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With the development of ocean energy exploration, reliabferces induced by wind, waves and ocean currents can, how-
semi-submersible platforms with very small motion are eever, induce undesirdteave and pitcmotion, which would
pected to develop. Especially, in a floating offshore wingemarkably reduce the fatigue life of devices on the plat-
turbine system, the maximum pitching amplitude is requirddrms [2—4]. Suzuki and Sato (2007) have performed some
to be less than a few degrees. To reduce wave-induced pifibneering work on investigating the effects of motion of
motion, a new type semi-submersible with suspensions anflicating platform on the strength of offshore wind turbine
design method of the suspension coefficients are presentdddes, and they come to the result that pitching with an am-
In practical case, an add-on wave energy dissipation devigditude of 5 degrees will lead to a 50% inclease of sectional
mounted on a floating platform, such as the combined wavweodulus of a blade to avoid fatigue failure [5].
wind energy converter system, could be regarded as the sus- In the last decade there have been some floating plat-
pension system. In this study, firstly, the conceptual serfibrms built for full-scale experimentation like GustosMSC
submersible is described. Then, the hydrodynamic loadsTg-Floater [6], WindFloat [7], and the V-shape semi-
the semi-submersible are linearized so that the whole systeubmersible floater [8]. Most of them are designed with three
is expressed by a state-space model. The suspension desigour rigidly-connected columns having a small waterglan
problem is transformed into solving a constrainkld op- area to decrease the wave effects. Even by sophisticated
timization problem, which after all is the optimal contenl analysis and design, the maximum inclination of a floater
design of a feedback system. Finally, numerical exampkes avould reach to 10 degrees according to model tests [6]. In
performed to verify the effectiveness of the design. The eder to further reduce the undesired motion, various meth-
sults illustrate that the pitch motion of the semi-subniBesi ods and state-of-art structures were proposed in thetlitera
can be remarkably reduced by the designed suspensions.In [9, 10], novel water-entrapment plates with large hamizo
tal skirts to increase the added-mass and viscous loads were
) designed to semi-submersibles. In the methods, the natural
1 Introduction _ _ o ~ periods of the floaters in heave, pitch and roll can be adjuste
A semi-submersible platform is a specialised maring ayoid the resonance with environmental forces. Though
vessel used in a number of offshore applications such @g water-entrapment plates can be systematically designe
offshore drilling rigs and heavy lift cranes. As the develeonsidering strength analysis and fatigue loads, thedabri
opment of offshore wind energy exploration, reliable angon cost and maintenance, however, would limit its applica
Iovy cost semi-submersible platforms are.increas.ingly '§ons. In addition, Roddier and Cermelli (2013) have pro-
quired [1]. Although the platforms are designed with goofpsed an interesting concept that the floater is composed of
sea-keeping performance and good stability, environmenfgree column tubes which are partly filled with water [11].
The water can be pumped between the three columns to bal-
ance out the environment forces so that the inclination of

*Address all correspondence to this author.



platform could be controlled. A major advantage of the con-
cept is that the pitch motion can be controlled by pumping
the water from some columns to the others. However, the re-
sponse may be too slow to wind turbulence and non-regular

waves. Wave /|
Recent studies also focus on combining wave en- ot -
ergy converters (WEC) with floating offshore wind turbine 1 * 3

(FOWT) for a better utilization of marine space and lower
installation cost [12,13]. Though there are many advargtage
the combination also introduces the inter-influence betwee Fig. 1. Schematic of conceptual design.
WEC and FOWT, which makes the whole system complex.

Perez and Iglesias (2012) reported that particular attenti

should be paid to the wind turbine foundation affected by thbey opumally d.e.5|gn|ng.the mass O.f th? columns and the_sus—
installation of the WEC since the inclination of the foundaP€"'Sion coefficients without considering the effect of wind
. . Although large static inclination of a semi-submersibleyma

desian the combination svstem becomes an uraent work Ye induced by the thrust of wind, the wind-induced fatigue
g Y g would be much smaller than the wave-induced fatigue since

In this paper, a conceptual design of a semi—submersil%%g e . . .
. . : . e variation of wind forces is relatively low and long term.
with passive suspensions is presented. The system consists

of a platform and some vertical columns working as the wave
energy dissipation devices. The columns are mounted to t§1e
platform via suspensions modeled with springs and dampe.\;)s;l Modélling of Semi-Submersible
The columns together with the suspensions can also be ré- I . . .
garded as the WECs in which the dampers are regarded as Considering small amplitude of motion and negligible

the power take-off devices. The purpose of this study is gg( cous effects, the motion equations of the system can be

M athematical Models

minimize the pitch motion of the platform by designing the pressed as

suspensions under some given sea siteugh the concept .

is similar to the suspension design of Iand—b_ased vehicles, \]pé = Trad+ Tres+ Texe+ = (f1 — f2), 1)

the wave-structure interaction makes the design much more ) 2

complicated than the later case MpZo = Frad, + Fres, + Fexe, + f1+ f2, (2)
_ The remainder of this paper is orgf_;mized as foII_ov_vs. McZy = Frag, + Fres + Fexg — f1, 3)

Firstly, the concept of the semi-submersible platform is in MeZa = Frag, + Fres, -+ Fexe, — T2, (4)

troduced. Secondly, the mathematical models of the plat-

form are presented. Then, a method to design the mass of

the columns, the spring and damper coefficients is proposédieremy is the mass of the main body, is the moment of

Some numerical examples are finally given to demonstrdf€rtia of the main body in pitch directiom is the mass of

the effectiveness of the design method. one columnrag, Frad,, Fraa, Fraq, are the radiation loads

arising from the change in momentum of the fluid due to the
motion of corresponding componentgs, Fres, Fres: Fres,

2 Semi-Submersible and Problem Description are the restoring loads due the gravity and buoyancy, and
The schematic of the proposed semi-submersible Tiex: Fexe, Fexq: Fexe, are the wave excitation loads consist-

shown in Fig. 1. As the first step of the research, a twadD9 of Froude-Krylov forces and diffraction force$he ra-

dimensional model which is bilaterally symmetric is consigdiation loads and the wave excitation loads can be calallate

ered for simplicity. The platform is supported by the subRy potential flow method assuming the fluid to be inviscid,

merged pontoon via the pillars and the vertical columns I¢2compressible, and irrotational. Analysis of hydrodymam

cated at the both ends via suspensions. Without loss of géHeraction between the different bodies is also availalyle

erality, the suspension is modeled with the combination offB@ny (commercial) source [15]The termsf;, f; are the

linear springk and a linear dampex. For analysis, the am- counteracting forces from the suspensions that

plitude of motion is assumed to be small and there is enough

space between the columns and the main body to avoid the fy =Kz, +C%,., (5)

mechanical crash within the components. the figure,L ok . 6

is the distance between the two colummsandz are the 2= K&y +Cay. )

displacements of column 1 and column€is the pitching

angle of the main body, arg}, andzp, are the displacement Here,z, =z —z,,, z, = 7> — z,, are the relative displace-

of the platform in vertical direction at the ends. Note thegt t ments between the main body and the columns.

system can also be regarded as a floating wave energy con- Note that the pitch motion of the columns is not consid-

verter where the dampecss regarded as the power take-offered in the models expressed by (1-4). In practical case, the

devices. columns should be designed with high restoring capability
This work focus on reducing the wave induced motiom pitch direction while keeping the pitch natural frequgnc



far away from the wave band. Besides, the hydrodynamicerexg, € R ™1 s state vector, andg,, Bg,, Cg, are the
horizontal forces on the columns and their effect on thehpitsystem matrices that can be obtained from theory or experi-
motion of the platform are ignored since the arm of force ahents by system identification [17].
the horizontal forces is usually small compared to that ef th
vertical forces. If this is not the case, pitch motion equagi
of the columns should also be considered in the models.
By combining the equations (1), (11) and (12), and ap-
In order to evaluate the effect of mass distribution oRIYiNd the linearized restoring force
pitch motion of the platform, the mass ratio defined by

a.= mﬂp is introduced, and the following two conditions are Tres= —PgVGM6, (13)
considered:
wherep is the density of watemg is the gravitational accel-
{2mb+ Mp = Mgy = constant @ eration,V is the displaced volume of water a@M is the
Jp LI mp, meta-centric height, the pitch motion equation of the main

platform (1) becomes

whereMy is the total masd-or the sake of convenience, the
waterplane area of the main body is_ set to be much sma_lller %o (t) = AgXe(t) + B, Texq(t) + Bo, Ut (t)
than that of the columns. Under this assumption, the first ®\ ya(t) = Coxa(t).

condition in (7) indicates that both the draft of main body

and that of columns are unaltered wiahthough the static ,
load of the suspensions varies accordingly. Hence, the hybereyp = [6, 8]T is the output vectong = [x, , 6, 6]T is
drodynamic coefficients of the system including the addéle state vectons = [f1, f,]" is the force vector from (5)
mass, potential damping and the impulse response functi¢f} and the matrices are

of wave excitation loads are insensitivestol he second con-
dition shows that the moment of inertig is set directly lin-

(14)

i . 0 B
ear to the massi,. More accurate relation can also be given (')A‘e' "OXl 19'
for practical cases. By calculatiom, m, andJ, satisfy Ao = 102': 0gVG
@+  Jp@)+d
a [ Onx1
M= 3o Ma (8) B, — (1) 7
1 - =
Mp = ——==Ma 9 L Ip(@)Fd
1+12a I 0n><1 On><1
—y— Bo = 0 0
Jp V1+2aMall7 (10) 6p L 1 L 1 s
2@+ 2Jp(@)+de
i o i o O1xn 10
wherey is a given coefficient. Co= )
O2|.><n 01
According to [16], the radiation load of pitching motion
in (1) can be expressed by Here, Q. is the zero matrix with rows andj columns.

. t .
Trad = —Jub — / Ke, (t — T)B(T)dt (11) - _ _
0 Similarly, the motion equations (2), (3) and (4) can be
expressed by

where the first term owes to the acceleration of the platform

andJ. is a constant positive added moment of inertia. The Go: { 8% Et; +BoyFexa, (1) +Boyu (1) (15)
second term represents fluid-memory model that capture the k

energy transfer from the motion of platform to the radiated Gt : { X1 () = Acxea (1) + Bey Fexa, (1) + Bo, Ta (1) (16)
waves. The kernel of the convolution terigg, (t), which 1(t) = Coxaa(t),

is known as retardation or memory function, is the impulse . { Xc2(t) = AcXca(t) + Be, Fexo (1) + Be, 2(t) 7)
response function of the radiation in pitch direction. The Yea(t) = CeXea(t)

convolution integral term can be approximated by a Ilnearh _

erexo7 X1 andxc, are state vectors, = [zo, Zo)", Y1 =

subsystem using state-space model [z1, 21]" andye2 = [z, 2] are output vectors reIated to the

positions and velocities, The matricgg%, Bo,, Bo,, Co) and
X, (t) = A, Xa, (t) + Be,e( )s (12) (A¢, B, Bo,. C¢) can be derived by the same approach as
Yo, (t) = Cg, X, (t) ~ [3 K, (t —T)8(T)dT, aforementioned.



3.2 Modelling of Wave Excitation L oads A—

1
H Fexe, Yel
According to linear theory, the excitation force is pro- | et | Ga
ortional to the incident wave elevation such that
folt) = [ he(t-n(O1dr. (18) [y 1 G 1
The termn(x,t) is the incident wave elevation whekeis Featm 3| ez |
the horizontal coordinate in the direction of wave propaga- f2
tion, andn(0,t) is the wave elevation at the origin. The term _ _
ht (t) is the impulse response function of excitation force co- Fig. 2. Block diagram of the whole model.

efficient which can be calculated by potential theory. For
simplicity, the origin of wave is assumed to be located at the
vertical axis through the centre of the Column 1. The follow?"d
ing linear model is employed to approximate the excitation
forceFexq: Fe,(S) [A,:ezq | Bre,n ]
: = , 26
%exgz%rl .’_[(07 S) CFezr] | DFezr] ( )

 beS b, S+ by,

Feu(s) = Stays 1+-fag -T(0,9), (19) where the notation
wheres is the Laplace operatoﬁzel are the Laplace trans- [ﬂ 3} = (sl _/q)flqu_ D 27)
form of Fexg. The termmi(0,s) is the Laplace transform C

of the waven(0,t). The coefficientd,, be,, --- , be, and
8o, Acy; ;A are the variables to be tuned to fit the reak ysed. The matrices in (23-26) can be calculated from the
system via system identification, see [18] for compreh@nsi¥yefficients in (19-22).

overviews. Similarly, the excitation forcd%yg,, Texc, and

Fig. 2 shows the integration of the models given by (14-
Fexe, can be modeled as

17) and (23-26). In the figure, in order to apply linear cohtro
theories for synthesis, a linear approximation of wave spec

BoyS + Do, S 1 4+ + bo, L tral density function, which is denoted &%, is also intro-
Feo(S) = —5 Ta s i Ta <§,S> , (20)  duced. The signaV in the figure is a zero-mean Gaussian
! . ' white noise process with unit power. In this study, a widely
Te(s) = broS' + by 8" 4+ 4 by, ~T[(E,S) ., (21) used second-order system is employed to approximate the
S tays o tay 2 wave spectral density function [19]:
Doy S +be, S+ 4 b,
TS = g o g1 “omls), (22)
ac, +-+ag %(S) B 2\ un0S (28)
- P+ A5+ W

wherer(d,s) (d = % orL) is the Laplace transform of wave

n(d.t). The termn(d,s) can be regarded as a delayed wavRere, ) is a damping coefficient is a constant describing
function of (0, s), and it therefore can be approximated age wave intensity andy, is the dominating wave frequency.
m(d,s) ~ e °n(0,s) in which Tq is the wave propagation p corresponding linear state-space model is

period from the origink = 0 to a certain distancd. The

first order Padé-approximation can be applied for linéagiz

this delayed term. In the case of irregular incident wave, th Xw(t) = Aw(t) +Bww(t) (29)
dominant wave frequency can be applied to calculate these n(0,t) = Guxw(t)
periods. Accordingly, the models (19-22) can be linearized
as wherexy, is the state vector. The matrices are expressed by
Fer(s) _ [Aren|Bren 0 1 0
'r]ﬂ:ex : = L - ’ (23) = =
¢ <N T[(O’S CFelr] DFelrl AW _(0% _2)\% s BW 2)\%0_
Feo(S Ar..n|B Ch=|01
%exq;%f] . %( ) = [ Feol Feol‘]:| ) (24) ]
T[(O,S) CFeorl DFeof]
Py, . 2(S) [ Aqn|Bren (25) In the next section, we will show that the optimal design
Texgn - m0,s) | Cn|Dtn |’ of suspensions leads to a feedback controller design proble



4 Design 4_6 <_W
Integrating together the models (14-17), (23-26) and Y G u
(29), the system can be expressed by h )

X(t) = A(a)x(t) + By w(t) + Ba(a) ut (t), > :>—

p(t) =Cix(t), (30)
Y(t) =G X(t)7 Fig. 3. Design of spring-damper systems is equal to determine the
feedback controller K.
wherex =[x}, xI, x3, I, x,, xI, x}]T is the state vector
wherexg, Xp andx. are the state vectors of subsystems (23), 5

— Modified PM spectrum
------- Linear approximation | |

(25) and (26), respectively. The term= 0 is the perfor-

mance output signal to be regulatgds [z, Z,, z,, ZZ]T

is the output vector of the relative motion between the main

body and the columns. The inputs are the zero-mean Gaus-

sian white noisev and the force vectaus = [f1, fo]". The

matrices are given in (31) whepe=n+r. i
According to (5) and (6), we can obtain that

{Jwave band ™

0 0.5 1 15 2

w [rad/s]
f
us = { fi = Ky, (32) Fig. 4. Plot with solid line showing the modified Pierson-Moskowitz

spectra for Hs = 4.5 m and T; = 10s. The linear approximation by
(28) is plotted with dotted line.

where

[kcoo0 ) merical approach is proposed:

~|00kc 5

MiNake mMax™; |Ci(joil —A)1By| (36)

Obviously, the design of suspension coefficients equals to subject to: Condition (33)
determine the output feedback controlierfor the system a<a<ap
(30). The relationship between the inputs and the outputs is k <k<kn
shown in Fig. 3. The transfer matrix from the inputo the C <C< G
performance outpu, which is defined by, is expressed
by wherew (i=1,2, ---, m) are the typical wave frequencies

in wave band. It is not necessary to chooseoutside the

How(s) = Cy(sl —A)*lBl, (34) Wwave band since there is little wave power there. A numer-

ical example shown in Fig. 4 illustrates this concephe

optimization problem (36) can be solved by nonlinear pro-

wherel is identity matrix with appropriate dimension an
A= A+ ByKC,. The design problem leads to the followin

ST 9Swarm Optimization method [21].
minimizationproblem:

MiNake || Howe @35) 5 Pumerica Example | et
. i " n this section, numerical examples are performed to
subject to.;gn;i;tu;: (33) verify the proposed design method. The dimensions of the
K “Kk< ke semi-submersible are summarized in Tabl€@nsidering a
N <c< N fully developed sea with large depth, the modified Pierson-

state:
where[ay, ap], [k, kn] and[c, cp] are the assigned proper
ranges fom, k andc from the point of view of reliability and

— Ay Seyr _ Rey4
feasibility. A pioneering study on a combined wind-wave S(w) = Aw"exp(—Bw ™), (37)
energy converter system using a variety of combinations of
a, k andc is given in [20]. 4CHZ ond

! ) - ... whereA andB are parameters assigned Ry= —
Owing to the constraint conditions, the optimization 16 z

problem (35) cannot be analytically solved, for instange, B = ~z- in which Hs is the significant wave height and
LMI approach. For a specified sea state, the following nis the average zero-crossing wave perigdd moderate sea

ramming solvers, such as Genetic Algorithm and Particle

Moskowitz (MPM) Spectrum is exploited to describe the sea
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On+2)x1 Boy
Orsn)xa Ozt
02x2

C1 = [O1x(p+2), O1x(p+3), O1xn 1 0 Oi(r) O (prg) Oz
Ce 021 1—Co Oz (41— 5C8 Oa(r41)1 Ok (pr3) 10212

C = 9
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(31)
Table 1. Characteristics of floating platform Table 2. Added mass coefficients at infinite frequency
Property Value Variable Value
distance between columns [m] 60 Heave of column [kg] 2.63&10°
diameter of columns [m] 10 Heave of main body [kg] 3.11%10°
diametexlength of pontoon [nxm] 10x 45 Pitch of main body [kgn?] 5.279x10°
thicknesscwidth of pillar [mxm] 1x10
draft [m] 17 , s
frequency domain. The added mass at infinite frequency are
submerged volume [# 6545 shown in Table. 2.0wing to the limitation of our research
total mass [kg] 6,708,000 codes_ on calculating mul_tibody struc_ture_s, hydrodynamic@
teraction between the different bodies is neglected. Whils
Zcog [M] -9.5 the inclusion of the hydrodynamic interaction would affect
Zcos [M] 10.4 th_e final rgsults, the proposgd method applied here would
_ still be valid once the models is updatéithe toolbox devel-
GM of main body [m] 0.7 oped by T. Perez and T. |. Fossen [23] are applied to identify
GM of system (rigidly connected) [m] 225 the state-space models of the memory functions of the main

body and the columns, and the results are shown in Fig. 5. It
can be observed that the linear approximation models fit well
with the theory, especially in the wave band. Charactessti
state with the significant wave heightlds= 4.5 m and the of wave excitation loads on the main body and the columns,
average zero-crossing wave periodTas= 10 s is applied. and the comparison with linear models are shown in Fig. 6.
The wave spectra is shown in Fig. 4. It can be observed tHatving to the non-causality and nonlinearity, the phases are
the wave band is in the interval [0.24, 1.5] rad/s. The lineaot coincident with theory. However, it is sufficient for our
approximation by transfer function (28) is also plottedhie t design purpose. In addition, the wave propagation periods
figure by using curve fitting method, and the resulting wavg andT, areT; = 2.69s andl, = 5.38s calculated from the
intensity iso = 2.02 and damping coefficient }s= 0.256.  dominating wave frequenayo.

Hydrodynamic codes based on constant panel method The linear coefficient ofl, to mp in (10) is set ay =
[22] are applied to compute the frequency-dependent add&2b. The range o is set asa € [0.03, 0.12] according to
mass, potential damping and wave excitation coefficients the prior numerical study in [20] that the optingais close to
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five percent. The terrkis selected irk € [5, 50 x 10* N/m  The optimum coefficients are
to keep the relative displacements between the columns and

the main body smaller than 6 m, which is 10% of the dis- 003
tance of two columns. The termis properly selected as Bopt =1
c€[0.1, 30] x 10° Ns/m. The typical frequencies, - - - , wm Kopt = 5.00x 10* [N/m],

with m= 100 to equally divide the wave band are applied in Copt = 9.52 x 10° [N s/m].

(36). The Particle Swarm Optimization Algorithm provided

by Matlal®® is applied for solving the constrained optimiza- o _ )

tion problem (36). The default settings that the number of "0 the results, it is observed that the optimal spring-coef
particles is 100 and the maximum number of iterations fiientk hits the lower bound of the given range. This means
600 are employed. lterations end when the relative chanigé Stronger the stiffness of spring is, the larger pitch mo-
in best objective function value over the last iteratioreissl 10N would be excited. The perspective is also illustrated i
than 10 x 105, In this study, a solution is obtained after™'9- 7(&) wherk varies in its range witle = Copt anda = aopt.

21 iterations, and the computational time is 28.4 s by fatel N the figure, thé8ode magnitude pladf the transfer function

Core i7-4790 CPU @ 3.60GH2 with 8 GB of memory. *ow(i®w) with the magnitude indecibelsby 20l0go| How| is
exploited. It is shown that the amplitude of pitch angle in-

creases whek varies toward the upper bound of the given
range. Besides also hit its lower bound of the range. The
comparison of the case= agpt with otheras are shown in
Fig. 7(c). The effect ofr on pitching motion will be dis-
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Fig. 8. Numerical results when varying K, C and a.

cussed further in our future work. Fig. 7(b) shows that th@ Conclusion
smallest pitching motion can be obtainedds Copt. In this paper, a design method of a semi-submersible
with suspension structures to suppress the pitch motion was
In addition, numerical results in the time domain uspresented. Linear models were applied to model the ra-
ing wave excitation loadsalculated by potential theory arediation loads and wave excitation loads so that the whole
shown in Fig. 8. The calculated optimal case is plotted irsystem can be expressed by a state-space model. The de-
solid line with star marker in the figur@he maximum pitch- sign of the passive suspension system leads to a mathemati-
ing angles as well as the root-mean-square values of diffeally tractable problem from the viewpoint of feedback con-
ent cases are given in Table 3. It is also obtained that ttrel. It was verified by numerical examples that the optimum
calculated optimum coefficients can achieve the smallest isuspension coefficients could be obtained by solving a con-
clination. From these results, we can also obtained that thieained optimization problem. The proposed method can be
model errors caused by the linearizion using (23-26) (espapplied to design the WEC for a combined wave-wind en-
cially in the phase) do not affect much on the performance efgy system considering the effect of WEC to pitch motion
the design method. of FOWT.



Table 3. Comparison of the pitching angles

9]

Case max. value RMS value
K = Kopt, € = Copt and 4.08 1.1%
a = Aopt
k=5.0x10° 15.82 6.21°
C= Copt o [1O]
a= agpt k=3.0x10° 6.92 2.22
k=20x10° 5.1% 1.7#
c=20x10° 8.02 2.48
k=kopt -
a= aopt c=15x10° 6.58 2.02
c=5.0x10° 4.20° 1.27
a=0.12 4.50 1.32 [12]
k = Kopt
€= Copt a=0.08 43P 1.2%
a=0.05 417 1.19
[13]
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