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Abstract: In the future, the power of commercial ocean current generators can reach MW level, and
the corresponding mooring rope tension is very great. But the power of the ocean current generator
in research stage is KW level and it can bear less rope tension. Its main mooring rope adopts a single
cable and a single foundation. This paper studies the dynamic response and rope tension of the
MW-level ocean current generator mooring system. It is assumed that the commercial MW-level
ocean current generator is similar to the research-type KW level, and the similarity law and several
dimensionless similar parameters are proposed, including for the turbine and platform the power
number, tip speed ratio, hydrodynamic damping and stiffness coefficient and others. Based on these
dimensionless similar formulas and the known parameters of the researched KW-level convertor,
all parameters of the MW-level ocean current generator are derived. In order to overcome the
extreme tension of a MW-level mooring system and provide good stability, this paper proposes the
pulley-traction rope design to replace the traditional single traction rope design. The static and
dynamic mathematical models of this mooring system subjected to typhoon wave impact and
current are proposed and analytical solutions are obtained. The study found that the dynamic rope
tension of the MW-level system with the traditional single rope system is significantly greater than
its fracture strength and the dynamic tension of the pulley- traction rope system. It means that this
design can effectively reduce the dynamic rope tensions of the mooring system. Moreover, if the
length ratio of rope A to the seabed depth is within a safe range, the maximum rope dynamic tension
will be less than the fracture strength. In addition to the MW level, the dynamic response of the
700kW level power generation system under the action of typhoon waves is also studied. It is
discovered that the dynamic tension of rope D is the largest. In addition, the dynamic tension of
rope D for 700kW system will exceed the original strength of design. However, only the specification
of rope D is increased, the new dynamic tension is still close to the original such that the dynamic
tension of rope D is significantly less than the adjusted fracture strength and the mooring system
becomes safety.

Keywords: similarity law; MW convertor; stability; dynamic tension; ocean current; hydrodynamic
damping; translational displacement; rotational displacement; pulley- traction rope design;
platform; pontoon; two foundations

1. Introduction

Global ocean currents are rich in energy. The potential electricity capacity in the Taiwan
Kuroshio current is over 4GW [1]. The core technologies of ocean current power generation are being
investigated [1-5]. The relevant technologies include (1) the high-efficiency convertor, (2) the deep
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mooring technology for over 1000m depth seabed beneath the current, (3) the protection from the
typhoon wave impact, (4) double main traction ropes for high power convertor, and (5) the
investigation of the mathematical model with the fluid-structure interaction (FSI).

WanChi company developed a 50 kW ocean current convertor which the blade is pushed by the
current force and moved in the translational motion. Chen et al. [1] successfully tested the 50 kW
WanChi convertor moored to the 850 m deep seabed beneath Kuroshio current at Taiwan Pingtung
sea area. IHI and NEDO [2] developed a 100 kW ocean current convertor which was integrated by
two sets of rotational turbines. The 100kW convertor was successfully tested by mooring to the 100
m deep seabed beneath the Japan Kuroshio current. Guo et al. [3] developed a 20 kW ocean current
convertor which was integrated by two sets of rotational turbines. The 20kW convertor was tested by
mooring it to the 80 m deep seabed beneath the Taiwan Liuqiu sea area.

The deep mooring theory and technology for the ocean current convertor system are important.
A few of literatures investigated the dynamic stability of this mooring system under the coupled
current-wave effect. WanChi company further developed a 400 kW ocean current convertor
following the principle of the 50 kW ones. Lin et al. [4] proposed the mathematical model of the 400
kW ocean convertor-pontoon-traction rope-foundation mooring system under the coupled regular
wave-ocean current effects. The motion of this system is four degrees of freedom. The dynamic
system include the heaving motion of pontoon and the coupled surging-heaving-pitching motion of
the convertor. The dynamic performance and stability of the system under coupled wave-current
effect were investigated. Lin and Chen [5] proposed a towed parachute-platform-traction rope-
foundation mooring system which protected the submarined platform from the typhoon wave
impact. The concentrated mass model was considered. The motion of this system was three degrees
of freedom. The coupled motions included surging and heaving of elements. It was theoretically
verified the protection function of the proposed methodology under Typhoon wave impact. Lin et al.
[6] presented the submarined ocean convertor-surfaced platform-pontoon-traction rope-foundation
mooring system. The concentrated mass model was considered. The motion of this system was five
degrees of freedom. The coupled motion included surging and heaving of elements. The dynamic
stability of the mooring system under the regular wave and steady ocean current was investigated.
Lin et al. [7] presented the submarined ocean convertor-submarined platform-2 pontoon-traction rop-
foundation mooring system. The concentrated mass model was considered. The motion of this
system was six degrees of freedom. The coupled motion included surging and heaving of elements.
The dynamic response of this mooring system under the typhoon irregular wave of at Taiwan’s Green
Island during the 50-year regression period was investigated. Lin et al. [8] designed a 400kW
convertor composed of two rotating horizontal turbines. The hydrodynamic damping and stiffness
coefficients were determined by using the computational fluid method. The submarined 400kW
convertor-submarined platform-2 pontoon-traction rop-foundation mooring system was considered.
The motion of this system was eighteen degrees of freedom. The coupled 3D motion included the
translational and rotational of elements. The frequency spectrum of the system with the coupled
fluid-structure interaction and regular wave was studied. Further, Lin et al. [9] investigated the
transient performance of the 18 DOF mooring system with inital conditions. Pierson and Moskowitz
[10] proposed the Jonswap spectrum and confirmed it with experimental measurement results. To
simplify actual irregular ocean waves, a limited number of regular wave are usually used to
approximate the irregular wave [7]. This study will take several regular waves to simulate irregular
waves according to the experimental significant wave height, frequency and the Jonswap wave
spectrum. In the literatures [4-9], the mooring traction rope is single only. However, for high power
convertor its traction force is very great, two traction ropes is necessary. The relavant investgation is
helpful for the ocean energy technology.

Theorem and technology of fluid structure interaction (FSI) are widely applied in many different
fields including marine engineering [11,12], aerodynamics [13], acoustics [14] and biomechanics [15].
Due to the complexity of the fluid-structure interaction, a few literatures investigated the FSI problem
by using analytical method [15], but mostly the numerical methods: (1) the boundary element method
[13], (2) the finite-volume method [16], (3) the Coupled SPH-FEM [17].
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So far, the relative literatures proposed one single main mooring rope connecting to one
foundation. For the high-power ocean current convertor, this study designs a pulley-traction rope set
which the rope connects to the two foundations. The similarity law is proposed to calculate the
hydrodynamic damping and stiffness coefficient of turbine and platform. The static and dynamic
equations of this ocean current power generation anchoring system are proposed to study the rope
tension and stability under irregular waves.

2. Mathematical Model

To avoid the wave impact of typhoons, the energy convertor and the floating platform were
submerged to a safe depth. For safely mooring a high power ocean convertor this study presents a
pulley- traction rope set composed of a pulley and one main rope connected to two separate
foundations, as shown in Figure 1. The coupled translational-rotational motion of the mooring system
under coupled wave-current effect are considered. The motion is eighteen degrees of freedom. The
governing equations of this mooring system are derived as follows:

_Pontoon 4

Yaw
heave |

Platform 1

/

LY XW/
4
{1z

Mooring foundation

Figure 2. Top view of the mooring system of ocean energy convertor.

The global translational and the rotational displacements of the components are.
X=X H Xy V=Vt Vs LTI tZy, 1=1,2,3,4
P =i TPii> Pix = Pis T Phas Pi =P T Pis Pios = Py = Ps = 0,/=12 (1)

The total tensions of the ropes are


https://doi.org/10.20944/preprints202407.1940.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 24 July 2024 d0i:10.20944/preprints202407.1940.v1

T=1,4T, i=4,B C.D )

These displacements and tensions include (1) the static one under the steady current only, (2)
the dynamic one due to the wave impact and current. Because rope A connects to the pulley fixed to
the platform and two foundations, the tension of rope A is equal to that of rope A2, 7, =T,, =T,

T, =T, =T, and T, =

Als A2s Ald w2 =T -
3. Static Displacements and Equilibrium under the Steady Current only

3.1. Static Displacements

Under the steady current only, the static displacements of the components are

Foundation:
x5, =0, Yor =0, Z) =LF/2, 3)
x5, =0, y(’u:O, zézz—LF/Zl @)
Platform:
x,=H,,—L.=L,sin6,, =L,,sind,,, 5)
v, =L, cosb,, sing, =L, cos8,,sing, (6)
zi =L, /2-L, cos6,, cos¢, =—L./2+L,,cos0,,cosd, %
The lengths of rope A1 and A: are
L=\ =) + (=) +(2h-20) ©
Ly = =53 + (1, =) + (2= 7] o

L,=L,+L, (10)
The static displacements and parameters of mooring system, {y,.,z,} and
{Li>L42,6,,60,5. 0018y, | change with the current direction ¢, . These parameters can be determined

by using the static equilibrium principle later.
Turbine:
Xy, =H,,—L,=x/—Lysinb,, (1)
Vis = Wiy + Ly cos Oy cos g, , (12)
2y, =z, +L,cos0, sing, ) (13)
Pontoons 3, 4:

! ! ! ! !
X, =x +L.=H, = Z,, =2
3 — M The bed » Vis =N 37 s (14)

N ) _ o '
Xy =Xy =X, +L,=H,,, Vas _y2s, Zys

=, (15)

Rotational angles of platform and convertor:

Py =0,j=12 k=x,y,z (16)
The global setting angle qBs of rope B is
siny, = (x, —x,, )/ L (17)
The relation between the x-y-z and x'-y'-z’ coordinates is
Fo=xi+y,j+zk; p=01021s,2s,3s,4s (18)

where

’ ’ ! ! ’ ! b
xp :(xp _xls)’ yp :I:(yp _y]s)cos¢cur +(Zp _Z]S)SIH c'ur:|’

(19)
Zp = I:_(y; _yl’s )Sin¢cur +(Z; _ZI,S )COS¢CW:|

3.2. Static Force Equilibrium
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Under the steady current only, the static equilibrium of the energy convertor in the current
direction is

TBS cos 08& = nys (20)

where the drag of the convertor under steady current f; =0.5C,;, p4,, V'’ . The static equilibrium of
the platform in the current direction is
T, cos8,, cos(A +,, )+T,,cos0,,cosA, = f, +f;

Asl

21)
where the drag of the platform under steady current f, =0.5C,, pAnV?, A =(7/2-¢,) and
A, =(7/2—¢y,)-¢,, . Because the rope A connects to the pulley, as shown in Figure 2, the tensions
of ropes A1 and A: are
Tw T =Ty (2
Based on Equations (20-22), the static tension of rope A is expressed as
Ji Pys Wi Tys S ps T Ty, cos 635

cosf,, cos(A +¢,, )+cosf,,cosA, cosb,, cos(A +g, )+cosb,, cosA,

T, As
(23)
The static equilibrium of the platform in the x-direction is

Tpy +Fy, =Ty, sin0,, +T,,sin6,, |+ T, sinb, +W, (24)
The static equilibrium of the platform in the z-direction is

cos@,, sin(A +4¢,, )—cosb,,sinA, =0 25)

The static equilibrium of the energy convertor in the x-direction is
Ty =W, =Ty, sin Oy — Fy, (26)
The static equilibrium of the pontoon 3 in the x-direction is
Fyyy =W+ T (27)

The static equilibrium of the pontoon 4 in the x-direction is
Fyyy =W, + T, (28)

3.3. Solution Method of Static Equilibrium and Displacements

Substituting Equations (7-9) into Equation (25), one obtains

cos@,, [sin(w/2+4¢,, )cosd, —cos(7/2+4,, )sing, |
—cosf,,[sin(z/2-4,, )cosg, —cos(z/2-4,, )sing, |=0 29)
Hypy —Lc

-L

Al
7

0 1 Hbed _Lc 0 . = Sinfl

Asl As2 L
where A 4

2,2 2
a, +L,.—a L, —a,cosg
_ -1 2 F 1 _ -1 F 2 02
$, = cOS ( J ¢y = cos [

=sin"

2L,a, a,
a, =L, cos0,,, a,=L,,cos0,,
If the basic parameters {§,,.H,,,L.,L,,L.} are given, the length of rope A1, La;, can be

determined by using the bisection method via Equation (29). Substituting La: back into Equations (8-
9,12-17), the parameters {L,,,6,,,0,,, #.4,, V. .2} are obtained.

3.4. Static Numerical Results

Parameters of the mooring system are listed in Table 1.

Table 1. the parameters of the system.

parameter dimension parameter dimension

depth of seabed Heea 1300m current velocity V 1.5m/s
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6
length of rope A, La 5200m length of rope B, Ls 170m
length of rope C, Lc 60m length of rope D, Lp 140m
Static drag of the invertor Static drag of the platform
F 59.35 tons F 0.077 tons
DT DB

Figure 3 demonstrates that the convertor direction is almost same as current. The distance Lr
between two foundations increases slightly the deviation of the convertor direction from current.

90 —
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|

Turbine direction ¢, (deg)
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Current direction ¢, (deg)

Figure 3. relation between the directions of invertor and current.
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Figure 4. effect of current direction on tension of rope A.

Figure 4 shows the effects of the current direction and the distance Lr between two foundations
on the static tension of rope A, Tas. If the current velocity Ves=1.5m/s, the drag of the convertor
Fpr=59.35tons and the drag of the platform Fps=0.077tons. If the traditional single traction rope is
considered, the corresponding rope length is 2480m and the tension Tas =68.62tons. However, if Lr
=0.1L4 in this proposed system, the tension Tas is about 34tons only. It is half of the traditional traction
rope. The current direction ¢, decreases the static tension Ta. Moreover, the larger the distance Lr

is, the larger the static tension Tas is.

4. Dynamic Analysis
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4.1. Similarity of System

4.1.1. Hydrodynamic Similarity of Convertor

Lin et al. [8] presented the hydrodynamic coefficients of fluid-structure interaction of a 400kW
turbine and platform determined by using computational fluid dynamics method. An ocean current
convertor of MW level is commercial specification. In this study, the dynamic response of a 1 MW
turbine mooring system will be investigated. The corresponding hydrodynamic coefficients and
other parameters are determined based on the similarity law and the presented parameters [8]. The
similarity law is presented as follows:

Similarity of tip speed ratio (TSR):

(Q)TDT j ) [a)TDT J
chr mod chr pro (30)

Lin et al. [8] proposed that TSR=3.5 for the 400kW turbine, the efficiency is maximum.
Considering the same current velocity Ve for the model and prototype, Equation (31) becomes
D,

T, pro

T,mod (31)

a)fmud _
a)ﬂ pro D

Similarity of power number Nj:

( Power j _ ( Power j
pD;w; model pD;w; prototype (32)

Considering the same current velocity Veur and sea density r for the model and prototype and
substituting Equation (31) into Equation (32),
D Power

T,pro _ pro
DT,mod POW@I"mOd

(33)
Similarity of hydrodynamic force and moment for convertor:
The hydrodynamic force of convertor is

ij (I/;ur’xT’yT’ZT’¢Tx’¢Ty’gDTz’(oTxﬂgofv’(pTz’TSR) = ij (chrvSn»STzasTwSTwSTs7ST695T77ST8’ST99TSR)

9 of..
=fm(Vm,0,0,0,0,0,0,0,0,0,TSR)+Zsrkﬁ LJ =X,z (34)
, ' k=1 Oy sp=0,i%k
Dividing Equation(34) by 5 pA, V2, , it becomes one in terms of dimensionless variables
C/Tj (chr’xT’yT’ZT7¢Tx7¢Ty’¢Tz’¢Tx’¢Ty’¢Tz’TSR) = C/TJ' (chr’srl’srz’smvsr4asrsasrsvsr7=S78’ST97TSR)
. 0Cy (35)
=C0(V.50,0,0,0,0,0,0,0,0,7SR) + »_ 5, — Lj=X1,2
; k=1 Stk | =0,i2k
where
S _ s Vrs  Sp =%p, V0521
C/Tj :ﬁa S :Lka §T =41 Sti :(p'Txi(p'Tyﬂw'Tz
5 p Atur chr r a)T > § Tk = @Tx > q)ﬂ b} ¢Tz

(36)
If the prototype and the model are similar, their dimensionless force coefficients (35) are same

|:CfTJ :|pro = |:CfTJ :|mod (37)

Based on Equations (35-37), one can obtain the following similar parameters
Similarity of drag force coefficient is

[Cr (7, 0,0,0,0,0,0,0,0,O,TSR)]mod:[Cm’O(V 0,0,0,0,0,0,0,0,0,TSR)]W, j=xy,z

cur? cur?

(38)
Similarity of hydrodynamic damping force coefficient:
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0s. o 0s. i ’ >
a0 Jsa N a0 e S =P i O O 0. (39)

Similarity of hydrodynamic stiffness force coefficient:

oCp, = MJ j=x9,z
Opp, o =0.i%k 0Pn o =0,i%k
i mod ! pro ’ sTk =¢Tx9¢’Ty’¢Tz (40)

Based on the similar formula (36, 39, 40), the hydrodynamic damping force relations between

the model and prototype
L D7, | 9 . , L
P 2 P s J =X V25 Sy = X5 VrsZp
aSTk sp;=0,izk DT »mod aST]‘ s =0,i%k mod

(41)

2
aj'f,,. DZW o % | , k=xy,z
8¢Tk o =0,i%k oro D T,mod wp a(DTk L,)Tkzo,i:tk mod (42)

and the hydrodynamic stiffness force relation

of. 0
{—fr’ } - me[fn J s Jk=xy,z
a(”rk o =0,i%k oro DT mod 5(ka o =0k )4 (43)

Given the coefficients of the model and substituting Equations (31, 33) into Equations (41-43),
the hydrodynamic damping and stiffness force coefficients of the prototype can be obtained.
According to the similarity of drag force coefficient (38), the drag force relation is

(ny,O) D;

pro __ T, pro

2
(ny,O )mcd DT,mod (44)
Based on Equation (44), the similarity of fracture strength of rope is
T (f 79,0 ) D}

frac,pro __ pro _ T, pro

Tfmc,mod (ny,O )mod D;,mod (45)

The hydrodynamic moment of convertor is

my (I/cur’xT’yT’ZT’gDTx’¢Ty’¢Tz’¢I\f’¢Ty’¢Tz’TSR) = my (chr’STI’STZ’STS’ST4’STS’ST6’ST7’ST8’ST9’TSR)

o om.,
o (75:0,0,0,0,0,0,0,0,0,7SR) + 3 s, —2 =xpz (46)

cur?

k=1 Tk s, =0,i%k

1
Dividing Equation (46) by 5 —pD, 4, V. it becomes one in terms of dimensionless variables

T tur” cur /

Cmrj (chr’xT’yT’ZT’q)Tx’goTy’goTz’qJTx’q)Ty’q)Tz TSR) mrj curvsn’srz’smasmasrsvsrﬁ’sﬂ’srsasm’TSR)

_c (47)

mTj,0

9
0 (7.r0,0,0,0,0,0,0,0,0,7SR) + "5,
k=1

cur?

s J=X,),2

Tk s7;=0,izk

1
CmTj = mTj /(_pD Atm l/curj
where 2 .

If the prototype and the model are similar, the two dimensionless moments (47) are same
[CMT] jp;o - I: mTj ]mod (48)

Based on Equations (47-48), one can obtain the following similar parameters
Similarity of drag moment coefficient is

[Coyo (V.r,0,0,0,0,0,0,0,0,0,7SR) | f{qw(KWOOOOOOOOOHRHMJZL%Z

(49)
Similarity of hydrodynamic damping in moment:
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] =XV, Z
sp=0,i%k .
pro

Similarity of hydrodynamic stiffness in moment:

(acmrj ] :[aCmT,- J P
6 ' a . 5 s
¢Tk o =0,i%k mod ¢Tk =02k pro ; Sk = g)Tx > ¢Tv > ¢Tz (51)

Based on the similar formula (36, 50-51), the hydrodynamic damping moment relations between

; Sksz’-)}T’Z'T’(bTx’(pTy’(ﬁTz (50)

the model and prototype
omy Dﬁ o omy; L
P :3+ P sSe = X5 VrsZr
aSTk s=0.izk J DT,mod asTk s =0k ) g (52)
Omy, D, o om,
.TJ = :’p"’ —— .TI| s jak:xsy’z
aq)Tk O =0,i%k pro DT,mod wT,pm a¢7T/c O =0,i%k mod (53)
and the hydrodynamic stiffness moment relation
omy, D; omy,
{a_v } :#(a_n ] R j,k:x’y’z
Pri o =0.ik o DT,mod P o =0izk ) g (54)

Given the coefficients of the model and substituting Equations (31, 33) into Equations (52-54),
the hydrodynamic damping and stiffness moment coefficients of the prototype can be obtained.

4.1.2. Hydrodynamic Similarity of Platform

The hydrodynamic force of platform is

ij (l/;ur’xP’yP’ZP’wa’¢Py’¢Pz’¢Px’¢Py’¢Pz)E ij (I/cur’SP17SP2’SP3’SP4’SPS’SP6’SP7’SP8’SP9)

9 of .
:fpjo(I/wr7030’050’090507090)+ZSPk fP]
’ k=1 aspk

,J =X,z
5;=0,i#k (55)

pla” cur’

Dividing Equation(55) by % pA V2, itbecomes in terms of dimensionless variables

Cij (I/cur’xP’yP’ZP’(on’¢Py’¢Pz’¢Px’¢Py’¢Pz)E Cij (I/cur’SPl’SP2’SP3’SP4’SP57SP6’SP7’SPS’SP9)

Ed oC ..
:C/Pj)o(I/CW’O’O’O’O’(LO’O:OSO)+Z§Pk 6~ij 5j:x,yaz
k=1 Sek |y, 0,2k
n (56)
where
Sr ~ N Vs Spe =Xps VpsZp
C/Pj :#, Spr :?5 gp = 1, Spr = (D{JX,(D{:),,(D{JZ
7pAplaI/cur P a)]-, SPk = ¢PX7¢Py9¢PZ
2 . (57)

If the prototype and the model are similar, the two dimensionless force coefficients (56) are same
|:C/Pj :|pro = [C/P/ :|mod (58)

Based on Equations (56-58), one can obtain the following similar parameters.
Similarity of hydrodynamic damping force coefficient:

oC .. oC .
= === J=X,2
spi=0izk ) od ast s =0,i%k ) Ly L. . .
7 Spk =XpsVpsZpsPpesPpy s Pp. 59)

&%,
Similarity of hydrodynamic stiffness force coefficient:

oCp, _| % i=x,p,z
OQp, on=0i%k ) oq 0Py, =0k )

; SPk = q)px s q)Py > ¢Pz (60)
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Based on Equations (57, 59-60), the hydrodynamic damping force relations between the model

and prototype
j J D 12’ __P,pro { af pj
. D | os
sp; =0,ik pro P,mod Pk (61)

2
aij DPpro a)Tmod af‘P/'| jk=xyZ
. 2 s Jo sV
a(pPk pp =0,i2k D Pmod @, pro aquk' =0,izk
Ppr =Y, pro Prr mod (62)

and the hydrodynamic stiffness force relation

o, 9
{fpj } ) pr[ , ] s Jik=x,y,2
a(Dpk P =0k ) o DP mod a¢7P/c op=0,i%k ) g (63)

Given the coefficients of the model and substituting Equations (31, 33) into Equations (61-63),
the hydrodynamic damping and stiffness force coefficients of the prototype can be obtained.
The hydrodynamic moment of platform is

Mp; (I/cur’xP’yP’ZP’(DPx’q)Py’(pPz’¢Px’¢P} v("Pz) = mP/ (chr’SPl’SPZ’SP3’SP4=SP5’SPG’SP7’SP8’SP9)

7j =X, V525 Sp = Xps VprZp
=0,i#k

=X,z
S pi 5p;=0,i%k (64)

=m, ,(.,,.0,0,0,0,0,0,0,0,0) Zspk

1 . .
Dividing Equation(64) by 5 pD, A, V> , it becomes one in terms of dimensionless variables

pla” cur ’
C,p (I/cur’x[HypizP’(on’q)Py’q)Pz’q)Px’(pP} ’("Pz) = CmTj (chr’SPl’SP2’SP3’SP4’SPS’SPG’SP7’SP8’SP9)

=C

wrra (

v

cur?

0,0,0,0,0,0,0,0,0)+ Zs,% ~ =X,z
S pk sp;=0,i#k (65)

1
CmP/' = mP/' / (E pD Apla V(.if j
where .

If the prototype and the model are similar, their dimensionless moments (65) are same
|:C”’P/' :IpVO - I:Cm}?f :|mod (66)

Based on Equations (63-64), one can obtain the following similar parameters.
Similarity of drag moment coefficient is

[ Coryo (Vr50,0,0,0,0,0,0,0,0) | =[C,pp (V. OOOOOOOOO)Jr,j=x,y,z

cur? cur®

(67)
Similarity of hydrodynamic damping in moment:
0C., oC, )
~ = ~ 2 J = x7 y’ Z
aSPk sp=0,i=k J aSPk 5p=0,i%k L . .
me pro 7 Spr ZXP,YP,ZP,(/’PX,(DPy,%Z (68)

Similarity of hydrodynamic stiffness in moment:

0C, _| % Jk=x,v,z
a¢)Pk spi=0izk ) oq aq)Pk sp=0izk ), (69)

Based on the similar formula (36, 68-69), the hydrodynamic damping moment relations between

the model and prototype
3
DP, pro aij B . .
D3 (3_ sSpp = XpsVpsZp
spp=0,i#k pro P,mod S Pk spe=0izk J 4

omy,
Oy
D, = o om
P, pro T,mod Pj . k _
D3 a . B _]: - x: y: z
P =00k ) P.mod D1, pro Prr P =0k ) g

(70)

om pi
OPpy

and the hydrodynamic stiffness moment relation

1)
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D} om,,
} = ?m[—Jl ] . Jk=xy,z
a(DPk op =0,i%k o Dp,mod aq)Pk O =0,i%k mod (72)

Given the coefficients of the model and substituting Equations (31, 33) into Equations (70-72),
the hydrodynamic damping and stiffness moment coefficients of the prototype can be obtained.

{8mpj

4.1.3. Geometrical Inertia and Buoyance Similarities
Based on the similarity formula (33) and considering the geometry similarity, one can obtain the

similar relations
l P,pro l T, pro
— ==,

DP,mod DT,mod (73)

Similarity of mass:
m . ppru VOlpra 7"3

pro _
. —'d
P, 'mod VOlmod (74)

mod

Similarity of inertia of mass:

pro pro Pro 5
Tt =
I mod Rmodmmod (75)

Similarity of buoyance:

F Bpro | p water VOlpro _ r}

. —'d
F, Bmod P, water VOlmod (76)

4.2. Translational Motion in the x-Axis Direction

4.2.1. Equation of Heaving Motion for Pontoon 3

The heaving equation of the pontoon 3 is
N
Mixy, - Keyxy, + (KCd + ABxpg)XSd =Fy, (t) = Z |:st,1' sinQt+ f,  cosQt
=1 (77)
= A, pga,cosp, and

where Fy,,(¢) is the irregular wave force applied to Pontoon 3, f;

ch,i = Ay pga; sing, .
The effective spring constant of the rope C- buffer spring connection

KCd = KropeC /(1 + KropeC /KC,spring) (78)
where k. . is the constant of the spring connecting with the rope C. K, . =E.4./L. in
which E., 4., and Lc are the Young's modulus, cross-sectional area and length of the rope C,

respectively.
The dynamic tension of the rope C,
Ty = Ky i (79)

where the dynamic elongation between the floating platform 1 and the pontoon 3,
Ocy = (%30 =)

4.2.2. Equation of Heaving Motion for Pontoon 4

The heaving equation of the pontoon 4 is
N
M, %, = KpXy, + (KDd + ABTpg)x4d =Fyq (t) = z [fTs,i sin Q1+ fr, cos Qs
' (80)

i=1
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where F,,,(¢) istheirregular wave force applied to Pontoon4. f, = A4, pga,cos(p, +¢,) and
Jres = Asrpga; sin(@, +¢,) . The phase angle ¢ =27L,cosa/A and L, =12 —(L.-L,) . ais the

relative wave-current angle, 4, is the wave length, as shown in Figure 5.

Figure 5. top view of mooring system under wave and current.

The effective spring constant of the rope D- buffer spring connection

KDd = KropeD /(1 + K /KD,spring) (81)

rope D

in which x

poprine 18 the constant of the spring connecting with the rope D. &

rope D EyA, /LD
where E,,4,, and Lp are the Young’s modulus, cross-sectional area and length of the rope D,
respectively.

The dynamic tension of the rope C

Thy = KpiOpa , (82)

where the dynamic elongation between the invertor 2 and the pontoon 4, 0, = (x4d —Xyy ) .

4.2.3. Equation of Heaving Motion of the Platform

The dynamic equilibrium of the floating platform in the heaving motion is
—(M, +my, )iy + foo + Fyy =W, +T, [T, sin0,, +T,,sin6,,]- T, sin6, =0

1s

(83)
where the effective mass m.fx is derived in Appendix A. The hydrodynamic force on the floating
platform due to the fluid-structure interaction (FSI) is expressed in Taylor series as follows:

L o - I
S (VsxldayldsZldv(/71xa(p1ye(/7129(/71xa(p1y9(/’1:): S (V,0,0,0,0,0,0,0,0,0)+Z = Sy +0(S]msln)
i=1 Os, .
J 1/ (84:)
For the briefly, (xkd’ykd’Z.kd’(ploﬂwky’(pkz’(bla’gb@’(pkz) = (Sk17sk2’sk3’sk4’sk5’skﬁ’sk7’sk8’sk9)’ k=1,2.
When the symmetry configuration of the platform is considered, the hydrodynamic force on the

platform in the x-direction under the current only f,, (V,0,0,0,0,0,0,0,0,0) =0. Considering small

oscillation, the higher order terms are neglected later. The right-handed side second term of Equation
(84) is the hydrodynamic force due to the fluid-structure interaction.
The dynamic tensions of the ropes A and B are

T, = KAd5Ad , Ty = KBd5Bd (85)

The dynamic elongation is the difference between the dynamic and static lengths,

Ogy = Lyy — Ly, , p=A, B. Using the Taylor formula, the dynamic elongation of rope A is derived,
Ota = EaxXig T Eay i T €422 (86)
where



https://doi.org/10.20944/preprints202407.1940.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 24 July 2024 d0i:10.20944/preprints202407.1940.v1

13
gAZ — (ZA _‘9201) (ZA _8202) XA — xls , YA — yls , ZA _ Zls
Ty Ty2 , L, L, A
o1 Yoi Zo1 o1 Yoi Zo1 L, L,
o1 =7 &0 T 2T T =7 0T e T57 TaT 5 > Ip T
L, " L, L, L, L, L, , L, A
The dynamic elongation of rope B
Ops = Xp (x2d _xld)+ Y, (yzd — N )+ZB (sz _Zld) (87)
X, = (xzs _xl_s)’ Y, = (yz,s _yls)’ 7, = (Zzs —le)

where Ly Ly Ly

Substituting Equations (84-87) into Equation (83), one obtains
. - I o I -
—(MI +m,, )xld +(Z 6sp s, + 8SP SU}_Z 6sP sy

Jj=1 Y91, J=1 291 Jj=4 Y91

2 (cos@,, 2z T, cos@ .
+ {_ch -7, (L—Als] =K, i&4x Z sinf, + % + Ky, Xpsin Gy :l Xig
i=1 Ai i=1 ‘B
T,, cos b, . .
_{ = L £ +KBdXB s eBs:|x2d +KCdx3d +(_KAd€AY +KBdYB sm ng)yld
B

2
Ky Y, sinGy y,, + (_KAdgAZ z sin®,, + K, Z;sin 0, led -Ky,Zysin6, z,, =0
i=l (88)

4.2.4. Equation of Heaving Motion for the Convertor

The dynamic equilibrium of the convertor in the heaving motion is [8]

o) o) &9 T, o ;
M,%,, _(Z afrx S1j+Zafo SUJ_Z e s2j+( Bs ('Z)S Bs +sin6, K, (xzéL xls)]xld

J=1 08y 777 08y, 5 0sy; " .
T, o . X, — X,
+ KDd _ 1, COSUp, —sin eBsKBd ( 25 ls) Xy,
L, L,
—K5fnd+gne&KM£1£ZlE)Md—yneﬁKmilgglﬁlZd:o
’ ’ (89)

4.3. Translational motion in the y-direction

4.3.1. Equation of Surging Motion of Platform

The dynamic equilibrium of the floating platform in the surging motion is

—(M1 +me/f,y)j}1d + £, =[ T, cos, cos(A, +4,,)+T,,cos0,, cosA, |+ T, cos =0 (90)

where the effective mass mefy is derived in Appendix A. The hydrodynamic force
ny :fpys + fpyd (91)
1 ) &,
wmaeﬁ%:ﬁﬂVﬁﬁﬁﬂﬁﬁﬁﬁﬁyd%@Ep@J’,ﬁwzzbg—
j=1
Substituting Equations (23, 85-87, 91) into Equation (90), one obtains
U U, 0 U o Uy
M, +m P = Xttt A= +—
( 1 of .y )yld [axld 1d o Wia %, 1d 8(27,,x P a¢py Py a¢pz Py
- 8ny o T afpy oy T any
0P, 09, 0P,
_(ds + Ky Xy cos 0y, )xzd _(dZKAdgAY — Ky Y cos Oy, )YM — Ky Yy c08 0y vy,
_(dZKAdgAZ — Ky Z; cos Oy )Zld - Ky Zyco86,2,,=0

s;e 91

1j

¢)sz_("11 +d,K & — Ky Xy O8Oy )xm

(92)
where
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sind,, cos(A, +4,,) | sinf,, cosA, } T, sin@,,
LAI LAZ L

B

dl :TA:|:

dz = _I:COS gAsl COS(AI +¢cur)+cos 9A52 cos AZ:I’ d3 -

4.3.2. Equation of Surging Motion of Convertor in the y-direction

The dynamic equilibrium of the convertor in the surging motion is
—sz}2d+ny—TBcoséB:O (93)
The hydrodynamic force on the convertor is expressed as

ny = nys + nyd (94)
where £, = £, (7.0,0,0,0,0,0,0,0,0,7RS) = CDTy% pA,V?, Aty is the effective operating area of the

9. of,
convertor. /; Tvd — Z—Ty

S, .
2j -
J=1 aSZj

Substituting Equations (85, 87, 94) into Equation (93), one obtains

.. Oy . o7 - e . O . Ofn . Ofp .
M _ Tx X, + Tx + Tx o4 Tx + Tx + Tx
2V ( ok, 24 ., Yaa o, 24 06, Py oy, Ty o, Pr.

afo afT\f af‘Tx
- ¢ X + - ¢ + ¢ V4
[6% "o, " o
+ K, cos O, [_XB‘xld + XXy = Yo Vg ¥ Y2y =252y + ZBZ2d] =0

(95)

4.3.3. Equation of Surging Motion of Pontoon 3 in the y-direction

The dynamic equilibrium of the pontoon 3 in the surging motion is

.o I
M3y3d+LL(y3d Vi ) =0
¢ (96)

4.3.4. Equation of Surging Motion of Pontoon 4 in the y-direction

The dynamic equilibrium of the pontoon 4 in the surging motion is

. Ty,
M,¥,, +LL(J’4d ~ Vaa ) =0
b 97)

4.4. Translational motion in the z-direction

4.4.1. Equation of Swaying Motion of Platform

The dynamic equilibrium of the floating platform in the swaying motion is
(M1 +meﬁr’2)éld ~ fr. =Ty cos0, sin(A +4,,)-T,,cos0,,sinA, |

—T, cos, (sing,)—T,.sing. =0 98)

where the effective mass m.: is derived in Appendix A. The hydrodynamic force
9
0
Jo, :Z afPZ Sy
Y (99)
Considering small displacements and based on Equations (79, 85-87, 99), one obtains
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. S, . Ofp . Ofp. . of», . of». . of». .
M +m, )7, —| =%, +—=y, =+ +—=k + =L
( 1 e_[/,z) 1d (axw 1d ., Ma o, Py D @y 20, @,

¢px a¢py
Y e T (sin@m sin(A, +4) sing,,sinA, }‘
& 1d
00, " 09,

a ¢ pz . LA

Py

T T

T, T T, T
+[ﬁ+£jzld R
LB

4.4.2. Equation of Swaying Motion of Convertor

The dynamic equilibrium of the convertor in the swaying motion is

pad 2 afz > afz > afz TS TS TS TS
M2ZZd_[ZaT 521+26T SZjJ_ZaT Szj_LiZm"'[ 5oy D jZZd—LZM:O
B

j=1 08, j=108; j=4 08y L, L,

4.4.3. Equation of Swaying Motion for Pontoon 3
The dynamic equilibrium of the pontoon 3 in the swaying motion is [8]
N
M323d+LL(st 2 ) =0
¢ (102)
4.4.4. Equation of Swaying Motion of Pontoon 4
The dynamic equilibrium of the pontoon 4 in the swaying motion is [8]
.o Iy
Mz, +L_D(Z4d =23,)=0
D (103)

4.5. Rotational motion

4.5.1. Equation of Yawing Motion of Convertor

The dynamic equilibrium of the convertor in the yawing motion is [8]

. 3, Omy, 2, Omy, & Omy,
In("zx—[z 8ST S2j+z 6ST ssz_Z P - s2j+(TBs COS@BXRTBx)q)Zx

J=1 2j J=1 Y92 Jj=4 U902
T, R T, R
_[ Bs TijZld_,’_[ Bs TijZ2d :0
LB LB

4.5.2. Equation of Rolling Motion of Convertor

(104)

The dynamic equilibrium of the convertor in the rolling motion is [8]
.. 3, Omy, 9 Om 6 Om.. T, R TR
e _[zas_zsz] +26_Tyszjj_z 2 = 8y, + T Ry, 0y, + . -

L,

TDy
224

j=1 O8y; j=1 08y, j=4 08y L,

4.5.3. Equation of Pitching Motion of Convertor

The dynamic equilibrium of the convertor in the pitching motion is [8]

- 3, Omy, S Om 5 om,,
1.0, _{Z aSZd Sy +z P) 2 Ssz_z P = Sy +(TBSRTBZ COS&B)("zz

J=1 2j J=1 2j j=4 Y2

Ty Ry, cos o, .o+ Ty Rpp. cOs O,
1d
LB LB

X, =0
(106)

4.5.4. Equation of Yawing Motion of Platform
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The dynamic equilibrium of the floating platform in the yawing motion is
]Px(be —Mp, + TA RPAx [COS (‘9A1.y A gAl )Sin (¢Px - A¢xl ) +cos (9A2.y A 9A2 )Sin ((/7Px - A¢x2 )]
+T, o8 (8, A8, ) Ry, sin (@, —A6,) =0 (107)
where Ag, =— 4 Ag, =— 24 AP =—24"24  Gyubstituting Equations (85-87) and
L, cosb,, L, cos6,,, © Lycos@,,
hydrodynamic moment m,x into Equation (107), one obtains

.. om, . Om, . Om, . Om, . Omp . Omp, .
IPx(”Px_( £ = + £ + ~ D, + ~ + . (Dsz

XtV 2 - x R ;
axld 1d ayld azld 1d a%x P 6¢Py Py a(ﬂpz

0
+[TASRPAX (COS 0A1s +Cos eAZs ) + TBS cos QBSRPBX - ampx Jqopx -
¢

§23

T, R 1 1 T, R
_,’_[ Bs~ "PBx _TASRPAX [_J’_—J] Zld _ T Bs”'PBx ZZd — O
LB LA] LAZ LB

OPp,

(108)

4.5.5. Equation of Rolling Motion of Platform
The dynamic equilibrium of the floating platform in the rolling motion is

Lo @p, —my, +T,R,, |:COS(¢9A15 +A0,, )sin(goPy +A¢A1y)+cos(¢9A2S +A9A2)sin(¢),,y +Ag,,, )]

+Te Ry, sin((ppy +Ad,, ) =0 (109)

zZ,,—Z y4 V4
where Ag. =43¢ Ag =— "1 A =—"14 ___ Substituting Equations (79, 85-86
¢C} Lc ¢AU LAI sin H/m ¢A2y LAZ sin 0,42‘\' & ( )
and hydrodynamic moment myy into Equation (109), one obtains
om om om om om om
IPy(be_( .Py Xig + .Py Yt .Py 2ld+a .Py Pp, + =g = ¢Pz]

axld o) 1d oz 1d Ppy a¢’Py

Cy_g

1 1 T.R T.R .
+(TASRPAy[—+—J+ @ Pchzld— &L, =0
LAl LAZ LC LC

Gmpy
=Pt TASRPAy (COS 0, +c080 ) + 1, Ry

(110)

4.5.6. Equation of Pitching Motion of Platform

The dynamic pitching equilibrium of the floating platform about the z-axis is
Ly @p, —my +T,R,,. [COS (gAsl +tAG, ) sin ((”Pz +A0, ) +cos (gAsz tAD,, )Sin ((ppz +A0,, )]

+T,, c08(0, +AG, ) Ry, sin (@, + Aby )+ To R, sin(@,, +A6.) =0 (1)

where AQ, =214 AQ, =1L AQ, =224 Ag zwa;yM. Substituting Equations (79, 85-86) and
Al A2 B C
hydrodynamic moment 1, into Equation (111), one obtains
om om om,, .  Om,, | omp, . omy, .
Pz Pz Pz P: P: ¢ + P: ¢sz

1, ¢ — X, + g+ Z,+ +
Pz¢Pz ( . 1d . y 1d s 1d 6¢PX (on 8¢Py Py 8¢Pz

om,,

0 0
__mpz Pp: (pP}, + (TASRPAZ (COS aAls +Cos HAZS ) + Tb‘s cos QBSRPBZ + TCSRPCZ - 0 z jgopz
Pz

Py
op, " Opy,

+[TASRPAZ (cos 0, | cos 0,,. j_ T, cos@, R, ]xw
LA] LA2 LB

T, cos@, Ry, T Rpe.
+ Bs L Bs~ "PB: x2d + CL PC: (yZd _yld) — 0
5 C (112)
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4.6. Solution Method of Dynamic Displacements

The governing equations (77, 80, 88-89, 92-97, 100-106, 108, 110, 112) can be expressed in matrix
format

MZ,+CZ,+KZ, =F, (113)

where  the  dynamic  displacement  vector  Z, =[x, ¥y 21y Xoy Vau Zoa X3a Vsa Zra Xsa Vad Zaa
T
Pr Pry Pr- O, P, 0. | -
The elements of the force vector
F,=[000000 /000 /,0000000]

T

18x1 (1 14)
where
N N
fo = z [fBS’,. sinQ.¢ +f3c,,- cos Qit] Jio = z [fm sinQ.t + fTC’,. cos Qit]
i=1 i=1
st,i = Ay, pga; cos @, ch,[ = Ay pga; sing,
fros = Agrpga, cos(o, +4,) Jres = A5 pga;sin (9, + ) . (115)

According to the FSI parameters of 400kW convertor and platform presented by Lin et al. [8] and
considering the similarity of some prototype of different power, for example, 1 MW. The elements of

the mass matrix M:[Ml.j] , the damping matrix C:[C..J18 , and the stiffness matrix

18x18 ij
K= [Kl.j] for the prototype of MW-level are determined by using the similar formula in section
18x18

4-1 and listed in Appendix B, C and D, respectively. Equation (113) can be rewritten as
.. . N
Z,+M'CZ,+M'KZ,=M'F, =) (F,sinQi+F,, cosQ)

i=1

(116)
where
T
FY,,.:{OOOOOOJPB”OOOEOOOOOOO}
M77 MlOlO
FCJ.:{OOOOOOEOOOE0000000}
M77 MIOIO (117)
The solution can be expressed as
T
Z,= |:xld Yia Z1a Xaa Yaa Z2d X3a Via Z3a Xaa Yaa Zsa Pre Pry Pr Ppec Py (ﬂpz]
N
=2 (ch,,- cosQt+7Z,, sinQit)
P (118)

where

T
ch.i = [‘xldc,i yldc,i Zldc,i x2dc,i y2dc,i ZZdC,i x}dc,i y3dc,i Z3dc,i ‘x4dc,i y4dc,i Z4dc,i ¢Txc,i ¢7:vc,i ¢Tzc,i ¢ch,i (pPyc,i ¢ch,i]

7

T
st,i [xlds,i ylds,i Zlds,i x2ds,i y2dx,z’ Zst,i x}ds,i y3ds,i Z3ds,i 'x4ds,i y4ds,i Z4ds,i was,i q)Tys,i ¢Tzs,i was,i q)Pys,i szs,i] (119)

Substituting the solution (118) into Equation (116), one obtains

—ﬁ: Q; (Z,,, cosQt+Z,, , sinQ;r)+ M-lci (-QZ,,,sinQr+QZ,  cosQy)
i=1 i=1

N N
+MKY (Z,,,cosQt+Z, sinQt)=>" (F, sinQr+F,, cosQr)

P il (120)
By using the balanced method for Equation (120), one obtains

N N
Z aimch,i +Z bimst,i =X0m’ m= 172""’N
i=l1 i=1 (121)
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_ e 021\ -1 _ e 021 -1
Where aim_[aim (M K QII) ﬂlleM C:| , bim |:IBim (M K QII) aiinM C:| ,
N
Xcm = Z (Fs,iﬁim +Fc,iaim) N
i1
and
N N
Z cimch,i+z dimst,i :Xsm’ m:1’2""’N:6
P =1 (122)
=B (MT'K-Q)-y, QM™'C d =y (M'K-Q1)-8 QM 'C
Where m [ﬁmt ( 1 ) }/tm 1 J i m [7{”1 ( 1 ) ﬁmt 1 J , and
N
Xsm = Z (Fs,ij/im +Fc,iﬂmi) *
i=l
Equations (121-122) can be expressed as
AZ,=F (123)
where
a,; Ay Ay, b, b, by,
a, Ay Ay, b, by, by,
A= AN Ay AN ignwasn bl,N bzaN by 18NX18N
€ €y Cai d, d, d,,
Cp Cp Cxz d, d, dy,
LLGY  Cov 7 Caw igneasw diy dyy o iy Jigeass L3enxasN
N [ 2 1
Zy, Xz
Zd _ :ch,N:():lngl P :XC,N:6:18NX1
Zys, Xsi
Zd.v,2 xsZ
LLZaen=6 Jigna Jzenx L LLsn=6 Jisnr Lynn . (124)

The solution of Equation (123) is
7 _ Al

Z,=AF (125)
4.8. Dynamic Tensions of Ropes

Under irregular wave, the dynamic tension of rope A is

N
T, =Z Type;c08Qt+T,,  sinQt
= (126)

where Thei =Ky (gAXxldc,i + €y Vdei T Euz%10c,i )= TAds,i =K, (5Axx1ds,i t &y Vs T gAZZIdx,i) . The dynamic

tension of rope B is

N
Ty =Y. Tpu,cosQt+Ty, sinQt
= (127)
T,

Bde,i — Ky |:XB (x2dc,i ~ Xide,i ) +Y (ych,[ ~Nide,i ) +Z (Zch,[ T Zde,i )]:
Where

Tde,i =Ky, |:XB (dex,i = Xids,i ) +Y; <y2dx,i ~ Vidgsi ) +Z, (Zde,i ~ Zigsi )]
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X _(xZS _xls) Y (yZS_yls) Z — (ZZ.V_ZLS')
LB ’ ’ LB

B > *B

LB
The dynamic tension of rope C is

N
Toy =Y TopicosQi+T,, sinQt
- (128)

where T, , =K, (xML,J. = Xige. ),TCdN. =K., (xm’l. = Xy ) . The dynamic tension of rope D is

;sin Q¢

i

N
Ty = Z Tpues €08t + Ty,
= (129)

where T = Kpa (x4dc,i ~Xode,i )’TDds,i =Ky, ('x4ds,i _‘x2ds,i).

5. Dynamic Response and Discussion

Referring the information from the Central Meteorological Bureau Library of Taiwan about the
typhoon invading Taiwan from 1897 to 2019 [18] and selecting 150 typhoons greatly affecting
Taiwan’s Green Island, the significant wave height Hs during the 50-year regression period Hs=15.4m,
the peak period Tw =16.5sec. Letting N=6, the irregular wave is simulated by six regular waves listed
in Table 2 [19]. Figure 6 demonstrates the relation between the significant height Hs and the
amplitudes of six regular simulating waves. Table 2 shows that the second wave frequency is
completely consistent with the significant frequency. Figure 5 demonstrates that the amplitude of the
second wave is significantly larger than that of other waves. The larger the significant wave height
Hs is, greatly the larger the amplitudes of the six regular waves are.

Table 2. Irregular wave simulated by six regular waves (Hr=1300m).

Significant Regular wave
Parameter
frequency 1 2 3 4 5 6
fi(Hz) 0.043 0.067 0.092 0.115 0.150 0.267
T, =15.0s,
’ ki(1/m) 0.0073 0.0179  0.0339  0.0533  0.0906 0.2861
fr=0.067Hz
li(m) 863.6 350.9 185.6 117.9 69.3 22.0
fi(Hz) 0.043 0.061 0.086 0.115 0.150 0.267
Ty =16.5s,
’ ki(1/m) 0.0073 0.0148  0.0295  0.0533  0.0906 0.2861
fr=0.061Hz
li(m) 863.6 424.7 212.8 117.9 69.3 22.0
fi(Hz) 0.043 0.057 0.082 0.115 0.150 0.267
Tp=17.5s,
’ ki(1/m) 0.0073 0.0132  0.0272  0.0533  0.0906 0.2861
f=0.057Hz
li(m) 863.6 477.6 231.2 117.9 69.3 22.0

@; (9 30 60 90 120 170 300
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Figure 6. the relation between the significant height Hs and the amplitudes of six regular simulating

waves ai.

The dynamic response of an ocean current convertor of 1 MW power under Typhon irregular
wave and current direction is investigated, as shown in Figure 7. The corresponding hydrodynamic
coefficients and other parameters are determined based on the similarity law derived in Section 4.1
and listed in Appendix C, D. The parameters of the mooring system are listed in Table 3

Table 3. parameters of the system of 1 MW convertor.

Parameter Dimension Parameter Dimension
depth of seabed Hee 1300m length of rope A, La 5980m
length of rope B, Ls 152.97m length of rope C, Lc 100m

distance between two
length of rope D, Lo 70m ) 1196m
foundations, Lr

net buonyance of

current velocity V 1.5m/s invertor and platform 1543.6/689.2tons
Fent/ Feng
static drag of the invertor static drag of the
148.3 tons 0.192 tons
For platform Fos
mass of the invertor
mass of the platform M 790.6 tons M 2126.6 tons
2
mass of the pontoon 4,
mass of the pontoon 3, Ms 395.3tons M 474 3tons
4
mass moment of
cross-sectional area of 8.83x10"/
inertia of the convertor 1"
surfaced cylinder of 5.75m? 2.68x10"/

about the x, y, z-axis,

8.83x10" kg —m?
1, /ITy /1,

pontoon 3, Asx
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mass moment of
cross-sectional area of , ;
) inertia of the platform 2.96x10° /4.94x10" /
surfaced cylinder of 5.75m? 0 P
about the x,y,z-axis, 2.96x10°" kg —m
pontoon 4, Asr I I 11
Px Py Pz
significant wave height Hs 15.4m significant period Ty 16.5s
relative angle between current and phase angles of six
wavea 300 regular simulating the ~ 30/60/90/120/170 /300°
irregular wave ¢,
Young’s
116GPa,
modulus Ere
ight
welght pet Ry, =26.1m
unit length 24 .47kg/m
HMPE / 8 8 | - Ry, =203m
WrE distance from gravities R, =26.Im
Dyneema®  diameter Dre 178.9mm of platform and Ry =Ry, =Ry, =7.9m
SK75 cross convertor R,, =R, =9.2m
tional 0.0251m? - -
sectiona m Ry = Ryc. =4.0m
area Are
fracture
2000tons

strength Tfac

Figure 7 demonstrates the effects of the distance of two foundations Lr and the current direction
@, on the maximum rope tensions and the displacements of elements under typhon irregular wave.

As shown in Figure 7(a), the effect of the current direction on the maximum dynamic tensions of
ropes is great. The maximum dynamic tension of rope D, To,max, is significantly larger than the others.
The larger the distance of two foundations is, the larger the maximum dynamic tensions are. As
shown in Figure 7(b), the maximum heaving displacements of all the elements are greatest. The
surging displacement are next. The swaying displacements are negligible. The effect of the current
direction ¢, on displacements is negligible. As shown in Figure 7(c), the pitching angle of the

platform ¢, is about 2°. The other angular displacement of platform and turbine are very small.

1600 — 130 —
160 —
T Tyimae Toamee 1 Cd.max® T s 4 L=4.6H,,
7 —L~03L, 140 o £L702L,
% 1200 — ---1L=02L, 4 1MW
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P
g
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=t g
£ _ MW R
7] _ =1.2.3
E i T%:'.IOO . Vpdman P=1.2,3.4
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(a)effect of Lrand ¢, on the dynamic tension (b)effect of Lr and ¢, on the dynamic displacements
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Figure 7. effects of the distance of two foundations Lr and the current direction ¢, on the maximum

rope tensions and the displacements of elements.

Figure 8 demonstrates the comparison of dynamic rope tensions of the traditional mooring
system with a single rope A and one with a pulley-rope set under typhoon irregular wave. All the
parameters are listed in Table 3. The distance of two foundations L~=0.2La. Figure 8 shows that the
dynamic rope tensions of the traditional mooring system with a single rope A are significantly greater
than those of the presented one with a pulley- rope set. The dynamic rope tensions Ta¢max and Tsdmax
of the traditional system are larger than the fracture strength Tr=2000tons. However, all the dynamic
tensions of the pulley- traction rope system is smaller than the fracture strength Tf=2000tons.
Obviously, the pulley-rope design can effectively reduce the dynamic rope tensions. For the
traditional system, the dynamic tension of rope B is the greatest. However, for the pulley-rope system,
the dynamic tension of rope D is the greatest. The dynamic tension of the rope in the traditional
system has nothing to do with the current direction feur, while the dynamic rope tensions of the pulley-

rope system is significantly related to the current direction feur.
10000 —

T, T T 1

- Ad.max> © Bd.max? © Cd.max?

H,,~=1300m

—— Pulley set, L,=4550m
7 - - - -: Single rope A, L ,=2480m

1000 —_K/_{

Dd.max

Maximun dynamic tension (tons)

1 00 T 1 T | T | T I T I T I T 1 T I T |
0 10 20 30 40 50 60 70 80 90
Current direction ¢, (deg)

Figure 8. comparison of the dynamic tensions of two mooring systems with a single rope A and a
pulley-rope design.
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Figure 9 demonstrates the effects of the rope length ratio ran = La /Hvea and the current direction
@, on the dynamic rope tensions of the pulley-rope system of 1 MW under typhoon irregular wave.
The distance between two foundations Lr=0.2L4. Other parameters are the same as those of Table 3.
As shown in Figure 9(a), if Hys =1300m, ¢, =0°,3.98<r,,<4.68, the maximum dynamic tensions
Tpdmax is smaller than the fracture strength Tj.=2000tons. If Hrs =1300m, ¢, =60°, 4.06<r,, <4.78,
the maximum dynamic tensions Tpdma is smaller than the fracture strength Tf=2000tons. As shown
in Figure 9(b), if Hes =1000m, ¢, =0°, 3.92<r,,<4.39, the maximum dynamic tensions Tpdmax is
smaller than the fracture strength Tp=2000tons. If Hys =1000m, ¢, =60°, 3.99<r,, <4.51, the
maximum dynamic tensions Tosmax is smaller than the fracture strength Ty.=2000tons. It is concluded
that for a convertor of 1 MW power and He =1300m, the rope length ratio, 4.1<r,, <4.6, all the
dynamic tensions can be smaller than the fracture strength. If Hws =1000m, the rope length ratio,

4.0<r, <4.3, all the dynamic tensions can be smaller than the fracture strength.

1000000 10000

1 Illlllll

|

TAd,mnx’ TBd max> T(‘d max> T max
dashed line: ¢, =60°

solid line: ¢, =0°
H,,71300m
IMW
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=
/
/

11 IllIJll
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Figure 9. effects of the length of rope A, La and the current direction ¢, on the maximum rope

tensions.

Figure 10a demonstrates the effects of the buffer spring constant gks and the current direction
@, on the dynamic rope tensions of the pulley-rope system of 1 MW under typhoon irregular wave.
The buffer springs A, C, and D are not installed. The distance between two foundations L~=0.2La.
Other parameters are the same as those of Table 3. It is found that if the buffer spring constant gks<30,
the maximum dynamic tensions are greater than the fracture strength of rope T#=2000tons.

When the buffer spring constant gxs>100, i.e., the buffer spring B is not installed, the maximum
dynamic tension Tpdmax (@, =0")=1259 tons, Tpdmax (@, =60° )=839 tons are both less than the fracture
strength 2000tons. Figure 10b demonstrates the effects of the buffer spring constant gkp and the
current direction ¢, on the dynamic rope tensions of the pulley-rope system of 1 MW under typhoon
irregular wave. The buffer springs A, B, and C are not installed. The distance between two
foundations Lr=0.2La. Other parameters are the same as those of Table 3. It is found that if the buffer
spring constant gkp<4.6, the maximum dynamic tensions are greater than the fracture strength of rope
T#=2000tons. When the buffer spring constant gxkp>100, i.e., the buffer spring D is not installed, the
maximum dynamic tension Toame (@, =0° )=1259 tons, Todm (@, =60 )=839 tons are both less than
the fracture strength 2000tons. It is concluded that the pulley-rope system of 1 MW without the buffer
springs A, B, C, and D under the typhoon irregular wave is safety.
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Figure 10. effect of buffer spring for 1 MW convertor.

The dynamic response of an ocean current convertor of 700 kW power under Typhon irregular
wave and current direction is investigated, as shown in Figure 11. The corresponding hydrodynamic
coefficients and other parameters are determined based on the similarity law derived in Section 4.1
and listed in Appendix C, D. The parameters of the mooring system are listed in Table 4.

Table 4. the parameters of the system of 700kW convertor.

Parameter Dimension Parameter Dimension
depth of seabed Hees 1300m length of rope A, La 5980m
length of rope B, Ls 152.97m length of rope C, Lc 100m

distance between two
length of rope D, Lo 70m 1196m
foundations, Lr

net buonyance of

current velocity V 1.5m/s invertor and platform 907.4/407 9tons
Fent/ Fang
static drag of the invertor static drag of the
103.9 tons 0.134 tons
Fpr platform Fos
mass of the platform M 463.0 tons mass of the invertor Mz 1245.5 tons
mass of the pontoon 4,
mass of the pontoon 3, M3 213.5tons M 277.8tons
4
mass moment of inertia
cross-sectional area of 3.62x10" /
of the convertor about 1
surfaced cylinder of 4.03m? 1.10x10"/

the x, y, z-axis,

3.62x10" kg —m?
L, /1 /1y,

pontoon 3, Asx

mass moment of inertia
of the platform about 1.22x10°/2.03x10" /
the x,y,z-axis, 1.22x10° kg —m?
Lp [ 1y, /1y,

cross-sectional area of
surfaced cylinder of 4.03m?

pontoon 4, Asr

significant wave height Hs 15.4m significant period T 16.5s



https://doi.org/10.20944/preprints202407.1940.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 24 July 2024

doi:10.20944/preprints202407.1940.v1

25
relative angle between current phase angles of six
and wavea 300 regular simulating the 30/60/90/120/170 /300¢
irregular wave ¢,
Young's
116GPa,
modulus Ere
weight per
unit length 17.16kg/m R, =21.8m
HMPE / WPE Ry, =17.0m
) distance from gravities R =218
® diameter 1497  olatf q . = 1.0
Dyneema .7mm of platform an _ _ _
Y Dre P R,, = RPAy =R,, =6.6m
SK75 convertor
Cross Ry =Rpp. =71.7Tm
sectional 0.0176m? Rpe, = Rpe. =3.3m
area Art
fracture
1400tons
strength Tfac
3500 - 3500 ]
. 3000 —: —_ 3000 —:
g : TAdmz > 2‘[!(( ma; I‘E'd mé [ bl g : TAd) %7 1‘!!&1 max> I‘[dm < 1 Dd.n
2 2500 — * 0, =0% 2 2500 —| * 4o, =0%
i<} ~ < —
ba 1 N * g, =60° Bl B N $,,=60°
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Figure 11. effect of buffer spring for 700kW convertor.

Figure 11a demonstrates the effects of the buffer spring constant gxs and the current direction
@, on the dynamic rope tensions of the pulley-rope system of 700 kW under typhoon irregular wave.

The ropes A, B, C, and D have the same specification. The fracture strength Tjs=1400tons, j=A,B,C,D.
It is found that if the buffer spring constant gxz=10, the dynamic tension To4mx is minimum and
smaller than the fracture strength of rope T«=1400tons. When the buffer spring constant gko>100, i.e.,

the buffer spring D is not installed, the maximum dynamic tension Tpamax (@, =0° }=1394 tons, Tpdmax

(@, =60°)=1741 tons larger than the fracture strength 1400tons. To overcome this failure, only the

specification of rope D is increased to Tp=2000tons as listed in Table 3. As shown in Figure 11b,
when the buffer spring constant gkp>100, i.e., the buffer spring D is not installed, the maximum
dynamic tension Tpima (@, =0°)=1392 tons, Toam: (@,,=60")=1738 tons smaller than the fracture

strength 2000tons.

6. Conclusions
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In this study, the similarity formulas of MW- and KW- level ocean convertor are constructed.
According to these, the hydrodynamic damping and stiffness coefficients and other parameters of
MW-level system can be determined. The novel pulley-main rope design for MW- level ocean
convertor mooring system is proposed. Further, the mathematical dynamic model of a MW- level
ocean convertor mooring system under irregular wave and current direction is derived. The
analytical solution of this system is presented. The dynamic performance of the proposed 1 MW
mooring system under irregular wave impact is investigated and discovered as follows:

1. The dynamic rope tensions Tadmex and Tsima of the traditional single-traction rope system are
larger than the fracture strength Tr.=2000tons. However, all the dynamic tensions of the pulley-rope
system are smaller than the fracture strength. Obviously, the pulley-rope design can effectively
reduce the dynamic rope tensions.

2. The dynamic responses of the above two kinds of mooring systems are different. The
traditional single traction rope system is not affected by the flow direction, but the pulley-rope system
is.

3. The static tension of rope A of the proposed system under the steady current only is close to
half of the traditional single traction rope system.

4. For Hea =1300m, if the rope length ratio, 4.1<r, <4.6, all the dynamic tensions can be

smaller than the fracture strength. For Hex =1000m, if the rope length ratio, 4.0<r, <4.3, all the
dynamic tensions can be smaller than the fracture strength.

5. In a MW-level power generation system with the pulley-rope design, if buffer spring constant
is very small, meanwhile the dynamic tension may become greater than the fracture strength.
However, no buffer spring is set, it is reverse.

6. According to the theoretical analysis, the proposed MW-level ocean convertor mooring system

with the pulley-rope design under typhoon wave impact is safety.
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Appendix A: Effective Masses of the Double Traction Sub-ropes {meﬂ’x,m " y,meﬁ’z}

The effective masse m . _in the x-direction vibration:

eff ,x
As shown Figure 12, for the longitudinal vibration of the sub-ropes A: and Az, the governing
equation is
oy, 'y,
EA—-=pA—*=,
s e

s;€(0.L,). j=1,2
(A1)
where y, is the dynamic displacement of the sub-rope Ar and A..

N

Figure 12. Top view of mooring system.
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The boundary conditions are
Atsi=0:  x;=0 (A2)
Atsi=Li; M,i+T,sin0,+7T,sind, =0 (A3)
where u(t) is the dynamic x-direction displacement of platform. The relation between the
displacement u and the elongation of the sub-ropes A: and A: is

u(t)= (s, =L,,t)sin6, = g, (s, =L,,,t)sin6,, (Ad)
The dynamic tension of the sub-ropes A: and A:
4 ox; (LAj,t)

T -E =12
! 0s, /
’ (A5)
Substituting Equations (A4-A5) into Equation (A3) and dueto 7, =7,
Py (L, .t 0 =Lt
M, %sin 0, + EAM(sin 0, +sinf,)=0

: (A6)
The solution of Equation (A1) is assumed
X (sj,t) =U,(s;)sinwt

(A7)
Substituting Equation (A7) into Equation (A1), one obtains
d’U,
E—L+pw’U, =0, s,(0,L,)
K (A8)

The transformed boundary conditions are

At 5=0: Uj(0)=0  (A9)

Atsi=Larz  -@’M\U,sin6, + EA%(sin 0, +sin6,)=0 (Al0)
sl
The fundamental solution of Equation (A8) is assumed
— j'S/
Uils=¢ (a11)

Substituting Equation (A11) into Equation (AS8),

| p
P P
A ]\Ew (A12)

The general solution of Equation (A8) is

f/? . /P
U.(s.)=d, cos,[—ws.+d,sin,[—ws.
/(sj) 1 E S./ 2 E S/ (A13)

Substituting (A13) into (A9), d, =0 . Substituting (A13) and (A14) into (A10), the frequency

equation is obtained

Q tan Q = ymass,x (A14)

AL . (sin@, +sin@
where y,.. .= P2 ( = Sz)
- M, sind,,

. The dimensionless fundamental frequency

@

.17)
LAI p (A15)

Via Equation (A14), one can determine the dimensionless frequency W.
The effective mass-spring model in the x-direction vibration is

(M, +m,, )ii+k, u=0 (Al6)

Q=

where k

EA( x5 X
ofx

+ —] (sin@, +sind,, ). The frequency of Equation (A16) is

A LAI LAZ
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k,
W= eff .x
(M My )
(A17)
Substituting Equation (A16) into Equation (A17), the effective mass in the x-direction motion is
k,
eff ,x
meﬁ’,x = 2 1
0O? (1 £ J
LAI p (A18)

The effective masse m,, ,in the y-direction vibration:
In the similar way, the effective masse m,; in the y-direction vibration can be determined. The

corresponding frequency equation is

Q tanQ = 7mass,y (A19)

_ pAL,, [c0s6, cos(A, +4,,)+cos6,, cos(A,) ]
Vass.y =1 | cosB, cos(A, +¢,, )

frequency W can be calculated via Equation (19). Further, the effective mass is
k

where

The dimensionless fundamental

o,
My, =—————5-M,
o (1 E J
LAl 10 (AZO)
ky, = %A(%+zi](cos 0, cos(A, +4,, )+cosb,, cos(A, ))
Where A Al A2

The effective masse m,, . in the z-direction vibration:

In the similar way, the effective masse m,; . in the y-direction vibration can be determined. The
corresponding frequency equation is
QanQ=y,, . (A21)
pAL, [—cosO, sin(A, +4,,)+cosf,,sin(A, )]
where 7,,,.=——" .
M, cosd, sin(A +4,,)

frequency W can be calculated via Equation (A21). Further, the effective mass is

. The dimensionless fundamental

ke z
=— M, (A22)

l?ﬁ',z
2 ( 1 J
Al )(

where k. = E—A(i +&j(—cos 0, sin(A, +4,, )+cos6,,sin(A,)).

A LA] A2

Appendix B: Elements of the mass matrix M = [M i j}

18x18

The translational inertia coefficients of platform 1:
M, =(M+M, ), M, =0,j#1  M,,=(M+M, )M, =0j#2

M, =(M,+M, )M, =0,j= 3;

The translational inertia coefficients of invertor 2:

M,, =M, M, =0,j =4, M, =M, M;,=0,j#5; My, =M, My, =0,j#6;

The translational inertia coefficients of pontoon 3:

M,, =M;.M,,=0,j#7, My,=M; M, =0,j#8, My, =M;,M,,=0,j#9;

The translational inertia coefficients of pontoon 4:

Myy=M,.M,,=0,j=10, M, ,, =M,, M, ,=0,j=11,M,,,=M,,M,,=0,j#12
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The rotational inertia coefficients of invertor 2:
M|3,13 1 Ml3j:O’j¢13; M14,l4_[Ty’M14j:0’j¢14; M15,15_1TZ’M|5j:O’j¢15;

Tx>
The rotational inertia coefficients of platform 1:
Ml6,|6 =1p, Mm,j =0,j#16; M17,|7 :IPy’ M17,j =0,7=#17; M18,18 =1, M18,j =0,7#18.

Appendix C: Elements of the Hydrodynamic Damping Matrix in similarity law C = [CL ; :|18><18

The translational hydrodynamic damping coefficients of platform 1:

Dz
CH: afpx 5800[ P, pro }(N—s/m), Clzz—aj_[l:o, CB:—afl:O,
OX D; z

‘xld P,mod ayld azla'
¢ 9 2 ro Or mo
C"‘6 - f.Px =0, Cp=- af.Px =0, C1,1x =- f,PX =3.065x10" ;’p — (N S)
6(0“ ’ aq}ly (012 P.mod a)T ,pro
C,;=0,7#12,3,16,17,18;

0 D;
"’”"J N-s/m), Cp,=- Py 7684[ P'ij(N—s/m),
a.yld P,mod

8
G, = fP‘ =

P mod
2

5 o D w
C.o=— ny—lOSS[ ””’”] (N=s/m), Cp4=——"2 I 7375 10{ e M}(N_S)’
C

z aZla' Pmod awl)c P,mod a)T,pro
0 D;
Crpy =— fP =0, C, = Tiv 7 374x10° o Tl (N =),
a¢)1x awlz Pmod a)T \pro

C,, =0,/#123,16,17,18;

D?
G, =_aj.pi:05 C32=_%=05 Cy=- asz =5756 Ppm (N_S/m)’
Oy, Wi 0z,

P mod

2

D 1)
Cro=-Te _ 31174 10“[ rre —T””“’](N—s), C;,17=—§j;’z _o,
1y

P,mod a)T, pro

Ix
0
G = —af# =0, C;;=0,j#1,2,3,16,17,18;
1z
The translational hydrodynamic damping coefficients of invertor 2:
2

D
Cp=- T _} 465 10{ ”’”J(N—s/m), C45=—afT" =0, C46=—0f“ =0,

X, T,mod o) 02y,

o, o, I
C4,13 == P .T =0, C4,14 = _aj.(T =0, C4,15 = _6 .T =0,
¢2x ¢)2y (022
C,, =0,/ #4,5,6,13,14,15;
K D? D;
Cy, = Tn 5 ogsx10° [M}(N—s/m), Cy=— f” =9.802x10° {ﬂ}(N—s/m),
% T,mod 2d T,mod
d D? 9 0
Cy=— J_[Ty =1256x10°| L% |(N=s/m), C;,=- ny =0, C,, =- f’}' =0,
Z2d T ,mod 0p,, ) 8(p2y
d
C, s =— ny =0, C, . =0,j#4,56,13,14,15;
N awZZ N
0 D;,,
064:_(?{_&:0, C,=- asz =0, C,=- Y. =7x10°| =22 (N—s/m),
0%y, 0y 24 DT mod
o, d .
Coiz =~ 2 =0, Cors = U Cois = _afr =0,
¢2x a¢)2y ¢Zz
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C,,; =0,j#4,5,6,13,14,15;

The rotational hydrodynamic damping coefficients of convertor 2:

d d @ D;
Cia = _& =0, Cis = _& =0, Cisg = o ~4.440x10°| " (N_S)’
X2a 2d 254 T mod
o D} vy @p o
Cisns n?Tx :13150{_24 Lol ](N m— s) Ciiia :—amT" =0,
’ 0 10) ' 0¢
(02,\: T,mod T,pro ¢2 y
om
Cisys —a(’TTx:O, Cs,; =0,j#4,5,6,13,14,15;
2z
. X e S
14,4 14,5 14,6 14,13
’ 0%, ’ g ’ 0z, ' 0p,,
0 D} 1)
Crops = B = 2 837 x10° | Lotz Primd [y ),
' 2y T ,mod wT ,pro
am,y )
Cias :_6¢ =0, C14j =0,j#4,506,13,14,15;
2z
B D; ., o 0
Cisu =~ = 7453x10°| 222 (N =5), Cpgs = —e=0,  Cpyq =~k =0,
15,4 . 15,5 15,6 .
X2d DT,mod Wy 0z,
0
C15,13 == n?TZ =0, Cs=- 517.sz =0,
0Py, ’ 0p,,
D o
Core =~ 5 894107 | 2Lz Crmi (N-m-s),
' a 2z Tmod a)T,pro
Cs,; =0,/ #4,5,6,13,14,15;
The rotational hydrodynamic damping coefficients of platform 1:
0 0 0 D,
C - _ meZO’C - _ n:lPx:O’C - _ Mp, =8.671x 104 Pl’ (N_S),
16,1 . 16,2 16,3 X
%, Mia Z14 P mod
8 D3 ro @ mo
C16,16 == W.lpx =1076 —l;p Lmod (N m-— S) Cyor1r = _677?,,)( =0,
a 1x P,mod a)T,pro | a¢)1y
om
Cl(),lS == a(ﬂpx = 09 C16,j = 07] * 13 29 33167179185
1z
om 6m , om om
C, =——2=0,C =0, C,y=——2=0, C,,=-——2=0,
17,1 17, 2 17,3 17,16
ox,, aJ’m ’ 0z, ' op,,
c, =y c =T o 0, £12.316,17.18;
17,17 o6 = 1718 = £y =Y, 17, =7 #1,2,5,16,17,10;
1y 1z
o 0
Cir __Om g 654><10{ P } Cp = =222 =),
ox,, P mod My
_Om,,
C18,16 = = =0, 1817 = 0,
awlx aq)ly
8m D3 ro @ mo
Chaps = ——= =5.951x10" | =222 (N —m—s), C,, =0,j#1,2,3,16,17,18;
| 6(012 P,mod a)T ,pro N

Other coefficients: C.,=0,i=7,8,..,12,17;j=1,2,..,18

The above coefficients were presented by Lin et al. [8].

Appendix D: Elements of the Stiffness Matrix in similarity law K = |:Ki, j:|18><18
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The translational stiffness coefficients of platform 1:

0 T, o
K, —{ Z (COS A”J+KAdgAXZsm s %—K X,sin, |,
A/ i=1 B
2
K, =K, &, —KyY,sinb,, K ;= KAdgAZZSin 0 =Ky, Zysinby,
im1
T, o . Xy, — Xy, . Yo = Vi
K .,= —(&—sm 03, K 3 %]/ K, =-sinG, K, Ma
B B B
: U U
K1,6 =K, Zysing, , K1,7 =Ky K 6= _a_PZO’ K1,17 ===,
(- Py
afo IZ’ pro .
K g=- =6508.5 (N), K, =0,j#12,4,57,18;
a pz Pmod
(XA _£x0]) (XA _gx()2) (YA _gy()l) (YA _gyOZ) (ZA _5201) (ZA _8202)
gAX = + S Eyy = + ’gAZ = +
T T Ty T4 T T
_% _ W Zy 0 Yo Zy
Ero1 L_Al’ y01 L_Alagzol L_;’ €0 L: > €302 LAl &0 L_;’
L L xs yS Z S
P B B . TR S T
L, L, L, L, L,
K, = (d +d,K ;8,0 —Kp, X, cosHBS), K, :—(deAdgAY—KBdYB cosé’Bs),
Ky, =—(d,K ,6,, — Kz, Zycos0y), K,,=—(dy+K,X,cos0,)
K,s=-Ky,Yyc080,, K, =-K,Z,cos0,
0 D? 0 0
K, =— Sy =2072| == N, K, = _In =0, K, = _ I = 2043_5i
a px Pmod awpy (Dpz ra

Ky, =0,j#1~616~18
d =T {sm@m cos(A, +¢W)+sino9m cosAﬂ_TBS sin 6,

>

LAl LAZ LB
T si
d, =—[cosf,, cos(A, +4,,)+cosb,,cosA, |, d = _%n@s’
‘B
X _(xZAv_xls) Y _(yZS_yls) Z _(ZZS_ZlS)
B~ 5 B - 5 > B—- 5
LB LB LB
Alz(ﬂ/2_¢01)’ A, :(”/2_¢oz)_¢cur
K :i[sinem sin(A +4,,) sing,,sinA, j K., :[i+ij
L, T4 T42 L, L.
B D; .,
Kz,o :_ﬁa K3,9 :_&, K3,16 == fPZ = 6547|: L :|N;
LB LC 6 px Pmod
0 0
Ky, == Vr. =0, Ky g=— ) =0, K,,=0,j#13,6,9,16.
agpﬁy 0 pz
The translational stiffness coefficients of convertor 2:
K, <[ D080 g g (B mN)) g ik, Ox=n) _y”),
4,1 L s s d L
B B B
T, o . Xy, — X, . Yos = Vis
K= Kp, = 0 %7 _SmngKBd( = _IS) 5 K45 :_SIHeBsKBd( : 1 );
' B LB ' LB

0
fo 207 K414:_af;"x

K, ,=-K,, K,.=-—
4,10 Dd 413 6¢Tx . a(/’ry

:0,
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o D; ,,
K, .=— Vi =1.5x10°| L~ | N, K, =0,j#1,2,4,5,0,15;
4,15 d 4.7
¢Tz Tmod
KS,I =K, cosb, xm[szs > Ks,z =K, cosd, Ma Ky =Ky, cosb, Zs o >
‘B ‘B ‘B
o Dﬁ o
Ky =-Kj, Ky =—-Ks,, Ky =—Ks, Ks 3= . N,
T mod
0
K, =— f’}’:, K, =-— I _ 5 850 10{ ”m} K, =0,j#1~6,13,15
s a B a sJ
q)Ty ¢T T mod
T, T, T,
Kg=—-", K _[ . Dv}v K, _S’
LB LB LD LD
d D; . 9
K =-Zr __5880x10° — N, K, =- Jr. =0, 2 =
6,13 a 6,14 a
(oTx T mod (07)’ 6¢TZ
K, =0,j#3,6,12,13
T, T, T T,
K“:_ﬂ, K, = B s | sz:_ﬂs
' LB ' LB LD ' LD
d D; . 9
K, =2 _ 5880 10{ L }N, K, --J= g, K== =0
> a > aw B
Tx Tmod Ty
Ky, =0,/ #3,6,12,13;
The translational stiffness coefficients of pontoon 3:
K7,1 =-K¢ys K7,7 = (KCd +ABxpg)7 K7,>,~ =0,j=#1,7;
T T
Kx,zz_cs> Ky = <, Ky, =0,j#2,8;
L. L. &/
=T T
Kyy=—, K,y =—<, Ky, =0,j#39;
LC LC */
The translational stiffness coefficients of pontoon 4:
Kios =—Kpg» Klo,lo =Ky, + 45 P8, K, ,;=0,j#4,10;
T, T, .
K11,5 :L_Da K11,11 :LL, Kll,/ =0,7#51L
'D D
_T ¢ _ Ts
K,,= L;j‘) s K12,12 —i’ 12, =0,7#6,12;
The rotational stiffness coefficients of convertor 2:
-T,R T, Ry,
Kis= %’ K= I s K33 =Ty cosOy Ry —
‘B B
o D; B
T — 4,866 10{ L }(N m), K., _ O _y, M _ g,
agoTx T mod a Ty agoTz
Ky, =0,/ #3,6,13;
T,R -T,R omy, D
K6 = =, Lo =—, Kipy=— -9. 537><10{ = (N —m)
L, L, a(”rx Tmod
omy, om,.
Kisse =T Rip, === =T Ry Kpyys=——2=0, K, ,=0,j#6,12,13,14,15;
Pr, Pr.
T, R 0 T, R ) om D]
KISI _ —1p Xpp COSUR ’ K154 _ gl COS Uy ’ K15 5= e -5, 022)(104 T, pro (N—m)
' LB ' B ' Tx Tmod
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G D;,,
K15,14 == 6mTz =0, K15,15 = TBsRTBz COSBB _am_Tz’ e =8.472x10" |:%:|(N_m)’
6¢Ty 8(022 a¢Tz T,mod
K, =0,j#1,413~15;
The rotational stiffness coefficients of platform 1:
B Al LAZ LB
omp,
K16,16 = TASRPAJC (COS 0A1s +cos 9A25 ) + TBs COS gBSRPBx - 8¢) >
px
om D; .,
Dhre 1.038x10°| =222 (N=m), K, =—DMee_g, K, = e =,
a%x D P,mod ! 6(pPy asz
Ky, =0,/ #3,6,16~18;
1 1 T Ruc, T Ry
K17,3 = TAsRPAy (_"'_J"‘ﬂr K17,9 = I - >
LAI LAZ LC C
omp,
K|7,17 = TA.sRPAy (COS gAls +cos €A2s ) + TCsRPCy Y
a¢)Py
amPyZO K1716:_am_Py:0 K ——ampy—O
’ s ’ 17,18 — -
8¢Py a¢px asz
Ky, =0,j#3,9,16~18;
Klgl — TAXRPAZ cos 0/415 + cos 0/{25 _ TBS cos gBSRPBZ , K]g , = _TCSRPCZ ,
’ LAI LAZ LB ' LC
T, cosOy Ry, TR, Omy,
K18,4 = uv KIS,S = %7 K18,16 - 0,
LB C a¢px
6mpz a’/an
le,w == 2 =0, KIS,IS = TASRPAZ (COS 9/113 +cos €A2x ) + TBS Cos BBSRPBZ + TCsRPCz - 2 >
¢Py ¢Pz
om D;,,
—”:1.010><105|: ’:’p (N-m), K, =0,j#1,2,4,516,17,18
Op ’f
pz P,mod
Nomenclature
a; amplitude of the it regular wave
Agx: Apr cross-sectional area of surfaced cylinder of pontoons 3 and 4, respectively
Asy, Aty damping area of platform and convertor under current, respectively
Cory»Cory damping coefficient of floating platform and convertor
Ei Young’s modulus of rope i, i=A, B, C, D
Fs buoyance
1 significant frequency
fii hydrodynamic force of element k in the j-direction
vt Ty the drag of the floating platform and the convertor under steady current
Hbed depth of seabed
H; significant wave height
Iy, I, mass moment of inertia of the convertor and the platform about the j-axis.
g gravity
Kia effective spring constant of rope i, E A4 /L,
K, wave vector of the i-th regular wave
Li length of rope i

Le horizontal distance between the convertor and platform, |/} —(L.—-L, )2
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M mass of element i
M effective mass of rope A in the i-direction
my, hydrodynamic moment of convertor or platform about the i-axis
R coordinate
Ry, distance between the center of gravity of invertor and the rope B, about the x-axis.
Ryp, distance between the center of gravity of invertor and the rope D, about the y-axis.
Ry, distance between the center of gravity of invertor and the rope B, about the z-axis
Ry s Rpg, distances in the y-z plane from the center of gravity to the rope A and B, respectively
Rpyy > Rpcy distances in the x-z plane from the center of gravity to the rope A and C, respectively

distances in the x-y plane from the center of gravity to the ropes A, B and C,
respectively

>
g
N
e
¥
=
g
N

T tension force of rope i

t time variable

Vv ocean current velocity

Wi weight of component i

WPE weight per unit length of HMPE

Xi, Yi, Zi displacements of component i

Xuw sea surface elevation

a relative angle between the directions of wave and current
yej density of sea water

o7 angular speed of turbine

0 angular frequency of wave

Dy angular displacement of convertor or platform about the j-axis
¢ phase delay of wave, ¢ =27L, cosa/A

i angles of rope i

A length of wave

Oi elongation of rope i

Subscript:

0~4 mooring foundation, floating platform, convertor, and two pontoons, respectively
A B, C, D Ropes A, B, C, and D, respectively

mod model

i, i component a, 3 of ropei=A, B, C,and D

frac fracture

s, d static and dynamic, respectively

PE PE dyneema rope

p platform

pro ptototype

T convertor
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