2014 International Joint Conference on Neural Networks (IJCNN)
July 6-11, 2014, Beijing, China

Adaptive Output Feedback Control for Cooperative
Dynamic Positioning of Multiple Offshore Vessels

Lu Liu, Dan Wang, Zhouhua Peng
School of Marine Engineering
Dalian Maritime University
Dalian, China, 116026
Email: wendaoerji@163.com

Abstract—This paper considers cooperative dynamic posi-
tioning (CDP) of multiple offshore vessels in the presence of
dynamical uncertainties, time-varying ocean disturbances and
unmeasured velocity, aimed at collectively holding a relative
formation and reaching a reference position. K-filter observers
are first designed to estimate the unmeasured velocity informa-
tion of each vessel, and then observer based CDP controllers
are developed with the aid of dynamic surface control (DSC)
technique, neural network and iterative learning approach. The
formation among vehicles can be guaranteed if the graph induced
by the vessels and the reference point contains a spanning tree.
It is proved by Lyapunov analysis that the proposed control laws
can ensure that all the signals in the closed-loop systems are
uniformly ultimately bounded, and tracking errors converge to a
small neighborhood of origin.

I. INTRODUCTION

Dynamic positioning (DP) system is defined as a set of
components used to keep a floating structure at a specific
position or to make it follow a pre-determined operation trajec-
tory by means of active thrusters. Several offshore operations
use DP systems, such as oil gas exploration, underwater pipe-
laying, diving support, mineral drilling, etc. Currently, there
are more than 2000 DP vessels operated in different kinds of
offshore operations worldwide now [1].

Generally, the studies of DP controllers have experienced
three stages. The first generation of DP systems was originated
in 1960s, where single-input single-output PID control algo-
rithms in combination with notch filters or low pass filters
were used. In 1970s, control techniques based on optimal
control and Kalman filter theory were proposed as the second
generation of DP systems in [2], and this work was later
modified and improved in many literatures such as [3], [4], [5].
In 1990s, with the application of nonlinear control theories,
various control strategies were developed for DP systems.
The proposed design techniques are ranging from nonlinear
feedback linearizable control [6], backstepping control [7],
nonlinear sliding model control [8], [9], fuzzy control [10],
hybrid control [11], [12] to acceleration feedback control
[13]. However, the above techniques are all devoted to single
DP systems. To execute more challenging tasks, multiple DP
systems are urgently needed in ocean engineering [15], [16].
Relevant applications include mobile nodes of sensor networks,
platforms for oil gas exploitations and salvage operations.

DP systems possess many uncertainties in their dynamics
such as payload variations, unmodeled hydrodynamics, and
time-varying disturbances induced by wind, waves and ocean
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currents [17]. Therefore, different kinds of adaptive control
methods have been suggested [18], [19], [20], [21]. In [20], a
robust controller is developed for DP systems with parametric
uncertainties. In [21], an exponential observer is devised to
compensate for the constant unknown ocean currents. Both
the adaptive control methods in [20] and [21] work efficiently
under the parametric uncertainties, however, they cannot deal
with the time-varying ocean disturbances. On the other hand,
in most DP applications, only the position and heading infor-
mation are available for feedback design [22]. This leads to the
study of observers to estimate the unmeasured states which are
required to feedback into the control laws, and the literatures
on this problem is also rich. Some examples include the
Luengberger observer designed in [23], a nonlinear observer
proposed in [13], and a passivity-based scheme considered in
[24].

Motivated by the above observations, this paper considers
the CDP problem of multiple offshore vessels in the presence
of dynamical uncertainties, time-varying ocean disturbances
and unmeasured velocity, for the purpose of collectively hold-
ing a relative formation and reaching a reference position. K-
filter observers are first used to tackle the unmeasured velocity
information of each vessel, and observer based CDP controllers
are proposed by exploiting DSC technique, neural network
and iterative learning approach. The designed controllers are
obviously different from the traditional DP controllers as only
a portion of vessels have access to the reference signals. The
stability properties of the closed-loop systems are proved by
Lyapunov analysis, and tracking errors converge to a small
neighborhood of origin.

The main contributions of the proposed scheme is three-
fold. Firstly, K-filter observers are first designed to cope with
the unmeasured velocity information of each vessel. Secondly,
the problem of “explosion of complexity” inherent in the
traditional backstepping method is avoided by applying the
DSC technique into the controller design. Thirdly, neural
network with iterative learning adaptive laws are proposed to
compensate for the model uncertainties and time-varying ocean
disturbances, and are easier to implement on digital processors
since continuous update laws are replaced by discrete update
laws.

This paper is organized as follows. Section II introduces
some necessary preliminaries and formulates the problem of
CDP in the presence of dynamical uncertainties and time-
varying ocean disturbances. Section III proposes K-filter ob-
servers to estimate the unmeasured velocity. Section IV gives



the design of the observer based CDP controllers. Section
V presents the stability analysis of the closed-loop systems.
Section VI concludes this paper.

II. PRELIMINARIES AND PROBLEM FORMULATION
A. Preliminaries

1) Notation: The following notations are used in this paper.
R™ is the n-dimensional Euclidean Space. || - || represents the
Euclidean norm. (-)7 and (-)~! denote transpose and inverse,
respectively. diag{a;} is a block-diagonal matrix with a;
being the ith diagonal element. A,,;,(-) represents the smallest
eigenvalue of a square matrix (-). I, denotes a n-dimension
identity matrix. ® denotes the Kronecker product.

2) Graph theory: Some basic concepts and results on graph
theory are introduced. A graph G = {V, £} consists of a node
set V = {ny,...,ny} and an edge set & = {(n;,n;) € VxV}
with (n;,n;) describes the communication from node ¢ to node
j. An adjacency matrix is defined as A = [a;;] € RY*Y where
a;; =1, if (nj,n;) € &; and a,;; = 0, otherwise. If a;; = a;;,
the digraph is undirected; otherwise is directed. If a;; = 1
then j € N;. Define a Laplacian matrix L as L = D — A,
where D = diag{d;} with d; = Zjvzl a;j. A directed path in
the graph is an ordered sequence of nodes such that any two
consecutive nodes in the sequence are an edge of the graph.
A digraph has a spanning tree, if there is a node called as the
root, such that there is a directed path from the root to every
other node in the graph. Further, define a leader adjacency
matrix Ag = diag{a;o} given by a;o = 1, if and only if the
ith vehicle has access to the information of the leader; and
a;o = 0, otherwise. Finally, define H = L + A,.

B. Problem formulation

Consider a group of N vessels governed by a three degree-
of-freedom dynamic model which can be found in [17], and
consists of the kinematics

ni = R(Y:)vi, (D

and kinetics

M;v; = —=Ci(vi)vi — Di(vi)vi — gi(vi) + Ti + Tiw(t),  (2)
where
cosy; —siny; 0
R(v;) = |sine;  cost; 0] ; (3)
0 0 1

N = [xi,yi,zbi]T € R? represents the earth fixed position
and heading; v; = [u;,v;,r;]T € R? represents the vessel-
fixed velocity; M; = MT € R3*3 C;(v;) € R3*3, D;(1;) €
R3%3 are the inertia matrix, coriolis/centripetal matrix, and
damping matrix, respectively; g;(v;) = [giu, Giv, gir]. € R? is
the unmodeled dynamics; 7; = [Tiy, Tiv, Tir]® € R? denotes
the control input; i, = [Tiwu, Tiwe, Tiwr] . € R denotes the
disturbance vector caused by unknown wind, waves and ocean
currents.

Consider a reference point 1, € R? which acts as a virtual
vessel (labeled as ng), then the communication among the
N + 1 vessels is described by an augmented directed graph
G ={V,&} with ¥V = {ng,n1,....,nn} and & = {(n;,n;) €
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Fig. 1. Reference frames: Earth-fixed and body-fixed

V x V}. Before controllers design, we have the following
assumption:

Assumption 1: The augmented graph G contains a spanning
tree with the root node being the leader node ng.

The control objective of this paper is to design an adaptive
control law 7; for each vessel (1) (2), for the purpose that they
can hold a relative formation and track the reference signal 7,.,
such that

ni*AiHnrai:]-a'wNv (4)
with bounded errors. A; = [Aiz, Ay, Aiy]? € R is the

desired relative deviation between the ith vessel and the
reference point.

III. OBSERVER DESIGN

In order to facilitate the observer design, we first introduce
a coordinate transformation

nin = Rl n;, )

whose time derivative with (1) is given by

M1 = Vi — TiSMi1, (6)
where
0 -1 0
5= [1 0 0] . %)
0O 0 O

It follows that

N1 =V — 1S,
v = M [~Ci(vi)vi — Di(v;)v; (8)
—gi (V) + T (t)] + Mi_sz',

which can be reshaped into a matrix form

Xi :AiX¢+q)i+€2Mi_lTi, (9)
Vi =eX,



where

M|y o4 |0 I3
XZ_|:VZ':|’Y;_77“,A1_|:O 0:|7 (10)
=TS
— fil(Viat) . — . _ 07
(pz - fiQ(Vi7t) €1 = [-[370] ;€2 = IS . (11)
fis(vi, t)

Neural network is employed to approximate the unknown

functions, and the following assumption is required.

Assumption 2: The unknow functions f;, can be linearly
parameterized by neural network as

fin =W (6)B5,(pi),¥pi € D (12)

where p; =[P4, 1], and ¥; are the estimation of unknow states,
which will be constructed later; W} (t) € R™ is an unknown
weight vector satisfying ||W7,(t)|] < My; 85, : R* = R™isa
known Lipschitz continuous basis vector of the form 57, (p;) =

B2 (pi): Bina(pi), -oos B (0)]T satisfying [|B5,]| < Moz D
is a sufficiently large domain.

Remark 1: Unlike the DP system considered in [20] which
only contains linearly parameterized uncertainty, we consider
a more complex situation where the uncertain parts of the
nonlinear system is completely unknown. To deal with the
modeling uncertainties and time-varying ocean disturbances, a
neural network with iterative learning approach is introduced
in this paper.

By substituting (12) into (9), system (9) can be expressed
in the following form

X, =AXi+ BIW,o + €2Mi_1ﬂ', (13)
Y, =eX;,
where
—5ni1 T
T o Wi
Bi = ! T yWio = W}Q ,

*T *
i3 i3

and we suppose that there exists a positive constant Mg such
that ||[W;o|| < Mp. Note that the velocity information cannot
be measured directly, the following K-filters are proposed

d; = Agobi + wini1,

Qi = A + 5], (14)

¥y = AoV + eaM; 7,

where §; = [5;1,63;]? Q, = [QlTl,Qz;]T 9 = [1931,1935]?

w; = [wh,wh]T, and Ay = A; — wiel is Hurwitz by

choosing suitable w;.

With the above filters, the designed state estimation is

Xi = 6; + QiWio + 0;. (15)

Denote state estimation error vector as
e =Xi— Xi, (16)
where €; = [e};, e5]T. The time derivation of (16) is given by
& = Awe; + QiWio. (17)
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We now divide the error €; into two parts
€i = €ig T €ib, (18)
where ¢;, satisfies
€ia = Aio€ia, (19)

with €;,(0) = €;(0), and €; = fg e (t=5) (Q,W;g)ds. It can
be shown that

t
leil] < /0 [l 0=) || || - [[Wiol|ds
t
< Mo/ [leAot=)|| - ||| ds
0

< AiOJ/tekgus)ke'|S)Hdsv (20)
0
where ). and k. are chosen positive parameters such that
ke At > |leot||, V¢ > 0 (21)
Thus ¢;;, satisfies that
lein| < hi(t) Mo, (22)
where h;(t) is generated by
hi = =Achi + ke(|[Ql]* + §)- (23)

To move on, the following donations are needed.

€ia €ib
€la €1b
= _ = = € €
€; = €ia + €ib = 2a + 2b )
€Na END |
Ajo i
Ajg
i A
Ay = 20
Ano |

Suppose P; is a positive definite matrix satisfying P;A;o +
AL P, < —21, and let

N
Vo=> & Piia. (24)
i=1
From (19), the derivative of 1} is given as

N
Vo <=2 |[all* (25)
i=1

From the above filters design, the system (13) can be
represented as

{ nin = 0i2 + QioWig + iz — €52 + ﬁiT(l)Wio,

26
Vio = —wiVi + M; 7, (20)

where ﬁiT(l) is the first three rows of 7.



IV. OBSERVER BASED CDP CONTROLLER DESIGN

In this section, we present the observer based CDP con-
troller design in two steps as follows.

Step 1: Define a neighborhood-based dynamic surface
tracking error

zi1 = E;V:1 aijlni — Dij — njl + aiolni — A — ], 27)

where a;; and a;o are defined in section II. Considering (1)
and differentiating z; with respect to time, we obtain

N
Zi1 = aiqRni — Z ai; R — aony
j=1
= aidR i2 + 7912 Z a”Lj j2 + 19]2)
- aiOf]T + @1W1 - T161,2- (28)

where a;q = d; + a0, R; = R(’(/)l), and le = R(w]),
0; = [aigRi(Qi2 + Bi1)), —ain R1(Q12 + Bi1)), —ai2 R2($2

+ Bo1))s - —ain Ry (12 + By (1))]s Wi = [Wil), Wiy, W,
o WEIT Y = [aiaRi, —anRi, —ai2Ra, ..., —ain Ry
Fo — T T : .
€2 = [€l3: €1, €39, -y €nrp]” . Choose a virtual control law o
as follows
RT
Q; = a?d { ktlzzl azdR 512 + Z az] j2 + 6]2)
7 ] 1
+ aiorh — O;W; — Zi1h2M3}7 (29)

where W (t) is the estimate of W;(t), and the iterative learning
update law is given by

Wi(t) = F,’Wi(t — td) + Iﬁlz'@ZTZil, (30)
where t4 > 0, k; > 0, and T'; satisfying 0 < T'7T; < ¢I;,0 <
¢<1/(1+¢),e>0.

Remark 2: Compared with integrator-based update laws,
the developed iterative learning update law possesses several
advantages. Firstly, it can deal with those time-varying param-
eters without existence of derivatives at some time instants.
Secondly, it can be easier to implement in digital processors
due to the fact that the differentiation need great computational
costs.

For the convenience of analysis, define
0i(t) = kO] 21, (31
and then we have
0i(t) = Wi(t) —

where ||;(t)]| < 6%, 8 = oy (1+||Tu(t
the estimate error as

Wi(t) = Wi(t) — Wi(t). (33)

LWi(t —ta), (32)

)||) with o; > 0. Define

Substituting (30) and (32) into (33) gives

Wit) = DiWi(t — ta) + 0i(t) — di(t)- 34)
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Let «; pass through a low-pass first order filter with a time
constant y; > 0 to obtain the filtered control signal v;; as
follows

YiVid + Via = @, Viq(0) = a;(0). (35)

Remark 3: The addition of the low-pass first order filter
allow the algorithm to be implemented without differentiating
any model nonlinearities and suffering from the problem of
the explosion terms. When the filter time is small enough and
the surface gain is selected reasonably, the controller is easy
and prone to be practiced.

Step 2: Define the second surface tracking error as
ziz = Vi2 — Vid, (36)
whose time derivative is given by
Mizia = — wia M2 + 7 — M;Viq. (37)
An adaptive control law is constructed as follows
Ti = —kiaziz + wia M;¥i0 + M;viq. (38)
Substituting (38) into (37) yields
M;zia = —kizzia. (39)

Therefore, the closed-loop network can be expressed by

Zi1 = _kzlzzl +aiqRR; (222 + Qz)
@ W T 622 leh Mg, (40)
M;zip = —ki22s2,

where g; = v;q — a;. The time derivative of ¢; is
. qi
qi :—?Z-Q-B (ZzlaZzQ;Q1aWzaTmTjanr,nrvnr) 41
3
where ¢+ = 1,...,.N,j € N;, and B;(-) is a continuous
ST

ooy — kizin — aiaRidi2 +
S0 Ry Dg2 + 652) + aioie — O — zah?MZ} +
f:{ — kitén — aigRidio — a;aRidin + Zjvzl ai[R; (V2 +
512) + Ry (92 + 8;2)] + auoii, — OiW; — ©,W; — h2MZ3,1 —
thzMgzil}

function expressed as B;(-) = i

Remark 4: In contrast to the traditional dynamic positioning
controllers, the realization of the proposed CDP controller is
based on the information of neighboring vessels. Individuals in
the system exchange information through a directed network
and only a small portion of vessels know the reference signals.

V. STABILITY ANALYSIS
The main result of this paper is stated as follows.

Theorem 1: Consider a networked system consisting of
N marine vessels governed by the dynamics (1) (2) with
Assumption 1 and 2 satisfied. Select the control law (38) with
the update law (30), together with the filters (14). For bounded
initial conditions V' (0) < w where w is a positive constant
and V is defined in (42), all signals in the system are uniformly
ultimately bounded and the positioning tracking errors can be
made in a very small neighborhood of origin.



Proof: Consider the following Lyapunov function candidate
N

=1
t - ~

t—tq

whose time derivative is given by

V< Z{ -
—h2M 2 — 2 OiWi(t — ta) + 0i(t) — 0i(1)]
+ Giazh iz + 41) = Amin(K>) 2 210 — 422
+a Bi(-) — szT( Wi (t) + 0. W] (£)Wi(t)
— Wt = t)Wilt = ta) | + Vo, 3)
where K; = diag(k11,....,kn1), Ko = diag(kia, ..., kn2),

& >0, and 9; = 1 + &;. Expanding the term ;W (£)W;(t)
with (34) produces

V<Z{—

—h2 Mgz} — 2L 0,[0iWit — ta) + 0i(t) — 0i(t)]

+ aiazh Ri(zio + @) — Amin(K2) 2522 — q’ % 1 ¢I'B;
—&WIRWi(t) — W] (t — ta)Wi(t — ta)

+ W (= ta) U TiWi(t — ta) + 9307 (£)0:(t)

+ dio) (H)oi(t) — 20:0] (DT Wit — ta)

+ 200V (t = ta)T T 0i(t) = 20,07 (Dos(0) } + V. (44)

T
mzn Kl) 11211 T, 67.(12211 T, 61b2211

mzn Kl) llzzl T, 62(1227,1 T, 67,b22:21

Using Young’s inequality yields the following inequalities

2] Rizia| < llzal? + $llzi2ll?,

\211quz| < 2||Zzl||2 3 llail?

lal Bi()| < 5= il PI1Bi ()1 + 5, (45)
—[Ti€iazzy | < Z[ITillP[lzaa||* + ||€mH

—[Ti€ozl)| < 71Tall? + 2 Mg ||z |12,

where (;; > 0, and then we have

V<Z{

i T 1 B i T k3
] - [ - S0P sggrg 4 g

— 2h O [TiWi(t — ta) + 0i(t) — 0:(t)]
— GW(OWi(t) = W (t — ta) Wit — ta)
+ O WE(t — tg)TTT, Wit — tg) + 0507 (£)04(1)
+ 950 (t)ei(t) — 20;0] (T Wi(t — tg)
+ 20, W (t — ta)TT 0:(t) — 29,67 (t) 0i(t)
+ il + T2} + 15 (46)

HT 12 B

Amin Kl) — Qid — Zi1%i1 — [)\min(K2)

Note the following inequality
20, W/ (t — ta)TT 0i(t) < GaW (t — ta)TT T
~ 2
Wilt —ta) + &= of (Hoi(t), 47)

444

where Qg > (. Substituting (47) into (46) and using (31) with

Ki = —3 19 , it follows that

— GWT(OWi(t) + (0 + 2ol (t)e
— W (t = ta) (I — (9 + Gi2) T L) Wi — ta)
+ leial + 5 + v, 48)

~

—
~

=

Letting yt; = 57 < 1, we obtain

N
V< Z{ — Pmin (K1) — aig — B0 20 200 — i (K2)

i=1
. (. 2 a
— t)ohzn — (2 - BB — ealglg — W] () Wie)
W (¢~ ta)( - ufﬂTNV@—m%%Em}+a
(49)

where ¢ = Zi\;[ L+ (0 + C )5*2 + ”T I° ]. Since for
w > 0, the set = = Zf\]: [ Zi1zi1 + ZZ-2M12’12 + qiTqi +
j; ' WT'(s)Wi(s)ds] < 2w is compact. Therefore, there
exists positive constants B} such that || B;(-)|| < B?.

Choose suitable parameters satisfying

hil = )\mzn(Kl) — Qid — % > 07

hi2 — Amin(KQ) id > 07

_ 1 I1B;1I* aqz
T ) (50)
hig =& >0,

his = Amin(l1 — p; 'TTT) > 0,

and then (49) can be expressed in a compact form

N
V<) { = hallzad|[* = Razll2iz||* ~
i=1

— hu|[Wi ()| —

Ris||qi|?

hislWilt = ta) I = &} +c. 1)

Either HZHH ~> \/C/hil or HZZQH >~ \/C/hig or qu|| >
Ve/hig or [[W(t)[| > /c/hu or [[W(t —ta)|| > \/c/his
renders V' < 0. Therefore, all signals in the closed-loop
network are uniformly ultimately bounded. Furthermore, ||z;1||

is bounded by ||z;1|] < /¢/hi1-

Define the absolute positioning tracking error as

e =1 — Ai =y (52)

Letting 21 = [2],...,21y]T and e = [T, ..., eL]T, it follows
that

zZ1 = (H X 13)6, (53)

where H is defined in section II. The following inequality is
satisfied under Assumption 1

llell < U5 (54)



where o(H) denotes the minimal singular value of H. Then,
[le]| is bounded by
Ve
lell < Zanyvan (55)
By appropriately increasing the parameter 7;;, the absolute
positioning tracking errors can be made in a very small
neighborhood of origin. The proof is complete.

VI. CONCLUSIONS

This paper considered the CDP problem of multiple off-
shore vessels in the presence of dynamical uncertainties, time-
varying ocean disturbances and unmeasured velocity. K-filters
are first designed to estimate the unmeasured velocity of each
vessel, and the observer based CDP controllers are proposed
by making use of DSC technique, neural network, and adaptive
iterative learning approach. The designed controllers can guar-
antee that a relative formation among vessels is reached if the
graph induced by the vessels and the reference point contains a
spanning tree. It is proved by Lyapunov stability analysis that
all signals in the closed-loop systems are uniformly ultimately
bounded.
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