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ABSTRACT. The paper deals with a novel fuzzy feedback linearization control of dynamic
positioning marine vehicle with the almost disturbance decoupling performance. The main
contribution of this study is to construct a controller such that the resulting dynamic
positioning marine vehicle is valid for any initial and desired positions with the follow-
ing characteristics: input-to-state stability with respect to disturbance inputs and almost
disturbance decoupling. The dynamic positioning time based on our proposed novel non-
linear fuzzy feedback linearization control is better than some existing approaches. The
proposed controller is constructed by feedback linearization controller and fuzzy controller.
The feedback linearization controller guarantees the almost disturbance decoupling perfor-
mance and the uniform ultimate bounded stability of the tracking error system. Once the
tracking errors are driven to touch the global final attractor with the desired radius, the
fuzzy logic controller immediately is applied via a human expert’s knowledge to improve
the convergence rate. Finally, the availability and feasibility of the proposed approach are
investigated with a numerical simulation.

Keywords: Marine vehicle, Dynamic positioning systems, Almost disturbance decou-
pling, Feedback linearization approach, Fuzzy logic control

1. Introduction. Offshore oilfield development has forwarded to a deeper and severe
environment for new oil sources and maintaining the position of an offshore platform be-
comes a very challenging problem. Therefore, dynamic position of marine vehicle using
thrusters is often used in many offshore oilfield operations, such as drilling, pipe-laying,
tanking between marine vehicles and diving support. A dynamic positioning marine ve-
hicle exhibits non-linear interaction in three degrees of freedom (sway, surge and yaw)
by means of main propellers aft on the marine vehicle [8]. Dynamic positioning marine
vehicle has usually been designed by assuming that the kinematic equations of motions
can be linearized about predefined constant yaw angles, meaning that linear optimal con-
trol approach and gain-scheduling techniques can be applied [4,36,40]. It is obvious to
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see that some modeling errors do exist during the overall linearization process. In or-
der to solve the linearization problem, [6,14,49] apply the Takagi-Sugenno fuzzy model,
which includes a set of IF-THEN rules, to investigating the non-linear dynamic position-
ing marine vehicle based on the parallel distributed compensation (PDC). Its designing
procedure is as follows. First, representing the non-linear system as the famous Takagi-
Sugeno fuzzy model offers an alternative to the conventional model. The control design is
carried out based on an aggregation of linear controllers constructed for each local linear
element of the fuzzy model via the parallel distributed compensation scheme [46]. For
the stability analysis of fuzzy system, a lot of studies are reported (See, e.g., [27,41-43]
and the references therein). The stability and controller design of fuzzy system can be
mainly discussed by Tanaka-Sugeno’s theorem [42]. However, it is difficult to find the
common positive definite matrix P for linear matrix inequality (LMI) problem even if P
is a second order matrix [24]. Moreover, the PDC will be subject to failure if the fuzzy
model is decomposed by too many plant rules [10,45]. This is because there are many
linear-matrix-inequality constraints involved in optimization process and many decision
variables that need to be carried out simultaneously.

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. [25] has proposed the use of variable structure control to deal with non-linear
system. However, chattering behaviour 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 [17,52]. However, a disadvantage of this approach is
an explosion in the complexity which is a result of repeated differentiations of non-linear
functions [12,39,51]. An alternative approach is to utilize output regulation control [21]
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 [34]. In general, non-linear
H control requires the solution of the Hamilton-Jacobi equation, which is a difficult non-
linear partial-differential equation [2,22,44]. Only for some particular non-linear systems
it is possible to derive a closed-form solution [20]. 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 [21]. For some special non-linear systems and desired tra-
jectories, the asymptotic solutions of this equation have been developed using ordinary
differential equations [15,18]. Recently, H> adaptive fuzzy control has been proposed to
systematically deal with non-linear systems [7]. 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 [19,25,33,38]. Moreover, feedback linearization approach has been applied suc-
cessfully to many real control systems. These include the control of an electromagnetic
suspension system [23], pendulum system [9], spacecraft [37], electrohydraulic servosys-
tem [1], car-pole system [3] and bank-to-turn missile system [28]. 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., the design of a controller that attenu-
ates the effect of the disturbance on the output terminal to an arbitrary degree of accuracy,
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was originally developed for linear and non-linear control systems by [30,48] respectively.
The problem has attracted considerable attention and many significant results have been
developed for both linear and non-linear control systems [13,31,35,47]. The almost dis-
turbance decoupling problem of non-linear single-input single-output (SISO) systems was
investigated in [30] by using a state feedback approach and solved in terms of sufficient
conditions for systems with non-linearities that are not globally Lipschitz and distur-
bances bring linear but possibly actually bring multiples of non-linearities. The resulting
state feedback control is constructed following a singular perturbation approach. The
sufficient conditions in [30] require that the non-linearities multiplying the disturbances
satisfy structural triangular conditions. [30] shows that for non-linear SISO systems the
almost disturbance decoupling problem may not be solvable, as is case for

#1(t) = tan "z + 0(t),  [0()] > g
Y=

where u, y denoted the input and output respectively and 6(t) was the disturbance of the
system. On the contrary, this example can be easily solved via the proposed approach in
this paper.

To overcome the problems for linearized technique and fuzzy-model approach, we will
propose a new method to guarantee that the marine vehicle is stable and the almost
disturbance decoupling performance is achieved. The designing structure is as follows.
Firstly, based on the feedback linearization approach a tracking control is proposed in
order to guarantee the almost disturbance decoupling property and the uniform ultimate
bounded stability of the tracking error system. Once the tracking errors are driven to
touch the global final attractor, the conventional fuzzy logic control is immediately applied
via a human expert’s knowledge to improve the convergence rate. In order to exploit the
significant applicability, this paper has also successfully derived controller with almost
disturbance decoupling for a marine vehicle. According to the simulation results, it is
easy to see that the dynamic positioning time based on our proposed novel non-linear
fuzzy feedback linearization control is shorter than the traditional fuzzy-model approach

[5]-

2. Feedback Linearization Controller Design. The following non-linear uncertain
control system with disturbances is considered.

Ztl fl(ZL'l,ZEQ,...,In)
jjg _ fQ(ZL'l,ZEQ,...,ZL'n)
jjn fn(l'l;an-”;xn)
U1($1,l’2,...,$n)
UQ(SCl To,..., T )
+[g1<$1,$2,...,$n) 92<x17x27"-7xn) gm($17x27"'7$n)] , ~’ o
Um($1,$27...,$n)

Af1($1,$2, e ,SL’n)
P Afg(l‘l,lfg7...,$n)
—f—Zq;de-i- .
j=1

Af(xy, 29, ..., 2p)
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yi1(x1, o, ..., Tp) hi(zy, 2, ..., xy)
yg(l’l,l'g.,...,l'n) _ hg(l’l,l‘g',...,l'n) (1b)
ym(xhx%"wxn) hm($17$2a-~-,$n)

that is
X(t) = f(X(8) + g(X(t))u+ Z ;050 + Af

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

where X (t) = [z1(t) 22(t) - z,(t)]" € R is the state vector, u = [uy uy - - - U]’ € R™
is the input vector, y = [y; y2 - -~ ym]T € R is the output vector, 8; = [014(t) O24(t)

. Gpd(t)]T is a bounded time-varying disturbances vector and Af = [Af; Afy --- Af,] €
R™ is unknown non-linear function representing uncertainty such as modelling error. Let

p
Af be described as Af = Y q;0,;, where 0, = [0,1(X, 1) Oua(X 1) -+ Oup(X, )" is a
j=1

bounded time-varying vector and ¢; € R", j = 1,2,...,p, are coefficient vectors of dis-
turbances. The vectors f € R" and h € R™ are vectors of smooth real-valued functions
fi, fo, -+, fu and hy, ho, - -+ | hy,, respectively. The matrix g € R™*™ is a a matrix with
columns being smooth vector fields g1, g2, - - , gn- The nominal system is then defined as
follows:

X(t) = F(X(1) + g(X())u (2a)

y(t) = h(X(1)) (2b)

The nominal system of the form (2) is assumed to have the vector relative degree
{ri,ra, -+ ,rm} [16,19], i.e., the following conditions are satisfied for all X € R":

(1) )

Ly, L5hi(X) = 0 (3)
forall 1 <i<m,1<j<m,k<r;—1, where the operator L is the Lie derivative [19]
and 1 +ro 4Ty =
(2) The m x m matrix

Lo L7 ha(X) -+ Ly, L} 'hi(X)
ro—1 ro—1
A= LglLfQ,h2(X) LgmLfQ.hQ(X) (4)
Lo L (X)) -+ Ly, L Hhiy (X)

is non-singular.

The desired output trajectory y4, 1 <4 < m and its first r; derivatives are all uniformly

bounded and
H|:y2lv ycil(l>7"' >y2'l(ri)i|H < BZl? 1 <it<m (5)
where B} is some positive constant.

The objective of the paper is to propose a control that includes a feedback linearization
controller and a fuzzy logic controller to achieve the almost disturbance decoupling and
tracking performances.

A. Feedback linearization controller design.

Under the assumption of well-defined vector relative degree, it has been shown [19] that

the mapping

6 R R (6)
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defined as
& ol L%hi(X)
l i Lih;(X
e=| 2= %= f:() Ci=1,2,.m

(X)) =m(t), k=r+1r+2,---,n
and satisfying

Lyop(X(t)) =0, k=r+1r+2,---,n, 1<j<m
is a diffeomorphism onto image, if the following hold
(1) The distribution

G= Span{glv.927 U 7gm}
is involutive.
(2) The vector fields

are complete, where

J(X) = f(X) = g(X) AT (X)b(X)
L hy(X)
) L h:Q(X)
L7 By (X)

I=n 3 - gml =9(X)ATH(X)
adl;g = U‘} adl;_lgj

dg of
= ——f(X)— —=—g(X
For the sake of convenience, define the trajectory error to be
6;5 Jz_yzl(J_l)7 i:1727”'7m7 j:1727”'7ri
e =le} ey eHT SR

and the trajectory error to be multiplied with some adjustable positive constant ¢

e_ézgj_le;"a i:1727'”7m7 j:1727'”7ri
et = [ezl e .- efni(t)] eR;

el
52
€

e=| | e R’
e_m

and .

&
&

£ = €N,
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() = [ra(®) () - ma()] € R (24)
a(€@),n(1) = [Lydrni(t) Ligdria(t) - Lida®)] =[gra1 @iz -~ @]’ (25)
Define a phase-variable canonical matrix A’ to be
0 1 0 - 0
0 0 r -0
A = : : , 1<i<m (26)
0 0 o - 1
_Oé’i _Oéé _Oéé T _O/';‘z Ty XT3
where af, ab, -+, ol are any chosen parameters such that A’ is Hurwitz and the vector
B' to be
B'=0 0 - 0 1, ,, 1<i<m (27)

Let P’ be the positive definite solution of the following Lyapunov equation

(AP + PA = —1, 1<i<m (28)
Amax(P") = the maximum eigenvalue of P, 1<i<m (29)
Amin(PY) = the minimum eigenvalue of P', 1<i<m (30)
e = 0 { A (P, Amax (P), -+, A (P™) } (31)
Abin = min {Amin(PY), Amin(P?),++ , Amin (P™) } (32)
Assumption 1. For allt >0, n € R*" and & € R, there exists a positive constant M

such that the following inequality holds

lg22(&: 7, €) — qz2(t, , 0)| < M (le]]) (33)

where ga(t,1,€) = q(&,n).
For the sake of stating precisely the investigated problem, define

dij = Ly, L7 7'hi(X), 1<i<m, 1<j<m (34)

¢ =L7hi(X), 1<i<m (35)
and -

e =alel +abeb+-+ale, 1<i<m (36)

Definition 2.1. [25] Consider the system @ = f(t,x,0), where f : [0,00) x " x R* — R"
18 precewise 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 ()| < ko, the state exists and satisfies

t>to

lz@)] < B (lz(to)l = to) +7< sup ||9(T)||) (37)

to<7t<t

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

Definition 2.2. [31] 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 (6), if the controller u enjoys the following properties.

(1) It is input-to-state stable with respect to disturbance inputs.
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(2) For any initial value Too = [e(to) n(to)]", for any t > to and for any ty > 0

9(0) = 0] < s el t = )+~ s 1601 ) (38)
and . .
2 1 _ 2
t/[y(f) —ya(7)]" dr < B ﬁ55(||33eo||)+t/ﬁss (16 ()IIF) dr (39)

where Bao, Buq are some positive constants, (33, Bs5 are class K functions and P11 is a
class KL function.

Theorem 2.1. Suppose that there exists a continuously differentiable function Vo: R —
R such that the following three inequalities hold for all n € R"~":

willnll* < V(n) < wslnl®,  wi,we >0 (40a)
ViV + (Vo V) ga(t,n,0) < =20,V (1), az >0 (40b)
VoV < @slinll, @3 >0, (40¢c)

then the tracking problem with almost disturbance decoupling is globally solvable by the
controller defined by

U feedback = Ail{_b + U} (41>
b= [LPhy Lhy -+ Lyha] (42)
v=1[vy vy - vml" (43)

i(re) —ri i i —ri i i
Vi =Yg —E 0y [L?hi(X> - Z/d] — &'y [L}hi(X) — Yq

i(ri—1)

——e [L;"_lhi(X) _y } , 1<i<m (44)

Moreover, the influence of disturbances on the Lo morm of the tracking error can be
arbitrarily attenuated by increasing the following adjustable parameter NNy > 1:

_ | Hu Hi
H(e) = [ Hy Hy ]
4eo? 1 ws M
205 — — ||y’ - ——
= w1 \/]{3(6) \/2’11)1 )\min
T [ ] 1 SK@UISPIPYE SkE)epIPm
\/]C(€) \/2w1)\;1in 5)\:;1ax 52)\min(P1> 62)\min(Pm>
(45a)
on(e) = Hut - [ - Hy)?* + 4H})"? (45b)
N = 2a,(¢) (45¢)
m+1 2
N, = 1 < sup |04 (1) + 6., (7’)||) (45d)
to<t<t
Ny = min {wl, @)\fmn} (45¢)
eschit o esxhig)
Pele) = : : , 1<i<m (45f)

e O gri=lp ox o om0 pri—lp ox
eaxly T hiqy oz Ly gy
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P )
X Pr1di o 3xPr1dy

n(€) (45g)

0 ' * o) ' *
a_X¢nQ1 T 8_X¢”qq
where H is positive definite matriz and k(): R — RT is any continuous function satisfies

. €
ll_r%k( e) =0 and ll_r}(l)m =0 (45h)

Moreover, the output tracking error of system (2.1) is exponentially attracted into a

sphere B,, r = NNJ@Q , with an exponential rate of convergence
1 (NN, N 1 .
- — =—-af 45
2 (Amax Amax£2> 2a ( 1)
where

k
Amax = Inax {w27 2/\:;139(} (45.])

Proof: Applying the coordinate transformation (6) yields

0 0¢tdX ah
S=ox g =ax |fT9 u+Z ja+ Af
_Ohy, O 8h1 oh , ohy ,
_f+8_Xgl 1+ +8_Xgmum+J_ anjegd-irj_ anjegu (46)
_ Oh oh oh
lf Z - * jd+9]u 52 +Z E * ]d+0ju)
T G <
&1 = 6X1E25—X frg-u+d qbu+Af
j=1
AL}y N ALY " *hy o oL} *hy
T ox ox ox  Imtm
2oL} N oL} 2y y
2o ox Wt 2 gy i (47)

_OLY My N i oL} "y
0X —  0X

q; (0ja + Oju)

8L“ th
_Lm 1h1+z * gd+0]u)



DYNAMIC POSITIONING CONTROL OF MARINE VEHICLE 3369

0! dX L} 'h -
Or, A f—{—g-u—i—Zq}‘@jdﬂLAf

£, = =
nTO9X dt 0X st
oLy ' 9Ly oLy h, 3L”'1h1*
= 5% o qruy + -+ OxX gmum+z 450
oL}~ 1h
+Z “q10, (48)
P aLh 1
Ly L T+ 3 040,

OLY hy
=c +dyug + - F dypty, + Z a—qu (do + Gju)
7j=1

L 9gmdX ah
& = X dl - X f+g- U+;Qj ja+ Af

oh,, oh,, 8hm " oh,, O
= —f + axX - iU+ - 8_Xgmum + Z 0X i0ja + Z HJ'“ (49)

ahm . O, g
—th +Z ]d+9]u =&y +Z gd+93u)

- o9y dX 8L’"’“
=g = o |[[ T u+Z ja+ A
OL Phy, ~ OLT 2hy, 6LT’” 2h aL’“m 2h
P 8L“”‘2h
+Z —L g0,
er—2 er—2
_ er—lh + Z * ]d + eju érm + Z ‘9](1 + QJU)
(50)
0" dX aL’"m 1h
S = ox @t =~ ox |4 T9 U+Z ja+ Af
8er—1hm aer—lhm 8LTm—1h D aer—lh
i e U Tk gmum+z — ;0,4
8L”m‘1h

+ Z *eju
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T T 1 Tm—1 aLTm_lh
= L h + Lo, Ly hyr + -+ + Ly, Lt hyt + Z a—XqJ (0ja + 0;4)
N "~ (51)
8[/"’"
=Cy+ dmlul + -+ dmmum + Z d + 0]u)
oy 09 dX 3¢k "
mlt) = S5 = f+g- u+;q]9;d+Af
5¢k P 3¢k oo, bk
f+ 8Xgl 1+ a_Xgmum+ZaX 39d+ZaX ]eju
” (52)
O
= Lf¢k+2 x G (Oia+05)
0
—qk+za§§? ¢ (0ja+05), k=r+1r+2,---.n
Since
ci(§(t),n(t) = L7hi(X(t), 1<i<m (53)
dij = Ly, L7 7'hi(X), 1<i<m, 1<j<m (54)
@ (§@),n(t)) = Lypu(X), k=r+1r+2,---.n (55)
the dynamic equations of system (2.1) in the new co-ordinates are as follows:
P
. o . ,
g’Ll (t) = gzlJrl(t) + Z a_)(‘[/z"ilhlq;< (ejd + HJU)J 1= 17 27 e, T — 1 (56)
j=1
EL(8) = ea(€(t),n(1)) + dun (E(8), n(t))ur + -+ + dim (E(1) 1(E) Yt
. ri—1 (57)
+Za—XLf hlq] ejd‘i‘@]u)
. Lo .
j=1
P
0 o1, . (59)
+ Z a_XLfm lhmqj (ejd + 9ju)
me(t) = ar(€(1), +28_X¢k q; Oja+05), k=r+1,---.n (60)
y(t) =& (1), 1<i<m (61)

According to Equations (18), (44), (53) and (54), the tracking controller can be rewrit-
ten as

ufeedback - A_l [_b + U] (62)
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Substituting Equation (62) into (57) and (59), the dynamic equations of system (2.1)
can be shown as follows:

£ (t) 010 0 &i(t) 0
&(t) 0 01 0 &(t) 0
: = : : I I I R
@—1(75) 000 -1 %—1(15) 0
i (t) 000 ---0 » (1) 1
> axhid (0ga + 0) (63)
J:
P
]:
L o rri—1 | *
Z:la—XLfl hiqj <9jd+9ju)
R -
Zjl ﬁ¢r+1q] (ejd + 93u>
]:
Mr+1(t) ¢r41(1) - 0 0 0
77T+2(t) QT—I—Q(t) JZZ:l 8X¢T+2q] ( 7 " JU)
: = : + : (64)
hn71<t> Qn71<t) P 0 * (0
i) (o) || o Gt )
P
g; aixanq; (0ja + 6;u)
& (t)
&(1) |
yi=[1 0 - 0 0], : =), 1<i<m (65)
r—1(t)
:'z(t) rx1

Combining Equations (18), (20), (21), (26) and (44), it can be easily verified that
Equations (63)-(65) can be transformed into the following form.

n(t) = q(§(#),n(t) + ¢y(0a + 0.) = qoa(t, m(t),€) + dy(0a + 0u) (66a)
eei(t) = AleT + ¢} (04 +0,), 1<i<m (66D)
yi(t) =€), 1<i<m (67)

We consider L (€,n) defined by a weighted sum of V(n) and W (é),

L(en) = V() + kW (@) = V) +k(e) (W () +--+ W™ (@) (68)

where

W(e) = W (E) b T (E7) (69)

as a composite Lyapunov function of the subsystems (66a) and (66b) [26,29], where W (5)
satisfies )
Wi (2) - §ZTP@ (70)
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In view of Equations (18), (33) and (40), the derivative of L along the trajectories of
(66a) and (66b) is given by

. [(;) pie 4 (@) P (o)

— [VtVJr(VnV)Tﬁ] 2
oo (@) P (e P ()|

— [vtv + (v, V)" 7‘7] 42

1 — 1 —
41 1 Pl
2 ( c ! d)g(gd gu)) 61

T
- (E)T P! GA;E + égbé(&d + eu)) 4+t (éA?e_m - épg”(@d + eu)> Pmem
(@) pm <§A£”e_m oo+ eu))}
= [ViV+ (VyV)" (g2 (t.0(1), ) + &y (0 + 0u))] + {Q—i (?)T (A" P!+ PH(A)] et
+o 2—]{; (@) [(Am)TP™ 4+ P™(Ap)] e
+§ [(ed +0,)" (¢g) " Plel + -+ (04 + eu)T(¢g)TPme_m] }

T - T E[/—\T_
< ViV + (V1) o (810, 2) + (V1) 000+ 0)] = o= | (F) e+
o1k — o
+<em>Tem] + = [+ I 2 P[] + - + 1 8a+ oMoz P e
S [Vtv + (vﬂv)TqQQ (tv n(t)a 0)] + (VUV)T [QQ2 (ta 77<t)7€) — (22 (t7 n(t)v O)]
k Wi wm
+ IV V Il B+ 6)]) = = [m ot A—(pm)]
4]{32 2 2 ||— 1
+ = el 17 + 75100+ 0] +
A2 .
+ S NI + < 16+ 6,1
< [V + (V) gaaltn(@), >] + IV llgz2 (£ 1(2), €) — 2 (6,0(0),0) |
k1
+ 1V, V||||¢n||||<0d+e>||——A* Wt ] S gl )
1 P
b0+ B4+ 2 Yl | 1P e 4 6+ 0
< 20V + sl M e + sl + 8]
k 1 4k? 2 ||—12
i L N
2 4k2 m||2 m 12| 5m |2 1 2
+ o6+ 0] +---+—2u¢g P 122 + 21l B+ 60)]
< =20,V + ! V
Y N

\/_+w3\/—_\/_||¢n||||(9d+9)”

ko1l 42 Wi
T +§H¢§||2HP1H2W
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4k wm
Rk ) L —
= 1/2Amm<Pm> =

2
/— /— W3 —\ 2
mln + (\/w—1||¢77||>

1 2_1212L1
(N/EEZ> L vy Wiy

2100+ 0)?

< —2aq, <\/V> + 22—

1

— (64 + 6, 2__
+ 3l Ga+ O = 25
4k> m wm
+o I PP

1 2wm(P™) 16

< — (20 - Bjo) (v0) 42 (%) VTV

20+ 0|1

1 dklloglPIP? Akl g |12 P 2
— — VEW
(8)\fnax l82/\min(P1) %52)\min(Pm) ) ( )
m+1
—— [1(6a + 6.)|I”
VV m+1 2
- VEW | H
[\/V o [\/kW + T 10a+ 60

ie.,
m + 1 H

L < —Xuin(H)L + —=— (62 + 6.)|°

where Apin (

Amin(H) = 25, we obtain
m+1
L< —2a L+—||(9d+0 )P < 2a5(V+kW)+—||(9d+9 |12
k
< = 2, (w4 SN 1) + 6 0+ 00
_ m+1
< — NN, ([Inll* + llell*) U 160+ 6.)|°
Define o
e1
P )
e=| € E[fl }, el eRt
erem
e_m —
Hence,
. 2 m—+1
b= (ol + 4]+ Jaze]) + et e+ 001

Utilizing Equation (75) easily yields

t

s <5802t e

to

(1))|I*dr

Similarly, it is easy to prove that
t

m-+1

[ ) = i) < Hoe

1GNN/Hed )+ 6,(7)]

’dr, 2<i<m

3373

(72)

H) denotes the minimum eigenvalue of the matrix H. Utilizing the fact that

(74)
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so that Equation (39) is satisfied. From Equation (73), we get

. m—+1
L < =N (Iyrorall®) + "= 1 0a+ 0) (78a)

where
[YeotalI” = [1E]1* + [In]|” - (78b)

By virtue of Theorem 5.2 [25], Equation (78a) implies the input-to-state stability for
the closed-loop system. Furthermore, it is easy to see that

Auin ([l + 1011%) < L < Anax (121> + [I7]1%) (79)
that is

Amim (”ytotal”2) S L S Amax (||ytotal||2) (80)

where A = min {wl, %)\;ﬁn} and A.x = max {wg, %)\;"nax}. From Equation (73) and

Equation (80) yield that

L < - L
N (

sup. [[(0u(r) +eu<r>>|\) (81)

to<7t<t
Hence,

NNy

L(t) < L(to)e™ Smax 1) 4

Apax(m + 1) (

s (s 1+ 0001) L ez (2

to<7T<t

which implies

2L(t0) 6_%@_%) Amax(Tn + 1)
k\* SkN*

min min

:0) — 9200)| < 2 (s, Neutr) + outo)
- (83)

Similarly, it is easy to prove that

2L(t0) NNy

(1) — ()] < 4 [ o e mamas (10
t) — )] < [ ol

min

Apax(m + 1)
8kX*. N Ny

min

(84)

+ sup |[(84(7) + QU(T))H) , 2<i<m

to<t<t

So that Equation (38) 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 (2.1). From Equation (78a) and Equation (45d),
we get

L S _NN2 (HytotaZHQ) + Nl (85)

For ||Yotat]] > T, we have L < 0. Hence, any closed ball defined by

Bo={| o] stel+ o <o} ()

is a global final attractor for the tracking error system of the non-linear control systems

(2.1). Furthermore, it is easy routine to see that, for y ¢ B, we have
é. < _NN2 “ytotal”2 + N1 < _NN2 ||ytotal||2 + N1 < —]\/’]\/'2 Nl
L L T O e

NN N
o Amax AIH&XZQ

=—a
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ie., .
L < —a*L
According to the comparison theorem [32], we get
L(t) < L{to) exp[~a’(t — to)]
Therefore,
Amin HytotalH2 S L(ytotal(t)> S L(ytotal(tO)) €xXp [_05*<t - tO)]

N . (88)
S Amax Hytotal(tO) H exXp [_04 (t - tO)]

Consequently, we get

max
Amin
i.e., the convergence rate toward the sphere B, is equal to «*/2. This completes our proof.
B. Fuzzy controller design.

After the feedback linearization control is utilized as a guarantee of uniform ultimate
bounded stability, the multiple input/single output fuzzy control design can be technically
applied via human expert’s knowledge to improve the convergence rate of tracking error.
The block diagram of the fuzzy control is shown in Figure 1.

1 *
HytotalH S ||ytotal(t0)H €Xp [—35¢ (t - tO)
2

Rule Base
y + e >l
4 - ™| Inference .
Output Fuzzifier Enei —m Defuzzifier—m
. . ngine
| differentiator - —- T C

Vi
Tracking
Signal

F1GURE 1. Fuzzy logic controller

In general, the tracking error e(t) and its time derivative é(t) are utilized as the input
fuzzy variables of the IF-THEN control rules and the output is the control variable ., .
For the sake of easy computation, the membership functions of the linguistic terms for
e(t), é(t) and wy,,., are all chosen to be the triangular shape function. We define seven
linguistic terms: PB (Positive big), PM (Positive medium), PS (Positive small), ZE (Zero),
NS (Negative small), NM (Negative medium) and NB (Negative big), for each fuzzy
variable, as shown in Figure 2.

Fuzzy control rule table for u¢,.., is shown in Table 1. The rule base is heuristically
built by the standard Macvicar-Whelan rule base [50] for usual servo control systems.
The Mamdani method is used for fuzzy inference. The defuzzification of the output
set membership value is obtained by the centroid method. Therefore, we can combine
the designs of feedback linearization control and fuzzy control to construct the overall
controller as follows:

U fuzzylUs (t - tl)

Ufyzzy2Us(t — T
Ufetfu = {—b+v}us(t) + fuzzuz : ( 2) , 1<i<m (89)

ufuzzymus (t - tm)
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Z z z
NB

NB NM NS PS NM NS PS PM PB NB NM NS PS

-1 -05-02002 05 1 -1 -05-02002 05 1 -1 -05-02002 05 1

(a) e(t) (b) e(t) (€) Upuzzy
FIGURE 2. Membership functions for (a) e(t), (b) é(t) and (c) Ufyzzy

where ug(t) denotes the unit step function and t;, 1 <1i < m are the time variables that
the tracking error of states touch the global final attractor B, .

TABLE 1. Fuzzy control rule base

e(t)
Ufuzzy | NB|NM | NS | ZE | PS | PM | PB
NB | PB | PB | PB | PB | PM | PS | ZE
NM | PB | PB | PB |PM | PS | ZE | NS
NS | PB | PB |[PM | PS | ZE | NS | NM
¢(t)| ZB [PB | PM|PS [ ZE [ NS |[NM| NB
PS |[PM| PS | ZE | NS [NM | NB | NB
PM | PS | ZE | NS |[NM | NB | NB | NB
PB|[ZE | NS [NM | NB | NB | NB | NB

3. Marine Vehicle in 6 Degrees of Freedom. When investigating the behavior of
marine vehicle in 6 degree of freedom, it is convenient to define body-fixed coordinate
frame and earth-fixed coordinate frame as indicated in Figure 3.

0 Body-fixed -~ u(surge)
S :

r (yaw)

w (heave)
FEarth-fixed

X
' /
Y

z

FiGURE 3. Body-fixed and earth-fixed reference frames for marine vehicle
in 6 degrees of freedom
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In general, the behavior of marine vehicle in 6 degree of freedom can be described

by the following vectors: 7 = [} ﬁQT]T, m=1ly 2", =1[ 0 o, 0=

_ _mT  _ _ _ _ _mT _
[U? Ug] >U1£[u v w]Tv UZE[p q T]TaTE [1T TQT} ale[Tx Ty Tz}T

and 7 = [t Tm TN]T. Here 77; and 7, denote the position vector and orientation vec-
tor with coordinate in the earth-fixed frame, respectively, v; and v, are used to describe
the linear velocity vector and angular velocity vector with coordinates in the body-fixed
frame, respectively, 71 and 7, denote the force vector and moment vector acting on the
marine vehicle in the body-fixed frame, respectively. Based on the derivation of [11],
the kinematic equations relating the body-fixed reference frame to the earth-fixed refer-
ence frame and the 6 degree of freedom non-linear dynamic equations of motion can be

expressed as ' o )
=L ) (90)
b= [-3C@)] o+ [~ D) o+ [~ @) + (7. (o)

cos pcosf —sinpcos¢ + cospsinfsing sin @ sin ¢ + cos ¢ cos ¢ sin §
Ji(2) = | sinpcos@ cospcosp +singsinfsing —cossing +sinfsinpcose |,
—sin 6 cos fsin ¢ cos B cos @
(92)
1 singtanf cos¢tand
Jo(m)=10 oS ¢ —sin ¢ : (93)
0 sing/cosf cos¢/cosb

where M and C(v) denote the inertia matrix including added mass and the matrix of Cori-
olis and centripetal terms including added mass, respectively, D(0) denotes the damping
matrix, 7 denotes the vector of control inputs and ¢(7) is used to describe the vector
of gravitational forces and moments. A dynamically positioned marine vehicle can be
supplied with anchors if thruster-assisted mooring is to be investigated. The mooring
forces are described as spring forces, g(77) = K (7 — 7)), where 7 is the equilibrium point
of the mooring system. For the sake of simplicity it is assumed that 7y = 0. During
station-keeping and low-speed application like dynamic positioning of marine vehicles,
the linear velocities u, v and the angular velocity r are all small which contributes that
a further simplification can be to neglect the term —AM~'C(v)o. Hence the equations of
motion in surge, sway and yaw can be written as follows according ton = [z ¥y go]T
"

I

— T —
v=u v r,T=1, T, T~

n=J(mnv, (94)
o= [=MTD@)] v+ [-MTK]n+ [M7] 7, (95)
where
cosp —sing 0
J(n)=| sing cose O |, (96)
0 0 1

is the rotation matrix in yaw, M is the inertia matrix including hydrodynamic added
inertia, D is the damping matrix and 7 are the control forces and moment provided
by the thruster system. Starboard-port symmetry of marine vehicles implies that the
matrices M and D are constructed as the following structure:

mi1 0 0
M = 0 moy masz |, (97)

0  ms3y ma3
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diy O 0
D=| 0 dy dos |, (98)
0 dso dss

that is, there is no coupling item between the surge and sway-yaw subsystems. Hence,
the anchor forces and moment are related by the diagonal matrix.

kn 0 0
K=| 0 ko 0 |. (99)
0 0 ks

We consider a tanker with the numerical system matrices as follows: (Bis-scaled values

[11])

1.0852 0 0
M=| 0 20575 —0.4087 |, (100)
0  —0.4087 0.2153
0.0865 0 0
D=| 0 00762 0.1510 |, (101)

0 0.0151 0.0031

00389 0 0
K=| 0 0026 0]|. (102)
0 0 0

After arranging Equations (94)-(96) in the state-space formulation, it is easy to obtain
the following state equations:

&1 = x4 (cosxz) — x5 (sinxg) ,
To = x4 (sinxg) — x5 (cosxs) ,
T3 = s,
24 = —0.0358x1 — 0.079724 + 0.9215u.,
5 = —0.0208x5 — 0.0818x5 — 0.1224x¢ + 0.7802uy + 1.4811usg,
Tg = —0.0394x5 — 0.2254x5 — 0.2468x¢ + 1.4811uy + 7.4562us,
where

X=[a 2 x5 x4 s xﬁ}TE[xygpuvr}T, (109)
B (110)

It is assumed that only the position and yaw angle measurements are available, that is,
the output equations are given by

T
uz[ul Us u3] E[Tx Ty T»

Y1 =1 (111)
Yo = X9 (112)
Yz =13 (113)

Now we will show how to explicitly construct a controller that tracks the desired signals

yy = y3 = y3 = 0 and attenuates the disturbance’s effect on the output terminal to an

arbitrary degree of accuracy. Let’s arbitrarily choose aj = af = 100, o2 = a2 = 100,
1 . . .

af = a3 =10, Al = A2 = A3 = { 180 100 } With the aid of Matlab, the solutions of

Lyapunov equations are given by

(114)

pl— p?_ p3_ { 1.005 0.005 1

0.005 0.005
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Hence, \*. = 0.05 and \*

min max

= 1.005. From Equation (89), we obtain the desired tracking

controllers
R Ufuzeyls(t — 1)
w= A1 (— b+ 6) Us(t) + | Upunaytis(t — to) (115)
Uz zyts(t — 13)

a1 G122 a13
A= | ay as ax (116)

31 as2 ass
uz[ul Us u3}T, bz[bl ba b3}T, vz[vl Vo Ug}T (117)

where
a;; = 0.9215 cos z3 (118)
a2 = —0.7802 sin x5 (119)
ap3 = —1.4811sin x5 (120)
a9 = 0.9215sin x5 (121)
aze = —0.7802 cos x5 (122)
ags = —1.4811 cos x3 (123)
as =0 (124)
asy — 1.4811 (125)
(g3 = T.4562 (126)
by = (xg) (—xgsinzs — x5 cosxz) + (—0.03582z1 — 0.0797x4) (cos z3)

+ (—0.0208z5 — 0.0818z5 — 0.1224x¢) (— sinx3) (127)
by = (xg) (4 cosxs + z5sinxs) + (—0.0358x1 — 0.0797x,) (sin x3) (128)

+ (—0.0208x5 — 0.0818z5 — 0.122414) (— cos 3)
by = (—0.0394x5 — 0.2254x5 — 0.2468z6) x 1 (
vy = —100 () %2y — 100 ()" (4 (cos z3) — x5 (sin z3)) (
vy = —100 (€) > 5 — 100 ()" (24 (sinz3) — x5 (cos 3)) (131
vy = —100 (g) > 5 — 100 ()" (a¢) (
It can be verified that the relative conditions of Theorem 2.1 are satisfied with ¢ = 0.1,
N = 9.95, Ny = 0.79 and k¥ = 1004/e. Hence, the tracking controllers will steer the
output tracking errors of the closed-loop system, starting from any initial value, to be
asymptotically attenuated to zero by virtue of Theorem 2.1.

In the simulations, the ship is first controlled by the dynamic positioning control law
(115) using three control inputs and initially steered to the point

[ 21(0) 22(0) 23(0) 24(0) 5(0) 26(0) " =[~10 =10 0 0 0 0]"
The desired equilibrium point is
[ 21(0) x2(0) 23(0) 24(0) 5(0) 26(0) ] =[0 0 0 0 0 0]"

The simulated results are shown in Figures 4-9. We see that the ship eventually con-
verges to a neighborhood of the desired equilibrium point. The dynamic positioning time
based on our proposed novel non-linear fuzzy feedback linearization control is approxi-
mately equal to be 0.6. On the contrary, the dynamic positioning time for the same ship
control system using the traditional fuzzy-model approach [5] is approximately equal to
be 10. The simulation results show that our proposed control in this study is a marvelous
approach for the control problem of non-linear dynamic positioning problem of ship.
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FIGURE 5. Measured y-position x»

4. Comparative Example to Existing Approach. [30] exploited the fact that the
almost disturbance decoupling problem could not be solvable for the following system:

i (t) | | tan™! (2) 0 1
|:£i3'2(t) ] = { 0 S IR T o 6(t) (133)
y(t) = 1 (t) := h(X(1)) (134)
where u, y denoted the input and output respectively, 6(t) := 2sint [us(t — 1.1) — ug(t
—1.31)] and wus(t) denotes the unit step function. Assume that the desired tracking

signal is equal to be sint. The almost disturbance decoupling problem can be easily
solved via the proposed approach in this paper. Following the same procedures shown in
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FIGURE 7. Surge velocity x4

the demonstrated example, we can solve the tracking problem with almost disturbance
decoupling problem by the controller u defined as

u= (1+4x3) [—sint —42(z; —sint) — 42(tan"" 25 — cost)|uy(t) + Upyzzyus(t — t1) (135)

The tracking error dynamics for (133) is depicted in Figure 10.

It is worth noting that the sufficient conditions given in [30] (in particular the structural
conditions on non-linearities multiplying disturbances) are not necessary in this study
where a non-linear 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 (133) by our proposed approach, while the sufficient conditions



3382 T.-L. CHIEN, C.-W. LIN, C.-J. HUANG AND C.-C. CHEN

-20

-40

-60

A0r-

-100

o 0.1 02 03 04 05 06 07 08 089 1

FIGURE 8. Sway velocity x5
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FIGURE 9. Yaw velocity xg

given in [30] fail when applied to the system (133). The design techniques in this study
are also entirely different than those in [30] since the singular perturbation tools are not
used.

5. Conclusions. A novel fuzzy feedback control to globally solve the tracking problem
with almost disturbance decoupling for dynamic positioning marine vehicle has been pro-
posed. A discussion and a practical application of feedback linearization of non-linear
control systems using a parameterized coordinate transformation have been presented.
One comparative example is proposed to show the significant contribution of this pa-
per with respect to existing approach. A practical simulation example has been used to
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F1cure 10. The tracking error for (133)

demonstrate the applicability of the proposed fuzzy 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 perfor-
mances of the controlled system. Moreover, it is easy to see that the dynamic positioning
time based on our proposed novel non-linear fuzzy feedback linearization control is shorter
than the traditional fuzzy-model approach.
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