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ABSTRACT. The paper presents a novel feedforward neural network and feedback lin-
earization control of BILSAT-1 satellite system for the almost disturbance decoupling
performance. The proposed controller guarantees exponentially global uniform ultimate
bounded stability and the almost disturbance decoupling performance without using any
learning or adaptive algorithms. The proposed approach provides the architecture of the
neural network and the weights among the layers in order to guarantee stability of the
system. Moreover, the new approach renders the system to be stable with the almost
disturbance decoupling property at each step of selecting weights to enhance the perfor-
mance if the proposed sufficient conditions are maintained. One example, which cannot
be solved by the first paper on the almost disturbance decoupling problem, is proposed
in this paper to exploit the fact that the tracking and the almost disturbance decoupling
performances are easily achieved by the proposed approach.

Keywords: BILSAT-1 satellite system, Feedforward neural network, Almost distur-
bance decoupling, Multi-input multi-output system, Feedback linearization approach,
Composite Lyapunov approach

1. Introduction. A considerable amount of research focused on the field of nonlinear
control using neural network [8,21,33]. Neural Network has been motivated by their po-
tential of improving system performance through learning using parallel approach. Some
of these learning algorithms [2,30,39] apply the error back propagation approach to min-
imizing an objective function described as the sum of the square errors. However, the
learning algorithms investigated so far are not capable of solving the inherent drawbacks
of neural network. These drawbacks include how to determine the range within which
the weights of the neural network should be adjusted to guarantee the stability of the
controlled system and the stability types of the overall system, i.e., if the overall system
is asymptotically stable or exponentially stable, or if it is locally stable or globally stable.

In the famous NN-based adaptive algorithms, since the desired or ideal weights are
unknown, they are adapted real-time utilizing appropriately constructed adaptation rules.
Gradient approaches are widely adopted [8,33]. However, in [8], there is no guarantee
of error and weight convergence. [33] guarantees the weight convergence by a dead-
zone scheme. However, setting of an optimal dead-zone parameter to fit unexpected
situations is difficult and smaller parameter may result in divergence [21]. Our proposed
new approach renders the system to be stable with the almost disturbance decoupling
property at each step of selecting weights to enhance the performance via Matlab software
if the proposed sufficient conditions are maintained.
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Many approaches to stabilizing and tracking tasks have been proposed including feed-
back linearization, variable structure control (sliding mode control), backstepping, regu-
lation control, non-linear H*° control, internal model principle and H* adaptive fuzzy
control. [19] has proposed the use of variable structure control to deal with non-linear
system. However, chattering behaviour that is caused by discontinuous switching and
imperfect implementation that can drive the system into unstable regions is inevitable
for variable structure control schemes. Backstepping has proven to be a powerful tool for
synthesizing controllers for non-linear systems. However, a disadvantage of this approach
is an explosion in the complexity which is a result of repeated differentiations of non-
linear functions [35,41]. An alternative approach is to utilize output regulation control
[14] in which the outputs are assumed to be excited by an exosystem. However, the non-
linear regulation approach requires the solution of difficult partial-differential algebraic
equations. Another difficulty is that the exosystem states need to be switched to describe
changes in the output and this creates transient tracking errors [28]. In general, non-linear
H control requires the solution of the Hamilton-Jacobi equation, which is a difficult non-
linear partial-differential equation [4,15,37]. Only for some particular non-linear systems
it is possible to derive a closed-form solution [13]. The control approach that is based
on the internal model principle converts the tracking problem into a non-linear output
regulation problem. This approach depends on solving a first-order partial-differential
equation of the center manifold [14]. For some special non-linear systems and desired tra-
jectories, the asymptotic solutions of this equation have been developed using ordinary
differential equations [9,11]. Recently, H* adaptive fuzzy control has been proposed to
systematically deal with non-linear systems [6]. The drawback with H> adaptive fuzzy
control is that the complex parameter update law makes this approach impractical in
real-world situations. During the past decade significant progress has been made in re-
searching control approaches for non-linear systems based on the feedback linearization
theory [12,19,27,32]. Moreover, feedback linearization approach has been applied suc-
cessfully to many real control systems. These include the control of an electromagnetic
suspension system [16], pendulum system [7], spacecraft [31], electrohydraulic servosys-
tem [1], car-pole system [5] and bank-to-turn missile system [22]. The main contribution
of this study is to solve the linearized and PDC shortcomings by using non-linear feedback
linearization approach.

The almost disturbance decoupling problem, i.e., that is the design of a controller that
attenuates the effect of the disturbance on the output terminal to an arbitrary degree
of accuracy, was originally developed for linear and non-linear control systems by [25,40]
respectively. The problem has attracted considerable attention and many significant re-
sults have been developed for both linear and non-linear control systems [26,29,38]. The
almost disturbance decoupling problem of non-linear single-input single-output (SISO)
systems was investigated in [25] by using a state feedback approach and solved in terms
of sufficient conditions for systems with non-linearities that are not globally Lipschitz
and disturbances being linear but possibly actually being multiples of non-linearities.
The resulting state feedback control is constructed following a singular perturbation ap-
proach. The sufficient conditions in [25] require that the non-linearities multiplying the
disturbances satisfy structural triangular conditions. [25] shows that for non-linear SISO
systems the almost disturbance decoupling problem may not be solvable, as is case for

B1(t) = tan~ s 4 0(0), (0] > 5, da(t) —u, y=m

where u, y denoted the input and output respectively and () was the disturbance of the
system. On the contrary, this example can be easily solved via the proposed approach in
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this paper. On the contrary, this example can be easily solved via the proposed approach in
this paper. It is worth noting that the sufficient conditions given in [25] are not necessary
in this study where a nonlinear state feedback control is explicitly designed which solves
the almost disturbance decoupling problem. The almost disturbance decoupling problem
is solvable for the system by a nonlinear state feedback control, according to our proposed
approach, while the sufficient conditions given in [25] fail when applied to the system.
The design techniques in this study are also entirely different from those in [25] since the
singular perturbation tools are not used.

The goal of this study is to propose a theoretical structure for MIMO nonlinear systems
based on feedback linearization and neural network approaches. This study presents suffi-
cient conditions for achieving the exponentially global uniform ultimate bounded stability
and the almost disturbance decoupling performances without using any learning or adap-
tive algorithms. The efficiency of the proposed controller is illustrated by application to
the BILSAT-1 satellite system. In this study, we have solved the satellite attitude-tracking
problem using the MRP (Modified Rodriguez Parameters) [23] attitude kinematics with
the following properties: (1) Since the decoupling matrix of the feedback-linearizing con-
troller depends explicitly on the attitude kinematics, the use of MRPenables one to have
an always invertible decoupling matrix, thus an always existing control law; (2) The
simulations showed that the parameter ¢ has an important influence on the disturbance
attenuating characteristics of the controller design by increasing the attenuation param-
eter N Ny; (3) For this purpose, a recently developed feedback linearization technique,
which does not require a selection of a complex Lyapunov function and is independent
of the initial conditions, is utilized on the satellite dynamical model; (4) From a prac-
tical point of view, a matrix inversion algorithm will be necessary but by most of the
modern digital signal processors that is quite simple; (5) Also, the reaction wheel used in
the model and simulation is a realistic mechanism which is designed by Surrey Satellite
Technology Limited (SSTL) and it has a torque limit of 0.02 N.m where the simulation
results are far below this value.

2. Structure of Multilayered Feedforward Neural Network. The structure of the
multilayered feedforward neural network which will be involved later in the controller
design is investigated in this section. The neural network used in controller design is
three-layered as shown in Figure 1. It consists of an input node vector X € R”, a hidden
layer of p activity functions and an output node vector Y € R™. The input-output

F1GURE 1. Three-layered neural network
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relationship can be described as

T P P P T
[ S1 S22 -+ Sp } = |: Z tliiﬂi Z tzil'i tee Z tpil‘i :| (21)
=1 1=1 =1

[yl Ya oo ym]T:{éwlifi(si) éwmfi(si) éwmifi(si)] (2.2)

where t,,, is the weight to the hidden node s,, from other input node z, and w,,, is
the weight to the output node y,, from the hidden node s,. The above input-output
relationship can be written in matrix form as

Spx1 = TpxpXpx1 (2.3)
Yinx1 = WinspFpx1 (2.4)
where
S=[s1 s2 -+ 5 }T (2.5)
X = [ Tl Ty e Xy ]T (2.6)
i1 tig -0ty
i B (2.7)
tz;l tI;Q A
Y=[wm v2 - Unm }T (2.8)
F(S)=[ fils) falsa) - fulsn) ] (2.9)
W11 Wiz o Wip
W= Wa1 W22 o Wap (2.10)
Wml Wma - Wmp

3. Feedback Linearization and Neural Network Controller Design. The follow-
ing non-linear control system with disturbances is considered:

.i‘l f1(£1,$2,...,1,‘n)
ig fg(xl,:@,...,xn)
jjn fn(.Tl,xQ,...,l‘n)
up (21,2, .., ZTp)
ug (X1, T, ..., 2y)
+[gl(x1,x2,...,xn) go(T1, T, .. ) - gm(xl,xg,...,xn)]
U (T1, T2, ..., Tp)
p
+D_ ;05
j=1
(3.1a)
y1($1;$27~--,$n) h1($1,$2;~--7$n)
92($1;5€2a~-7$n) . hQ(xlaxQJ"'7xn) (3 ]_b)

Ym (21, T2, ..., Ty) hm (21, T2y ...y xy)
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that is
X(t) = f(X(8) + g(X(t))u+ Z ¢;6ja

y(t) = h(X (1))

where X () = [1(t) 2(t) -+ x,(t)]" € R" is the state vector, u = [uy uy - Up] € R™
is the input vector, y = [y1 yo -+ Ym]" € R™ is the output vector, Oy = [014(t) Ozq(t) - -
0,4(t)]T is a bounded time-varying disturbances vector, f = [fi fo --- fu] € R, g =
g1 92 -+ gm] € ™™ and h = [hy hy --- hm]T € R™ are smooth vector fields. The
nominal system is then defined as follows:

X(t) = F(X(1) + g(X())u (3.2a)
y(t) = h(X(1)) (3.2b)
The nominal system of the form (3.2) is assumed to have the vector relative degree
{ri,ra, -+ ,rm} [12], i.e., the following conditions are satisfied for all X € R":
{1
Ly, Lihi(X) =0 (3.3)

forall1 <i<m,1<j<m,k<r; —1, where the operator L is the Lie derivative [12]
and r + 1o+ 1y =1
(2) The m x m matrix

Lo L7 ha(X) -+ Ly, L} hy(X)
Lo L2 'ho(X)  --o L, L7 'ho(X

A= | old 2(X) an Ly 2(X) (3.4)
Lo L'y hiy(X) -+ Ly, Ly hi(X)

non-singular.
The desired output trajectory y5(t), 1 < i < m and its first 7; derivatives are all
uniformly bounded and

I ™ o || Bl 1=izm (35)

where B} is some positive constant. Under the assumption of well-defined vector relative
degree, it has been shown [12] that the mapping

¢: R —R" (3.6)
defined as
1147 [ g
gi: :2 = :2 = fl ; 7::1,27...,777/ (37)
o X)=m(t), k=r+1Lr+2,....n (3.8)
and satisfying
Lyoe(X(t) =0, k=r+1,r+2,...,n, 1 <j<m (3.9)

is a diffeomorphism onto image, if the following hold
(1) The distribution

G = Span{gla g2, ... 7gm} (31())
is involutive.
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(2) The vector fields

Vi 1<j<m, 1<k<mn (3.11)
are complete, where
Y= (-1 adi g, 1<j<m, 1<k<m (3.12)
F(X) = f(X) = g(X)ATH(X)b(X) (3.13)
L hi(X)
L'?ho(X
px)=| ! ,2( ) (3.14)
L hn (X)
g=[3 G - Gm ] =9(X)ATH(X) (3.15)
ad’;g =[f ad’}_lg ] (3.16)
9g of
= —=f(X)— =g(X 1
[f 9] = 52 f(X) - S0(X) (317)
For the sake of convenience, define the trajectory error to be
=gy i=12.m, j=12...7 (3.18)
e=lel e - euT SR (3.19)
and the trajectory error to be multiplied with some adjustable positive constant ¢
eb=elel, i=1,2,...m, j=1,2,...1 (3.20)
= — __aT
el = [ell el .- eii] SR (3.21)
[ el
e?
e=| | ey (3:22)
| e™
and )
&1
¢ = 5:2 e R (3.23)
L &
N(t) = () meaa(t) - ()] € R (3.24)
Q(€<t>7 77(’5)) = [Lf(errl(t) Lf¢r+2(t) e Lf¢n(t)]T
T (3.25)
= |: dr+1 4r+2 0 Gn :|
Define a phase-variable canonical matrix A’ to be
0 1 o .- 0
0 0 .- 0
Al = : : , 1<i<m (3.26)
0 0 o - 1
_Oég_ _aZZ _Oézg T _a;z TiXT;
where af, ab, -+, ozfni are any chosen parameters such that A’ is Hurwitz and the vector
B to be ' .
B=[00 - 01] ,, 1<i<m (3.27)
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Let P! be the positive definite solution of the following Lyapunov equation

(AP + PPA =1, 1<i<m (3.28)

Amax(P") = the maximum eigenvalue of P*, 1 <i <m (3.29)
Amin(P') = the minimum eigenvalue of P*, 1 <i <m (3.30)
Arax = min { Anax (P, Amax(P?), -, Amax(P™) } (3.31)
Aot = min {in (PY), Amin(P?), -2, Amin(P™) } (3.32)

Assumption 1. For all ¢ > 0, 7 € R"" and £ € R, there exists a positive constant M
such that the following inequality holds:

lg22(t, 1, €) — qa2(t, , 0)|| < M([[e]]) (3.33)

where o (t,7,€) = q(&, 7).
For the sake of stating precisely the investigated problem, define

dijg = Lo, L7 'hi(X), 1<i<m, 1<j<m (3.34)
¢ =L{h(X), 1<i<m (3.35)

and
gza’ie_ﬁ+a§e_§+~~+aiiez, 1<i<m (3.36)

Definition 3.1. [19] Consider the system & = f(t,z,0), where f : [0,00) X " x R* — R"
s piecewise continuous in t and locally Lipschitz in x and 6. This system is said to
be input-to-state stable if there exists a class KL function B, a class K function v and
positive constants ki and ko such that for any initial state x (to) with ||z (ty)|| < k1 and
any bounded input 6(t) with sup ||6 ()| < ka2, the state exists and satisfies

t>t

Hﬂﬂﬂéﬁmﬂmmi—h0+v<$m|WﬁW) (3.37)

to<1<t

forallt >ty > 0.
Now we formulate the tracking problem with almost disturbance decoupling as follows:

Definition 3.2. [26] The tracking problem with almost disturbance decoupling is said to
be globally solvable by the state feedback controller w for the transformed-error system by
a global diffeomorphism (3.6), if the controller u enjoys the following properties.

(1) It is input-to-state stable with respect to disturbance inputs.

(2) For any initial value Too = [e(ty) n(to)]", for any t >t and for any ty > 0

9(0) = 0] < Bttt — o) + = ( sup 16671 (335
and

[ ) = i dr < - | s lal) + [ 8 (18 ) dr (3.38h)

J B /

where Bao, Bua are some positive constants, P33, Bss are class K functions and P11 is a
class KL function.
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> ujl\w
Controller

> u;fw
Controller

FIGURE 2. The interconnect structure of the neural network

We immediately presents sufficient conditions for achieving the exponentially global
uniform ultimate bounded stability and the almost disturbance decoupling performance.
The interconnect structure of the neural network is shown in Figure 2.

The transformation matrices discussed earlier in Section 2 are chosen as

Si=1ls sy - s ], 1<i<m (3.39)
. _ __qT
X2 d . %] 1sigm (30
ti, 0 0
, 0o tiy, -~~~ 0 ‘
T = i ) ,1<i<m (3.39¢)
o o -.-- tin
Vi=y =uyy, 1<i<m (3.39d)
i i i i i i(qi ) 17 i G i 17 :
P = [ filst) fa(sy) -+ fr(sy,) } = [ 1 S Sy } ,1<i<m  (3.3%)
Wi=lw wy -+ Wi, |, 1<i<m (3.39f)
Thus, the input-output relationship for the neural network controller is obtained as
m 1T
UNN = [U}VN uyy uNN} (3.39g)
Uy = Wziltlﬁe_li + Wli2t;2€_§ +oee wiritj’irieTr"p I<i<m (3.39h)

Theorem 3.1. Suppose that there exists a continuously differentiable function V: R~ —
Rt such that the following three inequalities hold for all n € R"":

(@) wi |[nll> < V() <ws nl®,  wi, we >0 (3.402)
(b) ViV 4+ (V, V) goa(t, m,0) < =20, |0, az >0 (3.40D)
(c) VoVl S wslnll,  ws >0, (3.40c)
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then the tracking problem with almost disturbance decoupling performance is globally solv-
able by the controller defined by

U = A_l{—b+U—|—UNN} (341)

T1 T Tm T
b= [L}hy L¢hy oo Lymhy (3.42)
v=[v; va - v~ (3.43)

i(ra) —ri i i —ri i i
Vi=Yqg —€& ' [L(J)chi(X) - yd} — ¢! Qy [L}hi(X) — Yq ] (3.44)
3.
—-—clal, [L;Flhi(X) - yngl)] , 1<i<m
Moreover, the influence of disturbances on the Lo norm of the tracking error can be arbi-
trarily attenuated by increasing the following adjustable parameter Ny > 1:

Whnax = Max(|wi by, [Winthel, - i, tr D), 1<i<m (3.45a)
k
b = 15 e kB P = kB P
> 1 " (3.45b)
2 2 m 2 mi2 .
I a3 Y 5 i
2 g2 9 2
w2M2
koo = 20, — 316 — w§ ||q2577||2 (3.45¢)
NQ = min {klla k’gg} (345d)
1 2
V=" (w040 (3.450)
6 \w<ret
| eachidi o el
Pe(e) = : : L 1<i<m (3.45¢)
T4 0 ri—1 * T 0 ri—1 *
ehax Ly Thigr - €lgx Ly higg
3%¢r+lcﬁ o 3%¢T+1qz
Pnle) = : : (3.45g)

Moreover, the output tracking error of system (3.1) is exponentially attracted into a sphere

B,, r= %, with an exponential rate of convergence
1/ Ny Ny 1
= — =-a" 3.45h
2 (Amax Amax£2) 2a ( )

where
ko .
Apax = Max { wa, 5)\max (3.451)
where k() : RT — R is any continuous function satisfying

. . € .
lim k(e) =0 and lim e 0 (3.45))
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Proof: Applying the coordinate transformation (3.6) yields

Ot dX 8h
fiza—XlE — | [+ U+ZQJ jd
_Oh oh oh
1f+ 1g1u1+ gm“m+Za);qﬂ*eﬂd
ah oh (3.46)
1 1 *
%*
—£2+Z 1
. oL _,dX oL} *h L
e i i ol LR AURD SUL
j=1
8Lr172h1 aLrlehl aLr172h1 p aLanhl
j=1
oL *h P oL %h (3.47)
—f—l + f—l *(9)
DS ox 4\
j=1
8L”'2h
=Ly~ 1h1+Z ~q; (6;a)
oL dX 8L” "By L
ﬁf:&xﬁ?:"ﬁ%F_ J4g-ut )y a0
j=1
L} 'hy . 0L} 'y oL} 'y POLY
= Tox T Tax et gy et 2y 4
&i% (3.48)
:L;lhl—FLglL;l_lhl fu/l_i_...—i—LgmL;l 1h1 um+z ! * jd)
oL} 'y
=ci +diu + -+ dip Uy, + Z —Q; (05a)
— 00X
007 AX ah
51 = a)z' dt f+g U’+ZQJ 7d
7j=1
Ohp . Oh, Ol
= ot am e %%+ZarW” (3.49)

_%h+zmn* §+Zm%*
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w 08P _ dX 0L hy,
= o = a— f+g: u+2qj jd
LY Ry, QL 2hiy aL;m—%m
= Tox It Tax ot Ty et
& 8L’“m—2h
+Z —ax 4
& aUm*Zh
=L, +Z q; (0;4)

p aﬂm—%

_é-rm + Z 9Jd>

OO dX 0L hiy z
mo__ m =" -4 @ . *9
“o=ox @~ ax |11 H;qf &
oLy My, . OLY  hy OLY" ™
0X Tgx Tt T mtim
d 8L”"‘1h
+ Z q] jd
= erh + L LTm lhmul + -+ LgmL}m_lhmum
P aym—lh
+ Z ejd)
L aLTm—lh
7j=1
0oy, dX 6¢k
w0 =5xa ~ax |19 “*qu jd
_ 99 ) o) 0Pk vy
kf+ kgl 1+ kgm m+z a)(lqu Jjd

0¢ * 0¢ *
—Lf¢k+za)?q] jd _Qk+za;q] id),

k:—r—i—l,r—l—Q,...,

Since

ci(€(t),n(t)) = Lihi(X (), 1<i<m
dij = Ly, L7 7'hi(X), 1<i<m, 1<j<m

g (E(1),n(t) = Lyon(X), k=r+1r+2,....n
the dynamic equations of system (3.1) in the new co-ordinates are as follows:

p
. o . . .
g}(t):ggﬂ(tha—XL;1h1qj(ejd), i=1,2,...,m—1
Jj=1

6931

(3.50)

(3.51)

(3.52)

(3.53)

(3.54)
(3.55)

(3.56)
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0(6)) + dun (§(8), m(t))us + - -

+ dlm(g(t)> ﬁ(t))um

+J§; aiX L g (0,0 (3.57)

Em(t) =€m,(t) + i %L;—lhmq; (Bja), i=1,2,...,7 —1 (3.58)
E10) = n(E0)70) -+ o €01+ -+ (&) 0

+ Z a—XL;m—lhmq; (0;4) (3.59)

() = au(€(0), (1) +§p;8%¢k<x>q;<e ) k=rtl, (3.60)

WO =), 1<i<m (3:61)

According to Equations (3.18) (3.44) (3.53) and (3.54), the tracking controller can be

rewritten as

u= A"

[—b + v+ UNN]

(3.62)

Substituting Equation (3.62) into (3.57) and (3.59), the dynamic equations of system (3.1)

can be shown as follows:

& (1) 010 -
&(t) 001 -
0| oo
| &) 000

0

0
+ Sl v+

0

1
ﬁr—&-l(t) QT+l(t)
hr+2(t) QT+2<t)
7.771—‘1 (t) Qn—'l <t>
() Gn(t)

0 & (1) 0
0 &(1) 0
: : + :
1 r1(t) 0
0 &, (1) Uy
» -
j; i} (05a) (3.63)
P
'21 aiXL}hiQ; (ejd)
J:
3 el hig; (030
Zl angbT-lJQJ (de)
]:
P
21 %¢T+2QJ (ejd)
j=
+ (3.64)
p
Zl a%gbn—IQ;(ejd)
j_p 0 *
'21 ﬁq%qj (ejd)
| J= J
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§1(t)
&(1) |
y=[10--00]_ | =&(t), 1<i<m  (3.65)
r-1()
'Z:i (t) ri X1

Combining Equations (3.18), (3.20), (3.21), (3.26) and (3.44), it can be easily verified that
Equations (3.63)-(3.65) can be transformed into the following form.

n(t) = q(€t),n(t)) + ¢n(0a) = qoa(t, n(t), €) + ¢p(ba) (3.66a)
cei(t) = Alei + By ulyy + 6L (00), 1<i<m (3.66D)
yi(t) = &(t), 1<i<m (3.67)

We consider L (e,n) defined by a weighted sum of V'(n) and W (e),
L(e,n) = V() + kW (@) = V(n)+ k() (W (eT) 4+ W™ (@) (3.68)
where
W(e) = w! (J) b () (3.69)
as a composite Lyapunov function of the subsystems (3.66a) and (3.66b) [20,24], where
w (E) satisfies
i (@) = 1" pia
W (e> = S Pl (3.70)

In view of Equations (3.18), (3.33) and (3.40), the derivative of L along the trajectories
of (3.66a) and (3.66b) is given by

L= [V +(V,V)5)]
P (@) P () o () e o ()]

E[/1 ,— 1 T
= [VtV + (VWV)TH} -+ 5 { <EA;1361 + Brlgrlu]lVN + g(ﬁ%(@d)) Plel

+ (E)T P AT+ B el + 20k (6) ) + -
e ° ! et
1 m_-m T m 1 m T M _m
—|— EAC em + BT‘mg muNN + E¢£ (ed) P em
—\1T pm 1 m=m T M 1 m

+ (em)” P EAC e+ B, "M uyy + g@bg (04)
k[ =T — o
< ViV + (V) gt n(8), ) + (VaV) 0y (60)] = o= {(el) T4t (@) em]

2e

ke B P [T bl -+ R B P [

e Ot 0 o 1P ) e

el

+ 1@ ot 17
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< [Vtv+ (VaV)" ga(t,n(t),0) (V V) [C]22(t n(t),€) — qa(t,n(t),0)]
k _
ATl SR
+——2H¢5H 2P e+ e lwrlnaxﬁHBile Al +-

+k€rm 1 m

max

o | BE, PP 4+ 10 + -

3k e 1
522 IEIF 1P I e + 5 6ol

S |:Vtv + (VnV)T q22(t777(t)7 0):| + ||V77V|| HqQ2(t7n(t)7é) - q22(t7 77(75)7 O)H
k 3 k? — 1
IV VI = 52 [el] +5 5 et 1211 |[e|| + 5 1 + -
3k 2
= e P 1P em)? +—||<ed>|| + & ik | BE P e
_ng ! g}axrmk ||BT PmH ||em”
k
< = 2ag "+ ws |0l M el +ws il 641l | (Ba)ll — 5 lle]” (3.71)
3k 021 o 2 e
S P Ll e A T +——2||¢g I 12 e
2
+é!|<0d>\|2+e“—1w;axmkHBTPIH el — & Wk | B P e
1
< =20, |Inl* + w3 M [n])* + 4 le]* + w5 |61 [In)f? +—||< >||2—%||é||2

16
_y|(9d)|| + <2 : HM Hp1|| Ll Ilnaxﬁk}}BTpl‘D le|]® + - - -

1
+ (55—2 o2 |11 + ek HBTTumH) el + 5 1)

m+1

1
=~ Il |20, - g - Il + 2 e

_HEH2 |:2_’I€€_ ri—1 1 rlkHBTpln rm 1 m 7,mkHBT Pm”

max max

3]{32 1112 1 m
—saz el 1P = =5 H% I* 12
ie.,
m+ 1
L < —ku |lel|* — ke |0 + 1(8a) 11" (3.72)
From Equation (3.45¢), we obtain
. _ m—|— 1
L < =Ny (Jlell” + [Inll*) + = 1I(6a) I (3.73)
Define o
ol
— g _ 6_1 r—1
€ = = |: e?ln:m :| y Tem §R (374)
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Hence
. 2 1
b ) + 2 e (3.75)
Utilizing Equation (3.75) easily yields
¢
L 6™ + 1
/(yl(T) —yl(r) dr < /H (0a(7))|*dr (3.76)
to
Similarly, it is easy to prove that
t
4 L(t 1
/(yi(T) — y;(7’))2d7' < ]i[O) + m /|| (Oa(T H dr, 2<i<m (3.77)
2

to
so that statement Equation (3.38b) is satisfied. From Equation (3.73), we get

. m—|— 1
L < =N (Iyeotall”) + ——11(6a)|” (3.78a)

where

ysotatl” = llEl” + lInll*. (3.78b)

By virtue of Theorem 5.2 [19], Equation (3.78a) implies the input-to-state stability for
the closed-loop system. Furthermore, it is easy to see that

Ain ([[ell* + [1711%) < L < Agax (IEl17 + [1911%) (3.79)
that is
Amin (HytotalHQ) S L S Amax (Hytotale) (380>
where A, = min {wl, ’;A;"mn} and A« = max {CUQ, gx\jnax} From Equation (3.73) and
Equation (3.80) we yield that
. N. m+1 2
L<—2 L+ ( sup ||(ed(7))||) (3.81)
Arnax 6 to<7t<t

Hence,

L(t) < L{to)e =)

Apax(m + 1)
6N,

sup H(Gd(T))H) ., t>to (3.82)

to<7<t

which implies

2L(tg) __ N2 Apax(m + 1)
t f— 1 t < 2Amax (t to) —|— R — 9 383
|yl( ) yd( )’ k.)\:mne Bk)\;kmnNz tos;pﬁtn( d(T))” ( )

Similarly, it is easy to prove that

, 2L t() __No (t—to) max m + 1 .
(1) —yt ()] < 2Amax (U0 0 ,2<1<
i) wi0)| < [ e e (e 10 2 <i<m

(3.84)
So that Equation (3.38a) is proved and then the tracking problem with almost disturbance
decoupling is globally solved. Finally, we will prove that the sphere B, is a global attractor
for the output tracking error of system (3.1). From Equations (3.78a) and (3.45e), we get

L S _NZ (HytotalHQ) + Nl (385)
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For ||ysotar|| > 7, we have L < 0. Hence, any sphere defined by

so={| 0|l ol < (3.:56)

is a global final attractor for the tracking error system of the nonlinear control systems
(3.1). Furthermore, it is easy routine to see that, for y ¢ B,, we have

L < — N ||ytotal||2 + Ny < —No ”ytotal||2 + N < — Ny Ny
T = = 2 = A + 2
L L AJrnax Hytotal H max AJrnam ||ytotal || (387)
< —N, n Ny .
= —«
o Amax AI’II&XE
that is,
L<—a'L
According to the comparison theorem, we get
L(t) < L(to) exp [—a™(t — to)]
Therefore,
Amin ||ytoml||2 S L(ytotal(t)) S L(ytotal(t[))) exXp [—Cl{*(t - tO)] (3 88)

S Amax ||ytotal(t0) ||2 €xp [_Oé*(t - to)]

e [lgeotar(to) | exp [~ 307(t ~ 10)], iee., the conver-

gence rate toward the sphere B, is equal to a*/2. This completes our proof.

In order to easily develop the main results via computational tool, an efficient compu-
tational algorithm for deriving the almost disturbance decoupling control is proposed as
follows:

Consequently, we get ||yiora] <

1) Calculate the vector relative degree ry, s, -+ , 7, of the given control system.

2) Choose the diffeomorphism ¢ such that the Assumption 1 is satisfied.

3) Adjust some parameters af,ad,--- ok such that the matrices A. are Hurwitz and
calculate the positive definite matrices P’ of the Lyapunov equations (3.28) by software
package MATLAB.

4) Based on the famous Lyapunov approach, design a Lyapunov function to solve the
conditions (3.40a)-(3.40c). If the relative degree r + ry + -+ + 7, is equal to the
system dimension n, then this step should be omitted and immediately go to the next
step.

5) Appropriately tune the parameters w .., wi, , t ., 1 <7 <m, k, ki1, ks, € such that
N5 > 1 and go to the next step. Otherwise, we go to the Step 3 and repeat the overall
designing procedures.

6) According to Equations (3.39g) and (3.41), the desired feedback linearization controller
u can be constructed such that the uniform ultimate bounded stability is guaranteed.
That is, the system dynamics enter a neighborhood of zero state and remain within it
thereafter.

4. Tllustrative Example. Consider the BILSAT-1 satellite of the Turkish Scientific and
Technological Research Council. From the detailed discussion of the satellite models
presented in [3,17,18,36], the dynamic equations are given as follows:

P <1 + —4563 - 963) + (5) (M) + (x6) <w> (4.1a)
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by = (24) (@) T (25) (1 ki Z“”g - x§> T (x6) (M) (4.1D)
b5 = (24) (%) T (x5) (%) + (x6) (1 — o _4563 + ”33) (4.1¢)

1 1 1
i = 0.2303A1; — s11 — 0.2303 — ) == )+ (o= |7 (41d
x“ nTen e (4.35) e (4.337) Tyt (3.664) o (41d)
j35 = 0231A22 — S99 — 0231U2 (416)
j?ﬁ == 02735A33 — 833 — 02735U3 (41f)
1 1 1
i7 = —0.2303A1; +125.2303uy — | —= | 70— (a2 | 70— ( 5o ) 77 4.1
o n " (4.35) Ta (4.337) Ty <3.664) o ()
Ty = —0.231A5 + 125.231us (4.1h)
t9g = —0.2735A33 + 125.2735u3 (4.1i)
Yz = h3(X) = a3 (4.1m)
where
Zzl—x?—xg—xg (4.1n)
A=1+a3 425+ 23 (4.10)
wo = 0.0010831 (4.1p)
—4w0x6 (—JJ% -+ LU% — SL’%) — Tg 22 Wo + 8W0$5I2$3 — 4%5%1 Z Wo
S11 = A2 (4.1q)
8(,001'6[['21'1 - 4.1761'3 Z Wy — 8&)01‘411721‘3 + 41’4[E1 Z Wo
Soy = % (4.1r)
| —Sworsxary 4+ 4rsrs > wo + dwory (=22 + a2 — 2 + 14 3 P wo
833 = A2 (418)
26A? — wo (a5 — 421 3) 13370502 — 4.337wy (4 (~a3 + 0§ — 23) + T°)
All = 3 0008$8 + B}
A A
[$5A2 + wo (4 (=2t + 23 —23) + 22)] 3.66426A2 — 3.664wp (Szo73 — 421 3)
+ [0.008x9 + ]
A2 A2
(4.1t)
A2 _ 2 _ _
Ay = re\* + wo (iﬁgxg 4xq Z) 0.00827 + 4.531x4A 435Xg (8@‘2.231 4xs Z):|
N [auAQ — Wo (81@% — 4z Z)} {0.008339 N 3.664x6A2 — 3.664;0 (8xoxs — 4y z)}
(4.1u)
 [wsn?—w (4 (=0t + 23— 23) + 1) 4.53124A% — 4.35w0 (8211 — 423 Y)
Ags = e 0.008z7 + v
[—x4A2 + wo (8way — 43 Z)} [ 4.337z5A% — 4.337wy (4 (2% + a3 —a3) + 22>
+ 0.008zg +
A2 A2
(4.1v)
where 79, 7'; and 7¢ are the disturbance torques due to external effects such as aerody-

namics, gravity gradient and solar pressure, [ T1 T2 T3 ]T is the Modified Rodriguez
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Parameters (MRP) attitude vector, [ #4 x5 ¢ }T is the angular velocity of the satellite
body, [ T7 Tg Tg }T is the velocity vector of the reaction wheel, wy is the orbital velocity
T . .

and [ Uy Uz U3 } = [ T, TS TS } is the input torque vector.
Now we will show how to explicitly construct a controller that tracks the desired ori-
entation of y} = 20° = 0.35rad, y5 = 40° = 0.7rad, y3 = 60° = 1.05rad and attenuates

the disturbance’s effect on the output terminal to an arbitrary degree of accuracy. Let’s

arbitrarily choose af = a? = a2 =1, ad = a2 = a3 = 1. Using the Matlab software yields
3.5 2.5
1_ p2_ p3_
P_P_P_{Qb 15} (4.2)
From Equation (3.41), we obtain the desired tracking controllers
- Uy N
u=A"—b+v+ | udy (4.3a)
Uy

a11 Qi Q13
A= | an ax ax (4.3b)

az1 azz2 as3

o = 0.25 + 0.25 (23 — a3 — x3) 0y = —0.523 + 0.5z911 0y = 0.529 + 0.52374
—4.35 + 0.008 ’ —4.337 +0.008 ’ —3.664 4+ 0.008’
0y = 0.5z5 + 0.5x911 = 0.25 + 0.25 (—2% + 23 — 232) s = —0.521 + 0.5z322
—4.35+0.008 ’ —4.337 + 0.008 ’ —3.664 + 0.008 ’
_ —0.529 4 0.52374 0.5z + 0.5z372 0.25 + 0.25 (—2% — 23 + x32)

1= TT035 10008 0 2T Ta33r o008 BT —3.664 + 0.008

01

V= | vy (4.3¢)
U3

v = —(0.22)7(0.2) (z1 — 0.35) — (0.22) 71 (0.2) [(%) (1 T —4562 - xs)

vy = — (0.22)72(0.2) (z2 — 0.7) — (0.22) 7" (0.2) [(a;4) ( 5

o (L) |y (2t

vg = — (0.22)72(0.2) (z3 — 1.05) — (0.22) ' (0.2) [(;@1) (%)
+ (s) (%) + (z6) (1 — i —4363 +x§) ]
b= Z; (4.3d)
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£ = () <1+a:f — 3 —x%) (z) (—xg—l—:r;lxg) + (o) (—xQ—i—xlxg)
4 2 2
fa = (24) <w> + (x5) (1 — —Zx% — x%) + (z6) (%)

— 2o + 112 1+ 1w 1—a? —a2+ a2
2 2 4
f4 = 02303A11 — S11

f5 = 0231A22 — S99
fﬁ = 02735A33 — 533

by = (0.5z4x1 + 0.5x529 + 0.52623) f1 + (—0.52422 + 0.52521 + 0.526) fo
+ (=0.5z425 — 0.5z5 + 0.5z61) f3 + (0.25 4+ 0.25 (2] — 23 — 23)) fa
+ (—=0.523 + 0.5z921) f5 + (0.529 + 0.52321) fo
by = (0.5x429 — 0.5x521 — 0.526) f1 + (0.52471 + 0.52529 + 0.5x673) fo
+ (0.524 — 0.5x523 + 0.5x672) f3 + (0.523 + 0.52011) f4
+ (0.25+ 0.25 (—a} + 23 — x3)) f5 + (—0.521 + 0.5z223) fo
bs = (0.5x4x3 + 0.525 — 0.5z621) f1 + (—0.524 + 0.52523 — 0.52672) fo
+ (0.5z421 + 0.52579 + 0.52673) f3 + (—0.525 + 0.52371) f4
+ (0531 + 0.5z023) f5 + (0.25 + 0.25 (—af — 23 + z3) ) fo
1+ 23 — 23 — x%)
4

u]lVN :whthgo (x1 —0.35) + wbtégé‘l {(m) (

4.3
—T3 + T122 —To + T1T3 (4.3¢)
+ (‘,L‘5) — | + (ZE6) _
2 2
—To + 21T
U?VN :wflt%hso (e —0.7) + w%2t§251 {(»’M) (%)
4.3f
1— a2+ 22 — 22 — 2, + 2ot (4.3f)
+ <I5) + (.736) _—
4 2
—To + 11T
UJ?VN :wiﬁti’lgo ($3 - 1.05) + W?Qt%gl |:($4) (%)
(4.3g)

+ (2s) (%) + () <1 — i —41’%+x§>}

It can be verified that the relative conditions of Theorem 3.1 are satisfied if ¢ = 0.22,
th =l =th =t =t =t = L, wl) = wypy = wij = wh = Wi = wyy = 0.024,
a, = 0.6, w =wy =4, wg =8 M =01,r =r, =r3 =2, and k = 6,/c. Hence,
the tracking controllers will steer the output tracking errors of the closed-loop system,
starting from any initial value, to be attenuated to zero by virtue of Theorem 3.1. The
complete trajectories of the outputs are depicted in Figure 3. Based on the observation
of Figure 3, our proposed controller has successfully driven the the BILSAT-1 satellite
to track the desired attitudes in Euler angles (roll, pitch and yaw) y) = 20° = 0.35rad,
Y% = 40° = 0.7rad, y5 = 60° = 1.05rad within short time and attenuates the disturbance’s
effect on the output terminal to an arbitrary degree of accuracy. It is easy to see that the
proposed controller does not employ any learning or adaptive algorithm and the stability
and the almost disturbance decoupling performance of the system are guanranteed at each
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F1GURE 3. The output trajectories of the BILSAT-1 satellite

step of selecting weights to enhance the performance via MATLAB as long as the related
sufficient conditions are satisfied.

5. Comparative Example with Existing Approach. [25] exploited the fact that the
almost disturbance decoupling problem could not be solvable for the following system:

B[ e o
) = ailf) = hX (@) 5.1

where u, y denoted the input and output respectively, (t) := 0.05sin ¢ is the disturbance.
The almost disturbance decoupling problem can be easily solved via the proposed ap-
proach in this paper. Following the same procedures shown in the demonstrated example,
we can solve the tracking problem with almost disturbance decoupling problem by the
controller u defined as

u= (1+a3) [~sint — (0.03)" (v, — sint) — (0.03) " (tan™" x5 — cost)

0.2
+ wiy ] (11 — sint) + wiytyy(tan™ 2o — cost)] (5:2)

The output error of feedback-controlled system for (5.1) is depicted in Figure 4 with the
neural network weights wi;, = —0.2, 1, = —0.2, wl, = —0.2, t}, = —0.2.

It is worth noting that the sufficient conditions given in [25] (in particular the structural
conditions on nonlinearities multiplying disturbances) are not necessary in this study
where a nonlinear state feedback control is explicitly designed which solves the almost
disturbance decoupling problem. For instance, the almost disturbance decoupling problem
is solvable for the system (5.1) by a nonlinear state feedback control, according to our
proposed approach, while the sufficient conditions given in [25] fail when applied to the
system (5.1). The design techniques in this study are also entirely different than those in
[25] since the singular perturbation tools are not used.
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FIGURE 4. The output error of feedback-controlled system for (5.1)

6. Conclusion. A novel neural feedback control to globally solve the tracking problem
with almost disturbance decoupling for MIMO nonlinear system has been proposed. The
new approach to neural network and feedback linearization controller enables the designer
to determine the interconnect structure among the layers needed to stabilize the overall
system without any learning or adaptive algorithms. One comparative example is pro-
posed to show the significant contribution of this paper with respect to some existing ap-
proach. A practical example of BILSAT-1 satellite system demonstrates the applicability
of the proposed feedback linearization approach and the composite Lyapunov approach.
Simulation results have been presented to show that the proposed methodology can be
successfully applied to feedback linearization problem and is able to achieve the desired
tracking and almost disturbance decoupling performances of the controlled system.
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