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Output-Feedback Tracking Control for Polynomial
Fuzzy-Model-Based Control Systems

H. K. Lam, Senior Member, IEEE, and Hongyi Li

Abstract—This paper presents the output-feedback tracking
control of the polynomial fuzzy-model-based control system which
consists of a polynomial fuzzy model representing the nonlinear
plant and an output-feedback polynomial fuzzy controller con-
nected in a closed loop. The output-feedback polynomial fuzzy
controller is employed to drive the system states of the nonlin-
ear plant to follow those of a stable reference model subject to
an H, performance. Based on the Lyapunov stability theory,
sum-of-squares-based stability conditions are obtained to deter-
mine the system stability and facilitate the control synthesis. A
feasible solution can be found numerically using the third-party
Matlab toolbox SOSTOOLS. Simulation results are provided to
demonstrate the merits of the proposed control approach.

Index Terms—Fuzzy tracking control, output feedback, polyno-
mial fuzzy systems, stability analysis, sum of squares.

ONLINEAR control is a challenging task due to the

system nonlinearity is not easily handled in a systematic
way. Many control design methods have been proposed for
nonlinear systems, such as fuzzy control [1]-[11] and neural
network control. Fuzzy-model-based (FMB) control offers an
effectively approach to control the nonlinear plant. With the
T-S fuzzy model [12], [13], a nonlinear plant can be represented
in a general from as a weighted sum of linear sub-systems
which locally describe the system dynamics [14]-[16]. By the
FMB approach, the fault-tolerant control problems have been
investigated in [8], [9]. Based on the local linear sub-system,
a linear sub-controller can be designed. A set of fuzzy rules is
then employed to combine these linear sub-controllers to form
a fuzzy controller [17]. An FMB control system is formed by
connecting the nonlinear plant represented by the T-S fuzzy
model and a fuzzy controller connected in a closed loop. Other
control design results for the T-S fuzzy systems were developed
in [18]-[26].

System stability is one of the essential issues considered in
the FMB control problems. Lyapunov-based approach is the
most popular one to investigate the system stability of the
FMB control systems. In [17], the parallel distributed com-
pensation (PDC) design concept was proposed to design the
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fuzzy controller. Based on the Lyapunov stability theory, the
FMB control system is guaranteed to be asymptotically stable
if there exists a common solution to a set of linear matrix
inequalities (LMIs) [27]. A feasible solution to the LMIs can
be found numerically using convex programming techniques.
By introducing some slack matrix variables [28], the stability
conditions can be relaxed subject to the PDC design approach.
Further relaxation can be achieved with the introduction of
more slack variables in different ways [29], [30]. However,
computational demand for finding the solution will increase.

Sum-of-squares (SOS) decomposition for multivariate poly-
nomials plays an important role to determine positivity of a
polynomial function [31]. If a polynomial function can be
represented in a form of SOS, the polynomial function can be
shown to be positive. This concept is widely used in the stability
analysis using the Lyapunov stability theory. Based on the SOS
decomposition techniques, construction of polynomial Lya-
punov function was formulated as semi-definite programming
[32], which is shown to be an effective technique investigating
the stability analysis and control synthesis problems for control
systems.

Recently, the T-S fuzzy model has been extended to polyno-
mial fuzzy model which allows polynomial variables appearing
in the sub-systems to represent a wider class of nonlinear
plants. Because of the existence of the polynomial variables,
the LMI-based approach is not suitable for stability analysis as
the existing LMI solvers cannot deal with polynomial variables
directly in the LMI-based stability conditions. Instead, SOS-
based analysis approach [32] can be employed. SOS-based
stability conditions were obtained to guarantee the the stability
of the polynomial FMB (PFMB) control systems [33]-[35].
More relaxed SOS-based stability conditions can be found in
[36]. A feasible solution to the SOS-based stability conditions
can be found numerically using the third-party Matlab toolbox
SOSTOOLS [37].

In [33]-[36, 38], [39], only the stabilization control problem
was considered that the system states of the nonlinear plant
are driven to the origin. Compared to the stabilization control
problem, the tracking control problem [40] is more challenging
that a controller is employed to drive the system states of the
nonlinear plant to follow a reference or the system states of a
stable reference model. Adaptive and/or observer-based fuzzy
tracking control were proposed in [41]-[44]. With the adaptive
rules, the parameters of the controller are updated to cope with
the parameter uncertainties. Compared with the fuzzy controller
without adaptive capability, the adaptive fuzzy controller ex-
hibits enhanced robustness property. With the fuzzy observer,
the system output can be used to estimate the system states
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for feedback compensation. Consequently, the tracking control
strategy can be extended to a wider class of nonlinear systems.

In this paper, the output-feedback tracking control problem
for PEFMB control systems is considered under the SOS-based
framework. Unlike the full-state feedback control approach
[40], [43], [45], [46], tracking control is realized using the
system output only. The system stability is investigated based
on the Lyapunov stability theory under the SOS-based analysis
approach. SOS-based stability conditions are derived to guar-
antee the system stability subject to an H,, performance and
facilitate the controller synthesis. In [33]-[35], the membership
functions were not considered in the stability analysis which
lead to conservative stability conditions. It was shown in our
preliminary result [36], [38], [39], [47] that the SOS-based
stability conditions including the membership functions are
able to relax the stability analysis result. In this paper, to
obtain relaxed stability conditions, the membership functions
are considered in the stability analysis.

The organization of this paper is as follows. In Section I,
the PFMB system, stable reference model, and output-feedback
polynomial fuzzy controller are introduced. In Section II, the
stability analysis is carried out based on the Lyapunov stability
theory. SOS-based stability conditions are derived to guarantee
the system stability of the PFMB control systems and aid the
design of the output-feedback polynomial fuzzy controllers. In
Section III, simulation examples are given to show the merits
of the proposed approach. In Section IV, a conclusion is drawn.

I. POLYNOMIAL FuzzYy MODEL, REFERENCE MODEL,
AND POLYNOMIAL Fuzzy CONTROLLER

Throughout the paper, the following notations are adopted
[32]. The monomial in x(t) = [z1(t),z2(t),...,z, ()] is
defined as 2% (£)z92(t) ... 29~ (t), d; is a nonnegative integer,
t=1,2,...,n. The degree of a monomial is defined as d =
>oi, d;. A polynomial p(x(t)) is defined as a finite linear
combination of monomials with real coefficients. A polynomial
p(x(t)) is a sum of squares if it can be written as p(x(t)) =
POYEECT (x(t))* where q;(x(t)) is a polynomial and m is a
non-zero integer. Hence, it can be seen that p(x(t)) > 0 if it is
an SOS. It is stated in [48] that the polynomial p(x(¢)) being
an SOS can be represented in the form of %(t)7 Qx(¢) where Q
is a positive semi-definite matrix. The problem of finding a Q
can be formulated as a semi-definite program. SOSTOOLS is
a third-party Matlab toolbox to find numerically the matrix Q
to solve the solution to SOS programs. The technical details of
SOSTOOLS can be found in [31]. The expressions of M > 0,
M >0, M <0 and M < 0 denote a positive, semi-positive,
negative, semi-negative definite matrix M, respectively.

In this section, we consider a PFMB control system con-
sisting of a nonlinear plant represented by a polynomial fuzzy
model [33], [34] and an output-feedback polynomial fuzzy
controller connected in a closed loop. The output-feedback
polynomial fuzzy controller is employed to drive the system
states of the nonlinear plant to follow those of a stable reference
model. Based on the Lyapunov stability theory, the system
stability of the PFMB control systems is investigated using the
SOS-based approach.
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A. Polynomial Fuzzy Model

Let p be the number of fuzzy rules describing the behavior of
the nonlinear plant. The ¢-th rule is of the following format:

Rule i:1F fi(y(t)) is M{ AND ... AND fq(y(t)) is M,
THEN (1) = A; (x(t)) % (x(£)) +Bi(x()) u(t) (1)

where M} is a fuzzy term of rule i corresponding to the func-
tion fo(x(t)), a=1,2,...,U;i=1,2,...,p; U is a positive
integer; x(t) € R" is the system state vector; y(t) € R is the
output vector; A;(x(t)) € RN and B;(x(t)) € R™™ are
the known polynomial system and input matrices, respectively;
%(x(t)) € RY is a vector of monomials in x(¢); u(t) € R™ is
the input vector. It is assumed that x(x(¢)) = 0 if and only if
x(t) = 0. The system dynamics and output are defined as

x(t)= Z wi (y(1)) (A (x()) % (x(1))+Bi (x(2)) u(t)) (2)
y(t) = Cx(x(t)) 3)

where C € R*¥ is a constant output matrix

> wi(y(1) =1wi (y(1)) > 1¥i 4
i v
pars (fi (¥ (%))
w; (y(t)) = pl:l‘l, Vi (5)
k§1 11;11 o (fi (y(®))

w;(y(t)) is the normalized grade of membership,
pari (fa(y(t))), « =1,2,..., ¥, is the grade of membership
corresponding to the fuzzy term of M.

Remark 1: The polynomial fuzzy model (2) is reduced to the
traditional T-S fuzzy model [28] when A,;(x(t)) and B;(x(¢))
are constant matrices for all ¢ and x(x(¢)) = x(t).

B. Reference Model

A stable reference model is defined as follows:

Xe(t) = ApXy (%0(t)) + Byr(t) (6)
yr(t) = Cxy (x£(2)) (7

where x,(t) € RY is the state vector of the reference model,
% (%.(t)) € RN is a vector of monomials in x,(t) as the
entries, A, € R"*Y and B, € R™*™ are the constant system
and input matrices, respectively, r(t) € R™ is the reference
input vector, y.(t) € R! is the output vector of the reference
model.

Remark 2: The system and input matrices A, and B, are
not limited to be constant matrices. If they are function of
the system states, we have polynomial matrices A (xy(t))
and B, (x,(t)). However, it is required to make sure that the
reference model is stable.
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C. Output-Feedback Polynomial Fuzzy Controller

An output-feedback polynomial fuzzy controller is proposed
to drive the system states of the nonlinear plant in the form of
(2) to follow those of the stable reference model (6). Define the
state error as

e(t) =x(x(t)) — % (xx(2)) - (8)
From (3), (7) and (8), the output error is defined as follows:
ey(t) = y(t) —y:(t) = Cé(?). )

Define h(t) = (y(t),y«(t)). The output-feedback polyno-
mial fuzzy controller is described by the following p rules:

Rule j:IF fy(y(t)) is M{ AND... AND fq(y(t)) is M3,
t

THEN u(t) =F; (h(?)) ey (t)+G; (h(t)) y(t) (10)
where F;(h(t)) € R™N and G;(h(t)) € R™V, j=1,
2,...,p, are the polynomial feedback gains to be determined.

The output-feedback polynomial fuzzy controller is defined as

(1) =>w; (1) (

F; (h(t)) Ce(t)

+G; (h(1)) Cxr (x:(1))) . (1)

Remark 3: The feedback gains F;(h(t)) and G;(h(t)) are
reduced to scalar matrices. That is, F'; and G, when the degree
of polynomial is chosen to be 0.

Remark 4: The polynomial fuzzy controller (11) is an
output-feedback polynomial fuzzy controller and becomes a
full state-feedback polynomial fuzzy controller when C is a full
rank matrix, for example, C = 1.

II. STABILITY ANALYSIS

For brevity, in the following analysis, w;(y(t)) is denoted as
w; and the time ¢ associated with the variables is dropped for
the situation without ambiguity, e.g., h(t), x(t), X(x(t)), x.(t),
%Xe (X2(t)), y(t), yx(t), €(t), ey(t) and r(t) are denoted as h,
X, X(X), Xy, X¢(Xy), ¥, ¥r» €, €y and r, respectively.

Considering the polynomial fuzzy model (2) and the
output-feedback polynomial fuzzy controller (11), with the
property of the membership functions (4), ie., > .7 w; =

i1 2 wiw; =1, we have

Xp:wz x) + Bi(x)F;(h)C) &
+iiwz (x) + Bi(x)G;(h)C) %y (x,). (12)
Denote  x = 71,72, ..., 2,7  and  (x) = [ (x),
#2(x), ..., @n(x)]T. From (12), we have
zp; zp; wiw; (Ai(x) + Bi(x)F;(h)C) &
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where A;(x)=T(x)A;(x), Bi(x)=T(x)B;(x) and T(x) €

RV*™ with its o8 element defined as
0% 4
Top(x) = 2= ) 10 N B=12. . n (4
81‘5
Similarly, denote Xy = [Ty, py, ..., 2, |7 and Xp(xy) =

[Zry (Xp), Trg (X )y - ooy Ty (x,)]*. From (6), we have

;(r(xr) _ 0%y (Xy) dXy

= A_ X B
ox, dt X (Xr) + Ber

(15)
where A, = H(x;)A,, B, = H(x;)B, and H(x,) € RN
with its a5 element defined as
Oy, (Xy)

0z,

= H(x;)X,

Hop(xy) = ,a=1,2.... N;:f=1,2,...,n

(16)

Considering the state error vector (8), from (13) and (15),
we have

i=1 j=1
p P B B
+ Z Z W W (AZ(X) — A,
i=1 j=1
+ Bl(X)G](h)C) %, (%) — Byr. (17)
Define

r—[cT(cc™) " orte(CT)] (18)
where T' € RV*N and ortc(CT) denotes the orthogonal com-
plement of CT49]. It is assumed that T exists in the follow-
ing analysis. From (18), we have

Cr' = [I; 0] (19)
where I; € R*! is the identity matrix.

Remark 5: To facilitate the stability analysis [32], [33], the
row indices that the entries of the entire row of B;(x) for all
are all zeros are denoted by J = {41, jo, ..., j,}. Similarly, the
row indices that the entries of the entire row of B, (x,) are all

zeros are denoted by K = {kq, ka, ..., ks}.

Define 0 < X(x) =X(x)T € RVN, % = (zj,,
Tijyseves Loy Ty, s Trpy - -+ 3 Ty, ). Inspired by [49], we
choose

~\ X11 0
X(x) = { 0 XQQ(i)] (20)

where X1 € %le, ng(f() S RN -Dx(N-1),

Remark 6: Assuming that X (x) > 0 (a nonsingular matrix),
it can be obtained that X (%)~ ! = diag{X |}, X22(X)"'} be-
cause of the inversion of a blockwise matrix. As a result, if
X(x) > 0, both X} and X5 (X) exist.
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The polynomial feedback gains are defined as
F;(h) = M;(h)Xj;, G;(h) = N;(W)Xy QD)

where M;(h) € R™*! and N (h) € R™*L.
Denoting v = I'"'é, (17) can be written as follows:

1-\71

> Zwiwj(F_lAi(x)I‘X(i)

i=1 j=1

v

+ I‘*lf’)i(x)Fj(h)CI‘X(i))X(i)*lI‘*lé
p p
7> wiwy (T (A0 - A ) TX(X)
i=1 j=1
+ r*lﬁi(x)(;j(h)crx@))
X X(%) ' %y (%) — T 1Bt (22)
Referring to (22), with (18)—(21), we have

7(h)CrX(x) = [M;(h) 0]

F (23)
G, (h)CTX(%) = [N, (h) 0].

(24)

With (23) and (24), (22) becomes

V=30 way (I"lAi(x)I‘X(i) FTB(x)

(25)

2 3
where ®;;(x,x,) = [@E;)(x,xr) ‘bgj)(x,xr) @gj)(x,xr)],

®,)) (6, %) =T A (OTX(X) +T 1B ()M, (h) 0],
@ (x, %) =T (A (x)-A ) TX (XHT "B, (x)[N; (h) 0],

) VAl X(f()il{f
@g?)(x,xr):—rflﬁr, z= |2z | = | XX T x| =
Z3 r
X(x)'rle
X (%) x,
r

Remark 7: It can be seen from (23) and (24) that
F;(h)CTX(x) and G;(h)CTX(x) can be reduced to
[M; (h) 0] and [N, (h) 0], respectively, by choosing I" defined
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in (18) leading to property (19), i.e., CI' = [I; 0] and X(X)
defined in (20). As a result, the terms T 'B;(x)[M,(h) 0]
and T'"'B;(x)[N; (h) 0] in ®{}) (x,x,) and @} (x,xy), re-
spectively, depend only on N (h) or M, (h) such that convex
programming techniques can be employed to find their values
numerically.

In the following, the system stability of the error system
of (25) is investigated. Consider the following polynomial
Lyapunov function candidate:

V(t) =vIX(x) V. (26)

From (26), we have

)1
{,T dX(X)

ATX ~N—14X
VH+VIX(X) TV H+ o

Vt)=v v. (27
To deal with the term dX(%)~!/dt in (27) on the right hand
side, the following Lemma [32], [33], is introduced.

Lemma 1: For any invertible polynomial matrix X (x), the

following equality holds:

X(x)"
8wk

Remark 8: Denote Agk)(x e RV, ng) (x) € R™, AP €
RY and BF e ™, i=1,2,...,p, k=1,2,...,n, as the
kth row of A;(x), B;(x), A, and B,, respectively. It
should be noted that A" (x)%(x) and AM (x;)%.(x;)
are scalar polynomials for all k. Furthermore, from (2)
and (6), we have @j => 7 wi(AEk) (x)x(x) —i—BEk)(x)u)
and &, = Agk)f(r(xr) +B£k)r. From Remark 5, we have
OX(x)"1/0x) = 0fork ¢ Jand 0X(x)"!/0z,, = 0fork ¢
K. Consequently, we have &, = > 7_; wiAZ(-k) (x)x(x) for k €
Jand i, = A%, (x,) for k € K which will be used in the
following analysis.

Recalling that X = (%), Tjy, - -+, Tjys Try s Trgy s -+ -5 Ty, )
and considering the term of dX (x)~!/dt in (27), from Lemma
1, Remark 5, and Remark 8, we have

dX(%)!

dt

S OX(x)~' . OX(E)

_1;< v " Oy, T’“)

-3 (0 S ) i)
keJ i=1

From (25), (27) and (28), we have

PP

V(t)zz ZwiwjoEij()g Xp)Z—21 21 +0128 29+052] 73
i=1 j=1

(29)
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=(1D)

Chy (x,Xy) * *
‘I’z(‘?‘) (x,x:)T =0T )

@E?) (x,x:)7 0 —02l
=(11)

=, =@ (x,30) + ) (x,360) T+ T = 34y (0K (%) /0
AP %) = Yk (0X(X)/02,,) A% (xe),
denotes the transposed element at the corresponding position,
o1 and oy are scalars to be determined.

Remark 9: Because the reference model (6) is stable, the
system state x, and the reference input r are bounded. This
property will be employed to construct the following H.,
performance.

Considering

where E;; (x,X,) =

(30)

from (29), we have

V(t) < —2l2) + 022l 2y + 022) z3. 31)

Considering the termination time of control ¢ y[40] and taking
integration on both sides of (31) with respect to time ¢, we
obtain the following H, performance:

fof ZTZI V(O) <1
f(ff (ngQ Zo + 02z3TZ3) dt

(32)

It can be seen from (32) that the tracking performance can be
improved with smaller values of o1 and o5. In order to guaran-
tee the system stability of (25), the inequality of (30) is needed
to be satisfied. The third-party Matlab toolbox SOSTOOLS
[37] is employed to find a feasible solution numerically. As the
membership functions, w;, are treated as symbolic variables by
SOSTOOLS, it is difficult to set up a set of SOS conditions to
specify that the membership functions are positive functions,
ie., 0 <w; < 1. To circumvent the problem, we denote the
membership functions of w; as w%, i=1,2,...,p[35], [47],
[50], [51]. Consequently, the information of w; > 0 can be
carried to the SOSTOOLS by using the symbolic variable of
w? which is obviously a positive function. The analysis result
of the output state-feedback tracking control is summarized in
the following theorem.

Theorem 1: The output-feedback polynomial fuzzy con-
troller (11) is able to drive the system states of the nonlinear
plant in the form of (2) to follow those of the stable refer-
ence model (6) subject to the H,, performance (32) if there
exists pre-defined SOS scalar polynomial functions &1 (X) and
€2(x, Xy, w) and decision variables, i.e., polynomial matrices
X(x)=Xx)T e RV*N in the form of (20), M;(h) €
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RN N;(h) € RN j=1,2,...
ing SOS conditions are satisfied

, p, such that the follow-

v (X(%) — £1(%)) v is SOS,

p p
(S et

(x,%y) +e2(x,%,, W) | pis SOS
i=1 j=1
where w = [’(I)%,’UT)%,. . ';wg], v e RN and pE R2N+m gre

arbitrary vectors independent of x and x,, o7 and o3 in
E,;(x,x;) are pre-defined scalars, and the feedback gains are
defined in (21).

It should be noted that the computational demand for finding
the solution of the SOS-based stability conditions in Theorem 1
will increase when the number of decision variables increases.
Consequently, the third-party Matlab toolbox, SOSTOOLS
[37], cannot produce result even though the SOS-based stability
conditions are feasible. In order to reduce the computational de-
mand for finding the solution, the following Corollary reduced
from the SOS-based stability conditions in Theorem 1 can
be used.

Corollary 1: The output-feedback polynomial fuzzy con-
troller (11) is able to drive the system states of the nonlin-
ear plant in the form of (2) to follow those of the stable
reference model (6) subject to the H,, performance (32) if
there exists pre-defined SOS scalar polynomial functions &1 (X)
and e5(x,x,) and decision variables, i.e., polynomial matri-
ces X(x) = X(x)T € RV*Y in the form of (20), M;(h) €
RN N (h) € RN, j =1,2,...,p, such that the follow-
ing SOS conditions are satisfied:

v (X(%) — 1(%)) v is SOS
— pT (Bij (%, %r) + Eji(x, %p) + £2(%,%;)) p is SOS
Vi=1,2,...,p;i <]

where v € RV, p € R2VN+™ are arbitrary vectors independent
of x and x,, 01 and o5 in E;;(x, x,) are pre-defined scalars,
and the feedback gains are defined in (21).

Corollary 1 can be obtained by considering (29) rewritten as
follows:

P

-

i=1 j=1

wzwjz i (X, %Xr)z

J:
T 2T 2T
— 2121 + 012522 + 0523 Z3

*E Ewwj :.

=1 j=1

(x,%r) + Eji(X,X,) 2

— 27z + 022 2y + 0221 7. (33)

It can be seen from (31) that if the second SOS-based
condition in Corollary 1 is satisfied, we have the inequal-
ity (31) that the PFMB control system satisfies the H
performance (32).
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x1(f) and X, (6]

1 L L L L i L L L
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Time (sec)
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X, (f)and xr‘(t)
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0 10 20 30 40 50 60 70 80 90 100
Time (sec)

(©)

Fig. 1.
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2

xz(t) and X, 6]

L L . L L L . L L
0 10 20 30 40 50 60 70 80 90 100
Time (sec)

®

2

xz(t) and X, ®
o

-0.011

-0.02

-0.03F

-0.04

-0.05

L L . L L L . L L
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Time (sec)

(d

(a) System responses of z1(¢) (Solid line) and ., (¢) (Dotted line) with o1 = 10 and o2 = 10. (b) System responses of z2(¢) (Solid line) and ., (t)

(Dotted line) with o1 = 10 and o2 = 10. (c) System responses of 1 (¢) (Solid line) and x, (t) (Dotted line) with 01 = 7.5 and o2 = 0.1. (d) System responses

of z2(t) (Solid line) and x ., (t) (Dotted line) with oy = 7.5 and o2 = 0.1.

III. SIMULATION EXAMPLES

In this section, three simulation examples are presented to
demonstrate the merits of the proposed approach.

A. Simulation Example 1

Consider a three-rule polynomial fuzzy model
in the form of (2) with the following system,
input and output matrices. X(X) =X, X(Xy) =Xy,

1059 —-0.122y —7.29 — 1.82x; _
Avlen) = [ 0.01 ~2.85 } Azlen) =
0.0242.25z7 —4.64+0.7224 141.3521 +2.3322
{ 0.35 —8.56, }’Bl(“)_[ S5

32(331) _ [870.62w6+0.56w?]’ and C = [1 O]

The membership functions of the polynomial fuzzy model
are chosen as wi(x1) = pip; = et/ (2X05%) and wsy(21) =
piarz =1— wq(x1). The stable reference model is in the form
(6) with the following system and input matrices, and reference
input vector, A, = [0.215 _13.5], B, =[], and r(t) =
2sin(5t).

With the chosen C, based on (18), I' = diag{1,1} is ob-
tained. Theorem 1 is employed to determine the system stability
and feedback gains. To apply the third-party Matlab toolbox
SOSTOOLS [37] for finding the solution numerically, we
choose X (x), M, (h) and N, (h) for all j as constant matrices,
g1 = 0.001 and e9(w) = 0.001(w? + w3)? (please note that
w; and wy are taken as symbolic variables by the SOSTOOLS).

Choosing o1 = 10, o2 = 10, the degrees of the feedback
gains and X(X) as both 0, the feedback gains are found
as F; = —21.2611, Fo = —9.6202, G; = 0.2119 x 102 and
Gy = —0.1219 x 1073, The proposed fuzzy controller (11)
is employed to control the nonlinear plant subject to the
initial condition x(0) = [2 0]7 and x,(0) = [0 0.05]7. The
system state responses are shown in Fig. 1(a) and (b). Choos-
ing 01 =7.5 and o2 = 0.1 to demonstrate how they influ-
ence the H, performance, the feedback gains are found
as F; = —616.2673, Fo = —130.3563, G; = 0.9833 x 10~*
and Gy = —0.5191 x 10~%. The system responses subject to
x(0) = [2 0] and x,(0) = [0 0.05]7 are shown in Fig. 1(c)
and (d). It can be seen that both fuzzy controllers with different
values of o and oy are able to handle the tracking control
problem. However, the smaller the values of o1 and o9, the
better the H, tracking performance governed by (32) can be
achieved.

For comparison purposes, we consider the T-S fuzzy
model representing the nonlinear plant. It can be seen
from the simulation results that x; is within —2 and
2. It is reasonable to consider the operating range of
x1 € [-2,2] for the construction of T-S fuzzy model.
Based on the sector nonlinearity concept, the T-S fuzzy
model has eight rules with the system and input matrices as

. [059—-0.12a1,, —7.29-1.82a,,, B
A= As = { 0.01 —2.85 ]’Az B
_ [0.02+2.25a4,,, —4.64+0.72ay,,, B

Ad = { 0.35 ~8.56 ] As =
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Xy (f)and x £ (f) (rad)

2 4 6 8 10 12 14 16 18 20
time (sec)

(@)

Fig. 2.
0.59 —0.12a;,.  —7.29 — 1.82a;,, B
At [ 0.01 —2.85 ] As =
_[0.02+2.25a,,,, —4.64+0.72a,,, |. _
As = 0.35 ~8.56 > Bi=
14135015, +2.3302,,,, ] B, = [F06201,,+0.5002,,,,]

0
1+1.35a1, ; +2.33a2,,,. _ [80.62a;_, +0.56az2,,, _
Bae - ], By= b 1056020 ] | B

1+1.35a mx+2.33a . __[8-0.62a1,,,, +0.56az . _
Tme me]’ Bg= 1 Zmin | Br=

, Where
ay = —ai,,, =2 and ay,, = —ag,,, = 4. Based on this
T-S fuzzy model, with the same settings above, no feasible
control design can be found.

Remark 10: It can be seen from this example that the PFMB
control approach demonstrates an enhanced feedback compen-
sation capability with less number of rules. Furthermore, unlike
the T-S fuzzy model, in this example, the polynomial fuzzy
model is a global model without necessarily considering the
operating region of x7.

0 0
[1+1.35a1ma6+2.33a2max]’ Bs — [870.62a1ma)6+0.56¢12max]

max min min

B. Simulation Example 2

An inverted pendulum on a cart is considered [17]. The
dynamics of the system is described as follows:
gsin (0(t)) — am, LO(t)? sin (8(t)) cos (0(t))
4L/3 — am, L cos? (6(t))
B acos (0(t)) u(t)
4L/3 — am, L cos? (0(t))

o(t) =

(34)

where 6(t) is the angular displacement of the pendulum, g =
9.8 m/s? is the acceleration due to gravity, my, = 2 kg is the
mass of the pendulum, M. = 8 kg is the mass of the cart, a =
1/(m + M), 2L = 1 m is the length of the pendulum, and w(¢)
is the force applied to the cart.

Denoting 1 (t) and x5 (t) as 6(t) and 0(t), respectively, the
nonlinear plant can be represented by the following state-space
equations:

@1(t) = 2(t) (35)
ia(t) = gsin (z1(t)) — amy, Lo (t)? sin (21 (1)) cos (z1(t))
2 4L/3 — amy, L cos? (z1(t))
B acos (z1(t)) u(t)

4L/3 — amy,Lcos? (z1(t))’

(36)
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x2(1) and X, (f) (rad/s)

2 4 6 8 10 12 14 16 18 20
time (sec)

(b)

(a) System responses of 1 (t) (Solid line) and x, (¢) (Dotted line). (b) System responses of 2 (¢) (Solid line) and x-, (¢) (Dotted line).

In order to construct the polynomial fuzzy model for
the inverted pendulum, we consider that the inverted
pendulum is working in the operating domain of
x1(t) € [-(57/12), (57/12)] leading to fi(x1(t)) =
(cos(a1(1))/(4L/3 — amy L cos(21(1))) € [frins f100) =
[0.3922, 1.7647]. Approximating sin(z1(t)) and tan(zq(t))
by polynomials  sin(zy(t)) ~ szz1(t) + syz1(t)  and
tan(xq(t)) ~ tzz1(t)® + tix1 (1), respectively, where
s3 = —0.1460, s; =0.9897, t3 = 1.0545 and ¢; = 0.6469,
the inverted pendulum (35) is described by a two-rule

polynomial fuzzy model with the following system,

input and output matrices, X(X)=X, X(Xy)=Xp,
0 1 0 1

N B S B N TR
ay

[—flfma]’ By(x) = [ f1 and C = 0 1 , a; =

Frmin (9(ts21(8)* + 1) — amva’Cz( )2(s321(t)> + 1)), @
flmw (g(tg.l?l( ) + f,l) - Clmle‘Q( ) (S3l‘1( ) + 81)) Wlth
the chosen C, the polynomial fuzzy controller is a full-state
feedback polynomial fuzzy controller.

The membership functions are defined as jup1(z1(t)) =

wi(z1(t) = (f1(@1(8) = frree)/ (i = flines) and
para (@1(t)) = wo(z1(t)) =1 — ppp(z1()), which can be
obtained based on the sector nonlinearity concept [17] and
[35]. The stable reference model is chosen as a linear system
with A, = {_04 _14 , B, = [}] and r(t) = 5sin(5). With
the chosen C, based on (18), it gives ' = diag{1,1}.

To lower the computational demand, Corollary 1 is
employed to determine the system stability and feedback
gains. Choosing X (%) as a constant matrix, M ; (h) and N (h)
for all j as polynomial matrices with degree 4; 1 = 0.001
and e5 =0.001; 01 =0.1 and o = 0.5, the feedback
gains are obtained as follows, Fi(x(t)) = [1950.3226 +
1218.8707x1 (t)? + 726.3429x5(t)? + 730.9874x1 (t)2xo(t)?
1871.2828  +  1115.4328x1(t)? + 727.2748z2(t)>  +
730.7731z (t)%22(¢)?], Fo(x(t)) = [774.1495 +
507.445121 (t)? + 361.6092z2(t)2 + 363.5183x1 (t)%x2(t)?
705.2619  +  404.0699z1 ()2 +  362.5726x9(t)% +
363.3356x1 ()22 (t)?], Gi(x(t)) = [134.3825 +
103.3143z1 (1) — 0.994125(1)% +  0.1514x1 (t)%z2(¢)?
70.9777—0.0275x1 ()% +0.000522(¢)2—0.000121 (t) 222 (t)?],
Gao(x(t) = [85.4324+103.3445z1 ()% — 0.9943z4(t)% +
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Fig. 3.
for 0 <t <100 s. (d) Solid line) and -, (¢) (Dotted line) 80 < ¢ < 100 s.

0.1514x1 (t)%22(¢)? 22.0503+0.004121 (£)2+0.0002z2(t)? —
0.0001331 (t)2.’172 (t)Q].

The polynomial fuzzy controller is employed to control
the nonlinear plant subject to the initial condition x(0) =
[57/12 0]7 and x,(0) = [57/24 0.05]T". The system responses
are shown in Fig. 2(a) and (b). It can be seen from the figures
that the system states of the inverted pendulum are able to
follow those of the stable reference model.

Remark 11: In this example, it demonstrates the way con-
structing the polynomial fuzzy model based on a given non-
linear mathematical model. Also, by choosing the matrix C as
the identify matrix, the proposed output-feedback polynomial
fuzzy controller becomes a full-state feedback one.

C. Simulation Example 3

A single-link flexible joint manipulator operating on a verti-
cal plane [52] is considered. The system dynamics of the system
is described by the following state-space equations:

do(t) = z4(t) _ (38)
. _ Ks K’ran Kng
x3(t) = J—hxg(t) - Rm<]2h x;;(t) R, u(t)  (39)
. o Ks Kng Kng
4(t) = = aalt) + T Laa(®) - L)
B )+ ™I G () + 2a(8) (40
Ji Ji

where x1(t) denotes the angular position of the motor, z2(t)
denotes the angular displacement of the flexible joint, z3(t)

(a) 1 (t) (Solid line) and x, (t) (Dotted line) for 0 < ¢ < 100s. (b) 1
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(d

(t) (Solid line) and x;-, () (Dotted line) 80 < ¢ < 100 s. (¢) z2(t) and xr, (t)

denotes the angular velocity of the motor and x4(t) denotes
the angular velocity of the flexible joint; K, = 1.61 (N/m) is
the spring stiffness, .J;, = 0.0021 (Kgm?) is the inertia of hub,
my; = 0.403 (Kg) is the link mass, g = —9.81 (N/m) is the
gravity constant, h = 0.06 (m) is the height of center of gravity,
K,, =0.00767 (N/rad/s) is the motor constant, K, = 100 is
the gear ratio, .J; = 0.0059 (Kgm?) is the load inertia, and
R, = 0.1 () is the motor resistance.

Considering 1 (t) + x2(t) € [—(7/2),(7/2)]  leading
o fi(zi(t)) = ((sin(z1(t) + 22()))/ (21 (2) + 22(t))) €
fimins  fime.) =10, 1], the single-link flexible joint
manipulator can be represented by a two-rule T-S fuzzy
model with the following system, input and output matrices:

-0 0 1 07
0 0 KQK2 1
‘A1 K _Smtyg
O Jh Rth O
2 g2
migh KoK
L flmm J ay Ry, J: 0.
r 0 1 07
0 0 Qg , 1
A2: 0 K _K'ng 0
]h Rth
2 12
mygh Ko Ky
T T T =
0 0
0 0
B1: KnKy s B2= KnKg
Rm J, h Rm J, h
KKy KnKy
L RmJ;L Rth =
1 0 0 O
C =
0100
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Fig. 4.
(d)System responses of 24 (t) (Solid line) and xy., (t).
with
K K f mygh
a1 = — | — + —
1 T J Lmin J,
Ks K mlgh
az = (J J)+f1maz 7

The membership functions are defined as iy (21(1)) =

wi(21(t)) = (f1(@1() = froee)/ F1in = Flina)) and
pars (1(t)) = wo(z1(t)) = 1 — ppgr (z1(¢)), which can be
obtained based on the sector nonlinearity concept [17] and
[35]. The stable reference model is chosen as a linear system
with

0 0 1 0
A 0 0 0 1
*7| —4134.2746  145.7871 —2761.0653 40.4646

4114.1724 —438.7707 2761.0653 —40.4647

(with eigenvalues of —0.0150 4+ 174, —0.0150 — 17¢, —1.5,
and —2800)

0

0
KK,
Ry I

—_—_m_9g

R Jn
r(t) = sin(t).

With the chosen C, based on (18), I' = diag{1,1,1,1}
is obtained. Choosing X(x), M;(h) and Nj;(h) for all j
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(a) x3(t) and @4 (t) for 0 < ¢t < 100 s. (b) x3(t) (Solid line) and x4 (t) (Dotted line) 80 < ¢ < 100 s (¢) x4 (t) and x,, (t) for 0 < ¢t < 100 s.

as constant matrices; ¢; = 0.001 and &5 = 0.001; 01 = 0.1
and o9 = 10, with Corollary 1, the feedback gains are found
as Fy = [—15.3296 2.1752|, Fy = [—15.3368 2.1694], G; =
[-1.1285 — 0.1672] and G2 = [—1.1359 — 0.1730].

The fuzzy controller is employed to control the single-link
flexible joint manipulator subject to the initial condition x(0) =
[1000]7 and x,(0) = [0.50 0 0]T. The system state responses
are shown in Figs. 3 and 4. It can be seen that the fuzzy
controller is able to drive the system states to following those
of the stable reference model.

Remark 12: In this example, all system and input matrices,
and feedback gains are constant. The PFMB control system
becomes a traditional FMB control system consisting of the T-S
fuzzy model and fuzzy controller. It can be seen that the SOS-
based stability conditions can also be applied to the traditional
T-S fuzzy model.

IV. CONCLUSION

The tracking control problem of PFMB control systems has
been investigated. An output-feedback polynomial fuzzy con-
troller has been proposed to drive the system states of the non-
linear plant to follow those of the stable reference model subject
to an H,, performance. The stability of the PFMB control
system has been investigated based on the Lyapunov stability
theory. SOS-based stability conditions have been derived to
guarantee the system stability and facilitate the stable design
of the output-feedback polynomial fuzzy controller. By using
the third-party Matlab toolbox, SOSTOOLS, a feasible solution
to the SOS-based stability conditions can be found numerically.
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Simulation examples have been given to demonstrate the merits
of the proposed approach. In the future, the proposed output-
feedback PFMB control approach can be extended to different
classes of nonlinear systems, e.g., sampled-data and time-delay
systems.
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