r) + g(x)B(x)v,

y = h(z)
has a linear input-output behavior between input v and
output y.
Assumption 2. The system is strongly invertible, in the
sense of Hirschorn [1979], Singh [1981].

Systems satisfying Assumption 1 have been studied in
Isidori [1995], where necessary and sufficient conditions for
the existence of such a(z) and §(z) are determined. We
stress that in the present paper do mot make use of the
feedback law u = «(x) 4+ 8(z)v indicated in Assumption 1,
because this law requires access to the full state x and this
is not the case in the present setting, where only output
feedback is used. We make use of this Assumption only to
the purpose of identifying suitable structural properties
of the system. In fact, a relevant implication of this
assumption is that the so-called Structure Algorithm of
Silverman Silverman [1969], Hirschorn Hirschorn [1979]
and Singh Singh [1981] can be implemented in a simplified
manner, because the “row reductions” done at each stage
of the algorithm are achieved by means of x-independent
matrix multipliers.

If Assumptions 1 and 2 hold, it is possible to define — by
means of the Structure Algorithm — a local diffeomorphism
in the state space by means of which the system is

transformed in a system expressed in normal form (see
Schwartz et al. [1999] and Liu and Lin [2011]). If, in
addition, certain vector fields commute (see Schwartz et al.
[1999]), the normal form in question — which is globally
defined — consists of equations of the form

Z = fO(Z’ (f%?f%vaf{n))
& =&
1 ._. 1
ni—1 = ’ﬂl
= d'(@ )+b1($)u
61 = §z+51 (a'(z) + b (x)u)

.7212_—1 = ELQ + 522—1,1(‘11(“@) + b (z)u)
57212 = a2(sc) +b2(m)u (2)

& :£2+Zé )+ b (z)u)
.7757,171 = +Z6n171j +bj( ) )
e = a'(x )+bl( Ju
with 4
yzzgi
fori=1,---,m.

In what follows, we assume that the conditions — presented
in Schwartz et al. [1999] — for the existence of a globally
defined normal form of this kind are fulfilled, and we state
it explicitly as follows.

Assumption 3. There exists globally defined diffeomor-
phism transforming system (1) into a system of the form

(2).

The normal form (2) is an obvious point of departure
for the design of globally (or semi-globally) stabilizing
feedback laws. If, in particular, the upper subsystem
of (2), viewed as a system with input (&f,€%,---,&0)
and state z, is input-to-state stable, one may guess that
global asymptotic stability could be achieved (maybe
under appropriate additional assumptions) by means of
a feedback law depending only on the partial-state

£ =col(€],63, &y 6,65, Enys L ETE L6 )

In this paper we will not discuss the existence of such
partial-state feedback stabilizing law (which will be stud-
ied in a paper in preparation Wang et al. [2013]) but rather
we assume that such law exists and we concentrate on
showing a “separation principle”, that is we show how
it is possible to design a suitable dynamic feedback —
driven by the actual output y of the system — by means of
which asymptotic stabilization with guaranteed region of
attraction can be obtained.

Assumption 4. There exists a smooth function
u=a(§) (3)

such that the equilibrium (z,£) = (0,0) of the closed-
loop system (2) — (3) is globally asymptotically and locally
exponentially stable.
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Examples of systems for which such a feedback law exists
can be found in the literature. A trivial example is the
case of systems which have well-defined vector relative
degree. A substantially more relevant example is the class
of system studied in Liberzon [2004]. In fact, as a corollary
of Theorem 2 of Liberzon [2004], it is readily seen that a
system satisfying Assumptions 1—-3, if dim(z) = 0, can be
globally asymptotically stabilized by means of a feedback
of the form (3).

In what follows, we assume that a feedback with the prop-
erties indicated in Assumption 4 exists and we proceed
with the design of a dynamic feedback, driven by the actual
output y, that provides suitable asymptotic “proxies” of
the §§’s. The dynamic feedback in question is based on
a (non-trivial) extension, to the case of MIMO systems
considered in this paper, of the results presented in the
seminal works of Esfandiari and Khalil [1992] and Teel
and Praly [1994].

3. SEMIGLOBAL STABILIZATION VIA DYNAMIC
OUTPUT FEEDBACK

3.1 A recursive observer

In this section we show how the various §;-’s, which are
needed to implement the feedback law u = o*(£), can be
estimated by means of a multi-output “dirty-derivatives”
observer, driven by the output y of the system. To this
end, it is convenient to proceed first with defining some
“tuning variables”.

Set ny = ny + no, and define recursively

Ony11(2) = E(x) = 61,&,, (2)
Onyr2(z) = g%(x)_(sglg}zl(m) (4)
On,1(z) = &, 1(x) = 65,116, (2)

It is easy to check that
Lybny+1(2) = Ly 42(0) = - = Lyblng—1(x) = 0.

Now set ng = ns + ng, and define recursively

Onyy1(7) = fi(fﬂ) - 52157}1 - 5225212
Onyt2(z) = &5(7) — 521§n1 - 522§n2 (5)
0“3—1(‘/1:) = ?Lg—l(z) - 523—1,16}“ - 523—1,257212

It is easy to check that
LgOny1(2) = Lgbny2(x) = - = Lybny1(x) = 0.

This procedure can clearly be continued in a similar way.
At the end, a set of equations consisting of (4), (5), ...
is obtained, which plays a critical role in the following
observer design. Note that, 0y, ,0ns, - - - are not defined, as
they will not be needed in the sequel.

We proceed now with the design of a “high-gain” observer.
The first ny variables ¢1,... ,f}“ can be estimated by a
standard system of the form

-1 R R
f% = f% + koo (Y1 — f%)
€y = & + kjoa(y1 — &)

-1

gnl'Il =

Eny

in which the coefficients kg and aq, ag, ..., a,, are design
parameters. With the associated estimation errors defined
as

F1 -1 F1
ni + Hgl anl_l(yl - 51)

Hgl Qp,y (yl - é%)

er = Ky —f})
€2 = /‘56“_2(5% - &) (7)

€ny = ( 71L1 767%1)

it is readily obtained that

él — Q7 10---0 €1 0
ol S ISl I ol I P
€n, —op, 00---0 €n, 1

in which

Zo(z,u) = a*(z) + b (x)u.
Setting eg = col(eq, ..., ey, ), the equation in question can
be re-written in compact form as

éo = Iﬂ)oFon + GQZQ(Z’MI,)
in which we assume that F{y is a Hurwitz matrix.

From this point on, it is convenient to continue by estimat-
ing the remaining &/’s one-by-one. The resulting design
might be redundant, but the procedure can be described
in a easy recursive fashion. To this end note that, if 0,,, +1
were available, £2 could be estimated by means of a system
of the form

O.—nl-‘r% = 53 + chl(onl—l-l - Un1+l)

3 (8)
52 = K162(9n1+1 - 0n1+1)~

In fact, defining estimation errors as
Eni+1 = /‘612(97113;1 — Ony+1) 9)
Cni+1 = (52 - £2)7

and bearing in mind that

0n1+1 = Lf0n1+1(x) + Lgonl+1(m)u = Lfanl"l‘l(x) = 6% 5

one would obtain
én1+1 _ —C1 1 Enqi+1 0
()= (o) () + (1) &

in which

Zy(w,u) = € () + 03 (a' (x) + b (2)u) .
Since 6,,, 11 is not available, we drive instead system (8)
by

Onit1 =12 — 61155, »

in which é}“ is the estimate of f}ll, obtained at the previous
stage. In summary, the estimation of £2 is provided by the
system
€3+ Kic1(ys — 01EL — Onyt1)

dn1+1 -
-2
; 2 2 £1
£y = Kica(y2 — 511§n1 —Onyt1)-

(10)

3678



19th IFAC World Congress
Cape Town, South Africa. August 24-29, 2014

with which we associate estimation errors defined as in (9)
and the fact

N 2
9n1+1 = 67114'1 + 5116TL1 .

. This yields

Enagl \ —c1 1 Eni+1 0
(o) == (Ca) (Gt ) + (1) 2o

2

a1 2
=1 071€n; -

Setting e; = col(en, 41, €n,+1), the equation in question
can be re-written in compact form as

€ = kw1 Fle; + H%Fweo +GZi(z,u)
where by construction, we assume that F; is a Hurwitz
matrix.
To estimate &2 we proceed in a similar way. We define
R
we observe that

N 2
97114'2 = 9n1+2 + 5216711 — €ny+1,

and consider a system
& + rac1 (&3 — 0516, — Ony12)

dﬂl-i-% =
z 2. 82
§3 = Kac2(85 —

5 o (11)
65160, — Onit2)
with which we associate estimation errors defined by

nit2 = K2(0n, 42 — Ony42)

€ni4+2 = (532) - 5?%) (12)

Setting e = col(en, 42, €n,+2), We obtain an equation of
the form

é2 = K}QFQQQ + K%FQ,OQO =+ H§F27lel + GZQ(QZ,U)

Proceeding in this way, we can estimate all ¢?’s. In
particular, to estimate 522, we use

F2 £2 2 F1
= gnz + an—lcl(fnzfl - 6n271,1£n1 - Unz—l)

£ 2 £2 2 F1
fnz - f’in2,1C2(£n2,1 - 671271,15711 - Unzfl) .

é’l’lg—l

(13)

With the latter we associate estimation errors defined by

81’12—1 - K”IL2—1(0I12—1 70—1’12—1)
2 14
nar = (€2, ~E2,). )

for which, setting e,,—1 = col(ény—1, €ny—1), We obtain

2
ﬁng—ang—leng—l + Hn2_1Fn2—1,0e0 + -+
2
+’€n2_1Fn2—1,n2—2en2—2 + Gan—l(xa u) .

€n,—1 =

With the same technique we can estimate all £’s in (2),
until we arrive at the design of a dynamical system that,
driven by the measured output y, provides estimates of all
the &’s. The estimation errors, defined as above, satisfy a
set of equations of the form

IiQFoeo + G()ZO (l‘, u)

€o

¢ = riFie;+riF;pe0 + -+ k; Fii 1€, 1+ GZi(x,u)

withi=1,2,...,n,—n1—m+1. Setting, for convenience,
vV = n, — ny — m + 1 these equations can be written
altogether as
é=Fin,...n1e+BZ(z,u) (15)
in which
KZ()FO 0 0 0
H%FLO K)lFl 0 0
Flromrm} = | #3F20 3Fo1 KoFy -- 0

2 2 2
k,Fuo Ky Fu1 kpFyo - K F,

To the purpose of ensuring convergence when the estimates
are used for feedback stabilization, it is of paramount
importance to be able to assign an arbitrary high rate of
decay to the solutions of the homogeneous equation

e= F{’{Uv’ilw‘wnu}e .

To this end, the “gain parameters” kg, k1, ..., kK, must be
appropriately scaled. This is actually possible in view of
the following result.

Lemma 1. Consider a matrix of the form
Al(pl) O
A =
(pl’p2) < pr pgAg

in which the elements of A1(p;1) are polynomial functions
of p;. Assume that:

(i) there exist a positive definite matrix P; (independent
of p1) and a number pj such that, if p; > p7,
PrAy(p1) + AL (p1)Pr < —pu ]

(ii) the matrix As is Hurwitz.
Then, there is a positive definite matrix P (independent
of po) and a number pj such that, if ps > p3,

PA(p3, p2) + AT (p3, p2) P < —pol .

Proof. Pick a positive definite matrix Py satisfying Py Ao+
ATPy = —2I, set b = |P,B| and consider the positive

definite matrix
[ 26°P, 0
po (00

Suppose p; > pi and compute the derivative of V(z) =
2T Pz along the solutions of & = A(py, p2)z, to obtain

V < =20y |21 |? — 2pafaal® + 2bp3 |21 [|2s]
We seek a choice of p; that makes
V < —pa(la1]* + |zaf?)
which is the case if
(26°p1 = p2)|a1[* + palza|® — 20p3 |21 |2] > 0.

To this end, pick p; = p3 and observe that the desired
inequality holds if

20%p5 — 1 —bps
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which clearly holds if bpy > 1. Picking

ps = max{1/b, (p;)"/*}
completes the proof.

Using this Lemma iteratively, it is easy to arrive at the
following conclusion.

Proposition 1. There are positive integers pg, p1, ..., Pv*—1,
a positive definite matrix P and a number £* > 0 such
that, if

Ko =KPO k1 =KPY, L k1 = KPP R, = K

the inequality

PF{K/07H/1)'“7H/V} +F .,m,}P < —kl

T
{Kko,K1,..

holds for all kK > k*.

3.2 Convergence analysis

The “dirty-derivatives” observer designed in the previous
section is such that the “estimation” error e satisfies (15)
and Proposition 1 holds. Thus, at this point, it should be
clear that a “separation principle” for asymptotic stability
with guaranteed region of attraction holds. For the sake of
completeness and for the readers’ convenience, we sketch
in what follows the basic arguments needed to arrive at
the desired result.

Let a*(€) be a partial-state feedback law with the proper-
ties indicated in Assumption 4. Since £ is not directly and
fully available, it is replaced by the corresponding estimate

g = col (y17§215 e 7671Ll7y2?§%a e 7§72125 e ,ym,ﬁgﬁb,' o aé-n’r,r:n)
provided by the observer described in the previous section,
which is a linear system, modeled by the equations (6),
(10), (11), ..., (13), - - -. Altogether, these can be written
in the form

¢ = Axp+ By

£ = Cyo+ Dy (16)
with state
p= col(éll,%, e ,5;1,01,53, ag,ég R al,,éjl’f”) .
According to Proposition 1 the gain parameters kq, ..., K,

in (6), (10), (11), ..., (13) have to be powers of a single
gain parameter x and this is reflected in the notation used
n (16). Along with this, we consider the equation that

relates é ,& and estimation error e,
§=¢— Dye

in which D, is a matrix whose entries are non-positive
powers of the parameter s (see (7),(9), (12),---, (14),---).

As originally proposed in Esfandiari and Khalil [1992] in
a similar setting, the actual control to be implemented on
the system is

u=or(a’(¢))

in which o (r) is a saturation function, e.g. any function
that coincides with r when |r| < L, is strictly increasing
and satisfies o, (r) < 2L for all r € R.

(17)

In this way, a closed-loop system is obtained modeled by
the equations

(18)

after having set (and invoking, once again, the dependence
of the various kg, k1, ..., k,+ on the single parameter k)

*(z) = f(z) + g(z)a”(¢)
Ai(z,e) = g(z)[oL(a”(§ — Dre)) — a*(£)]
Fm = F{No,nl,‘..,n,,}
As(x,e) = BZ(z,0p(a™ (£ — Dre))).

By assumption system (18) has the following properties:

e the equilibrium x = 0 of & = £*(x) is globally asymp-
totically stable and locally exponentially stable.

e there exist a positive definite matrix P and a number
k* such that, if kK > K*,

PF, +FIP < —xI.

Using these properties, it is possible to conclude — by
means of known methods — the desired semiglobal stabi-
lization result. Details are essentially similar to those used
in the context of the problem of semi-global stabilization
of a minimum-phase SISO system (see for instance Isidori
[1990], Chapter 12) and are not repeated here for the sake
of brevity.

Theorem 1. Consider system (1), suppose Assumptions
1 through 4 hold and let the control be provided by
(16)—(17). Then, for every choice of a compact set K,
there is a choice of the design parameters L,k such
that the equilibrium (z,¢) = (0,0) of the closed-loop is
asymptotically stable, with a domain of attraction that
contains the set K.

4. CONCLUSION

In this paper, we have considered the class of input—affine
MIMO nonlinear systems which are invertible, input—
output linearizable and for which a well-defined normal
form is obtained by means of the so—called Structure
Algorithm. This class includes, as a trivial special case, the
class of MIMO systems possessing a well-defined vector
relative degree. Then, a “rough—derivatives” observer that
extends the principles of Esfandiari and Khalil [1992] and
Teel and Praly [1994] in a nontrivial way is designed, so
as to arrive at dynamic output feedback that guarantees
asymptotic stability with guaranteed region of attraction.
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