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Abstract—This paper presents a new sum-of-squares (SOS, for
brevity) design framework for robust control of polynomial fuzzy
systems with uncertainties. Two kinds of robust stabilization
conditions are derived in terms of SOS. One is global SOS
robust stabilization conditions that guarantee the global and
asymptotical stability of polynomial fuzzy control systems. The
other is semi-global SOS robust stabilization conditions. The
latter is available for very complicated systems that are difficult
to guarantee the global and asymptotical stability of polynomial
fuzzy control systems. The main feature of all the SOS robust
stabilization conditions derived in this paper are to be expressed
as non-convex formulations with respect to polynomial Lyapunov
function parameters and polynomial feedback gains. Since a
typical transformation from non-convex SOS design conditions to
convex SOS design conditions often results in some conservative
issues, the new design framework presented in this paper gives
key ideas to avoid the conservative issues. The first key idea is
that we directly solve non-convex SOS design conditions without
applying the typical transformation. The second key idea is that
we bring a so-called copositivity concept. These ideas provide
some advantages in addition to relaxations. To solve our SOS
robust stabilization conditions efficiently, we introduce a gradient
algorithm formulated as a minimizing optimization problem of
the upper bound of the time derivative of an SOS polynomial
that can be regarded as a candidate of polynomial Lyapunov
functions. Three design examples are provided to illustrate the
validity and applicability of the proposed design framework.
The examples demonstrate advantages of our new SOS design
framework for the existing LMI approaches and the existing
convex SOS approach.

Index Terms—copositivity, polynomial Lyapunov function,
polynomial fuzzy system with uncertainty, robust stabilization,
sum of squares.

I. INTRODUCTION

ODAY there exists a large body of literature on Takagi-

Sugeno (T-S) fuzzy model-based control [1]. Especially,
linear matrix inequalities (LMIs) based designs, e.g., [2], [3],
have been paid a lot of attention after LMI-based designs have
been discussed in [4]-[6]. A key feature of the approach is that
it renders simple, natural and effective design procedures as al-
ternatives or supplements to other nonlinear control techniques
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(e.g., [7]) that require special and rather involved knowledge.
The LMI-based design approaches entail obtaining numerical
solutions by convex optimization methods such as the interior
point method [8].

Though LMI-based approaches have enjoyed great success
and popularity, there still exist a large number of design
problems that either cannot be represented in terms of LMIs,
or the results obtained through LMIs are sometimes conser-
vative. Recently, as a post-LMI framework, an SOS based
approach has received a great deal of attention in control of
nonlinear systems using polynomial fuzzy systems and con-
trollers, which includes the well-known Takagi-Sugeno fuzzy
systems and controllers as special cases. An SOS approach to
polynomial fuzzy control system designs has first presented
in [9]-[13]. It can be seen that SOS approaches [9]-[22]
provide more extensive and/or relaxed results for the existing
LMI approaches [2], [3], [23]-[35] to T-S fuzzy model and
control. However, there exists a very few literature on SOS-
based robust control designs for polynomial fuzzy systems
with uncertainties. To the best of our knowledge, an SOS-
based robust control design for polynomial fuzzy systems
with uncertainties has been discussed only in [36]. The most
important point of SOS-based design conditions is that, to
obtain convex SOS design conditions, the existing SOS-based
design conditions [9]-[20] utilize a typical transformation from
non-convex SOS design conditions to convex SOS design
conditions. However, the transformation often results in some
conservative issues although no such conservatism exists in
LMI transformation cases. In [36], the typical transformation
is employed to obtain convex SOS robust stabilization condi-
tions. Furthermore, not only the conservative issues but also
other two difficulties are found in the existing SOS approach.
One is a restrictive polynomial Lyapunov function setting that
leads to conservative stability results. The other is that the
stability does not generally hold globally in the existing SOS
approach. These will be concretely discussed in Remarks 2
and 3. This paper gives new ideas to solve the conservative
issues and the difficulties in the existing SOS approach.

This paper presents a new SOS design framework for robust
control of polynomial fuzzy systems with uncertainties. The
framework gives key ideas to avoid the conservative issues.
The first key idea is that we directly solve non-convex SOS
design conditions without applying the typical transformation.
The second key idea is that we bring a so-called copositivity
concept. These ideas provide some advantages in addition to
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relaxations. To solve our SOS robust stabilization conditions
efficiently, we introduce a gradient algorithm formulated as a
minimizing optimization problem of the upper bound of the
time derivative of an SOS polynomial that can be regarded as
a candidate of polynomial Lyapunov functions.

The rest of the paper is organized as follows. Section II
recalls a polynomial fuzzy system defined in [9]-[13] and
defines a polynomial fuzzy system with uncertainty. Sections
IIT and IV give a new SOS framework for robust control,
i.e., robust stabilization conditions to design a robust fuzzy
controller and an algorithm to solve them, respectively. Section
V entails two design examples to demonstrate the validity and
applicability of the proposed design framework. The examples
demonstrate advantages of our SOS robust stabilization condi-
tions for the existing LMI approaches and the existing convex
SOS approach. Sections VI and VII present semi-global robust
stabilization conditions and their design example, respectively.
The design example deals with a kind of unmanned aerial
vehicles (UAVs) that is a very complicated system with high
nonlinearity.

It is assumed that all the matrices and vectors in this paper
have appropriate dimensions. P > 0 (P > 0) means that P
is a positive definite matrix (positive semi-definite matrix).

II. POLYNOMIAL FUZZY SYSTEM WITH UNCERTAINTIES

Consider the following nonlinear system:

w(t) = f(w(t)v u(t))v (D

where f is a smooth nonlinear function such that f(0,0) =
0. z(t) = [1(t) a(t) -+ x,(t)]T is the state vector and
w(t) = [ui(t) uz(t) -+ un(t)]7 is the input vector. Based
on the sector nonlinearity concept [2], we can exactly represent
(1) with the following T-S fuzzy model [37] (globally or at
least semi-globally).

Model Rule ::
If z1(t)is My and--- and z,(t) is My,
then &(t) = Ajx(t) + Byu(t) i=1,2,---,r, (2)

where z;(t) (j = 1,2,---,p) is the premise variable. The
membership function, M”, denotes the jth premise variable
component in the ith Model Rule. r denotes the number
of Model Rules. Each z;(t) is a measurable time-varying
quantity that may be states, measurable external variables
and/or time.

The overall dynamics of the system is represented by
fuzzy blending of the linear system models. That is, the
defuzzification process of the T-S model (2) can be represented
as

>

t){A;x(t) + Bu(t)}

Z wi(z(t))

= Z hi(z(){Ax(t) + Bau(t)},  (3)

where

and

wi(z(t) = [ ] Mi;(2;(t)).

Since the number of Model Rule that fire for all ¢ is larger
than or equal to one in general, the following relations hold.

Zwi(Z(t)) >0, wi(z(t)>0, i=1,2---,r
Hence,
h(=(0)) = M Zh

zwl

In [9] and [12], we proposed a new type of fuzzy model
with polynomial model consequence, i.e., fuzzy model whose
consequent parts are represented by polynomials. Using the
sector nonlinearity concept [2], we exactly represent (1) with
the following polynomial fuzzy model (4) even if the nonlinear
system (1) contains polynomial elements. The main difference
between the T-S fuzzy model [37] and the polynomial fuzzy
model is consequent part representation. The fuzzy model (4)
has a polynomial model consequence.

Model Rule i:

If z1(t) is My and--- and z,(t) is My,
then &(t) = A;(x(t))x(x(t)) + B, (xz(t))u(t), 4)

where ¢ = 1,2, --- ,r. r denotes the number of Model Rules.
Z(x(t)) is a column vector whose entries are all monomials
in x(t). That is, #(x(t)) € RN is an N x 1 vector of
monomials in w( ) A monomial in x(t) is a function of the
form a7 x5? - - - 2%, where oy, ag, - -, oy, are nonnegative
integers. Al(w(t)) € RN and B;(z(t)) € R™™ are
polynomial matrices in x(t). Therefore, A;(x(t))x(x(t)) +
B;(x(t))u(t) is a polynomial vector. Thus, the polynomial
fuzzy model (4) has a polynomial in each consequent part.
We assume that
z(x(t)) =0iff x(t) =0

throughout this paper.

The defuzzification process of the model (4) can be repre-
sented as

t) = Zhi(z(t)){A

The polynomial fuzzy model is an extension of the T-S fuzzy
model. The extension bring us some advantages [12]. One
is that SOS stabilization conditions provides more relaxed
results than the existing LMI stabilization conditions. Another
advance is that original nonlinear systems with polynomial
terms can be exactly and globally represented by polynomial
fuzzy models although the T-S fuzzy models are sometimes
not global models for the original nonlinear systems with
polynomial terms.

(@(t))2(2(t) + Bi(z(t))u(t)}. )
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Remark 1. Stability conditions for the T-S fuzzy system have
been mainly represented in terms of LMIs [2]. Hence, the LMI
stability conditions can be solved numerically and efficiently
by interior point algorithms, e.g., by LMI solvers. On the
other hand, the convex SOS conditions in [9]-[20], [36]
for polynomial fuzzy systems are represented as convex SOS
problems. Clearly, the problems can not be directly solved
by LMI solvers, but they can be solved via an SOS solver
(SOSOPT [38], SOSTOOLS [39], etc.) and an SDP solver
[40], [41].

This paper focuses on stabilization of the polynomial fuzzy
model with uncertainties. Hence, we define a polynomial fuzzy
model with uncertainties as follows.

Model Rule ::

If z(t) is My and---
then
(1) = {Ai(z(t))
+Dai((t)) Aai(2(t)) Eai(2(t)) 2 (2 (1))
HBi(z())
+Dyi (2 () Api (@(t)) Bpi (2(t)) Yu(t),  (6)
where ¢ = 1,2, , 7. Dgi(2(t)), Dpi(x(t)), Eqi(x(t)) and
Ey;(x(t)) are polynomial matrices in x(x(t)). Ag;(x(t)) and
Ayp;(x(t)) denote uncertain matices in x(¢) and satisfy

| Ai(z(t)) |< Bai(2(t)), )

| Api((t)) [[< Boi(2(t)), ®)

where (,;(x(t)) and Sy;(x(t)) denote the upper bound of the
norm of the uncertainties.

The defuzzification process of the model (6) can be repre-
sented as

E(t) = Z hi(z(O){ Ai(z ()2 (2(t)) + Bi(z(t))u(t)

+Dai (m(t))Aai (m(t))Eai (:c(t)):f:(m(t))
+Dyi(2(t)) Api ((t)) Epi (1)) )u(t) }- ©)

From now, to lighten the notation, we will drop the notation
with respect to time ¢. For instance, we will employ « and
&(x) instead of x(t) and &(x(t)), respectively. Thus, we drop
the notation with respect to time ¢, but it should be kept in
mind that « and &(x) means x(¢) and &(x(t)), respectively.

For the model (9), we design the following fuzzy controller.

and z,(t) is My,

u = - hi(z)Fi(z)i(z) (10)
i=1

A convex SOS robust design condition for the control system

consisting of (9) and (10) was presented in [36]. However, as

will be mentioned in Remarks 2 and 3, some disadvantages

exist in the existing SOS approaches [9]-[20] [36].

Remark 2. In [9]-[20] and [36], the Lyapunov function
candidate (11) is used.

V(z) = 2" ()X ' (2)(), (11)

where X (&) is a polynomial matrix in &. If &(x) = x and
X ~Y(@) is a constant matrix, then (11) reduces to the quadrat-
ic Lyapunov function. The zero equilibrium is asymptotically
stable when the Lyapunov function exists. However, the glob-
ality is not guaranteed. The stability holds globally only if
X ~Y(&) is a constant matrix. The important point is that, to
avoid introducing non-convex condition, & in the polynomial
matrix X (&) is defined as follows. Let K = {kq,ka, -+ ,kn}
denote the row indices of B;(x) whose corresponding row is
equal to zero, and define & = (xy,, Ty, -+ ,Tk,, ) using the
K. In other words, to avoid introducing non-convex condition,
it is assumed in the literature that X (&) only depends on
states £ whose dynamics is not directly affected by the control
input, namely states whose corresponding rows in B;(x) are
zero. The restriction caused by & depends on the B;(x)
matrices and it leads to some conservative stability results.
A new SOS framework that will be presented in Section
IIl permits a non-restrictive polynomial Lyapunov function
setting.

Remark 3. As mentioned in Remark 2, (11) is employed
as a candidate Lyapunov function. The transformation from
non-convex conditions to convex conditions is carried out as
follows. The time derivative of V () along the feedback system
trajectory, that consists of (5) and (10), can be represented by
the general form.

V(z) = a&7(x)S(x)z(z) <0, (12)

where S(x) is a non-convex polynomial matrix since it has
cross terms with respect to X 1 (z) and F;(x). The transfor-
mation is carried out by dropping & (x) off from both side of
the inequality and by multiplying the dropped inequality on
the left and right by X (&). As a result of the transformation,
we have the following convex condition with respect to X (&)

and M;(x), where M;(x) = F;(x) X (Z).
-X(z)S(x)X(z) ~ 0.
Finally, we arrive at the convex SOS condition,
—v"{X(2)S(x) X (%) + e(x)I}v is SOS,

where e(x) is a slack variable (a radially unbounded positive
definite polynomial) to keep the positivity of the SOS condition.
In the transformation, we utilize the fact that —S(x) > 0 =
—2T(z)S(z)2(x) > 0. However, it should be emphasized
that this is a sufficient condition, i.e., in general, it is not
always satisfied that —&T (z)S(z)z(x) > 0 = —S(z) = 0.
It becomes a necessary and sufficient condition only if S(x)
is a constant matrix and &(x) = x. Only in the case, no
conservatism exists. In the LMI case [2], this path is always
equivalent since S(x) is a constant matrix and &(x) = .
Thus, this conservative path in the convex SOS transformation
often causes conservative results although this path is always
equivalent in the LMI case. In [36], the same transformation is
employed to obtain convex SOS robust stabilization conditions.
A new SOS framework that will be presented in Section III can
avoid this main problem.

A new SOS framework that will be presented in Section III
can completely avoid the two problems mentioned in Remarks
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2 and 3. The utility of the new SOS design framework will
be demonstrated in design examples.

IIT. SOS STABILIZATION CONDITIONS

Section III presents SOS stabilization conditions based on
copositivity concept.

If (13) holds, the matrix J = [J;;] € R®** is copositive.

¢ ¢
Yy Ty => > yiyJi; >0, (13)
i=1 j=1
where y = [y1,%2,...,v¢T € R’ and y; > 0. Since checking

copositivity of a matrix is a co-NP complete problem, we take
a technique for copositivity checking relaxation [39].

Corollary 1. [39]
A relaxation is to introduce y; = )2 and to check whether
(14) is satisfied or not.

¢ ¢
Q*(9) = Z 0> > 9y is SOS,

=1 j=1

(14)

where § = [1,72, - .., 9e)T and s is a nonnegative integer.
By using the copositivity checking relaxation, we derive

SOS robust stabilization conditions that are different from

the SOS robust stabilization conditions in [36]. Theorem 1

presents the SOS robust stabilization conditions.

Theorem 1. If there exist a polynomial V (x), polynomial
matrices F;(x) and polynomials g;j(x) such that (15) ~ (17)
are satisfied with o < 0 and \ > 0, the polynomial fuzzy
controller (10) stabilizes the system (9), and V (x) becomes a
Lyapunov function.

V(xz) —e(x) is SOS, (15)

h2h2{ Aij(z) + aV(

i=1 j=1

(r)} is SOS, (16)

;«
Il
_

vi L;jj(\,x)v; is SOS, (17)

where vy denotes vector that is independent of x. e¢(x) is a
radially unbounded positive definite polynomial and s is a
non-negative integer.

5 aV( )

Aij(x) = {Ai(z) — Bi(z)Fj(z)}2(x)
"’913( )a (18)
Lij(\z) =
AGij () * % k%
ADT (z)(Z¥ENT 91 0 0 0
ADE (z)( V;”)T 0 2I o o |- (19
Bai(@) Eai(z)@() 0 0 2I 0

Bi () Eyi (x )F(a:):f:(a:) 0 0 0 2I

The asterisk * denotes the transposed elements (matrices)
for symmetric positions.

Proof:

Consider a candidate of Lyapunov functions V' (x). The time
derivative of V(x) is given as
oV (x)

ox
By subsitituting the closed loop dynamics consisting of (9) and
(10) into (20), the time derivative of V' («) along the trajectory
becomes

V(x) =

. (20)

V(@)= ) {Ai(@) - Bi(a)F ()
+Dai(w)Aai(w)Eai($)
_Dbi( VA z(w)Ebz z)Fj(z)}z(x)
- P Aufa)
=1 j=1
*Bi(m)Fj(m))i(m) + Gi(x)nij(x)},
where

Note that
Ai(@)el @)+ @)y (@)

Gl (@) + (@) (@)

= o (@)¢] (@),

v+

for any A > 0. In addition, since {;(x)n;;(x)
we have the following relation.

A@)¢] (@) + sl (@) (@) > 2 (@) (@),
Hence
Ci(x)nij(x)
A . 1 .
< §C¢($)Cz (x) + ﬁmj(-’v)mj(m)
= 22 @) D P
+ 229 by @)Dy P )
n %QT(m)Elﬂ(az)AaTi(w)Aai(x)Eai(:c)a?:(:c)
+ oy (@) F] () B (2) Al ()
X Ay (1) Eyi () F () (x)
< Hij()"a:)’
where
11500 2) = 5 20 Do) D ) (P )T
+ 22 by ) D ()
+ iﬁ?(w)sﬂ( \EL () Eoi () ()
b B8 (@) F] (@) Bl (2) Bus(w) Fy (@) ()
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From the above inequality, we have

S it 22 4 )
Z_}ZZBF].@))@@) + G@my (@)
“)(Ay(w)
Fj(z))&(x) + II;;(\, x)}.

We introduce a polynomial g;;(x) satisfying

XT: Z hihiIL;; (A, @) < Z Z hih;gij(x)

Vie) =

IN

i1 j=1
—B;(x)

21
=1 j=1 =1 j=1
Then, we have
S, ov
3 s ZoE At
i=1 j=1
—B;(z)Fj(z))z(z) + gij(z)}.  (22)

To show that V(x) < 0 at « # 0, we consider the condition
satisfying V() < aV(x), where o < 0. That is,

V(@)

)3) Ai(z) — Bi(z)Fj(x))z ()

+gij(x)} —aV(z) <0
By applying the copositivity presented in Lemma 1, we obtain
(16).
On the other hand, from the inequality (21) and A > 0, we
obtain

DO hih{Agi () — AL (A, @)} > 0. (23)
i=1 j=1
Using schur complement, (23) can be converted to
> hibiLij(\ @) >0 (24)
i=1 j=1
where
gt x) x k% %
oV (x)
ADT (x )<a&9&))T 2 0 0 O
ADL(x) (52T 0 2I 0 O
Bai(x) Eai ()2 () 0 0 2I 0
Bui(x) Epi(x )F (x)z(z) 0 0 O 2I
The condition (24) holds if (17) is satisfied.
|
Theorem 2. Assume that Ay;(x) = 0 for all i, i.e., there

are no uncertainties with respect to the input terms. Then,
the SOS robust stabilization conditions in Theorem 1 become
simple. If there exist a polynomial function V (x), polynomial
matrices F;(x) and polynomials g;(x) such that (25) ~ (27)
are satisfied with o« < 0 and X\ > 0, the polynomial fuzzy
controller (10) stabilizes the system (9).

V(x) —e(x) is SOS, (25)

i szﬁ{ Aij(z) +aV(z)} is SOS, (26)
J=1

=1

Zv?‘

Agi(x) X %
vf | ADL(x)(Z5E)T 21 0
Bai(z)Eyi(x)2(x) 0 2I

where €(x) is a radially unbounded positive definite polyno-
mial, s is a non-negative integer, and

vy is SOS, (27

- 8V( ) .
Aij(®) = {Ai(z) — Bi(z)Fj(z)}2(z)
+gz( )- (28)
Proof: The proof is omitted since it is directly obtained
from Theorem 1. In this case, (17) is reduced to (27). [ |

IV. ALGORITHM TO SOLVE SOS CONDITIONS

Section IV presents an algorithm to solve the SOS robust
stabilization conditions given in Section III. The algorithm
is based on a gradient algorithm formulated as a minimizing
optimization problem of the upper bound of the time derivative
of an SOS polynomial that can be regarded as a candidate of
polynomial Lyapunov functions.

We first explain the outline of its key idea below.

A. Key Idea

Consider the non-convex condition

bg(@)Pn(x) <0

where ¢4(x) and ¢p(x) are polynomial matrices in & and
both of them are decision variables (matrices). The problem
is to find a solution satisfying (29). With a positive definite
polynomial matrix ¢(x) in @, the problem (29) may be
converted as

(29)

—¢g(®)Pn(x) + atp(z) = 0

If we get a solution of (30) with a < 0, the problem (29) is
feasible. Regularly, (30) can be converted as
0T (¢, (@)én (@) — avi(a)}v is SOS",
where v denotes a vector that is independent of . Note that
the SOS condition is bilinear (not convex) with respect to de-
cision variables since there exists the term ¢, (x)¢p(x). Now
consider very small perturbations d¢, (), d¢(x) and 5y (x)
as in [42], [43]. Since 0¢4(x) and d¢p(x) are very small
perturbations, it can be noted with a reasonable approximation
that

Pg(@)Pn(®) = (Pg(x) + 6¢g(2))(Pn () + ddn())
= bg(x)on(®) + 004 (x)Pn ()
+04(2)0pn () + 6y ()61 ().
Note that the term, d¢4(x)d¢s(x), is an extremely small in

comparison with other terms since it is the product term of
these small perturbations. Then, (¢q4(x) + dog(x))(dn(x) +

d¢n(x)) can be represented as ¢4(x)pn(x) +004(x)dn(x) +
¢g(x)0¢p (). From this fact, we transform

(30)
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—¢g(x)pn(x) + a(x) = 07
to
C— 0T g (@) Pn(®) + 0y (x)Pn () + dg(®)dn ()
—atp(x) — adp(x) v is SOS'. (1)

Now we can formulate (31) as a minimizing optimization
problem based on convex SOS with respect to ¢, (), don ()

and 0y (x).

min o
5¢g(m)75¢h (m)ﬁ@b(m)
subject to
vl {¢(x) + 6 (x) — e(®)}vy is SOS, (32)
—3 {9 (®)dn () + 3 ()1 (@) + dy(2)dn(x)
—ap(x) — ad(x) vy is SOS, (33)

ol [ 6G¢§q§j()$)q(w) 5¢91(w) ]v3 is SOS, (34)
[ 0 o
of | v @ie) avta) ]'v5 is SOS,  (36)

where v; - vs denote vectors that are independent of x. e,
en and €, are very small positive values. e(x) is a radially
unbounded positive definite polynomial. (34), (35) and (36)
guarantee to keep the assumption that d¢4(x), 0¢p(x) and
0 (x) are very small perturbations, respectively.

Note that the decision variables are d¢g(x), d¢p(x) and
01(x) in the minimizing optimization. The minimizing opti-
mization is iteratively performed by substituting the solutions

564(), 6n(x) and 5u)(w)
obtained at the /Nth iteration into the iteration law

¢g () = ¢y () + 00y (a),
= ¢ (

n bp (x) + dgn(x),

PV (@) = o7 (=) + Sy ().

Thus, the decision variables are updated so as to minimize
the minimizing parameter c. As a result, ¢4(x), ¢n(x) and
() are iteratively updated from the initial setting (¢) (),
@Y (x) and ¢°(x)) so as to minimize the minimizing parameter
. The initial setting of ¢9(x) ¢} («) and ¢°(x) should
be sometimes carefully selected. So the grid search will
be employed to select the initial setting. If the minimizing
optimization problem is feasible with o < 0, it is a solution
of (29), i.e., ¢g(x)dn(x) < 0.

8

B. Algorithm

We can consider
Vi) = :ET(:B)P:E(:B),

where P € RP*? is a positive definite matrix and Z(x) € R’
is a column vecrtor whose entries are all monomials in & such
that &(x) = 0 iff x = 0 and ||Z(x)|| — oo for ||x(x)|| — 0.
For example, if we choose the vector &(x) = [x; x2] in the
case of @ = [r1 2], V(x) becomes a quadratic Lyapunov

Step 1: Parameter selection

I Step 2: Initial setting in minimizing optimization problem I
Key idea presented l
in Section IV-A Step 3: Minimizing optimization I4—

I Step 4: Decision of Iteration (Find a feasible solution or go to Step 3 iteratively) I

Outline of algorithm.

Fig. 1.

function. If Z(x) = [z 211y 3] is chosen, V (x) becomes
a 4th-order polynomial Lyapunov function.

The algorithm to solve the SOS conditions consists of four
steps. Fig. 1 shows the outline of the algorithm. The key
idea mentioned in Section IV-A will be used in Step 3. We
check whether the SOS conditions given in Theorem 1 are
strictly and exactly feasible or not in Step 4. This algorithm
can be regarded as a gradient algorithm formulated as a
minimizing optimization problem of the upper bound of the
time derivative of the polynomial V' (x). Table I summarizes
main variables and parameters in the minimizing optimization
algorithm, where p; is the ¢-th diagonal element of the positive
definite matrix P. For simplicity, all the non-diagonal elements
of the positive definite matrix P are set to zero in the initial
setting. However, note that, after performing the algorithm, the
nondiagonal elements of the matrix P can become non-zero.
In fact, the complicated example in Section VII obtains the
matrix P whose nondiagonal elements are non-zero although
the nondiagonal elements of the matrix P are set to zero in
the initial setting.

TABLE I
LIST OF MAIN VARIABLES AND PARAMETERS IN MINIMIZING
OPTIMIZATION ALGORITHM.

N number of iteration

Amin o xmaz Jower and upper bounds of A
satisfying 0 < A™i% < )\ < \maez
lower and upper bounds of p;
satisfying 0 < p:m" < p; < ptar

min o, maz
p; s Py

g, AN number of divided segments and interval
such that gy A\ = \"a® — \mn
Qpi» Ap; number of divided segments and intervals

max min

such that g,; Ap; = pj —p!

Step 1: Set N = 0. Select positive scalars AR \TaT A )
and Ap; (i = 1,2,---p) satisfying the relations defined in
Table 1.

Step 2: For all the combinations (X, py,p2,--- ,p,) on all
the grid points [A"**" A™4F] x [p**™ phra®] x .-« X [pg“” p;}m””]
with the intervals AX, Api, Aps, -+ Ap,, solve

min
Fj(x),g:;(x)

a subject to (15), (16) and (17) 37)
and find the grid point with the minimum «. If a grid point
with o < 0 is found, it is a strict solution of Theorem 1. If any
feasible solutions with o < 0 are not obtained, then substitute
Fj(x), gij(z), V(x) and A obtained at the minimum grid
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point into F¥(x), g¥ (), VN (x) and AV, respectively, and
go to Step 3.

Step 3: Set Fj(z) = Fj¥(z), gi;(z) = gjj (z), V(z) =
VN (z) and A = AV, For the given Fj(x), g;;(z), V(x), and
A, solve the following SOS optimization problem.

min ! subject to (38) ~ (44)
6Fj(w),6v(w),6au (m)éz\
The SOS conditions (38) ~ (44) are derived by applying the
key idea to Theorem 1.

V(x)+6V(x ) e(x) is SOS, (38)
ZZhW (Aij(z) + 05 ()
k:l i=1 j=1
(6V( ) V(z))} is SOS, (39)
hﬁ ZZh%Z
. AGij(x )—|—5)\g,](m + Agij(x)
D} (x)p" ()
vy DI (z)u” (z)
Bai(x)E z(w):i;( )
Bvi(x) Eyi () (Fj(x) + 6 Fj(x))2(x)
2T 0 0 0
0 2I 0 0 |wv is SOS, (40)
0 0 2I 0
0 0 0 2I
o 6;5(23) ‘W[(“’) ]vg is SOS, (41)
ol _ €FF:§1;§’32$(“3) 5FJ’I("’) }vg is SOS,(42)
U4T - ?;?((;) 5@1-]1-_(3:) }m is SOS, 43)
U5T - ng 6;\ }v5 is SOS, (44)
where
Sh;(x) = 85;;(“7) {Ai(z) — By(a)F;(x)}i(x)
A P eIa(e) + (o)
oV (x) V(x) 9V (x)

)+ ox2

) = A )+ A ().

v1 - v5 denote vectors that are independent of x. ey, €F, ¢,
and €7, are very small positive values and s is a non-negative
integer.

Step 4: For 6V (x) and §\ obtained by solving the SOS
optimization problem in Step 3, let VN1 (x) = V¥ (x) +
§V(z) and ANT1 = AN 4 §), respectively. Then set N =
N + 1. Next, set V(z) = VN(x) and A\ = AV. For the given
V(x) and A, solving the minimizing SOS problem (45).

min

a subject to (15),(16) and (17
Fy ()5 () J (15), (16) and (17)

(45)

If a feasible solution with v < 0 is obtained, it is a strict
solution of Theorem 1. If any feasible solutions with o < 0

are not obtained, then substitute Fj(x) and g;;(x) obtained
by solving (45) into F}¥ () and g, (x), respectively, and go
to Step 3.

Remark 4. Assume that Ay;(x) = 0 for all i, i.e., there are
no uncertainties with respect to the input terms. Then, (40)
and (43) can be simpliﬁed as (46) and (47), respectively.

th Zzh2h2

=1 j=1
AGi(x) + 0Agi(x) + Adgi(x)
vf DI (z)u" (z)
Bal(m)Eaz(w>i(m>
* *
2I 0 | v is SOS, (46)
0 2I
of | %@ 0@ 1 il s0s @)

Remark 5. We need to carefully deal with SOS solutions since
some numerical reliability options exist in the SOS solvers and
their feasible results might be changed very slightly according
to the options, particularly, for complicated systems. In other
words, feasible area plots (, e.g., such as Figs. 4 and 5)
might change very slightly according to the options. To obtain
more reliable solutions for SOS conditions, we perform the
following double checking throughout this paper. After getting
a feasible solution in the algorithm, we carefully perform the
so-called SOS test (, e.g., 'issos’ command in SOSOPT) for
the polynomials calculated by substituting the feasible solution
into the considered SOS conditions. That is, with one of most
reliable options, we check whether the polynomials (calculated
by substituting the feasible solution into the considered SOS
conditions) are judged as SOS polynomials or not. If the check
returns an infeasible result, we strictly judge ‘infeasible’. This
double checking is important to have reliable solutions in the
use of SOSOPT[38] or SOSTOOLS [39] and an SDP solver
[40], [41]

V. DESIGN EXAMPLES
A. Design Example 1
Consider the following nonlinear system with an uncertain-
ty.
1= (—1+At) + 21 + 22 + 2120 — 23) 1
+x9 + 21U,
Fo = —2sin(x1) — 6x2 + Tu,

(48)

where A(t) is the uncertainty satisfying |A(t)| < ¢ for all
t. All the simulation results given in this design example are
carried out for A(t) = ¢sin(2007t). However, it should be
noted that A(t) is the uncertain term and only its upper bound,
i.e. ¢, is known as well as the standard robust control setting.

Using the sector nonlinearity technique [2], the nonlinear
system with the uncertainty is exactly converted into the fol-
lowing two-rule polynomial fuzzy system with uncertainties:

T = Zh
+Bz( Ju)},

)+ Dai(x)Avi(x) Eyi(x))x
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where r=2, &(x) = « = [x1, x2], 2z =21, and

_ 2 )
T
. —1+$1+$%+$1.’)§2—$% 1
AQ(””){ 0.4344 -6 |’

By (x) = By(x) = [ o ]

Doi(x) = Dya(x) = [ 0 ] :
Aui(z) = Aw(e) = A(t) /e,
Eal(m) = Eag(w) = [ 1 0 } 5
(z) = L LEOATEN )

Since ||An(@)]| = ||An2(@)]| = ||A(#)/c]] < 1, we have
Ba1 = Ba2 = 1. Moreover, the algorithm presented in Section
IV is carried out with the initial setting s = 0, ¢, = 0.001,
er = 0.001, ey = 0.001, ez = 0.001, \™" = (.2,
AmaT = 50 AN = 0.8, pit = 0.2, p"e* =1, Ap; = 0.2
for 4 = 1,2. To show the validity of derived conditions,
we compare the feasible values of ¢ for the proposed robust
control design method and the SOS-based design method of
[36]. The proposed robust control design method is feasible
for ¢ < 0.76, and the method of [36] is feasible for ¢ < 0.39. It
shows that the proposed robust design method provides more
relaxed results than the method of [36].

a1 — sin(z)
1.2172x1

TABLE 11
FEASIBLE AREAS FOR c.
Convex SOS robust [36] ¢ < 0.39
Our SOS robust c<0.76

For ¢ = 0.76, Fig. 2 shows the behavior of the nonlinear
system (48) with w = 0. Thus, the system is unstable when
u = 0. By solving the conditions in Theorem 2, a feasible
solution for ¢ = (.76 can be obtained as

A =0.6811,
V(z) = 1.05242% + 0.136123

Fy () 165662, + 0.266925 4+ 0.8952]
1= 0.2669x, — 0.1902 '

Fy(a) — | L031421 + 0269625 + 10418 T
2 0.26962; — 0.2061 ’
g1(x) = 0.6850z] — 0.548123 25 4 1.141622 23

—0.09322% + 1.40812229 + 0.5751 2123
+ 1.8407x% + 0.0615z1 x5 + 0.629723,
Go(x) = 0.67972] — 0.5397x3 25 + 113772222
+0.02172% + 137042325 + 0.567921 23
+ 1.83952% — 0.09142, 25 + 0.6296232.

Fig. 3 shows the controlled behavior for six different initial
conditions. It can be seen from Fig. 3 that the design fuzzy
controller stabilizes the system from all the initial conditions
although the system has uncertainties.

Fig. 2.

S S s s sty
L A A I I A

|
LN
o
|

Fig. 3. Controlled behavior of the nonlinear system (48).

Based on the sector nonlinearity technique [2], the nonlinear
system (48) can be exactly represented by a T-S fuzzy model
for x1 € [—d; dq] and x5 € [—da ds], where d; and dy are
constant satisfying 0 < d; < oo and 0 < dg < oo. The T-S
fuzzy model is obtained as

8
Y hi(2){(Ai + DuiAgi(t) Esi)x + Biu},  (49)
i=1
where
S e B L
[ Eae 1] [ Eae 1]
A3 = |-2 sin(dl) s A4 =|-2 sin(dl) s
— -6 — -6
L i i L di i
o —kmin 1 _ Emin 1
A5 - I 72 76 ) AG - 72 76 bl
kmin 1 1 [ kmin 1 1
A, = | —2sin(dy) , Ag = | —2sin(dy) ,
— -6 — 6
L i i L di i
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Fig. 4. Feasible area of the LMI-based robust control design conditions
proposed in [2] for the T-S fuzzy model (49) with ¢ = 0.76.

d
B, =B3;=Bs;=B; = {71},

—d
B2:B4:B6:B8: |: 71:|7

C .
Dai: |:0:|77’_17 "'a85
Am‘:A(t)/C, Z:17 "'78a
i=1, -8,

2 2
= max (=14 z1 + 27 + 120 — 23),
|z1]<d1,|z2|<d2

o~

(=14 21 + 27 + z120 — 73).

min — min
|x1 |<d1,|12|<d2

The membership functions are given as follows.

() — K sina — (sindyfd )y 3+
kmaz — kmin (1 — (sindy /dy))zq 2d,
ho(z) = k — kmin .Sinxl — (sindy/dy)z1 di — a1
kmaz — kmin (1 — (sindi/d1))z: 2dy
hg(z) _ kﬁkmzn ' Ty 7Sin1’1 'IE1+d1
kmaz = kmin (1= (sindy/dy))zy 2dy
h4(z) _ k— kmin . T — Sinlj .dl — X
kmax - kmzn (]. — (sin dl/dl))l'l 2d1
hs(z) = kmaz — K .Sinxl — (sindy/dy)z1 1+ dy
kmaz — kmin (1 — (sindy/d1))z: 2dy
he(z) = kmaz — k .sin x1 — (sindy /dy)xy di — o1
kmaz — kmin (1 — (sindy /dy))zq 2d,
he(z) = kmaz — k . 1 —sinz 71 +dy
kmam - kmzn (]— - (Sin dl/dl))Il 2d1
hs(z) = kmaz — k . r1 —sinz .dl -
kmaz — kmin (1 — (sindi/di))z1 2dy

Fig. 4 shows the feasible area of the LMI-based robust
control design conditions proposed in [2] for the T-S fuzzy
model (49) with ¢ = 0.76.

Remark 6. For nonlinear systems with polynomial terms, it
is impossible to exactly construct a global T-S fuzzy model.
In this example, a local T-S fuzzy model with 8 rules can

be constructed by assuming the ranges of x1 and xs, e.g.,
|x1| < dy and |xs| < do, where di and dy are nonnegative
values. If we select huge values for di and ds, the local T-
S fuzzy model could be a global model, however, it becomes
much harder to guarantee the stability for larger values of d
and ds. In other words, smaller values of di and ds becomes
easier to guarantee the stability of the local T-S fuzzy model.
However, the LMI robust conditions for T-S fuzzy models are
infeasible even for very small values, e.g., di > 0.96 when
c = 0.76.

B. Design example I1
Consider the following nonlinear system with uncertainties.
i1 = (=14 Ag(t) + 21 + 22 + 1122 — 23) 13

+x2 + 21U,
&g = —2sin(xy)x; — 6x2 — 4sin(zy) (1 + Ap(t))u,

(50)

where A, (t) and Ay(t) are the uncertainties satisfying
|[AL(t)] < ¢q and |Ap(t)] < ¢p for all t. All the simulation
results given in this design example are carried out for
Ay (t) = ¢qsin(2007t) and Ap(t) = ¢ sin(2007t). However,
it should be noted that A, (¢) and Ap(¢) are the uncertain terms
and only their upper bounds, i.e. ¢, and ¢, are known as well
as the standard robust control setting.

Using the sector nonlinearity technique [2], the nonlinear
system with the uncertainties is exactly converted into the
polynomial fuzzy system (9) with r=2, &(x) = & = |21, z2],
z = r1 and

[ 142+t oz —22 1
Ai(e) = | iy
[ 142 +a?+aae —a23 1
R Sy |
Bue)= | “4 | Bat) = | .
Doi(x) = Dya(x) = { o } :
Aal(w) = AaQ(m) = Aa(t)/cav
Eal(w) = Ea2 w) = [ 0 }
0 0
pa@ =| 5, | Du@=| 0 |.
Api(z) = Apa(x) = Ap(t) /o,
Ebl(w) = Ebg(w) = ].,
sin(zy) + 1 —sin(axy)
hi(2) 5 ha(2) 5
Since [|Ag1 (@) = ||Aaz(@)|| = [[Aa(t)/cal| < 1 and
|An@)|| = l[Awp(@)|] = [[At)/cl < 1, we have

Ba1 = Baz = Bp1 = Bp2 = 1. Moreover, the algorithm
presented in Section IV is carried out with the initial setting
s =0, ¢g = 0.001, er = 0.001, ey = 0.001, e, = 0.001,
AT = (0.2, AMAT = 5 A\ = 0.8, p"" = 0.2, pT =1,
Ap; = 0.2 for i+ = 1,2. To show the validity of derived
conditions, we compare the feasible areas in the region (0.01 <
cq < 0.12 and 0.01 < ¢, < 0.26 ) for the proposed robust
control design method and the SOS-based design method of

[36] as shown in Fig. 5. It shows that the proposed robust
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design method provides more relaxed results than the method
of [36].

For ¢, = ¢, = 0.1, Fig. 6 shows the behavior of the
nonlinear system (50) with v = 0. By solving the conditions
in Theorem 1, a feasible solution for ¢, = ¢, = 0.1 can be
obtained as

A = 6.806,
V(z) = 1.36432% + 0.145123

Fy(a) = | 601501 + 0344725 + 0.7279 T
ner= 0.3447x1 + 0.0207 '

Fy(a) = 1667201 + 0311925 +0.7391 g
2 0.31192; — 0.0983 ’
gia1(x) = 0.4911x] + 0.047625 x5 + 0.35442723
+0.027623 — 0.1997x225 — 0.1470z1 23
+0.61212% — 0.29992 25 + 0.263022,
G1.2(x) = 0.5928z7 + 0.1080x3 x5 + 0.429427 22
+0.13312% — 0.01222% 25 — 0.03412, 23
+0.71682% — 0.12112 25 + 0.406423,
Go.1(x) = 0.56212] + 0.122123 25 + 042672723
+0.125623 + 0.0282z%x5 — 0.01932, 23
+0.72512% — 0.1052z1 29 + 0.387922,
G2.2(z) = 0.531627 + 0.084025 x5 + 0.3902z7 23
+0.15792% + 0.145622 25 + 0.0557x1 23
+0.6790x% — 0.1412z1 x5 + 0.375223.
Fig. 7 shows the controlled behavior for six different initial
conditions. It can be seen from Fig. 7 that the design fuzzy

controller stabilizes the system from all the initial conditions
although the system has uncertainties.

Remark 7. Design Examples I and Il show that our approach
provides more relaxed results than the existing LMI approach
and the existing SOS approach. In addition, as mentioned in

:
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Fig. 5. Feasible areas for proposed robust control design method ((J) and

the SOS-based design method of [36] (*).
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Fig. 7.

Controlled behavior of the nonlinear system (50).

Remark 6, the LMI-based approach for the T-S fuzzy model
does not guarantte the global stability of the nonlinear system.

VI. SEMI-GLOBAL ROBUST STABILIZATION CONDITIONS
WITH CONSIDERING INPUT CONSTRAINTS

Sections Il and V gave global robust stabilization condi-
tions and their design examples. It is known that the global sta-
bilization is sometimes difficult to be achieved for complicated
systems, e.g., unmanned aerial vehicles (UAVs), in practical.
Moreover, it is usually the case that the input constraints
exist in practical systems. Therefore, Section VI proposes a
semi-global robust control design method with considering the
input constraints. Section VII will show altitude control of a
paraglider-type UAV as a design example of the semi-global
robust stabilization with considering the input constraints.

Consider the operation domain

D, ={z: 2} <xg<ap™, B=1, -, n} (51
and input constraints
u}"i” <wup <wu*, A4=1, -+, m. (52)
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For the operation domain (51), the semi-global robust control
satisfying the input constrains (52) can be designed by the
following theorem.

Theorem 3. The polynomial controller (10) satisfying the
input constraints (52) stabilizes the system (9) and the outmost
Lyapunov function level set Qv = {x : V(x) < v} con-
tained in the operation domain (51) is a contractively invariant
set if there exist a polynomial function V(x), polynomial
matrices Fj(x), polynomials g;;(x), Qp(x), m5(x), ¢s(x)
and a scalar a < 0 such that (17) and the followmg conditions
hold:

V(x) — e(az) is SOS, (53)
szﬁ{ Tij(z) +aV(x)} is SOS, (54)
k:l i=1 j=1
Qp(x) is SOS, B=1,---,n, (55)
Y ws(@)(xp — af ™) (@p —fT) — deFi(@)@ (@)
p=1
—uy"m s SOS, i=1,---,r, L=1,--- m, (56)
Y me(@)(wp — 2f") (25 — 2F) + deFi(@)d(x)
B=1
F Ut s SOS, i=1,--,r, £=1,---,m, (57
pp(x) is SOS, pB=1,---,n, (58)
7'5( x) is SOS, [f=1,---,n, (59)

where €(x) is a radially unbounded positive definite polyno-
mial. dy = [df db --- d’)] with df =1 anddf =0Vj#Ll s
is a nonnegative integer, and

Tij(x) :a‘gf)

) Qs(x)
B=1

If a solution satisfying the conditions (17), (53)~(59) is
found, the outmost Lyapunov function level set Qy,, = {x :
V(x) < v} contained in the operation domain (51), i.e. the
contractively invariant set, can be obtained by solving the
following optimization problem.

(Ai(x) — Bi(z)Fj(z))@(x) + gij ()

min

max )

N zp —

max vy subject to

¢ (x)
op(@)(V(2) —7) = (x5 — af™)(wp — z57)
is SOS, (=1, ---, n, (60)
¢s(x) is SOS, pf=1,---,n (61)

Proof: In the proof, we need to show that
1) If the conditions (17), (53)~(55) hold, then the outmost
Lyapunov function level set Qv = {x : V(x) < 7}
contained in the operation domain (51) is a contractively
invariant set;
2) If the conditions (56)~(59) hold, then the input con-
straints (52) are satisfied in the operation domain (51).

11

1) For the operation domain (51), the following condition
holds:

(62)

15— ) (g — ) <0

> Qs(w)
B=1

where (Qg(x) > 0 that is guaranteed by (55). From (21) and
(22), if (17) holds, then

Fj(x))z(x) + gij(x)}.

It can be obtained from (62) and (63) that V(:c) <aV(x) <0
for D, — {0} if there exist v < 0 such that

ZZhihj{—ag(w)(

i=1 j=1
+ gij(x) —

- Qs(x)
B=1

By applying the copositivity presented in Corollary 1, the
condition (64) holds if (54) is satisfied. Furthermore, if (53)
holds, then V () is a positive definite and radially unbounded
function which means that the level set €y, is bounded for
any value of v > 0. Consequently, if the conditions (17),
(53)~(55) hold, then the outmost Lyapunov function level set
ly,, contained in the operation domain (51) is a contractively
invariant set. Moreover, by applying polynomial S-procedure,
Q, C D, is carried out by (60) and (61).

2) For the operation domain (51), the following two condi-
tions hold:

i=1 j=1

— Bi(z) (63)

Al(IlT) —

aV(x)

Bi(z)F;(z))a(x)

g — 2" (zp — 2fT)} < 0. (64)

> ps(@)(@s — 2§ ) (ws — 2F") 20, (65)
B=1
= rp(@)(wp — 2 (s — 2FT) >0, (66)
B=1

where @g(x) > 0 and 7(x) > 0 that are guaranteed by (58)
and (59) respectively. By applying the vector dy, the [-th input
can be represented as

=dyu = Z hid F(z)d(z). (67)

It can be obtained from (65) and (67) that u, — uz,”i" > 0 for
the operation domain (51) if the following condition holds:

— Zr:hidng(a:)i(
=Y (@)
p=1

It is obviously that (68) holds if (56) is satisfied. On the other
hand, it can be obtained from (66) and (67) that u;*** —u; > 0

) - i

max)

xg —xp"" ) (wp — @ (68)
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for the operation domain (51) if the following condition holds:

uy 4+ Z hidoF;(x)Z(x)
i—l

Z )(zs — xfgm")(xg -z ""). (69)
It is obviously that (69) holds if (57) is satisfied. [ |
Theorem 4. Assume that Ay;(x) = 0 Vi, ie. there are

no uncertainties with respect to input terms. The polynomial
controller (10) satisfying the input constraints (52) stabilizes
the system (9) and the outmost Lyapunov function level set
Qy, ={x : V(x) <~} contained in the operation domain
(51) is a contractively invariant set if there exist a polyno-
mial function V(x), polynomial matrices Fj(x), polynomials

gi(x), Qa(z), T3(x), ps(x) and a scalar o < 0 such that
(55 )~(59) and the following conditions hold:
V(x) —e(x) is SOS, (70)
h2)s ZZthQ{ Tij(x) +aV(x)} is SOS, (71)
k:l i=1 j=1
AGi(x) ko ok
ol | ADZL(x)(ZENT 21 0 |w is SOS, (72)

6(17.( ) az($)5ﬁ($) 0 21

where €(x) is a radially unbounded positive definite polyno-
mial. s is a nonnegative integer, and

ij(@) :81(2:(:)

—ZQB

]

(Ai(x) — Bi(z)Fj(z))#(x) + gi(z)

335 _ l’mm)(.%'ﬁ _ xgma:)

Proof: The proof is omitted since it is directly obtained
from Theorem 3. In this case, (17) is reduced to (72). |

Theorem 5. Assume that B;(x) = B(x), Dy;(x) = Dy(x),
Api(x) = Ap(x) and Eyi(x) = Ey(x) for all i. The
polynomial controller (10) satisfying the input constraints (52)
stabilizes the system (9) and the outmost Lyapunov function
level set Qy., = {x V(x) < v} contained in the
operation domain (51) is a contractively invariant set if there
exist a polynomial function V (x), polynomial matrices F;(x),
polynomials g;(x), Qg(x), 78(x), pp(x) and a scalar oo < 0
such that (55)~(59) and the following conditions hold:

V(:B) —e(x) is SOS, (73)
ZhQ{ Ti(z) + aV(x)} is SOS, (74)
i()\,.’l)) U1 1S SOS, (75)

where €(x) is a radially unbounded positive definite polyno-
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mial. s is a nonnegative integer, and

Tiw) = Y (A w) - B@F@)2@) +5(@)
=Y Qs(@)(wp — af ™) (wp — 2f),
B=1
Ll()\’ :B) =

Proof: The proof is omitted since it is directly obtained
by the same fashion as in the proof of Theorem 3. |

VII. DESIGN EXAMPLE OF SEMI-GLOBAL ROBUST
STABILIZATION WITH CONSIDERING INPUT CONSTRAINTS

Section VII gives a design example of the semi-global
robust stabilization for a paraglider-type UAV. Under some
assumptions, the altitude error dynamics of a paraglider-type
UAV around the trimmed equilibrium are given as

0.1336(1 + Ag(t))u(t)
p(e(®))(1 + Aalt
p2(e(t))(1 + Aalt

é(t)

- -

(76)

where e(t) denotes the altitude error between the altitude of
the UAV and a constant desired altitude, and wu(¢) is the throttle
input difference from the trimmed equilibrium throttle input.
p1(é(t)) and py(é(t)) are polynomial elements including the
aerodynamics generated by the canopy of the UAV and are
described as

6.270 - 1074 ¢2
1.188 - 1074 . ¢2

(t) +7.271 - 1072€(t),
(t) — 7.358 - 1073¢(t).

pi(e(t) =
p2(é(t))

We consider two kinds of uncertainties. The first uncertainty
is aerodynamics uncertainty, i.e., A,(t), since it is very
difficult to exactly obtain the real aerodynamics of the canopy.
The second uncertainty is input uncertainty, i.e., Ag(¢), since
the thrust force generated by a motor is influenced by battery
condition, wind conditions, and so on.

Using the sector nonlinearity technique [2], the nonlinear
system (76) with the uncertainties is exactly converted into
the following four-rule polynomial fuzzy system with uncer-
tainties:

mfzh

+(B( )+ Dy(z) Ap(z) By ())u},

)+ Dai(x)Avi(x) Eyi(x))x
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A(z) = p1(é(t))41rp2(e(t)) 8]’
As() = | PO T paEt) O ] |
As(x) = _Pl(é(t))l—i—pz(é(t)) 8 } |
Ay(z) = —P1<e<t>>1— p2(é(1)) 0 } ,
B(z) = [_0.1336 } ’

D, (x) = C2P1§)é(t)) C2p2E)é(t)) } 7
Dys() = e (1) ez (E(t) ] |
Ds(z) = *C2P6(é(t)) 62p2(()é(t)) } ’
Do) = *02106((%(15)) —ch%(é(t)) ] |

a0 Al
E,1(x) = Euz(x) = Eg3(w) = Ea(a) = [ 1 8 } 7
Dy(z) = [ 0.135)6(;1 ] |
Ap(m) = Ag(t)/cr,
Ey(z) =1,
o (z) = (05(0-2€) + D)(sin(0.26) +1)
ho(z) = (c05(026) + 1)4(1 —sin(0.26))
haz) = (L= cos(O.Zé)zl(sin(O.Zé) 1)
ha(z) = U= C08(0-2é))4(1 — sin(0.26))

Since ||Agi(x)|| < 1fori=1,---,4 and ||Ap(z)|] < 1
as well as in the previous two examples, we have [,; = 1
for i = 1,--- ,4 and B, = 1. For any situation satisfying
c1 > 0 and ¢z > 0, no solutions can be obtained by applying
the globally robust control design proposed in [36]. Also, no
solutions can be found by applying the globally robust control
design of the proposed Theorem 1.

Assume that the operation domain for the UAV system is
D,={¢:—-15<é<1.5and e: —10 < e < 10}, the input
constraint is —5 < u < 5, and ¢; = ¢ = 0.1. Moreover, the
algorithm for solving Theorem 5 is carried out with the initial
setting ¢, = 0.005, ez = 0.005, ey = 0.005, ez, = 0.005,
AT = 0.5, A" = 2, AN = 0.5, pj"" = 0.2, p]"** =1,
Ap; = 0.4 for i = 1, 2. By solving the conditions in Theorem
5, a feasible solution is found as

o = —0.0027, \ = 5.8979,
V(x) = 2.878922 + 0.1894x x5 + 0.0683z3
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Fi(z) = [F!(z) F*(2)],

Fl'(x) = 0.291927 — 0.02140z 22 + 0.001623
+0.2850x1 + 0.0073x2 + 1.2042,

Fl?(x) = —0.02142% + 0.00162, 25 — 0.000223
+0.0073z1 + 1.3281 x 10529 + 0.18254,

Fy(z) = I (z) F*(2)),

F}l(x) = 0.26772% — 0.02312129 + 0.001223
+0.35012; + 0.0125x5 + 1.3162,

Fy?(x) = —0.02312% + 0.00122, 25 — 0.000223
+0.01252; + 6.3453 x 10~ 525 + 0.1877,

Fy(z) = [F3' () F3*(2)),

Fyl(x) = 0.26627 — 0.021872 125 + 0.001223
—0.323421 — 0.011625 + 1.3234,

Fj2(x) = —0.02192% + 0.0012x; x5 — 0.000223
—0.011621 — 0.0002z5 + 0.1868,

Fy(z) = [F{'(z) Fi*(2)),

Fil(x) = 0.28132% — 0.02122,25 + 0.001622
—0.265021 — 0.0078z5 + 1.2181,

Fi%(x) = —0.02122% + 0.00162; 25 — 0.000223
—0.0078x1 — 0.0002z5 + 0.18,

etc. Moreover, by solving the optimization problem of (60)
and (61), the outmost Lyapunov function level set contained
in the operation domain is obtained as Qy1s22 = {x :
V(x) < 6.1822}, and the SOS multipliers are obtained
as ¢1(x) = 0.3640 and ¢o(xz) = 15.676. Fig. 8 shows
the outmost Lyapunov function level set (the contractively
invariant set) and the controlled results for six cases of initial
states. From Fig. 8, the control system is asymptotically stable
and the Qy 61500 = {x : V(x) < 6.1822} is a contractively
invariant set. Fig. 9 shows the control inputs for the six cases. It
can be seen from Fig. 9 that all control inputs satisfy the input
constraint —5 < wu(t) < 5. Fig. 10 shows the time response
for Case 1. Fig. 11 shows the control input for Case 1.

VIII. CONCLUSIONS

This paper has presented a new SOS design framework for
robust control of polynomial fuzzy systems with uncertainties.
Two kinds of robust stabilization conditions, i.e., global SOS
robust stabilization conditions and semi-global SOS robust
stabilization conditions, are derived in terms of SOS. The new
design framework has given key ideas to avoid conservative
issues. The first key idea is that we directly solve non-convex
SOS design conditions without applying the typical transfor-
mation. The second key idea is that we bring a so-called
copositivity concept. These ideas provide some advantages in
addition to relaxations. To solve our SOS robust stabilization
conditions efficiently, we have introduced a gradient algorithm
formulated as a minimizing optimization problem of the upper
bound of the time derivative of polynomial Lyapunov function-
s. Three design examples have been provided to illustrate the
validity and applicability of the proposed design framework.
The examples have demonstrated advantages of the new SOS
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design framework for the existing LMI approaches and the
existing convex SOS approach. Our next subjects are to apply
the advanced SOS robust stabilization conditions to more
complex systems, e.g., [44], [45], [46].
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