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Abstract: The global robust output regulation problem of the
singular nonlinear system is investigated. Motivated by the input-
output linearization of the normal affine nonlinear system, a global
diffeomorphism map is designed under the assumption that the
singular nonlinear system has a strong relative degree. The global
diffeomorphism map transfers the singular nonlinear system into a
new singular nonlinear system with a special structure. Attaching
an internal model to the new singular nonlinear system yields an
augmented singular nonlinear system and the global robust stabi-
lization solution of the augmented system implies the global robust
output regulation solution of the original singular nonlinear system.
Then the global stabilization problem is solved by some appropri-
ate assumptions and the solvability conditions of the global robust
output regulation problem are established. Finally, a simulation
example is given to illustrate the design approach.
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1. Introduction

A large number of physical systems can be modeled by
singular nonlinear systems, e.g., power systems [1], robot
systems [2] and chemical processes [3]. Hence, the con-
trol problems for singular nonlinear systems attract much
research attention. For example, [4] and [5] addressed the
issues of input-output decoupling and disturbances decou-
pling for singular nonlinear systems; [6] dealed with the
adaptive regularization problem of singular nonlinear sys-
tems, and the tracking problem was investigated in [7].
The robust nonlinear output regulation problem aims
to achieve asymptotic tracking of a class of reference in-
puts and/or asymptotic rejecting of a class of disturbances
for nonlinear systems in the presence of parameter uncer-
tainties. Most of the results on the robust nonlinear output
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regulation problem are based on two methods. One is inter-
nal model principle, for example, linear internal model [8 -
12], and nonlinear internal model [13]. The other one is
the adaptive method, for example, adaptive internal model
[14,15], and adaptive output regulation [16—19]. Besides
the output regulation problem for normal nonlinear sys-
tems, the output regulation problem for singular nonlinear
systems has also been investigated in the literature, for ex-
ample, [20—25]. It is shown in [20] that a necessary con-
dition for the output regulation problem of singular nonli-
near systems is that the singular nonlinear regulator equa-
tions have a nontrivial solution. Under an assumption on
normalizability, a state feedback controller and an output
feedback controller were designed in [20] to solve the out-
put regulation problem. Moreover, [22] and [23] removed
the normalizability condition in [20], and designed a nor-
mal output feedback control law for the output regulation
problem of the singular nonlinear systems. The robust out-
put regulation problem for singular nonlinear systems was
studied in [21] and [24]. However, it should be noted that
the existing results on the robust output regulation prob-
lem for singular nonlinear systems are limited to local so-
lutions because the solvability conditions on the robust out-
put regulation problem for singular nonlinear systems are
generally obtained by the linearization model of the singu-
lar nonlinear systems.

In this paper, we are trying to investigate the global ro-
bust output regulation problem for a class of affine singular
nonlinear systems. Noting that it is almost impossible to
solve the global robust output regulation problem directly
for a general singular nonlinear system, a global diffeo-
morphism map is designed to transfer the singular non-
linear system into a new singular nonlinear system with
a special structure. Such a global diffeomorphsim map
exists under the assumption that the singular nonlinear sys-
tem has a strong relative degree. The global robust out-
put regulation problem is transferred into a global robust
stabilization problem. And then, the solvability conditions
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of the global robust output regulation problem are estab-
lished by solving the global robust stabilization problem
with the virtue of the special structure. Specifically, we at-
tach a dynamic compensator to the new singular nonlinear
system which yields an augmented singular nonlinear sys-
tem. It is shown that the solvability of the robust stabiliza-
tion for the augmented singular nonlinear system implies
the solvability of the robust output regulation problem of
the original singular nonlinear system. Under some appro-
priate assumptions, the global robust stabilization problem
is solved with a state feedback control law by using the
small gain theorem. Then, the solvability conditions of the
global robust output regulation problem are established.

The rest of this paper is organized as follows. Section 2
formulates the global robust output regulation problem for
a class of singular nonlinear systems. Section 3 transforms
the singular nonlinear system in the affine form into a sin-
gular nonlinear system with special structure, and the out-
put regulation problem is converted into a robust stabi-
lization problem of an augmented singular nonlinear sys-
tem. Section 4 addresses the solvability conditions for the
global robust stabilization problem of the augmented sin-
gular nonlinear system. Section 5 gives an example to illus-
trate the proposed method, and some remark conclusions
are contained in Section 6.

2. Problem formulation

Consider the following affine singular nonlinear system:
&= fi(z,p) +pi(xz, 1)z + g1(x, p)u + qi(x, p)v

0 = fao(x, u) + pa(x, u)z + g2(x, p)u + g2(x, p)v
e =h(z) — qo(v, p) 1)

where £ € R"™ and z € R° are the system states,
u € R is the control input, p € U C R™ is the
plant uncertain parameter vector where U is a compact
set, uo € R™ is the nominal value of g which is known.
e € R is the system output representing the tracking er-
ror. fi(z,p), fo(x, 1), pi(z, p), p2(x, 1), gi(z,p),
g2(x, 1), q1(x, ) and go(x, ) are matrix-valued func-
tions with dimensionsn x 1, s x 1, n X s, s X s, n X 1,
sx1,nxaand sxa, respectively. v € R* is the exogenous
signal representing the disturbance and/or the reference in-
put described by

v = Sv. (2)

All functions in (1) are globally defined, sufficiently
smooth, and satisfy f1(0, ) = 0, f2(0, ) = 0, h(0) =
0 and ¢o(0, ) = 0. It is assumed that all the eigenvalues
of the matrix .S are simple and have zero-real-parts. So for
any v(0) € R, there is a compact set V' € R* containing
the origin of ¢, such that v(t) € V.

Global robust output regulation problem Given a
singular nonlinear system (1) and exosystem (2), design a
feedback control law

u = ug(xz, z,(, e)

C = gc(w,z,c,e)
with ¢ € R™¢ being the state of control law, such that, for
any initial states (0) € R, 2(0) € R*, ¢(0) € R,
and v(0) € R, the trajectories of the closed-loop system
composed of (1), (2) and (3) exist and are bounded for all
t > 0, and satisfy tlirélo e(t) = 0.

Remark 1 Most of the existing results on the out-
put regulation problem of nonlinear singular systems are
limited to local solutions, e.g., [20,22-24]. This paper
aims to establish a global solution for the output reg-
ulation problem of singular nonlinear systems. To this
target, a class of nonlinear singular system in the form
of (1) is addressed in this paper. Though it is in a
special form in which the partial state z appears lin-
early, there exist some physical systems that can be
modeled as singular nonlinear systems in the form of
(1), e.g. a robot with end effector in contact with a
rigid surface [2], a vapor-liquid reaction system [3]. Va-
rious control problems are investigated in the literature for
the nonlinear singular system in the form of (1), such as,
feedback control [4], disturbance decoupling [5], and out-
put tracking [7].

Assumption 1 rank[pa(z,pu)  go(x,p)] = s
and there exists a matrix ~(x) such that pa(x,p) +
g2(x, p)~y(x) is non-singular for all p € U.

Remark 2 Assumption 1 is a regularizable condition
of the singular nonlinear system (1). It is worth noting that
the matrix po(z, 1) may be a singular matrix, and we can-
not obtain a unique z by implicit function theorem. As
shown in [4], Assumption 1 guarantees that there exists
a smooth regular feedback in the form of u = w + ~v(x)z
such that the closed-loop system has a unique solution for
any continuous input w. Moreover, with Assumption 1,
we can define the strong relative degree for the singular
nonlinear system (1). In fact, we denote L ¢, fo(x, n) =

Mﬁ(w, ) for some smooth functions f1 (x, p)

and fo(x, p), the strong relative degree of the system (1)
can be calculated by the following algorithm.

Step 1 Let¢;, = h(x) and calculate L, &1, Ly, & and
L &1 I

©)

Lpl 51 Lg1 51
p2(x, 1) go(x, )

then there exists a vector-valued function E;(xz,u) €
R1*# such that

[LP1€1 Lglfl] = El(mvu) [pQ(m7ll’) 92('737/1’)] .

rank
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I?enOte 62('737 u’) = Lflfl - El (CC, /'I’)fQ and 52 ("B7 H’O) =
& (x, po); Otherwise, let p = 1 and end the algorithm.
Step k  We assume that a sequence of & (x, uo), - - -,
&k(x, o) 1s defined. Calculate Ly, &, Lp, & and Lg, &
If
LPlfk Lglfk
p2(x, 1) g2z, p)

then there exists a vector-valued function Ey(x, i, o) €
R1*s such that

rank

[Lplgk Lglfk] = Ek(iL‘,[hMo) [pQ(:L‘>N> gQ(w7“)] :

Denote i1 (x, p, o) = Ly &k — Ex(, 1, o) f2 and
€1 (x, o) = Ekr1 (2, o, po); otherwise, let p = k and
end the algorithm.

The p obtained in the above algorithm is called strong
relative degree of the system (1). Similar algorithms
have been used to develop the state-space description for
differential-algebraic equation systems in [2] and [4]. It
is worth mentioning that the strong relative degree of the
system (1) may be different with the integer & of the sys-
tem (1) with . = o by the Algorithm 1 in [4], because
&r(x, o) (k= 2,...,p) is defined recursively and inde-
pendent of p. Please refer to [4] for more details on the
algorithm.

Assumption 2 The system (1) has a strong relative de-
greep < nforall p e U.

3. Problem conversion

Now, based on the assumption that the singular nonlinear
system has a strong relative degree, we can show that a
global diffeomorphism map can be constructed to transfer
the singular nonlinear system into a new singular nonlinear
system with a special structure.

Lemmal For system (1), under Assumptions 1 and 2,
there exists a smooth function n(x, w), such that

77(137 IJ’O)

51 ($, IJ’O)

T(SU,I,L()) = ) 77(@#0) € R

fp(xl7 o)
is a global diffeomorphism and
Lg(@myn(x, po) =0 (4)
where
g(z, p) = gi(z, p) — k1(z, PRy (. p)g2(z, 1) (5)

and
ki(z, p) = pi(z, p) + g1 (z, p)y(z) (6)

Proof Letu = w + ~(x)z, the system (1) can be writ-
ten as

= fi(z, p) + gi(x, p)w + K1 (z, p)z + g1 (z, p)v

0= fo(z, ) + g2(, p)w + Ka(x, u)2z + g2(x, p)v
e=h(z) - q(v,p)
where k1 (x, 1) and k2 (2, ) are defined by (6) and (7) re-
spectively. Under Assumption 1, ko (, ) is nonsingular,
thus the variable z can be uniquely determined by
z =~k (@, 1) (foa, p) + g2, p)w + @2(x, p)v).

It follows that
= f(z,pn) +g(z, p)w + q(x, p)v

e =h(x) — qo(v, p)
where

f@,p) = fi(z,p) — ki(@, ey (z, 1) fo (e, 1)
g(z, ) = g1(z, p) — K1 (z, p)K;y ' (z, p) g2 (, p)
a(z. 1) = qi(z, p) — K1z, p)ks " (z, p)gz(, p).
Let ¢* (x, p, o, v) = gz, p)v + f(z, 1) — f(x, po),

then we have
@ = f(z, po) +9g(x, p)w + q"(x, p, po, v)

e=h(z) — qo(v, p). ®)
With Assumption 2 and Remark 2, there exists
E(x, p, po), fork =1,...,p — 1, such that

[ L& Lglﬁk]{ ! 0}

y(@) I

Ek(m7u’7l"’0) [p2(-'137[1/) 92('737”’)] |:7éc) (1)':|
which implies
[LP1€k + Ly1€k7(m) Ly1€k] =
Ey(x, p, po) [p2(z, p) + go(x, p)y(x)  gol, )] .
Hence, fork=1,...,p—1,

0 _
Ek(w7l~l/7l~l/0) = %Hl(ﬁc,ﬂ:)ﬁg l(w’u)

Lglfk = Ek($7ﬂ7ﬂo)92(wyli)~
It follows that, fork = 1,...,p—1,

Lf(w,uo)fk(ma /J'O) -

(L, () &1 —

0
%Rl (SE, N)Hg_l(w7 I'L)fQ(:L‘> l‘l’>] H=po =



748
Lt @ r — Er(@, g, po) fo(z, )], =
Ekr1(x, po) 9)
Lg(w,u)gk(mvlLO) =
afk 1 o
B 9L (@ 1) — 1 (@, p)sy (2, p)ga (@, p)] =
Lglfk - Ek(w7 M, “0)92(1:7 Il') =0. (10)
and

ngp = Lglgl) - %Rl(az7 [L)R;l(il:,p,>gg(il:,p,> 7é 0.

(11)
Considering the system (8), and viewing g*(x, w, o, v)
as the perturbation, (9), (10) and (11) imply that the sys-
tem (8) has a relative degree p. By Theorem 13.1 in [26]
(or Proposition 4.1.3 in [27]), the map

77('737 /LO)

&1(z, po)
1 | 0 ne R

T(CC,/J,()) =
EP(:C’ /J'O)

is a global diffeomorphism such that

Lg(w,u)n(w7 NO) =0

which completes the proof of Lemma 1. O
With Lemma 1 and the algebra equation of (1), it can be
verified that, fori =1,...,p — 1,

_0g
T o

& (f1(, p)+pi (@, p)z+g:1 (z, p)utq (o, p)v) =

3
oz
E;i(x, p, po)(p2(x, u)z + g2(x, p)u) =

i
ox

Ei(x, p, po)(fo(x, 1) + g2(x, p)v) =
fi""l + 991‘(777517527 cee

(.fl ("Bvu’) + ‘]1('73711’)’0)+

(.fl ("Bvu’) + ql(mﬁl’)v)*

75,«)7”7”7”0) (12)

where
0
¢i(na€17£27 e 75,37'1),/.11,/.110) = %(fl(a%u’)i

.fl (CC, /’1'0) + qi (CC, /'I’)IU) - EZ(',B7 M, ILO)(.fQ(CC, /’1’)7
fa(, o) + q2(, p)v).

@nl(m,u)ngl(m,u), it follows

Let Eo(x, p, o) = D

that o
Bo (@, po) iz . 1) = 5 ws (@, ),
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then

Eo(x, p, po)(p2(x, p) + g2(x, p)y(x)) =

Dy ) + (@), (19
By (4), we have
2—191(%/1) = g—znl(wvu)nil(wvu)gz(w,u) =
Eo(z, 1, po)g2(x, ). (14)
Substituting (14) into (13) yields
on
%pl(mvﬂ) = Eo(z, p, po)p2(z, p). (15)

Furthermore, (14) and (15) can be rewritten as

[Lpﬂl Lgln] = Eo(z, p, po) [pg(.’B,IL) 92('737/1’)] :

Thus, with the algebra equation of (1), we have

7= 5L )1 (2, 1)2 01 . )b a2, o) =
o0 (fr( )+ (. o)

EO(:C’ K, /,1,0)(])2 (.’I), H)Z + QQ(CC, /,1,)'11,) =
O (fr () + ar (. )

Eo(maNaNO)(fZ(maN) + ‘h(mvﬂ)v)- (16)

By (12) and (16), it is clear that the global diffeomorphism
map T'(x, po) transfers the system (1) into the following
form:

N =1%1,81,82,. -, v, 1, o)
& =1 +pi(n, &1, 62, €y, s o)
€o = F3(n. &, 11, o) + P3(n, &, 1, po) 2+
93(n, &, B, po)u + gs(n, &, p, po)v
0= f2(m,& p, 10) + Po(n, &, 11, po) 2+
g5(1, &, 1y po)u + @5(n, &, 1, po)v
e=¢& —qo(v,p)
wherei =1,...,p—1,£ = col(&y, . ..

7
75/1)’
3513527' . -afpa’lhl%lLO) =
(.fl ($, N) + q1 (,'77 £7 I'L)U)_

Eo($, M, NO)(fQ(x7 I'l') + QQ(SE, I’L)U)

P
on
ox

and o
f3(777 £7 122 l"’O) = a_af.fl(m7 l"’)

.fé(mﬁ’IMIiO) = fg(iL‘,H)

0
p3(n, &, p, po) = %pl(%u)
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py(n, &, 1, po) = p2(z, p)

0
93(77’ €a M, /J'O) = %gl (CC, /J')

9/2(777 £7 122 I'LO) = g2 ($, N)

_ 9%
QS(naga/J'a/J'O) - ox ‘h(cca/'l')

qé(n7£7 M, uO) = q2(w,[J/>

To deal with the global robust output regulation problem
for singular nonlinear system (17), we need two assump-
tions as follows.

Assumption 3 For the system (17), there exist suf-
ficiently smooth functions a(v, u) € R 7, B(v,u) =
col(Bi(v,p),....Bplv,p) € B2, z(w,p) € R,
u(v, p) € R with «(0,0) = 0, 5(0,0) = 0, 2(0,0) =0
and »(0,0) = 0, such that

oo

——Sv = ¢(a7ﬁ17ﬁ27"'

8'0 7ﬁp7v7l~l/7l~l/0>

9B
ov
96,

a: Sv = f3(a, B, p, o) + p3(a, B, w1, po)z+

Sv = Biy1 + i(a, b1, B2, ..., Bp, v, 1, o)

g3(a7/67l~l/7l~l/0>u+ Q3(a>ﬂ7N7NO)U
0= fé(an&lhllo) +pl2(a7/6’/,1,,/,1,0)z+
g/2(a7/67l~l/7p/0>u+ qé(a>ﬂ7u7u0)v

0= ﬂl(va /’1’) - qO(va /’1’) (18)
Let v(n.§) = v(x), Bpra(v,pu) = ulv,p) —
Y(a(v, p), B(v, u))z(v, u) and
Xl(vvlL) ﬁQ(vvll’)
X0 ) = xp—lkmu) - 60(7.]711*)
XP(U7 I"“) ﬁp-i'l (U7 I"“)

Assumption 4 For all v € V, there exist a set of real
numbers af, a’,---,al _; suchthat, fori=1,...,p,
L, xi = abXi + a4 LepXi + -+ a"gi_lL%’Jlxi-

Remark 3 Assumption 3 is standard and necessary
for the solvability of the robust output regulation problem
of singular nonlinear systems [21,24], and the equations
(18) are called singular regulator equations. Assumption 4
holds if the solution of the singular regulator equations in
(18) is polynomial in v which is used in the literature on
the robust output regulation problem for normal nonlinear
systems. This additional condition is also required to solve
the robust output regulation problem for singular nonlinear
systems [21,24].

Define 7;(v, u) € R as

Xi(v, )
LSin
TZ(”?I”’): . ) 1:17 '7p7
L%y
it follows that
87’1‘(”7#)

Sv=&;1;,(v,pn)
v

Xi = wlTl7Z:177p

where
0 1 0 0
0 0 1 0
b, = .
0 0 0 1
ay aj ay ap, 1
Z;=(100 - 0).

The Sylvester equation

has a unique nonsingular solution 7% for a given control-
lable pair (M;, N;) where M; is a Hurwitz matrix and
N; is a vector of appropriate dimension. Let 8;(v, u) =
Tir; (v, p) and €1 = u — v(n, €)=z, then we have

xi= Wi (Ty)'6;, i=1,....p

and we can define the following dynamic as internal
model:
0; = M,;o; + Niit1,

o € R, .p- (19)

Attaching the internal model (19) to the system (17) and
performing the following coordinate and input transforma-
tion

i=1,...

o;=0;—0;(v,u)
n=mn-—ov,p)
S=6—Pi(v,p)=e
§iv1 =& — Oi(Tg) oy, i=1,...,p  (20)
yield an augmented system as
n=1(n,€,6,v,1, o)
Gi=(M; + N; W, (T)) e + Ni&ip1,i=1,...,p

57;:gi+1+¢i(ﬁ7£_76av7u’7u’0)7 7’:137p71
Ep = f3(n7£7H7HO) <i>1)3(’,7757/"’7”’0)z+
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93(m, &, o) (Epr + o(TY) Lo, + (0, €)z)+
as(m, &, b, pro)v — ¥, (TY ) 1o pn
0= f3(n, &, 1, po) +p’2( L€ 1, o) Z+

912(77’ €a 122 /J'O)(fp+1 + !pp(TOp) 109 + 7("3 €)z)+
qg(m&lbﬂo)” (21)
,5—p)| é = 001(517 cee agp)’ and

d;(,r_h 57 v, K1, IJ’O) =

Y+ a(v),& + Bi(v), b + 1 (Ty) o,
&+ Wt (TY ™) op1, 0, 1, p0)—
P(a(v), B1(v), B2(v), ..., By(v), v, p, po),
$1(1,€,5,v, 1, po) =
P1(7 + a(v),& + i(v),& + T1(Ty) lou, ...,
&+ O (T opt, 0, 1, p0)+

_ aﬁl (’07 l"’) Sv
ov ’

¢i(1,€,0,v, 1, po) =
@i(1 + a(v),6 + B1(v), &+ Oi(Ty) oy, ...,
&+ Wyt (TY ) op1, v, 1, o)+
Ui(Ty) o — @i (Ty )7
i=2,...

where & = col(1, . ..

vy (Ty) "

Uz 1,

P — 1.
It can be verified that col(7, &, &) = 0 is an equilibrium
point of the system (21) with {,.1 = O forall v € V
and p € U. For the system (21), we can define a robust
stabilization problem as follows.

Global robust stabilization problem Given the sys-
tem (21), find a state feedback control law

Epr1 = k(&1,&,...,6)) (22)

with £(0,0, ...,0) = 0, such that for any initial conditions
(1(0),5;(0),£(0) € R*—7 x R x R*, the equilibrium
col(n,6,€) = 0 of the closed-loop system composed of
(21) and (22) is global asymptotically stable for all v € V'
and p € U.

Consider the following associate control law

T'(x, po) = col(n, &)
Gi= Mo, + Nifip1, i=1,....p
Eprr = k(e b — (T o, ...,
= W r(T§ ) lopt) + O,(TY) '
u=~E1+v(n, &)z (23)

then we have the following result.

Theorem 1 Under Assumptions 1 -4, if the global ro-
bust stabilization problem for the system (21) is solvable
by the control law (22), then the global robust output re-
gulation problem for systems (1) and (2) is solvable by the
control law (23).

Proof Forallv € Vand p € U, a(v, ), B(v, 1)
and 6;(v, ) are bounded. If for any initial conditions
(7(0),5:(0),£(0)) € R*=P x R x R*, the equilibrium
col(n,6,€) = 0 of the closed-loop system composed of
(21) and (22) is global asymptotically stable for all v € V'
and u € U, then by the transformation (20), there ex-
ists unique and bounded (n, &1, . . ., &,) for the closed-loop
system composed of systems (17) and (23). By the global
diffeomorphism T'(x, u), for any initial state z(0) € R",
z(0) € R, 0;(0) € R, and for all v(t) € V and p €
U, the trajectories of the closed-loop systems composed
of (1), (2) and (23) are unique and bounded. Moreover,
Jime(t) = lim (h(a(t))—q(v(t), p)) = lim & (t) = 0.

([

4. Solvability conditions

In previous section, the global robust output regulation
problem of a singular nonlinear system is converted into
a global robust stabilization problem of an augmented sin-
gular nonlinear system, that is, to establish the solvability
conditions of the global robust output regulation problem
of the system (1), it is sufficient to address the solution of
the global robust stabilization problem of the system (21).
Under Assumption 1, it can be verified that, for system
(21),

z = (ph(m, & 1, o) + h(m, &, 1, o) ¥ (1, €))
(f5(m, &, p, o) + a5(m, &, g, po)v+

912(77’ €a 122 /»LO)(EP+1 + !pp(Top)ilo'p))
hence, the system (21) can be written as
n = &(ﬁa éa g,v, M, /’1’0)
= (M; + N; @,(T3) " )6i + Nibiy1, i=1,...,p
51:€Z+1+W1(ﬁ7£7 v7l"’7l"’0)7 7’:137p71
gp = _(ﬁ7 £_7 g1 . 76pa v, W, ILO)EP+1+
@p(77£a &13 -75'an7#7#0) (24)
where B B
b(ﬁ7£7&17' .. 75-,071]7’1'7“0) =
93(n, &, 1, o) + w(0, &, 1, 1o)g3(n, &, 1, po),
@p(ﬁ7é7 6-17 s 76-,07 177#7#0) =

fB(naga 2 /J'O) + 93(7%5, 2 /’1'0) WP(T§)710P+

QS(W £7 122 l"’O)v+
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k(1 €, 1y 110) (F2(0, &, 11, po) + @5(m, &, 1, po)v)+
k(1. €, 1, 110)g5 (10, &, 1, 110) ¥ o(TY) "o p—
I’p—l(Té)_l)ilé'p—l
with
k(n, &, p, po) =
(p3(n, &, 1, o) + g3(n, &, 11, po)y(n, €)):

(p/2(n7 57 M, I'LO) + 9/2(7% 67 M, I*I’O)’Y_l(,rh 5))

Thus, the global robust stabilization problem of (21) is
equivalent to the global stabilization problem of (24). To
solve the global robust stabilization problem of system
(24), we further need some assumptions as follows.

Assumption 5  For the system (24), there exist

?1/) = 0 and a—(’ik =0withk =1,...,p—1,j =
O&k+1 0
kE+1,...,p.

Assumption 6 Forallv € V and p € U, the sys-
tem 5 = (1, &1, v, 1, po) is robustly input-to-state sta-
ble with 77 as state and &; as input, and has a known con-
tinuously differential (C'!) class Ko, gain function s (-).

Assumption 7 Forall v € V and p € U, there ex-
ist locally Lipschitz class K functions po(-) and p1(+) such
that

max{‘@p(fh éa &17 e 76p7 v, K1, /’1’0)|a
€01 10(72,

77 6'17 v 7&p7v7N7NO>|2} <
max{po(|€p]), p1(col(7, &, - .-

75,0—175-)‘)}'

Assumption 8 For all v € V and p € U,
b(7,&,61,...,0,,0, 1, o) > 0.

Remark 4 The above assumptions are required to es-
tablish the solvablility conditions for the robust stabiliza-
tion problems of the augmented system (24). The assump-
tions are made with respect to the augmented system but
not the original system because we need to know the struc-
ture of the system such that we can establish the solvability
conditions of the robust stabilization problem. Under As-
sumption 5, it can be verified that the 1 and &; subsystem of
the system (24) can be written as 7 = (1, &1, v, i, o),
and §; = &1 + @i(M: &1, .-, 6,01, -, 0,V By po),
hence the flow of the state 7 is only affected by &;. As-
sumptions 6 —8 are quite familiar in the literature on semi-
global or global stabilization of nonlinear systems.

Theorem 2 Under Assumptions 5-8, the global robust
stabilization problem of the system (21) is solvable by the
control law (22).

Proof Since the global robust stabilization problem
of (21) is equivalent to the global stabilization problem of
(24), we will focus on the solution of the global robust sta-
bilization problem for (24). To this end, let us perform the

following coordinate transformation on (24) which can be
done because of Assumption 5,
6’1‘ :&i_Nigu 1= 17...,p—1

B(ﬁ7 57 5-7 v, K1, NO) =

Ep 1
J — — — — ds
0 b(’r]7£17 s 75,{)—17870’17' .. 70-,071]7’1'7”’0)
&/1 = 6-/1 - NPB(ﬁ7£7 6-7 U7N7NO)~ (25)
The coordinate transformation yields
ﬁ = &(ﬁa 517 v, K1, /’1'0)
&i = Qi(ﬁagh ..
i = gi-‘rl +¢7?(’F]7517-~'7Ei7&17"
&p = Qp(ﬁ7517 cee
£, =b"(n,&1,...
@;(ﬁa gla e
wherei =1,...

'a€i7&1a"'a&i7va/'1'ap’0)
. 75'1‘7717[17#0)

75,07 &7 v, K1, NO)

S
<

75/17 &7 v, K, No)gp-‘y—l""
agpa&7vap’a/’1’0) (26)

,p—1,6=col(éq,...,6,)and

Qi(n, &, ...
(M; + N; ®(T5) ") —
Nigi(1,61, ... NN TSR
@ (M,81,...,&,01,...,64,0, 1, po) =
@i(1, &1, .-, &, 01+ Nk, ..., 65 + Ni&i, v, u, o),
Qy(1,61,...,8p, 6,0, 11, pro) =
(Mp + Np Wp(Té)>_1)5'p_
N{b(7,£,61,....6,,v, 1, p0)} "
Gp(11,€,F1, .., 8p, 0, 14, o),
b2 (7, &1, -1 6p, 6,0, s o) =
b(n, €61+ Niy, ...,
G+ N,B(7,€,6,v, 1%), v, 1, o),
@p(M,E1, -5 6p, 6,0, 1, o) =
Po(0,€,61+ N1&1, ...,
G+ N,B(7,€,6,v, u%), v, 1, o).
Consider another transformation
gl = 517
=& —a; 1), j=2,0p (@7)

where o 1(§1) = —=§api-a(§-1)  and
pi—1(€i—1) > 0 are some smooth scalar functions, it
follows that, fori =1,...,p—1,

iy O1, .., 04,0, 1, o) =

a€i7613"

ﬁ = &(ﬁa 517 v, K1, /’1'0)
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&i :Qi(ﬁ’gl’""gi’&lﬂ"w&hva/'l'a/'l'())
éi =& +95i(7’7,£~1,...

&p = Qp(ﬁ7 57 6'7 v, K, NO)

agia&lw'w&hva/'l'a/'l'())
€, =b(n,€,6,v, 1)1 + (M, €,6,0, 14, po) (28)
where € = col(&1,. .., €,) and

Qi(ﬁ7£l7'"7£i7&17"'7&i7v7l~l/7u0> =
Qi(ﬁ7£17'-'7gi+ai—1(éi—1)7&17"

@i(ﬁagla"' '7&2'7'1)3/'1'3/'1'0) -
Gt i1 (6im), 61
= 30&2'71(52'71) =
;&) — ——=—&_1
(&) %, 1

Qp(ﬁ7 57 &7 v, K, I'LO) =

. 76'1‘,’()7#7[1/0),
a€i7&1a"

957?(773517' 'a&iav7l"’7u’0)+

Qp(ﬁvéla cee 7f~p + Ozp,l(gp,l),&,'v, 122 /J'O)a
B(ﬁ? 57 6'7 v, K, NO) =
Bo(fhgh .o 75/) + ap—l(gp—1>7&7 U7N7NO)7

@p(ﬁagv&a 0711/7”’0) =

@;(’thh v 75,0 + ap—l(gp—1)7 &>U7 122 Il'0>_
Oop1(€p-1) :
ToLoele .

08p—1
It can be verified that, forall i = 1,.. . p,
Qi(,r_hgh e 7gi7&17 .. .,&i,’lﬁ[hﬂo) =

Ml5l - 7i(ﬁ7517 e 75i7&17 ey &i—h ’U7[J/7[J/O)~

As M; is Hurwitz and ~;(-) is sufficiently smooth, it fol-
lows that, forall : = 1, ..., p, the system

&i = Qi(fhgh v 7gi7&17 v 75'i7U7N7N0)

is robustly input-to-state stable forall v € V and p € U,
with &, as state and col(7, &1, ..., &, 01, ...,0,_1) asin-
put, and has a known C* gain function r;(-). With As-
sumption 6, all conditions of Proposition 5.1 of [13] are

satisfied, thus

,':_l = 1&(777517 177#7#0)

&i :QNi(ﬁagla"'agia&la"w&hva/'l'ap’o)
gi :éi-‘rl +¢i(ﬁ>f~17-~-7f~i7&17~-~7&i7U7N7N0)
&p :Qp(,r_hélw"75,07&17"'7&,071]7“7“0)
1=1,...,p—1

are robustly input-to-state stable forall v € V and i € U,
with state col(7, &, &1, . . ., €,—1) and input &, and have a
known C* gain function r ,(-).

Under Assumption 7, it can be verified that p (k,(-)) is
locally Lipschitz. Then with Assumption 8, all conditions
of Lemma 11.4.1 in [28] are satisfied, thus there exists

gp-&-l = k(ép) +a

such that system (28) is robustly input-to-state stable for
all v € Vand p € U, with state col(7, 6,&1, ..., §,) and
input <. As a result, the control law

gp-‘rl = ]%(517 ce 75/1) = ];(ép)

solves the global robust stabilization problem of the system
(28). Hence, with transformations (25) and (27), the global
robust stabilization problem of the system (21) is solvable

by the control law (22). O
Combining Theorem 1 and Theorem 2 gives the follow-
ing result.

Theorem 3 Under Assumptions 1 -8, the global robust
output regulation problem of system (1) and (2) is solved
by a state feedback control law (23).

5. lllustration example

Consider systems (1) and (2) are specified as

T To +um§ + pzy 0 1
Ty | = —I1 + | —p? 0|2+
T3 —3 0 €2
0 0 0
uQ u+ |0 -2z | v
1 0 0
| pm 0 1 0 0 0
R e e N R
e(t) =x1 —n (29)
and
. 0 1
V= {1 0} v. (30)

It can be verified that Assumptions 1 and 2 are satisfied
with v(z) = [1 0] and the system (29) has a strong rela-
tive degree p = 2. By Lemma 1, we have

n x3
T(x,po)= &1 | = T
) Ty + por3

it follows that
’f[: —’I]—‘erl — 21

& =& + (1 — po)n
,ILQ

&= (60 = 2m0m) 4 |y e pon?)
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(1® + 2pom)u + [SEJ v
| u& 0 1
0= {251}—'—[0 fzﬂoﬂZ}z—F

0 U+ 00 v
1 2 0
It can be shown that Assumptions 3 and 4 are satisfied with
04(717#) = 07 ﬁl(v7l~l’> = V1, ﬁ?(,u7l1') = V2,
u(lh ’U) = HU1V2,
z1(p, v) = povrve — 21111)2/u27 zo(p, v) = —pvy.

Let x (v, t) = col(B2,B3) with Bs(v,pu) = u(p,v) —
21 (/J,, ’U) = 2U11}2/IL2, and

=[] e = [o0

then we have

0 1]
¢1:|:1 0 7W1:[1 0]7
0 1]
&, = {4 ol T2=[0L
Let
0 1] 0
M, = M, = {_3 _9 3N1N2|:05:|a
it follows that
Tl — 0.125 —0.125
0710125 0.125
T2 — —-0.0294 —0.0588
071 0233 —0.0294
0.5v9 — 0.5v
91(’07“) = |: _20.5,02 1:|
02(”?/”’) =

(—0.058 8vyvs + 0.117 602 — 0.117 602) / p?
(0.470 6v1v5 + 0.058 8v2 — 0.058 8v2)/p? |~

Thus, the internal model with output &5 and {5 = u — 21 is
as follows:
o1 = Moy, + Ni1&

6'2 = MQO’Q + Ngfg.

The following coordinate transformations
o, =01 — 91('1),/,11)

09 = 09 792('1),/,11)

& =& — Bi(v,p)
=6 — ¥(T)) "oy
& =& — Uo(T]) oy

yield

= —7+2&
o1=(M;+ N, ¥, (T)) Vo1 + Ni&
G2 = (Ms + No Wo(T3) a2 + No&s

& =&+ U (TY) (61 +61) + (1 — po)7? — Bo

_p?
2pom (&2 — NoUQ)] =
(B? 4+ 2p0m) (& + Oo(T5) o)+

52 = (=& —2pon®) + {

|:—8§1:| v — !pl(TOl)ild’l

NEIN

z+
—2& 0 &— N0772]

0}, - _ 0 0
MR SR e
Under Assumption 1, we have
n=—n+2&

1= (M + N, ¥(Ty) ")o1 + Nibs

o= (Mo + No Wy (T3) 1)aa + Nos
§ =&+ W1(T}) 7 (51 +601) + (n— po)i® — B
& = W& + (4pon — 202 — 1) (& + Br) — 2pon°—

dpovin — Wl(T&)71d1 + [L2 WQ(Tg)ilo'g.

It can be verified that Assumptions 5—8 are satisfied. By
Theorem 3, the global robust output regulation problem of
(29) and (30) is solvable by

T'(, po) = col(n, &)

i =M;o; + N1, i =1,2
= (& — U1(Ty) oa) + de
&=~ — (6 +2)%6+ Oo(T5) o
u =&+ 21.

The simulation conditions are selected as z(0) = [1;2; 3],
v(0) = [45)', 01(0) = [1;2)', 02(0) = [231]', pu € [1 3],
o = 2. Fig. 1 shows the output error and input signal with
pn = 1,2, 3, respectively. It can be seen that the output er-
ror e(t) decays to zero and the output regulation problem
of (29) and (30) is solved robustly.
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Fig.1 Regulative error and input signal

6. Conclusions

This paper addresses the problem of global robust output
regulation for a class of singular nonlinear systems. With
the strong relative degree assumption, a global diffeomor-
phism map is designed to transfer the singular nonlinear
system into a special singular nonlinear system. The new
singular system and an internal model constitute an aug-
mented system whose global robust stabilization solution
leads to the solution of global robust output regulation
problem of the original singular nonlinear system. With
some appropriate assumptions, the global robust stabiliza-
tion problem is solvable by a state feedback control law
based on the small gain method. Therefore, the solvability
conditions of the global robust output regulation problem
of the singular nonlinear system is established.
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