Proceeding of the 2004 American Control Conference FrP02.6
Boston, Massachusetts June 30 - July 2, 2004

Modelling and Distributed Control of Mobile
Offshore Bases

Puneet Sharma Carolyn Beck
psharma2@uiuc.edu beck3@uiuc.edu

Department of General Engineering
University of Illinois at Urbana Champaign
Urbana, IL 61801d

Abstract

Distributed modelling and control of Mobile Offshore
Base systems is considered. Specifically, a spatial array
system paradigm is used with a particular structure in spa-
tial and temporal dimensions. For the purpose of lineariza-
tion, a suitable coordinate transformation is applied to the
model. Comparisons between centralized and distributed
control strategies for the robust control of the system are
made. The distributed modelling approach results in lower
order models than the centralized approach, thus making
the control design both easier and faster, with no apparent

degradation in performance. A. Centralized versus De-centralized Control

|. INTRODUCTION The strategy employed to control spatial array systems

A wide variety of systems consists of similar unitsmay be centralized, fully de-centralized or distributed [5] .
directly interacting with each other or with their nearestn @ centralized framework, all computations are performed
neighbors. These systems are often referred patial ar- by a single controller and the control signals are transmitted
ray systems Examples of spatial array systems include veto each individual unit in the array; that is, sensor and
hicular platoons (autonomous vehicle strings) on a highwagctuator information is shared globally.

[12] and Unpiloted Air Vehicle (UAV's) in formation flight ~ Alternatively, de-centralized control schemes call for
[11], as well as MEMS and smart structure systems. MEM§0OMe distribution of the computation across the network of
consist of a wide array of micro devices which are capabl@ystems. In a completely de-centralized scenario, sensors
of sensing, actuating, computing and telecommunicating [@jnd actuators on the individual modules are connected only
. All of these systems, though clearly diverse in nature, shaf@ local controllers, which operate independently; that is
the feature that both the measurements and the contrdffformation is not shared globally. However, there may be
are spatially distributed; that is, each unit is equipped witHynamic interactions between neighboring modules, making
sensing and actuating capabilities. The concept of spatidle overall system interactions more complex.

array systems can also be applied to flow control and heat
transfer problems [9] . - K, K, K, Ky, [-------

In this paper, we consider the modelling and control of
a specific vehicle string system, namely a Mobile Offshore

Fig. 1. Mobile Offshore Base - five modules aligned

Base (MOB) system, which is, fundamentally, a string of ----| G, G, G, Gy |--------
marine vessels (see Fig. 1). Mobile Offshore Base presents
a new application for the use of distributéd,, control al- Fig. 2. Spatial Array systems - Interaction between the controllers

gorithms for spatial array systems. A typical MOB consists

of a series of semi-submersible modules which may or may One factor which prohibits the widespread adoption of
not be physically connected. Each module is equipped witthe-centralized control is the lack of global performance
on-board sensors, actuators and controllers - these mayaord stability guarantees[10]. Recently, techniques have been
may not interact with each other. The primary task of theleveloped for application oflistributed control in spatial
controllers is to maintain the alignment of the modules sarray systems[3],[5]. This type of control implementation
as to form a runway in the sea. is neither centralized nor completely de-centralized (Fig.2).
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Each individual unit in the array is equipped with a conis the Earth-fixed coordinatesystem[6]. This is an inertial
troller which has a particular spatial structure. The structurgame of reference with its origin at a fixed pre-determined
determines the extent to which local information is sharegoint.

between the neighboring units. We consider the application To obtain the Earth-fixed representation, we apply the

of such techniques to MOB systems. transformation matrix/(»n) , denoting

[I. MODELLING MOBILE OFFSHOREBASE SYSTEMS i

MOBs are modular semi-submersible floating bases o= Jmv; where [ ] =9 2
which can be easily deployed in the sea. Apart from forming )
a floating interconnected runway, an MOB may also provide
flight maintenance, supply and other logistics support at se&” .

. : . cos(¢) sin(y) 0

MOBs may consist of any nhumber of semi-submersible B ; 3

units. In our study, we consider 5 modules, each around Jn) = | sin(¥) —cos(y) 0 |. ©)

200-400 m long, with no explicit physical connectors. Var- 0 0 -1

ious configurations have been considered; see for exampigye transformation matrix (1)) transforms the equations of

[1], [2]. In all cases, the air base is formed by aligningmqtion from the right-handed body-fixed coordinate system
the MOB platforms in an end-to-end fashion. MOB controky the Earth-fixed coordinates. that is

strategies previously considered and evaluated are discussed
in [14]. n=Jnyr <= v=Jtn)n
A. Single Vessel Model i =Jmy+Jmy = v=J")li—Jn)J " ().

~ The non-linear equations of motion for a single modulgging this transformation matrix, the Earth-fixed represen-
in a MOB can be written irbody-fixed coordinatg¢s] as tation obtained is as follows

Mo Gl D =rvw @ My ()i + Cov )i+ Dyl =0 (4)
where
e M = Mgrp + My is the inertia matrix which consists
of the rigid body mode mass and the added masss M,(n) = JMJT, )
matrices; o Cy(v,n)=J(CIJT — MJTJJT),
« C(v) = Cgp + C4 is the Coriolis matrix which  « Dy(v,n) = JDJT,
consists of the rigid body and added mass matrices s 7, = JT.
of the Coriolis and centripetal terms; The transformed system model is also non-linear, as was
« D(v) = Dy(v) + D,(v) is the damping matrix which the case with model resulting in the body fixed frame.
consists of the radiation induced potential damping A more suitable choice for coordinate transformation for
terms and the viscous damping (skin-friction, waveyyr purposes is theessel parallel coordinate systef.
drift and vortex shedding); This is a coordinate frame which is fixed to the vessel
« 7 is the force vector which contains the body-with its axes parallel to an Earth-fixed reference frame.
fixed components of the external forces and momentghe motion of the MOB is completely characterized by 3

(thruster forces, viscous drag etc), degrees of freedom. Using the low-speed assumptions, we
« w is the disturbance due to wind and wave forces. jnfer that:

» v = [u,v,r]is the velocity vector containing the surge,
sway rate and rotation components.

This model assumes that the MOB modules travel with evhere
negligible forward speed (u=0), and only horizontal motion P() = J(1). (6)
is being accounted for (i.e. we neglect heave, pitch and
roll dynamics in this discussion). Additional assumptions'he vessel parallel system is defined by:
include homogeneous mass distribution, and placement of
the origin of the body-fixed coordinate system along the mp = PT(¢)n (7)
center line of the ship. , . i

1) Transformation of coordinatesthe equations of mo- yvherenp is the po§|t|on n Fhe body cToordmates andy)
tion derived above lead to a non-linear model. For thi the transformation matrix; clearly?™ (v) P(v) = Iyxs.
purpose of distributed control design, we prefer a linearO" loW-speed applications, we have
system model for the MOB. As it turns out, this linearization T TN
can be achieved by suitable transformation of coordinates P (W)n+ PR
under the low-speed assumptions which we have already PT()P()n, + PT () P(4)v
stated. One obvious choice for the coordinate transformation = rSn,+v (8)
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wherer = ¢. Using low speed assumptions impliesz 0.  and

So finally we have 2= [, " TT}T (16)
- D > ) .
o=V Here 7 is the actual control force/moment which the
D(v)y = Dv thrusters apply on the MOB units. The thrusters will provide

Clv)vr = 0. (9) the required force and moment to steer the MOB to the

Thus, the model is transformed into the following systerﬁequ'red position. Note that can be written as

of equations: w=r=[F, F, F, ]T (17)
p = Vv where F,, F,, and F, are the thruster (actuator) forces
Miv+Dv = T (10) in the X and Y directions, and the thruster torque in

) , the ¢ direction, respectively. The task of the controller
One of the main advantages of transforming the syste essentially be to calculate these thruster forces and

of equations into the vessel parallel coordinates is thafi,ments, and transmit this information to the actuators.
the transformed system is now linear in We can then

directly apply distributed..control tools for the purpose C. Physical Details

of controller design. We have assumed the following in our modelling and

At any time, the Earth-fixed positions can be computedontrol efforts (for each module in the MOB)
from the values ofy, by using the transformation:

Length = 200m (18)
n o= P, (11) Mass = 11000 kg (19)
So essentially the control system is based on the information [ 11937.3 0 0
from the states;,, v and 7. At the same timey contains M = 0 27582.5  —899140 |(20)
the information that describes the degree of misalignment. i 0 —899140 94732000
B. MOB Modelling 210.73 0 0
: D = 0 185.638 7357.311 | (21)
For the purpose of controller design, we convert the 0 7357.311  30208.82
vessel parallel coordinate system model to state-space form. =
In order to account for the thruster dynamics, we use a —0.33 0 0
simple first-order model for the three thrusters which are Athr = 0 —0.25 0 : (22)
mounted on each unit of the MOB [7]. Thus, we incorporate | 0 0 —0.167

the limitations of the propellers. Three time constants iWind and wave disturbances of varying frequencies and

surge, sway and yaw direction&(,ge, Lsway, Tyaw) @re  amplitudes are also considered as acting on the MOB; these

used for this purpose. The thruster model which we use igisturbances correspond to conditions up to Sea-state 7
F = Ay (7 — Toom) (12) (moderate gale conditions)[7].

where 7.,,, is the commanded thrust by the controller ll. Hoo CONTROL DESIGN FORSINGLE VESSEL

and A, is the thruster matrix determined by the 3 time The first stage in our control design process for a string
constants, i.e., of MOB modules is the study of a single floating module.

Equation (14) describes the single vessel model in state-

1
" Teurge 01 0 space form. For the purpose of control design for a single
Agpr = 0 T Toway 0 . (13) vessel, we assume full state feedback to the controller.
0 0 *Tylw The plant-controller interaction is modelled as an LFT. The

To determine a state space realization for the e uatioorigin (of the Earth-fixed coordinate system) is chosen as
P qT e vessel's desired final point. Thus, the error, denoted by

of motion, we consider the stateg, =[x, yp ¥l z, is measured as the distance/angle of the vessel’s center

— T p— H
v =[uwvr] andr =7, 7, 7] . Using these states iyt from the origin. The task of the controller is to steer
(positions, velocities and forces/torques), the state sp MOB to the origin in the presence of the unknown wind

representation of the system can be written in the fOHOWingnd wave disturbances. Additionally, to account for the low
form: speed assumptions that we have made in the modelling

& = Az + BTeom (14) process, we need to monitor the velocity of the MOB
module. This is achieved by considering the velocitgs an
where additional error variable, separate fromClearly, our error
0 1 0 0 criterion will be to minimize the erroe. Such a criterion
A=|10 -M7'D M' |, B= 0 (15)  will ensure that the module is steered to the origin at low-
0 0 Aipr — A speed even in the presence of wind and wave forces.
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Naturally, disturbances play a major role in the design
of any robust controller. For the purpose of simulation,
we model wind and wave disturbances as sinusoids of
varying frequencies and amplitudes, which enter the model
as forces/torques in the surge, sway and yaw directions. -3
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The single vessel controller design forms the basis for the 1 T3 — X2
centralized controller synthesis. We now consider a string 10
of 5 vessels, initially in proximity to one another, but not
aligned. Each of these vessels is equipped with thrusters
which can exert forces/torques in the 3 directions. A central
controller collects sensor information from all the modules,
based on which it provides each vessel with a control
force/torque command. The equations of maotion for all 5
MOB modules, together with their actuator models, form
the centralized model. Since a single vessel model has 9 (! Y2 — 3
states, the string of 5 vessels requires a total of 45 states Fig. 3. Centralized Controller Performance
for modelling the system, i.e.,
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T = [nlan2pT-.-n5pTV1TV2T.--V5T71T72T...T5T]T. (23) information shared in only one direction (e.g. a "lookahead”
scheme) is not sufficient to guarantee stability [13].

We have employed the spatial shift-operator multi-
21 = m dimensional modelling technique (discussed in [4], [5])
for modelling the string of vessels which form the MOB.

The error signals considered for tt&,, control design are:

22 = M —12 . . s . o
Using this approach, an infinite extent system realization
S R is captured by finite dimensional state matrices, which can
Z4 = M3 — 14 thus be used for controller design. Clearly, an infinite string
25 = N4 — 5. (24) of MOB modules can be considered a spatially invariant

L _ , L distributed system with one spatial variable (the positions
The criteria is thus to minimize the relative misalignment o various modules). As has been pointed out in [3]

between adjacent vessels. For the purpose of simulatiofe infinite string approximation may be sufficient when
we again consider full state feedback. The response of tW‘e have a large number of units in the spatial array.
MOB system to the wind and wave disturbances has beegyiionally, if the infinite system is well-posed, stable and
eyaluated via s!mulatlons. Simulation result_s_ are shown 'Contractive, then all periodic interconnections of that system
Figure 3. The difference in th&, " and« positions of the j herjt the same properties [5]. To describe the modelling
adjacent vessels is evaluated. As can be seen from Fig. 3, mea string of modules, first we define the following:
controller drives the relative misalignment to zero, roughly +na forward shift operato$; given by

within 0.67 minutes. The position of the first MOB module

is compared with the origin (its final position). Note that  (Siu(t))(s) := u(t, s1,..,si + 1,..,s1), i=1,..L

the performance index (which is a measure of disturbance
rejection) obtained for the centralizéd,, controller design
is 3.04. The system responded similarly for all disturbances (S; ™ *u(t))(s) := u(t, s1,.., 8 — 1,..,51), i=1,..L
up to sea-state 7. For larger disturbances, the MOB’s fin
position oscillated around the origin.

Similarly, the backward shift operat®; ! is given by

Efjhe differential operatoh is defined as\z = ‘fl—f, with the
inverse mapping denoted by !.

V. DISTRIBUTED Ho, CONTROL DESIGN Equation (10) describes the motion of a single vessel.
The aim of the centralized model approach is to inFor the purpose of distributed control design, we consider

corporate different MOB modules together in a singlé® infinite ;tring of MOB platforms.sgch thqt each module
system. Alternatively, we now model the MOB system a&! the spatial coordinate has two distinct neighbors — 1
a distributed system with identical sensing and actuatir@gds + 1. The equations of motion for the platform at the
capabilities at each module [3] [5]. The model thus obtainegPatial coordinate now becomes,
L)sr;a.rolessssggtr_wgzlex than the large centralized model of the m(s) = v(s)

viou ion. .

An additional point to note is that the distributed synthe- Mp(s)+ Dv(s) = 7(s). (25)
sis which we consider uses local information sharing in botfio generate a multi-dimensional state-space representation
directions within the array. Recent work has indicated thdbr these equations, we take the first three states as the posi-
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tion in the vessel parallel coordinate systérpy y, z/;p},T applied by the thrusters in the following way:

the next three states as velocitis v r]” and the final

three as forces/torqueis, 7, 7). Thus, the resulting Momoumm
state matricesl and B for each unit are same as before. The 25 = U=1Is
Zg = U= Tg. (28)

The feedback signa} is chosen to be the position and the

u y velocity information provided by the sensors. Noise terms
have been added to each of these feedbacks to account for
the sensor and measurement noise, i.e.,

Y1 = T1+dy

X y Y2 = w2+ds

ys = x3+ds

A Yys = zat+dy

Fig. 4. Plant(with the spatial and temporal structure)- Controller Inter- vs = @5+ds
connection Y6 = g+ dy. (29)

C and D matrices depend on the number of measuremenge differential operatoi operates on the first nine states.
ur structured operator matrix is thus defined as follows:

the sensors perform. To capture the above system ina

realization of the formM = {A,B,C,D,m} (using A1 0 0
the notation of [5]), the first nine states are defined as A= 0 S113 0 . (30)
above. The remaining six states are defined by the spatial 0 0 Sl

relationshi mon he units, namel " . . L .
elationships amongst the units, namely The finite dimensional realization for the infinite dimen-

19 = Sizp,=S171 sional system can now be written in the forms =

#1 = Siy, = Sizs (A,B,C,D,m), with m = [9,.3,_3]. The system matrice§
A, B and C' can now be split into temporal and spatial

z12. = S1¢p = S123 parts giving Arr, Ars, Asr, Ass, Br, Bs, Cr and Cg.

13 = S1 'z, =81""m The H., synthesis methods proposed in [5] are directly

1y = Si 'y, =81 ta applicable to this model. o _

v = S; Y, =S, as. (26) The controller design for the distributed system involves

solving a system of LMIs in both spatial and temporal

The resulting 15 state model thus defines the infinite-extem@riables. During the synthesis, it is assumed that the
system. The spatial operator modelling provides us with eontroller has the same structure as that of the plant. For
tool for evaluating a physical quantity at different spatiathe MOB model, the resulting controller has the structure
locations. Thus, we are able to capture the behavior of the AL 0 0
entlrg spatial array in a single set of finite-dimensional state A = 0 A 0 _ (31)
matricesA, B, C andD. 0 0 S -lI

. . . . 1 3

The next step in the robust control design is to determine

a performance criterion for the system. This is defined inSimulation results are given in Figures 5 and 6. Figure 5
terms of the error which we would like to minimize. An  shows the misalignment (distance between adjacent units)
obvious choice for the error is the degree of misalignmerf the X-direction. Figure 6 shows the instantaneous yaw
between adjacent modules of the MOB string. Minimizinggngles () of the modules. A non-zero initial condition is
this error will lead to alignment of the string of MOBs in assumed. As can be seen from the figures, the controller

an end-to-end fashion. The error is defined as: drives the relative misalignment to zero, roughly within
1.2 minutes. Thus the controlled units become closely
21 = zp(s+1) —ap(s)] — [zp(s) — zp(s — 1)] aligned in an end-to-end fashion and form a runway, even
= Siwp(s) +S1 ta,(s) — 22,(s) in the presence of moderate gale forces. Simulations were
= y0+ 213 — 22 (27) caried out for disturbances up to sea-state 7. For higher

disturbances, the system did not perform well and the final
Similarly, we definezo = x11 +x14 — 222 andzs = x12 +  position of the MOB again oscillated around the origin, as
x14 — 2x3. To account for the physical limitations of the was seen in the centralized case. The performance index
thrusters, we need to keep the thruster forces/torques undey,aof the distributed* ., controller obtained in this case
certain pre-specified limit. In order to model this constraintwas 1.12. An important point to note here is that we have
we choose the other three output signals as the forces/torqueluded the control effort: in our error criterion with a
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5 =" Type of Plant | Controller | Time for
74 2, Model Order Order synthesis
EE tij 3 Single Vessel] 9 8 2.4s
2 5 . Centralized 45 45 16.2 s
g, 5 Distributed 15 9 6.47 s
= 21

0 g, TABLE |

-1 COMPARISON OFCONTROLLERS

o

A
20 time Psecon%os) 80 100 ° 100'im(= l:zgr?nndqisoo 400

T2 —T1

w

Ghz computer) to synthesize as compared to the centralized
controller which took 16.2 seconds to synthesize. Note that
virtually no loss of performance results with respect to

desired position, which is demonstrated in Figures 3, 5 and
6. However the distributed design does require more control

Relative distance (meters)
o B N w &
T H
-
Relative distance (meters)
o [ N
o U= 01N U W 0N

0 20y 69 80 100 0 20 do_do 80 100 effort than the centralized model, but it is well within limits
of the maximum permissible control. One of the additional
L3 — X2 T4 — X3 advantages of such a distributed control design approach is
Fig. 5. Performance of the Distributed Controller - Relative positionsscalability. We can clearly add additional units to the same
between adjacent modules. system without having to modify the control algorithm, or

alternatively an MOB configuration consisting of a large
number of smaller units could easily be handled possibly
allowing for greater overall flexibility in the design of such
MOBs.
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