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a b s t r a c t 

The Tension Leg Platform (TLP) is a hybrid, compliant platform designed to sustain springing and ringing 

responses that are correlated to short-period motion. Since the period of short-period motion is within 

the wave energy concentration region, TLPs may experience sensitive short-period motion, such as reso- 

nance and green water, that usually cause serious damage to TLPs. In this study, a precontrol methodol- 

ogy is presented as a solution to prevent TLP-sensitive short-period motion. By applying the precontrol 

methodology, the parameters of TLP can be predetermined, allowing TLP motion performance to meet 

the requirements of short-period motion before sensitive motions actually occur. For example, the damp- 

ing coefficient should be less than 4.3, the tendons’ stiffness should be larger than 0.91 × 10 8 , and the 

dimensionless draft should be less than 0.665. The development of a precontrol methodology is based on 

a solid theoretical foundation. First, a series of simple and high-fidelity numerical models are proposed to 

simulate the natural period of roll, natural period of heave, and green water height. Second, a constraint 

regime is generated based on the numerical models and the sensitive motion range of short-period mo- 

tion. The constraint regime is divided into two parts: the control range (corresponding to sensitive short- 

period motion) and the feasible range (the complementary set of control ranges in the whole parameter 

constraint domain). Finally, TLP parameters are derived from the calculated feasible range. The precontrol 

methodology goes beyond the conventional approach of real-time control by changing the control from a 

remedial action to a preventive action. 

© 2022 Shanghai Jiaotong University. Published by Elsevier B.V. 
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. Introduction 

A Tension Leg Platform (TLP) is a hybrid, compliant platform 

oored by tendons that connect the structure and anchor on the 

ea bottom. Its position is maintained by tendon tension created 

y excess buoyancy of the floating structure, and therefore, it is 

tabilized by tendon tension and platform buoyancy. It is designed 

o sustain springing and ringing responses that are correlated with 

hort-period motion [27–29] . TLP has six degrees of freedom (DOF) 

otion, where its roll ξ 4 , pitch ξ 5 and heave ξ 3 are short-period 

otions that are different from surge ξ 1 , sway ξ 2 , and yaw ξ 6 

hat are long-period motions. To avoid first-order wave excitation, 

he period of short-period motion should be far from the wave 

eriod in the region of wave energy concentration. The heave, 

oll, and pitch natural periods should be shorter than 3.5 s, and 
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he surge and sway natural periods should be longer than 25 s. 

therwise, resonance, a sensitive motion, can be easily obtained 

2 , 11 , 24 , 38 , 39] . The difference in the natural period between hor-

zontal motion and rotation is so great that analysis of horizontal 

otion and decoupled rotation can be performed; therefore, this 

tudy decouples roll motion from the motion of the other five de- 

rees of freedom. Waves flow onto the TLP deck and then become 

reen water. Green water is a very complex physical phenomenon. 

t is a sensitive motion that is strongly nonlinear, so that it is dif- 

cult to model by mathematical theory. TLP’s sensitive motions of 

esonance and green water are affected by roll, pitch, and heave. 

hus, it is better to intervene and control the roll, pitch, and heave 

f a TLP before sensitive motions occur. Therefore, this study de- 

elops a precontrol methodology to restrict sensitive short-period 

otion. 

Precontrol is not a general control approach, and its core idea 

s to take corrective measures in advance before the occurrence 

f sensitive motion. Generally, the control approaches include ac- 

ive control and passive control, and they are divided by energy 
access article under the CC BY-NC-ND license 
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nput types. Active control needs energy input, such as for the ad- 

ustment of the TLP tendon length by a computer-controlled hy- 

raulic system according to the sea state and working conditions; 

assive control does not need energy input, such as for the use of 

elical strakes attached to the surface of a pontoon and buoyancy 

odules attached to risers to passively control the turbulence of 

ortex-induced vibration of cylindrical structures [4] . Active con- 

rol and passive control are real-time control technologies that take 

easures to intervene after the occurrence of sensitive motion. 

his may cause damage if the control measures are not sufficiently 

trong. Unlike active and passive control, precontrol [17] is a "pre- 

entive" method that takes measures to intervene before sensitive 

otion occurs. 

Short-period motion, such as roll motion, directly affects the 

afety of TLPs. Therefore, a reliable prediction model is important 

or ensuring safety [30 , 33 , 43] . Previous work by Virgin [34] used a

umerical and phenomenological approach to analyse roll motion 

sing a semiempirical nonlinear differential equation, and Soliman 

resented both steady and transient analyses of the semiempirical 

onlinear differential equation [26] . The horizontal motion of the 

LPs is mainly due to the drift force that includes the contribu- 

ions of the viscosity force, drag force, and second-order drift force. 

low-drift and sum-frequency forces may play a role in tendon 

oading, but TLP mooring loads are primarily linked to first-order 

ave loads [2 , 6 , 29] . The second-order wave loads enhance roll mo-

ion [40] . Researchers have conducted investigations of roll motion 

rom the aspects of safe basins and heteroclinic orbits [7 , 16 , 31 , 32] .

 statistical methodology has been extended to the nonlinear cap- 

ize problem in random sea waves with multiple degrees of free- 

om. The study of transient motions and the erosion of a safe basin 

apped in the space of initial conditions leads to significantly less 

onservative and potentially more accurate predictions of ultimate 

ynamic stability [10 , 15 , 18–20 , 36 , 42] . 

Model tests find that the occurrence of green water and loading 

epends strongly on wave steepness and current velocity. Green 

ater cannot be predicted accurately with the present methods 

ased on linear wave theory [5] . Green water is related to the 

ertical relative motion with respect to the wave surface, and the 

robability of green water is related to the threshold of vertical 

elative motion exceeding the freeboard [8 , 9] ; therefore, roll and 

eave motions affect green water. In theoretical analysis, poten- 

ial flow theory, wave overtopping theory, flood wave theory, and 

robabilistic methods are general approaches to solving the green 

ater problem [8 , 25 , 45] . In numerical simulations, a nonlinear dy-

amic, implicit time-stepping procedure and a 3-D numerical wave 

ank with the dynamic mesh technique are applied to simulate 

reen water [14 , 25 , 44] . Experiments are some of the most effec-

ive approaches to solving the green water problem. Experimental 

esearch shows that the maximum fluid particle velocity, as well as 

he bubble velocity in front of the structure during the impinge- 

ent process, is approximately 1.5 times greater than the phase 

peed of the waves. The maximum horizontal velocity above the 

eck is lower than the phase speed. In the deck-impingement case, 

he maximum horizontal velocity is higher for the case with waves 

ompacting on the deck, and waves also pass the deck much faster. 

he profiles of the green water velocity show a nonlinear distribu- 

ion, with the maximum velocity occurring near the front of the 

ater [1 , 21–23] . 

The technologies that solve TLP’s sensitive short-period motion 

re too complicated to apply in practice. Therefore, an effective and 

imple methodology is needed. This paper develops a precontrol 

ethodology to prevent the occurrence of sensitive motion in ad- 

ance by applying a constraint regime based on a series of simple 

nd high-fidelity numerical models for short-period motion. Based 

n the numerical models and the range of sensitive short-period 

otion, a constraint regime developed by the multilevel parame- 
2 
er constraint domain is generated. The constraint regime consists 

f two parts: the control range (corresponding to sensitive short- 

eriod motion) and the opposite feasible range. Changing the con- 

rol from a remedial action to a preventive action is the advan- 

age of precontrol methodology that goes beyond the conventional 

isdom of real-time control. The disadvantage of this methodol- 

gy lies in the analysis of the control stability in the system de- 

ign phase that increases the complexity of the design process. The 

asic organization of this article is as follows: in Section 2 , the 

recontrol methodology of TLP’s short-period motion is presented. 

n Section 3 , multilevel precontrol of the TLP’s short-period mo- 

ion is given to build the foundation of the constraint regime. In 

ection 4 , the precontrol and constraint regimes of the TLP’s short- 

eriod motion are discussed. Finally, the conclusions of this work 

re given in Section 5 . 

. Precontrol methodology of TLP’s short-period motion 

.1. Precontrol-constrained regime mapping relationship 

Precontrol takes action before the occurrence of a phenomenon, 

nd it is achieved by the constraint regime, which is a preimage in 

he precontrol-constraint regime logical relationship. The objective 

f precontrol is an image (objective performance), corresponding 

o that preimage (parameter-domain) by the function mapping re- 

ationship (parameter-performance numerical models). 

It is more advantageous to fully consider sensitive motion re- 

ions that need to be avoided at the time of scheme design. Sen- 

itive motion regions deduce the boundary of the main parame- 

ers to generate the parameter constraint domain by applying func- 

ion mapping relationships with parameter-performance numerical 

odels. The dominant parameters should be fully constrained, and 

he nonsignificant parameters should be fully unconstrained. The 

arameter constraint domain is generated by focusing on the main 

ontradiction and aiming at the core target to reduce the com- 

lexity of body design due to the coupling effect between various 

arameters. The design is carried out within the parameter con- 

traint domain so that the designed body has a good motion per- 

ormance that meets the design requirements. This design elimi- 

ates the need for active or passive control remedies after the oc- 

urrence of sensitive motions. The set of all parameter constraint 

omains is the constraint regime. 

The objective of precontrol (image)—parameter-performance 

umerical models (function mapping)—constraint regime (preim- 

ge) is the body performance that meets the design requirements 

image) forms the logical mapping relationship of precontrol. Fur- 

hermore, this is a closed control logic ( Fig. 1 ). 

Generally, the objective of precontrol is decomposed into a mul- 

ilevel constraint scheme according to multilevel function mapping. 

he constraint scheme is established as a multilevel constraint in 

he logical order of importance. The one-level constraint localizes 

he parameter’s scope, and the multilevel constraint localizes the 

arameter’s scope level by level to achieve the narrow band of pa- 

ameters. The parameter constraint domain of the previous level is 

he input of the next level. Finally, the multilevel parameter con- 

traint domains are assembled into the entire constraint regime. 

his constraint regime achieves precontrol by applying a multilevel 

arameter-in-constraint domain. 

.2. Precontrol procedure of TLP’s short-period motion 

The precontrol of the TLP’s short-period motion is decomposed 

nto a two-level constraint. The first is the natural period of roll 

nd heave constraint, and the other is the green water constraint. 

ccording to the severity of threats of sensitive motion, the natu- 

al period of roll and heave constraint is defined as the primary 
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Fig. 1. The logical chain of precontrol. 

Fig. 2. Workflow of precontrol of TLP’s short-period motion. 
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bjective, and the green water constraint is defined as the sec- 

ndary objective. The parameter constraint domain of the natural 

eriod of roll and heave is the input of the green water constraint. 

 two-level parameter constraint domain is used to investigate the 

onstraint regime to achieve precontrol of the TLP’s short-period 

otion ( Fig. 2 ). 

. Multilevel precontrol of TLP’s short-period motion 

This section demonstrates the feasibility of precontrol of short- 

eriod motion by applying a parameter constraint domain based 

n the parameter-performance numerical models. This study de- 
3 
elops (1) the natural period of the roll and heave model and (2) 

he green water height model as parameter-performance numerical 

odels. 

.1. First-level precontrol based on the natural period of roll and 

eave model 

The natural periods of roll and heave are generally less than 4 s. 

hese characteristics of the short period overlap with the wave pe- 

iod of the wave energy concentration region, inducing resonance. 

herefore, restricting the natural period of roll and heave to avoid 

he wave energy concentration region is important. Constraint of 

he natural period of roll and heave involves two important steps: 

evelopment of the numerical models of the natural period of roll 

nd heave and analysis of the influence laws of the TLP’s parame- 

ers on the natural period. 

.1.1. Model of roll motion 

(1) Mathematical Model of Roll Motion 

TLP roll motion decoupled from the motion of the other five 

egrees of freedom is modelled using a semiempirical nonlinear 

ifferential equation. The following nonlinear differential equation 

s the general form of the governing equation of roll motion forced 

y external excitation, such as waves and wind: 

( I 44 + A 44 ) ̈θ + b 1 ˙ θ + b 2 
∣∣ ˙ θ

∣∣ ˙ θ + c 1 θ + c 2 | θ | θ + c 3 θ
3 + c 4 | θ | θ3 

+ c 5 θ
5 = M wa v e ( t ) + M f low 

( t ) + M wind ( t ) (1) 

here θ is roll angle, rad; 

I 44 is the roll moment of inertia, kg ·m 

2 ; A 44 is the added mass

f roll motion, kg ·m 

2 ; 

b 1 , b 2 , c 1 , c 2 , c 3 , c 4 , c 5 are coefficients, where b 1 is the first-

rder damping coefficient, b 2 is the second-order damping coef- 

cient, c 1 is the first-order stiffness coefficient, c 2 is the second- 

rder stiffness coefficient, c 3 is the third-order stiffness coefficient, 

 4 is the fourth-order stiffness coefficient, and c 5 is the fifth-order 

tiffness coefficient; 



H. Wu, Y. Lin and Y. Wu Journal of Ocean Engineering and Science xxx (xxxx) xxx 

ARTICLE IN PRESS 

JID: JOES [m5G; December 8, 2022;2:10 ] 

Fig. 3. Simplified model of TLP roll motion. 

Fig. 4. Simplified model of roll motion. 
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M wave ( t ) is the wave disturbance torque, N ·m; M flow 

( t ) is the

ow disturbance torque, N ·m; and M wind ( t ) is the wind heeling mo-

ent, N ·m. 

This governing equation is difficult to apply in simulations be- 

ause many frequency-dependent hydrodynamic coefficients are 

eeded. The simplified model introduced below makes it much 

asier to simulate the roll motion. 

(2) Simplified Model of Roll Motion 

TLP moves with six degrees of freedom when forced by buoy- 

ncy, gravity, tendon pretension and wave loads ( Fig. 3 ). TLP’s ex- 

essive buoyancy due to tendons connecting the structure and an- 

hors on the sea bottom is proportional to the draft. The parts 

f the submerged floating structure are semisubmerged corner 

olumns and fully submerged pontoons, which are regular struc- 

ures. Because draft variation is proportional to heave displace- 

ent, it is appropriate to use Spring k to represent the constitutive 

elationship of the TLP’s buoyancy ( Fig. 4 ). Increasing draft leads 

o a buoyancy increase that represents a pretension increase and 

ice versa. Tendons are assumed to have a linear constitutive re- 

ation, so that pretension is proportional to their tensile displace- 

ent. TLP is designed to retain excessive buoyancy, which in turn 
4 
s compromised by variable submergence effects in heave motion. 

n the equilibrium position, initial buoyancy and initial pretension 

ffset each other; tension variation, which offsets gravity and ini- 

ial buoyancy, is proportional to heave displacement with the mo- 

ion starting from the equilibrium position. Therefore, the use of 

pring k 1 to represent the constitutive relationship of tendons is 

ppropriate ( Fig. 4 ). An increase in the draft is associated with an

ncrease in net buoyancy and/or a reduction in pretension to a cer- 

ain degree. The differences in tendon length when the TLP moves 

an be ignored because the length variation of tendons is small 

ompared to the initial length. TLP is approximately horizontally 

ymmetric, and its four tendons form two groups due to roll mo- 

ion pivoted on an axis. Each group has the same tensile displace- 

ents on the same side of the heel, leading to the same roll angles 

or each group in roll motion. 

In this study, the TLP’s floating structure is modelled by a mass 

 , and tendons are modelled by two springs k 1 that are equivalent 

o the constitutive relation coefficient. TLP’s buoyancy is modelled 

y Spring k that is equivalent to the waterplane area coefficient. 

his simplified model is appropriate to analyse the kinematics and 

ynamics of roll motion ( Fig. 4 ). 

Following the simplified model of roll motion, a numerical 

odel is established to investigate the natural period of roll mo- 

ion based on stability theory. The core concept of this numeri- 

al model for the natural period of roll motion is as follows: any 

oll angle is a potential rolling critical point in the first ¼ cycle of 

oll motion. A rolling critical point may be either a stable centre 

oint or an unstable saddle point. Based on stability theory, within 

ne cycle of roll motion, if a rolling critical point is a centre point, 

he roll motion is stable at this moment, and the body will con- 

inue to move to the next moment and position. If a rolling critical 

oint is a saddle point, the roll motion is unstable at this moment, 

nd the body cannot return to the equilibrium position in the fu- 

ure, indicating that the first ¼ cycle of roll motion has ended. The 

addle point leads to the capsizing of the TLP, which is not true 

n normal operating conditions. Based on this stability analysis of 

oll motion, it is assumed that in a single period of roll motion, 

he time history corresponding to the condition of the last stable 

olling critical point is a ¼ roll natural period. Based on this as- 

umption, a MATLAB code was built to calculate every roll angle 

nd determine the stability of every roll angle. The code simulates 

he time history corresponding to the condition of the last stable 

olling critical point in a single period of roll motion and applies 

he time history to obtain the natural period of roll motion. The 

orkflow of the calculation of the natural period of roll motion is 

s follows: 

1. Establish the governing equation of roll motion. 

2. Obtain critical points of roll motion and infer the stability of 

critical points. 

3. Obtain the ultimate stable time of the critical point of roll 

motion. 

4. The ultimate stable time of the critical point of roll motion 

is ¼ the natural cycle process. Based on this, calculate the 

natural period of roll motion. 

.1.2. Model of the natural period of roll motion 

(1) Governing equation of roll motion and critical points calcu- 

lation 

Based on Eq. (1) , considering the quadratic term of roll damp- 

ng, roll motion is divided into three components: rotation and ver- 

ical and horizontal motion. 

 (L + x 1 ) 
2 θ̈ = mg(L + x 1 ) sin θ − kz(L + x 1 ) sin θ

−C(L + x 1 ) ˙ θ
2 − k 1 δxd (2) 
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Fig. 5. The configuration of the TLP. 
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1

 ̈z ′ = −mg − 2 k 1 x 1 cos θ + kz (3) 

 ̈x ′ = −k 1 x 1 sin θ − C ˙ θ2 (4) 

In the equations above, C is the roll damping coefficient, 

 ·s 2 /rad 

2 ; k is the buoyancy coefficient, N/m; k 1 is the spring con-

tant of tendons, N/m; z is the heave displacement coupled with 

oll motion, m; x 1 is the increment of tendons and is a function of

ime, m; t is time, s; δx is the length difference between the two 

roups of tendons caused by the roll motion in the roll plane, m; 

 is the horizontal distance of the two groups of tendons in the 

oll plane, m; L is the original length of the tendon, m; m is the

LP mass, kg; G = mg is the TLP weight, N; and δx is very small

ompared to the original length of the tendons, so that it can be 

gnored. Notably, this model does not include tether tension vari- 

tions in the dynamic response. The roll angle θ is a function of 

ime and can be obtained by solving the governing equation of roll 

otion. At every critical point, roll angular velocity ̇ θ is zero, and 

oll angular acceleration ̈θ is a maximum. Let 

f = mg(L + x 1 ) sin θ − kz(L + x 1 ) sin θ − C(L + x 1 ) ˙ θ
2 (5)

Let f = 0, to solve for critical points. 

The critical points equation is obtained as follows: 

 

˙ θ2 
c − (kz − mg) sin θc = 0 (6) 

Because roll angle θ is a function of time, rolling critical points 

c can be obtained by solving Eq. (6) as follows: 

c = 

±2 i 
√ 

C 
√ 

kz − mg × a × t + C × a 2 − (kz − mg) × t 2 

4 × C 
(7) 

here a is the initial roll angle coefficient, corresponding linearly 

o the initial roll angle θ init , a is the dimensionless initial roll angle, 

nd t is the time, s. 

The initial roll angle coefficient a determines the TLP’s initial 

oll condition (position and angular velocity). The initial roll con- 

ition affects the dynamic characteristics of roll motion, which in 

urn affects the natural period of roll motion. From the rolling 

ritical points θ c equation, it is known that roll angular acceler- 

tion θ̈ is a constant. Consequently, the initial roll angle coefficient 

oes not determine roll angular acceleration ̈θ . At this point, critical 

oints θ c given by Eq. (7) are general solutions. To obtain a partic- 

lar solution, an initial boundary condition is needed to determine 

he initial roll angle coefficient. Because any position can be the 

nitial position before rolling, a specific value of the initial roll an- 

le coefficient cannot be obtained. Because the initial roll angles 

hould be less than 90 °, it is obtained that a ∈ [-2.50 6 6,2.50 6 6]. 

(2) Inferring the stability of critical points of roll motion 

Taking the derivative of f with respect to θ , we obtain 

df 

dθ
= mg(L + x 1 ) cos θ − kz(L + x 1 ) cos θ − 2 C(L + x 1 ) ̈θ (8)

Eq. (7) for rolling critical points θ c is applied to calculate the 

alue of df 
dθ

. If df 
dθ

is greater than zero, the rolling critical point is a

addle point for which the motion trajectory is not cyclical, and the 

oll motion is unstable. If df 
dθ

is less than zero, the rolling critical 

oint is a centre point for which the motion trajectory is cyclical, 

nd the roll motion is stable. 

The value of df 
dθ

is calculated for every roll angle to infer rolling 

tability. The results suggest that within a limited period, as time 

rogresses, df 
dθ

oscillates between negative and positive. This phe- 

omenon indicates that the rolling critical points θ c oscillates 

etween stable and unstable. Based on the core concept of the 

pring-mass system, it is evident that the time history correspond- 

ng to the condition of the last stable rolling critical point is a 1/4

atural cycle process when the roll motion is within one cycle. 
5 
This study uses the LH16-2 TLP project as an example ( Fig. 5 ).

n this case, the TLP weights and loads are approximately 43,188 t. 

The results of the numerical simulations of the time history of 

olling critical points are shown in Fig. 6 (fixed z as a constant, set 

 free) and Fig. 7 (fixed a as a constant, set z free). 

For the numerical simulation shown in Figs. 6 and 7 , within 

 limited period, as time progresses, df 
dθ

oscillates between nega- 

ive and positive. This phenomenon indicates that the rolling criti- 

al points θ c oscillates between the centre point and saddle point, 

nd the condition of the rolling critical points θ c oscillates between 

table and unstable. Under this condition, the TLP cannot cyclically 

oll in the upright equilibrium position. Roll trajectories vary with 

ifferent levels of external disturbance. In the initial phase of roll 

otion, df 
dθ

is negative and approximately zero. This shows that 

he TLP is in a stable state with a small external disturbance. The 

oll state is determined by the external disturbance after the initial 

hase of roll motion. After the initial phase with a small external 

isturbance, as roll motion progresses over time, df 
dθ

oscillates be- 

ween negative and positive. This indicates that the rolling critical 

oints θ c oscillates between the centre point and saddle point, and 

he rolling critical points θ c oscillates between the stable condition 

nd unstable condition. TLP may reach an equilibrium at different 

ositions. However, these positions are not in upright equilibrium. 

fter a period progresses, the value of df 
dθ

for most operating con- 

itions is greater than zero. These critical points are saddle points, 

orresponding to unstable roll motion. In some states, these saddle 

oints and unstable roll motion may lead to dangerous situations. 

he roll motion is so complex that its trajectories depend on the 

nitial condition, boundary condition and governing equation. 

(3) Natural period of roll motion 

In the motion of the spring-mass system with only one degree 

f freedom, if the mass moves to a terminal point, the restoring 

orce of the spring is greatest. In time history, when the accelera- 

ion of a mass is either at a global extremum or a local extremum, 

he velocity of the mass is equal to zero, and its displacement is 

aximum. Within a single cycle process of roll motion, when roll 

ngular acceleration is either at a global extremum or a local ex- 

remum, roll angular velocity is minimum and is equal to zero, and 

oll angle and roll amplitude are maximum. This time history is a 

/4 cycle process of roll motion that corresponds to 1/4 natural 
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Fig. 6. Numerical simulation of the time history of parametric rolling critical points ( L = 500 m, z = 1 m). 

Fig. 7. Numerical simulation of the time history of parametric rolling critical points ( L = 500 m, a = 0.6). 
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eriod of roll motion. In the time history obtained by numerical 

imulation of parametric rolling critical points, when 

df 
dθ

reaches 

he last negative point in the time history, this condition indicates 

hat roll motion reaches the final stable point that can be used as a 

/4 natural period of roll motion. This is used in the present work 

o obtain a natural period of roll motion. The natural period of roll 

otion T nr is given by: 

 nr = 4 × t qr (9) 

here T nr is the natural period of roll motion, s , and t qr is the time

orresponding to the last negative critical point in the numerical 

imulation of the time history of critical points, s . 

(4) Example Study 

Two experimental studies reported in the literature are used to 

alidate the high fidelity of this simple numerical model of the 
6

atural period of roll motion. More details about these studies can 

e found in their paper. 

(1) A MOSES TLP 

The details of the prototype and model of the MOSES TLP are 

isted in Table 1 , and the experimental setup information is shown 

n Figs. 8 , 9 . The MOSES TLP is analysed with a coupled dynamic

esponse, and its experimental data on the RAO of roll motion are 

hown in Fig. 10 . 

The experimental data show that the natural period of roll mo- 

ion is 1.21 s. The numerical model proposed by this study is ap- 

lied to investigate the natural period of roll motion of the MOSES 

LP. The results show that the natural period of roll motion in- 

reases with increasing initial roll angle coefficient, and the aver- 

ge natural period of roll motion is almost equal to the experimen- 

al results ( Fig. 10 ). 
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Fig. 8. Geometric details of the MOSES TLP [13] . 

Table 1 

MOSES TLP prototype and model data [13] . 

Parameter Prototype Model 

Displacement ( � ) 6779 t 38.6 kg 

Mass (M) 5022 t 28.6 kg 

Diameter of hull 22.4 m 400 mm 

Diameter of columns 3.5 m 63 mm 

Length of tether (L t ) 202 m 3.6 m 

Total tether stiffness (4EA/L t ) 6.43 × 10 8 N/m 205.14 × 10 3 N/m 

Natural period of roll 1.21 s 

g

t

p

T

r

u

Fig. 9. Experimental setup for the MOSES TLP [13] . 
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(2) A SeaStar TLP 

The details of the prototype and model of the SeaStar TLP are 

iven in Fig. 11 and Table 2 . 

The experimental data show that the natural period of roll mo- 

ion is 1.58 s. The numerical model proposed by this study is ap- 

lied to investigate the natural period of roll motion of the SeaStar 

LP. The results show that the obtained values of the average natu- 

al period of roll motion are almost equal to the experimental val- 

es ( Fig. 12 ). 
Fig. 10. Comparison of the simulation an

7 
Comparison to the experimental results for two TLPs indicates 

hat the numerical model of the natural period of roll motion pro- 

osed by this study is successfully validated by the experimental 

ata. This numerical model can reliably calculate the natural pe- 

iod of roll motion when limited platform information is available 

nd the natural period of roll motion must be estimated rapidly. 
d experiment for the MOSES TLP. 
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Fig. 11. Geometric details [3] . 

Table 2 

SeaStar TLP prototype and model data [3] . 

Parameter Prototype SeaStar ‘A’ Model of SeaStar ‘A’ 

Displacement 15460 t 124 kg 

Mass 11460 t 92 kg 

Length of tether 175 m 3.5 m 

Diameter of columns 20 m 400 mm 

Stress of tethers 152.73 N/mm 

2 28.37 N/mm 

2 

EA 1.8333 × 10 10 N 176750 N 

Roll natural period 1.58 s 1.58 s 

Fig. 12. Comparison of the simulation and experiment of the SeaStar TLP. 
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.1.3. Sensitivity analysis of principal parameters for the natural 

eriod of roll motion 

Here, the natural period curves are plotted versus as the TLP 

rincipal parameters to show the effects of the parameters on the 

atural period of roll motion. The principal parameters are weight 

nd roll damping. 

(1) Weight 

The natural period of roll motion T nr as a function of the TLP 

eight is shown in Fig. 13 . T nr increases with increasing initial 

oll angle coefficient a and is significantly impacted by weight. For 

 < a < 0.2, the initial roll angle θ init is very small, and T nr increases

ith increasing a . In this branch, T nr grows approximately linearly 

s a increases with a quite high growth rate. Weight has little 

nfluence on T nr . For a > 0.2, T nr increases with increasing a , but

he growth rate decreases and is lower than that in for 0 < a < 0.2.

n this branch, weight has a great influence on T nr . As weight 

ncreases, average T nr decreases monotonically, and its slope de- 

reases. T nr curves for different weights cross. For a given constant 

eight, T nr curves fluctuate as a increases. In this condition, T nr 

s unsteady because it is perturbed by a . If a is kept constant, T nr 

urves fluctuate with increasing weight; in this condition, T nr is 

nsteady because it is perturbed by weight. The fluctuation of T nr 

urves shows that T nr changes with different a and weight values. 

his behaviour can effectively enable the system to avoid enter- 

ng the overlapped domain of the TLP’s natural frequency and am- 

ient excitation frequency, leading to fewer occurrences of reso- 

ance. The influence of weight (inertia force) on the natural period 

f roll motion is not affected by the state of motion. Rather, it is 

n inherent property. The effect of unit weight W 

∗=�/ mg ( � dis- 

lacement, mg weight) on T nr is approximately 40%. Therefore, it 

s clear that weight has a significant impact on T nr . Generally, low 

eight corresponds to greater T nr ; increasing weight decreases T nr 

onotonically, and the slope decreases. 

The influence law states that the average natural period of roll 

otion is a decreasing function of the TLP weight, but there are 

ome unstable disturbances (the natural period of roll motion in- 

reases as the TLP weight increases). In practice, the weight of a 

LP can be modified by ballasting. 

(2) Roll damping 

The natural period of roll motion T nr as a function of roll damp- 

ng coefficient C is shown in Fig. 14 . T nr increases with increasing 

nitial roll angle coefficient a and is significantly impacted by roll 

amping. For 0 < a < 0.2, the initial roll angle θ init is very small, and

 nr increases with increasing a . In this branch, T nr grows approxi- 

ately linearly as a increases with a quite high growth rate. Roll 

amping has little influence on T nr . For a > 0.2, T nr increases with

ncreasing a , but the growth rate decreases and is lower than that 

n for 0 < a < 0.2. In this branch, roll damping has a strong influence

n T nr . Generally, the average T nr increases monotonically as roll 

amping increases. Under the condition of some roll damping, T nr 

urves for different values of C cross. If roll damping is kept con- 

tant, T nr curves fluctuate as a increases. Under this condition, T nr 

s unsteady because it is perturbed by a . If a is kept constant, T nr 

urves fluctuate as roll damping increases. Under this condition, 

 nr is unsteady because it is perturbed by roll damping. The fluc- 

uation of T nr curves shows that T nr transforms for different values 

f initial roll angle and roll damping. This attribute can be used to 

ffectively avoid entering the overlapped domain of the TLP’s nat- 

ral frequency and ambient excitation frequency, leading to fewer 

ccurrences of resonance for strong roll damping. The influence of 

amping (viscous force) on the natural period of roll motion is af- 

ected by the state of motion, and damping is one of the main 

actors of the damped natural frequency. The effect of unit roll 

amping C ∗= 2 C / ρD on T nr is approximately 70%. Therefore, it is
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Fig. 13. Effects of weight on the natural rolling period. 

Fig. 14. Effects of the roll damping coefficient C on the roll natural period. 

Fig. 15. The effects of principal parameters on the natural heaving period. 

9 
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Fig. 16. Definition of the air gap and a demonstration of waves slamming the lower deck of the TLP. 

Fig. 17. Random wave high superposition. 
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lear that roll damping has a significant impact on T nr . Generally, 

ower damping has a smaller T nr ; increasing damping increases T nr 

onotonically. 

The influence law states that the natural period of roll motion 

s a monotonically increasing function of roll damping, but some 

scillations are present. The roll damping coefficient can be deter- 

ined by the theoretical solution of structural shape damping with 

otential theory or by numerical simulations. 

Based on the above analysis, the initial roll angle θ init , weight 

nd damping are sensitive factors for the natural period of roll mo- 

ion T nr . T nr increases with increasing θ init , T nr decreases with in- 

reasing weight, and T nr increases with increasing damping. These 

ensitive parameters can be used to restrict the natural period of 

oll motion. The numerical model of the natural period of roll mo- 

ion is verified by experiments, and its deduced numerical results 

re consistent with the laws of physics. 

.1.4. Model of the natural period of heave motion 

Heave motion ξ 3 is similar to roll motion ξ 4 , and its governing 

quation is defined as: 

m + m a ) ̈ξ3 + c ˙ ξ3 + (k + 2 k 1 ) ξ3 = F ( t ) (10)

Based on linear theory, the natural period of heave motion is 

 = 2 π
√ 

m + m a 
k +2 k 1 

. The TLP weight, tendons and waterplane area co- 

fficient can impact the natural period of heave motion. 

.1.5. Sensitivity analysis of the principal parameters for the natural 

eriod of heave motion 

The natural period curves are plotted versus the TLP’s princi- 

al parameters to show the effects of the parameters on the nat- 

ral period of heave motion. The principal parameters are weight, 

dded mass, tendon stiffness, and waterplane area coefficient. Nu- 

erical simulations show that the natural period of heave motion 
10 
ncreases with weight ( m 

∗= G / mg ) and added mass ( m a 
∗= m a / m a0 ,

 a0 standard added mass). By contrast, the natural period of heave 

otion decreases with increasing tendon stiffness and waterplane 

rea coefficient ( k ∗= k / k 0 , k 0 standard waterplane area coefficient). 

he results show that weight, added mass, and tendon stiffness are 

mportant parameters that impact the natural period of heave mo- 

ion; the waterplane area coefficient is not an important parameter 

or the natural period of heave motion ( Fig. 15 ). 

.2. Second-level precontrol based on the green water height model 

TLP roll and heave motions impact the relative position of 

he deck and wave surface. Therefore, short-period motion af- 

ects green water. Constraining green water involves two impor- 

ant steps: the development of a numerical model for green water 

eight and the analysis of the influence laws of TLP parameters on 

reen water height. 

.2.1. Mathematical model of TLP’s green water height 

The green water height can be represented by the opposite of 

he air gap δ( t ) if it is less than the freeboard. The air gap δ( t ) is

efined as: 

( t ) = δ0 − T i − ξ7 − ξ3 ( t ) − ξ0 ( t ) (11) 

here δ0 is the initial static air gap and is the vertical distance be- 

ween the bottom of the TLP’s lower deck and wave surface at zero 

ide level, m; T i is the maximum tide level, m; ξ 7 is the maximum 

ertical drop of the deck and represents the vertical displacement 

f a position in the deck away from the centre of movement, m; 

3 ( t ) is the heave motion and represents the projection of the dis- 

lacement of the TLP’s movement centre in the vertical direction, 

; and ξ 0 ( t ) is the wave surface, m ( Fig. 16 ). 

The air gap is related to roll (impacting ξ 7 ) and heave. The re- 

uirements for the TLP air gap are as follows: the minimum air gap 

hould be greater than 1.5 m under sea conditions occurring once 

n a hundred years, and the minimum air gap should be greater 

han 0 m under sea conditions occurring once in a thousand years 

12] . 

Waves slamming the TLP deck form green water. The random 

ature of waves makes it difficult to accurately predict green wa- 

er. Wave height is determined by a stochastic process whose un- 

ertainty hinders mathematical modelling of waves. The statistical 

pproach addresses stochastic processes very well. It is assumed 

hat waves are stationary and ergodic stochastic processes in time 

istories. Stochastic wave elevation is accumulated by infinite sine 

aves of random amplitude, period and initial phase, as shown in 

ig. 17 . 

Most wave energy is concentrated around a certain frequency. 

he wave spectral density function corresponds to a narrow band 

rocess. The wave spectrum is a stationary and ergodic process and 

ollows a Rayleigh distribution. 
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Fig. 18. TLP heave motion RAO information. 

Fig. 19. Green water height function distributed in the frequency domain with a probability of 1/10. 
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The mean envelope curve amplitude is given by 

 [ x ] = 

∫ + ∞ 

−∞ 

dz · z · P x ( z ) (12) 

The mean square envelope curve amplitude is given by 

 

[
x 2 

]
= 

∫ + ∞ 

−∞ 

dz · z 2 · P x ( z ) = 

1 

T 

∫ T 
2 

T 
2 

dt · x 2 ( t ) 

= R ( 0 ) = 

∫ ∞ 

0 

dω · S + ( ω ) = σ 2 (13) 

The variance of the wave spectrum with relative motion is given 

y 

2 
R = 

∫ ∞ 

0 

dω · S + R ( ω ) (14) 

Waves are functions of time and space ξ 0 ( x, t ). The relative mo-

ion between the centre position of the TLP deck and the wave is 

escribed by 

3 (t) − x · ξ4 (t) − ξ0 (x, t) = ξ3 (t) − ξ0 (x, t) (15) 
11
3 ( t ) and ξ 0 ( x, t ) are assumed to be harmonic functions of time

nd space. TLP’s motion is described by 

e 
{

˜ ξ3 e 
iωt − ξ0 e 

iωt 
}

= Re 
{

e iωt 
(

˜ ξ3 − ξ0 

)}
(16) 

here ˜ ξ3 is a complex number including amplitude and phase. 

ξ0 is the external wave excitation amplitude. 

The relative motion between TLP and external wave excitation 

s described by 

 

RAO ( ω ) | R = 

˜ ξ3 

ξ0 

− 1 (17) 

The response spectrum of the relative motion between the TLP 

nd the wave is given by 

 

+ 
R ( ω ) = | RAO ( ω ) | 2 R · S ω ( m ) 

+ + ( ω 0 ) (18) 

Relative motion response amplitude operator | RAO ( ω)| R repre- 

ents TLP’s motion in the Wave Lagrangian coordinate system, 

nd it is the most important parameter for deriving the response 

pectrum of the relative motion between TLP and wave S R 
+ ( ω). 

 RAO ( ω)| 2 R is obtained by heave RAO and phase, which is calcu- 

ated by hydrodynamic code ( Fig. 18 ). Then, S + ( ω) is obtained us-
R 
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Table 3 

Information regarding green water obtained with the JONSWAP spectrum and the Pierson-Moskowitz spectrum. 

Angle/ ° Probability 

JONSWAP spectrum Pierson-Moskowitz spectrum 

Mean/m σ Frequency/rad/s Mean/m Wind speed/m/s 

0 1/1000 4.15 3.193 0.635 4.15 14.35 

1/100 3.39 2.885 0.635 3.39 14.35 

1/10 2.39 2.426 0.635 2.39 14.34 

1/3 1.65 2.016 0.635 1.65 14.34 

45 1/1000 4.21 3.209 0.635 4.21 14.35 

1/100 3.44 2.900 0.635 3.44 14.35 

1/10 2.43 2.438 0.635 2.43 14.35 

1/3 1.68 2.026 0.635 1.68 14.35 

90 1/1000 4.15 3.193 0.635 4.15 14.35 

1/100 3.39 2.885 0.635 3.39 14.35 

1/10 2.40 2.426 0.635 2.40 14.35 

1/3 1.65 2.016 0.635 1.65 14.35 
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ng | RAO ( ω)| 2 R and S ω ( m ) + + ( ω 0 ). Parameters, such as S R 
+ ( ω) stan-

ard variance σ R , can be calculated afterwards. The green water 

eight of the TLP deck centre position relative to the wave eleva- 

ion is given by 

 = σR 

√ 

2 ln ( n ) (19) 

here 1 
n is the probability of a certain value being exceeded. 

σR is the standard variance of the response spectrum of relative 

otion S R 
+ ( ω). 

Green water height H is a function distributed in the frequency 

omain with exceeding probability as a parameter. This study cal- 

ulates the mean height, upper control limit (UCL) height, and 

ower control limit (LCL) height of green water in the whole fre- 

uency domain by applying the mean area method. The mean area 

ethod transforms any distribution area into a rectangle of equal 

ength and takes the rectangle’s width as the mean height of green 

ater (example shown in Fig. 19 ). Based on the variances calcu- 

ated by the mean height of green water, the upper control limit 

eight and lower control limit height of green water can be ob- 

ained with the PauTa Criterion (3 σ Criterion). The interval be- 

ween the upper control limit height and lower control limit height 

epresents the possible maximum height range of green water. In 

ummary, the three parameters - mean height, upper control limit 

eight, and lower control limit height - represent the distribution 

haracteristics of green water height. 

.2.2. Numerical implementation of green water height 

To numerically implement the TLP’s green water height, the 

athematical model of the TLP’s green water height requires the 

ave spectrum as input. In this study, the green water height 

s calculated using the JONSWAP spectrum (with γ = 3.3) and the 

ierson-Moskowitz spectrum as input. The JONSWAP spectrum is 

 growing spectrum and describes a growing wave height condi- 

ion. The Pierson-Moskowitz spectrum is a fully developed spec- 

rum and describes a stable wave height condition. For the same 

eak frequency, the average wave height calculated by the JON- 

WAP spectrum is approximately 23% higher than that calculated 

y the Pierson-Moskowitz spectrum [41] . The growing wave spec- 

rum and developed wave spectrum can cover most wave condi- 

ions of green water. Parameters such as exceeding probability and 

ave incident angle are important representations of wave char- 

cteristics. The green water height is calculated by exceeding the 

/10 0 0, 1/10 0, 1/10, and 1/3 probabilities, and the 0 °, 45 °, and

0 ° wave incident angles follow the JONSWAP spectrum and the 

ierson-Moskowitz spectrum according to Eq. (19) . The results are 

hown in Table 3 . More details can be found in Wu’s work [37] . 
12 
.2.3. Green water height calculation 

The mean heights of green water calculated by the JONSWAP 

pectrum and the Pierson-Moskowitz spectrum are approximately 

qual. This indicates that the distribution of wave energy is uni- 

orm in the time, space and frequency dimensions. 

The drawing curves shown in Fig. 20 analyse the effects of ex- 

eeding probability and wave incident angle on the mean height 

nd standard variance of green water. There is little effect of the 

ave incident angle on the mean height of green water. Because 

he TLP is symmetrical, the mean height of green water is the 

ame as that of the four orthogonal symmetric direction waves. 

onversely, exceeding probability has a considerable effect on the 

ean height of green water. As the exceeding probability increases, 

he mean height of green water decreases, and the slope decreases 

s well. Exceeding probability also has a strong effect on the stan- 

ard variance of green water height. As the exceeding probability 

ncreases, the standard variance decreases. The wave incident an- 

le has almost no influence on the standard variance of the green 

ater height. 

After numerical implementation, the mean height of green wa- 

er was 2.34 m, and the corresponding exceeding probability was 

/8.5. To increase the green water height in the control, the up- 

er control limit was set as the maximum σ , σ= 3.209. The range 

f the green water height is 0 ∼11.967 m, and the corresponding 

robability is 99.73%, which means that the green water height 

s under control. The lower control limit is 0 m, the upper con- 

rol limit is 11.967 m, and the corresponding probability is 99.73%. 

hus, the actual probability of exceeding the upper control limit is 

/8.5 × (1-99.73%) = 0.03%. This indicates that there is a very high 

robability that the green water height is in the range of 0 ∼11.967 

. 

For this LH16-2 TLP project, the range of green water height is 

 ∼11.967 m. The maximum tide in the working sea area is 3.0 0 0

. The TLP’s freeboard is 19.850 m. The air gap without the tide ef- 

ect is 7.883 m; the air gap modified by the tide is 4.883 m. Wang

t al. carried out experimental research on the TLP’s air gap [35] . 

heir experiment shows that the air gap without the tide effect is 

.540 m. TLP’s air gap by the green water height numerical model 

s 7.883 m, the dimensionless moulded depth is 0.171, and their 

eviation is 42% ( Table 4 ). Therefore, the numerical model of the 

reen water height of the TLP is verified by the experiment to be 

ccurate to the same order of magnitude. 

. Discussion of the precontrol and constraint regime of TLP’s 

hort-period motion 

TLP’s short-period motion includes roll and heave motion that 

nvolve many sensitive motion modes, such as resonance and green 

ater. The roll motion and the heave motion are related to dy- 
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Fig. 20. Influence of the wave incident angle and exceeding probability on the mean height and standard variance of green water. 

Fig. 21. Constraint regime of the TLP’s short-period motion. 

Table 4 

Experimental verification of the numerical model of the green water height of the TLP. 

Items Numerical Model/Dimensionless Moulded Depth Experiment/Dimensionless Moulded Depth Deviation 

Air gap δ( t ) (without tide effect) 7.883 m/0.171 4.540 m/0.098 42% 

Air gap δ( t ) (with tide amendment) 4.883 m/0.106 2.680 m/0.058 45% 
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amic stability, and green water relates to dynamic safety. In the 

revious section, the precontrol of short-period motion was de- 

omposed into two-level constraints: roll and heave motion and 

reen water. In this section, the multilevel parameter constraint 

omains (first-level parameter constraint domain natural period of 

oll and heave motion and second-level parameter constraint do- 

ain green water) are assembled into an entire constraint regime. 

he first-level parameter constraint domain is the input of the 

econd-level parameter constraint domain; the second-level pa- 

ameter constraint domain is the input of the third-level param- 

ter constraint domain if more constraint levels are present. The 

arameter constraint domains are scaled up step by step as a con- 

traint regime until all levels of precontrol objectives are covered. 

his constraint regime is used to achieve the precontrol objective 

as shown in Fig. 21 ). If TLP’s parameters are beyond the multilevel 

ontrol range and within the feasible range, the performance of 

recontrol objectives can be achieved. This allows intervention be- 

ore sensitive motion occurs to completely avoid the consequence 
13 
f sensitive motion. Precontrol is a preventive control methodol- 

gy that eliminates sensitive motion before it evolves into danger. 

ach level of the parameter constraint domain is stable. After all 

evels of parameter constraint domains, the range of parameters 

s further reduced. The input of the small range parameters of a 

table system is convergent. Therefore, precontrol is a convergent 

ethodology. 

. Conclusion 

In this paper, a precontrol methodology is developed to con- 

train TLP’s short-period motion prior to the occurrence of sensi- 

ive short-period motion. TLP’s short-period motion includes roll 

nd heave motions, and TLP faces the threat of resonance because 

he period of short-period motion is within the wave energy con- 

entration region. 

This study develops parameter-performance numerical models 

or short-period motion, such as the natural period of roll and 
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eave model and green water height model, followed by experi- 

ents that validate the model fidelity. Based on these simple and 

igh-fidelity numerical models, this study then investigated the in- 

uences of TLP parameters on the natural period and green water. 

he influence laws show that weight and stiffness significantly af- 

ect the natural period of the roll and the heave motion, and the 

ave’s exceeding probability and initial static air gap significantly 

ffect green water. Based on the influence laws and the range of 

ensitive short-period motion, a parameter constraint domain was 

enerated that was divided into two parts: feasible range and con- 

rol range. Two-level parameter constraint domains, namely, the 

rst-level parameter constraint domain natural period of the roll 

nd the heave motion and the second-level parameter constraint 

omain green water, were assembled into a constraint regime. In 

LP design, the TLP’s parameters are determined within a feasible 

ange by bypassing the control range so that the TLP naturally ex- 

ibits motion performance that meets the requirements of short- 

eriod motion in advance, implementing the precontrol methodol- 

gy. 
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