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Abstract Additionally, Berntsen [7] developed models, of both higita
Ti d . dell f devi . reduced complexity, of a futuristic offshore fish-farm cept
ime-domain modaelling o wave-energy aevices I%onsisting of five interconnected semi-submersible maduwe

importam' ,This is _due to the need for inform_atic_m Oorce-based approach was used to describe the connectors be
the device's transient response characteristics; €V@feen the modules, which were modelled as damper-spring

\lf]vhden (Ijinear potlengal th_eor%/. is assum%d Wh.e.n mOde”it?glements at each of the four connecting corners of the mod-
yaro yf'a”;]'c oaas, S&gnl 'Canr;[ non- 'nearl'(t'esﬁm?ay_ro les; hence rigid connections between modules were not con-
present in the system due to the power-take off ( idered. Hydrodynamic data from a vessel geometrically-sim

mooring, and contro_l subsys_tems. ln_ this paper, 83 to each of the semi-submersible modules was used with hy-
approach for modelling multibody marine systems ig

: . - odynamic coupling between modules neglected. No wave-
presented. The Newton-Euler equations with ellmlnat%g ynamic coupling u g wav
[

. lised he i equency forces were considerég,, radiation-induced loads;
constraints (NE-EC) are utilised to capture the rig nly slowly-varying environmental loads were modelled. A

bogiy dy”a”?ics of the cqnstr_ained multibody_ SyStem(:omprehensive model of a turret mounted spread-mooring sub
This results in the convenient integration of active Ioadg,ystern was applied, with internal elasticity together veitter-

(@s Oppc_)sed to 'nterbOdgons_tra'm forces) acting on g yiscous drag and hydrostatic loads captured via a fitiite e
the mUIt'bOdy system. In th's paper, the actlye IOad@ment approach. Additionally a thruster and hydrofoil dae
considered are. hydr_Odynam'(_:' PTO, and mooring _load§ctuators to position the system as desired in cooperatithn w
Keywords: multibody, time-domain, Newton-Euler equations, e mooring system. A number of controllers were developed,
modelling for control with and without the use of state-estimators, with the dbjec

of reducing the maximum loading on the lines.

This paper proposes an approach to multibody marine system
1 Introduction modellin_g which a(_jdresses a number (_)f outstanding issass fr

the previous work just described. The issues addressed are:

Research on modelling of multibody marine systems has  conyenient integration of hydrodynamic data from poten-

been.cor)ducted before. In the field of ocean wave-energy, ear tial theory programs dedicated to a specific multibody ge-
contributions were made by [1-5]. More recently, Kraemgr [6 g ety rather than use of scaled data from a geometrically
describes a method to simulate the motions of hinged-basge s similar single vessel.
tems in regular seas. Rigid connections between bodies are ) ) .
considered, and are modelled with a force-based approaeh, u ® Hydrodynamic coupling between connected bodies
ing free-body diagrams. The hydrodynamic modelling of the e Implementation of recent research into the time-domain
method involves the use of scaled data from a vessel which is  models of radiation-induced loads

geometrically similar to that of the individual barges; naifo- |, aqdition, kinematic issues of PTO placement are treatit,
dynamic coupling between barges is considered, and rediati reconfiguration possible via a change in geometrical patensie
coefficients for a given frequency are used to give motiorte@®f e modelling approach is experimentally validated. Theepa
system in monochromatic waves at that same frequency. Mo%'organised as follows: the next section, Section 2 desstibe
ing and PTO subsystems are modelled as linear damper-springenera| method, considering rigid-body dynamics as weiyas
and the viscous damping fo_rce due to vortex sheddi_ng arou’_?ﬂodynamics. An example is presented in Section 3, progidin
a submerged damper plate is modelled as a quadratic dampigg specific application of the modelling method, a two-body

expression proportional to a drag coefficient. line-absorber wave-energy device; additional modellif g TO,
hinge friction and mooring subsystems is considered instbés
© Proceedings of the 7th European Wave and Tidal tion. Experimental validation of the previous applicatexam-

Energy Conference, Porto, Portugal, 2007 ple is treated in Section 4. Section 5 provides some conujudi
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remarks on the implications of the results presented heesin Our goal is to express Equation 1 in a somewhat more compact
well as suggestions for further work. form. To this end, we begin by defining thielocity transforma-
tion matrix P € R™a*6N:

2 Dynamics . .
. ovht 8wb1
2.1 Constraints P= ) b )

Js Js

For a free floating (unconstrained) marine vessel, the numbe
of degrees of freedom is equal to 6. The generalised Cantesia oV T /9wty T
coordinates recommended by [8] for such a free floating Vesse ey ( CN) ( ”bN> )
are independent, i.ey = [z,y, 2, ¢,0,v]". If we introduce 9s 9s
constraints between the bodies in a multibody system, the nu
ber of degrees of freedom (DOF) of the system is reduced. Sorfeuseful formulation results from noticing [11]:
of the Cartesian (generalised) coordinates thus becomm+ed

dant, so that it is possible to describe the motion of eacly bod mkvtk + mkS( o )VIZE b . b,
. . y . b =Mpgrr+C Vg
in the system using fewer (independent) coordinates. laroth | I, wnb +S(w nbk)I RE RB RB

words, the number of independent coordinates is reduced due (3)
to the constraints. Thiadependent coordinatesf a multibody  wherev), = [vi: T, w’% T]T In addition,M%,, € R®*, the
systems are also called the systdeyrees of freedof®]. In  rigid-body inertia matrix of body, is unique and satisfies:
this paper we will write the vector of independent variakdss

q € R"a, where the number of DOF is denoteg. The time MI;R{CB - 1\/[1’7c >0, MRB = Ogxs
derivative of the independent variables will be containethie

vectors € R"4.

4)

b mrIzxz  03x3
MRkB I: X X :|

2.2 Newton-Euler Equations of Motion O3x3 I,

with Eliminated Constraints 6x6 : . - .
and C%, (v;,) € R%*C is the non-unique Coriolis-Centripetal

[10] gives the Newton-Euler Equations of Motion with Elim- matrix. One instance Whel@ k. (vy) is skew-symmetrits as

inated Constraint Forces (NE-EC) as: follows [11]:
T
N dviE N b 03x3 —myS(vek)
2 gt | (madls + S ve) | + G = sy —sawt) | ©
nog
N awf;;k T . Further, we write the generalised velocities= [v7 , ..., v %] "
> k=1 s <I Wk 4 S(wyk L wnbk> in terms ofs, the independent velocities:
- T
N i ovoE ' b 3wb’2 ' b vore ©
— Ck nby,
= 2k ( os ) for + (T) mey (@ and hence: .
L v=P s+P's )
where:

e nrepresents the inertiakd-frame, also termed the north- Drawing on Equations 1, 2, 3, 6 and 7, we arrive at the
east-down coordinate frame. following result:

e [ is the number of the body under consideration, in a sys-

tem of N bodies M% 58+ Chp(a,s)s = Thp (8)

) vck is the linear velocity of the center of gravity of body ~ whereM$%,; € R"4*"a s the generalised mass matrix for the
k, expressed in thg,-frame, i.e. the body-fixed frame in nq DOF multibody system, given by:

bodyk. A
. . MYz = PMpipP 9

e w% is the angular velocity of the body-fixefek-frame REB RB ©
about the inertiah- frame, expressed in thig-frame. whereMb, ; € RON 6N — dmg(Mng MZI%)

e £’ andm?’* are the external forces and moments actinglso we have define®?;(q,s) € R™"*"4, the generalised
on and about the center of gravity of each body. Coriolis-Centripetal matrix for theq DOF multibody system,
oulk given by:

° Ck is known as theartial linear velocityfor body k. - b T
- C%p(a,s) = PMipP +PCprp(v)P (10)

. i is known as theartial angular velocityfor body
s whereCly; € RV*6N = digg (ch(u)...c;NB(u)).

o my is the mass of body andT., is the inertia matrix of On the right hand side of Equation 8, we have definég;
body k, about its center of gravity;. R™4, given by: . .

TRB = PTRB (11)

e the skew symmetric matri® is the matrix algebra equiv- . b T b Tt b
alent to the cross product, where Ty € R = [rpT.rpp ] and Ty =

e.0.S(w)r =& x 7. [ver wpk 1T



2.3 External Forces

Fossen [12] gives the external forces (as opposed to irterna A hydrodynamic software package with multibody function-
hinge forces) acting ona Single surface vessel as: a“ty (SUCh as WAM'T), may be used to obtain added mass and

radiation damping coefficients. For example, the added mass
matrix for atwo-bodysystem given by WAMIT isA (w) €
R2*12 With some transformations, detailed below, it becomes
possible to incorporate t&V x 6 N added mass and radiation
damping matrices into the model developed in Section 3.is Th
is a significant advantage of the method presented.

The radiation damping matrix for frequenayis given by
B(w) € R*YV*%Y Following frequency- to time-domain pro-
cessing discussed in Section 2.3 above, the resultvidgorce

2.4 Hydrodynamics

T%‘B = —Mi’q’“f/k — Wy — Grban’c + T%" 4 0k (12)

by 6X6 ; ; ; b 6x6
whereM } € R is the added inertia matrdG’* ¢ R
is the hydrostatic restoring matrix, and* € RS is the con-
trol force acting on body. Further, the wave-excitation forces

7% ¢ RS are composed of:

2O — bk bk (13) vector u,, expressed in thé,-frame, is easily incorporated
E T FK D using the velocity transformation mat# (Equation 11).
where: All quantities output by WAMIT are expressed in a Cartesian
. ) . data frame with origin on the free surface in the same vdrtica
T = generalised (Cartesian) Froude-Krylov forces line as the center of gravity, as shown in Figure 2.4.
T‘g = generalised (Cartesian) Diffraction forces

The p,, represents the convolution integral term in Cummins
equation. Here a state-space approximation to the comwolut v
integral is applied [13]. The overall state space model lier t
single vessel is thus given by:

e = J%u (14)

M0 + Cl;zks W + py + GP* 172" = 7'21‘ + 70
X, =A:rxy + Bivg (15)
py=Crx;, + Drvi (16)

Figure 1. Definitions of coordinate origins on body W, (wa-
wherex, (0) = 0. terline), Cj, (centre of gravity) and);, (equations of motion).
Utilising Equations 11, 6 and 7, it becomes possible to ektenThe 4, -frame is located iV, and theby-frame is located in
the state-space model (Equations 14:16)Madnterconnected (),

surface vessels:
Hence it is necessary utilise the following transform, give

4 = s a7 2k o .
M? + Chpla,8)s+u+G'q = 74 +77 (18) Tibia, = { 0 R } .
Xi=AMx, + BXwi (19 daten
where:
ui" = CEka + DEka (20) 1 0 0
Ryf, =0 -1 0 27)
whereM® € R*V*6N — MY%; + MY andM? € R™e*"a js 0 0 -1
given by: g - It now becomes necessary to transform the quantities aboeve e
M? = PM"P (21)  pressed in théy,-frame into theby,-frame. TheJ"* transform
andG? € R"a%"a is given by: converts quantities from the coordinate frames used inddydr
’ namic software to the body-fixed frames convenient for adntr
g b T modeling. We assume that the oscillatidi®,, of theb,-frame
G"=PG'P (22) about theh,-frame are given by the tranform[14]:
whereG® € R®V*%N is given by: R (5O 0
ey = | RO B gy (s
b b b b 03x3 R,*(0©y) k
G’ = diag(G™,...,G™,...,G™N) (23) k

andGb* € R%*¢ is given by:
G"* = diag(0,0, pgAw p(0), pgVGMr, pgVGML) (24)

Finally, we note that
p' =Py’ (25)
where:pu® € RSN = [p0+ T ST,

g eeey

whered®,, signifies small angles, arﬁf}: (6©k) € SO(3) is
given by:

1 =& 80
R*(60@) = | 6 1 —6¢ (29)
-850 §¢ 1

and we have assumdd* (6©;,) ~ 0 x.



For many applications, the roll, pitch and yaw oscilla-
tions of theb,-frame with respect to thés-frame, ¢x, 66k
anddyg, will be small, such that:

RZ: (0O%) ~ Isxs (30)

and:
6@ small

I (50©y) H(rb: ) (31)
The necessary transform, fully derived in [14], may be state
here as:

b
w0y

k= JM(5@) 0" (32)

3 Example: Two-Body Marine System

Wave-tank experiments were carried out on the hinged-barge

wave-energy system shown in Figure 2. A series of statigyjec

i

Figure2: Two-body hinged-barge system, whete } and{b,}
indicate the b-frames of bodies one and two, respectively.

body 2

V

wave direction

regular and irregular wave tests were conducted on theelevic C%y(q,s) =

Full details are documented in [15].

3.1 Rigid Body Dynamics

ro, = [L0y,0,0]" (33)
v =[Le,,0,007  rk2 =[L,,0,0]" (34)
wih o =10,01,0]" u’;sz =1[0,02,0]"  (35)
@y =100,01,00" &3 =[0,62,0]" (36)
Ve = vl dwpy, xrd (37)
= S(wph,)rd) (38)
= [0,0,—Lc,01]" (39)
v‘gg = v,,2—|—c,.an2 xrlzg (40)
= Ry (wph, X Tol) Fwyi, X1 (41)
= RyS(wph, )t +S(wy3, )rel (42)
= [L152101,0,—Lic2161 — Le,61]) T (43)

where where we have defined; cos(f2 — 61), s2a1 =

sin(62 — 1), and the rotation matri)R’gf describing rotations,
in thex — z plane, of thebo-frame about thé,-frame is given

by:

R = Ry =Ry’ (44)
c21 0 —s21

- 0 1 0 (45)
s21 0 s21

Now we choosey = [01,62]". Hences = [f1,62] ", and it
follows that:
o by 0 0
gq - 0 0 (46)
s —Lei 0
Lis 0
gvb2 1521
g” - 0 0 (47)
S —Lica1 —Le,
Also:
Ownbl 0 0 aw??bg 0 0
w10 |, S| 1 (48)
0 0 0 0

This gives thepartial velocity matrixP € R2*'? as

p_[0 0 ~Le 0 1 0
“ 10 0 0 0 0 O
Lisa1 0 —Licci 0 0 O
0 0 —L, 0 1 0} (49)

From Equations 9 and 10 the following expressionNéf, , €
R**? andC%(q,s) € R**? may be calculated:

MY — Ily + mngl + mgL%
RB maLiLe,co1
maLiLc,co1
50
Ioy + m2L2, } 50
O .
maL1Lc,s2101
_m2Lch252lé2
L (5)

3.2 Hydrodynamics

Using the state-space approximation of [13] for the corvolu
tion term in the Cummins equation [16], we find:

pto= > i=1,3,5,7,9,11 (52)
= Z 3. i=1,3,5,7,9,11  (53)
pgt = Z 15,1 i=1,3,5,7,9,11 (54)
py? = Z [, i=1,3,5,7,9,11  (55)
plr = Z Iy i=1,3,5,7,9,11  (56)
phz = Z 11, i=1,3,5"7,911  (57)

nt = [m 0, 5", 0, 2, 0,
2, 0,442,0,13,0] (59

Hencep? € R?*? is given by:
p! =Pu’ (59)



Satisfactory agreement with the impulse response furstioe MSE = 8.86 mm?

achieved using an Order 6 state-space model of the corvoluti

integral term. As a reference, the maximum amplitude considered is ap-
A(00) is taken at the highest value ©fcalculated, i.ew = 12 proximately25 mm, and the minimum is approximatetymm.
rad/s. This is a somewhat crude approximation (a more form&digure 3 gives a comparison of the simulated to experimental
method is given in [17]); however the weakness of the statdrequency response of the heave of body two.

space approximation approach, such as that of [13] used here
is that good values foA (oo) are difficult to obtain. This is due

to the need for ever smaller panel sizes as frequency ireseas
and hence prohibitively long run-times. The method presént

in [18] overcomes the need for added-mass at infinite frecyuen
calculations. It is reasonably straightforward to incogte the
latter model for radiation forces into the approach presstim

this paper.

Experiments

257 —s— Simulations

heave of body two
[mm]

Using the hydrostatic restoring matrix expression of 22
we findGY ¢ R**%:

_ LglAWF'l (0) + L%Awpz (0) + leMLl 3 a5 4 45 5 55 6 65 7 75
Ly Lec, Awe, (0) Freq [rad/s]
LlLCz AWF’2 (O)
ng Awp, (0) + VoGM7y,

G_g

(60) Figure3: Frequency response of the heave of body two for ex-
periments and simulations

With reference to expressions developed in this sectiors, w

write the state-space model of the two-body system as fetlow Figure 4 shows the response in heave of body two for a fre-

quency ofw = 3.3 rad/s.

q = s (61)
MS+ Chp(q,s)s+pu+GY = 7L +79 (62 panens
x=Ax + Bv (63)
p’'=CPx + Div (64) f;j sl
> ol
whereM? € R**? andr? € R? are given by: 8_
—£ °
M’ = MY%, + MY (65) gé :
0 = Thro+ Thoor T Thinge (66) § )
4 Validation Against Experimental Results
In experiments, regular head waves excitedwe bodysys- L 5 fm i o * %
tem shown in Figure 2. Waves of height = 60mm over a Time [s]

range of 14 frequencies were applied, with the heave respons. .
of body two inned-coordinates recorded over this interval. Ther19ure 4: Comparison of Body 2 heave response to regular
response of the model derived in Sections 3.1 and 3.2 is sinf{@ve excitation of height/ = 60 mm andw = 3.3 rad/s

ulated over the same frequency range. Certain model parame-

ters were known from the experiments. In order to determine Figyre 5 shows the response in heave of body two for a fre-
the unknown model parameters, an optimisation algorithm ug;yency ofw = 7 rad/s. The oscillatory envelope in the experi-
ing the simplex search method of [19] was applied. This is &ents are deemed to be due to unmodelled dynamics.

direct search method that does not use numerical or anghgtic

dients. The objective function minimised calculated the s

the squared distances between corresponding points oxthe e

periments and simulationse., o

Experiments
Simulations

N
error = Z|fz —fi|2 (67)
i=1

heave of body two
[mm]

where f; is elementi in the vector of peaks and lows in the
experimental measurements afidis corresponding element
in the vector of peaks and lows from simulated measure-
ments. Note thafV is the number of peaks and lows for the
measurements being compared. The optimisation comprises . - - =
a least-squares fit of simulations to experiments across all Time [s]
measured frequencies. Consequently, an overall meanestjuar

error (MSE) across all frequencies was determined: Figure 5: Comparison of Body 2 heave response to regular
wave excitation of heightf = 60 mm andw = 7 rad/s




5 Conclusions

The modelling approach presented in this paper is:
e Useful for simulation: The models derived using this

method are easily implemented in Simulfik Various

configurations of marine multibody systems may be con-[6]

veniently tested by adjusting distance parameters between
simulations. Control designs may be tested within such
a simulation environment, which provides a detailed de-

scription of the actual physical process. The accuracy of[7]

this so-calledprocess-plant modat currently limited to
linear motions, which for a large number of multibody ma-
rine systems may be considered normal operating condi-
tions.

Useful for control design: The Fossen formulation of the
modelling approach presented implies suitability for sys-
tem analysis and control design. System properties evi-
dent in matrix components of the system equations of mo-

[5] D.V. Evans. Some analytic results for two and three di-

mensional wave-energy absorbePewer from Sea Waves
(edited by B. Count), Academic Pregsages 213-249,
1980.

D.R.B. Kraemer. The Motions of Hinged-Barge Systems
in Regular Seas PhD thesis, Johns Hopkins University,
2000.

P.I. Berntsen. Configuration control and motion damping
of single point anchored interconnected marine structures
Masters thesis, Dept. Marine Hydrodynamics, NTNU,
Trondheim, NORWAY, 2002.

[8] SNAME. The society of naval architects and marine en-

gineers. nomenclature for treating the motion of a sub-
merged body through a fluid@echnical and Research Bul-
letin, (1-5), 1950.

tion may be exploited when doing control design. Addi- [9] A. ShabanaDynamics of Multibody System@ambridge,

tionally, process-plant models in the Fossen formulation
are conducive to simplification; such simplified mathe-

matical descriptions, usually linear, containing only the[10]

main physical properties of the actual process, are often
calledcontrol-plant modelsand are used for development
of state-estimators and controllers.

Useful for wave-energy device modelling: The modelling

approach presented gives accurate time-domain models;
time-domain modelling of wave-energy devices is partic-
ularly important due to the need for information on the
device’s transient response characteristics. Modelling o

a line-absorber has been demonstrated in this paper as
well as in [15, 20], while modelling of a four DOF point-
absorber is treated in [15]. Complex PTO systems witl
many moving parts may be integrated conveniently due to
the extendable nature of the modelling approach. Addi-

tionally, farms of devices can be modelled, with individual[14]

device motions referred to the same inertial n-frame.

Further improvements should be made to the treatment obhydr
dynamic loads: an analysis of which nonlinear hydrodynamic

[11] Thor 1. Fossen.

(12]

f23]

effects become dominant in various operating conditiong-s

quired, followed by development of approximate models inco [15]

porating them into models already developed using the ajgpro

presented. In addition, improved modelling of nonlineesitin
PTO and mooring subsystems is required.
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