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Design of Polynomial Fuzzy Observer-Controller
with Sampled-Output Measurements for Nonlinear
Systems Considering Unmeasurable Premise

Variables

Chuang Liu, and H.K. Lam, Senior Member, IEEE

Abstract—In this paper, we propose a polynomial fuzzy
observer-controller for nonlinear systems where the design is
achieved through the stability analysis of polynomial-fuzzy-
model-based (PFMB) observer-control system. The polynomial
fuzzy observer estimates the system states using estimated
premise variables. The estimated states are then employed by
the polynomial fuzzy controller for the feedback control of
nonlinear systems represented by the polynomial fuzzy model.
The system stability of the PFMB observer-control system is
analyzed based on the Lyapunov stability theory. Although
using estimated premise variables in polynomial fuzzy observer
can handle a wider class of nonlinear systems, it leads to a
significant drawback that the stability conditions obtained are
non-convex. Matrix decoupling technique is employed to achieve
convex stability conditions in the form of sum of squares (SOS).
We further extend the design and analysis to polynomial fuzzy
observer-controller using sampled-data technique for nonlinear
systems where only sampled-output measurements are available.
Simulation examples are presented to demonstrate the feasibility
and validity of the design and analysis results.

Index Terms—Polynomial fuzzy controller, polynomial fuzzy
observer, sampled-output measurements, unmeasurable premise
variables, sum of square (SOS).

I. INTRODUCTION

AKAGI-SUGENO (T-S) fuzzy model [1], [2] has been

widely used as a modeling tool for nonlinear systems. It
represents nonlinear systems as a combination of local linear
subsystems weighted by membership functions. This particular
modeling structure allows analysis techniques and control
methods used for linear systems to be applied. Recently,
polynomial fuzzy model [3], [4] was proposed to generalize
the T-S fuzzy model. The modeling process is achieved by
sector nonlinearity technique [5] which was extended using
Taylor series expansion [6] to establish progressively precise
polynomial fuzzy models. Based on the T-S or polynomial
fuzzy model, Lyapunov stability theory [7] was employed as
a mathematical tool to analyze the system stability. Stability
conditions in terms of linear matrix inequalities (LMIs) [5],
[8] and sum of squares (SOS) approach [9] are employed for
T-S and polynomial fuzzy models, respectively, which can
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be numerically solved by convex programming techniques.
Together with stability analysis, control synthesis can be
achieved by the concept of parallel distributed compensation
(PDC) [3], [7] and solving LMIs or SOS conditions rather
than by predefining the feedback gains using trial-and-error or
other design techniques (for example, pole placement).

Following the basic framework of fuzzy-model-based
(FMB) stability analysis, three major research directions have
been extensively investigated [10], [11]. The first direction
is reducing the conservativeness of stability conditions by
investigating the fuzzy summations. Due to the abandon of
membership functions during the analysis, stability conditions
are only sufficient but not necessary. To relax the stability
conditions, the fuzzy summation was investigated in [12], [13]
and further generalized by Polya’s theory in [14], [15]. The
second direction is the variation of Lyapunov function candi-
dates, for instance, quadratic Lyapunov function [7], switching
Lyapunov function [16]-[18], fuzzy Lyapunov function [19]-
[21], piecewise linear Lyapunov function [22], [23] and poly-
nomial Lyapunov function [18], [20], [24]. The third direction
is the membership-function-dependent analysis which brings
the information of membership functions into stability analysis
such as using symbolic variables [6], [25], [26], polynomial
constraints [27], approximated membership functions [28],
[29], and other techniques [21], [30]-[32]. Slack matrices are
employed to carry the information of membership functions to
stability conditions through S-procedure [33] at the expense of
computational demand.

Based on the development of relaxed stability conditions,
FMB control strategy is extended to control problems such as
uncertainty [34], sampled-data system [35], [36] and output
feedback [37]. Observer, being used in one of the output
feedback control schemes, is exploited to estimate the states
of systems when the output is only available for measuring.
Fuzzy observer was proposed in [8] for the nonlinear system
represented by the T-S fuzzy model. Under the restriction
that the fuzzy model and fuzzy observer share the same set
of premise membership functions depending on measurable
premise system states, separation principle [38] can be applied
to design the fuzzy controller and fuzzy observer indepen-
dently. To widen the applicability of the fuzzy observer, the
case that fuzzy observer with premise membership functions
depending on estimated premise system states was considered
in [39]. However, a two-step procedure was needed to solve the



non-convex stability conditions [39]. Various techniques such
as matrix decoupling [40], completing squares [41], Finsler’s
lemma [42] and descriptor [43], were proposed to approxi-
mate the non-convex stability conditions by convex stability
conditions such that convex programming techniques can be
applied to numerically obtain feasible solutions. More recently,
the fuzzy observer has been generalized to polynomial fuzzy
observer [44]. However, only measurable premise variable
was considered in the premise membership functions of both
polynomial fuzzy model and polynomial fuzzy observer, and
two steps were required to design the polynomial controller
and observer gains. To the best of our knowledge, polynomial
fuzzy observer with premise membership functions depending
on unmeasurable premise variable has not been addressed.

Sampled-data control system is a control system whose
states are measured only at the sampling instants. The zero-
order-hold unit keeps the control signal constant between
sampling instants, which complicates the system dynamics
and makes the stability analysis much more difficult. Various
methods were proposed to investigate the stability of sampled-
data control system such as lifting technique [45], hybrid
discrete/continuous approach [46], input-delay approach [47]
and exact discrete-time design approach [48]. Among these
approaches, input-delay approach represents the discrete-time
input measurements into time-delayed input measurements,
and makes continuous-time stability analysis applicable to
sampled-data control systems. Combined with FMB control,
fruitful results were obtained [49]-[53] for full-state feedback
case. Sampled-data fuzzy observer-controller receives much
less attention because of its complexities on stability analysis.
Fuzzy observer [54]-[56] or dynamic output feedback [57],
[58] using sampled-output measurements can be found in
the literature for nonlinear systems represented by T-S fuzzy
models. To the best of our knowledge, polynomial fuzzy
observer has not been applied to systems with sampled-output
measurements.

Although polynomial fuzzy observer-controller and
sampled-data polynomial fuzzy observer-controller are
relatively less investigated, they are vital to the nonlinear
control systems when full states are not available for
performing feedback control. It motivates us to investigate the
system stability of polynomial-fuzzy-model-based (PFMB)
observer-control systems. We consider the polynomial
fuzzy controller and polynomial fuzzy observer whose
premise membership functions depend on estimated premise
variables. Matrix decoupling technique [40] is employed to
achieve convex SOS-based stability conditions. Moreover, we
consider the polynomial fuzzy observer using sampled-output
measurements for state estimation. Input-delay approach [47]
is employed to investigate the system stability.

This paper is organized as follows. In Section II, nota-
tions and the formulation of polynomial fuzzy model, poly-
nomial fuzzy observer and polynomial fuzzy controller are
described. In Section III, stability analysis is conducted for
PFMB observer-control system and further for systems under
sampled-output measurements. In Section IV, simulation ex-
amples are provided to demonstrate the feasibility and validity
of stability conditions. In Section V, a conclusion is drawn.

II. PRELIMINARY
A. Notation

The following notation is employed throughout this paper
[9]. A monomial in x(t) = [z1(t),22(t),...,2,(t)]T is a
function of the form z{*(t)x32(t)-- -z (t), where d; >
0,2 = 1,2,...,n, are integers. The degree of a monomial
is d = Y1 ;d;. A polynomial p(x(t)) is a finite linear
combination of monomials with real coefficients. A polyno-
mial p(x(t)) is an SOS if it can be written as p(x(t)) =
Py q;(x(t))?, where g;(x(t)) is a polynomial and m is a
nonnegative integer. It can be concluded that if p(x(t)) is an
SOS, then p(x(t)) > 0. The expressions of M > 0,M >
0,M < 0, and M < 0 denote the positive, semi-positive,
negative, and semi-negative definite matrices M, respectively.
The symbol “*” in a matrix represents the transposed element
in the corresponding position.

B. Polynomial Fuzzy Model

The i*" rule of the polynomial fuzzy model for the nonlinear
system is presented as follows [3]:

Rule i : IF f;(x(t)) is Mi AND--- AND fy(x(t)) is M,
THEN x(t) = A;(x(t))x(t) + B;(x(t))u(t),
y(t) = Ci(x(1))x(1),
where x(t) = [21(t),22(t), ..., z,(t)]T is the state vector,
and n is the dimension of the nonlinear system; fi(x(t))
is the premise variable corresponding to its fuzzy term M,;
in rule 4, n = 1,2,...,¥, and ¥ is a positive integer;
Ai(x(t)) € RN and B;(x(t)) € R™*™ are the known
polynomial system and input matrices, respectively; u(t) €
R™ is the control input vector; y(t) € R is the output

vector; C;(x(t)) € RN is the polynomial output matrix.
The dynamics of the nonlinear system is given by

(1) = 3 wi(x(1) (Aulx()x(t) + Bi(x(D)u(t)).

y(t) =D wilx(t)) Ci(x(t)x(t), (1)
=1

where p is the number of rules in the polynomial fuzzy model;
w; (x(@) is the normalized grade of membership, w;(x(t)) =
Tl FO) s oy
k=1 Hn:l Hark (fn(x(2)))
and 377, wi(x(t)) = L puars (fo(x())),n =1,2,..., 0, are
grades of membership corresponding to the fuzzy term M}7

C. Polynomial Fuzzy Observer

For brevity, time t is dropped from now. Considering
premise variable f,(x) depending on unmeasurable states x,
we apply the following polynomial fuzzy observer to estimate
the states in (1). The i*" rule of the polynomial fuzzy observer
is described as follows:

Rule i : IF f;(x) is M AND--- AND fy (%) is M,
THEN % = A, (%)% + B;(%)u + L;(X)(y — ¥),
¥y = GCi(x)x,



where X € " is the estimated state x; y € R! is the estimated
output y; L;(x) € RV*! is the polynomial observer gain. The
polynomial fuzzy observer is given by

>~ wil%) (Ai% + Bi(®)u + Li%)(y - 3))

%

x

Il
—

w; (%) Ci (X)X 2)

“c
Il
-

Q
Il
-

It can be seen from (2) that the membership functions of
polynomial fuzzy observer depend on estimated system states
x rather than original system states x.

D. Polynomial Fuzzy Controller
With PDC design approach [3], [7], the it" rule of the
polynomial fuzzy controller is described as follows:
Rule i : IF f;(X) is M{ AND---AND fy(x) is M,
THEN u = G;(X)X,

where G;(x) € R™*" is the polynomial controller gain. The
polynomial fuzzy controller is given by

u= Zwi(i)Gi(i)i. (3)

Note that in (3) both the premise variable and the controller
gain depend on estimated states X.

E. Useful Lemmas

The following lemmas are employed in this paper.
Lemma 1: With XY of appropriate dimension and 5 > 0,
the following inequality holds [59]:

1
XTY + YTX < BXTX + BYTY.

Lemma 2: With P, Q of appropriate dimension, Q > 0 and
a scalar v, the following inequality holds [59]:

—PQ'P <42Q - 2v(PT +P).

Lemma 3 (Jensen’s inequality): With x(t), Q of appropriate
dimension, Q > 0 and & > 0, the following inequality holds
[60]:

- h/ x()" Qx()dp
t—h
< — (x(t) = x(t — h)"Q(x(t) — x(t — h)).

III. STABILITY ANALYSIS

In this section, the stability analysis is carried out for
PFMB observer-control systems. The formulation of closed-
loop PFMB observer-control systems are provided first. Then
based on Lyapunov stability theory, stability conditions are
obtained in terms of SOS. Matrix decoupling technique is
employed to obtain convex SOS-based stability conditions.
Finally, using similar techniques, we extend the stability
analysis to systems with sampled-output measurement.

Contioller 4 > Model *y
A O

y

X

Fig. 1. A block diagram of PFMB observer-control systems.

A. Polynomial Fuzzy Controller and Observer

The estimation error is defined as e = x — X, and then we
have the closed-loop system (shown in Fig. 1) consisting of the
polynomial fuzzy model (1), the polynomial fuzzy controller
(3) and the polynomial fuzzy observer (2) as follows:

—1 :(;)e), @)
%= Z Z kiwxx)wj () (%) ((A; (%) + B, (%) Gi (%)

LI O T, (®)Ci(x)e). )
6= Z 573 o (e 3) (A ) — A

b (B.) B, ()Gul) ~ L(%)(C)  Cul)%

+ (Aifx) — L;(X)Ci(x))e) ©

The control objective is to make the augmented observer-
control system ((5) and (6)) asymptotically stable, i.e., X — 0
and e — 0 as time ¢ — oo, by determining the polynomial
controller gain G (%) and polynomial observer gain L;(%).

Theorem 1: The augmented PFMB observer-control system
(formed by (5) and (6)) is guaranteed to be asymptotically sta-
ble if there exist matrices X € RV*N Y € RV*N Ny (%) €
RN M, (%) € RV E=1,2,...,p,j = 1,2,...,p, and
predefined scalers oy > 0,2 > 0,8 > 0 such that the
following SOS-based conditions are satisfied:

T (X — e1T)v is SOS; @)
vT (Y — eoI)v is SOS; (8)
— v (@55 (x, %) + ®igj(x, %) + e3(x,%)I)v is SOS

Vi, j < k; )

— (@4 (%, %) + O (x, %) + e4(x,%)I)v is SOS

Vi, j < k; (10)
where
[ Tin(x,x) @12 $03)
Bk (x, X) * Y o |, (11)
i * * —%I
-y o ~ (13 o
Aij(x,x) 0012 @Z(.jk)(x,x)
@ijk(x,)“(): * _0%21 0 ) (12)
i * * —pgI




~(11) /¢ =(21
2T BR) 0 x)T

f‘ijk(x, X) = [ Eﬁl)(i) . ij—agI )
(13)
=(12) o
Aij(x, %) = [ O;1Y 5 (x HZ; +(:(}2{2))(X7 )T ] :
(14)
3! =1 0", (15)
13 =[x 0], (16)
e =0 Y], (7
Ol (k%) = Myu(x%)T - HuxxTT, (8
20 (%) = A; (X)X + B (X)Ny (%), (19)
B0V (%) = (Ai(x) — A; (%)X
+ (Bi(x) — B; (%)) Ny (%), (20)
207 (x, %) = M;(%)Ci (%), @1
22 (x,%) = YA,(x) — M (%)C;(x), 22)
Hiju(x, %) = M, (%)(Cy(x) — Cr(%)); (23)

v is an arbitrary vector independent of x with appropriate
dimensions; g1 > 0,e3 > 0,e3(x,X) > 0 and £4(x, %) > 0 are
predefined scalar polynomials; and the polynomial controller
and observer gains are given by Gy (%) = Ny(x)X~! and
L;(x) = Y 'M; (%), respectively.
Proof: Defining the augmented vector z =
eT]T and the summation term Y7 ., Wi, =
> v wi(x)w,; (X)wy(X), the augmented PFMB
observer control system is written as

[uT

P
Z WijpSij (X, X)z,

(24)
i,4,k=1
where
=(11) /4 9 _(12)
= 2) B (%) + Hyjk(x, %) X, X
SO0 = ) Hen) B (x%) |
(25)
200 (%) = Aj(%) + B (X)Gy(X), 26)
200 (x,%) = Ai(x) — Aj(%) + (Bi(x) — B;(X)) G (%),
27)
=07 (x,%) = L; (%) Ci(x), (28)
20 (x,%) = Ai(x) — L;j(%)Ci(x), (29)
Hij(x,%) = L;j(X)(Ci(x) — Ci(X)) (30)

The following Lyapunov function candidate is employed
to investigate the stability of the augmented PFMB observer-
control system (24):

V(z) = z" Pz, (31)

X1 o
0 Y , X >0,Y > 0, and thus P > 0.

The time derivative of Lyapunov function is

where P =

p
V(Z) = Z ZI)iijT(PEijk(X, 5,() + Eijk(x, )u()TP)Z

i\j,k=1
(32)
Therefore, V(z) < 0 holds if
P
3wk (PEyr(x %) + Egr(,%)TP) <0. (33)

i,7,k=1

Remark 1: The augmented PFMB observer-control system
(24) is guaranteed to be asymptotically stable if V(z) > 0 by
satisfying P > 0 and V(z) < 0 by satisfying (33) excluding
x = 0. It should be noted that the condition (33) is not convex.
If the condition (33) is applied, the polynomial fuzzy controller
gain G (%) and polynomial fuzzy observer gain L;(x) are
needed to be pre-determined.

In the following, we apply congruence transformation and
matrix decoupling technique to obtain convex SOS stability
conditions such that the polynomial fuzzy controller gain
Gy (x) and polynomial fuzzy observer gain L;(x) can be
obtained using convex programming techniques.

X 0
0 Y
G (%)X, we have

Performing congruence transformation to (33) by pre-
multiplying and post-multiplying P~! = Tto

both sides and denoting Ny (%) =

_.ij X, X) + Eijk(x,i)T) <0, (34)
i,7,k=1
where
= (11) o (12
= . :.g-k )( )+ Hjr(x, %)X (J )(X,X)
Eijk(x, %) ENCIN . o =(22) )
‘=‘ijk (X,X) - Hij]f X, X)X Hzg (X7 X)
(35)
207 (x,%) = L;(X)Ci(x) Y, (36)
(22 o _ _
20V (x,%) = A;(x)Y !~ L;(%)Ci(x) Y 37)

:(?)( ) and :1(.]2,,1)()(, x) are defined in (19) and (20), respec-
tlvely.
Applying Lemma 1, we have

Wi (Bijr (%, %) + Eijr(x,%)7)

:M"S

i,7,k=1
p
< Z wijk (Tijk(X7 )u() +B(I)(13)((§(13))T)
i,7,k=1

ﬂ?i]k@f;i’) X, X )( Z wwk(a”k ) )) )

1,5,k=1
(38)

Q\'—‘
/_\
WM“



where
szk’(x7 )V() -
2(11) joy | (11) /o (12 o\ (21 g
i )(x) + :.g )(x) A’(j )(x, X) + ?z('jk)(x, x)T
* 57000 + 877007 |
(39)
Oy (x,%) = Hin(x, %) —Hyg(x,0)7)",  @0)

®(13) i5 defined in (16).

Using matrix decoupling technique [40] to further separate
decision variables in order to obtain convex SOS stability
conditions, we rewrite Y;;(x, %) as follows:

Yijn(x,%x) = Tijn(x,%) + Ayj(x, %), 41)
where
I‘ijk(x )u() =
(11 (11 (21 o

=500+ 8T e Y BN 0x)T 1 @)

* —Qg

N —a Yfl '—(12)

Aij(x,%x) = ' ,_.(22) (v %) (43)

* Bl ( ,X) + asl

Remark 2: The decoupled matrix in (42) is related to the
polynomial fuzzy controller gain Gy (%) while the one in
(43) is related to the polynomial fuzzy observer gain L;(x).
In this case, more arrangement can be imposed on (43)
without affecting (42) which is already a convex problem.
Other techniques such as completing squares (Lemma 1 and
Lemma 2) [41] and Finsler’s lemma [42] can also be used
to further separate decision variables instead of matrix decou-
pling technique [40]. However, they increase the dimension of
matrices or increase the number of decision variables resulting
in higher computational demand. In contrast, using matrix
decoupling technique leads to smaller dimension of matrices
or less number of decision variables at the expense of larger
number of stability conditions.

Hence, V (z) < 0 holds if

>

ije (Tijn (%) + fRUD@INT) <0, (44)
i,7,k=1
« 13
Z Z]k‘Alj X, X ( Z wz]ke)gjk) ))
i,5,k=1 i,7,k=1
x ( Z T @D ,x)) <0. (45)
i,J,k=1

Performing congruence transformation to (45) by pre-
multiplying and post-multiplying diag{Y,Y} to both sides,
denoting M; (%) = YL;(%), and then applying Schur Com-
plement to both (44) and (45), we obtain

p
Z If]ijk‘I’ijk(X,)u() <0,

(46)
i,7,k=1
D wi®ijn(x, %) <0, (47)
i,j,k=1

where ®;;,(x,%) and ©;;i(x,%) are defined in (11) and
(12), respectively. By grouping terms with same membership
functions, V(z) < 0 can be achieved by satisfying conditions
(9) and (10). The proof is completed. |

B. Polynomial Fuzzy Controller and Observer with Sampled-
Output Measurement

Considering premise variable f,(x) depending on unmea-
surable system states x and output matrix C; not depending
on system states x, we denote sampled output y as ys, where
vs = y(ts), ts,5 = 1,2,...,00, is the sampling time and
ts+1 —ts < h. The input-delay approach [47] is employed to
represent the sampling behavior. Denoting 7(t) =t —t; < h
for t; <t < ts;41, the sampled output vector can be written as
ys = y(t — 7(t)). Similarly, the sampled system state vector
can be written as x; = x(t — 7(t)).

Remark 3: In case using sampled-output measurements, the
output matrix C; does not depend on system states x. If
C,(x) is considered to be a polynomial matrix of x, C;(x;)
and C;(X;) will exist in the stability analysis which is more
difficult to be handled. Therefore, constant output matrix C;
is considered in this paper to ease the design and analysis.

We apply the following polynomial fuzzy observer to esti-
mate the system states in (1):

M
I
NE

w; (%) (A ()% + B, (0u + L;(%)(y. ~ 5.)).

=
I
M- L

Wy (Xs)CiX87
1

-
Il

:A<:<
Il
M=

wy (is)cli& (48)

N
Il
-

where X, € %" and y, € R! are the estimated sampled system
states and output, respectively.

With the PDC design approach [3], [7], the polynomial
fuzzy controller is given in (3). Recalling that the estimation
error is defined as e = x—x, we define the sampled estimation
error as e; = X;—Xg, and then we have the closed-loop system
(shown in Fig. 2) consisting of the polynomial fuzzy model
(1), the polynomial fuzzy controller (3) and the polynomial
fuzzy observer (48) as follows:

w; (%) (A (%) + Bi(x) G5 ()%

i=1 j=1
+ A, (X)e)7 (49)
EP D IPIPNLESTHOIACTEN(CHED
i=1j=1k=11=1
B] ()v( Gk()v( )X + LJ (f()(Cl — CZ)XS



| Controller ll—>| Model
A Ys y

Sampled
Measurement

e

Observer

X

Fig. 2. A block diagram of PFMB observer-control systems with sampled-
output measurement.

+ A (x)e — L (%)(C; — C)%, — L ()“()Cies) (51)

The control objective is to make the augmented observer-
control system ((50) and (51)) asymptotically stable, i.e., x —
0 and e — 0 as time ¢ — oo, by determining the polynomial
controller gain G (%) and polynomial observer gain L;(%).

Theorem 2: The augmented PFMB observer-control sys-
tem (formed by (50) and (51)) is guaranteed to be asymp-
totically stable if there exist matrices X € RV*N Y ¢
§RN><N’ Q c §R2N><2N’Nk()v() c %mXN,Mj(f() c %le’ k=
1,2,...,p,5 = 1,2,...,p, and predefined scalers «; >
0,0 > 0,a3 > 0,4 > 0,6 > 0 and + such that the
following SOS-based conditions are satisfied:

(X — 1T)v is SOS; (52)
vT(Y — e2I)v is SOS; (53)
vT(Q — esI)v is SOS; (54)

— V(B (%, %) + ®pjm (%, %) + 4(x, %))y is SOS

Ym,j < k; (55)
— v (@i (x, %) + e5(x,%X)I)v is SOS Vi, j,I,m; (56)
where
Cjim(x,%) 02 03
B (x,%) = * -3 0 |, 67
* * —Q%Y
Oijim(X,X) =
Aijm(x’)v() 012 @13 @19 (:)1(1125)(5() -
* fa%l 0 0 0
¥ ¢ —iI 0 0 |, 68
* * * _a%I 0
* * * * BT ]
11 o 14 oy
~ F§kn1(x, X) 0 F§k%(x, X)
Ljrm(x,%) = * —ayl 0 , (59)
% (49
212 = [Onxoy X Onxan]?, (60)
@13 = [Onxay I Onxn]?, (61)
Aljm(xak) =
ALV -Q AJP®+Q 0 ALY
* -2Q Q A
* * —Q 0 ’
* * * 72Q+A(44)
(62)

0" = [oyxny Y Onxen]?, (63)
01 = [Oyxan Y Onusn]T, (64)
0 = [on.7v Y], (65)
O (%) = Hin(%)T —Hij(%)7 Oyan
hH i (x)T — hH ()T, (66)
P e sy = | S )+ ERVRT SRR |
JEm * —on 1
) (67)
I EAVARE N 12 \T
pg}ﬁi(x, ) = ,71@0 (%) ,7km(§x,x) 1 , (68)
F(44) X 0
T |: 0 —0[3]: :| ’ (69)
[0 0
A(ll) B B 70
m (%) o 573,2) (x) Egz) )T | (70)
- 5 [0 K.,(;()
A(l?) _ i 1
[0 0
A(14) ~ 2
~ 0 0
APY (%) = 5 _o } , 73
v ( ) L hK”(X)T —hKij(X)T ( )
" (44) o —CEQY 0
AT 0 oy ] ’ 74
EGD (%) = A ()X + B, (0)N4(%), (75)
B0 (%) = (An(x) — A; (%)X
+ (Bim(x) — B;(%)) Ny (%), (76)
2R (x) = YA, (x), (77)
Kzg (i) = Mj ()v()cu (78)
le()v() = Mj (i)(cz - Cl), (79)

v is an arbitrary vector independent of x with appropriate
dimensions; &1 > 0,69 > 0,e3 > 0, e4(x,%X) > 0 and
e5(x,%) > 0 are predefined scalar polynomials; and the poly-
nomial controller and polynomial observer gains are given by
Gp(x) = Np(x)X ! and L; (%) = Y 'M;(x), respectively.

Proof: Defining the augmented vectors

z = [xI' el|T,z;, = [xI' el]’, and the summation
P ~ _ P P p p P

term Ei,j}k,l,mzl Wijkim = ) -1 Zj:1 D k1 21 Qa1

w; (Xs)w; (X)wg (X)wy (Xs)wnm, (x), the augmented system
becomes

p

z= Z wijkl’rn (Ajk:m (X7 >u()Z + Bijl()v()zs)) (80)
i,5,k,l,m=1

where

R ':(11)(5() 0

Ajem(x,%) = | _J8 T _ , (81)
o [ Em (%) B0 (%)

; H, (%) Ki(x) }

Biji(X) = ’ A 82
j1(X) [_Hijl(x) CK, (%) (82)

200 (%) = A (%) + B (%) G(%), (83)



EC (x,%) = A (%) — A (%) + (B (%) — B;(X))Gr(X),

ikm
(84)

EQY (%) = A (x), (85)
K;;j(x) = L;(x)C;, (86)
H;j (%) = L;j(x)(C; — Cy) (87)

The following Lyapunov function candidate is employed
to investigate the stability of the augmented PFMB observer-
control system with sampled-output measurements (80):

0 t
V(z) =2z"Pz+h / / 2(0) T Qa(p)dpdo,  (88)
—h Jt+o

where Q > 0,P = 0o Y

—1
X 0 X 2 0,Y >0, and thus
P > 0. The time derivative of V (z

) is obtained as follows:
¢
V(z) = 2" Pz + 2" Pz + h*2" Qz — h/ 7(0) T Qz(p)dep.
t—h
(89)

Denoting augmented vectors z, = [X(t — h)T e(t —

RTT,Z =[z"" 2T zI]T, and using Lemma 3, we obtain

- h/tih ()" Qa(p)dp
<—(z- ZS)TQ(Z —2zs) — (25 — Zh)TQ(Zs —Zp).

Then V(z) becomes

(90)

P
V@) <2 B T (%)
i.4.k,l,m=1
P 12
+(> WX, (x.%))PTIQP !
i,7,k,l,m=1
u 12 T
(Y B Y, %) )2 O
i.4.k,l,m=1
where
) Qx,%) PBji(x,x)+Q 0
X ipim (X, X) = * -2Q Q |,
* * -Q
(92)
Q(x,%) = PAjjn(x, %) + Ajpn(x,%) TP — Q, (93)

Yo (x,%) = ["PAjun(x,%)  hPBiji(x,%) 0]
%94)
Using Schur Complement, V(z) < 0 holds if
p
> Wijrim ik (x,%) <0, (95)
i,5,k,l,m=1
where
§ YU (x%) YO (xx
Tt (6,5 = | skl el | oo

Applying Lemma 2 to the term —PQ~'P and then per-
forming congruence transformation to (95) by pre-multiplying
and post-multiplying diag{P~1, P~} P~! P!}, we have

P

> ik L (x, %) <0, 97)
i,k l,m=1
where
Yijhim(x, %) =
Tinxx-Q TP®+Q o TH(x%
x -2Q Q T3
* * -Q 0
k ES * 72Q+T(44)
(98)
T (x,%) =
=0+ 2 @7 B %7 09)
% =§32)(x)+a(”>(x)T ’
y Hij (%)X Kg(x)
T2 (%) = il i 100
(R R N S (1o
a1 T 22l T
(14 o h (x)" hEL,(x,%)
T§k77)z< ,X) [ 0 ékgrglg) )T , (101)
(24) /o hXHji(x r _hXAHijl(u)T
Tijl ( )_ |: hKij(V)T _hKij()v()T ) (102)
. —27X 0
(44) _ 2
E2(x) = AL (x)Y !, (104)
Ki;(%) = L;(%)C;Y ", (105)
Q=P QP (106)

Eﬁl) (%) and EEZBL (x,x) are defined in (75) and (76), respec-
tively.

Similar to the development in Subsection III-A, applying
Lemma 1 and matrix decoupling technique [40] to further
separate decision variables, we get

r
Z Wijkim L ijkim (X, X)
ij k.l m=1
P
< Z Wijiklm (ijm(X,i) + Ajjm(x,X%)
iG ko lm=1
1 p
+ B‘P(”)(@m))T) + B< > @ijkzmez(-;f)(i))

i,7,k,l,m=1
P
T
_ (15)
X ( g wijklmgijl (X) ,

ijk,lm=1

(107)

where

@12 = [0yyony X Onysn]” (108)
04 (%) = [Hiju(x)"

ijl ~Hii(%)" Onxan
hH, ;i (x)T

— hH (%) 77, (109)



11 9 14 o
Fﬁknl(x, X) 82) 0 I“gkn)l(x, X)
r 0 0
S S T R
* * * I‘(44)
(110)
22 { —(();41 8 } 7 11
B 1
@4 — { 2’YX7(L)0¢2Y 3 . } 7 (112)
— &3
Aijm(x7 }V() =
A -Q APY®+Q 0 AR
* ACD 2 Q A
* * —Q 0 ’
* * * 72Q+A(44)
(113)
[0 0
AP =1 o @) 0 4 BB (0T 1 T ] (114
12),0, _ [ 0 Ki(x
Aij (%) = 0 *Kz‘j %) |’ (115)
[0 0
A= g g } : (116)
A2 _ aél g], (117)
(24) oy [ R 0 0
AT (x) = RK, (0T —hKy (%) ] (118)
B —1
(44) _ —OéQY 0
AT = 0 —27Y 1 + sl ] (119)

1"2{131 (x,%), I‘é}ﬁi(x, x) are defined in (67) and (68), respec-
tively.
Denotmg the summation terms Z om=1 Wikm =
Zy_ =1 Zp — wj(x )wkp( )ww}g (x) , and
> Jlm=1 wwlm > -1 j=1241=1 2um=1

wl(xs)wj( X)w; (Xs )W, (x), then V(z) < 0 holds if

p
> @jkm(l“jkm(x,i)+6<I>(12)(<I>“2>)T) <0, (120)

j,km 1
Z wz]lm sz ( Z wz]l’rn Ul ( ))
i,5,l,m=1 i,7,0,m=1
p
x ( 3 wl-jlmGEjf)(fc)) <0. (121)
i,5,l,m=1

Performing congruence transformation to

(121) by pre-multiplying and post-multiplying

diag{Y,Y,Y.,Y,Y,Y,Y, Y} to both sides and applying
Schur Complement to both (120) and (121), we obtain

> Wik ®jrm(x,%) <0, (122)
7,k,m=1

> Bijim®ijim(x,%) <0, (123)
i,7,,m=1

Y O Y O
0Y Q 0Y
O;jim(x,%) are defined in (57) and (58), respectively. By
grouping terms with same membership functions, V( ) <0
if conditions (55) and (56) hold. The proof is completed. W

where Q = , ®ikm(x,%) and

IV. SIMULATION EXAMPLES

In this section, three simulation examples are provided to
validate the proposed stability conditions. In the first example,
we consider the stabilization control problem for an inverted
pendulum using the proposed PFMB observer-controller. In
the second example, sampled-output measurements are con-
sidered for the same control problem. In the third example, a
nonlinear mass-spring-damper system is also stabilized by the
designed PFMB observer-controller.

A. Inverted Pendulum

In this example, we consider an inverted pendulum on a cart
[7] in the following state space form:

Ty = 29,
gsin(z1) — amy, L3 sin(x) cos(z1)
4L/3 — am, L cos?(x1)
acos(z1)u
" 4L/3 — amyL cos?(x;)’

To =

(124)

where x = [x1  x2]7 is the state vector; g = 9.8m/s? is the
acceleration of gravity; m,, = 2kg and M. = 8kg are the mass
of the pendulum and the cart, respectively; a = 1/(m, + M.);
2L = 1m is the length of the pendulum; and u(t) is the control
input force imposed on the cart.

Defining the region of interest as x; €
cos(z1) .
4L/3—amy L cos?(zy) 1S rep-

[ 70w 7071']

180 180/°

the nonlinear term fy(x1)
resented by sector nonlinearity technique [6] as fol-
lows: fi(z1) = par(@1)f10, + #az(@1)f1,,,., Where

poy (1) = ?(961)_7}?:” parz (1) = 1 = pags (21), f1,0, =
0. 5222 N ST =" 1.7647. To reduce computatlonal burden,
other nonlinear terms sin(z;) and tan(z;) are approximated
by polynomials: sin(z1) =~ sjz1 and tan(xi) =~ t1zq,
where s; = 0.8578 and t; = 1.5534. As a result, the
inverted pendulum is described by a 2-rule polynomial fuzzy

model. The system and input matrices in each rule are given

0 1 0 1
by Aufe2) = 01(552) 0 }’ Aalez) = az(z2) 0 }
B =0 -fi,,.a% and Bo =[0 — fi, .. a]", where

a1(z2) = fi,in (gtl — ampLassy), az(xs) = fi,,.. (gt —
ampLasgsl) The measurement of output provided by sensors
may be affected by some physical influence such as the angular
velocity of the inverted pendulum. Therefore, similar to the
example in [40], we suppose the output is a function of
system states: y = x1 + 0.01z;z2. Then the output matrices
are Cy(x2) = Ca(x2) = [1 + 0.01z2 0]. The membership
functions are wy(z1) = pp (21) and wa(z1) = ppgz(z1). It
is assumed that both system states x; and xo are unmeasurable.

It can be seen that the premise variable fi(z1) and the
output matrix C;(z2) all depend on unmeasurable system
states x; or x3, and thus Theorem 1 is employed to obtain a
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Fig. 3. Time response of system states of the inverted pendulum with 4
different initial conditions.
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(a) Time response of zi(¢) and (b) Time response of x2(t) and
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Fig. 4. Time response of system states and estimated states for x(0) =
70w O]T
180 :

PFMB observer-controller to stabilize the inverted pendulum.
We choose a1 = 1 x 103, 0 = 1 x 10,8 = 1 x 1072,
Ny(Z2) of degree 0 and 2, M;(&2) of degree 0 and 1,
€1 =69 =1x1073, and e3 = €4 = 1 x 10~7. The polynomial
controller gains are obtained as Gi(%2) = [—1.1623 X
107272 4+ 1.5144 x 103 2.5661 x 107243 + 1.6857 x 10?]
and Go(¥2) = [~1.2124 x 107172 +7.7898 x 10%  2.7568 x
10722 +4-1.0284 x 10?], and the polynomial observer gains are
obtained as L (#5) = [-6.0760 x 1072#5 +1.1223 x 10> —
3.5682 x 10725 + 1.2580 x 10%]T and Ly(#5) = [—6.0760 x
107272 +1.1223x 102 —3.5682 x 10~ 29 +1.2580 x 10%]7.

We apply the above polynomial controller gains and poly-
nomial observer gains to the original dynamic system of
the inverted pendulum (124). Considering 4 different initial
conditions, the inverted pendulum is successfully stabilized
where the time response of system states are shown in Fig.
3. To demonstrate the estimated system states offered by
the polynomial fuzzy observer, we choose one of the above
initiation conditions x(0) = [19% 0] and %(0) = [33% 0]
for demonstration purposes and the estimated system states are
shown in Fig. 4. The corresponding control input is shown in
Fig. 5. It can be seen that the proposed polynomial fuzzy
observer is an effective tool for nonlinear systems to observe
unmeasurable states.

B. Inverted Pendulum with Sampled-Output Measurements

In this example, we consider the same inverted pendulum
in (124). In addition, sampled-output measurements are em-
ployed for the design of PFMB observer-controller where the
sampling interval is chosen to be h = 0.05 seconds. The
output is assumed to be a function of system states: y =
—0.161 7 (x1)+1.1841. Consequently, the output matrices are

1 2
Time ¢ (s)

Fig. 5. Time response of control input u(t) for x(0) = [+2&

d

22(t) (rad/s)

|
e
o

System state xy(t) (rad)

System state

IN
2

o
o
o
o
o

5
Time ¢ (s) Time t (s)

(a) Time response of x1 (). (b) Time response of x2(t).

Fig. 6. Time response of system states of the inverted pendulum with 4
different initial conditions.

C; =[1.1 0]and Cy =10.9 0]. The membership functions
are the same as the first example.

Theorem 2 is employed for the design of PFMB observer-
controller. We choose o1 = 1 x 106,y = 1 x 10%, a3 =
1 x10% a4 = 1 x 10358 = 1 x 1072,y = 1 x 1071,
Ny (Z2) of degree 0 and 2, M;(Z2) of degree 0 and 2,
€1 = €9 =3 = 1 x 1073, and ¢4 = 5 = 1 x 107"
The polynomial controller gains are obtained as Gi(i&2) =
[—2.1745 x 1071#3 + 1.1463 x 103 3.8649 x 107233 +
4.6925 x 102] and Go(%2) = [—2.6277 x 107122 + 5.6804 x
102 7.7914 x 107272 + 1.9794 x 10?], and the polynomial
observer gains are obtained as L (%) = [8.3334 x 10~ 13#3 +
1.5901x10 1.8529x 107112 +2.3319x 10]7 and Ly (#5) =
[6.6685x 1071243 4+1.5901x10  3.0865x 10~ 11 #3+2.3319x
10]7.

The above polynomial controller gains and polynomial
observer gains are applied to the original dynamic system of
the inverted pendulum (124). Considering 4 different initial
conditions, the time response of system states are shown
in Fig. 6 which shows that the inverted pendulum can be
successfully stabilized. Choosing initiation conditions x(0) =
(2% 0]" and x(0) = [22% 0]” for demonstration, the
estimated system states are shown in Fig. 7. The corresponding
sampled output and control input are shown in Fig. 8. As
is exhibited in Fig. 8(a), the measured output is kept to be
constant during the sampling interval. Although the sampling
activity increases the difficulty of controlling the inverted
pendulum, the proposed polynomial fuzzy observer-controller
can successfully stabilize the inverted pendulum using the
sampled-output measurements.

To compare the proposed control strategy with some rel-
evant published papers, the polynomial fuzzy model used
to represent the inverted pendulum is more general than T-
S fuzzy model considered in [40]-[43], [50], [54]-[58]. The
unmeasurable premise variables appeared in these examples
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(a) Time response of z1(¢t) and (b) Time response of x2(t) and
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Fig. 8. Time response of sampled output, estimated sampled output and

control input for x(0) = [ZOTZ; 0T,

provide more freedom for designing polynomial fuzzy model
than measurable premise variables in [44]. Furthermore, one
step design of the observer-controller is achieved instead of
two steps [44] or iterative procedure [50]. The controller is
allowed to be polynomial and the output matrix C is allowed to
be different in each fuzzy rule, both of which are more general
than [53]. Additionally, the maximum sampling interval 0.018
seconds achieved in [50] for the inverted pendulum is exceeded
in this paper benefited from the continuous-time polynomial
fuzzy observer.

The computational time for checking the SOS conditions
of Theorems 1 and 2 for the inverted pendulum are 57.236
seconds and 1994.563 seconds, receptively. The computational
time for higher dimensional system may be more than the
above values.

C. Nonlinear Mass-Spring-Damper System

We follow the same control strategy in previous examples
to stabilize a nonlinear mass-spring-damper system whose
dynamics is given by [61] and stated as follows:

Mi(t) + g(2(t), #(1) + f(x(t)) = $(&()ut),  (125)
where M is the mass; g(x(t),(t)) = D(c1z(t) + c2z(t)® +
cs(t)z(t)), f(z(t) = K(caz(t) + csz(t)® + cox(t)) and
B(i(t)) = 1.4387 + cri(t)? + cg cos (5i(t)) are the damper
nonlinearity, the spring nonlinearity and the input nonlinearity,
respectively; M = D = K = 1l,¢c4 = 0,c0 = 1l,c3 =
—0.3,¢c4 = 0.01,¢5 = 0.1,¢6 = 0.3,¢c7 = —0.03,¢cs = 0.2;
and wu(t) is the force.

I
x(0) = [1 0] =
= \ ---x(0) = [0.50]" =
= 0.5¢ x(0) = [~0.5 0] £
= W\ x(0) = [-10]” =
R
z g
g ' Z
£ 05! 3
i3 %
& &

1 . .
0 5 10 15 20

Time ¢ (s)

(a) Time response of x1 (). (b) Time response of x2(t).

Fig. 9. Time response of system states of the mass-spring-damper system
with 4 different initial conditions.

Time ¢ is dropped from now for simplicity. Denoting 1 and
x9 as x and @, respectively, and x = [r; 2]T, we obtain
the following state space form:

1 = X2,
by = 2 (g(erwa) — (o) +dla)n). (126)

The nonlinear term fi(z2) = cos(bzg) is repre-
sented by sector nonlinearity technique [6] as follows:
J1(@2) = par (#2) f1,0 + 1ar2 (22) f1,0., Where gy (22) =
P2 e 1o (29) = 1= pupgs (22), 1,0 = =1, frs =

lf1 "As gl?él;ult, the nonlinear mass-spring-damper system is
described by a 2-rule polynomial fuzzy model. The system
and input matrices in each rule are given by A;(x) =
As(x) = al(oxl) az(lw) Bi(ws) = [0 by(2)]7, and
Bo(z2) = [0 ba(x2)]”, where ay(21) = — 17 (Der + K (ea+
c6) + Kesal), as(za) = —7(Des + Degad), by(z) =
a7 (14387 + c7a3 + s f1,,., ), ba(w2) = 77 (1.4387 + cra3 +
¢sf1,,..)- In addition, the output matrices are C; = Cy =
[ 0]. The membership functions are wi(z2) = par(22)
and w(z2) = Har? (22).

It can be seen that the premise variable f;(z2) depends
on unmeasurable system state xo, and thus Theorem 1 is
employed to design a PFMB observer-controller to stabilize
the nonlinear mass-spring-damper system. We choose Ny (Z1)
of degree 0 and 2, M (&) of degree 0 and 2, and keep other
settings the same as Section IV-A. The polynomial controller
gains are obtained as G1(#1) = [—1.4754x 107 1% —1.0447 x
10— 4.8074 x 107232 — 3.3439 x 10] and Go(%;) =
[6.4731 x 107242 — 9.8315 x 10— 3.9791 x 10~ 2%? —
3.3442 x 10], and the polynomial observer gains are obtained
as Ly (#2) = [4.1689 x 107373 + 9.2052 x 10% 4.1692 x
107322 4 1.0648 x 103]T and Lo(%2) = [4.1689 x 10732 +
9.2052 x 102 4.1692 x 10732 + 1.0648 x 10%]7.

Considering 4 different initial conditions, the time response
of system states are shown in Fig. 9 which shows that the
nonlinear mass-spring-damper system can be stabilized by
the designed polynomial fuzzy observer-controller. Choosing
initiation conditions x(0) = [1 0]7 and %(0) = [0 0]7 as
an example, the estimated system states are shown in Fig.
10. Consequently, it is feasible to apply the proposed PFMB
observer-control strategy for stabilization of nonlinear systems.

The MATLAB codes for these simulation examples can be
downloaded by the following link: http://www.inf.kcl.ac.uk/
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Fig. 10. Time response of system states and estimated states for x(0) =
1 oT.

staff/hklam/docs/MatlabCodes(paper105).zip. Readers may
use the codes to easily implement the proposed polynomial
fuzzy observer-controllers.

V. CONCLUSION

In this paper, the stability of PFMB observer-control sys-
tem has been investigated. Two classes of PFMB observer-
controllers have been considered. The first class considers
continuous system output in the design while the second class
considers the sampled-output measurements. In both classes,
the polynomial controller gains and polynomial observer gains
are allowed to be a function of estimated states. Moreover, the
premise variables are allowed to be unmeasurable which com-
plicates the stability analysis but enhances the applicability of
the proposed PFMB observer-control scheme. Matrix decou-
pling technique has been employed in the stability analysis to
obtain convex SOS stability conditions. Simulation examples
have been presented to verify the stability analysis results and
demonstrate the effectiveness of the proposed PFMB observer-
control scheme.
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