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Static Output Feedback Control of Switched
Nonlinear Systems With Actuator Faults

Meng Zhang“, Peng Shi

Abstract—This paper is focused on the static output feedback
(SOF) control problem for a class of switched nonlinear systems
with actuator faults. By means of the Takagi-Sugeno fuzzy model,
the switched nonlinear plant is described by a family of switched
fuzzy systems. Considering transmission failures may occur be-
tween controller and actuator, a reliable SOF controller against
actuator faults is designed. Sufficient conditions are developed to
guarantee the existence of the reliable SOF controller. Further-
more, an iterative algorithm is designed to determine the controller
gains, which avoids the conservatism brought by the traditional
singular value decomposition method. To validate the effectiveness
of the proposed approach, a numerical example is exploited and
simulation results are also presented.

Index Terms—Actuator faults, fuzzy systems, reliable control,
switched systems, static output feedback (SOF) control.

I. INTRODUCTION

ONLINEARITIES exist commonly in real world and

practical systems are usually nonlinear. Therefore, the in-
vestigation of nonlinear systems have been paid considerable
attention recently. Since its publication, Takagi—Sugeno (T-S)
fuzzy model has been widely recognized as an effective tool to
model nonlinear systems [1]. The essential merit of T-S fuzzy
models relies on that it is capable of approximating smoothly
nonlinear systems to a required precision. Utilizing T-S fuzzy
models, the last several decades have witnessed an increasing
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interest in fuzzy systems, and accordingly, many achievements
have been made in this field [2]-[6]. Compared with common
fuzzy systems, there also exist a kind of fuzzy systems that are
more complex, namely switched fuzzy systems [7]. In spite of
their complexities, some important results on switched fuzzy
systems have been published in the literature. To mention a few,
the problem of model approximation for switched fuzzy sys-
tems have been reported in [8], filter design of switched fuzzy
systems considering random packet dropouts and time-varying
delay has been addressed in [9], asynchronous H,, control of
switched fuzzy systems has been investigated in [10].

In most cases, the stabilization problem of control systems
focuses on state feedback control, which is based on the pre-
requisite that system states are available. When system states
are not available in some practical situations, state observers are
often used to estimate system states and the estimated states will
be used as alternatives to realize the control purpose, which is
also named as dynamic output feedback (DOF) control in the
literature. DOF is quite effective to deal with some simple con-
trol systems, nevertheless, for complex systems, the inclusion
of state observers will make the control problems become more
complicated and even difficult to solve. Compared with DOF,
static output feedback (SOF) is more reasonable in practice and
less expensive to be implemented. Meanwhile, it has been proved
in [11] that DOF can be transformed into SOF, which implies that
SOF is quite useful in practice. Therefore, it is of no doubt that
SOF is popular and has been extensively reported by researchers.
For instance, in [12], a system augmentation approach has been
proposed to study SOF control of linear Markovian jump sys-
tems (MJSs). In [13], a less conservative method on SOF has
been presented, where the Lyapunov function does not have to
be diagonal. In [14], Cheng et al. have solved SOF control of
nonhomogeneous MJSs with asynchronous time delays.

On another research front, due to the complexity of modern
industrial applications such as networked control systems [15]—
[19], flight control systems [20], and communication systems,
actuator faults occur inevitably, which will result in instabil-
ity or poor performance of control systems [21]. To ensure the
desired stability and satisfactory performance of control sys-
tems, the negative effects caused by actuator faults have to be
considered when designing control, thus it is crucial to develop
reliable control in the presence of actuator faults. Over the past
decades, substantial progress has been made on reliable con-
trol and related works can be found in, for example, [22]-[24]
and references therein. Despite many efforts have been devoted
to reliable control, it is noted that up to now, among all the
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existing works related to reliable control, there are only a few re-
sults concerned with reliable control of switched fuzzy systems,
especially for reliable SOF control of switched fuzzy systems,
which motivates us to carry out this paper.

Summarizing the abovementioned discussions, we concen-
trate on the stabilization problem for a family of switched fuzzy
systems that suffered with actuator faults. Since it is well rec-
ognized that SOF is more effective and practical than dynamic
output feedback and state feedback to some extent, a reliable
SOF controller (RSOFC) is thus designed to realize the control
purpose. The stochastic stability of a closed-loop system is ana-
lyzed utilizing the basis-dependent Lyapunov function approach
and a prescribed dissipative disturbance attenuation constraint
is also considered. To determine the controller gains of the de-
signed RSOFC, the singular value decomposition and matrix
inequality techniques are considered first. However, within this
framework, the output matrices must be constant and full row
rank. To avoid this drawback, an iterative algorithm is thus intro-
duced and the desired controller gains are available by solving
linear matrix inequalities iteratively. In the end, an example from
the literature is used to illustrate the proposed design method and
simulation results are presented.

The remainder of this paper is organized as follows. Section II
presents the preliminaries and problem to be considered.
Section III analyzes the stability and prescribed performance
of a closed-loop system. Section IV completes the controller
design synthesis and the developed theoretical results are veri-
fied by a numerical example in Section V. Finally, Section VI
concludes this paper.

Notation: The notations are fairly standard throughout this
paper. The notation X > 0 (X > Y) refers to X is positive def-
inite (positive semidefinite). I5[0, +00) is the space of square-
integrable vector functions over [0, +00). 0 and [ represent the
zero matrix and the identity matrix with compatible dimen-
sions, respectively. Also, E{x} denotes the expectation of z and
E{z|y} denotes the expectation of 2 conditional on y, respec-
tively. * within a matrix stands for the symmetric terms. Finally,
unless otherwise stated, it is assumed that all the matrices have
suitable dimensions for algebraic operations.

II. PROBLEM STATEMENT

The nonlinear system under consideration is described utiliz-
ing the following switched T=S fuzzy model:
IF (91k is Mil, 9% is Mig, ceey and ka is Mip, THEN

z(k+1) = A, x(k) + By, u(k) + Cy, jw(k)
z(k) = Dy, ix(k) + By, ju(k) + Fp, ijw(k) (1)
y(k) =Gy, ix(k), i=1,2,....r

where 6, € {01k, 02k, . . ., Opr } is the premise variable, M;; is
a given fuzzy set, and 7 is the total number of IF-THEN rules;
x(k) € R™ is the system state; u(k) € R™ is the control input;
w(k) € R™ is the exogenous disturbance contained in /5[0, 00);
z(k) € R denotes the regulated output; and y(k) € R? denotes
the measurement output.
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The variable 7y, is the switching signal that used to charac-
terize the switching phenomena. For r, € {1,2,3,..., L}, sys-
tem parameters A, ;, By,i, Croi, Dryis Evp iy Frpio and G, ; are
known and their dimensions are compatible for algebraic opera-
tion. Meanwhile, forl € {1,2,3,..., L}, the variable ry, is state
independent and satisfies

Pri{ry=1}=m,0<m <1 2)
and
mtmrg+ -+, =1 3)

where 7; stands for the probability of the /th subsystem being
activated. The work [25] has elaborated on the acquisition of m;
and switching mechanism of r, thus more details can be found
in [25].

According to related works on T-S fuzzy systems, fuzzy ba-
sis functions are crucial for the following analysis and design.
Therefore, it is necessary to implement the standard defuzzifier
and fuzzifier operations, and then the normalized fuzzy basis
functions are given as

“)

with wz(ﬂk) = 1;:1 Mij (ij) and Gk- = [Hlk, 0%, R Hpk]
where M;;(8;) refers to the grade of membership of 6;; in
M;; 126]. In what follows, h; () is denoted as h; for simplic-
ity. On the other hand, for any ¢ = {1,2,...r}, h; satisfies

hi >0, hi=1 )
i=1

which will be used in later calculations.
Utilizing aforementioned notations, a compact form of the
system (1) is described as

z(k+1) = Appa(k) + Bipu(k) + Cryw(k)
Z(k‘) = Dlh{L‘(k’) + Elhu(k) + ﬂhw(k) (6)
y(k) = Gipa(k)

with

A=Y hiAu, B = hiBy
i=1 i=1

Cin =Y _hiCii, D= hiDy
i=1 i=1

T T

B =) hiBu, Fin =Y hiFy
i=1 i=1

G, = Z hiGui N
i=1

and h £ (hl,hg,. .
fying (5).

The objective of this paper is to design an SOF controller to
stabilize the switched fuzzy system (6). Based on the parallel

,h,) € p where p are basis functions satis-
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distributed compensation method, the particular expression of
the SOF controller is given as

with
K =Y hiKij. )
j=1

Since when control signals transmitting from controller to
actuator, some unexpected faults may occur, the actual control
input with actuator faults is modeled as

u(k) = pu(k)

where the variable § characterizes faults of the actuator and it

is defined as 8 := diag{S1, B2, ..., On}
It should be noted that 3;(i = 1,2, ...,

(10)

n) satisfies
0<B,<Bi<p <1 (11)

in which 3, and 3, are the upper and lower bounds of 3;, re-
spectively. Next, defining

E = diag{BhBZv e 7Bn}
B = diag{ﬁl,ﬁ2, . ,ﬁn}

5 , 5 e B

,Bb::diag{ﬁl;B1,62;62,...,ﬁn_ﬁ”}. (12)

Thus, (3 can be described as

6 :/BQ+A
(13)

where

A =diag{A1,Ag, ..., Ar}, A < Bp.

With the abovementioned notations, the closed-loop system of
(6) with the controller (10) can be written as follows:

{:L‘(k‘ + 1) = Alhx(k‘) + C’lhw(k)
where

_ (14)
= Dipz(k) + Fipw(k)
Ay, = A + BBuKinGin, Din, = Dy, + BELKinGip,.

Before ending this section, it is necessary to present some
definitions that will be helpful in the subsequent sections.

Definition 1: For any initial condition and under the case of
w(k) = 0, the closed-loop system (14) is called stochastically
stable provided the following condition can be satisfied:

{lec )%l (0 }<OO~

as)
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Definition 2 [27]: Consider the following performance
function

J(2(k),w(k),T) =Y E{G(z(k), w(k))}
k=0

with
G(z(k),w(k)) = (k)Rw(k)

where matrices Q, R, and S are given and satisfying Q= T <,
R =R Forany integer T > 0,if 0 < J(z(k), w(k),T) holds
under zero initial condition, then the closed-loop system (14) is
said to be dissipative. Moreover, if

TZE{IU

holds for a scalar 7 > 0, then the closed-loop system (14) is
strictly dissipative with the given performance index 7 [28].
Now, the problem to be solved in this paper is formulated
as follows. For a given index 7 and the switched fuzzy system
(6), design an RSOFC (10) to ensure the closed-loop system
(14) is strictly (Q, S, R) dissipative and stochastically stable.
In particular, verifiable conditions should be derived to ensure
the existence of the controller (10). Meanwhile, the designed
controller (10) should guarantee conditions (15) and (16) are
satisfied simultaneously for the closed-loop system (14).
Remark 1: It should be underscored that the actuator faults
model used in this paper is fairly general. When choosing ap-
propriate values for parameters (. and B, the actuator faults
model can be reduced to some special cases. In particular, tak-
ing Bizﬁi = 1, it corresponds to the fully operating case and

2T (k)Qz(k) + 227 (k)Sw(k) +w”

(F)} < J(z(k),w(k),T)  (16)

no actuator faults occur; taking él:Bz = 0, it corresponds to
the outage case and no control signals can be transmitted to the
actuator; taking 0 < ﬁi < BZ < 1, it corresponds to the case that
the actuator faults occur with varying degrees.

Remark 2: The essential of dissipative systems is that the
amount of energy they stored cannot exceed that supplied by the
external environment or systems connected with them. Due to
the nice property of dissipative systems, they have been exten-
sively investigated in the control field. From another perspec-
tive, dissipative systems are actually a generalization of passive
systems [29]-[31] and they exist commonly in real world appli-
cations, such as mechanical systems and electrical systems.

III. RELIABILITY AND DISSIPATIVITY ANALYSIS

Based on the fuzzy basis-dependent technique, the stochastic
stability and prescribed dissipative performance of the closed-
loop system (14) is investigated in this section. Moreover, it is
proved that the designed controller (10) is reliable to deal with
actuator faults. Before presenting the main result, the following
Lemma, which will be used in the subsequent proof, is intro-
duced first.

Lemma 1 [32]: For real matrices = = =7, U, and H that have
compatible dimensions, the inequality

E+ HAU +UTATHT <0 (17)
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holds for any matrix A satisfying AT A < I iff there exist some

e > 0 such that
E4+ e 'HHT +UTU <0 (18)

or equivalently

= H eUT
HT —eI 0 < 0.
U 0 —el

Then, we are in a position to present the reliability and dissi-
pativity analysis, which is the basis for the subsequent controller
design. The main result of this part is contained in the following
theorem.

Theorem 1: Consider the switched fuzzy system (6) with
given controller gains and a predefined scalar 7 > 0, if we can
find matrices N;; > 0, P; > 0, K;; > 0 such that

L
> mNy <P (19)
1=1
Ouij + Ouji <0, (1<) (20
where
[-P;t 0 Ay Cu 0 £ByBu)
x Q' Dy Fy 0 eBEy
* * _Nli —D?;S 935 0
Ouij =
* * 0 —044 0 0
* * * * —el 0
| * * * * * —el ]

Aij = Ay + BuBuKi;Gri, Diij = Dy + BoEuKi;Gui
O35 = GLK[S, 01 =R +2F;S — 71

then the stochastic stability and the dissipative performance 7
of the closed-loop system (14) can be ensured.

Proof: Based on the fuzzy basis functions defined in
Section II, it follows from (20) that

S hihihiOus;

i=1j=1t=1
r r r—1 r
=D h > hOuii+ > > hihi(Ouij + Ouji)
t=1 i=1 i=1 j=i+1
_—Ph__',l 0 A;h Cin 0 é‘ﬁbBlh_
* Q' D Ey, 0 eBpEin
* * _Nlh —DZT;LS 9&5 O
= * * 0 -0, 0 0
* * * * —el 0
* * * * * —el
<0
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with

Al = A + BuBuKin G

D}y, = Dy, + BaEun KinGun,

955 = G;‘I;zKljl;

0, = R+2FLS —7I.
It is noted that the condition (20) shows Oy;;; < 0 (i = j) and
©4ij + Ouji < 0(i < j), which together with basic fuzzy prin-
ciples result in the abovestated inequality [3]. On the other hand,

a combination of the Schur complement and the abovestated in-
equality yields

-pl o0 A, O

* Q71 lv);h Iy,

* * _Nlh —D?;LS

* * 0 —044

T T
BoBin ] [ BuBin 0 0
E E 0 0
e BoEun | | BoEin a0 R

0 0 G Ky, | | Gy,
0 0 0 0

and by noting the inequality in (13), one has AT A < g3, thus
it is obvious that

P70 A, O
* Q_l Dgh F,
* * —Ny —DLS
* * 0 —0ly
ABy, 1 [AB,1" 0 o 1"
AE, AE 0 0
g | T "owet o | <o
0 0 G Ky, | | G Ky,
0 0 0 0

According to Lemma 1, the abovestated inequality readily
becomes

-Pl 0 Ay Cin
x Q' Dy By
* x —Ny —-DES| <o. 21)
* * 0 -0y,
Then, consider the following Lyapunov function candidate:
V(k) = 2" (k)Pyx(k), Pn=> hiP:. (22)
i=1
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Along the trajectories of closed-loop system (14), the difference
of V (k) is calculated as

E{AV(k)} = E{Via|2(k)} - V (k)

= FB{aT(k+ 1) Pyia(k +1)} — 2T (k) Px(k)

- [0 S 18] -

where
- 1T
T T
W A, P Al
1h = 7 [Eht T
ih ih

Under the case of w(k) = 0, the difference of V' (k) becomes

E{AV(’C)} = J;T(kj) (Z le‘_llj;LPh+/_11h — Ph> .Z’(k?)
=1
L
< J]T(ki) Zﬂ'l (Alj};Pthz‘_llh — Nlh) .’L‘(k‘)
=1

Applying the Schur complement to (20), it follows that
Alj;LPthAlh — Nip <0

ie., E{AV(k)} <0, which meets the requirement of
Definition 1 and thus the stochastic stability of the closed-loop
system (14) is verified.

Next, to achieve the dissipative performance of the closed-
loop system (14), considering the following performance
function:

E{AV (k) + 7w (k)w(k) — G(2(k), w(k)}
= B{AV (k) — 2T (k) Qz(k) — 227 (k)Sw(k) + w™ (k)

x (71 — R)w(k)}
RECI [ DEST [
gt G g ]

T _
z(k Nlh DTS z(k
< (®) > | Wan — " (%)
w(k) -1 * 044 w(k)
where
_ AT _ _ 4T
A, Al Di, | 5| Dih
Wan = P+ + Q
Chh Cih Fi | 7| Fih

and the inequality is induced by Zle m Ny, < Pp, and (3).
Combining the Schur complement with (21) implies that

Nip, DLS
Wain, — l l,h
* 044

which clearly means that

E{AV (k) + 7w (k)w(k) — G(e(k),w(k))} < 0
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for k=0,1,2,...,T. Summing up the left and right sides of
the abovestated inequality simultaneously, it is obvious that

> E{AV (k) + rw” (k)w(k) — G(e(k), w(k))} < 0.
k=0

Considering zero-initial conditions and V' (k) > 0, one readily
obtains

ZE{TwT(k)w(k) —Gle(k),wk))} <0
k=0

from which it is concluded that the inequality (16) holds. There-
fore, the predefined dissipitivity of the closed-loop system (14)
is ensured and the proof is completed. |

Remark 3: It should be clarified that for the switched fuzzy
systems (6), two subsystems cannot be activated simultaneously,
that is

L=l

I # s

for any ly,lo € {1,2,3,...,L} [7]. Accordingly, it can be
checked that

(23)

Pr{rk = ll,’l“k = lg} = 7'('11,
Pr{rk = ll,T'k = lg} = 0,

Ty, b=

0, Iy # lo.

E{ﬂ'll?'rlz} = { (24)

IV. CONTROLLER DESIGN

In this section, the purpose is to solve the controller gains
in (10). It may be found that condition (20) is not strictly lin-
ear, thus one has to linearize condition (20) such that it can be
handled by mathematical softwares. Toward this end, two differ-
ent linearization procedures are presented. The first is based on
singular value decomposition and matrix inequality techniques,
whereas the other is based on an iterative algorithm.

It should be underscored that to use the first linearization pro-
cedure, a constraint on output matrix (G; has to be imposed,
namely G; must be invariant and full row rank (Gy; = G). In
particular, using the standard singular value decomposition, G
is decomposed as

G=G[Gy 0]GY (25)

with

GiGT =1, G3GY =1 (26)

On the other hand, it needs to construct a slack matrix Y such
that controller gains can be solved

G;lGr{Yl 0

Y =G
Yy Vs

G3 27)

where Y7, Yo, and Y3 are free matrices. In the following theo-
rem, we are ready to solve the controller gains using the first
linearization procedure.

Theorem 2: Given the switched fuzzy system (6) and a pre-
defined scalar 7 > 0, a feasible controller (10) exists such that
the closed-loop system (14) is stochastically stable with the pre-
scribed dissipative performance 7, if matrices Nli >0, P, >0,
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K3; > 0, and a scalar ¢ > 0 can be found such that

L
Zﬂ'lNli < Pz (28)
=1
Ouij + Ouji < 0, (i <j) (29)

where

(P, 0 Ay Cu 0 BBy |
x Q' Dy Fi 0 eByEy
A ok =Ny 0y O3 0
Ouij =
* * 0 —044 0 0
* * * * —el 0
| * * * * * —el |

and
Ny =Y N,y
P,=Y"TPRY
P=P-YT -y

Ay = AY + BuBiKiGY
Dyij = DuY + BuEii K1;GY
Kij = [Ky; 0]
34 =YTDES
O35 = Gs K}
Furthermore, the controller gains can be inferred as
Ky = K, Y7t (30)

Proof: Since N;; = YTN,;Y and P, = YT P,Y, it is obvi-
ous that by pre-multiplying Y~ and post-multiplying Y'” to
the inequality (28), we can readily get the condition (19).

Recalling

Y'RY -y —YT > -p! (31)

which means P; > fPt_l. Combine this with condition (29),
we have

Ouij + Ouji <0, (i <j) (32)
where
~P7Y 0 Ay Gy 0 eByBy |
x Q' Dy Fu 0 BBy
sy — * ¥ =Ny —f34 O35 0
* * 0 —04 O 0
* * * * —el 0
E * * * * —el |
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Noting that based on (25)—(27) and (30), the following is
deduced:

Ki,;GY = [Ky; 0]GY
=K;j[v1 0]GY

GglG{Yl 0

= K;G1[G2 0]GEG; v v
2 3

Gy

— K,;GY.

Now itis clear that replacing K, ;G¥ with K};GY in the inequal-
ity (29), then performing a congruence transformation to (29) by
diag{Y T, 1,Y~T I 1,1}, the inequality (20) follows imme-
diately. Therefore, the conditions of Theorem 2 can be derived
from that of Theorem 1, which completes the proof. |

Noting that in Theorem 1, although the resulting conditions
(28) and (29) are strictly linear and the controller gains are given
explicitly, some constraints have to be met for the output matrix.
In particular, GG;; must be invariant and full row rank, which
inevitably brings some conservatism to the controller design
scheme. To circumvent this problem, we borrow the idea of
Ghaoui et al.[33], where a new variable is used to replace the
inverse matrix of P;, and then utilize an iterative algorithm to
guarantee the new variable matches with the inverse matrix of P;.
As a result, the conditions given in Theorem 1 can be linearized
and corresponding controller gains can be solved.

The iterative algorithm proposed in [33] is referred as cone
complementarity linearization (CCL) algorithm, with which it is
possible to convert the nonconvex problem in Theorem 1 into a
sequential optimization problem. Specifically, the essential idea
of CCL is to introduce a new inequality

P
I Q

> 0.

(33)

If (33) is feasible for positive definite matrices P; and Qy,
then tr(P;Q;) > n holds. Moreover, it can be observed that
tr(P:Q:) = n < P,Q: = I, that is, Q; can be used to replace
the inverse of P; if tr(P.Q);) = n. According to this, we replace
the term Pt_1 in (20) with @y, then the optimization problem
need to be solved is formulated as follows.

Problem RSOFC:
Minimize tr(P,Q;)
subject to (19), (20), and
-P -1
<0. (34)
-1 —Q

Based on the conclusion of the work in [33], when the solu-
tion of min tr(P;Q;) = rn, the RSOFC optimization problem is
solvable and the conditions of Theorem 1 are satisfied. Now, by
modifying [33, Algorithm 1], the specific steps of the proposed
algorithm are carried out in the following.

Algorithm RSOFC

Step 1: Given a performance index 7 and a maximum permis-
sion iterative number Z > 0.
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Step 2: Find feasible matrices PY, Q?, N, loi, and K le and scalar
€0 that satisfy inequalities (19), (20), and (34). Set iteration num-
ber p = 0.

Step 3: Check whether p < Z.1If p < Z, continue. Otherwise,
exit.

Step 4: Solve the following convex problem:

Minimize trace Y ,_; (P:Qf + P/ Q)

subject to (19), (20), and (34).

Step 5: Substitute obtained matrices P;, Q¢, Ni;, K, and
e into (19) and (20). If (19) and (20) can be satisfied and the
following inequality:

T

> (PQL+P{Qy) —2rn| <o

t=1

(35)

holds for a sufficiently small scalar o > 0, then output the re-
sulting gains K;; and exit.

Step 6: If any one of the inequalities (19), (20), or (35) in
Step 4 is not satisfied, set p = p + 1, Ptp+1 =P/, Qf“ = QY
Nl’;+1 = N/, Klijr1 = Klpj, e+l = ¢ and go to Step 3.

Remark 4: The singular value decomposition and matrix in-
equality techniques are utilized in Theorem 2 to solve the con-
troller gains, as a result, the conditions given in Theorem 2 are
easy to verify and tractable with MATLAB. Despite that the
design conservatism of Theorem 2 is also obvious, that is,
the slack matrix Y must be endowed with a special structure and
the bounding inequality (31) is needed. In the iterative algorithm
we provided previously, the derived conditions are equivalent to
that of Theorem 1, thus no conservatism is introduced theoret-
ically. Nevertheless, when the numbers of switching models or
fuzzy rules increase, the computation burden of the RSOFC al-
gorithm will become far more larger than that of Theorem 2,
which is the main drawback of the RSOFC algorithm. In [34],
the advantages and disadvantages of both procedures have been
discussed in detail.

V. NUMERICAL EXAMPLE

In this section, a numerical example borrowed from [10] is
used to test the effectiveness and performance of the RSOFC
(10).

Consider the switched fuzzy system (1) with following
parameters:

[—0.45 0.2 0.85 —0.6
A = , Ag =
| 08 —0.52 0.3 —1.36
[ 0.1 —0.2
B — Bio —
H _—0.8}’ 12 {—0.6]
[0.7 —05
O = _1.1}’012 [ 1.2 }

Dyy = [0.2 03], Dio=[0.9 —0.35]
Ei = —03, B1 =04, Fi; =05, Fiz = -1
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N _'0.6 —01] - _[131 01
7016 —031]7 7 |06 05
s _|06] o [0

27 o521 T® T [ —03

. ~Jos o 1.16
o1 13

Dy = [~0.8 0.6], Doy = [0.5 0.33]
Es1 = 0.68, Egy = —0.4, Fy; = 0.35, Fyy = 0.4

e [ 04 —0.2 s ~0.9 —0.17
BT 06 045 77 01 03
B (0.8 B 0.1

B3 7% o2

o (0.9 o 1.2

B 06 Jos

Dy =[—=05 0.25], D3y = [—-0.2 0.4]

Es31 =0.2, B3y = —0.8, F3; = —0.5, F3 = —0.9.
The corresponding fuzzy membership functions are given as

1= D) 9 ’
whereas the exogenous disturbance w(k) is assumed to be

w(k) = 2sin(k)e 2.

, hy = i=1,2

Besides, we choose dissipative parameters as Q = —0.09,
S = —2,R = 20 and switching probabilities as 71 = 0.2, o =
0.3, m3 = 0.5 (see Fig. 1).

Then, the essential purpose to be achieved is that under given
fuzzy rules and switching signals, design an RSOFC (10) that
satisfies conditions (15) and (16). To this end, setting dissipative
performance index 7 = 3.5 and maximum permission iterative
number Z = 100 and then following the steps of the proposed
RSOFC algorithm in Section IV, we readily obtain the iterative
number is 11 and the feasible controller gains are

Kiq=1222 Kpp=—0.529
Kyy = —1.717, Ky5=—3816

s

Ks1 = 1409, Ksy = 2.220.

In Fig. 2, the actuator faults model is presented clearly, which
shows the variable /3 used to characterize faults of the actuator
varies between 0.6 and 0.8. It can be easily checked that the
open-loop system is unstable, then in Fig. 3, closed-loop sys-
tem state responses are presented. The curves of Fig. 3 indicate
that the designed RSOFC is effective to stabilize the open-loop
system in the presence of actuator faults, and thus the reliabil-
ity of the designed RSOFC is demonstrated. Fig. 4 depicts the
curves of control input (k) and actual input u(k), which are
different due to the existence of actuator faults. Finally, to check
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Fig. 5. Dissipative performance of closed-loop system.

TABLE I
ITERATIVE NUMBERS UNDER DIFFERENT 7 AND [3

The ranges of [0.5, 0.7] [0.6, 0.8] | [0.7, 0.9]
dissipative performance (7 = 4.0) | infeasible 16 9
dissipative performance (7 = 3.5) 27 11 7
dissipative performance (7 = 3.0) 17 9 6
dissipative performance (7 = 2.5) 12 7 5

the dissipative performance of the closed-loop system, Fig. 5 is
carried out. It is observed from Fig. 5 that the minimum value
of Zisg PO ().2()}
=g E{w(Dw ()}
value is 3.5, hence the designed RSOFC is capable of ensuring

the dissipative performance of the closed-loop system.

To quantitatively validate the dissipative performance of
closed-loop system (14) with controller (10) designed by the
proposed algorithm RSOFC, Table I is presented, which shows
the iterative numbers under different dissipative performance in-
dexes 7 and ranges of 3. It is observed from Table I that bigger

is greater than 19, whereas the prescribed
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dissipative performance indexes and ranges of /3 result in bigger
iterative numbers, which is consistent with theoretical analy-
sis, hence the effectiveness of the proposed approach is verified.
Moreover, the results established in this paper are fairly general
and cover the results of some existing papers as special cases,
suchas, when taking . = 1and 8 = 1 (no switching and no actu-
ator faults), the results of this paper reduce to that of the works in
[13]and [35]; whentaking L = 1,8 =1,andC,, ; = F}, ; =0
(no switching, no actuator faults, and no disturbances), the re-
sults of this paper reduce to that of the work in [36].

VI. CONCLUSION

In this paper, we have investigated SOF control for a class of
switched fuzzy systems in the presence of actuator faults. A re-
liable SOF controller has been designed to ensure the stochastic
stability of the closed-loop system and overcome the negative ef-
fect caused by actuator faults. The derived conditions are proved
to be able to ensure the existence of a feasible controller. More-
over, a prescribed dissipative disturbance attenuation constraint
can also be satisfied. Due to the limitations of the traditional sin-
gular value decomposition approach, an iterative linearization
algorithm is designed to obtain the controller gains. Simulations
are carried out to validate and illustrate the theoretical approach.
Future work will extend current results to some network induced
situations and the algorithm proposed in [37] and [38] may be
used in the investigation.

REFERENCES

[1] T. Takagi and M. Sugeno, “Fuzzy identification of systems and its ap-
plications to modeling and control,” IEEE Trans. Syst., Man, Cybern.,
vol. SMC-15, no. 1, pp. 116-132, Jan./Feb. 1985.

A. Nasiri, S. K. Nguang, A. Swain, and D. J. Almakhles, “Reducing con-
servatism in an H., robust state-feedback control design of T-S fuzzy
systems: A nonmonotonic approach,” IEEE Trans. Fuzzy Syst., vol. 26,
no. 1, pp. 386-390, Feb. 2018.

Z. G. Wu, S. Dong, H. Su, and C. Li, “Asynchronous dissipative control
for fuzzy Markov jump systems,” IEEE Trans. Cybern., vol. 48, no. 8,
pp. 2426-2436, Aug. 2018.

M. Zhang, P. Shi, L. Ma, J. Cai, and H. Su, “Quantized feedback control
of fuzzy Markov jump systems,” /EEE Trans. Cybern., vol. 49, no. 9,
pp. 3357-3384, 2019.

Z. Zhang, Y. Shi, Z. Zhang, and W. Yan, “New results on sliding-
mode control for Takagi-Sugeno fuzzy multiagent systems,” /EEE
Trans. Cybern., vol. 49, no. 5, pp. 1592-1604, May 2017, doi:
10.1109/TCYB.2018.2804759.

J. Lin and R. Qi, “Adaptive actuator fault compensation for discrete-time
T=S fuzzy systems with multiple input-output delays,” Int. J. Innov. Com-
put., Inform. Control, vol. 12, no. 4, pp. 1043—-1058, 2016.

S. Dong, H. Su, P. Shi, R. Lu, and Z. G. Wu, “Filtering for discrete-
time switched fuzzy systems with quantization,” IEEE Trans. Fuzzy Syst.,
vol. 25, no. 6, pp. 1616-1628, Dec. 2017.

X. Su, L. Wu, P. Shi, and C. L. P. Chen, “Model approximation for fuzzy
switched systems with stochastic perturbation,” IEEE Trans. Fuzzy Syst.,
vol. 23, no. 5, pp. 1458-1473, Oct. 2015.

M. Zhang, P. Shi, Z. Liu, L. Ma, and H. Su, “H , filtering for discrete-time
switched fuzzy systems with randomly occurring time-varying delay and
packet dropouts,” Signal Process., vol. 143, pp. 320-327, Feb. 2018.

T. Wang and S. Tong, “ H, control design for discrete-time switched fuzzy
systems,” Neurocomputing, vol. 151, pp. 782-789, 2015.

V.L.Syrmos, C. T. Abdallah, P. Dorato, and K. Grigoriadis, “Survey paper:
Static output feedback-a survey,” Automatica, vol. 33, no. 2, pp. 125-137,
1997.

Z. Shu, J. Lam, and J. Xiong, “Static output-feedback stabilization of
discrete-time Markovian jump linear systems: A system augmentation ap-
proach,” Automatica, vol. 46, no. 4, pp. 687-694, 2010.

(2]

[3]

[4]

[3]

(6]

(7]

(8]

(91

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

IEEE TRANSACTIONS ON FUZZY SYSTEMS, VOL. 28, NO. 8, AUGUST 2020

J. Dong and G. H. Yang, “Static output feedback H., control of a class
of nonlinear discrete-time systems,” Fuzzy Sets Syst., vol. 160, no. 19,
pp. 2844-2859, 2009.

J. Cheng, H. P. Ju, H. R. Karimi, and X. Zhao, “Static output feedback
control of nonhomogeneous Markovian jump systems with asynchronous
time delays,” Inform. Sci., vol. 399, pp. 219-238, 2017.

M. Li and Y. Chen, “Robust adaptive sliding mode control for switched
networked control systems with disturbance and faults,” IEEE Trans. Ind.
Inform., vol. 15, no. 1, pp. 193-204, Jan. 2019.

M. Li and Y. Chen, “Robust tracking control of networked control systems
with communication constraints and external disturbance,” IEEE Trans.
Ind. Electron., vol. 64, no. 5, pp. 4037-4047, May 2017.

H. Song, W.-A. Zhang, L. Yu, and L. Shi, “Multi-sensor-based aperiodic
least-squares estimation for networked systems with transmission con-
straints,” IEEE Trans. Signal Process., vol. 63, no. 9, pp. 2349-2363, May
2015.

H. Song, W.-A. Zhang, L. Yu, and B. Chen, “Multi-sensor-based periodic
estimation in sensor networks with transmission constraint and periodic
mixed storage,” IEEE Trans. Cybern., vol. 47,no. 12, pp. 4367-4379, Dec.
2017.

H. Song, P. Shi, W.-A. Zhang, C.-C. Lim, and Y. Li, “Distributed H
estimation in sensor networks with two-channel stochastic attacks,” IEEE
Trans. Cybern., doi: 10.1109/TCYB.2018.2865238.

Z.7Zhang, Z. Zhang, and H. Zhang, “Distributed attitude control for multi-
spacecraft via Takagi—Sugeno fuzzy approach,” IEEE Trans. Aerosp. Elec-
tron. Syst., vol. 54, no. 2, pp. 642-654, Apr. 2018.

A. Nasiri, S. K. Nguang, A. Swain, and D. J. Almakhles, “Passive ac-
tuator fault tolerant control for a class of MIMO nonlinear systems
with uncertainties,” Int. J. Control, vol. 92, pp. 693-704, 2019, doi:
10.1080/00207179.2017.1367102.

Y. Wei, J. Qiu, and H. R. Karimi, “Reliable output feedback control of
discrete-time fuzzy affine systems with actuator faults,” IEEE Trans. Cir-
cuits Syst. I, Reg. Papers, vol. 64, no. 1, pp. 170-181, Jan. 2017.

S. Dong, Z. G. Wu, P. Shi, H. Su, and R. Lu, “Reliable control of fuzzy
systems with quantization and switched actuator failures,” IEEE Trans.
Syst., Man, Cybern., Syst., vol. 47, no. 8, pp. 2198-2208, Aug. 2017.

Y. Wei, J. Qiu, and H. K. Lam, “A novel approach to reliable output feed-
back control of fuzzy-affine systems with time delays and sensor faults,”
IEEE Trans. Fuzzy Syst., vol. 25, no. 6, pp. 1808-1823, Dec. 2017.

E. Tian, W. K. Wong, D. Yue, and T. C. Yang, “H, filtering for discrete-
time switched systems with known sojourn probabilities,” IEEE Trans.
Autom. Control, vol. 60, no. 9, pp. 2446-2451, Sep. 2015.

M. Zhang, P. Shi, L. Ma, J. Cai, and H. Su, “Network-based fuzzy control
for nonlinear Markov jump systems subject to quantization and dropout
compensation,” Fuzzy Sets Systems, doi: 10.1016/j.fss.2018.09.007.
S.Dong, Z. G. Wu, P. Shi, H. R. Karimi, and H. Su, “Networked fault detec-
tion for Markov jump nonlinear systems,” IEEE Trans. Fuzzy Syst., vol. 26,
no. 6, pp. 3368-3378, Dec. 2018, doi: 10.1109/TFUZZ.2018.2826467.
M. Zhang, P. Shi, Z. Liu, J. Cai, and H. Su, “Dissipativity-based asyn-
chronous control of discrete-time Markov jump systems with mixed time
delays,” Int. J. Robust Nonlinear Control, vol. 28, no. 6, pp. 2161-2171,
2018.

M. Zhang, R. Ortega, D. Jeltsema, and H. Su, “Further deleterious effects of
the dissipation obstacle in control-by-interconnection of port-Hamiltonian
systems,” Automatica, vol. 61, pp. 227-231, 2015.

J. Tao, R. Lu, Z. G. Wu, and Y. Wu, “Reliable control against sensor fail-
ures for Markov jump systems with unideal measurements,” IEEE Trans.
Syst., Man, Cybern., Syst., vol. 49, no. 2, pp. 308-316, Feb. 2019, doi:
10.1109/TSMC.2017.2778298.

M. Zhang, P. Borja, R. Ortega, Z. Liu, and H. Su, “PID passivity-based
control of port-hamiltonian systems,” IEEE Trans. Autom. Control, vol. 63,
no. 4, pp. 1032-1044, Apr. 2018.

Z. Wang, F. Yang, D. W. C. Ho, and X. Liu, “Robust H, filtering for
stochastic time-delay systems with missing measurements,” /EEE Trans.
Signal Process., vol. 54, no. 7, pp. 2579-2587, Jul. 2006.

L. El Ghaoui, F. Oustry, and M. AitRami, “A cone complementarity lin-
earization algorithm for static output-feedback and related problems,”
1IEEE Trans. Autom. Control, vol. 42, no. 8, pp. 1171-1176, Aug. 1997.
J. Qiu, G. Feng, and H. Gao, “Asynchronous output-feedback control of
networked nonlinear systems with multiple packet dropouts: T-S fuzzy
affine model-based approach,” IEEE Trans. Fuzzy Syst., vol. 19, no. 6,
pp. 1014-1030, Dec. 2011.

G. I. Bara and M. Boutayeb, “Static output feedback stabilization with
H ., performance for linear discrete-time systems,” IEEE Trans. Autom.
Control, vol. 50, no. 2, pp. 250-254, Feb. 2005.


https://dx.doi.org/10.1109/TCYB.2018.2804759
https://dx.doi.org/10.1109/TCYB.2018.2865238
https://dx.doi.org/10.1080/00207179.2017.1367102
https://dx.doi.org/10.1016/j.fss.2018.09.007
https://dx.doi.org/10.1109/TFUZZ.2018.2826467
https://dx.doi.org/10.1109/TSMC.2017.2778298

ZHANG et al.: STATIC OUTPUT FEEDBACK CONTROL OF SWITCHED NONLINEAR SYSTEMS WITH ACTUATOR FAULTS

[36] H. N. Wu, “An ILMI approach to robust Hy static output feedback
fuzzy control for uncertain discrete-time nonlinear systems,” Automatica,
vol. 44, pp. 2333-2339, 2008.

C. L. P. Chen, T. Zhang, L. Chen, and S. C. Tam, “I-Ching divination evo-
lutionary algorithm and its convergence analysis,” IEEE Trans. Cybern.,
vol. 47, no. 1, pp. 2-13, Jan. 2017.

T. Zhang, C. L. P. Chen, L. Chen, X. Xu, and B. Hu, “Design of highly
nonlinear substitution boxes based on I-Ching operators,” IEEE Trans.
Cybern., vol. 48, no. 12, pp. 3349-3358, Dec. 2018.

[37]

[38]

Meng Zhang received the B.S. degree in engineer-
ing from Xi’an Jiaotong University, Xi’an, China, in
2013, and the Ph.D. degree in control science and
engineering from Zhejiang University, Hangzhou,
China, 2018.

He is currently a lecturer with the School of Elec-
tronic and Information Engineering, Xi’an Jiaotong
University. His research interests include nonlinear
control, filtering, and cyber—physical systems.

Peng Shi (M’95-SM’98-F’15) received the Ph.D.
degree in electrical engineering from the University
of Newcastle, Callaghan, NSW, Australia, in 1994,
the Ph.D. degree in mathematics from the University
of South Australia, Mount Gambier, SA, Australia, in
1998, the Doctor of Science degree from the Univer-
sity of Glamorgan, Pontypridd, U.K., in 2006, and the
Doctor of Engineering degree from the University of
Adelaide, Adelaide, SA, Australia, in 2015.

He is currently a Professor with the University
of Adelaide, Australia. He has authored/coauthored
widely in the area of his research interests which include system and control
theory, intelligent systems, and operational research.

Dr. Shi is a Member-at-Large of Board of Governors, IEEE Systems, Man,
and Cybernetics (SMC) Society, and an IEEE Distinguished Lecturer. He is a
Fellow of the Institution of Engineering and Technology, and the Institute of
Engineers, Australia. He was a recipient of the Andrew Sage Best Transactions
Paper Award from the IEEE SMC Society in 2016. He has served on the edi-
torial board of a number of journals, including IEEE Transactions, Automatica,
Information Sciences, and Signal Processing.

1609

Chao Shen received the B.S. degree in automation,
and the Ph.D. degree in control theory and control
engineering from Xian Jiaotong University, Xian,
China, in 2007 and 2014, respectively.

He was a Research Scholar with Carnegie Mellon
University from 2011 to 2013. He is currently a Pro-
fessor with the School of Electronic and Information
Engineering, Xian Jiaotong University. He serves as
the Associate Dean of the School of Cyber Security,
Xian Jiaotong University. He is also with the Min-
istry of Education Key Lab for Intelligent Networks
and Network Security. He has authored/coauthored more than 50 research pa-
pers in international refereed journals and conferences. His research interests
include cyber-physical system optimization and security, network and system
security, and artificial intelligence security.

Dr. Shen currently serves as an Associate Editor for a number of journals, in-
cluding Journal of Franklin Institute, IEEE ACCESS, and Frontiers of Computer
Science, and Engineering.

Zheng-Guang Wu was born in 1982. He received
the B.S. and M.S. degrees in mathematics from
Zhejiang Normal University, Jinhua, China, in 2004
and 2007, respectively, and the Ph.D. degree in con-
trol science and engineering from Zhejiang Univer-
sity, Hangzhou, China, in 2011.

He has authored or coauthored more than 100 pa-
pers in refereed international journals. His current re-
search interests include hybrid systems, Markov jump
systems, sampled-data systems, fuzzy systems, mul-
tiagent systems, Boolean control networks, stochastic
systems, and neural networks.

Dr. Wu is an Invited Reviewer for Mathematical Review of the American
Mathematical Society. He serves as an Associate Editor/Editorial Board Member
for some international journals, such as the IEEE TRANSACTIONS ON SYSTEMS,
MAN, AND CYBERNETICS SYSTEMS, the Journal of the Franklin Institute, Neu-
rocomputing, the International Journal of Control, Automation, and Systems,
IEEE ACCESS, the International Journal of Sensors, Wireless Communications
and Control, Cyber-Physical Systems; Science China Information Sciences, and
IEEE Control Systems Society Conference Editorial Board. He was a recipient
of the Highly Cited Researcher Award by Clarivate Analytics.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


