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Reduced-Complexity LMI Conditions for
Admissibility Analysis and Control Design of
Singular Nonlinear Systems

Amine Dehak, Anh-Tu Nguyen®*, Senior Member, IEEE, Antoine Dequidt, Laurent Vermeiren, Michel Dambrine

Abstract—We present a reduced-complexity control approach
for a class of descriptor nonlinear systems with a nonlinear
derivative matrix, possibly singular. To this end, a systematic
approach is proposed to obtain an equivalent polytopic rep-
resentation of a given nonlinear system within a compact set
of the state space. This modeling approach has two particular
features compared to the related Takagi-Sugeno (TS) fuzzy
model-based framework. First, the model complexity only grows
proportionally, rather than exponentially, with the number of
premise variables. Second, the vertices of the proposed polytopic
models can admit an infinite number of representations for the
same predefined set of premise variables. This non-uniqueness
feature allows introducing some specific slack variables at the
modeling step to reduce the control design conservatism. Based
on the proposed polytopic representation and Lyapunov stability
theory, we derive reduced-complexity admissibility analysis and
design conditions, expressed in terms of linear matrix inequalities,
for the considered class of descriptor systems. In particular, a
new nonlinear control law is proposed for regular descriptor
systems to avoid using the extended redundancy form, which may
yield numerically complex and conservative results due to the
imposed special control structure. Both numerical and physically
motivated examples are given to demonstrate the interests of the
new control approach with respect to existing TS fuzzy model-
based control results.

Index Terms—Admissibility, Takagi—-Sugeno fuzzy descriptor
systems, linear matrix inequality (LMI), complexity reduction.

I. INTRODUCTION

Differential-algebraic systems, also known as descriptor
systems or generalized state-space systems, provide a natural
framework to represent and analyze a large class of engineer-
ing applications, including robotics [1], rehabilitation systems
[2], chemical processes [3], transportation and power systems
[4], etc. However, the analysis of such systems requires more
involved techniques when compared to the classical state-
space systems since not only stability but also regularity and
admissibility have to be addressed [5], [6]. Stability analysis
of descriptor systems has been classically studied based on
the system index or the coordinates reduction techniques [4].
However, such methods require extensive algebraic manipula-
tions, which can be unsuitable for a large class of engineering
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problems [7]. To avoid this drawback, Lyapunov methods
directly based on descriptor system formulation have been
proposed [8]-[11]. Despite significant advances in numerical
analysis and simulation, the problem of stability analysis and
control for general descriptor systems remains challenging,
especially for systems with a large number of nonlinearities.
Takagi-Sugeno (TS) fuzzy paradigm has become one of the
most popular techniques for nonlinear control systems [12]-
[15], which is due to several factors. First, TS fuzzy models
can be used to approximate any smooth nonlinear system
with any degree of accuracy. In particular, an exact TS fuzzy
model of a given nonlinear system can be obtained within
a state-space compact set via the sector nonlinearity approach
[12]. Second, using TS fuzzy modeling and Lyapunov stability
theory, stability analysis and control design conditions can be
derived for nonlinear systems in the form of linear matrix
inequalities (LMIs), which can be efficiently solved using
convex optimization techniques [16]. Third, TS fuzzy model-
based technique has been successfully applied to various engi-
neering applications [17]-[19]. From a theoretical viewpoint,
it is possible to derive asymptotically necessary and sufficient
stability conditions for TS fuzzy systems [20]. Nevertheless,
in practice these stability conditions are conceptual rather
than implementable since the computational burden swiftly
increases such that most numerical solvers crash [15]. This
leads to another challenge of TS fuzzy approaches in deriving
less conservative sufficient conditions for stability analysis
of nonlinear systems with a reasonable numerical burden.
To reduce the design conservatism, various fuzzy Lyapunov
functions have been effectively exploited for TS fuzzy systems
[9], [21]-[24]. In contrast to quadratic stability, exploiting
the information on the membership functions and their time-
derivatives plays a key role for fuzzy Lyapunov-based stability
of TS fuzzy systems [9], [24]. However, the information on the
time-derivative of premise variables is generally not available
for control design, which implies much more numerical and
theoretical challenges when using fuzzy Lyapunov functions
for TS fuzzy stability analysis and control design. Note that
within local TS fuzzy control framework, it is still not possible
to theoretically demonstrate that nonquadratic results include
those derived from quadratic Lyapunov functions [15].
Concerning descriptor nonlinear systems, most of TS fuzzy
based approaches have been devoted to the case with regular
derivative matrices, see for instance [25]-[28] and related
references, for which the regularity and admissibility analysis
is not required. However, such a class of descriptor systems



cannot take into account the physical differential-algebraic
equations into the model description. TS fuzzy model-based
admissibility analysis conditions, in the form of LMI con-
straints, have been proposed in [29]-[37]. However, these
results can only be applied to singular TS fuzzy systems with a
constant derivative matrix, which may be restrictive for many
engineering problems. To avoid this drawback, LMI-based
design conditions have been developed for singular TS fuzzy
systems with a nonlinear derivative matrix, which is more
challenging [9], [11], [38]. For existing TS fuzzy approaches,
the numerical complexity of stability analysis, observation and
control design conditions exponentially grows with respect to
the number of premise variables [12]. This limits the applica-
bility of these results to systems with only few nonlinearities.
To overcome this major limitation, several approaches have
been proposed to reduce the numerical complexity of TS
fuzzy systems. A singular value decomposition was proposed
in [39] to reduce the fuzzy rules, leading to approximate
TS fuzzy models. The authors in [40] proposed to transform
some nonlinearities into system uncertainties to reduce the
number of vertices of TS fuzzy models. Based on the linear
dependencies between the TS fuzzy local sub-models obtained
with the sector nonlinearity approach, a reduced-complexity
model can be directly derived from the initial TS fuzzy model
in [41]. However, the reduction methods in [40], [41] can lead
to over-conservative design results. Data-based methods have
been proposed for dimensionality reduction of the premise
variables, e.g., principal component analysis [42], deep neural
network [43]. However, these modeling methods suffer some
major drawbacks. First, we can only deal with nonlinear
systems in the sense of approximation, which could be un-
suitable for fast dynamical systems. Second, these methods
fundamentally rely on experimental data obtained from typical
trajectories of the premise variables, which require not only
additional optimization steps but also extensive simulations
to collect data. Third, due to the ‘“data-based” feature, the
stability analysis and control performance obtained with the
resulting TS fuzzy models highly depend on the collected data.

Motivated by the above technical and practical issues,
this paper aims at finding an effective solution to reduce
the numerical complexity of LMI-based stability analysis
and design conditions with respect to classical TS fuzzy
approaches. A special focus is paid on a class of descriptor
systems with a nonlinear derivative matrix. We propose a
new approach to derive an equivalent polytopic representation
for a given nonlinear system within a compact set. Although
all powerful tools of TS fuzzy framework can be directly
applied to the proposed approach, the model complexity only
grows proportionally with the number of premise variables,
rather than exponentially when compared to the conventional
TS fuzzy modeling. Moreover, for the same predefined set
of premise variables, the vertices of the proposed polytopic
models can admit an infinite number of representations. This
non-uniqueness feature allows introducing specific slack vari-
ables at the modeling step, which are useful to reduce the
control design conservatism. Using the proposed modeling
and the descriptor redundancy approach [25], [27], reduced-
complexity admissibility analysis and control design condi-

tions for singular nonlinear systems are derived in terms of
LMIs. Then, we propose a new nonlinear control law for the
nonsingular case to avoid using the extended redundancy form,
which is unnecessarily complex from a numerical viewpoint
and may yield conservative results due to the imposed special
control structure as similarly discussed in [26], [28] for fuzzy
descriptor observer design. The main contributions can be
summarized as follows.

o A reduced-complexity polytopic representation of non-
linear systems, which offers a possibility to introduce
specific slack variables for control design relaxation.

o LMI-based admissibility analysis and control design con-
ditions for descriptor nonlinear systems with less complex
and less conservative results compared to related TS
fuzzy model-based results.

This paper is organized as follows. Section II formalizes
the control problem of singular nonlinear systems. Section III
presents the LMI-based control design of descriptor nonlin-
ear systems for both singular and regular cases. Numerical
and physically motivated examples are given in Section IV
to demonstrated the proposed control approach. Section V
concludes the paper and discusses future works.

Notations. I,, denotes the set of natural numbers {1,2,...,n}.
For a vector z, we denote by z; its ith entry. R™*™ denotes
the set of m x n matrices with real elements. [ is an identity
matrix of appropriate dimensions. For a matrix X, X T is the
transpose of X, X —1 is its inverse, det(X) is its determinant,
and He[X] = X + X 7. The expression X = Y (respectively
X < Y) means that X —Y (respectively Y —X) is a symmetric
positive (respectively negative) definite matrix. The symbol x
stands for matrix blocks that can be deduced by symmetry.
Arguments are omitted when their meaning is straightforward.

II. PROBLEM FORMULATION

This section first recalls preliminary results on admissibility
analysis and TS fuzzy modeling of singular nonlinear systems.
Then, we propose a new polytopic representation to reduce the
numerical complexity compared to the conventional TS fuzzy
technique. Finally, the control problem is formalized.

A. Preliminaries

We consider the nonlinear differential-algebraic system

Ey(2)iq(t) = A11(2)xq(t) + A12(2)zq(t) + Bi(2)u(t),(1a)
0 = A1 (2)xq(t) + Aza(2)z4(t) + Ba(2)u(t)(1b)

where 24(t) € R is the differential state vector, z,(t) € R*® is
the vector of algebraic variables, and u(t) € R™ is the control
input. The vector of premise variables z(¢) € R" continuously
depends on the system state and

2(t) € 2. ={2 €R": Zimin < 2i < Zimax, Vi €L}, (2)

where z; min and z; max are given bounds. The system matrices
El(Z) S quq, Au(z) S quq, A12(Z) € qus, A21(Z) S
RSX9, Aga(z) € R**%, Bi(z) € R?*™, and By(z) € R¥*™
affinely depend on z(t). Moreover, we consider the case where



E(z) is regular for all z € 2,. For compactness, system (1)
can be rewritten in the singular form

E(2)i(t) = A(2)z(t) + B(2)u(t), 3)
where z = [z zaT]T € R, with n = g+ s, E(z) =

diag(FE1(2),0) and

40 =[49 4=6] pey= [BE)],

Remark 1. Various engineering systems can be represented
in the form (1), e.g., constrained robot systems [44], chemical
processes [3], etc. Moreover, if x = x4 and z, € (), then
system (la) becomes regular, which has been widely studied
in the literature [1], [12], [25], [40].

The following definition is important to analyze the regu-
larity and impulse-free proprieties of system (3).

Definition 1 ([45]). The unforced singular system (3), i.e., u =
0, is of index-one if there exists a unique solution z, = f(z4)
in some neighborhood of the equilibrium z(0) = 0 satisfying
f(0) =0 and

Ag1(2)za(t) + A22(2) f(wa(t)) = 0. “4)
We consider the following assumption for system (1).

Assumption 1. The premise variables only depend on x4, i.e.,
z(z) = g(xq), where g : R? — R" is a differentiable function
with respect to x.

Under Assumption 1, the unforced system (3) is of index-
one if det(A22(2)) # 0, Vz(€ Z,. Moreover, in this case the
unique solution of equation (4) is given by

LTg = f(xd) = —AQQ(Z)_IAgl(Z)LL'd. (5)

Note from (5) that if 4 — 0, then z, — 0. The following
definition is useful for the admissibility analysis of system (1).

Definition 2. The unforced singular system (3), i.e., u = 0,
is admissible if it is of index-one and its solution x = 0 is
asymptotically stable.

The nonlinear singular system (3) can be described by the
following TS fuzzy model with IF-THEN fuzzy rules:

RULE R;: IF z(t) is M} and ... and z,(t) is M’,

THEN Eji(t) = A;x(t) + Biu(t), (©)

where (E~1-, fli,Bi) are known constant matrices with appro-
priate dimensions, R; denotes the ith fuzzy inference rule, and
M, is the fuzzy set, for i € Z- and j € Z,. The fuzzy mem-
H}'=1 15 (z;)
H; 1 /L‘ (Z])
Vi € Ior, where pj '(z;) represents the membershlp grade of
z;j in the respective fuzzy set ./\/lz Using the fuzzy method in
[12], system (6) can be inferred as

o
th(z)E &
i=1

The membership functions h;(z), for i € Zyr-, satisfy the
property Zle hi(z) =1and 0 < h;(z) <1, Vi € Zyr.

bership functions are defined as h;(z) =

t) = Z hi(2)(Aiz(t) + Bau(t)). (1)

TS fuzzy model-based technique has been shown as one of
the most promising approaches for LMI-based admissibility
analysis and control design of the singular system (3), see
e.g., [11], [32], [34], [37], [38], [45]. However, the numerical
complexity of model (7), specifically the number of vertices
2" and by conjunction the number of related LMI conditions,
exponentially grows with the number of premise variables r.
This may prevent the use of the TS fuzzy model (7) to deal
with complex engineering systems, i.e., r > 1. To avoid this
major drawback, we propose hereafter a reduced-complexity
polytopic representation of the nonlinear singular system (3),
where the number of vertices only grows proportionally with
r rather than exponentially as for TS fuzzy model (7).

B. Reduced-Complexity Polytopic Representation

Since the matrices E(z), A(z) and B(z) of the nonlinear
system (3) affinely depend on z, then they can be represented
in the form

z) = Xo+ Z szp, (8)

where X € {E, A, B} and X;, for i € Z, U {0}, are constant
matrices of appropriate dimensions, which can be directly
obtained from the affine structure of X (z). Moreover, for
z € 9., the term %z, can be convexly rewritten as

Zp = wg(z)zpmin + wl(z)zprnaxa (9)

with wp(z) = e and w)(z) =1 —wp(2), ¥p € Z,.
p max p min

Then, it follows from (9) that expression (8) can be equiva-

lently rewritten as

Zp max—Zp

XO + Z meax +w ( )mein) Xp (10)
= Z Wap—1(2)Xop—1 + wap(2) Xap) = sz
with
1 N N
’w2p,1(z) = ;w;(z)a X2p71 = XO + Tmeaxva (11)
1 - N
wap(2) = ;wS(Z), Xop = Xo + 72p min X p-

Using the matrix decomposition (10), the nonlinear singular
system (3) can be rewritten in the polytopic form

2r
Zwl(z) Z w;(z

where the nonlinear functions w;(z), Vi € Z,., satisfy the
following properties:

2r
Z wi(z) =1,
i=1

1
Wap—1(2) + wap(z) = o

)+ Biu(t), (12)

0 <wi(z) <1,
(13)

Vp € Z,.

Let Q be the set of nonlinear functions w;(z), Vi € Z,,
satisfying (13), i.e., w(z) = [w1(2), w2(2),. .., wer(2)] € Q.



The vertices X; can be directly obtained from X (z), for
X € {E, A, B} and i € Z,,. To this end, we define the vectors
¢t,...,¢" forming the canonical basis of R” as
ith
. A~
¢=10,...,0,71,0,...

0T, e,

Then, it follows from the matrix decomposition (10)—(11) that

Xi _ {X(T * Zpmax ° C‘p)
X(7 Zpmin - CP)

It is important to note that the polytopic model (12) is an
algebraic rewriting of the nonlinear model (3), i.e., there is
no approximation error between these two models. For model
(12), the nonlinear functions w;(z), Vi € Zy,., precisely defined
in (11), capture the nonlinearities in model (3).

ifi=2p—-1
if 4 D , (14)

if i = 2p, fori€ In,.

Remark 2. Note that the nonlinear functions w;(z), j € Zo,,
in (11), of the new polytopic model (12) only depend on
the jth component z; of z. Indeed, their construction is
fundamentally different compared to that of the membership
functions h;(z), for i € Zy-, of the TS fuzzy model (7), for
which a combination product is required [12], i.e.,

hi(z) = [[wir(zp), i€Tar, ipe€{0,1},
p=1

with w;f” (zp) defined in (9). Hence, model (12) only has 2r ver-
tices, which can significantly reduce the numerical complexity
of LMI-based design conditions of system (3) compared to
the conventional TS fuzzy model (7) with 2" vertices. This
feature is particularly interesting when dealing with nonlinear
complex systems with a large number r of premise variables.
However, as shown in (14), the bounds zj,min and 2pmax,
p € Z,, are multiplied by » when constructing the vertices
of model (12). This may lead to a modeling overbounding
[42], thus the design conservatism.

Remark 3. Let {T),},cz,. be a family of matrices with
appropriate dimensions such that Ty, = 15,1, for p € Z,,
and T'= 1 37| Ty, We define

X =X;,+T,—-T, Xe{E A B}, i€y (15
Then, for X € {E, A, B}, it follows from (13) and (15) that

2r 2r
sz(Z)XZ* = Zwl(z)(Xz +T,—T)
i=1 i=1
2r 2r
= Zwl(z)Xl + Z wi(z)T; =T
i=1 i=1

= X(2)+ > (wap 1(2)Top1 + wp(2)Thp) = T

p=1

1 T
= X(2) + T;Tgp T=X(2). (16)
Note from (16) that X (z) can admit an infinite number of
representations of the form (10) with the same predefined set
of nonlinear functions w(z) € €. This non-uniqueness feature
of the vertices of model (12) offers a flexibility to introduce r

slack variables, i.e., similar to matrices 7}, in (15), into LMI-
based design conditions to further reduce the conservatism that
may be induced by the overbounding discussed in Remark 2.
This will be numerically illustrated in Section IV.

This paper investigates the following control problem.

Problem 1. Consider the singular nonlinear system (3) under
Assumption 1. Determine a control law w(t) such that the
closed-loop system (3) is admissible and the corresponding
trajectory xz(t) exponentially converges towards the origin with
a decay rate less than a predefined positive scalar . More-
over, for any admissible initial state x4(0), the corresponding
closed-loop trajectory z4(t) of system (3) is required to remain
inside the validity domain Z,, C RY, described by

Doy ={za€RY: Hpzg<1,1€T, }, (17

where H(;) denotes the Ith row of the matrix H € R":*9,
which characterizes the domain Z,,,.

Remark 4. The system states are generally bounded in
engineering applications due to physical and/or safety reasons
[12], [46]. Then, the characterizing matrix H can be directly
derived from the ultimate bounds zg; min and Zg; max Of the
state Zq, i.€., Tdimin < Tdi < Tdimax, f0r ¢ € I, as
illustrated in Example 3 in Section IV. Note that due to
Assumption 1 and the admissibility property, any limitation
bounds on the algebraic variables z, of system (3) can be also
transformed into those on the differential state x,;. Moreover,
since z(z) = g(z4), from (17) we can directly obtain the
ultimate bounds z;min and 2; max, for ¢ € Z., defining the
admissible set &, in (2) of the premise variables. Hence, if
xq(t) € Dy, then the bounds of the premise variables in (2)
are always valid for the proposed polytopic representation.

The following lemma is useful for the control design.

Lemma 1 ([47]). Let T;; be symmetric matrices of appropri-
ate dimensions where ¢, j € Z,.. Then, the inequality

Z Z w;(2)w;(2)Ti; <0,

i=1 j=1

(18)

holds if
Tiq; =< 0,

2
mm +Tiy+ 715 <0, 4,5€Z,, i#].

1 €L,

Note that other relaxation results to convert (18) into a finite
set of LMI constraints with different degrees of complexity
and/or conservatism can be found in [12], [20].

III. LMI-BASED CONTROL DESIGN FOR NONLINEAR
DESCRIPTOR SYSTEMS

This section first presents the control design for system
(1) using the proposed model (12). Then, we pay a special
attention to the control design of regular systems, i.e., there is
no algebraic equation (1b), which has been widely treated in
TS fuzzy control framework.



A. Descriptor-Redundancy Based Control Design

We consider the nonlinear singular system (3), which can
be rewritten in the following extended form:

Bic(t) = A(2)xe(t) + B(2)u(t), (19)
with
_.’Ed _ I 0 I 0
Te = i‘d], A(Z): An(z) —El(z) Alg(z) ;
_xa _A21(2> 0 Agg(Z)
[0 I 0 0
B(z) = |Bi(2)|, E=10 00
Bs(2) 0 0 0

Applying the reduced-complexity modeling in (12), system
(19) can be equivalently represented as

Bt }:m Aie(t) + Buu(t)).

(20)
For the admissibilization of system (20), we consider the
following control law:

2r
(t) = Zwi(z)l_(ixe(t) = K(2)z(t), 21
i=1
where the feedback gains K, = [Ki O], with K; € R™*4,
i € 7y, are to be determined such that the closed-loop
system (3) is admissible. The following theorem provides LMI
conditions to design controller (21).

Theorem 1. Consider system (3) with Assumption 1. If there
exist a positive definite matrix V' € R?%9, symmetric matrices
T, S; € RA+0X2n+0)  matrices L;, R, € RO+ x(n+a),
Fj € R™*4, Wij € R"*4, Zij € R™*"™, for 1,7 € Iy, and a
positive scalar «, such that

i <0, i€y, (22)
2
20 _ ~—*n += —ij +Z —ji < 0 7/7] € 1.27’7 [ 7é jv (23)
V *
—
{HU)V 1] =0, lel,, 24)

with Tgp = Tgpfl, Sgp = Sgpfl, Vp € Z,, and

- 1
Sij = Vi +Ti+ 55— ~(T'+5),

S=> Sy, T=) Ty,
p=1 p=1

(Az + OéE)Lj + BLF] A R :|
\IJZ":HG
7 [ Pij — L; ~R;
= |4 0
Fy=[F 0], Py= .
=15 0 Pa= |y, 2

Then, the closed-loop system (20) is admissible with a decay
rate less than «, and for any x4(0) belonging to the set &y,
specified in (38), the corresponding trajectory z4(t) remains
inside Z,,. Moreover, the feedback gains of the control law
(21) are given by

K, =FV™, ieT,,. (25)

Proof. For brevity, we denote

Zwa

2)0;, © c{L,R,F},

2r 2r
z) = Z Zwi(z)wj(z)Aij, Ae{=T},
i=1 j=1
‘j 2r 2r
1=15=1
It follows from the definition of ¥,; that
B (A(2) + aE)L(2) + B(2)F(2) A(2)R(2)
v =ne | O G
with F(z) = [F(z) 0]. Moreover, it follows from (13) that
2r 2r
ZZM T+ 55) sz T+Zw3
i=1 j=1

= Z(w%_l(z)Tzk + wag (2)Tox)

=1
+ Z wWap—1(%)Sa2¢ + wae(z)S2e) (26)
1
== Z(Tgp +83p) = (T +8).
p=1

Then, it follows from the definition of ¥(z) and relation (26)
that =(z) = ¥(z). Applying Lemma 1, LMI conditions (22)
and (23) imply that =(z) < 0, thus

(A(z) + aE)L(z) + B(2)F(z) A(2)R
He [ P(2) < L(2) } <0.27)
Pre- and post-multiplying (27) with [I (A (z E)"] and

its transpose, it follows that
A(z) = He [(A(z) + aE)P(z) + B(2)F(2)] < 0. (28)
Note that

Alz) = {. —He[/_lgg(z)Z(z)J’ (29)

where “e” denotes the matrix terms irrelevant to the theoretical
developments, and

- —El(z) Alg(z)
Ana(z) = [ 0 Ags(2)

It follows from (28) and (29) that
AQQ(Z)Z(Z) + Z(Z)TA_QQ(Z)T >0,

which ensures that det(Ag(2)Z(z)) # 0, thus det(Z(z)) #
0, Vz € Z,. Combining with the fact that V' > 0, it follows
that P(z) is invertible on &, with

V-1 0

} e RTLX?L.

-1 _

PET = | w2z G0
Note from (30) that

ETP7Yz) =P 1(2)E = diag(V~',0) = 0.  (31)



From (25) and (30), it follows that
K(2) = F(2)P(2)" " (32)

Pre- and post-multiplying (28) with P(z)~" and P(z)~!
while considering expression (32), it follows that

He [P(2)” T(A(2) + B(2)K(2)) + 2aE"P(2) '] < 0.33)
We consider the Lyapunov function candidate

V(z,2.) =x] ETP(2) .. (34)

It follows from (31) and (34) that V(z,z.) = 2,V tzg > 0,

Vx. # 0. The time derivative of V(z,z.) in (34) along the
solution of system (19) is given by

V(z,x.) = He [z P(2)" T (A(2) + B(2)K(2))ze] . (35)

It is clear from (33) and (35) that V(z, x.) + 2aV(2,z,) <
0, Vz. # 0. Hence, the solution x, = 0 of system (19) is
asymptotically stable with a decay rate less than a. Moreover,
since E(z) is regular, the expression of V(z,z.) can be also
computed using (1) as

V(z,z.) = He [:'v;erflscd]
=He &g B1(z) " B1(z)” "V lay]
= He [(Ac11(2)ma + A12(2)z0) Y (2) " 24] , (36)

with A.11(2) = A11(2) + B1(2)K(2) and Y(2) = VE; (2) 7.
Note that

Ae21(2)7q + Ag2(2)z0 =0,
with Aco1(2) = A21(2) + B2(2)K(z). Then, V(z, z.) in (36)
can be rewritten as follows:

V(z,x.) = He [(Ac11(2)za + A12(2)20) TY (2) g
+ He [(Acgl(z)l'd + Ago (z)za)TY(z)flxa}

B BZ]T [: He [Am(z;TY(z)—l]] [iﬂ . (37)

Since V(z,me) < 0, Yz # 0, it follows from (37) that
He [A22(2) Y (2) 7] < 0, or det(Az(2)Y (2)~") # 0. This
latter ensures that det(A22(z)) # 0. Hence, the nonlinear
singular system (3) under Assumption 1 is of index-one.

Following the same line as in [16], [46], we can prove that
condition (24) guarantees the inclusion &y C Z,,, with

Ev={xg €RY: gV lzy <1}. (38)

Since V(z, z.) < 0, Vo # 0, then by the set invariance
property [48], we deduce that Vz4(0) € €y, the corresponding
trajectory x4(t) converges to the origin while remaining inside
this set, thus x4(t) € Z,,. This concludes the proof. O

The following corollary provides LMI-based design con-
ditions without using slack variables 7; and S;, Vi € Zo,,
specifically offered by the proposed polytopic model (12).

Corollary 1. Consider system (3) with Assumption 1. If
there exist a positive definite matrix V' € R?*9, matrices
Lj, R; € R(n+a)x(n+q) F; € R™™4, W,;; € R(n+a)xq,
Z;; € R +0)x(n+4) for 4, j € Ty,, and a positive scalar a,

such that condition (24) is verified, and

O, <0, 1icIy, (39
B By + By <0, ij €Ty, i £, (40)
with
5, o [(Ai+aBIL + BE AR

Pij — L ~R; |’

Then, the closed-loop system (20) is admissible with a decay
rate less than «, and for any x4(0) € &y, the corresponding
trajectory x4(t) remains inside the set Z,,. Moreover, the
feedback gains of the control law (21) are given in (25).

Proof. In Theorem 1, setting T; = S; = 0, Vi,j € Iy, it
follows that ®;; = Z;;. Then, conditions (22) and (23) become
(39) and (40), respectively. The proof is concluded following
the result of Theorem 1. L]

Remark 5. Following the same lines of fuzzy Lyapunov-based
control approaches for TS fuzzy systems, see [9], [21]-[24]
and related references, the Lyapunov function candidate

V(z,x0) =] ET2(2) ., 41)
with
V(z) 0 S Vi 0
20 = [0 2] =X X meme [ 4]

i=1j=1
can be directly applied to reduce the design conservatism.

However, such control results require a fundamental assump-
tion that

T EX = {LL‘ eR"™: |’LUZ(Z)| < gbl‘, Vi € IQT},

for some predefined positive scalars ¢;. Note that such an
assumption can be only verified a posteriori by extensive
simulations with the designed controllers. Hence, as for con-
ventional TS fuzzy control approaches [15], it is still not
possible to theoretically demonstrate that control results based
on V(z,x.) in (41) include those derived from the quadratic
Lyapunov function V(z, z.) in (34). By numerical experiments
in Section IV, we show that in many cases, the proposed
quadratic control approach with specific slack variables in
Theorem 1, i.e., S; and T;, for i € I,,, offered by the new
representation (12) can provide a better performance, in terms
of conservatism reduction, compared to many existing fuzzy
Lyapunov based control results in TS fuzzy control framework.

B. Control Design without Descriptor-Redundancy Approach

In the following, a special attention is paid to the control
design of regular systems, for which the use of the well-known
descriptor-redundancy approach [27], i.e., the extended form
(19), is still possible but can be unnecessarily complex and
conservative from a numerical viewpoint. To this end, let us
consider the following descriptor nonlinear system:

E(2)2(t) = A(2)x(t) + B(2)u(t), 42)



where € R", u € R™, the matrix E(z) is non-singular, i.e.,
rank(F(z)) = n, and

2r
[E(z) A(2) B(z)]:Zwi(z) [E; A; B.

In this case, as in (17) we consider the validity domain

Py ={zeR": Hpr<1,1€T,}, 43)

where the matrix H € R™=*" characterizes the domain Z,.
Note that system (42) is admissible as long as it admits
an asymptotically stable solution x = 0. We consider the
nonlinear control law

u(t) = K(2)z(t). (44)

The following theorem provides LMI conditions to determine
a feedback gain K (z) € R™*"™ such that the origin of system
(42) is asymptotically stable, and its trajectory x(¢) remains
inside 2, defined in (43) under an admissible initial condition.

Theorem 2. If there exist a positive definite matrix P &
R™*™, symmetric matrices T;, S; € R2™%2"  matrices F; €
R™*" L;, R; € R**", for ,j € Ty, and a positive scalar
«, such that

Fu‘ =< 0, = IQT, (45)
2

ﬁru‘ +1 +15 <0, 4,5 €Ly, i # ], (46)
P *

|:H(Z)P 1:| =0, lel,, (G

with Tgp = Tgpfl, Sgp = Sgpfl, Vp € Z,., and

1
Lij =% +Ti+S; — —(T+59),

r
S=> Sy, T=) Ty,
p=1 p=1
2y = He [ PE] — L, ~R; |

Then, the solution z = 0 of the non-singular system (42) is
asymptotically stable with a decay rate less than «, and Vz(0)
belonging to the set £p, specified in (51), the corresponding
trajectory x(t) remains inside Z,.. Moreover, the feedback gain
of the control law (44) is given by
2r
K(z)=F(2)E(z)" " P™', F(z) =) w;(2)F;. (48)
j=1
Proof. Following the same steps in the proof of Theorem 1,
we can prove that conditions (45)—(46) guarantee that

He [(A(2) + aE(2))PE(2)" + B(2)F(2)] < 0. (49)

Since P > 0 and E(z) is non-singular, pre- and post-
multiplying (49) with P~ E(z)~! and E(z)~ T P71, it follows
that

II = He [P7'E(2)""(A(z) + aE(2) + B(2)K(2))] <0
(50

Condition (50) ensures that V(z,z) +2aV(z,z) = 2 1lz <
0, Vo # 0, where V(x,z) is the time derivative of the

Lyapunov function candidate V(z,7) = T P!z along the
solution of system (42).

As in the proof of Theorem 1, we can prove that condition
(47) guarantees the inclusion £p C Z,, with

Ep={zeR": z"Plz <1} (51)

Since V(z,z) < 0, Vo # 0, using again the set invariance
property [48], we deduce that Vx(0) € Ep, the corresponding
trajectory z(t) converges to the origin while remaining inside
this set, thus x(¢) € Z,. This concludes the proof. O

Remark 6. The new nonlinear control law (44) with the
feedback gain (48) exploits the invertibility of F(z) to avoid
using the extended form as in (19). Then, no specific matrix
structure is required for the feedback gain as K(z) in (21) or
the Lyapunov matrix as £"P~1(z) in (31). Compared to the
conventional TS fuzzy descriptor approaches, see for instance
[9], [11], [12], [25], these features can further reduce not only
the numerical complexity but also the conservatism of the
control results for complex non-singular nonlinear systems as
illustrated in Example 3.

Remark 7. The computational complexity of LMI-based
optimization problems can be evaluated with the number
of scalar decision variables N,,, and the number of LMI
constraints N,.,,. To illustrate the complexity reduction of
the proposed approach, Table I shows these characteristics
numbers corresponding to the LMI constraints of different
control results for non-singular descriptor systems with n = ¢
states, m control inputs and r = r. + r, premise variables,
where r. and 7, respectively represent the number of the
premise variables in the matrix F(z) and in both matrices A(z)
and B(z). For illustrations, the evolution of Nyq, and N.oq
with respect to r for the case of stability analysis with n =5
and m = 0 is depicted in Fig. 1. Note that for a relatively
low number of premise variables, i.e., r < 6, all considered
methods have a similar level of numerical complexity. We
can also observe an exponential growth of A,.,. and N.oq
with respect to r for TS fuzzy model-based results, which
is not the case of the proposed approach. Further numerical
studies are performed in the next section to demonstrate the
interests of the new method in reducing both computational
complexity and design conservatism compared to existing TS
fuzzy model-based results.

Remark 8. The decay rate « is related to the closed-loop
time performance, i.e., a larger value of « leads to a faster
convergence time [12].

Remark 9. When there are no required state constraints, i.e.,
Dy, = R for system (3) or ¥, = R" for system (42), the
control design for these systems can be performed by simply
removing condition (24) in Theorem 1 and Corollary 1, or
condition (47) in Theorem 2, respectively. Moreover, it is
possible to maximize the size of the invariant sets £, and
Ep using convex optimization techniques. This issue, omitted
here, has been well addressed in [16] and related references.



TABLE I: Complexity Characteristics Numbers of Different Control Results.

Control Design Theorem 1 Theorem 2 [11, Theorem 3.3] [25, Theorem 2]
Number of vertices 2r 2r 2" 2"
Nrow n(16r2 + 1) n(8r2 + 1) n(27FraF2 4 or  oT 1) n(27 el L or L o7 FI) 4 porFratl
Noar nZ(8r2 +32r+ 1)  n2(12r+ %) nZ(327 +2me T4 2ma"T 4 6)+ n2(1 4 227+l L or—T)4
+n(% +4r) +2rmn_ +3 + 2rmn n(2rt 4277l 4 27a ") L ym2”  n(1 42771 + 3m27 + m227e) + m227
100 @ 1015 (b) The nonlinear functions w;(z), for i € Z, corresponding to
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Fig. 1: Characteristics numbers of numerical complexity with
respect to the number of premise variables r for the case n = 5
and m = 0: Theorem 1 = ; Theorem 2 W; [11, Theorem 3.3]
W; [25, Theorem 2]

IV. NUMERICAL EXAMPLES

This section presents three examples with different degrees
of numerical complexity to illustrate the effectiveness of the
proposed approach. All the involved LMI-based conditions are
solved using YALMIP toolbox with SeDuMi solver [49]. Note
that without an explicit statement, all the design conditions are
solved with the decay rate o = 0 for fair comparisons with
related existing results. Moreover, for Examples 1 and 2 where
Dy, = RY, the LMI condition (24) is not considered in the
admissibility analysis and control design, see Remark 9.

Example 1. This example is used for two purposes: i) to
illustrate the proposed polytopic modeling procedure, ii) to put
in evidence the interest of the specific slack variables offered
by the proposed modeling method. To this end, we consider a
simple unforced singular nonlinear system of the form

[1 0} {rl(t)] _ { —1 () + 522(t)] [xl(t)] (52)
0 0 i‘g(t) azz(t) b l‘g(t) ’
where a € [—10,10] and b € [-10,10] are the parameters.
The two premise variables are given by z; = cos(z1) and
2o = sin(wy), ie, 2= [z ZQ]T, which both depend on the
differential state x;. We consider the validity domain %,, =
R. The matrices of system (52) are given by

|10 |1z 452
E‘LJ’A@_EQ b]'
Applying the proposed modeling procedure in (10), (11) and

(14) to matrix A(z) with —1 < z; <1 and —1 < 2z < 1,
Vz1 € R, we obtain 2 x r = 4 following vertices:

(53)

-1 -2 -1 2
A1:|:0 b:|7 A2:|:0 b:|7
1 10 1 10 >4
AS:[QQ b]’ A4:[2a b]

the four above vertices are given by

1— .
w() = L)y - ) HL
. . (55)
1 —sin(z) sin(z1) + 1
wz(z) = — wy(z) = —

Let us define x = [gcl ./L'Q}T. From (53), (54) and (55), the
singular nonlinear system (52) can be equivalently rewritten
in the polytopic form Ei = 2?21 w;(2)A;x. We examine
the conservatism of the admissibility analysis for system (52)
using the following approaches:

o Theorem 1 with u(t) =0, i.e, F; =0, for i € Zy,

o Corollary 1 with u(t) =0, i.e, F; = 0, for ¢ € Iy,

o Affine TS fuzzy-model-based result in [41, Theorem 2]
adapted to singular systems,

o TS fuzzy-model-based result in [11, Theorem 3.3] with
U(t) =0, ie, Njk =0, for j,k €1y

Fig. 2 shows the feasibility regions obtained with the
four above control results. Observe that using the reduced-
complexity affine representation for TS fuzzy systems, the
result in [41] leads to a conservative admissibility analysis
compared to the proposed modeling method in this paper.
Theorem 1 provides a larger feasibility region compared to
that obtained with Corollary 1. This means that using the slack
variables, specifically offered by the proposed modeling, can
contribute to reduce the conservatism induced by overbound-
ing, see Remarks 2 and 3. For this simple singular system
(52), the proposed approach and the recent result in [11] lead
to the same feasibility region.

00 x x x x
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x 00000000
x oooooooaog
x Oooooooao
xOooooooaodg
OxOooooooao
OxO0OoDOoOOoOoDoaOoYg
O x 000D DoDoao

Parameter b
°

OoooooooxOo
ooooooox O
foooooooaox
oooooooaox
hoooooooaox
oooooooaox
hooooooooao
ooooooooao
x X x x OO0

rooooooosx o

Parameter a
Fig. 2: Feasibility regions obtained with [41, Theorem 2] (L]);
Corollary 1 (x,L]); Theorem 1 and [11, Theorem 3.3] (o, x,LJ).



Example 2. This example aims at studying the design conser-
vatism of the proposed approach with respect to recent related
TS fuzzy control results. For this purpose, we consider the
singular system (3), whose matrices are taken from [11] as

1 0 0 0
E(z)=|z» 1 0|, B(z)=|0.16z3+al,
0 0 O 0.12z3+b
—Z92 — 5 1 Z92
A(z) = Agzs + 2 bzg—b 1], (56)
(a+2)zg —2 0 1
0.05 —-0.05 0.15
Ay = [0.04 —0.04 0.12],
0.06 —0.06 0.18

where ¢ € [—13,—8] and b € [—27,—20] are system
parameters. The three premise variables are given by

672I1

B 1+ sin?(z5)
l4e2m B

2 , 23 =sin(0.1zq).

21 )  R2
For this example, we have x4 = [21 wg]T, o = x3 and
Dp, = R%. Note that 0 < 23 < 1,0 < 29 < 1and —1 <
23 < 1, Vg € R2. Applying the proposed modeling approach,
the considered nonlinear system can be exactly represented in
the polytopic form (12) with 2 x 3 = 6 vertices, whose six
nonlinear functions w;(z), Vi € Zg, can be derived using (9)
and (11) as

1 e "1
wi(2) = 3 g wa(2) = 313
1 —sin?(z 1+ sin?(z
wy() = LIy 2 L),
1 —sin(0.1x 1 +sin(0.1z
wy(z) = L2IOIE) (o) L emOn)

The details on the corresponding system matrices of the six
vertices are omitted here for brevity. We examine the design
conservatism between the following control results: i) LMI
conditions in Corollary 1; ii) LMI conditions in Theorem 1;
iii) TS fuzzy-model-based results in [11, Theorem 3.3] and [9,
Theorem 3]; iv) TS fuzzy-model-based result in [25, Theorem
2]; v) affine TS fuzzy-model-based result in [41, Theorem
2]. Fig. 3 depicts the feasibility regions obtained with these
control results. Remark that Corollary 1 cannot provide any
feasible control solution for the considered parameter space,
which confirms the negative overbounding effect of the pro-
posed modeling approach on the control design conservatism.
However, taking into account the slack variables specifically
introduced by this modeling, Theorem 1 outperforms other
recent TS fuzzy control results. The characteristics numbers
Nyow and Nyq,., representing the numerical burden of LMI-
based optimization problems, for the considered control results
are given in Table II. Remark that as a price for conservatism
reduction, the numerical complexity of design conditions in
Theorem 1 is slightly higher than that of other control results.

For illustrations, we consider system (56) with a = —11.37
and b = —20 to evaluate the control performance. Note that
only Theorem 1; [11, Theorem 3.3] and [9, Theorem 3] can
provide a feasible solution for this system. Table III shows the
comparison of the decay rate performance obtained with these
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:

22+

23+

i §§é
B
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Fig. 3: Feasibility regions obtained with [41, Theorem 2] (L);

[11, Theorem 3.3] and [9, Theorem 3] (o,x,[]); [25, Theorem

2] (¢,%,); and Theorem 1 (4,0,0,x,[]).

control results. Observe that the proposed control approach
provides a larger value of the maximal decay rate v ax-
Fig. 4 illustrates the closed-loop behaviors obtained with
the corresponding controllers. As expected, we can see that
compared to the recent related results, the proposed control
approach yields a faster closed-loop time response under the
same initial condition, see Remark 8.
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Fig. 4: Closed-loop responses of system (56) with a = —11.37
and b = —20 obtained under the same initial condition from
Theorem 1 with apax = 2.25 (—); [11, Theorem 3.3] and
[9, Theorem 3] with aax = 0.2 (- --).

Example 3. To demonstrate the interests of the proposed
control approach for complex engineering systems with a
large number of nonlinearities, we consider a three-degree-
of-freedom (3DoF) serial robot depicted in Fig. 5, whose
dynamics can be described as [41]

M(0)6(t) + N(0,0)0(t) + G(0) = u(t), (57)

where 0(t) € R? is the vector of generalized coordinates in



TABLE II: Numerical Complexity of Different Control Results.

Control Design Theorem 1  Corollary 1 [41, Theorem 2]  [25, Theorem 2]  [11, Theorem 3.3]
Number of vertices 6 6 4 8 8
row 362 362 146 224 408
Noar 1185 855 119 334 306

TABLE III: Comparison of Decay Rate for Example 2.

Theorem 1
2.25

Control Design [11, Theorem 3.3]

0.20

[9, Theorem 3]
0.20

Qmax

joint space, u(t) € R3 is the vector of generalized control
forces, M(#) € R3*3 is the inertia matrix, N(6,6) € R3*3
is the Coriolis/centripetal matrix plus the viscous friction
coefficients of the joints, and G(6) € R™ represents the gravity
matrix. Since the vector-valued function G(6) is smooth and
G(0) = 0, we can then parameterize G(¢) = H(6)6. System
(57) can be rewritten in the nonlinear descriptor form (3) with

6(t) = [01(t) 62(t) 05(t)] " and
z(t) = F(ﬂ €R® B(z)= m ;
0

6(t)
E<Z>:[o M(Z)]’ A(Z):{—H@) —N(z>]'

58
o (38)
The matrices M(z), N(z) and H(z) in (58) are given by

ni1 N2 M3
N(z) = |n2o1 noe nos| .,
n31 N3z N33
mii1 mi2 mi3
M(z)=| * 2cpz2+cs cgzatool,
* * Cy
C1210 + C2211 + C3212  C2211 + C3212  C3212
H(z) = * C2z11 + C3212  C3212] ,
* * C3212
with
mi1 = 2(caz1 + co22 + 523 + ¢7),
My = €421 + 2¢c622 + C523 + Csg,
mi3 = Ce22 + C523 + Cog,
ni1 = c5(26 — 29) + c6(27 — 28) + fos
nip = —c424 + c6(27 — 28) — €520,
N3 = —Cg28 — C529,
no1 = Cazs + 526 + C6(27 — 23),
nge = c6(27 — 28) + 2fy, M2z = —Ce2s,
n31 = €526 + Ce27, N32 = Ce27, N33 = 2fy.

The expressions of the premise variables z;, for ¢ € Z;4, are
given in Table IV. Note that {z, 29,23} are the nonlinear
terms involved in the inertia matrix M(6); {z4, 25, ..., 29} are
the nonlinear terms involved in the Coriolis matrix N(6, 6);
and {z10,211, 212} are the nonlinear terms involved in the
gravity-related matrix H(#). For the robot model (57), we
consider the joint mechanical limits and the maximum motor
velocities as [0;] < Omax [rad], and |01\ < 50 [rad/s], for

i € Z3. The parameter Oy,,x € [0, 7] is used in the following to
study the control design conservatism. As a result, the validity
domain %, of the robot model (57) can be directly defined as

@zZ{mGRG: Hpyr <1, 1 €Ths}, (59)

where the matrix H, characterizing the physical limitations of
the robot states, is given by

[ o 0 0 0 0 0]
-~
- 0 0 0o 0 0
0 = 0 0o 0 0
-
0 —— 0 0o 0 0
0 0 emlalx 0o 0 0
g_| 0 0 —=— 0 0 0
0 0 0 & 0 0
0 0 0 -2 0 0
0 0 0 0 & O
0 0 0 0 -z 0
0 0 0 0o 0 &
0 0 0 0 0 -z

Given the above bounds of 6#; and éi, for i € I3, we can
straightforwardly derive the bounds of the twelve premise
variables from their mathematical expressions shown in Table
IV, i.e., Zpmin < Zp < Zpmax, fOr p € Zi2, which are used to
construct the TS fuzzy model (7) and the polytopic model (12)
of the 3DoF robot model (57). We consider the case without
the viscous friction coefficient, i.e., f, = 0, and the values of
the constant parameters c;, for ¢ € Zy, are given in Table V.

Joint 1

Fig. 5: Schematic of the 3DoF robot in the vertical plane.

With r = 12 premise variables z;, for ¢ € Zjo, the TS
fuzzy modeling (7), using the classical sector nonlinearity
approach [12], requires 22 = 4096 vertices to exactly rep-
resent system (57)—(58), which is computationally excessive
for control design. Moreover, the corresponding TS fuzzy
controller is impractical for real-time control purposes. How-
ever, the proposed modeling (12) leads to only 2 x 12 = 24
vertices, allowing for a practically feasible control solution.



TABLE IV: Premise Variables of the 3DoF Robot.

Premise variables ~ Expression
z1 cos(62)
z2 cos(63)
23 C0§(92 + 93)
24 (291 + 92) Sin(@g)
z5 01 sin(62)
26 él Sin(@g + 93)
27 (61 + 02) sin(63)
28 (61 + 02 + 03) sin(63)
29 (01 + 02 + 03) sin(02 + 03)
210 sinc(61)
211 sinc(61 + 62)
z12 sinc(91 + 05 + 93)

TABLE V: Mechanical Parameters of the 3DoF Robot.

Symbol  Expression Value
c g(Limz + Limz + my7r1) 121.64
c2 g(Lams + mara) 67.69
c3 gmars 23.54
cq L1 (L2m3 + m27"2) 6.9

cs5 Limsrs 2.4

c6 Lomsrs 2.16
er (ma+m3)L3+ Lims + 35 I; 1975
cs Limg + I + I3 7.85
cg I3 1.9

For comparison purposes, we examine the following quadratic
control results: i) LMI conditions in Theorems 1 and 2 with
aZO,Lj :L,Rj :R,Wij :WandZij :Z,
Vi,j € Zoy; ii) TS fuzzy descriptor results in [12, Chapter
10] and [25, adapted Theorem 2]; iii) affine TS fuzzy-model-
based result in [41, Theorem 2]. Note that the existing fuzzy
Lyapunov-based control approaches cannot be applied to this
example due to the numerical limitations of LMI solvers. To
evaluate the design conservatism, we check the existence of a
stabilizing controller for system (57)—(58) with respect to the
physical variations of two parameters: the mass of the third
arm ms € [1,15] [kg], and the upper bound 6,.x € [0, 7]
[rad] of the robot positions. Fig. 6 shows the feasibility regions
obtained with the five considered control results. Remark that
without including the acceleration information 6(t) (which is
generally unavailable in practice) in the controller structure,
the control result in [41, Theorem 2] cannot provide any
feasible solution. The existing TS fuzzy control results in [12],
[25] and Theorem 1 lead to the same feasibility region with a
very restrictive joint range, i.e., Opax < T [rad]. We can ob-
serve that without using the descriptor-redundancy approach,
Theorem 2 allows finding feasible control solutions for the
whole robot workspace. This clearly confirms the interests of
the new control approach for complex nonlinear systems in
reducing the numerical complexity and design conservatism.
The complexity characteristics numbers N, and Nyq, of
the considered control approaches are given in Table VI.
Remark that despite the introduction of slack variables, the
computational complexity of the proposed control results are
much lower compared to the existing TS fuzzy control results.
The reduced-complexity affine model-based approach in [41,
Theorem 2] leads to numerically simple design conditions at
the price of over-conservativeness.
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Fig. 6: Feasibility regions obtained with TS fuzzy approaches
[12, Chapter 10] (o); [25, adapted Theorem 2] (o); Theorem
1 (0); and Theorem 2 (o, X).

For illustrations, we consider system (57) with mg = 1
[kg]l and Opax = 1”—0 [rad]. Fig. 7 depicts the closed-loop
response of the corresponding robot system (57) obtained
from the nonlinear controller (21), designed with Theorem
1 and @« = 3. Note that the initial condition z(0) =
0.7 [fmax  —Omax  —Omax 50 =50 —50] " is selected
such that 2(0) € £y,. We observe that the robot states converge
to the origin while respecting their physical limitations defined
by the validity domain &, in (59). Hence, the computed
bounds of the premise variables given in Table IV are al-
ways valid for the proposed polytopic representation during
the simulation as discussed in Remark 4. However, without
taking into account condition (24) in the control design to
ensure the invariance property, see Remark 9, the closed-loop
trajectories can go outside the validity domain %, under the
same simulation conditions as shown in Fig 8. Note that in
this case, the bounds of the premise variables are not respected
anymore for the proposed polytopic representation as well as
the TS fuzzy modeling.

To evaluate numerically the control performance, Table
VII compares the decay rates obtained with different related
control results for the robot system (57) with ms = 1 [kg]
and Omax = 7 [rad]. We note that the proposed conditions in
Theorems 1 and 2 yield much larger values of auy,,x compared
to the control approach in [25]. In particular, the largest value
of ayax obtained with Theorem 2 confirms the great potential
of this control result, in terms of design conservatism and
control performance, for non-singular nonlinear systems.

V. CONCLUDING REMARKS

A new LMI-based control approach has been proposed
for a class of descriptor nonlinear systems. Compared to
the classical TS fuzzy-model-based control approaches, the
numerical complexity of the new approach grows proportion-
ally, rather than exponentially, with respect to the number
of premise variables. This is particularly interesting when
dealing with complex descriptor systems with a large number
of nonlinearities. Moreover, the system vertices obtained from



TABLE VI: Numerical Complexity of Different Control Results.

Control Design Theorem 1  Theorem 2 [41, Theorem 2]  [12, Chapter 10]  [25, Theorem 2]
Number of vertices 24 24 13 4096 4096
row 582 294 162 49158 61446
Noar 813 525 255 73821 73821
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Fig. 7: Closed-loop response of the robot system (57) with
mg = 1 [kg] and Oax = 7 [rad] obtained with controller
(21) designed from Theorem 1, & = 3 and z(0) € Ey.

TABLE VII: Comparison of Decay Rate for Example 3.

Control Design ~ Theorem 1 ~ Theorem 2  [25, adapted Theorem 2]

10.6 x 10* 25 x 10% 750

Qmax

the proposed polytopic representation are not unique even
with the same predefined set of premise variables. This non-
uniqueness representation feature allows introducing specific
slack variables into the control design to reduce the con-
servatism of the proposed approach. Strict LMI conditions
are derived via Lyapunov stability theory for control design
and admissibility analysis. A special attention is paid to the
control design of non-singular nonlinear systems, for which
the descriptor-redundancy approach is not required to further
reduce the design complexity and conservatism. The interests
of the new control results are clearly demonstrated with both
numerical and physically motivated examples. From numerical
experiments, it is observed that for nonlinear systems with
a low number of premise variables the proposed approach
leads to admissibility analysis and control design results with
a similar level of conservatism and numerical complexity as
related existing TS fuzzy model-based approaches. However,
when the number of premise variables becomes sufficiently

Positions 6; [rad]

[Nm| Velocities 6; [rad/s|

3

5

=

o

.5-10000

i) '

= 1

=

S -20000 : ‘ : : :
0 0.05 0.1 0.15 0.2 0.25 0.3

Time [s]

Fig. 8: Closed-loop response of the robot system (57) with
mg = 1 [kg] and Onax = 7 [rad] obtained with controller
(21) designed from Theorem 1 without condition (24), oo = 3
under the same initial condition as in Fig. 7.

large, as illustrated in Example 3, the strong interest of
the new method related to numerical complexity and design
conservatism reduction over TS fuzzy model-based approaches
is put in evidence. Future works focus on extending the
proposed approach to output feedback tracking control of sin-
gular nonlinear systems. Considering the proposed polytopic
modeling method to deal with the fault detection issue of
singular nonlinear systems with unmeasured premise variables
and delayed/quantized output signals [50] is another promising
research direction.

REFERENCES

[1] F. Lewis, D. Dawson, and C. Abdallah, Robot Manipulator Control:
Theory and Practice. New York, USA: CRC Press, 2003.

[2] H. Gao, W. Bi, X. Wu, Z. Li, Z. Kan, and Y. Kang, “Adaptive fuzzy-
region-based control of Euler-Lagrange systems with kinematically
singular configurations,” IEEE Trans. Fuzzy Syst., vol. 29, no. 8, pp.
2169-2179, 2021.

[3] A. Kumar and P. Daoutidis, Control of Nonlinear Differential Algebraic
Equation Systems: with Applications to Chemical Processes. Chapman
and Hall/CRC, 2020.

[4] L. Dai, Singular Control Systems. Berlin: Springer-Verlag, 1989.

[5] H.-S. Wang, C.-F. Yung, and F.-R. Chang, “.#% control for nonlinear
descriptor systems,” IEEE Trans. Autom. Control, vol. 47, no. 11, pp.
1919-1925, 2002.



[7]

[8]

[9]

[10]

(11]

[12]

[13]

[14]

[15]

[16]

(17]

(18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

J. Arceo, M. Sanchez, V. Estrada-Manzo, and M. Bernal, “Convex stabil-
ity analysis of nonlinear singular systems via linear matrix inequalities,”
IEEE Trans. Autom. Control, vol. 64, no. 4, pp. 1740-1745, 2019.

P. Di Francor, G. Scarciotti, and A. Astolfi, “Stability of nonlinear
differential-algebraic systems via additive identity,” IEEE/CAA J. Autom.
Sinica, vol. 7, no. 4, pp. 929-941, 2020.

Z. Gao and S. Ding, “Actuator fault robust estimation and fault-tolerant
control for a class of nonlinear descriptor systems,” Automatica, vol. 43,
no. 5, pp. 912-920, 2007.

Q. Zhang, L. Qiao, B. Zhu, and H. Zhang, “Dissipativity analysis and
synthesis for a class of T-S fuzzy descriptor systems,” IEEE Trans.
Syst., Man, Cybern.: Syst., vol. 47, no. 8, pp. 1774-1784, 2017.

Y. Wang, H. Karimi, H. Shen, Z. Fang, and M. Liu, “Fuzzy-model-
based sliding mode control of nonlinear descriptor systems,” IEEE Trans.
Cybern., vol. 49, no. 9, pp. 3409-3419, 2019.

J. He, E. Xu, X. Wang, and B. Liang, “Admissibility analysis and robust
Fo control for TS fuzzy descriptor systems with structured parametric
uncertainties,” IEEE Trans. Fuzzy Syst., vol. 9, no. 1, pp. 192-200, 2021.
K. Tanaka and H. Wang, Fuzzy Control Systems Design and Analysis:
a Linear Matrix Inequality Approach. John Wiley & Sons, 2004.
G.-H. Yang and J. Dong, “Control synthesis of singularly perturbed
fuzzy systems,” IEEE Trans. Fuzzy Syst., vol. 6, no. 3, pp. 15-29, 2008.
H. Shen, Y. Men, Z.-G. Wu, and J. Park, “Nonfragile /¢ control for
fuzzy Markovian jump systems under fast sampling singular perturba-
tion,” IEEE Trans. Syst., Man, Cybern.: Syst., vol. 48, no. 12, pp. 2058-
2069, 2018.

A.-T. Nguyen, T. Taniguchi, L. Eciolaza, V. Campos, R. Palhares, and
M. Sugeno, “Fuzzy control systems: Past, present and future,” IEEE
Comput. Intell. Mag., vol. 14, no. 1, pp. 56-68, Feb. 2019.

S. Boyd, L. El Ghaoui, E. Feron, and V. Balakrishnan, Linear Matrix
Inequalities in System and Control Theory, ser. Studies in Applied
Mathematics. Philadelphia, PA: SIAM, 1994, vol. 15.

H. Li, J. Wang, H. Du, and H. Karimi, “Adaptive sliding mode control
for Takagi—-Sugeno fuzzy systems and its applications,” IEEE Trans.
Fuzzy Syst., vol. 26, no. 2, pp. 531-542, 2017.

C. Zhang, H.-K. Lam, J. Qiu, P. Qi, and Q. Chen, “Fuzzy-model-
based output feedback steering control in autonomous driving subject
to actuator constraints,” IEEE Trans. Fuzzy Syst., vol. 29, no. 3, pp.
457-470, 2021.

R.-E. Precup and H. Hellendoorn, “A survey on industrial applications
of fuzzy control,” Comput. Indus., vol. 62, no. 3, pp. 213-226, 2011.
A. Sala and Arifio, “Asymptotically necessary and sufficient conditions
for stability and performance in fuzzy control: Applications of Polya’s
theorem,” Fuzzy Sets Syst., vol. 158, no. 24, pp. 2671-2686, 2007.

L. Mozelli, R. Palhares, and G. Avellar, “A systematic approach to im-
prove multiple Lyapunov function stability and stabilization conditions
for fuzzy systems,” Inf. Sci., vol. 179, no. 8, pp. 1149-1162, 2009.

E. Tognetti, R. Oliveira, and P. Peres, “Selective .7 and 7% stabiliza-
tion of Takagi-Sugeno fuzzy systems,” IEEE Trans. Fuzzy Syst., vol. 19,
no. 5, pp. 890-900, 2011.

X. Zhao, L. Zhang, P. Shi, and H. Karimi, “Novel stability criteria for
TS systems,” IEEE Trans. Fuzzy Syst., vol. 22, no. 2, pp. 13-23, 2014.
W.-B. Xie, H. Zheng, M.-Y. Li, and C. K. Ahn, “Membership function-
dependent local controller design for T-S fuzzy systems,” IEEE Trans.
Syst., Man, Cybern.: Syst., pp. 1-8, 2020.

T. Bouarar, K. Guelton, and N. Manamanni, “Robust fuzzy Lyapunov
stabilization for uncertain and disturbed Takagi—Sugeno descriptors,”
ISA Trans., vol. 49, no. 4, pp. 447-461, 2010.

A.-T. Nguyen, V. Campos, T.-M. Guerra, J. Pan, and W. Xie, “Takagi—
Sugeno fuzzy observer design for nonlinear descriptor systems with
unmeasured premise variables and unknown inputs,” Int. J. Robust
Nonlinear Control, vol. 31, no. 17, pp. 8353-8372, 2021.

K. Tanaka, H. Ohtake, and H. Wang, “A descriptor system approach
to fuzzy control system design via fuzzy Lyapunov functions,” IEEE
Trans. Fuzzy Syst., vol. 15, no. 3, pp. 333-341, 2007.

T.-M. Guerra, V. Estrada-Manzo, and Z. Lendek, “Observer design
for Takagi—Sugeno descriptor models: An LMI approach,” Automatica,
vol. 52, pp. 154-159, 2015.

M. Chadli, H. Karimi, and P. Shi, “On stability and stabilization of
singular uncertain Takagi—Sugeno fuzzy systems,” J. Franklin Inst., vol.
351, no. 3, pp. 1453-1463, 2014.

S.-H. Chen, W.-H. Ho, J.-T. Tsai, and J.-H. Chou, “Regularity and
controllability robustness of TS fuzzy descriptor systems with structured
parametric uncertainties,” Inf. Sci., vol. 277, pp. 36-55, 2014.

C. Han, L. Wu, H.-K. Lam, and Q. Zeng, “Nonfragile control with guar-
anteed cost of TS fuzzy singular systems based on parallel distributed
compensation,” IEEE Trans. Fuzzy Syst., vol. 2, no. 5, pp. 83-96, 2014.

(32]

(33]

[34]

(35]

(371

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]
[49]

[50]

L. Qiao, Q. Zhang, and G. Zhang, “Admissibility analysis and control
synthesis for T-S fuzzy descriptor systems,” IEEE Trans. Fuzzy Syst.,
vol. 25, no. 4, pp. 729-740, 2016.

Z. Feng and P. Shi, “Admissibilization of singular interval-valued fuzzy
systems,” IEEE Trans. Fuzzy Syst., vol. 25, no. 6, pp. 1765-1776, 2017.
J. Li, Q. Zhang, X.-G. Yan, and S. K. Spurgeon, “Robust stabilization
of T-S fuzzy stochastic descriptor systems via integral sliding modes,”
IEEE Trans. Cybern., vol. 48, no. 9, pp. 2736-2749, 2017.

Z. Feng, H. Zhang, and H.-K. Lam, “New results on dissipative control
for a class of singular Takagi-Sugeno fuzzy systems with time delay,”
IEEE Trans. Fuzzy Syst., pp. 1-1, 2021.

Y. Wang, X. Xie, M. Chadli, S. Xie, and Y. Peng, “Sliding-mode control
of fuzzy singularly perturbed descriptor systems,” IEEE Trans. Fuzzy
Syst., vol. 29, no. 8, pp. 2349-2360, 2021.

J. Chen, J. Yu, and H.-K. Lam, “New admissibility and admissibilization
criteria for nonlinear discrete-time singular systems by switched fuzzy
models,” IEEE Trans. Cybern., 2021.

C.-P. Huang, “Admissibility and design issues for T-S fuzzy descriptor
systems with perturbed derivative matrices in the rules,” IEEE Trans.
Fuzzy Syst., pp. 1-1, 2021.

Y. Yam, P. Baranyi, and C.-T. Yang, “Reduction of fuzzy rule base via
singular value decomposition,” IEEE Trans. Fuzzy Syst., vol. 7, no. 2,
pp. 120-132, 1999.

T. Taniguchi, K. Tanaka, H. Ohtake, and H. Wang, “Model construction,
rule reduction, and robust compensation for generalized form of Takagi-
Sugeno fuzzy systems,” IEEE Trans. Fuzzy Syst., vol. 9, no. 4, pp. 525-
538, 2001.

A. Dehak, A.-T. Nguyen, A. Dequidt, L. Vermeiren, and M. Dambrine,
“Reduced-complexity affine representation for Takagi-Sugeno fuzzy
systems,” IFAC-PapersOnLine, vol. 53, no. 2, pp. 8031-8036, 2020.
A. Kwiatkowski and H. Werner, “PCA-based parameter set mappings
for LPV models with fewer parameters and less overbounding,” IEEE
Trans. Control Syst. Technol., vol. 16, no. 4, pp. 781-788, 2008.

P. Koelewijn and R. Téth, “Scheduling dimension reduction of LPV
models — A deep neural network approach,” in American Control Conf.,
Denver, CO, USA, 2020, pp. 1111-1117.

H. Krishnan and H. Mcclamroch, “Tracking in nonlinear differential-
algebraic control systems with applications to constrained robot sys-
tems,” Automatica, vol. 30, no. 12, pp. 1885-1897, 1994.

C. Yang, J. Sun, Q. Zhang, and X. Ma, “Lyapunov stability and strong
passivity analysis for nonlinear descriptor systems,” IEEE Trans. Circuits
Syst. I: Regul. Pap., vol. 60, no. 4, pp. 1003-1012, 2013.

A.-T. Nguyen, P. Coutinho, T.-M. Guerra, R. Palhares, and J. Pan,
“Constrained output-feedback control for discrete-time fuzzy systems
with local nonlinear models subject to state and input constraints,” JEEE
Trans. Cybern., vol. 51, no. 9, pp. 4673-4684, 2020.

H. Tuan, P. Apkarian, T. Narikiyo, and Y. Yamamoto, “Parameterized
linear matrix inequality techniques in fuzzy control system design,”
IEEE Trans. Fuzzy Syst., vol. 9, no. 2, pp. 324-332, 2001.

H. Khalil, Nonlinear Systems, 3rd, Ed. Prentice Hall, 2002.

J. Lofberg, “YALMIP: A toolbox for modeling and optimization in
MATLAB,” in [EEE Int. Symp. Comput. Aided Control Syst. Des.,
Taipei, 2004, pp. 284-289.

R. Sakthivel, R. Kavikumar, A. Mohammadzadeh, O.-M. Kwon, and
B. Kaviarasan, “Fault estimation for mode-dependent IT2 fuzzy systems
with quantized output signals,” IEEE Trans. Fuzzy Syst., vol. 29, no. 2,
pp. 298-309, 2021.

Amine Dehak received the B.Sc. degree from the
Ecole Nationale Supérieur des Arts & Métiers, Mo-
rocco, in 2017, and the M.Sc. degree from Ecole
Central de Nantes, France, in 2018. He received
a Ph.D. degree in automatic control at Université
Polytechnique des Hauts-de-France, Valenciennes,
France, in 2022. He is currently a Temporary Lec-
turer and Research Assistant at the LAMIH labora-
tory, UMR CNRS 8201, Valenciennes. His research
interests include reduced-complexity modeling and
control of nonlinear systems and their applications.



Anh-Tu Nguyen (M’18, SM’21) is an Associate
Professor at the INSA Hauts-de-France, Univer-
sité Polytechnique Hauts-de-France, Valenciennes,
France. He received the degree in engineering and
the M.Sc. degree in automatic control from Greno-
ble Institute of Technology, France, in 2009, and
the Ph.D. degree in automatic control from the
University of Valenciennes, Valenciennes, France,
in 2013. He has served as an Associate Editor
for the IEEE Transactions on Intelligent Trans-
portation Systems, the IFAC journal Control En-
gineering Practice, the IET Journal of Engineering, the SAE International
Journal of Vehicle Dynamics, Stability, and NVH, the Springer Automo-
tive Innovation, and a Guest Editor for special issues in various interna-
tional journals. His research interests include robust control and estima-
tion, cybernetics control systems, human-machine shared control with a
strong emphasis on mechatronics applications. (see more information at
https://sites.google.com/view/anh-tu-nguyen).

Antoine Dequidt received the Ph.D. degree in me-
chanical engineering from the University of Valenci-
ennes, France, in 1998. He is currently an Assistant
Professor at the CNRS laboratory LAMIH, within
the Automation and Control Department. He teaches
and conducts research in the areas of mechatronics
and robotics. His research focuses on mechanical
systems modeling and motion control.

Laurent Vermeiren received the Ph.D. degree in
automatic control from the University of Valenci-
ennes, France, in 1998. He is currently a Full Profes-
sor at the University Polytechnique Hauts-de-France
and a member of the CNRS laboratory LAMIH,
Valenciennes, France. His research interests are in
stability and stabilization analysis of Takagi—Sugeno
fuzzy systems, robust control and observation with
application in robotics.

Michel Dambrine received the Engineer degree
from the Ecole Centrale de Lille in 1990, the Ph.D.
degree with specialization in automatic control from
the University of Lille 1, France, in 1994. He is
currently full Professor at Université Polytechnique
Hauts-de-France and a member of the laboratory
LAMIH UMR CNRS 8201 and a member of the
IFAC TC2.2 “Linear Control Systems”. His main
research interests are in analysis and control design
of time-delay systems, nonlinear control and obser-
vation with applications in automotive and robotics.



https://sites.google.com/view/anh-tu-nguyen
https://www.researchgate.net/publication/362780538

	Introduction
	Problem Formulation
	Preliminaries
	Reduced-Complexity Polytopic Representation

	LMI-Based Control Design for Nonlinear Descriptor Systems
	Descriptor-Redundancy Based Control Design
	Control Design without Descriptor-Redundancy Approach

	Numerical Examples
	Concluding Remarks
	References
	Biographies
	Amine Dehak
	Anh-Tu Nguyen
	Antoine Dequidt
	Laurent Vermeiren
	Michel Dambrine


