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input and multi-output (MIMO) nonlinear systems whose dynamics are poorly understood.
Within this scheme, fuzzy systems are employed to approximate the plant’s unknown
dynamics. In order to overcome the controller singularity problem, the estimated gain
matrix is decomposed into the product of one diagonal matrix and two orthogonal matrices,
arobustifying control term is used to compensate for the lumped errors, and all parameter
adaptive laws and robustifying control term are derived based on Lyapunov stability
analysis. The proposed scheme guarantees that all the signals in the resulting closed-loop
system are uniformly ultimately bounded (UUB). Moreover, the tracking errors can be made
small enough if the designed parameter is chosen to be sufficiently large. A simulation
example is used to demonstrate the effectiveness of the proposed control scheme.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

In practical control engineering, fuzzy system-based adaptive control methodologies have received much attention,
emerging as promising approaches for controlling highly uncertain and nonlinear dynamical systems. Based on the universal
approximation theorem [1], during the last two decades, several adaptive fuzzy control schemes have been developed
for a class of single-input single-output (SISO) nonlinear uncertain systems [2-6], and multi-input multi-output (MIMO)
nonlinear uncertain systems are investigated in [7-13]. Stability analysis in such schemes is performed by using the
Lyapunov synthesis method.

In order to meet control objectives, conceptually, there exist two distinct approaches to design a fuzzy adaptive control
system: direct and indirect schemes. In the direct method, a fuzzy system is used to describe the control action and the
parameters of the fuzzy system are adjusted directly to meet the control objective [1,4,5,12,13]. Unlike the direct schemes,
the indirect adaptive approach uses fuzzy systems to estimate the plant dynamics and then a control law is designed based
on these estimates [1-3,6-11,13]. In indirect adaptive schemes, the possible controller singularity problem usually meet.
To avoid this problem, for MIMO systems, in [7,8], the authors suggest using a projection algorithm to keep the estimated
parameters inside a feasible set, but this solution has some disadvantages [10,11]. In [9,13] the authors do not take account
of the controller singularity problem, they implicitly assume that the estimated control gain matrix is always nonsingular.
In [11], for the certainty control term, authors use the regularized inverse of the estimated control gain matrix instead of
its inverse to avoid the possible singularity problem, and design a robustifying term to compensate for the approximation
errors, but it is possible for the robustifying term not to be well-defined. Another way to avoid this problem is to use the
direct adaptive control schemes [12]. However, this approach seems to require that the gain matrix satisfies more restrictive
assumptions [11].

Moreover, a key assumption in the developed adaptive fuzzy control schemes [11,12] is that the control gain matrix is
positive definite, however, in [11,12], the main care the authors take into account is the sign of the gain matrix instead
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of the symmetry. In this paper, motivated by the symmetric matrix decomposition technique [14], an indirect adaptive
fuzzy control scheme is developed for a class of uncertain MIMO nonlinear systems. Within this scheme, the fuzzy systems
are used to approximate the plant’s unknown dynamics, in order to avoid the possible controller singularity problem, the
estimated symmetric gain matrix is decomposed into the product of one diagonal matrix and two orthogonal matrices, and
a robust controller is used to compensate the lumped errors. The proposed design scheme guarantees that all the signals
in the resulting closed-loop system are UUB. Moreover, the tracking errors can be reduced by adjusting the value of the
designed parameter.

The rest of the paper is organized as follows. In Section 2, we describe the plant dynamics, control objectives, and a brief
description of fuzzy systems. In Section 3 the suggested indirect adaptive fuzzy control schemes are presented while in
Section 4, simulation results are provided to demonstrate the effectiveness of the method. Finally, conclusions are drawn in
Section 5.

Throughout this paper, ||.|| indicates the Euclidean norm.

2. Problem formulation and preliminaries

Consider a MIMO nonlinear dynamic system represented by the following form

p
yﬁr” =fi(x) + Zgu(x)uj,

=1

(1)
(i) 2
W =H0+ ) g
j=1
where x = [y1,¥1, ... ,y({l_l), e Y Vpe e ,y,(,r"fl)]T € R'is the system state vector, which is assumed available for
measurement and [ = Zle r, u=[uq,..., up]T eRPandy = [y, ... ,yp]T € RP are the system input vector and output
vector, respectively, and fi(x), i = 1,2,...,pand g;(x), i,j = 1,2, ..., p, are continuous unknown smooth nonlinear
functions.
Let us denote
(rp)
YO = w1
F) = [fi®),.... L],
gu - gp®)
G(x) = : )
gpl(x) ce gpp(x)
Then, Eq. (1) can be written in the following compact form
¥ =F(x) 4+ Gxu )

where F(x) € RP and G(x) € RP*P.
The controllability of (1) requires that G(x) is nonsingular for allx € U C R', accordingly, throughout this paper we make
the following assumption:

Assumption 1 ([11-13]). For all x € U, G(x) is positive definite, then there exists unknown o > 0,0y € R such that
G(x) > ooly, here I, is the p x p identity matrix.

The objective of this paper is to design an indirect adaptive fuzzy controller u(t) such that the system output y follows
the reference signal v, = [Ym1, Ym2, - - - ,ymp]T, i.e., the tracking error e;(t) = ymi(t) —yi(t) =0(i = 1,...,p), while all
the signals in the derived closed-loop system remain bounded.

Let us define the filtered tracking errors as

d ri—1
Si = (a + )\.]) E](t), )»1 >0

d p—1
Sp = <a + Ap> ep(t), Ap>0.
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Eq. (3) can be written as follows

si=e" T = DAl o = DA+ A e (i=1,2,...,p). (4)

Remark 1. From (4), if we choose the appropriate A; such that the roots of the equation H;(s) = s ™'+ (r; — D A;si 2+ - -+
(ri — 1)Al-ri_zs + kf"_l =0(@{=1,2,...,p) areall in the left-half complex plane, it follows that e;(t) — 0 asymptotically
as si(t) — 0. Thus, the problem of tracking the r;-dimensional vector y,;; can be replaced by a 1st-order stabilization
problem in the scalar s;. Moreover, if |s;(t)| < ¥;, Vt > 0, then |e;(t)| < kr‘f’;l , Vt > 0, within a short time-constant
(ri—D/r(i=1,2,...,p)[15]

So, the objective of this paper becomes the design of a control law to force the filtered tracking error s;(t) — 0, or to be
ultimately bounded.

From (3), it is obvious that the expression of s; contains e?fl, one only needs to differentiate s; once for the input u; to
appear. Differentiating s; with respect to time yields

p
Si=v1 —filx) — Zglj(x)uj
=

(5)
p
ép =1V _fp(x) - ngj(x)uj
j=1

where

v = J’f,?]) + 51,”719?1_1) + -+ B8

(6)
-1 .

vy = yfﬁf,) + ﬂp,rp—le;()rp UEE Bp.1€p

with
(i — 1! N )
j=———A' ", i=1,...,p,j=1,....,r,—1.
P = =G — i P ’
Denote

s=1I[s1,...,5]"

v = [vl,...,vp]T.
Then Eq. (5) can be written in the following form

§=v—Fx) — GX)u. (7)
If the nonlinear functions f;(x) and g;;(x) are known, then the following control law

u=G1x)(—Fx) + v+ Kos) (8)
where Ko = diag[ko1, ..., kop] with ko; > 0, can be used to meet the control objective. Indeed, substituting (8) into (7),
we get

§ = —Kps. (9)

From which we can conclude thats; — Oast — oo.

From the aforementioned analysis, we know that the control law (8) is easily implemented in the case where F(x)
and G(x) are known. However, in this paper, these nonlinear functions are unknown, the above control law (8) cannot
be implemented. In this case, we assume that they can be approximated by the fuzzy systems. In the following, the fuzzy
systems considered in this paper are discussed briefly. The used fuzzy systems are characterized by a set of fuzzy IF-THEN
rules in the following form [1]

RY . 1Fxy is F{ and - - - and x,is F,i, THEN y is G

where x = [x1, ..., x,]" and y are the input and output of the fuzzy logic system, respectively, Fi’ and G! are fuzzy sets, for
I=1,...,m.
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By using the strategy of singleton fuzzification, product inference and center-average defuzzification, the output of the
fuzzy system is given as follows

iy] (ﬁ MF{'(Xi)>
y=" = 2 (10)

Z: 1:[ MFJ(XI

where ¥ is the point at which the membership function of G' achieves its maximum value. By introducing the concept of
fuzzy basis function vector & (x), Eq. (10) can be rewritten as

Y =F(x10) = 0" (x) (11)
) [Tisy g ()
where 8 = [y, ..., y"|T, Ex) = [E1(x), ..., E™(x)]" with & (x) = m

According to the universal approximation theorem [1], the fuzzy system f 11) is able to approximate any continuous
nonlinear function on a compact set to an arbitrary degree of accuracy provided that enough number of rules are considered.
In following, it is assumed that the structure of the fuzzy system and the fuzzy basis function parameters are properly
specified in advance by the designer. This means that the designer decision is needed to determine the structure of the
fuzzy system, and the consequent parameters must be calculated by adaptive laws.

3. Design of indirect adaptive fuzzy control and stability analysis

Since f;(x) and g;;(x) in (1) are unknown, we assume that they can be approximated by the fuzzy systems in the form of
(11) as follows

fixio) = 0l ga(x), i=1,....p,
8i(X[6g) = Ogyei(0), Li=1,....p

where &5 (x) and &,;;(x) are fuzzy basis function vectors, 65 and 6,; are parameter vectors of each fuzzy system designed later.
Denote

Fx16p) = (X611, - - - frX16p)1"

and from Assumption 1, we know that G(x) is symmetric, thus it is reasonable to assume that its fuzzy approximation é(x|9g)
is symmetric, too, the matrix G(x|6;) can be denoted as

};Tn(x|9gn) glz(x|9g12) e <§1;)(><|9g1p)
R 812(x10g12)  822(X|0g22) -+ Z2p(X|0g2p)
G(x|0g) = : . . :

Alp(xleglp) gZp(X|9g2p) e gpp(x|9gpp)

Remark 2. Compared with this paper, in [11-13], the gain matrix G(x) is positive definite symmetric, however, the
symmetry of the estimated gain matrix G(x|6;) is not considered.

Now, let us consider a certainty control law as follows
Ue = G 1 (X|0g) (—F (x|67) + v + Kos). (12)

This control law results from (8) by using the adaptive fuzzy approximations F (x]6r) and a(x|9g) instead of the functions
F(x) and G(x), respectively.

Since the matrix f;(x|9g) is generated online by the estimation of the parameters 6, the control law (12) is not well-
defined when the estimated gain matrix 6(x|9g) is singular. In order to overcome this problem, we use the symmetric matrix

decomposition technique. Since matrix C(x|9g) is symmetric, it can be decomposed as follows [14]
G(x|6g) = P~'D,P (13)
where P is a orthogonal matrix, D, = diag[A4, ..., A,], here A; is the characteristic root of matrix C(x|0g).
We modify the equivalent control law (12) as follows
ue = [G(X|6g) + P~ "Dy P (—F (x[6)) + v + Kos) (14)

where D, = diag[e;sign(Xy), ..., gsign(r,)] with &; > 0, and sign(};) = {31 :?ii ig.
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Since G(x|0;) + P~'D;.P = P~ (D, + D;,)P, it is obvious that the matrix G(x|6;) + P~'D,.P is nonsingular, therefore
the controller (14) is always well-defined.
Due to F (x) being approximated by F(x|6f), G(x) is approximated by G(x|6;) + P~D,,P, so the approximation errors are
unavoidable. In order to compensate for these errors, we append to the controller (14) a robust control term u,
u=u,+u (15)

where u, is to be designed later.
Substituting (15) into (7) yields
§ = —Kos + (F(x|0p) — F(x)) + (G(x|0g5) — G(x))u, + P~'DyPu — Gu,. (16)
Let us define the optimal approximation parameters 0;{ and 9;-]. as follows:
05 = argmin(sup [fi(x|65) — fix)[]
0r€f2f  xeU
0 = argmin[sup |&;(X|6g;) — g;()|]
Ogij€92gij X€U
where £2; and £2; are the compact set of allowable controller parameters. Define the parameter errors
b5 = 05 — O, baij = Ogij — O
and
o5 = fixl6}) — fi),
wgij = 8 (X|0g;) — &ij(%)
as the minimum approximation errors.
In this paper, we assume that the used fuzzy system does not violate the universal approximation theorem [1] on the
compact set U, which is assumed large enough so that state variables remain within U under closed-loop control. So it is

reasonable to assume that the minimum approximation errors are bounded for all x € U, accordingly, we can make the
following assumption:

Assumption 2. Fori,j = 1,2, ..., p, ws, wg; are bounded, respectively.

With above definition, Eq. (16) can be written as follows

$ = —Kos + Ef¢f + qujg + P_]DAEPUC + ‘Qufgwfg — Gur (_17)
where

(61 (%)
- §sz(X)
Gf = ,

T

L (%)

[ Eg11
_ g2z
By =

- Elgpp

with
S = [£]1;®Ucr, ..., £, (OUg ],
Egn = [ggTu(X)ucl’ cee Sgsz(x)ucp],
Egpp = [E;1P(X)Uc1, RN Engp(X)ucp]
T T T+T
Dr =[5, Pps -5 Pl s
T T T T T T T
¢g = [¢g117 DRI ¢g1ps ¢g127 sy d)gzp, ¢g1p, ey ¢gpp]
Wy = [Cl)f], Wg11y «++ s Wglpy -+« s Ofpy Dglpy + -+ -5 (‘)gpp]T
Ufg
Ufg
Rug =
Ufg

withug = [1, Ueq, ..., Ugpl.
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In order to compensate for the lumped error terms in (17), the robust term u, is designed as

Uy = BSUIDse I el + [l 2ugeI’] (18)

where § is a positive designed parameter.
Denote
O =16f.....651",
T T T T T T 9T
Og = 0511, -+ Og1ps Ogrs -+ - Ogaps Ogips - s Ogypl
The adaptation laws for ®; and ©, are defined as follows:

O = -y &, (19)
Op =~y ;s (20)

where yr > 0, y; > 0.

Remark 3. From (20), if i < j, then there exist two values for 6y, them are generally unequal, so we average these two
values to obtain the true value of 6g;.

The property of the designed control scheme is summarized by the following theorem.

Theorem 1. Given the plant defined by (1) satisfying Assumptions 1 and 2, the control law (15) with adaptation
law (19)-(20) will ensure that all signals in the closed-loop system are uniformly ultimately bounded, and the tracking errors
can be made small enough if the designed parameter £ is chosen to be sufficiently large.

Proof. Consider the following Lyapunov function candidate:

V= 1sTs+iq)}q)f+iq>;q>g. 1)
2 2yf 2y,
The time derivative of V is

S T 1.,
V=s'5+—0d+—D]D,
Vi Ve
1. 1.
= s (—Kos + Ef Py + Eg @y + P7'D;cPuc + Qg — Guy) + 7qbchbf + y—cbgTqbg. (22)
f 4
Using (19) and (20), we have
T 1., T 1.,
S .:f@f—qujf <Df+s ag¢g+*¢g¢g =0. (23)
Vi Ve

Since matrix P is an orthogonal matrix, |[P~'D;,P|| = ||D;.||. With (18), we have

ST (P~ Do Plte + 2uggas — Gutr) < IIsI1IDse I el + l1sl 11 2uss | leoge I — BoollsIZLID 1P el + | 2uge 121 (24)

Here, the inequality s”Gs > o, |s||? is used which is true because G(x) satisfies Assumption 1.
Using the inequality 2ab — b®> < a?, we have

ISl 1Dzl lluell = Boollsl*1Dae I luc1? < —— (25)
4B00
sl | 2ugell lleoge | — BoollslI* [ uge 1 < oo I (26)
~ 4Boo
using (25) and (26), (24) becomes
_ 1
ST(P 1DAsPuc + Qugowp — Guy) < ——[1+ ”a)fg”z]- (27)
4B00
Substituting (23) and (27) into (22) yields
7 < _ mi ) 2, b 2
V< = min (Ko IsI? o 521+ llog 171 (28)
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From Assumption 2, we know that ||wg|| is bounded, so the constant pg > 0 exists such that ||wg |2

guarantee that Vis negative as long as s is outside the compact set 2 defined as
2 ={s|lsll =¥} (29)

_ 1+pp
where ¥ =/ o5 e ol

According to a standard Lyapunov theorem, we conclude that s, @, @, are all uniformly ultimately bounded, and s will
converge to £2. Therefore, s; will converge to §2. Moreover, we can obtain that [15]

< pg. Then, one can

lei(H)] <

s Yt >0 (30)
i
within a short time-constant (r; — 1)/A; i= 1,2, ..., p).
From (30), it is obvious that tracking error e;(t) can be made small enough by properly choosing sufficiently large designed
parameter §. O

4. Simulation

Consider a two-link rigid robot manipulator moving in a horizontal plane. The dynamic equations of such a system are
given by [11,12,15]

gi| _ [Mn Mnp T | =hdx —h@+q)||d@
G2~ [M2z1 My U hq, 0 2

where

M1y = ay + 2a3 cos(q2) + 2a4 sin(qz),

Ma; = ay,

My = Mz = a; + a3 cos(qz) + a4 sin(qa),
h = a; sin(qz2) — a4 cos(qz)

with

ap =1L+ mllf1 +1I, + melfe + mel%,
ay = I + mel%,
as = Melile cos(8e),
ag = Melqlee sin(8e).
In the simulation, the following parameter values are used: my = 1,m, =2,y = 1,14 = 0.5, = 0.6,1; = 0.12, I, =
0.25, 8, = 30°.
Lety = [y1.¥2]" = [q1, q21", u = [ur, w2]", x = [q1. 41, G2, G2]" and

o0 = [0

- _M-! —hgy  —h(g1 + @) | |
hg, 0 Q|

_ |81 g | _ 1
) = |:g21(x) gzz(x)] =M

then, the robot system can be expressed as follows
y=F(x) + Gx)u

which is in the input-output form given by (2). Since the matrix M is positive definite, then G(x) = M~ is positive definite.
The control objective is to force the system outputs q; and g, to track the sinusoidal desired trajectories y,,,1(t) = sin(t)
and ym»(t) = sin(t), respectively. Within this simulation, the nonlinear functions F(x) and G(x) are assumed completely
unknown, two fuzzy systems in the form of (11) are used to approximate the elements of F(x), and three are used to
approximate the elements of G(x). The fuzzy systems used to describe F(x) have q(t), q;(t), g2(t) and ¢, (t) as inputs,
and the ones used to describe G(x) have q;(t) and g, (t) as inputs.
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15 . . .
0 5 10 15 20

t/s

Fig. 1. Position tracking curves of link 1: Y1 (—), y1(——).

15 T T T

-1.5 . . .
0 5 10 15 20

t/s

Fig. 2. Position tracking curves of link 2: y,;5 (=), y2(——).

1.5 T T r

-15 - - -
0 5 10 15 20

t/s

Fig. 3. Position tracking curves of link 1: yp1(—), y1(——).
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1.5

0 5 10 15 20
t/s

Fig. 4. Position tracking curves of link 2: ypz (=), y2(——).

1.5

t/s
Fig. 5. Velocity tracking curves of link 1: 1 (=), y1(——).

In the simulation, the fuzzy membership functions are defined for every variable q1, §1, g2, g as follows [11]:

N 1/x+125)°

pp ) = exp (= (0.6 ) ,
1 Xi

MFiZ(Xi) = exp <—§ (ﬁ)) )

) 1 (% —1.25)\°
Xj) = ex — | — .
Mo i PA\72 " 06

Let the initial conditions be x(0) = [0.5, 0, 0.25, 0], and each element of 0r1(0), 672(0), 6411(0), B512(0) and G52, (0) are
all chosen randomly in the interval [—0.5, 0.5].

The design parameters are chosenas ko1 =4, koo =4,y =05, =05,61 =0.1,6, =0.1, 41 =4, A, = 4.

In order to highlight the effectiveness of the proposed control scheme, we simulate the control design with the designed
parameter 8§ = 0.05 and 8 = 0.5, the position tracking results for the first link and the second link with 8 = 0.05 are
shown in Figs. 1 and 2, respectively, and the least mean square error of e (t) is 0.0033, and e, (t) is 0.0012, those for the first
link and the second link with 8 = 0.5 are shown in Figs. 3 and 4, respectively, and the least mean square error of e;(t) is
0.0018, and e;(t) is 0.0005. The velocity tracking results for the first link and the second link with 8§ = 0.05 are shown in
Figs. 5 and 6, respectively, and the least mean square error of é;(t) is 0.0397, and é,(t) is 0.0089, those for the first link and
the second link with 8 = 0.5 are shown in Figs. 7 and 8, respectively, and the least mean square error of é;(t) is 0.0267, and
é,(t) is 0.0078.
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1.5

0 5 10 15 20
t/s

|
-
ol

Fig. 6. Velocity tracking curves of link 2: y,» (=), y2(——).

1.5

-15 : : :
0 5 10 15 20

t/s

Fig. 7. Velocity tracking curves of link 1: y,1 (=), y1(——).

0 5 10 15 20
t/s

-1.5 .

Fig. 8. Velocity tracking curves of link 2: yma (=), y2(——).
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From these simulation results, it is obvious that the tracking errors can be reduced by increasing the value of designed
parameter 8, and the tracking capability of the proposed control scheme is quite satisfactory.

5. Conclusions

In this paper, an indirect adaptive fuzzy control scheme is developed for a class of uncertain MIMO nonlinear systems.
Within this scheme, the fuzzy logic systems are used to approximate the plant’s unknown dynamics. By using the
symmetric matrix decomposition technique to avoid the possible controller singularity problem. The proposed design
scheme guarantees that all the signals in the resulting closed-loop system are UUB. Moreover, the tracking errors can be
made small enough if the designed parameter § is chosen to be sufficiently large.
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