IEEE TRANSACTIONS ON SYSTEMS, MAN, AND CYBERNETICS: SYSTEMS, VOL. 51, NO. 12, DECEMBER 2021

7517

Stability Analysis of Discrete-Time Polynomial
Fuzzy-Model-Based Control Systems With
Time Delay and Positivity Constraints
Through Piecewise Taylor Series
Membership Functions

Xiaomiao Li~, Kamyar Mehran

Abstract—This article proposes a novel membership-function
dependent approach for the stability/positivity investigation and
controller design of a nonlinear, discrete-time system with time
delay which is represented by a polynomial fuzzy model to
enhance the accuracy of the approximation. The polynomial
fuzzy controller is designed based on imperfect premise match-
ing design concept and a set of sum of square (SOS)-based
conditions is formulated to check the positivity and stability of
the control system. To relax the conservative SOS-based condi-
tions, we employ piecewise Taylor series membership functions
(PTSMFs) and introduce the membership function knowledge
into the stability conditions. Slack matrices are used to represent
the membership function and premise variable knowledge, which
contains: 1) regional approximation error between PTSMFs and
original membership functions; 2) regional bounds of PTSMFs;
and 3) the property knowledge of interpolation membership func-
tion of PTSMFs and regional bounds of premise variables. A
simulation example is finally given to verify our novel stabil-
ity/positivity conditions and discrete-time polynomial fuzzy (DPF)
controller design.

Index Terms—Discrete-time polynomial fuzzy (DPF) control
systems, imperfect premise match design, piecewise Taylor series
membership functions (PTSMFs), stability and positivity analysis,
sum of squares (SOSs), time delay.

I. INTRODUCTION

OSITIVE systems, referring to one type of systems whose
system states always work in positive space with non-
negative initial condition [1]-[4]. The theoretical study of

Manuscript received August 19, 2019; revised November 30, 2019; accepted
January 18, 2020. Date of publication February 10, 2020; date of current ver-
sion November 18, 2021. This work was supported in part by the Queen
Mary University of London, in part by the Natural Science Foundation of
Hebei Province under Project F2019203505, and in part by the Chinese
Scholarship Council. This article was recommended by Associate Editor
X. Zhao. (Corresponding author: Xiaomiao Li.)

Xiaomiao Li and Kamyar Mehran are with the School of Electronic
Engineering and Computer Science, Queen Mary University of
London, London El1 4NS, UK. (e-mail: xiaomiao.li@gmul.ac.uk;
k.mehran@qmul.ac.uk).

Zhiyong Bao is with the School of Electrical Engineering, Yanshan
University, Qinghuangdao 066004, China (e-mail: yanshanbzy @ 163.com).

Color versions of one or more figures in this article are available at
https://doi.org/10.1109/TSMC.2020.2969095.

Digital Object Identifier 10.1109/TSMC.2020.2969095

, Member, IEEE, and Zhiyong Bao

positive systems has become important since the dynamical
process in chemical reactor, heat exchanges, and storage
systems can be effectively modeled with systems whose
state variables are non-negative. However, such processes are
always involved with time delays which can be a root cause of
poor performance and even instability in such systems [5], [6].
Therefore, any realistic dynamical positive model must include
the time delay into stability investigation and control synthesis
of positive nonlinear systems.

For now, different efficient control methods have been
employed to control nonlinear system, such as neural con-
trol [7], [8], fuzzy control [9]-[14], and so on. To model a
discrete-time positive nonlinear system with time delay, the
Takagi—Sugeno (T-S) fuzzy model [15], [16], has been widely
used as a valid method to describe the positive nonlinear
plant by a combination of local linear subsystems summed up
through membership functions under traditional sector non-
linearity technique [17], [18]. The advantage of T-S fuzzy
approximation is that a T-S fuzzy model is a convex combi-
nation of a set of local linear subsystems. As a result, all the
linear methods can be applicable to a nonlinear system repre-
sented by a T-S fuzzy model [19]. Another advantage is that
positivity and stability conditions can be formulated as lin-
ear matrix inequalities (LMIs) conditions which can be solved
numerically by convex technique [15], [20]. In the design of
a T-S model-based fuzzy controller, perfect premise matching
design concept is typically used [15], [16], [21], [22] where
the fuzzy controller must share the same number of rules and
membership functions with the T-S fuzzy model. In this way,
the feedback gains of the controller are obtained by using the
LMI stability and positivity conditions instead of predefined
design methods such as pole placement. However, this may
impose constraints on designing controllers (a large number
of fuzzy rules).

Recently, the polynomial fuzzy models gained a consider-
able attention since they are able to describe nonlinear systems
by a set of local polynomial subsystems weighted by mem-
bership functions through Taylor series expansion [23]-[26].
However, so far, there has been only an attempt [27] to
use the polynomial fuzzy model for modeling a discrete-time
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positive nonlinear system with time delay. Polynomial models
substantially improve the approximation capability compared
with basic T-S fuzzy models as they need a smaller num-
ber of fuzzy rules by keeping the nonlinear polynomial terms.
Moreover, positivity and stability conditions for polynomial
fuzzy control design can be numerically formulated using
more powerful techniques called the sum of squares (SOSs)
instead of LMIs [28]-[31]. To remove the constraints imposed
by perfect premise matching design concept, we use imperfect
premise matching design concept [23], [32] to allow the num-
ber of rules and membership functions of the controller and
the ones of the model to be different. In this way, the flexibil-
ity designing controller is improved. However, as employing
imperfect premise matching design concept, cross terms of
membership functions which can group Lyapunov inequalities
in perfect premise matching design cannot be applied any-
more, therefore, it leads to the conservativeness of stability
analysis.

To relax the stability conditions for positive discrete-time
polynomial fuzzy (DPF) control systems with time delay based
on imperfect premise matching design concept, there are two
methods that we can follow. One is to attempt various kinds
of Lyapunov function candidates, and the other is introducing
the membership function knowledge via slack matrices into the
stability analysis. In the first direction, quadratic Lyapunov—
Krasovskii function is frequently utilized in the literature to
formulate the stability conditions [16], [33]. A new form
of Lyapunov function candidate, i.e., co-positive Lyapunov—
Krasovskii function (CLKF), is also proposed [20], [34] which
consider the property of a positive nonlinear system to relax
a conservative stability formulation. The major advantage
of CLKF are that the resulting stability conditions is time-
delay independent [4], [16]. The other approach, where the
membership function knowledge is employed to relax the sta-
bility conditions [23], [24], [32], [35]-[37], a limited work
can be found toward relaxing the conservative formulation
for continuous positive polynomial fuzzy systems with time
delay [25], [26]. In [25], the membership function knowledge
is considered through piecewise linear membership functions,
and in [26], the membership functions are represented as
symbol variables carrying the positive grade of membership
functions into the stability analysis. As for positive DPF
systems with time delay, there is only an attempt in the
work [27] to relax the stability analysis by approximated
membership functions.

In this article, inspired by the works in [35], [38], and [39],
we propose to employ piecewise Taylor series membership
functions (PTSMFs) for the stability/positivity analysis of
DPF closed-loop systems with time delay. Compared with
piecewise linear membership functions which estimate the
grades of membership based on linear interpolation tech-
nique [25], [27], PTSMFs obtain polynomial functions based
on Taylor series expansion corresponding to predetermined
sample points to replace the original grades of membership.
Therefore, PTSMFs are able to show high approximation accu-
racy where the approximation error between PTSMFs and the
original membership functions depend on the Taylor series
expansion degree and the gap of sample points. To further
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relax stability conditions, instead of introducing global mem-
bership function and premise variable knowledge among the
overall state space [25], [27], [35], we propose to introduce
new information into the stability analysis. This information
includes: 1) the regional bounds of PTSMFs; 2) the property
knowledge of interpolation membership function of PTSMFs
and regional bounds of premise variables corresponding to
each substate region; and 3) the regional approximation error
between PTSMFs and original membership functions. In this
way, additional information can be brought into stability and
positivity investigation and as a result more relaxed stability
and positivity conditions can be obtained.

To summarize the contribution of this article as follows.

1) Imperfect premise matching method is employed to
conduct the stability and positivity analysis of a DPF
closed-loop system with time delay,

2) PTSMFs will be employed to bring membership func-
tion knowledge, i.e., the regional approximated error of
PTSMFs into the stability analysis,

3) With employing PTSMFs, slack matrices carry the
regional bounds of PTSMFs, the property knowledge
of interpolation membership function of PTSMFs and
regional bounds of premise variables on stability anal-
ysis to further improve the relaxedness of stability
conditions.

The remaining structure of this article is organized as fol-
lows. Section II gives the descriptions of DPF model and
controller based on the imperfect premise matching design
concept. In Section III, membership-function-dependent sta-
bility and positivity conditions is proposed which contain the
regional approximated error between PTSMFs and original
ones, the regional bounds of PTSMFs, the property knowl-
edge of interpolation membership function of PTSMFs and
bounds of premise variables. In Section IV, a simulation exam-
ple is provided to demonstrate the merit of the proposed
stability/positivity theorem. Section V provided a conclusion.

II. NOTATIONS AND PRELIMINARIES
A. Notation

The following notations are employed in this article.

1) One term x{] (,o)xg2 ) .. .xj:{‘(p) with  degree
f = Yi.fi is defined as monomial of
x(p) = [xi(p)x2(p), ..., xa(p)],  where f,
ie{l,2,...,n} a non-negative integer.

2) Polynomial q(x(p)) is considered as an expression with
a linear combination of monomials by real coefficients.
Polynomial q(x(p)) is defined as an SOS if it can be rep-
resented by q(x(p)) = X1 p;(x(p))*, where p;(x(p))
is a monomial and m € Z™. Obviously, SOS formulation
implying q(x(p)) > 0.

3) Y >0,Y>=0,Y <0, and Y < O denote positivity,
semipositivity, negativity, and seminegativity for each
element of the matrix Y, respectively.

4H n = {1,2,...,n}, s = {1,2,...,s}, and
j = {1,2,...,j} represent the system state num-
ber of fuzzy model, the rule number of fuzzy
model, and the rule number of fuzzy -controller,
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respectively, where n,s,j € ZT. I = {1,2,....1},
where | € Z% is the time delay. w(x(p)) =
[wi(x(p)), w2 (x(p)), ..., wa(x(p))],d € s and
m(x(p)) = [mi(x(p)), ma(x(p)), ..., mc(X(p))],c € j
are defined as the normalized membership functions of
fuzzy model and fuzzy controller, respectively.

B. DPF Model With Time Delay

Now, the description of the discrete-time nonlinear plant
with time delay is given by s rules polynomial fuzzy model.
The dth rule subsystem formulation is provided as

Rule d: IF fi(x(p)) is M{ AND .- AND fy (x(p)) is M%,
THEN x(p + 1) = Ago(x(0))x(p)

I
+ ) Aux(p — ) + Ba(x(p)u(p) (1)

i=1
X(p) =Y(p), p = [—Tmax, 0] 2)
where fuzzy set is defined as M¢ in rule d for function
Jox(p)), g =1{1,2,..., ¥}, W € Z™; Y(p) is the initial con-
dition of system states; x(p) € N", u(p) € R, Ago(x(p)) €
RN Ay o€ R and By(x(p)) € RN are known state
vector, control input vector, polynomial system, time delay,
and input matrices, respectively. t;, i € [ = {1,2,...,1}, is the

time delay. The system dynamics is described as

s l
x(p+1) =Y wa(x(p)) <Ad0(X(P))X(P) + Y Aux(p — 1)

d=1 i=1

+ Bd(X(p))u(p)> 3

where w;(x(p)) is defined as the normalized membership
grade and

[l g (fax(e))
- H;pzl Mgk (fi(x(0))) B

wa(x(p)) =

> walx(p)) =1

d=1
and pLMg(fq(X(p))) is the membership grade for fuzzy

term M.

Definition 1 [20]: The positivity definition of a system
means when the non-negative initial condition Y(-) > 0,
the trajectory of system states x(o) continue work in positive
space for all p = 0.

Lemma I [20]: The open loop DPF system with time
delay (3) with u(p) = 0 is originally positive when the system
matrices Ago(x(p)) = 0 and time delay matrices Ay; = O.

C. DPF State-Feed-Back Controller
Based on the imperfect premise matching design concept,
the cth rule local formulation of polynomial fuzzy controller
is provided
IF g1(x(p)) is Nf AND--- AND gqo(x(p)) is Ng
THEN u(p) = G¢(x(0))x(p) “)

Rule c:
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where fuzzy set is defined as N; in rule j for function g;(x(p))
and [ = {1,2,...,9Q}, Q € Z; G.(x(p)) € RN, ¢ € j,
represents the polynomial feedback gain of fuzzy controller.
The output of polynomial fuzzy controller is defined

J
u(p) = ch(X(p))Gc(X(p))X(p) (&)

c=1

where m.(x(p)) represents the normalized membership grade
and

[ i @ x0))
Yt TTE s g (a1x(0))

me(x(p)) =

J
> me(x(p)) = 1
c=1
where AN (g1(x(p))) is defined as the membership grade for
fuzzy set Nj.

Remark 1: In the imperfect premise matching design con-
cept, we let the membership function m;(x(k)) of the PFMB
controller to be freely chosen as m;(x(k)) # w;(x(k)) for
any p # c. Therefore, even though we confront the situation
that a large number of rules and/or complicated membership
functions fuzzy model, we still can design a smaller num-
ber of rules and/or simple membership functions controller.
Therefore, the imperfect premise matching design concept
offers the greatest design flexibility of designing polynomial
fuzzy controller and further reduces the implementation cost.

III. POSITIVITY AND STABILITY ANALYSIS

The DPF closed-loop system with time delay is formed
by substituting the polynomial fuzzy controller (5) into the
polynomial fuzzy model (3)

s
x(p+1) =YY walx(p))me(x(p))

d=1 c=1

X ((Ado(X(p)) + Ba(x(0))Ge(x(0)))x(p)

1
+D Aax(p — n)) : ©)
i=1

Assumption 1: Ag = 0 should be satisfied for the poly-
nomial fuzzy model (3), otherwise, no polynomial fuzzy
controller can be founded to guarantee the positivity of DPF
closed-loop system with time delay.

Lemma 2 [20]: For the DPF closed-loop system with time
delay (6), positivity for Y(-) > 0 means Ag(x(p)) +
By (x(0))Gc(x(p)) = 0 and Ag; = 0.

Remark 2: Based on the imperfect premise matching design
concept, the shape polynomial fuzzy controller membership
function m.(x(p)) and fuzzy model membership function
wa(x(p)) satisfy mc(x(p)) # wa(x(p)) for ¢ # d.

Remark 3: A great deal of work has been done in [33]
to ease the stability and positivity analysis for the nonlinear
system using duality principals and dual system equivalence
of stability. Since the stability conditions between two systems
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under duality are equivalent, we transfer the original system
to a dual equivalent system whose matrices are transposed
compared with the original system. The advantage of doing
so is that using a dual system equivalent, we can get an inte-
grated formulation and cancelation of time delay during the
investigation of Lyapunov stability analysis.

The dual system formulation of (6) is demonstrated as
follows:

N

J
x(p+1) =Y wax(p)me(x(p))

d=1 c=1
+ Ba(x(0)Gc(x(0)) x(p)

I
x ((Ado@(p)) + ) Alx(p - m)). (7)

i=1

The equivalence of stability conditions for the original
system and its dual system is proved in the following.

Proof: The nonlinear DPF closed-loop system with time
delay (6) can be re-expressed by

s J 1
X(p+1) =YY" walx(p)me(x(p))

d=1c=1 i=0
X (Edqci(x(p)x(p — 1)) ®)

where 79 = 0, for i = 0,Ea0(x(p)) = (Ado(x(p)) +
Ba(x(0))Gc(x(p))), for i = 1,..., 1, Eqi = Agi, (8) can be
re-expressed by

s J 1
Xp+D=) > >
d=1 c=1 i=0
X Wapme(x(o)) Eac(x(pYx(p = )

SYYY Y Y Y

p—lcﬂ—] l/,—ldﬂ 1= lcpl llpl 1

x Z Z Z wa(X(p))me(X(p))

do=1 cp=1ip=1
X wa, | (x(p — D)mg, ,(x(p— 1))+
X Wiy (x(0))me, (x(0))

X (Edu(x(,@) X Edpflcpflipfl(x(lo - 1)) e

X Egyepiop (x(0)) x X(—‘L’i — T, — ‘L’,’O)).
9)
For the dual system (7), we can rewrite the term as
s J 1
X(p+1) =YY" wax(p)me(x(p))
d=1 c=1 i=0
x (Ef;(x(0)x(p — ). (10)

Equation (10) can be re-expressed by

s J 1
X(p+1) =) ) Y wax(p)me(x(p))

d=1 c=1 i=0
x (EL:(x(0)x(p — 7))
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YYY Y Y

p_lcp_llp_ldp 1= lcp 1=1

Y YT st

ip—1=1 do=1co=1ip=1
X Wa,  (X(p = D)me,  (x(p = 1)) - -
X Wiy (X(0))me, (x(0))
X (Egci<x(p) X Egp_lcp_li,)_l x(p—1))---

X B 0o X(0) x X(—=1; — 7, — -+ ‘L’io)).

(11

Assuming the dual system (11) is stable with initial con-

dition x(0) = Y(0) > 0 and X(—-7 — 7, , — - Tj) =

Y(—1; — Ti,, — - 7jy) =0, then x(p +1) - 0 as p — oo.
Therefore, we can conclude that

Bl (x(0) < E] . (x(o— 1))

< Ejj 0o (x(0)) > 0. (12)
Considering (12), we can rewrite the term as
(Ed()coio(x(o)) X Edpflcpflipfl (x(p — 1)
x Eaei(x(p)))" = 0 (13)

and (13) implies to

Edpeoio X)) X Eq, e, 11, (x(p — 1)) x Eqi(x(p)) = 0.
(14)

As can be seen from the terms (14) and (8), the polynomial
fuzzy controller (5) based on the imperfect premise matching
method can stabilize the original system (6) as well as its dual
equivalent controller system in (7). |

A. Positivity Analysis

Remark 4: Based on Lemma 2, the positivity SOS-based
conditions for DPF closed-loop system with time delay are
summarized from (32) to (34) in Theorem 1.

B. Piecewise Taylor Series Membership Function

To relax the stability conditions for the DPF closed-loop
system with time delay, different methods of constructing
approximated membership functions, such as staircase mem-
bership function and piecewise linear membership function
have been utilized to include membership function knowledge
to the stability analysis [25], [40]. As mentioned in Section I,
to reduce the approximation error, we propose to employ
PTSMFs here to relax the stability conditions. Since we use
Taylor series expansion polynomial functions to construct the
PTSMFs, first, the certain number of sample points are cho-
sen from membership functions. Then Taylor series expansion
is employed to get a corresponding polynomial function at
every sample point. For every two adjacent sample points,
one interpolation function is designed to connect with Taylor
series expansion polynomial functions. Finally, PTSMFs are
obtained to approximate the original membership functions.
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The construction process of PTSMFs will be demonstrated
numerically in the following. Considering a nonlinear systems
with system states x(p) = [x1(p),x2(p),...,xn(p)] and
x(p) € 8, § € N is overall system state space. For the wth
system state x (p), the corresponding region is partitioned
e, connected subregions by sample points. We then define
the overall state space such that it is partitioned e connected
subregions in the state space denoted as &, g = 1,2,...,e.
Based on above definition, define the whole state space with
subregions § = U;‘:lég, e = [15_ ew. Since x4 (p) is con-
fined to the e, subregion in the range of adjacent sample
points X 1g t0 Xz2g, WE can construct each subregion §, pos-
sesses 2" end points and [], _,(es + 1) sample points for
overall state space.

We define h4c(x(p)) = wa(x(p))me(x(p)) where wa(x(p))
and m.(x(p)) are original membership functions of the poly-
nomial fuzzy model and controller, respectively. The formation
of PTSMFs fzdcg(x(p)) when x(p) € &, is given as

2 2 2 n
hdcg(x(,o) = Z Z s Z l_[ 0w gy g Xar (0))
1=1g=1

=1 =1
X (pdcqlliz“‘qng(x(p)) (15)

where Qqcq,¢;---g,4 (X(p)) is Taylor series expansion polynomial
function for original membership function hg4.(X(p)) corre-
sponding to sample points Xmgmg. The term 0wy, ¢(Xw (0))
serves as a function of connecting adjacent two Taylor
series expansion polynomial functions together satisfies 0 <
0w qwg(Xw (P)) < 1 and 04 14X (0)) + 0w2g (X (0)) = 1.

In the process of Taylor series expansion polynomial
function @gcq,¢--g,g(X(0)), the formulation of Taylor series
expansion is first considered

00 k
nx(p) = o (Z(mp) X005 (p)>

pari
X X (e (p)=xp0, 7 =1,2,....7)

(16)

where n(x(p)) represents an arbitrary function of x(p),
[(*n(x(p)))/(3xs (p))] is the constant value by conducting
kth partial derivative of n(x(p)) corresponding to X, (p) and
replacing variable x4 (o) with expansion points X5 0, @ =
1,2,...,n

Based on the Taylor series expansion technique introduced
above, Taylor expansion for original membership function
hac(x(p)) = wa(X(p))m:(x(p)) on the sample points Xogwg
can be described by

T—1 1 n a ‘
Gdeqrgr-aus(X(P)) = ) (Z (¥er (0) = Forgng) 35— (,0))

k=0 =1
X hdc(x(p))|(xm(p)=xmqmg,w=],2,...,n)
(17)

where t is the Taylor series expansion degree, meaning the
Taylor series expansion polynomial function ¢g,4,...q,s(X(0))
is obtained with t — 1 degree of state variables x(p).
OwqwgXw (0)) is used to connect adjacent sample points
Xz 1g and Xg2g. Based on interpolation technique, when x(p) €

7521
84, we have following relationship:
Pdcq1gy-2--g08 X(P)) — hacg (X(p))
Xor2g — Xor (»)
_ Vdeqiqa-+-2--q,8 X(0)) — Qdeqigy-1-qng X(P)) (18)

Xw2g — Xwlg

where we choose g = 1 and g = 2 for @ucq, gy---1---g,g (X(0))

and Qqcq;gy--2--g,g(X(0)), respectively.
Comparing (18) with (15), we can get

— X ()
—Xwlg

Xor2
leg(xw(p)) ===
Xor2g

Cw2g(Xwr (P)) =1 = Qw13 (Xer (P))- 19)

Now, PTSMFs are obtained by substituting (17) and (19)
into (15).

C. SOS-Based Stability Analysis

Subject to positivity conditions based on Remark 4, the
following polynomial CLKF is employed to investigate the
stability of (7)

[

) T
V) =x"(em+ YD Y (x(o — ) Aum)  (20)

m=1 i=1 g=1

where 1 = [n1, 72, ..., n,]" > 0.
Considering the terms (7) and (20), we have

AV(x(p)) = V(x(p + 1)) = V(x(p))

s ]
=3 wax(p)me(x(p))

d=1 c=1

x (XT(p)(Ado(X(p)) + By (x(0))Gc(x(0)))

I
+x'(p— ) ZAdi)ﬂ

i=1

s 1
+ Y (x(0) Ami = x(p — ) Ai)n
m=1 i=1

—x" (o). 2D

Since the membership functions of the polynomial fuzzy
model and fuzzy controllers wg(x(p)) and m.(x(p)) satisfy
the property 0 < wy(x(p)) < 1 and 0 < m.(x(p)) < 1 for
d € s, c € j, therefore, we get

s
AVX(p) = YD wa(x(p))me(x(p))

d=1 c=1
x (x"(0)(Ado(x(p)) + Ba(x(p))Ge(x(0)))) 7

s 1
+ Z ZXT(,O — ) Agn — X" (p)n

d=1 i=1

K l
) (x(0)" A = x(p — )T Awi)

m=1 i=1
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s ]
< YD wax(p)me(x(p))

d=1 c=1
x (x"(p)(Ado(x(0)) + Ba(x(0))Ge(x(p)))) 1
—x"(p)n

s 1
+> D x(p) Ay

m=1 i=1

N J
= 2D wax(p)me(x(p))x" (p)

d=1 c=1

X ((AdO(X(P)) + Ba(x(0)Gc(x(0))

s 1

-+ ZAmm>
m=1 i=1

)

J
Z wa(x(p))me(x(p))X" (p)

c=1

K 1
(Ado(x(p» +>°> Am,) 0

m=1 i=1

Q_
,_.

+ Ba(x(p) Y Al (x(p)) — n)

w=1
s

J
> wax(0))me(x(p)x" (0)Que (x(p))

d=1 c=1
(22)
where
s 1
Quc(x(p)) = (Ado<x<p)> +y 3 Am,) 7
m=1 i=1
+ Ba(x(p)) D ALx(p) — 1
w=1
T

= [aF <o, a8 (o). ... g xon | 23)

the polynomial fuzzy controller is

G.(x(p)) = [Ai’(;(l(p))’ AE(:;[)))’ A;(:(p))}

» AL (x(p)) € W™ for ¢ € j are to be

ATx(p), A3 (x(p)), .
determined.

Remark 5: Based on Lyapunov stability theory, the asymp-
totic stability of the dual system (7) can be realized through
V(p) > 0 and AV(x(p)) < 0 (not include x(p) = 0) which
can be obtained through ch(x(,o)) <Ofordes,cejken.

Remark 6: The positivity and stability of DPF closed-loop
system (6) is guaranteed if positivity conditions in Remark 4
and the stability conditions qﬁc(x(p)) <0Ofordes,cej ke
n are satisfied together as equivalence of stability between
the DPF closed-loop system with time delay (6) and its dual
system (7).

Remark 7: The polynomial fuzzy controller can be syn-
thesized to control the closed-loop system (6) positive and
stable by solving the basic SOS-based positivity and stability
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conditions provided by Remark 6. However, the membership
function knowledge wq(x(p)) and m.(x(p)) are not considered
leading to potentially conservative stability results.

Now, we relax the stability conditions by including the
membership function knowledge via: 1) the regional approx-
imation error between original membership functions and
PTSMFs; 2) the regional bounds of PTSMFs; and 3) the
property knowledge of interpolation membership function of
PTSMFs and bounds of premise variables.

First, the membership function knowledge is introduced
into stability analysis by the regional approximation error
between the original membership functions and PTSMFs.
The approximation error is defined as Ahg(x(p)) =
wa(X(p))me(X(p)) — hacg(x(p)) when x(p) € &, We also
define Qng < Ahgceg(X(p)) < 84cg Where éd and d4¢ are the
lower and upper bound of approximation error Ahgeg(x(0)) to
be determined. Now using the term (22), we can change the
AV(x(p)) to

AV (x(p))

e s ]
=x"(0)| D &x(0) DY hacg(x(p)) x Quc(x(p))

g=1 d=1c=1
e s J
+ 60 30 D (wax()me(x(p))
g=1 d=1 c=1

- /:ldcg(x(,o)) + (édcg —dcg))QdC(X(p))

s j e
=x"(0)| 32D 2 &x(0)) (g (X(0)) + 8e5) Que (X(0)
d=1 c=1 g=1
s ] e
+ D020 D (o)) (A (x(0)) — by
d=1 c=1 g=1

X Qac(x(p)) (24)

where &,(x(p)) satisfies &;(x(p)) = 1,x(p) € &, g =
1,2,...,e, otherwise, & (x(p)) = 0.
If we define slack matrix 0 <

d d chg (X(P)) =
D8 (x(0)), Y5 8 (x(0)), . ..

2% (x(p))]" € N, and

D E(x(0)) Yaeg ((p)) — Que(x(p)) = 0

g=1

Then we rewrite the term (24) as

AV(x(p))

e s
= x"(0) 2 x| 20D (hace &K(0)) + 8 ) Quex(p))
g=1 d=1 c=1
s
+ 303 (B — B ) Yaes 300
d=1 c=1
25)
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Compared to the inclusion of the global approximation error
in the stability conditions defined on the entire state space, the
regional lower and upper approximation error corresponding to
each subregion provides more information from membership
function in the stability analysis which leads to a more relaxed
and feasible conditions.

Then, in order to obtain more relax the stability condi-
tion, the regional lower and upper boundary of PTSMFs
corresponding to each subregion §, are brought into stabil-
ity analysis. We define gdcg < }Azdcg(x(,o)) < Edcg where Edcg
and ¢ 4., are the regional lower and upper bounds of PTSMFs
izdcg(x(,o)) when x(p) € §;. The following inequalities hold:

Z £,(x(p)) Z Z(cdcg hdcg(xw)))sdcg(x(p))

=1 d=1 c=1
(26)
N J
ng(x(p» D3 (Faes <o) = €., )SScs x(0)) = O
g=1 d=1 c=1
@7

where 0 < Sgee(x(p)) € N"
polynomial vectors.

In addition to regional lower and upper boundary from
PTSMFs, the property knowledge of interpolation member-
ship function of PTSMFs are brought into stability analysis
to further reduce the conservativeness of stability conditions.
Referring to the expression of interpolation membership func-
tion of PTSMFs (19), we know that 0uq,,¢(xm (0)) satisfies
> e—1 6 (x(0)) 231:1 252:1 " ‘thzl [1%=1 0w s (e (0))

= 1, therefore, we have

ng(x(p» Z Z Z H 0oy X (P))

gi=l1g=1  g=lw=1
_quwg) g(X(:O)):O

and 0 < SSyce(x(p)) € R* are

X (xa (0) (28)

where T, (x(p)) € N" is an arbitrary polynomial vectors.

Other than approximated error and regional boundary
knowledge from PTSMFs and property knowledge from inter-
polation membership function of PTSMFs which can be
considered as membership dependent stability analysis, we
will introduce the premise variable regional boundary knowl-
edge corresponding to subregion §; to further relax the stability
analysis. As we defined before, for nonlinear systems with
system states x(p) = [x1(p),x2(p),...,xn(p)], the wth
system state x, (p), the corresponding region is divided into
dz connected subregions by sample points X gmg. We divide
the overall state space into e connected subregion which are
denoted as 8,, ¢ = 1,2,...,e. Considering x5 (p) which is
confined to the d th subregion under the range from adjacent
sample points X1, t0 Xz2g, WE can have

D Ex(0) (x5 (0) = x)1) (xy26 — %, (0)) U, (x(p)) = 0
g=1 J=1
(29)

where 0 < U, (x(p)) € R" is polynomial vector.
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Considering the terms (25) to (29) and (15), we have the
following inequality:

AV(x(p))

<x'(p) ng<x<p)> Z

q1=1
2

x Y Z ]‘[ 0 gors (X ()

=1 gn=1w=1
s

% 30" ((Pacaign-ane K0 + 8400 ) Que(x(0))

d=1 c=1
+ (i = Bacg ) Yaeg (X(0))
+ (Edcg - (Pdcqlqzmqng(x(p)))sdcg(X(P))
+ (9deqigr-aneK(PD) = € 1., )SSacs X(0))

+ (xw (p) — qumg)Tg(X(P))
+ Z(XJ () = xflg)

J=1

X (x)26 = 3,(0) U (X(0))). (30)

According to (30), we can achieve AV(x(p)) < 0 by

ZZ (acaras--ans K0))+8.10¢ ) Que (x(0))+ (Sueg 8y )

d=1 c=1
X chg(x(p))"'(Edcg_(/’dcqlqz---qng(x(p)))sdcg(X(p))
+ (¢deaar-ane (0D = £ 5., ) SSace (x(0)

+ (%0 (0) = Xargng) X Tg(x(p))

+ (%, (0) = x;16) (%26 — %, (0)) U g (x(p))| < 0
J=1
31)

guaranteeing the stability of DPF closed-loop system with
time delay (6). From (31), together with guaranteed positivity
based on Remark 4, the positivity of DPF closed-loop system
with time delay (6) is guaranteed if the following theorem is
satisfied.

Theorem 1: For the DPF closed-loop system with time
delay (6), positivity and asymptotically stability can be guaran-
teed if there exist n € R" and AS (x(p)) e W forcejwen
and polynomial vectors Y e, (x(p)) € RH", Sdcg(x(p))_ e N,
SSuce(x(p)) € R, Te(x(p)) € N, U,p(x(p)) € N" and the
following SOS-based conditions together with Remark 4 are
satisfied:

nk —&11s SOS, ke n (32)
) (x(p)mk + b (x() A{(x(p)) is SOS

des,cejrken (33)
a¥isS0S, des,iel,r,ken (34)
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N

- Z Z (‘Pdcq1q2~-~q,,g(x(p)) + §dcg>qzc(x(p))

d=1 c=1
o (Baeg = Bag 94 x(p)
+ (Caeg — Peqiarans X(0)) 555 (X(p))
(s ans K0 = £ 5, )95 (x(0))
+ (Xor () = Xarg ) (X(0))

+ (5 (0) = x516) (3,26 = %, (0))u* (x(0))

J=1

+ e2(x(p))

isSOS,des,cejgeek w,jen 35)
Y% (x(p)) is SOS,d e s,c€jgece ken (36)

VB (x(p) — g (x(p)) is SOS,d € 5, c € jg € ek en
(37)
s (x(p)) is SOS,d e s,cej,geceken (38)
ss{% (x(p)) is SOS,d € s,c € j,g € ek en (39)
u,’cg(x(,o)) isSOS,g€e, k,jen 40)

where matrices Ayo(x(p)) and Ay the (7, k)th element
are represented as a‘r],?(x(,o)) and a‘f,ﬁ, respectively; vector
B,(x(p)) the rth element is represented as bﬁ’(x(p)); vec-
tors 7, Qac(x()), Yacg(x(p)) € N, Sacg(x(p)) € N,
SSuce(x(p)) € ", Te(x(p)) € N, and U,(x(p)) €
N" the kth elements are represented as ny, qﬁ"(x(,o)),
WA, spER(P)). syt (x(p)), £ (x(p)). and ul(x(p)),
respectively; scalar satisfies ¢ > 0 and predefined
scalar polynomial satisfies e2(x(p)) > O0; qz"(x(p)) is
defined in (23).

Proof: The obtained SOS-based stability and positivity con-
ditions (32) to (40) will be achieved based on Remark 4 and
Lyapunov stability theory which has been carried out from (20)
to (31). ]

Remark 8: As the information of the membership functions
is carried by slack matrices to the stability analysis and the
number of stability conditions are generally higher, compu-
tational demand on finding a feasible solution to the stability
conditions will be higher, however, in the membership function
dependent stability analysis, the stability conditions obtained
are not for any shape of membership functions but dedicated
to the fuzzy-model-based control system with time delay to
be controlled, which means we can much more easily find
the wanted fuzzy controller to stabilize the nonlinear system.
Therefore, the conservativeness of stability analysis can be
reduced further.

IV. SIMULATION EXAMPLE

To validate the proposed Theorem 1 in the previous sec-
tions, a simulation example is given here. In the example, we
consider a three rule polynomial fuzzy system with time-delay,
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the system, time delay, and input matrices are given

x(p) = [x1(0) ]

A1 (o)) — [0-020 04+ 0.0133 (p) — 0.001x1 (p)* 8?}
Mao(1 o)) _8:42‘ 0.1 —Ogquxl(p)]
Azo(x1(p)) = :0_24 +06(,)§1x] (o) 0.06+ 0.%303)(1 (p)z]
Bi(x1(p)) = :0.1 2%}?04(;1(111(;))2_
B = [ o e
B (r1 (o)) = :O?J_%?Séf;ff;j{

Al = Ay =A3 = |:O'(())1 8i|

0.01 O
A12=A22=A32=[ 0 O}

where the predefined constant parameters a and b are chosen
gap of 1 and 0.19 for 20 < a < 27 and 2.14 < b < 4.04,
respectively.

The three-rule membership function shapes of the polyno-
mial fuzzy model is given as

1
wix) =1-— m
wa(x1) = 1 —wi(x1) — wa(xy)
1
wi(xy) = m~

Based on the imperfect premise matching design concept, a
two-rule fuzzy controllers are chosen to ensure the positivity
and stability of the system. The membership function shape
of the fuzzy controller as follows:

my(x)) = e—(x1—10)2/12

ma(x1) = py2(x1) = 1 —mi(x1).

The membership function shapes of the polynomial fuzzy
model and controller are given in Fig. 1.

In this article, PTSMFs red are designed to approximate
membership function and bring membership function knowl-
edge into stability and positivity analysis. Since choosing
different number sample points and degree, different shape
PTSMFs will be obtained which leads to various approxi-
mation error. The approximation error of PTSMFs will be
considered in stability and positivity analysis. To illustrate the
influence of different expansion degrees and gaps of sample
points of PTSMFs in feasible regions which satisfy SOS-based
positivity and stability conditions, a comparison table is shown
(see Table I).

Regarding the cases 1-3 in Table I with the chosen member-
ship functions of the polynomial fuzzy model and controller,
corresponding to each subregion §,, the regional lower and
upper approximation error between PTSMFs I ¢(x(p)) and
hy1 (X(p)) = wa(x1) x my(x;) with case 3 can be obtained
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Fig. 1. Solid lines and dotted lines represent the membership functions of
the polynomial fuzzy model and polynomial fuzzy controller, respectively.
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Fig. 2. Regional lower and upper approximation error between PTSMFs
hp14(x(p)) and hpy(x(p)) = wp(x1) x my(x1) with case 3 in Table L

TABLE I
SAMPLE GAPS AND EXPANSION DEGREE OF PTSMFs

Case Expansion  Sample Sarpple
degree gap points
1 1 5 z1(p) ={0,5,...,15,20}
2 1 2 z1(p) ={0,2,...,18,20}
3 2 2 z1(p) ={0,2,...,18,20}

as shown in Fig. 2. In the example of case 1, regional lower
and upper bound of approximation error between PTSMFs
and original membership function §,., and S84cg» the regional
lower and upper bound of PTSMFs £dcg and Edcg computed
numerically are shown in Table II.

First, polynomial fuzzy controllers of basic stability and
positivity condition derived from Remarks 4 and 6 are
checked, whose membership function knowledge is consid-
ered. A{ (x(p)) is set as polynomial of degree O to 4 in x1(p)
for ¢ € j, w € n. And no feasible region is found.

Now, SOS-based positivity and stability conditions which
is acquired from Theorem 1 are used to synthesis the feed-
back gains of polynomial fuzzy controller. In order to ease
the computational demand, we reduce the number of slack
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Fig. 3. Feasible regions based on Theorem 1 represented by “x” regarding
case 1, “0J” regarding case 2, and “o” regarding case 3 with slack vectors

Y (x(0)), Sac(x(0)), and S8 .(x(p)).
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Fig. 4. Feasible regions based on Theorem 1 represented by “x” regarding

case 1, “[J” regarding case 2, and “o” regarding case 3 with all slack vectors
Yac(x(0)), Sac(x(p)), SSqc(X(p)), Ux(p)), and T(x(p)).
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Fig. 5. Referring to feasible regions represented by the mark “o” regarding
case 3 in Fig. 3, phase plots Fig. 5(a) and (b) are chosen parameters a =
24; b = 2.52 with time delay 7 = 50, o = 100 and 71 = 100, 7o = 200,
respectively.

vectors we used by Yac(X(0)) = Yac(x(p)), Sace(x(p)) =
Sac(x(p)), SSace(x(p)) = SSac(x(p)), To(x(p)) = T(x(p)),
and U, (x(p)) = U(x(p)). We set polynomial Aj, (x(p)) with
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TABLE I

PARAMETERS 8 00, Sdeg gdcg, AND £ jcg FOR CASE 1 REFERRING TABLE I

S parameters regarding case 1

0111 = —0.0387, 915, = 0.0000, 65¢; = —0.0214,
0991 = —0.0957, 831, = —0.0000, 35, = —0.0000,
3111 = —0.0000,3;51 = 0.1542, 51, = 0.0000,
6221 = —0.0000, 6317 = 0.0000, d321 = 0.0000,
o1 ¢y, = 0.0002,¢, = 0.6400,(, | =0,
B Coo = 0'3025’5311 = 0’%321 =0,

G111 = 0.0910, C19; = 0.9973, (917 = 0.0335,
oz = 0.2354, Cgyy = 0.0000, Cyy = 0.0001.
J111 = —0.0000, §;9; = —0.2481, §,;; = —0.0921,
0991 = —0.0069, d31; = —0.0093, 635, = —0.0000,
0111 = 0.0677,8121 = 0,211 = 0.0924,

221 = 0.2455, 0311 = 0, 0321 = 0.0007,

52 ¢, =0.0180,¢ . =0,¢,, = 0.0335,

121
Cyoy = 0,€4y, = 0.0000,¢,, =0,

Cr11 = 0.0910, ¢191 = 0.6400, ¢5p; = 0.9640,
Cao1 = 0.2354, (31 = 0.0180, (59, = 0.0001.
0111 = —0.0093, 0,5, = —0.0000, §5,, = —0.0921,
0991 = —0.0069, 3;; = —0.0000, 035, = —0.2481,
6111 = 0.0000, 6121 = 0.0007, 5211 = 0.0924,
0921 = 0.2455, 8317 = 0.0677, 0301 = 0,

53 ¢y, =0.0000,¢,, =0,C,,, =0.0335,
Cpoy = 0,€4y, = 0.0180,¢,, =0,

Cr11 = 0.0180, {197 = 0.0001, Coq; = 0.9640,
Comy = 0.2354, (31, = 0.0910, C, = 0.6400.
0111 = —0.0000, 6,5, = —0.0000, 65y, = —0.0214,
0991 = —0.0957, 631, = —0.0387, 035, =0,
0111 = 0.0000, 5121 = 0.0000, 211 = 0.0000,
221 = —0.0000, 0311 = —0.0000, d351 = 0.1542,

01 G = 0.6, =065, =0,

Cppy = 0.0025,C, | = 0.0002,C,,, = 0.6400,
Cyqq = 0.0000, Cpqy = 0.0001, Cyyy = 0.0335,
Cap1 = 02354, C3y; = 0.0910, (39, = 0.9973.

degree 0 to 4 in x1(p) for c € j,w € n and &1 = e2(x(p)) =
0.0010 for solver initialization. -

We first employ Theorem 1 only with slack vectors
Y. (x(0)), Sac(x(p)), and SSg4-(x(p)) all as polynomial of
degree 0 in xj(p) to synthesize polynomial fuzzy con-
troller. This means only regional approximation error between
PTSMFs and original membership function with the regional
bounds of PTSMFs are considered in the stability analysis.
Fig. 3 provides the resulting feasible regions.
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Fig. 6. Referring to feasible regions in Fig. 4 represented by the mark “x”
regarding case 1, phase plot Fig. 6(a) are chosen parameters a = 24; b = 3.09;
represented by the mark “[J” regarding case 2, phase plot Fig. 6(b) are chosen
parameters a = 24; b = 2.52; represented by the mark “o” regarding case 3,
phase plot Fig. 6(c) are chosen parameters a = 27; b = 2.33. All with time
delay 71 = 50, o = 100.

20
REEEEER
B N AV A
unN Yo
BRI A XA
SRNNSV Ll s
=104 W[t PF - =
T8\ v\ [ - -
6 e
S\ )z TS
2 P s
0 —m N
0 2 4 6 8 101214 16 18 20
z1(p)
(@)
20 20
{ 'R \VY il L 0/
12%;”//// 12\»1/////
NY VoL LA NV VY oL LS
YWV /s YNV /o0 s
RNN NN L s s RNV s e s
S04 b 1)1 P/ v r = =104 \ V)1 Pz v e =]~
%8 \\\1 s - S AN —_ -
65\ 1+ Vi) 0 = b 6 .\;,,’,, /O"—:\
g y _::::\\ g "//::.—_ﬁ\-\\
0 R 0 N
0 2 4 6 8 10121416 18 20 0 2 4 6 8 1012141618 20
z1(p) z1(p)
(b) (c)

Fig. 7. Referring to feasible regions in Fig. 4 represented by the mark “x”
regarding case 1, phase plot Fig. 7(a) are chosen parameters a = 24; b = 3.09;
represented by the mark “[J” regarding case 2, phase plot Fig. 7(b) are chosen
parameters a = 24; b = 2.52; represented by the mark “o” regarding case 3,
phase plot Fig. 7(c) are chosen parameters a = 27; b = 2.33. All with time
delay 7; = 100, 5 = 200.

In the next step, we employ Theorem 1 with all slack vec-
tors to synthesis polynomial fuzzy controller. We set slack
vectors Yqc(X(p)), UX(p)), Sac(x(p)), and SSq:(x(p)) all as
polynomial of degree O in x;(p) and T(x(p)) as polynomial
of degree 0 to 2 in xj(p) for d € s,c € j. This means the
regional bounds of PTSMFs, interpolation membership func-
tion the property knowledge of PTSMFs and regional bounds
of premise variables together with regional approximated error
between PTSMFs and original membership function are con-
sidered in the stability and positivity analysis. The resulting
feasible regions are shown in Fig. 4.
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TABLE III
POLYNOMIAL Fuzzy CONTROLLER OBTAINED IN FIGS. 3 AND 4

Theorem 1 for Fig. 3

Case -
Polynomial fuzzy controller

Gi(z1) = [0.1553 x 10~ "z — 0.3458 x
10=°23 + 0.0013z2 — 0.01172; + 0.0174,
—0.1376 x 10~ "z — 0.1525 x 1075z}
—0.9689 x 10~*z + 0.0054z; — 0.0403]
Go(r1) = [0.1881 x 10~ 7z — 0.3238%
10~°z + 0.0013z2 — 0.01352; + 0.0152,
—0.1539 x 10~z — 0.1529 x 10~°z
—0.7584 x 10~*z2 + 0.0060z; — 0.0580]

a,b

24,
2.52

Theorem 1 for Fig. 4

Case -
Polynomial fuzzy controller

Gi(z1) = [0.4087 x 10~ "z — 0.3248 x
107°2] +0.001127 — 0.01087; + 0.0450,
—0.1922 x 10~ "z + 0.1579 x 106z
+0.3575 x 104z + 0.0008z; + 0.0177]
Go(x1) = [0.4283 x 10~ 7z} — 0.3098 %
107%2 +0.0010z7 — 0.01122; + 0.0437,
—0.1329 x 10~ "z — 0.2135 x 10~ %z}
+0.8774 x 107522 + 0.00042; + 0.0180]
Gi(z1) =[0.2976 x 10~z — 0.3360x
107%2¢ 4+ 0.0013z — 0.0115z; + 0.0252,
—0.1120 x 10~z — 0.2108 x 10~ %z}
—0.1195 x 10~°z2 + 0.0038z; — 0.0195]
Go(z1) = [0.4491 x 10~ "z — 0.2608 x
10~°27 + 0.001327 — 0.01452; + 0.0315,
—0.3457 x 107102 + 0.8376 x 10~ "2}
—0.4297 x 10~*22 + 0.0029z; — 0.0255]
Gi(z1) = [0.3211 x 10~ "z — 0.4226 %
107%23 4 0.1334 x 107222 — 0.01562;
3 27, | 40.0490, —0.3430 x 10~ 7z — 0.3469x

2.33 107623 — 0.6757 x 10~ 427
+0.8669 x 10~ 42 + 0.0074]
Go(zy) = [0.3296 x 10~z — 0.5275x
107523 4 0.1406 x 107222 — 0.01512;
+0.0435, —0.3516 x 10~ "zt — 0.1740x
107°%] + 0.2437 x 10~*2?
—0.2753 x 1073z + 0.0048]

a,b

24,
3.09

24
2.52

As shown in Figs. 3 and 4, it verifies that the basic member-
ship independent stability and positivity analysis derived from
Remarks 4 and 6 is very conservative since no feasible regions
founded. The stability and positivity conditions derived from
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Theorem 1 can be relaxed by introducing the approximated
error between PTSMFs and original membership functions
into the stability and positivity analysis. Furthermore, it can
be found that PTSMFs possessing the higher expansion degree
and smaller gap sample points for case 3 find largest feasible
regions, which indicates case 3 can provide smaller approxi-
mated error compared with cases 1 and 2 and introduce more
membership function knowledge into stability and positivity
analysis which leads to more feasible regions. It is also evi-
dent that Theorem 1 (with all slack vectors) in Fig. 4 offers
the larger feasible regions when compared with Theorem 1
[only with slack vectors Yg.(X(0)), Sac (x(p)), and SS4.(x(0))]
in Fig. 3. This means more information from membership
function and premise variables carried by corresponding slack
vectors can effectively reduce the conservativeness of stability
and positivity conditions.

To verify, DPF closed-loop system states are tested through
the phase plots corresponding to each situation in Figs. 3 and 4.
To achieve the best results, the trajectory of x1(p) and x>2(p)
are simulated through eight different initial conditions indi-
cated with “o.” As noticed from Figs. 5 to 7, the system states
are guaranteed positive while the DPF controller driving the
system state to equilibrium (origin) starting from any initial
condition. Furthermore, the system positivity and stability time
delay independent as we change t; = 50 to 7o = 100 [see
Figs. 5(a) and 6], and 71 = 100 to » = 200 [see Figs. 5(b)
and 7]. This is because the positivity and stability conditions
described in Theorem 1 are essentially independent of the
delay period. The corresponding polynomial fuzzy controller
shown in Table III.

V. CONCLUSION

This article investigates the positivity and stability of DPF
closed-loop system with time delay. To reduce the conser-
vativeness of stability and positivity analysis, PTSMFs are
proposed to approximate the original membership function.
We showed that the introduction of regional approximation
error can relax the derived stability and positivity condi-
tions. To further relax the conditions, the regional bounds of
PTSMFs, the property knowledge of interpolation membership
function of PTSMFs and bounds of premise variables together
with PTSMFs are imposed on the stability and positivity anal-
ysis. We validated our proposed Theorem 1 and the formulated
SOS-based stability and positivity conditions therein via the
given simulation example.

In terms of future research direction, the stability and
positivity conditions of discrete time PFMB control system
with time delay by combining other control methods, such
as output-feedback and observer-based feedback controller.
Furthermore, both widely application in communication
systems and formation flying and the theoretical challenge of
switched positive systems with time delays, there will be a big
motivation to study such different kinds of system.
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