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Abstract— In this paper we present a scheme of decen-
tralized control by output feedback for a class of com-
plex nonlinear systems. The proposed control consists of
an adaptive component based on Recurrent Fuzzy Neural
Networks (RFNN’s), plus a uncertainty compensation signal.
The main features of the proposed scheme are its robustness
because the tracking error goes exponentially to a residual
set, and simplicity because a few rules are required for the
implementation of the RFNN. To illustrate the proposed
scheme, the results of the application to a two degree-of-
freedom Rhino robot are included.
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works, decentralized control, Lyapunov stability.

I. INTRODUCTION

Many plants in the practice are Multi-Input-Multi-
Output (MIMO) systems. Control design for such systems
is a complex task. An alternative for designing of control
systems for complex MIMO systems is thus using decen-
tralized control synthesis, because decentralized control
features design simplicity, robustness against failures, and
computational efficiency. If properly designed, decentral-
ized control may give the same level of performance as
achieved in a centralized control based on an MIMO
process model. Due to these advantages, much attention
has been paid in designing such decentralized controls [8].

One approach to decentralized control is through the
M-Matrix[1], in which the stability of the interconnected
systems is established based on the M-Matrix condition.
When the system fulfills a matching condition, i.e., the
interconnection terms enter each subsystem through the
same channel as the control signal, the M-matrix condition
is relaxed [2]. Under some geometric conditions and
utilizing a design technique based on integrator back
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stepping, [3] considered interconnected systems that do
not satisfy the matching condition. [4] considers a class
of interconnected systems where the interconnection of
each subsystem with the rest is bounded by a polynomial
of high order. Some results in linear systems have been
extended to nonlinear ones for state feedback [5], [6], and
for output feedback [3].

Neural Networks (NN) and Fuzzy Logic Systems (FLS)
provide a powerful tool to control dynamical systems.
Several control systems have been proposed for complex
dynamic systems, (see, for instance [12], [13], [14], [15]).
[12], [16] present control laws where the parameters of
the consequent part of the fuzzy rules are adapted by
algorithms obtained from the Lyapunov stability. Control
systems with adaptation laws for the parameters of the
consequent and antecedent part of the FLS are proposed
in [12], [17]. In order to get a linear parametrization of
the antecedent parameters, it is necessary to make an
expansion in Taylor series of the membership function.
Some recent decentralized controls with FLS and/or NN,
are proposed in [18], [19], [20], [21].

It has been reported in the literature that the Recurrent
Fuzzy Logic Systems(RFLS) and Recurrent Fuzzy Neural
Network (RFNN) present a more transparent implementa-
tion with less fuzzy rules compared with the feedforward
fuzzy logic systems. The recurrency may occur at the
membership function level [22], [23], or at the output level
[24],[25].

In this paper we present a decentralized control scheme
for a class of nonlinear systems. The proposed control is
composed by two elements. The first one is an adaptive
control based on an RFNN, and the second one, is a
robust control to compensate all the uncertainties in the
system. To illustrate the proposed control, the results
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of the application to a two degree-of-freedom robot are
included.

II. PROBLEM STATEMENT

Consider an MIMO system give by

Σ : ẋ = F (x) +G(x)u

y = H(x) (1)

where u, y ∈ IRN are the input and output of the system,
respectively, x ∈ IRn with n ≥ N the states. F (.), G(.)
and H(.) are unknown smooth functions. Assume that
the system (1) may be decomposed into N interconnected
subsystems according to some criteria

Σi : ẋi = Fi(x) +Gi(xi)ui + Zi(x)

yi = Hi(x) (2)

where [x1 x2 . . . xN ]T = x ∈ IRn, n = 2N , xi
4
=

[xi,1 xi,2]T ∈ IR2 are the states of the i-th subsystem, ui,
yi ∈ IR are the control input and the output, respectively,
Fi : IRn → IRni , Gi : IRni → IRni , and Hi : IRn → IR are
unknown smooth functions of xi.

We consider a special case of (2) where n=2, and the
relative order is 2, its dynamics can be expressed as (see
[21])

ÿi = fi(yi) + gi(yi)ui + Zi(Y ), (3)

where Zi(Y ) represents the interconnection of the i-th
subsystem with the rest of the plant, and

yi = T (xi) = [yi ẏi]T

Y = [yT
1 yT

2 · · · yT
N ]T

T (xi) is a difeomorfismo. Given a reference signal yr,i

for the i-th subsystem, we assume that yr,i and ẏr,i are
bounded, and ÿr,i is piecewisely continuous, therefore we
define yr,i = [yr,i ẏr,i]T and yR,i = [yi ẏr,i ÿr,i]T . Define
the tracking error in the i-th subsystem

ej
i = yj

i − yj
r,i, j = 1, 2 (4)

the objective is to make the tracking error e
(j)
i = y

(j)
i −

y
(j)
d,i to be as small as possible. The dynamics of ei is

obtained from (4) and (3)

Ėi = AiEi +Bi[fi(yi) + gi(yi)ui + Zi(Y )− ÿr,i] (5)

where ET
i = [ei ėi]T with

Ai =

(
0 1
0 0

)
; Bi =

(
0
1

)

we assume that each subsystem (3) it satisfies the follow-
ing conditions:

Assumption 1: The interconnection in each subsystem
is bounded by a know polynomial qi(‖ Ei ‖) in the way

|Zi(Y )| ≤
N∑

i=1

cijqj(‖ Ei ‖), (6)

for cij ≥ 0.
Assumption 2: The control gain satisfies that 0 < g0,i ≤

gi(yi) ≤ g1,iqi(‖ Ei ‖),∀yi ∈R2, where g0,i and g1,i are
unknown positive constants.

Assumption 3: There exists a RFNN (that we will define
later on) such that żi = ėi + ∆e,i.

Therefore

Ei
∼= Ψi

where Ψ = [ei ẑi]T . zi is a term to define and ẑi is
its value estimate. This is becuase RFNN is an universal
approximators [30].

In the sequel we define qi(‖ Ei ‖) = (‖ Ψi ‖ +λi)2

with λi > 0 a constant known.
The problem that we consider in this work is to design

a control system for (5) to assure that the tracking error
of the output yi and ẏi to be ultimately bounded, while
maintaining all the closed-loop signal bounded. If the
system were known (if the functions fi and gi of each
subsystem are known), the control law would be chosen
as

u∗i = − 1
gi(yi)

[fi(yi) +KiEi + ÿr,i] (7)

where Ki = [k1,i kni,i] is such that the matrix Ac,i =
(Ai−BiKi) is Hurwitz , with | sIi−Ac,i |= s2 +k1,is+
k2,i, then

Ėi = Ac,iEi

which guarantees that the tracking error ei(t) → 0 expo-
nentially in the absence of the interconnection (Zi(Y ) =
0).

We will refer to the control law (7), denoted by u∗i as
the ideal control. In the coordinate yi, this control law can
be expressed as u∗i = u∗i (Ei,yR,i). However, it cannot be
implemented because the unknown Fi(.), Gi(.)and Hi(.),
and consequently unknown fi(.)and bi(.). However, (7)
can be approximated to any degree of accuracy in a
compact set in R2 ×R3 by a universal approximator.
RFNN’s will be used to approximate this ideal control
law in a compact set. In order to guarantee the stability
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and performance of the closed-loop system, an additional
signal will be designed to compensate for the intercon-
nections and the errors arising from the approximation of
the ideal control by an RFNN.

III. RECURRENT FUZZY NEURAL NETWORKS

A recurrent FLS or NN is characterized to have one
or more variable presented in both sides of the fuzzy
rules (antecedent and consequent), which is achieved by
means of feedback of the elements of some of their layers.
Different structures for recurrent FLS or NN have been
proposed, giving the feedback in membership function
[24], [22], fuzzy rules [23] or its own output of RFNN
[26].

A. Proposed RFNN

The structure of the RFNN proposed here is inspired
by the recurrent neural fuzzy system in [25], and given
by

Rr : if ei is Gr
e(ei) and zi is Gr

z(zi)

then ζr
i = θr

i and ξr
i = φr

i (8)

where Rr denotes r-th rule of the RFNN, 1 ≤ r ≤ nr. ei

and zi ∈ IR are the inputs of the RFNN. ei is the tracking
error of the i-th subsystem, zi is an internal state of the
RFNN that represents the proposed controller dynamics
and ξr

i , ζ
r
i ∈ IR are the outputs of the r-th rule. θr

u, φ
r
z ,

are constant called singletons, and Gr
e(ei), Gz(zi) are

fuzzy sets characterized by local membership functions
and global membership functions, respectively:

µGZ
e
(ei) = exp

{
−(
ei − czi
σz

i

)2
}

µGP
e

(ei) =
1

1 + exp {−σP
i (ei − cP

i )}

µGN
e

(ei) =
1

1 + exp {+σN
i (ei + cN

i )}

µGz
(zi) =

1
1 + exp {−υz

i zi}
, (9)

where (0, σz
i ), (cP

i , σ
P
i ), (cN

i , σ
N
i ) and (0, υz

i ) are the
center and width of the membership functions.

The outputs of the RFNN (8) can be expressed as

ζi = ΘiWi(ei, zi)

ξi
4
= ΦiWi(ei, zi), (10)

where Θi = [θ1i θ2i θ3i ] and Φi = [φ1
i φ2

i φ3
i ]

are vectors of constant parameters of the consequent part.
In the rest of the paper they will be referred to as the

vectors of unknown parameters of the consequent part of
the RFNN. The fuzzy basis function Wi(ei, zi) is defined
as:

WT
i (ei, zi) =

 AZ
e (ei)Gz(zi)

AP
e (ei)Gz(zi)

AN
e (ei)Gz(zi)

 (11)

Based on the above-mentioned arguments and using (10),
we propose the following control signal.

uf,i(e, z) = aizi − ζi

= aizi −ΘT
i Wi(ei, zi) (12)

żi
4
= −bizi + ξi,
4
= −bizi + ΦT

i Wi(ei, zi), (13)

where ai and bi are constant positive. uf,i(e, z) is a
control signal based on RFNN the i-th subsystem of (1).
In (13) and (12), Θi and Φi are vectors with unknown
parameters, therefore so is zi. However, we know that Θi

and Φi are vectors of constant parameters, therefore

‖Θi‖ ≤ cθ,i (14)

|Φi‖ ≤ cφ,i (15)

Since (13) is a stable filter in the sense of Bounded-Input-
Bounded-Output with the input ΦT

i Wi(ei, zi) which is
always bounded (to see (9) and (15)), therefore

| zi | ≤ cz,i (16)

for cz,i, cθ,i and cφ,i constants.

B. Adaptive RFNN

Because Φi and θi are vectorial of unknown parameters,
the implementation of (13) and (12) are not possible. So it
is necessary to use their estimates Φ̂i and θ̂i respectively.
Define

ûf,i(ei, ẑi) = aiẑi − Θ̂T
i Wi(ei, ẑi), (17)

˙̂zi
4
= −biẑi + Φ̂T

i Wi(ei, ẑi) + N̂i(Ψi)(18)

where N̂i(Ψi) is a bounded function to be defined. Also,
the estimated parameters may be expressed as,

Θ̂i = Θi + ∆θ,i

Φ̂i = Φi + ∆φ,i

where ∆θ,i and ∆φ,i are the estimate errors of Θi and Φi

respectively. For the purpose of conserving the stability
of the RFNN, it is necessary the estimate value of the
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internal state to conserve the characteristic shown in (16).
This can be achieved if the terms Φ̂i and N̂i(Ψi) are
bounded. Since the structure in (18) is similar to the one
of (13) and Wi(ei, ẑi) is continuous and bounded. Let us
define Ni(Ψi) as

Ni(Ψi) = −a
2
1α

2
i q

2
i (‖ Ψi ‖)Ri(Ψi) | Ri(Ψi) |

aiαiqi(‖ Ψi ‖) | Ri(Ψi) | +ε1,i
(19)

Ri(Ψi)
4
= (pi

1,2ei + pi
2,2zi) (20)

pi
1,2, p

i
2,2 are the elements of the second column of the

main Pi obtained starting from the equation of Lyapunov
Ac,iPi +PiAc,i = −Ii. αi and ε1,i are positive constants.
The adaptation law of Φ̂i is:

˙̂Φi = −biΦ̂i −
1
αi

γ2
i | ẑi |‖Wi(ei, ẑi) ‖ ẑiWi(ei, ẑi)

γiẑiWi(ei, ẑi) + ε2,i
(21)

where γi and ε2,i > 0. Analyzing (21) one can see that
the term Φ̂i is bounded, So that

‖ Φ̂i ‖ ≤ c̄φ,i (22)

From (22) and (19) we have that

| ẑi | ≤ c̄z,i (23)

being c̄z,i and c̄φ,i positive constants.
As we will see later that, in the case of Θ̂i, it is not

necessary that it is bounded beforehand. Therefore, the
adaptation law for θi is

˙̂Θi = −k1,iβiΘ̂i − βiRi(Ψi)qi(‖ Ψi ‖)Ŵi (24)

where and k1,i, βi are positive constants.
The initial conditions of θ̂i and φ̂i are zero.

It has been demonstrated that the RFNN’s are universal
approximators (see, for example [30], [29]) in the sense
that given any real continuous function f : <nin → < in a
compact set E ⊂ <nin with an arbitrarily small precision.

IV. DESIGN OF THE DECENTRALIZED CONTROL

In this section, we design a controller for the plant
(3) for approximating the ideal control (7) by means of
an RFNN. We use the technique of Lyapunov redesign
[1] to design a compensation signal to compensate the
parametric uncertainty arising from the unknown optimal
parameters, the approximation error, and the interconnec-
tion.

A. Control law

We propose the following control law for the plant (3)

ui = ûf,i + uc,i, (25)

where ûf,i defined in (17), is the fuzzy control of the i-th
subsystem given by these three fuzzy rules, as given in (8).
The fuzzy set of 3 rules gives the fuzzy basis functions
Wi(ei, ẑi) as in (11) and the vectors of parameters Θ̂i =
[θ̂1i θ̂2i θ̂3i ], Φ̂i = [φ̂1

i φ̂2
i φ̂3

i ]. The component uc,i is
defined as

uc,i = − δ̂i | Ri(Ψi) | q2i (‖ Ψi ‖)
Ri(Ψi)qi(‖ Ψi ‖) + ε3,i

(26)

(27)

with

˙̂
δi = −σiςiδ̂i + σi | Ri(Ψi) | q2i (‖ Ψi ‖) (28)

and ςi, σi > 0 are design parameters.

V. STABILITY ANALYSIS

It follows from the results in Section IV, that the ideal
control law (7) can be approximated by an RFNN with
the parameters θ∗i and the fuzzy basis functions Wi(ei, zi),
and the approximation error ∆ui(ei, zi).

The following notations will be made to simplify the
analysis.

Wi = Wi(ei, zi); Ŵi = Wi(ei, ẑi); W̃i = Ŵi −Wi

Consider the following Lyapunov candidate function

V =
N∑

i=1

1
2
{ET

i PiEi +
g1,i

αi
z̃2
i +

g1,i

βi
Θ̃T

i Θ̃i

+
g1,i

γi
Φ̃T

i Φ̃i +
g0,i

σi
δ̃2i }

where αi, βi, γi y σi are positive constants, δi is a
necessary adaptive parameter in the compensation term,
and δ̃i their estimate error.Pi is a symmetric positive def-
inite function satisfying the Lyapunov equation Ac,iPi +
PiAc,i = −Ii and ψ̃i is the estimate error, definite as
ψ̃i = ψ̂i − ψi. The following assumptions will be needed
in the analysis.

Assumption 4 : There exists an RFNN uf,i(ei, zi)
defined in (12) and (13), which is able to approximate
the ideal control u∗i such that

sup
e∈IR

|uf,i(ei, zi)− u∗i | < Cu,i.
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Deriving V with respect to the time, one gets

V̇ =
N∑

i=1

{ET
i PiĖi +

g1,i

αi
z̃i

˙̃zi +
g1,i

βi
Θ̃T

i
˙̃Θi

+
g1,i

γi
Φ̃T

i
˙̃Φi +

g0,i

σi
δ̃iδ̇i} (29)

First we will analyze the elements associated with the term
ET

i PiĖi. First we substitute (5) and (25), then we add
and subtract the terms u∗i and uf,i. Finally, we added and
subtract ΘT

i Ŵi and apply (17), (12) and the Assumption
1, with that we have

ET
i PiĖi

= ET
i Pi[AiEi +Bi[fi(yi) + gi(yi)ui + Zi(Y )

−y(ni)
r,i ]]

= ET
i Pi[AiEi +Bi[fi(yi) + gi(yi)(ûf,i + uc,i)

+Zi(Y )− y
(ni)
r,i ]]

= ET
i Pi[Ai −BiKi]Ei + ET

i PiBi[gi(yi)(ûf,i

+uc,i − u∗i ) + Zi(Y )]

= −ET
i Ei + pT

i Ei[gi(yi)(ûf,i + uc,i − u∗i

−uf,i + uf,i) + Zi(Y )]

≤ −ET
i Ei +Ri(Ψi)[gi(yi)(aiẑi − Θ̂T

i Ŵ − aizi

+ΘT
i Wi(ei, zi) + uc,i + uf,i − u∗i ) + Zi(Y )]

≤ −ET
i Ei +Ri(Ψi)[g1,iqi(‖ Ψi ‖)(uc,i + aiz̃i

−Θ̃T
i Ŵi −ΘT

i W̃i + uf,i − u∗i ) + Zi(Y )]

Substituting the previous result in (29), we obtain

V̇ ≤
N∑

i=1

{−ET
i Ei +Ri(Ψi)[g1,iqi(‖ Ψi ‖)(uc,i + aiz̃i

−Θ̃T
i Ŵi −ΘT

i W̃i + uf,i − u∗i ) + Zi(Y )] +

+
g1,i

αi
z̃i

˙̃zi +
g1,i

βi
Θ̃T

i
˙̃Θi +

g1,i

γi
Φ̃T

i
˙̃Φi

+
g0,i

σi
δ̃iδ̇i} (30)

Analyzing the terms with Θ̃i

g1,iRi(Ψi)qi(‖ Ψi ‖)Θ̃T
i Ŵi +

g1,i

βi
Θ̃T

i
˙̃Θi

and using (24), we have

V̇ ≤
N∑

i=1

{−ET
i Ei +Ri(Ψi)[g1,iqi(‖ Ψi ‖)(uc,i + aiz̃i

−ΘT
i W̃i + uf,i − u∗i ) + Zi(Y )]− g1,ik1,iΘ̃T

i Θ̂i

+
g1,i

αi
z̃i

˙̃zi +
g1,i

γi
Φ̃T

i
˙̃Φi +

g0,i

σi
δ̃iδ̇i} (31)

Now we will develop the term g1,i

αi
z̃i

˙̃zi with (13), (18)
and adding and subtracting ΦT

i Ŵi, and finally we will

use (15), (16), (22) and (23).

g1,i

αi
z̃i[−biẑi + Φ̂T

i Ŵi + N̂i(Ψi) + bizi − ΦT
i Wi]

=
g1,i

αi
z̃i[N̂i(Ψi)− biz̃i] +

g1,i

αi
ẑi[Φ̂T

i Ŵi − ΦT
i Wi]

−g1,i

αi
zi[Φ̂T

i Ŵi − ΦT
i Wi]

=
g1,i

αi
z̃i[N̂i(Ψi)− biz̃i] +

g1,i

αi
ẑi[Φ̃T

i Ŵi + ΦT
i W̃i]

−g1,i

αi
zi[Φ̂T

i Ŵi − ΦT
i Wi]

≤ g1,i

αi
z̃i[N̂i(Ψi)− biz̃i] +

g1,i

αi
ẑiΦ̃T

i Ŵi +

| g1,i

αi
ẑiΦT

i W̃i | + | g1,i

αi
zi[Φ̂T

i Ŵi − ΦT
i Wi] |

≤ g1,i

αi
z̃i[N̂i(Ψi)− biz̃i] +

g1,i

αi
ẑiΦ̃T

i Ŵi

+
g1,i

αi
| ẑi |‖ Φi ‖ +

g1,i

αi
| zi | [‖ Φ̂i ‖ + ‖ Φi ‖]

≤ g1,i

αi
z̃i[N̂i(Ψi)− biz̃i] +

g1,i

αi
ẑiΦ̃T

i Ŵi

+
g1,i

αi
c̄z,icΦ,i +

g1,i

αi
cz,i[c̄Φ,i + cΦ,i]

if we make the following change c1,i = g1,i

αi
c̄z,icΦ,i +

g1,i

αi
cz,i[c̄Φ,i + cΦ,i] and substitute the previous result in

(31), then

V̇ ≤
N∑

i=1

{−ET
i Ei +Ri(Ψi)[g1,iqi(| ei |)(uc,i + aiz̃i

−ΘT
i W̃i + uf,i − u∗i ) + Zi(Y )]− g1,ik1,iΘ̃T

i Θ̂i

g1,i

αi
z̃i[N̂i(ei)− biz̃i] +

g1,i

αi
ẑiΦ̃T

i Ŵi + c1,i

+
g1,i

γi
Φ̃T

i
˙̃Φi +

g0,i

σi
δ̃iδ̇i} (32)

Next we will substitute the adaptation law of Φi defined
in (21) and using (19), therefore (32) is as:

V̇ ≤
N∑

i=1

{−ET
i Ei − bi

g1,i

αi
z̃2
i − g1,ik1,iΘ̃T

i Θ̂i

−g1,iΦ̃T
i Φ̂i +Ri(Ψi)[g1,iqi(‖ Ψi ‖ (uc,i

−ΘT
i W̃i + uf,i − u∗i ) + Zi(Y )] +

g1,i

αi
ε1,iz̃i

+
g1,i

αiγi
Φ̃T

i ε̄2,i + c1,i +
g0,i

σi
δ̃iδ̇i}

=
N∑

i=1

{−ET
i Ei − bi

g1,i

αi
z̃2
i − g1,ik1,iΘ̃T

i Θ̂i

−g1,iΦ̃T
i Φ̂i + g1,iqi(| ei |)Ri(ei)uc,i +

Ri(Ψi)[g1,iqi(‖ Ψi ‖)(−ΘT
i W̃i + uf,i − u∗i )

+Zi(Y )] +
g1,i

αi
ε1,iz̃i +

g1,i

αiγi
Φ̃T

i ε̄2,i + c1,i

+
g0,i

σi
δ̃iδ̇i} (33)

The sixth term of (33) can be simplified applying the
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Assumption 1 as

Ri(Ψi)[g1,iqi(‖ Ψi ‖)(−ΘT
i W̃i − u∗i +

uf,i) + Zi(Y )]

≤ | Ri(Ψi) | [g1,iqi(‖ Ψi ‖)(‖ Θi ‖‖ W̃i ‖

+ | uf,i − u∗i |)+ | Zi(Y ) |]

≤ | Ri(Ψi) | [g1,iqi(‖ Ψi ‖)(cθ,i + Cu,i) +
N∑

j=1

ci,jqj(‖ Ψi ‖)]

≤ | Ri(Ψi) |
N∑

j=1

C̄i,jqj(‖ Ψi ‖)

with

C̄i,j =

{
g1,i(cθ,i + Cu,i) + ci,j i = j

ci,j i 6= j

and if the inequality of Chebyshev
∑N

i=1 ξi
∑N

j=1 ζj ≤
N
∑N

i=1 ξiζi is applied to

N∑
i=1

| Ri(Ψi) |
N∑

j=1

C̄i,jqj(‖ Ψi ‖)

≤
N∑

i=1

| Ri(Ψi) | N max
j

| δi,j | qi(‖ Ψi ‖)

≤
N∑

i=1

g0,iδi | Ri(Ψi) || qi(‖ Ψi ‖)

and g0,iδi = N maxj | C̄i,j |, Then (33) can be written
as

V̇ ≤
N∑

i=1

{−ET
i Ei − bi

g1,i

αi
z̃2
i − g1,ik1,iΘ̃T

i Θ̂i

−g1,iΦ̃T
i Φ̂i + g1,iqi(‖ Ψi ‖)Ri(Ψi)uc,i +

g0,iδi | Ri(Ψi) | qi(‖ Ψi ‖) +
g1,i

αi
ε1,iz̃i +

g1,i

αiγi
Φ̃T

i ε̄2,i + c1,i +
g0,i

σi
δ̃iδ̇i} (34)

If in the term g0,iδi | Ri(ei) || qi(| ei |) we added and
subtract δ̂i and substituting (28) in g0,i

σi
δ̃iδ̇i and applying

the Assumption 2, we have that

g0,iδi | Ri(Ψi) | qi(‖ Ψi ‖) +
g0,i

σi
δ̃iδ̇i

= −go,i%iδ̃iδ̂i + go,iδ̂i | Ri(Ψi) | qi(‖ Ψi ‖)

≤ −go,i%iδ̃iδ̂i + gi,iδ̂i | Ri(Ψi) | q2i (‖ Ψi ‖) (35)

In this way if (35) is substituted in (34), the result is

V̇ ≤
N∑

i=1

{−ET
i Ei − bi

g1,i

αi
z̃2
i − g1,ik1,iΘ̃T

i Θ̂i

−g1,iΦ̃T
i Φ̂i + g1,iqi(‖ Ψi ‖)Ri(Ψi)uc,i +

+gi,iδ̂i | Ri(Ψi) | q2i (‖ Ψi ‖) +
g1,i

αi
ε1,iz̃i +

g1,i

αiγi
Φ̃T

i ε̄2,i + c1,i − go,i%iδ̃iδ̂i (36)

Now we use the compensation signal (26) we obtain

V̇ ≤
N∑

i=1

{−ET
i Ei − bi

g1,i

αi
z̃2
i − g1,ik1,iΘ̃T

i Θ̂i

−g1,iΦ̃T
i Φ̂i − go,i%iδ̃iδ̂i +

g1,i

αi
ε1,iz̃i +

g1,i

αiγi
Φ̃T

i ε̄2,i + c1,i (37)

Applying the inequality −b̃ib̂i ≤ −b̃2i + b2i , (37) may be
developed as

V̇ ≤
N∑

i=1

{−ET
i Ei − bi

g1,i

αi
z̃2
i − g1,ik1,iΘ̃T

i Θ̃i

−g1,iΦ̃T
i Φ̃i − go,i%iδ̃

2
i +

g1,i

αi
ε1,iz̃i +

g1,i

αiγi
Φ̃T

i ε̄2,i + c1,i + g1,ik1,iΘT
i Θi

+g1,iΦT
i Φi + go,i%iδ

2
i (38)

For the terms g1,i

αiγi
Φ̃T

i ε̄2,i and g1,i

αi
ε1,iz̃i, we can demon-

strate in a similar to be bounded by g1,i

αiγi
ε2,i(cφ,i + c̄φ,i)

and g1,i

αi
ε1,i(cz,i + c̄z,i) respectively. In this way and

making use of (14) and (15), (38) we get

V̇ ≤
N∑

i=1

{−ET
i Ei − bi

g1,i

αi
z̃2
i − g1,ik1,iΘ̃T

i Θ̃i

−g1,iΦ̃T
i Φ̃i − go,i%iδ̃

2
i +

g1,i

αi
ε1,i(cz,i + c̄z,i) +

g1,i

αi
ε2,i(cz,i + c̄z,i) + c1,i + g1,ik1,icΘ,i

+g1,icφ,i + go,i%iδ
2
i (39)

If we gather the following terms
∑N

i=1{
g1,i

αi
ε1,i(cz,i +

c̄z,i) + g1,i

αi
ε2,i(cz,i + c̄z,i) + c1,i + g1,ik1,icΘ,i +

g1,icφ,i + go,i%iδ
2
i } in ϑ, and define ε as

maxj{bi g1,i

αi
, g1,ik1,i, g1,i, go,i%i} then

V̇ ≤ −2ϑV + ε

A ultimate error bound is given by ϑ
ε , wish can be

made arbitrarily small by property choosing the design
parameters.
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VI. EXPERIMENTAL RESULTS

In this section, the theoretical results developed in the
previous sections are applied to Rhino robot for test and
evaluation. The Rhino robot has five degree-of-freedom,
of which only two links (shoulder and elbow) were used.
With the above-mentioned a movement was obtained in
the plane, in which each robot’s link was managed as a
subsystem. The dynamical model for the Robot can be
written as

M(q)q̈ + C(q, q̇)q̇ +G(q) + F (q̇) = u (40)

where q is an n-dimensional vector of joint positions,
M(q) = [mij(q)] the nxn inertia matrix, C(q, q̇) q̈ with
C(q, q̇) = [cij(q, q̇)], the nx1 Coriolis and centrifugal
torques, G(q) = [gi(q)] the nx1 gravitational torques,
F (q̇) = [fi(q̇i)] the nx1 friction torques and u = [ui]
the nx1 control input torque.

For the development of the decentralized control, each
joint is considered as a subsystem of the entire manipula-
tor system interconnected by coupling torques represent-
ing the inertial coupling terms, the Coriolis, centrifugal,
friction, load torque and gravity terms in (4). By sepa-
rating terms depending only on local variables (qi, q̇i, q̈i)
from those terms of other joint variables, (4) gives the
dynamical equation of the i-th subsystem.

zi
4
= {

n∑
j=1,j 6=i

mii(q)q̇ + [mi(q)−mi(qi)q̈i]}

{
n∑

j=1,j 6=i

cij(q, q̇)q̇i + [cii(q, q̇)− ci(qi, q̇i)]q̇i}

[ḡi(q)− gi(qi)] (41)

Let xi = [qi, q̇i]T and yi = qi, it is easy to see that (40)
satisfies Assumption 2. If the control law (25) with the
compensation signal in (26) is applied, Assumption 2 is
also satisfied with mi = 2 and p1,i = 1, p2,i = 2, since
each joint acceleration is a bounded function of q, q̇, ui,
and | ui |≤ kuq(| ei |)i for some ku > 0.

Experimental results were carried over with the pro-
posed controller. An intuitive control based on the ex-
perience to design the antecedent part of a RFNN. In
this cases Ar

e(ei), Gz(zi) are fuzzy sets taking from
Negative, Zero and Positive for ei, characterized by
the Sigmoid (center, width) = (±0.5,±15), Gaussian
(center, width) = (0, 5) membership function; and the
internal state for with sigmoid Zero functions defined by
(center, width) = (±0,−6), for zi. θ and φ are adaptive
fuzzy singletons. This gives a fuzzy control ur,i with

ri = 3 rules for each fuzzy controller. The relevant signals
in each joint are depicted in Fig. 1 and 2.

VII. CONCLUSIONS

This paper has proposed a decentralized control for
a class of nonlinear systems based on RFNN’s. Semi-
global boundedness of the closed-loop system has been
established based on Lyapunov stability. Experimental
results in a 2-degree-of-freedom robot were carried out
to illustrate the proposed scheme.
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Fig. 1. Results of the application of the outline of proposed control,
based on RFNN more a compensation term to the articulation 1.

Fig. 2. Results of the application of the outline of proposed control,
based on RFNN more a compensation term to the articulation 2.
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