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Abstract

This paper addresses a robust adaptive control problem of non-square nonlinear systems with unmeasurable states.
The systems are assumed to be multi-input/multi-output subject to dynamical uncertainties and external
disturbances. The approach is studied for two cases, i.e., underactuated and over-actuated nonlinear systems. The
new observer does not need to satisfy the SPR conditions. Moreover, a constant full-rank matrix with an adaptive
gain is used to approximate the unknown gain matrix. Therefore, the proposed controller’s structure simplifies its
implementation. The unknown nonlinearity is estimated neural networks. Stability of the closed-loop system is
proved using Lyapunov analysis. The feasibility of the proposed approach is validated by simulation examples.
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1. Introduction

In practice, many of physical systems are nonlinear
multi-input/multi-output (MIMO) systems. Because of
coupling between inputs and outputs, control of MIMO
systems becomes a more complicated problem. One of
the most important classes of nonlinear systems is high-
order affine systems described as follows

X =f(x)+g(Xu+w() 6]
where X =(x,..,x,)  €R", x" =", x"))"
eR". X=X, x" L x, e, x Y e R,

ucR”and weR" are states, inputs and disturbances

of the system, respectively. n = an‘ is the state vector
i=1

available for measurement. f(x)€R" is Lipschitz
continuous vector function which represents the system
dynamics and g(x) € R™” is the input gain matrix. If
m = p, the system is called a square or fully-actuated
system while it is non-square for m = p . Over-actuated

systems have more inputs than outputs while in
underactuated systems, number of inputs is less than
outputs. The majority of the available researches
focuses on controlling square type of unknown
nonlinear MIMO systems and applies neural networks
(NNs) or fuzzy logic models to approximate unknown
nonlinearities, e.g. see Refs. 1-10. However, most of
mechanical systems and chemical processes have non-
square structure. Then, controller design for such
systems becomes more challenging than their square
counterparts. In Refs. 11-12, control of over-actuated
multivariable nonlinear systems were studied. In Ref.
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11, f(x) and g(x) were considered to be known while

in Ref. 12 f(x) included unknown parameters. Fuzzy

adaptive controllers for non-square nonlinear systems
were introduced in Refs. 13-14. Two fuzzy models were
used to estimate unknown dynamics and the input gain
matrix and the stability analysis was only presented for
over-actuated case. Moreover, several works were
focused on control of underactuated nonlinear systems
which have fewer control inputs than the degrees of
freedom (DOF), e.g., Refs. 15-18. In Ref. 15 an
adaptive fuzzy hierarchical sliding-mode control was
proposed for single-input-multi-output  uncertain
nonlinear systems. In Ref. 16, an adaptive fuzzy sliding
mode was considered for 2 DOF nonlinear systems.
Aloui et al. addressed'” systems of equation (1) using a
robust adaptive fuzzy controller. Due to the complex
structure of the proposed control law, three fuzzy
models were employed to approximate unknown
dynamics and parameters. In Ref. 18, an adaptive
sliding mode control scheme was proposed for
underactuated affine nonlinear systems. In order to
make the gain matrix square, slack variables were
applied. Totally, a proper choice of slack variables to
guarantee convergence of the closed-loop system is a
challenging task.

According to the literature review, the proposed
methods for control of nonlinear systems of equation (1)
have employed two approximators such as NNs or fuzzy

models to estimate unknown nonlinearities f(x) and
g(x) . Therefore, the number of adjustable parameters

were increased considerably and resulted in complexity
of the controller structure and increasing computational
cost.

On the other hand, in many control problems, all the
state variables are not available for direct measurement.
In recent years, the design of adaptive control based on
observer for uncertain nonlinear SISO systems has been
developed broadly, e.g. see Refs. 19-25 and the
references therein. While the problem is still a
challenging task for unknown nonlinear MIMO
systems. In Ref. 26, a neuro-sliding mode method
combined to a state observer was introduced to control
the system (1). In Ref. 27, using the strictly positive real
(SPR) conditions on the estimation error dynamics, an
observer-based adaptive fuzzy control was designed for
nonlinear MIMO systems with constant input gain. In
Ref. 28, an adaptive fuzzy robust controller was
proposed for unknown systems of the equation (1) and a
state observer was designed by using the SPR
conditions. In order to satisfy the SPR conditions, a
low-pass filter must be applied to augment observation
error dynamics which results in the filtering of the fuzzy
or NN basis functions and the other terms of the

24

controller. Thus, these methods increase dynamic order
of the controller or the observer considerably. Du and
Qu proposed” an observer-based indirect adaptive
controller for time delayed version of the system (1) but
stability analysis was not presented. In Ref. 30, a high
gain disturbance observer-based control was suggested
for nonlinear affine systems with known dynamics. In
Ref. 31, an observer-based adaptive fuzzy sliding mode
control was designed for the system (1). But for the
observer implementation, it is necessary all the states to
be available for measurement. Then, the controller
proposed in Ref. 31 is not realizable. The schemes
proposed in Refs. 26-31 have considered the square
nonlinear system.

In this paper, an observer based robust neuro-adaptive
control method is proposed for non-square nonlinear
systems of the equation (1) with unknown nonlinearities
and subject to uncertain external disturbances. Instead
of the gain matrix estimation by a NN, a constant full-
rank matrix with an adaptive gain is employed in the
control law which leads to decrease adjustable
parameters. Therefore, the proposed method includes
only one NN for estimation of the unknown
nonlinearities. Furthermore, to avoid the use of the SPR
conditions, the output error is filtered and the state
variables of the filter are used to design the underlying
update laws. Thus, these new contributions result in to
simplification of the controller structure and its
implementation in practical applications.

The proposed method is investigated for two possible
cases of nonlinear  systems,
underactuated and over-actuated systems. On the other
hand, the assumptions like bound restriction on the gain
matrix of the system or being diagonal in Ref. 1 and
Hurwitz assumption in Ref. 10 are relaxed here.
Therefore, the proposed method covers extensive
physical systems and is also applicable to the square
nonlinear systems. A radial basis function neural
network (RBFNN) 1is employed to estimate the
unknown nonlinearities. the Lyapunov
analysis, stability of the closed-loop system and
boundness of all signals are achieved. Finally, two
simulations are performed to verify effectiveness of the
proposed control method and its robustness against
uncertainties. The remainder of the paper is organized
as follows. Problem statement including derivation of
the error dynamics for tracking problem is introduced in
section 2. In Section 3, first, the controller design is
discussed and then an observer is introduced. Section 4
presents the stability analysis using the Lyapunov

non-square ie.

By using
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method to guarantee the performance and the stability of
the designed robust adaptive controller based on
observer. Simulation results are given in section 5.
Finally section 6 concludes the paper.

2. Problem Formulation

Consider high order nonlinear MIMO systems described
by

20 = £+ g (0, +w ()
@
20 = £ 3+ Y g (X, +w, (0)

where x” =d"x, /dt" | j=1,...,m, x=(x,.x"",.

(n,, ~D)\T n
XX, ') €R".  Only

r .
s Aoy X=(x1,...,xm) eR"is
measurable.

Y= y)s
u=(u,..,u,) €R”, w,eR for i=I,...m, are the

assumed to be

outputs, the inputs and the disturbances of the system,

respectively and n:Zni. Lipschitz  continuous
i=1

function f(x)eR and input gain g, (x)eR"™
i=1,....m are unknown. Choosing
X =", L x" Y eR", w=(w,..,w,) €R",
f(x) = (f, (%), f,, (x)) €eR" and g(x) =
(g,(x),...g,(x)" €R™, the compact form in

equation (1) is obtained. Also, the input gain matrix is
assumed to be bounded for all time,

i.e.,0<||g(§)||SgH . The disturbance vector w(t) is

uncertain and bounded. For notational simplicity, x is
dropped from any relevant vectors and ¢ is dropped

fromw(z) . Let g'(x) be the pseudo-inverse of full rank

matrix g(x). Then g* be calculated as follows™

g =g'(gg) ,m<p
g =g’ , m=p 3)
g =@'e'g ,m>p
The tracking error is defined as
e=X-X, “)

where e=(e,,....e,)’ €R” and X, € R” is the desired
reference trajectory.

25

Remark 1./n this paper, 0, eR" and I, are n-
dimensional zero and identity matrices, respectively. ®
denotes Kronecker product.

Remark 2. o()
maximum singular values of a matrix and ||||F denotes
Frobenius norm of a given matrix. tr represents trace of
a matrix.

and & (.)denote minimum and

. . . — T
By introducing E=(e’,é",....e"" ) eR"™, error
dynamics is defined as

E=AE+B(x-x!")

(%)
e=CE
where  x, =(x[,%..x{), E=@,..e”")
0 Im(nfl) !
eR™, A= , B=/0 ..0 I | and
0 ... 0 —

C {Im

(1) into (5) leads to

0,..0, ] Substituting the system dynamics
n-1

E=AE+B(f+gu+w-x\")
e=CE

(6)

3. Controller and observer design

The control objective here is to find some appropriate
controller such that for any initial conditions, the system
states follow desired trajectory. In control engineering,
NNs and fuzzy systems are usually employed as the
function approximator to emulate the unknown
functions” ***°. The radial basis function neural network
(RBFNN) has been shown to have
approximation ability to approximate any smooth
function on a compact set. Also, due to their “linear-in-
the-weight” property, RBFNN is a good candidate for
this purpose. Assume that the unknown nonlinearities
f(x) in (1) can be approximated on a compact set
QeR by

universal

f(x) =W o(x)+¢ (7

where weight matrix WeR"™™, n,  denotes the

[x-¢Tf

number of neurons, ®(x)=exp(-———)eR" is
o

the activation function with ¢ as the center and o as

the influence size of the neurons. € € R"” is the bounded
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approximation error. Typically, values of the center ¢
and the influence size o are held fixed. The ideal
weight matrix W is unknown. Subsequently, its

approximations,w is utilized for real applications.
Estimation of (8) is defined as

f(x) = W d(x) (8)

with f e R™, and W e R . If we consider the case
where only the output of the system is available for
measurement, the control law for system (1) has the
form

u= G [—f(X)— KE+u] ,m>p (9-a)
1+|a|
G, .. -

u= —[-fX)-K,E+u,] ,m<p (9-b)
1+|a|

where adaptive gain ¢ is approximation of g, and
K, e R™™ is a state feedback gain matrix computed
such that the A-BK_  is
G, =(G/G))'G] andG} =GI(G,G])" are pseudo-

inverse of full rank rectangular diagonal matrices G,

matrix Hurwitz.

and G, , respectively. In addition, it is assumed that the
entries on the diagonal of G, and G, to be positive real

numbers. u, =—ptanh(z) € R” is the robust term to

counter approximation error and external disturbances
and robust gain p>0. The variable z will be

determined later. Let u, = (%) K _E+u_. Consider

the system (1) to be underactuated. By applying control
law (9-a) to (6) and adding the identity matrix /, to and

subtracting from gain matrix, gG,, and replacing u, ,

one obtains
N

i+l

E = AE + B(df + WT(I)(X)+(g —1 ),

-K E+u, +w+g—x{")
e=CE

(10)

where df =f(x)—f(X). Now, the output tracking error
dynamics of (10) can be given by

+

e = H(s)[df + W ®(R) +(g-21 1),
1+|a|

(1)

i (m
+K.E+u +w+e—x,"]

26

where s is the Laplace variable, H(s)=C(s/, - A,)"'B

is strictly Hurwitz. Instead of filtering the regressor
vector, in this paper, output error is filtered and the
filtered signal is used to update the NN parameters.
Motivated by the works in Refs. 36-37, we consider a
new variable e, defined as follows

&, +fe, = fe (12)

where £ >0. Then, using (11), equation (12) can be
expressed as follows

+le ™
: —W%(z)—g—ci u
1+|d|

+K E+u, +w+e—x{"].

=—pe, +W (I)(x)+g1G u, +u +o, (13)

where ,—u, + SH(s)[df +

The following adaptlve rule is proposed to update the

parameters W and the gain 4 :

W=k, ®e) —k nW (14)
|G u || ;
m,a (15)
where k , k,,n and 7, are real positive constants.

Estimation errors of the NN parameters and the adaptive
gain ¢ are defined as W=W-W and & =g, -4,
respectively. Moreover, the robust term can be chosen
as u =-ptanh(e,). Consider now the following

observer for estimating the tracking error vector E:

E=AE-BK E+K ¢

(16)
e=CE
A A A A(n-D7T
where e=X-X,, E=X—§d=(er e,..e"" )T
Ean and iZ()%l, )el(nl 1)9--*95&”17 "’(n” 1)) o’ the

observer-gain vector, is designed such that the matrix
A, =A-K Cis strictly Hurwitz. Let us define the

observation error vector as E=E—E. Subtracting (16)
from (10), we get the dynamics of the observation error
as

)

where A; = A-K C and
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+

lr\ _Im)ul+us

®, =df + W ®@R)+
2 (X) (g1+|a| (18)

+wW+eg—x"

Since A, and A_are Hurwitz, there exist unique

symmetric positive definite matrices P, and P,
satisfying the Lyapunov matrix equations
PA, + AZPI =-Q (19)
PA, + Afpz =-Q, (20)

where Q, and Q, are positive definite matrices.

4. Stability analysis
The following standard assumptions are required;

Assumptions 1. Uncertain  disturbance, w, and
approximation error vector, €, are bounded by

constants wy, and &,,, i.e., ||W|| <w,, and "8" <ég, .-

Assumptions 2. The state of the reference trajectory
and its time-derivatives up to order n are given and
. (,) . n

bounded. Especially, X" is bound as "xf,) <X, -

Assumptions 3. Unknown ideal NN weight matrix and
NN activation functions are bounded by "W" <W, and
||(I)|| < ®,, respectively.

Assumptions 4. Strictly Hurwitz
H(s) is bounded by ||H(s)|| <H,.

transfer function

Lemma 1. If Assumptions 1 to 4 are satisfied, then there
exist positive constants cj, Ci, C3 Cy4 Cs, Cg C7 and Cy
such as

L | <0, + @, [W], +&K)|E]+mp @)
2. ||o)1 || <¢+e, "W"F +c, "E" +c, HE“ +c,, (22)
3 o, < e+ [W], +e [ (23)

Proof. 1. From Assumptions 1 to 3 and |tanh(.)|=1,
||u] || is given by

27

[w, || = “—f ~K.E+u, “ = ”—WT(D ~K.E+u, “

< (”Wrtb (24)

IR+ o Iy
<@, W, + 0, [W] +5(K,) ”E” +mp)

Taking into account Assumption 1 to 4, and the
boundedness of u_ and input gain matrix, one obtains

o | <@, (1+pH,)
BH,)+Du [+ pH,5(K,)|E]+

(+pBH,)mp+ pH [20,W, +
Ey Wy, +X,,1]

W”F +(8x ||G1+

I+

(25)

1
the fact that Tl <1 was applied to (25). By replacing
+|a

A

(24), we have

"(1)1 || <¢+te, ”W"F +c, "E" +c,

17:H+cM (26)

where A+ BH,)+1)(D, W, +mp)
¢, =pH,o(K,),
), =0(K){1

¢, =pH, 20, W, +¢&,

¢ =(gy ||GT
+(1+ BH,)(mp+X,,) ,

¢, =@, [l +(1+BH,)(1+g,|G;
(1+pBH,)) and

+2, Gy

+w,, ].

3. Using the similar procedures of proof 2, one easily
(23) cs =gy [G]+D
(@, ,W, +mp)+20, W, + X, +&,+w, +mp ¢, =

(gn "GT

First stability analysis is presented for underactuated
systems and the results will be easily applied to the
over-actuated counterpart.

obtains where

+2)®, ¢, =(g,|G/|+D5K,) O

Theorem 1. Consider the underactuated system (1)
under Assumptions 1-3 and the observer (16). Then, the
proposed neuro-adaptive controller (9-a) with the
updating rules (14)-(15), guarantees the tracking error
converges to a neighborhood of zero and all the signals

of the closed-loop system are uniformly ultimately
bounded.

Proof. Consider the following Lyapunov function
V=V, +7, @7)

with
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V_%E PE+;E PE
V,=—ele, +— (W W} +—
P2 2k, = it 2k,

Taking the time derivative of ¥
dynamics (16)-(17)

along the error

v =E'PE+E’BE
=E'P(A,E+Bo,)+E"P,(A E+K CE)

1

=—E"(PA, +A’P)E+EPBo, 29)
2

+%1?:T(P2AC +A’P)E+E"P,K,CE

Substituting Lyapunov matrix equation (19)-(20), using
Lemma 1 and considering the fact that
o(B)=0(C) =1, one obtains

V< _Q(Ql)"l;j"2 _2@Q)pl?
T2 2

+ 5(1’1)"I~E"”m2 "
+ (P, )[E][E]

(30)
Q(Ql)”E"Z _2Q) g
2 2

V<

+5(P) ] (c;
e W, e e B[

Differentiating 7, along of solution (13) yields

. Ga
V,=ee +—{W W} e

= e} (—fe, +WT(I>(X)+g (€2))

+u, +ml)+k_{w W}+
Applying the property of the trace operator
X'y=tr{yx'} Vx,yeR" to(31)yields

Vs =ple |+t

1+|d] e flG:o ]+ eu, +

.. (32
”e "”0)1 |+”’{WT(—+(I)(x)ef)}+_

Adding & to and subtracting from numerator of %
+|a

Replacing "“1" and ||(1)1||by inequalities (21)-(22) and

28

. . a
u_ by its value and using the fact that | |

1+|a]

<1, (32)
becomes
o5l vale e @y seole 19,
+@E ) +e)e[[E]+e e [E]

+tr{WT(kﬂ+(I)(g)e§)}+d(];i (33)
MGT
%@r'") +e,, "ef " — pe;, tanh(e )
where ¢ =||G1*||(d)MWM +mp)+c,. Let p=c,.

According to the definition of the NN weight estimation
error matrix and error gain &, their derivatives are

W Wand a——a respectively. By employing
these derivatives to updating laws (14)-(15), and
substituting it in (33) and using the inequality
|y|— ytanh(y)<k, for a given a variable y,

k, =0.2785, (33) can be rewritten as
Vsl [ +ele |+ @i +ele W,
+(EE )+ e, [|E

o [ W], = W+l -
+mpk,

+ ”ef ""E”+ (34)

Summation of (30) and (34) gives upper bounded of the
derivative of the Lyapunov function candidate as
following

V<_

a(Q)) ||E||2 _ Q(gz) E”Z e, "2

-7, ||w||F —1,@* +(c,5(P) +5(PK,))

[EE] - cile, |+ 2@ [E] e (35)
+eo[Wl)+ @i +ele [[W],
+(G(K,)+c)|e, ||”E” e, |[[€]
+m Wy "W”F 1,84 |d| +mpk,

Using the fact that xy < %(x2 +3%) for completion of

squares, we have:
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o ke ks k Ky
e R

|+ csa(P1)||1?:|| (36)

~2
—m,@ e |

+mWy, "W"F T1,8u |d| +mpk,
where k=0(Q,)— (¢, +¢c;)oP)-o(P,K, )-c,,
k =0(Q)—c,5(P)~G(PK,)~5(K,)~c,. k, = fi-
®, —c,—0(K,)—c¢,—¢ ky =1 —co(P)—

D, —c,.

and

In order ¥ to be negative, it is necessary k, >0 for

i=1,..,4. Let u= r]r<1_zg<{ki} and

A

v=lE] JE] S, Jel
r=[c;oc(P) 0 nW, ¢ mg,l
then following inequality is obtained
v <—ply[ +[ellly]+mok,
(38)

2
S

The following condition will guarantee that ¥ <0 is
negative as long as ||y|| is outside the compact set Q

defined as

2 2
W

1
Qy={y|||y||s; mpk, + v 2ﬂ2} (39)

Following inequality results from property that &, >0
(14) for i=1,....4

o(Q,) > (¢, +c,)oP)+a(P,K,)+c,
0(Q,)>c¢,6(P)+a(P,K,)+5(K,)+c,

_ (40)
>0, +c,+c,+c,+0(K))

n >coP)+®,, +c,

(39)(40) implies the overall system is ultimately
bounded and according to section 4.8 in Ref. 38 it is
proved that all signals are uniformly ultimately
bounded. This completes the proof O

Now the stability analysis is presented for over-actuated
nonlinear system (1).

Theorem 2. Consider the over-actuated nonlinear
system (1) under Assumptions 1-3 and the observer
(16). Then, the proposed neuro-adaptive controller (9-
b) with the updating rules (14)-(15), guarantees the
tracking error converges to a neighborhood of zero and

29

all the signals of the closed-loop system are uniformly
ultimately bounded.

Proof. By replacing G, by G, , It is easily seen that

the stability analysis of Theorem 2 is the quite similar to
the procedures of Theorem 1.

Remark 4. If m=p, the system of equation (1)
represents a square system then by introducing control
law u=G,'[-f(x)-K _E+u ], where G,' is inverse
of constant and symmetric positive definite matrix G,

it can easily be shown that the proposed method is
applicable for square systems.

5. Simulations

Example 1: In this example, the proposed controller is
applied to an underactuated nonlinear ASV with 3
degrees-of-freedom (3DOF) model. The ASV dynamics
is highly nonlinear and is represented as following™;

il=R(y)v 1)
Mv=h(n,v)+1 (42)
where
cos(y) —sin(y) O
R(y)=|sin(y) cos(y) 0| h(n,v)=
0 0 1
(43)
250vr —70u 200
200ur—100v|, M=| 0 250 O
=50uv —50r 0 0 80

n=[x,»,v] €eR’ is the position vector in the earth-
fixed reference frame and v=[u,v,r]’ R’ is velocity

vector in the body-fixed reference frame. M =M’ € R’
and R=R(p)eR’ denote the inertia matrix and the
transformations matrix from the body-fixed to the earth-
fixed reference frame, respectively. t=[z,,0,7,]" € R’

represents the generalized control input. By replacing
(42) and its derivative into (41) yields following
equation which is in form of the equation (1)

i =f(n. 1) +gMmz,
y=n

(44)
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where  f()=RM'h(n.v)+RR™M,  g()=RM,', | | .

1,=[r,,7,]' €eR® and M'is obtained by removing " b "

second row and column of M™" . It is assumed that only '

vector n is available for measurement. The initial ’ ! s

condition of the ASV is n(0) =[-5,1,0.52]" and v=0. ! R

yim)
e
yima)
o

¢ .
n, =[x, v,v,1 =[0.2t,SCOS(%),arctan(}.}—d)]T is the

% /\ 0.5

d

desired trajectory for ¢ <400 after that ASV must move f \ B —
in straight line. The external disturbances is chosen as N " : i

&2 83 B4

t t -5 =
T ; :[06+ O.6Sin _)+ OSSIH(— R _025 =100 =50 o 50 100 150 200 0 10 200 300 400 500 600 700 800
: S0 10

x(m) tisec)

.t .3t i i i i i
" 0.6sm(%—%)+ O.SSln(%), (45) Fig. 1. Trajectory tracking of ASV in horizontal plane.

x 10

0.09t
50

-0.25sin(

T . t 7
+—)-1.2sin(—
3) Sm(1oo)]

T (Nim)

u

A white noise is also added to the measured signals
using randn(.) to simulate real sensors. The design

parameters are =30, p=10, k, =001, k, =025, - . ‘ ‘ . .

1] 100 200 300 400 500 600
1, =1,1, =0.1. The centers of RBFNN, ¢, are evenly t(sec)
spaced in [-2,2]x[-0.5,0.5]x[-0.3,0.3]x[-0.53,0.53] ‘

with spreads o =0.34 and number of neurons at each = T I
node are n,=16. Finally, the column full-rank gain % 0 |
matrix G,is chosen as -2}

1 0 0 100 200 300 400 500 600

t (sec)
G,=0.002{0.2 0.2 (46)
1 1 Fig. 2. Control inputs of ASV during trajectory tracking.

10

The weights of RBFNN and the adaptive gain are
initialized at zero. Figure 1 to Figure 5 illustrate the Df\
results of employing the proposed controller (9-a) for o . ‘ . ‘ .
the ASV. The movement of ASV in the plane and its 0 Too 200 s 400 500 800
heading tracking curve together with estimated states 10

are shown in Figure 1. Figure 2 demonstrates the
applied control forces. Observation errors are shown in ° /
Figure 3 to Figure 5. It is seen from Figure 1 and Figure . ‘ . ‘ .
3 that the ASV has realized the tracking task. Figure 4 ° 1oe 200 s 400 e eoo
to Figure 5 illustrate good performance of the designed 2

observer (16) for estimating the unmeasured states. The [\

simulation results imply the effectiveness of the

proposed method for control of highly nonlinear -2} — — — - — —
systems with unknown dynamics and unmeasured states t(sec)

and its robustness against estimation error, environment

disturbances and measurement noises. Fig. 3. Tracking errors of ASV.
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Example 2: The proposed control method in this study is
compared with that of Ref. 40 for an underactuated
surface vehicle (USV) whose dynamics is given by*

2.436u
h(n,v)=|12.992v |,
0.0564r
1956 0 0
M= 0 2405 0
0 0 0.403

(47)

Similar to Ref. 40, the initial condition of the robot is
1n(0) =v =0 and the reference trajectory to be tracked
is a straight line trajectory. The design parameters are
£=0.75, p=2,k, =01, k, =025, n=1,1n,=0.1.
The Parameters of RBFNN are selected same as

Example 1. Finally, the column full-rank gain matrix
G, is chosen as

1 0
G,=0.002/02 02 (48)
11

The simulation results are shown in Figure 6 and Figure
7. As shown in Figure 6, the proposed controller can
provide faster convergence and higher tracking
performance than the controller of Ref. 40. Figure 7
illustrates good performance of the designed observer
(16) for estimating the unmeasured states.
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Fig. 6. Trajectory tracking of ASV in horizontal plane.
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6. Conclusion

This paper has addressed a robust adaptive control
based on observer for MIMO non-square nonlinear
systems with unknown dynamics. The proposed method
is studied for two possible cases, i.e., underactuated and
fully-actuated ones. A constant full-rank matrix with an
adaptive gain is employed in the control law. Thus,
contrast to the majority of the available results which
employed two neural networks, the new controller
utilizes only one neural network. Furthermore, by
filtering the output error, the state variables of the filter
are applied to design the underlying update laws.
Therefore, the observer does not need to satisfy the SPR
conditions. These new contributions result in to
simplification of the controller structure and its
implementation in practical applications. The Lyapunov
analysis is applied to guarantee the closed-loop system
stability and convergence of unknown parameters. The
simulation results confirm the validity of the proposed
controller and its robustness against estimation error,
environment disturbances and measurement noises.

References

1. T. Hayakawa, M. M. Haddad, J. M. Bailey and N.
Hovakimyan, Passivity-based neural network adaptive
output feedback control for nonlinear nonnegative
dynamical systems, [EEE Trans. Neural Netw. 16(2)
(2005) 387-398.

2. G. Debbache and N. Golea, Neural network based
adaptive sliding mode control of uncertain nonlinear
systems, J. Syst. Eng. Electr. 23(1) (2012) 119-128.

3. A. K. Kostarigka and G. A. Rovithakis, Adaptive neural
network output feedback passivation of MIMO uncertain
systems, [6th Mediterranean Conf. Control Autom.
(France, Ajaccio, 2008), pp. 297-302.

4. C. P. Bechlioulis and G. A. Rovithakis, Prescribed
performance adaptive control for multi-input multi-output
affine in the control nonlinear systems, IEEE Trans.
Autom.  Control 55(5) (2010) 1220-1226. doi:
10.1109/TAC.2010.2042508

5. E. B. Kosmatopoulos, Universal stabilization using
control Lyapunov functions, adaptive derivative
feedback, and neural network approximators, IEEFE
Trans. Syst. Man, and Cybern., Part B: Cybern. 28(3)
(1998) 472-477.

6. X. L. Xie, Z. G. Hou, L. Cheng, C. Ji, M. Tan and H.
Yu, Adaptive neural network tracking control of robot
manipulators with prescribed performance, Proc. the Inst.
Mech. Eng., Part I: J. Syst. Control Eng. 225(6) (2011)
790-797.

32

10.

12.

13.

15.

16.

19.

20.

Z. Wang, A. Behal and P. Marzocca, Robust adaptive
output feedback control design for a multi-input multi-
output aero elastic system, Int. J. Aeronaut.l Space Sci.
12(2) (2011) 179-189.

S. S. Ge and C. Wang, Adaptive neural control of
uncertain MIMO nonlinear systems, /[EEE Trans. Neural
Netw.15(3) (2004) 674- 692.

H. Xu and P.A. loannou, Robust adaptive control for a
class of MIMO nonlinear systems with guaranteed error
bounds, IEEE Trans. Autom. Control 48(5) (2003) 728-
742.

C. Wang and Y. Lin, Robust adaptive neural control for a
class of uncertain MIMO nonlinear systems, /nt. J. Syst.
Sci. 46(11) (2015) 1934-1943.

S. Kolavennu, S. Palanki and J. C. Cockburn, Nonlinear
control of nonsquare multivariable systems, Chem. Eng.
Sci. 56(6) (2001) 2103-2110.

S. Palankia, J. C. Cockburn and S. Kolavennu, Robust
state feedback synthesis for control of non-square
multivariable nonlinear systems, J. of Process Control
13(7) (2003) 623-631.

S. Aloui, O. Pag'es, A. El Hajjaji, A. Chaari and Y.
Koubaa, Robust Fuzzy tracking control for a class of
perturbed Non-square nonlinear systems, 2010 American
Control Conf. (USA, MD., Baltimore, 2010) pp. 4788-
4793.

S. Aloui, O. Pag'es, A. El Hajjaji, A. Chaari and Y.
Koubaa, Generalized fuzzy sliding mode control for
mimo nonlinear uncertain and perturbed systems. /8th
Mediterranean  Conf. Control & Autom. Congr.
(Morocco, Marrakech, 2010) pp. 1164-1169.

C.L. Hwang, C.C. Chiang and Y.W. Yeh, Adaptive
fuzzy hierarchical sliding-mode control for the trajectory
tracking of uncertain underactuated nonlinear dynamic
systems, IEEE Trans. Fuzzy Syst. 22(2) (2014) 286-299.
F. Nafa, S. Labiod and H. Chekireb, Direct adaptive
fuzzy sliding mode decoupling control for a class of
underactuated mechanical systems, Turkish J. Electr.
Eng. Comput. Sci. 21(6) (2013) 1615-1630.

S. Aloui, O. Pag'es, A. El Hajjaji, A. Chaari and Y.
Koubaa, Robust adaptive fuzzy sliding mode control
design for a class of MIMO underactuated system,
Preprints of the 18th IFAC World Congr. (Italy, Milano,
2011) pp. 11127-11132.

M. Kim, Y. Kim and J. Jun, Adaptive sliding mode
control using slack variables for affine underactuated
systems, 2012 IEEE 51st Annual Conf. Decis. Control
(CDC), (2012) pp. 6090-6095.

M. Chemachema, Output feedback direct adaptive neural
network control for uncertain SISO nonlinear systems
using a fuzzy estimator of the control error, Neural Netw.
36 (2012). 25-34.

A. Boulkrounea and M. M’saad, On the design of
observer-based fuzzy adaptive controller for nonlinear
systems with unknown control gain sign, Fuzzy Sets Syst.
201 (2012), 71-85.



ATLANTIS
PRESS

International Journal of Computational Intelligence Systems, Vol. 10 (2017) 23-33

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Y. Wang, T. Chai and Y. Zhang, State observer-based
adaptive fuzzy output-feedback control for a class of
uncertain nonlinear systems, Inf. Sci. 180(24) (2010)
5029-5040.

A. Boulkrounea, M. Tadjineb, and M. M’saad, How to
design a fuzzy adaptive controller based on observers for
uncertain affine nonlinear systems, Fuzzy Sets Syst.
159(8) (2008) 926 — 948.

H. L. Choi and J.T. Lim, Global exponential stabilization
of a class of nonlinear systems by output feedback, /EEE
Trans. Autom. Control 50(2) (2005) 255-257.

S. S. Ge, C. C. Hang and T. Zhang, Adaptive neural
network control of nonlinear systems by state and output
feedback, IEEE Trans. Syst. Man Cybernetics, Part B:
Cyber. 29(6) (1999) 818-828.

L. B. Freidovicha and H. K. Khalil, Lyapunov-based
switching control of nonlinear systems using high-gain
observers, Automatica 43(1) (2007) 150-157.

S. Frikha, M. Djemel and N. Derbel, Observer based
adaptive neuro-sliding mode control for MIMO nonlinear
systems, Int. J. Control Autom. Syst. 8(2) (2010) 257-
265.

Y. J. Liu, S. C. Tonga and T. S. Li, Observer-based
adaptive fuzzy tracking control for a class of uncertain
nonlinear MIMO systems, Fuzzy Sets Syst. 164(1) (2011)
25-44.

K. S. Shih, T. H. S. Li and S. H. Tsai, Observer-based
adaptive fuzzy robust controller with self-adjusted
membership functions for a class of uncertain MIMO
nonlinear systems: a pso-sa method, Int. J. Innov.
Comput. Inf. Control 8(2) (2012) 1419-1437.

Z. Du, and Z. Qu, Improved adaptive fuzzy control for
MIMO nonlinear time-delay systems, J. Control Theory
Appl. 9(2) (2011) 278-282.

Y. Cheng, W. Xie and W. Sun, High gain disturbance
observer-based control for nonlinear affine systems, /nt.
J. Adv. Robot. Syst. 9(16) (2012).

33

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

C. C. Chiang and C. H. Wu, Observer-based adaptive
fuzzy sliding mode control of uncertain multiple-input
multiple-output nonlinear systems, [EEE Int. Fuzzy Syst.
Conf. (2007) pp. 1-6.

H. Saberi Najafi and M. Shams Solary, Computational
algorithms for computing the inverse of a square matrix,
quasi-inverse of a non-square matrix and block matrices,
Applied Math. Comput. 183(1) (2006) 539-550.

L. X. Wang and J. M. Mendel, Fuzzy basis function,
universal approximation, and orthogonal least-squares
learning, /EEE Trans. Neural Netw. 3(5) (1992) 807-814.
C. Y. Lee and J. J. Lee, Adaptive control for uncertain
nonlinear systems based on multiple neural networks,
IEEE Trans. Syst. Man, and Cybern., Part B: Cybern.
34(1) (2004) 325-333.

B. Karimi and M. B. Menhaj, Non-affine nonlinear
adaptive control of decentralized large-scale systems
using neural networks, Inf. Sci. 180(17) (2010) 3335-
3347.

E. Zergeroglu, W. Dixon, D. Haste and D. Dawson, A
composite adaptive output feedback tracking controller
for robotic manipulators, Robotica 17(6) (1999) 591-600.
J. H. Parka, G. T. Parkb, S. H. Kima and C. J. Moon,
Output-feedback control of uncertain nonlinear systems
using a self-structuring adaptive fuzzy observer, Fuzzy
Sets Syst. 151(1) (2005) 21-42.

H. Khalil, Nonlinear Systems, 3rd edn. (Prentice Hall,
Upper Saddle River, NJ, 2002).

M. Rayhanoglu, Exponential stabilization of an
underactuated autonomous surface vessel, Automatica
33(12) (1997) 2249-2254.

G. Xia, G. Wang, X. Chen, A. Zhao, C. Pang, DRFNN
adaptive observer based sliding mode tracking control of
an underactuated surface vehicle, 2015 IEEE Int. Conf.
Mech. and Autom. (ICMA), (2015), pp. 2255-2260.



	1. Introduction
	2. Problem Formulation
	3. Controller and observer design
	4. Stability analysis
	5. Simulations
	6. Conclusion
	References


<<

  /ASCII85EncodePages false

  /AllowTransparency false

  /AutoPositionEPSFiles true

  /AutoRotatePages /None

  /Binding /Left

  /CalGrayProfile (Dot Gain 20%)

  /CalRGBProfile (sRGB IEC61966-2.1)

  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)

  /sRGBProfile (sRGB IEC61966-2.1)

  /CannotEmbedFontPolicy /Error

  /CompatibilityLevel 1.4

  /CompressObjects /Tags

  /CompressPages true

  /ConvertImagesToIndexed true

  /PassThroughJPEGImages true

  /CreateJobTicket false

  /DefaultRenderingIntent /Default

  /DetectBlends true

  /DetectCurves 0.0000

  /ColorConversionStrategy /CMYK

  /DoThumbnails false

  /EmbedAllFonts true

  /EmbedOpenType false

  /ParseICCProfilesInComments true

  /EmbedJobOptions true

  /DSCReportingLevel 0

  /EmitDSCWarnings false

  /EndPage -1

  /ImageMemory 1048576

  /LockDistillerParams false

  /MaxSubsetPct 100

  /Optimize true

  /OPM 1

  /ParseDSCComments true

  /ParseDSCCommentsForDocInfo true

  /PreserveCopyPage true

  /PreserveDICMYKValues true

  /PreserveEPSInfo true

  /PreserveFlatness true

  /PreserveHalftoneInfo false

  /PreserveOPIComments true

  /PreserveOverprintSettings true

  /StartPage 1

  /SubsetFonts true

  /TransferFunctionInfo /Apply

  /UCRandBGInfo /Preserve

  /UsePrologue false

  /ColorSettingsFile ()

  /AlwaysEmbed [ true

  ]

  /NeverEmbed [ true

  ]

  /AntiAliasColorImages false

  /CropColorImages true

  /ColorImageMinResolution 300

  /ColorImageMinResolutionPolicy /OK

  /DownsampleColorImages true

  /ColorImageDownsampleType /Bicubic

  /ColorImageResolution 300

  /ColorImageDepth -1

  /ColorImageMinDownsampleDepth 1

  /ColorImageDownsampleThreshold 1.50000

  /EncodeColorImages true

  /ColorImageFilter /DCTEncode

  /AutoFilterColorImages true

  /ColorImageAutoFilterStrategy /JPEG

  /ColorACSImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /ColorImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /JPEG2000ColorACSImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /JPEG2000ColorImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /AntiAliasGrayImages false

  /CropGrayImages true

  /GrayImageMinResolution 300

  /GrayImageMinResolutionPolicy /OK

  /DownsampleGrayImages true

  /GrayImageDownsampleType /Bicubic

  /GrayImageResolution 300

  /GrayImageDepth -1

  /GrayImageMinDownsampleDepth 2

  /GrayImageDownsampleThreshold 1.50000

  /EncodeGrayImages true

  /GrayImageFilter /DCTEncode

  /AutoFilterGrayImages true

  /GrayImageAutoFilterStrategy /JPEG

  /GrayACSImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /GrayImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /JPEG2000GrayACSImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /JPEG2000GrayImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /AntiAliasMonoImages false

  /CropMonoImages true

  /MonoImageMinResolution 1200

  /MonoImageMinResolutionPolicy /OK

  /DownsampleMonoImages true

  /MonoImageDownsampleType /Bicubic

  /MonoImageResolution 1200

  /MonoImageDepth -1

  /MonoImageDownsampleThreshold 1.50000

  /EncodeMonoImages true

  /MonoImageFilter /CCITTFaxEncode

  /MonoImageDict <<

    /K -1

  >>

  /AllowPSXObjects false

  /CheckCompliance [

    /None

  ]

  /PDFX1aCheck false

  /PDFX3Check false

  /PDFXCompliantPDFOnly false

  /PDFXNoTrimBoxError true

  /PDFXTrimBoxToMediaBoxOffset [

    0.00000

    0.00000

    0.00000

    0.00000

  ]

  /PDFXSetBleedBoxToMediaBox true

  /PDFXBleedBoxToTrimBoxOffset [

    0.00000

    0.00000

    0.00000

    0.00000

  ]

  /PDFXOutputIntentProfile ()

  /PDFXOutputConditionIdentifier ()

  /PDFXOutputCondition ()

  /PDFXRegistryName ()

  /PDFXTrapped /False



  /CreateJDFFile false

  /Description <<



    /BGR <>

    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>

    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>

    /CZE <>

    /DAN <>

    /DEU <>

    /ESP <>

    /ETI <>

    /FRA <>

    /GRE <>



    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)

    /HUN <>

    /ITA <>

    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>

    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>

    /LTH <>

    /LVI <>

    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)

    /NOR <>

    /POL <>

    /PTB <>

    /RUM <>

    /RUS <>

    /SKY <>

    /SLV <>

    /SUO <>

    /SVE <>

    /TUR <>

    /UKR <>

    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)

  >>

  /Namespace [

    (Adobe)

    (Common)

    (1.0)

  ]

  /OtherNamespaces [

    <<

      /AsReaderSpreads false

      /CropImagesToFrames true

      /ErrorControl /WarnAndContinue

      /FlattenerIgnoreSpreadOverrides false

      /IncludeGuidesGrids false

      /IncludeNonPrinting false

      /IncludeSlug false

      /Namespace [

        (Adobe)

        (InDesign)

        (4.0)

      ]

      /OmitPlacedBitmaps false

      /OmitPlacedEPS false

      /OmitPlacedPDF false

      /SimulateOverprint /Legacy

    >>

    <<

      /AddBleedMarks false

      /AddColorBars false

      /AddCropMarks false

      /AddPageInfo false

      /AddRegMarks false

      /ConvertColors /ConvertToCMYK

      /DestinationProfileName ()

      /DestinationProfileSelector /DocumentCMYK

      /Downsample16BitImages true

      /FlattenerPreset <<

        /PresetSelector /MediumResolution

      >>

      /FormElements false

      /GenerateStructure false

      /IncludeBookmarks false

      /IncludeHyperlinks false

      /IncludeInteractive false

      /IncludeLayers false

      /IncludeProfiles false

      /MultimediaHandling /UseObjectSettings

      /Namespace [

        (Adobe)

        (CreativeSuite)

        (2.0)

      ]

      /PDFXOutputIntentProfileSelector /DocumentCMYK

      /PreserveEditing true

      /UntaggedCMYKHandling /LeaveUntagged

      /UntaggedRGBHandling /UseDocumentProfile

      /UseDocumentBleed false

    >>

  ]

>> setdistillerparams

<<

  /HWResolution [2400 2400]

  /PageSize [612.000 792.000]

>> setpagedevice



