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Abstract 
The paper addresses a novel type of energy converters, which are based on a class of internal body 

mechanisms, providing inertial reaction against a multi-axis/multi-direction motion of an external 

vessel. The internal bodies are suspended from the external vessel body by a symmetric four bar 

mechanism. The first advantage of this suspension geometry is that a linear trajectory results for the 

center of the mass of the suspended body with respect to the external vessel, enabling the introduction 

of a quite simple form of a Power Take Off (PTO) design. Moreover, the simplicity and the symmetry 

of the suspension geometry and of the PTO, ensure a quite simple and robust technological 

implementation, removing the restrictions of other linear, pendulum or gyroscopic variants of inertial 

reacting bodies. Furthermore, the mass and the inertia distribution of the internal body are optimized for 

the maximal conversion and storage of the external energy. 

1 Introduction 

More than a thousand of patents and tenths (if not hundreds) of experimental prototypes are being tested 

in the sea. Some comprehensive recent reviews can be found in [1], [2], and [3]. 

Today, the main obstacles for efficient wave energy conversion are mainly related to the requirement 

for survivability in extreme weather conditions, and to the energy efficient and reliable design of the 

power take-off mechanism (PTO). 

Towards the last direction, numerous concepts of wave energy converter systems have been conceived, 

consisting from two-body configurations, in which only one body is in contact with the water and the 

other body is located above the water or is totally enclosed inside the wetted one. 

The earliest example in this direction are perhaps the Frog and PS Frog designs at the University of 

Lancaster in England [4, 5]. Parallel, an approach for the theoretical modelling and control of such 

devices has been performed in [6, 7]. An interesting variant of this design, acting essentially in the form 

of a vertical pendulum has been proposed: the SEAREV [8] concept. The basic disadvantages of these 

two designs consist in their limited capability for wave capture in a single axis and in the big masses 

they require for efficient energy capture, thus demanding complex and unreliable support structures. 

The novel concept for the design of a general class of fully enclosed internal body configurations, 

providing inertial reaction against the motion of an external vessel introduced in this paper, is able to 

drastically overcome the disadvantages of the above designs. Acting under the excitation of the waves, 

667



the external vessel can perform in general any combination of translation and rotation about its 

horizontal axes. 

2 Equations of motion 

2.1 Description of the assembly and basic definitions 

The assembly considered, is depicted in Fig. 1, consisting from a floating external vessel V, into which 

an internal four-bar mechanism ABDE is hoisted. The waves induce to the vessel, a simultaneous surge 

motion of magnitude u and a pitching motion of an angle θ, with respect to the inertial coordinate system 

OXY. 

The member DE of the internal four-bar mechanism provides a basis onto which a solid body S is placed. 

The solid body provides a reaction mass to the motion of the external vessel, rotating with an angle φ 

about the Z axis of the inertial reference frame OXY. The initial (rest) position R of the center of mass 

of this solid body is located on the axis of symmetry of the vessel V, at distance a, from the origin O. 

The coordinate reference system RXbYb is rigidly attached to the vessel V, following its motion. 

 

Figure 1: Schematic presentation of the assembly considered. An internally reacting body S is 

suspended by an appropriate mechanism by an external floating vessel V. 

 O: intersection of the level of the sea with the vertical axis of symmetry of the vessel, 
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 C: centre of mass of the body S, 

 R: origin of the body axis system RXbYb - initial (rest) position of C, 

 G: centre of mass of the vessel V, 

 a: distance between R and O, 

 b: distance between G and O, 

 φ: rotating angle of the body S about the Z axis, 

 θ: pitching motion induced by the waves, 

 u: surge motion induced by the waves. 

2.2 Kinematic analysis 

 

Figure 2: Geometric parameters and kinematic variables of the mechanism 

The basic geometrical configuration of the mechanism is defined by the selection of the three 

independent lengths d, c, h. The rest of the geometric parameters can be retrieved as follows: 

𝑙 = √(𝑑 − 𝑐)2 + ℎ2 (1) 

𝑡𝑎𝑛(𝛾𝜊) =
ℎ

(𝑑 − 𝑐)
 (2) 

ℎ = 𝑙 𝑠𝑖𝑛 𝛾0 (3) 

The reference (rest) position of the mechanism, indicated by dashed lines, is defined by the relations: 

φ = ψ = 0 and γ = δ = γ0. 

The origin R of the coordinate system RXbYb is selected in the middle of the stationary link (ground) 

AB of the mechanism, with the position of the axes indicated as in Fig. 1. The kinematics of the 

mechanism can be fully retrieved as a function of the angle φ: 
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𝛾 = 2 𝑡𝑎𝑛−1 (
−𝑎1𝜑 + 𝛥

𝑎2𝜑
) (4) 

𝜓 = 𝛾0 − 𝛾 (5) 

𝛿 = 𝑠𝑖𝑛−1 (𝑠𝑖𝑛 𝛾 +
2𝑐

𝑙
𝑠𝑖𝑛 𝜑) (6) 

where: 

𝑎2𝜑 = 𝑟𝜑 + 𝑥𝜑𝑙 (7) 

𝑎1𝜑 = 𝑦𝜑𝑙 (8) 

𝑎0𝜑 = 𝑟𝜑 − 𝑥𝜑𝑙 (9) 

𝑟𝜑 = 𝑥𝜑
2 + 𝑦𝜑

2 (10) 

𝛥 = √𝑎1𝜑
2 − 𝑎2𝜑𝑎0𝜑 (11) 

𝑥𝜑 = 𝑑 − 𝑐 𝑐𝑜𝑠 𝜑 (12) 

𝑦𝜑 =     𝑐 𝑠𝑖𝑛 𝜑 (13) 

The time derivatives of the compatibility relations of the closed kinematic chain, from Eqs. (4)-(6), lead 

to the following equations: 

�̇� = −𝜇�̇� (14) 

�̇� = −�̇� = 𝜇�̇� (15) 

where: 

𝜇 =
2𝑐

𝑙𝜎
 (16) 

𝜎 =
𝑠𝑖𝑛(𝛾 + 𝛿)

𝑠𝑖𝑛(𝜑 + 𝛿)
 (17) 

The original position of the center of mass C of a body attached to the mechanism is assumed to coincide 

with the origin R of the coordinate system RXbYb at the rest position of the mechanism. Therefore, its 

coordinates 𝑥𝐵 ,𝑦𝐵 with respect to this system at an arbitrary position of the mechanism can be derived 

as follows: 

𝑥𝛣 = −𝑑 + 𝑙 𝑐𝑜𝑠 𝛾 + 𝑐 𝑐𝑜𝑠 𝜑 + ℎ 𝑠𝑖𝑛 𝜑 (18) 

𝑦𝐵 = 𝑙 𝑠𝑖𝑛 𝛾 + 𝑐 𝑠𝑖𝑛 𝜑 − ℎ 𝑐𝑜𝑠 𝜑 (19) 

It is easy to derive that 𝑦𝐵 is equal to zero when l=2d=4c, as it is the special case of the Roberts linkage. 

Therefore, the point C moves in a straight line over the segment AB. The velocities of C can be derived 

as follows: 

�̇�𝐵 = 𝑟𝑥�̇� (20) 

�̇�𝐵 = 𝑟𝑦�̇� (21) 

where: 

𝑟𝑥 = 𝑙𝜇 𝑠𝑖𝑛 𝛾 − 𝑐 𝑠𝑖𝑛 𝜑 + ℎ 𝑐𝑜𝑠 𝜑 (22) 

𝑟𝑦 = −𝑙𝜇 𝑐𝑜𝑠 𝛾 + 𝑐 𝑐𝑜𝑠 𝜑 + ℎ 𝑠𝑖𝑛 𝜑 (23) 
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The translation of the reaction mass according to the system OXY is as follows: 

𝑥𝑀 = 𝑢 + 𝑥𝐵 𝑐𝑜𝑠 𝜃 − (a + 𝑦𝐵) 𝑠𝑖𝑛 𝜃  (24) 

𝑦𝑀 = 𝑥𝐵 𝑠𝑖𝑛 𝜃 + (a + 𝑦𝐵) 𝑐𝑜𝑠 𝜃 (25) 

The expression of the corresponding velocities ẋM and ẏM result as follows: 

�̇�𝑀 = �̇� − 𝑙𝑥𝑀�̇� + 𝑟𝑥𝑀�̇� (26) 

�̇�𝑀 = 𝑙𝑦𝑀�̇� + 𝑟𝑦𝑀�̇� (27) 

where: 

𝑙𝑥𝑀 = (a + 𝑦𝐵) 𝑐𝑜𝑠 𝜃 + 𝑥𝛣 𝑠𝑖𝑛 𝜃 (28) 

𝑙𝑦𝑀 = 𝑥𝛣𝑐𝑜𝑠 𝜃 − (a + 𝑦𝐵) 𝑠𝑖𝑛 𝜃 (29) 

𝑟𝑥𝑀 = 𝑟𝑥 𝑐𝑜𝑠 𝜃 − 𝑟𝑦𝑠𝑖𝑛 𝜃 (30) 

𝑟𝑦𝑀 = 𝑟𝑥 𝑠𝑖𝑛 𝜃 + 𝑟𝑦 𝑐𝑜𝑠 𝜃 (31) 

2.3 Dynamic equations of motion 

The kinetic and potential energy captured from the bodies can be written as: 

𝑇 =
1

2
𝑚𝑉(�̇�𝐺

2 + �̇�𝐺
2) +

1

2
𝐼𝑉�̇�2 +

1

2
𝑚𝑠(�̇�𝑀

2 + �̇�𝑀
2 ) +

1

2
𝐼𝑠(�̇� − �̇�)

2
 (32) 

𝑈 = 𝑚𝑠𝑔𝑦𝑀 +
1

2
𝐾𝑉𝜃2 + 𝑚𝑉𝑔𝑦𝐺 

(33) 

 mv: the mass of the vessel V including the added mass of the water 

 ms: the mass of the body S 

 IV: the moment of inertia of the vessel about O  

 Is: the moment of inertia of the reaction mass about C. 

 KV is the hydrostatic stiffness in pitch (and/or roll) for the vessel about O. 

The system presents three degrees of freedom: 𝐫 = {u, θ, φ}. The equations of motion of the system can 

be derived by the application of the Lagrange principle, which results to: 

𝑑

𝑑𝑡
𝑃𝑢 + 𝑅𝑢�̇� = 𝐹𝑤 

(34) 

𝑑

𝑑𝑡
𝑃𝜃 + 𝐾𝑣𝜃 + 𝑇𝑣𝜃 + 𝛵𝑔𝜃 = 0 

(35) 

𝑑

𝑑𝑡
𝑃𝜑 + 𝛵𝑔𝜑 = 𝛵𝑝 

(36) 

A state space representation for the system of equations is possible under the following form: 

{

𝑃𝑢

𝑃𝜃

𝑃𝜑

} = [

𝑀𝑢𝑢 𝑀𝑢𝜃 𝑀𝑢𝜑

𝑀𝑢𝜃 𝑀𝜃𝜃 𝑀𝜃𝜑

𝑀𝑢𝜑 𝑀𝜃𝜑 𝑀𝜑𝜑

] {
�̇�
�̇�
�̇�

}     (37) 

or in the equivalent form: 

𝒛𝟐 = 𝑴 �̇�𝟏   ⇒   �̇�𝟏 = 𝑴−𝟏𝒛𝟐 (38) 
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where: 

�̇�𝟐 = 𝒇𝑅 = [

𝐹𝑤 − 𝑅𝑢�̇�
−𝐾𝑣𝜃 − 𝑇𝑣𝜃 − 𝑇𝑔𝜃

−𝑇𝑔𝜑 + 𝛵𝑝

] (39) 

with: 

𝑀𝑢𝑢 = 𝑚𝑣 + 𝑚𝑠

𝑀𝑢𝜃 = 𝑚𝑣𝑏 𝑐𝑜𝑠 𝜃 − 𝑚𝑠𝑙𝑥𝑀

𝑀𝑢𝜑 = 𝑚𝑠𝑟𝑥𝑀

𝑀𝜃𝜃 = 𝐼𝑣 + 𝐼𝑠 + 𝑚𝑣𝑏2 + 𝑚𝑠(𝑙𝑥𝑀
2 + 𝑙𝑦𝑀

2 )

𝑀𝜃𝜑 = −[𝐼𝑠 + 𝑚𝑠(𝑟𝑥𝑀𝑙𝑥𝑀 − 𝑟𝑦𝑀𝑙𝑦𝑀)]

𝑀𝜑𝜑 = 𝐼𝑠 + 𝑚𝑠(𝑟𝑥𝑀
2 + 𝑟𝑦𝑀

2 )

 (40) 

The moments due to the gravity are: 

𝑇𝑣𝜃 = 𝑚𝑣𝑔𝑏 𝑠𝑖𝑛 𝜃 (41) 

𝛵𝑔𝜃 = 𝑚𝑠𝑔𝑙𝑦𝑚 (42) 

𝛵𝑔𝜑 = 𝑚𝑠𝑔𝑟𝑦𝑚 (43) 

The rest of the terms are: 

 Ru: an added damping coefficient for the surge motion induced by the waves, 

 Fw: the force due to the incident and diffracted waves, 

 Tp: the reaction force of the PTO mechanism. 

2.4 Equation of motion of the internal inertial reacting body 

Under the assumption that the surge and pitch motion of the external vessel are known in the time 

domain, the equations of motion can be further simplified, retaining only the set of equations which 

refer to the mechanism itself: 

𝑑

𝑑𝑡
(𝑀𝜑𝜑�̇�) = −

𝑑

𝑑𝑡
(𝑀𝑢𝜑�̇� + 𝑀𝜃𝜑�̇�) − 𝑇𝑔𝜑 + 𝛵𝑝 (44) 

In an equivalent state space representation: 

�̇� = [
�̇�

𝑃�̇�
] = [

(𝑃𝜑 − 𝑀𝑢𝜑�̇� − 𝑀𝜑𝜑�̇�)/𝑀𝜑𝜑

−𝛵𝑔𝜑 + 𝛵𝑝
] (45) 

3 Maximum power conversion capability 

3.1 Linearization of the equations of motion 

Under the assumption of small perturbations around the rest position of the mechanism for the angles φ, 

θ and ψ of the assembly, the Eqs. (18) and (19) of motion can thus be simplified as follows: 

𝑥𝛣 ≈ 𝑙𝑝𝜑 (46) 
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𝑦𝐵 ≈ 0 (47) 

where: 

𝑙𝑝 = (𝜇 + 1)ℎ (48) 

𝜇 ≈
1

𝑑 𝑐⁄ − 1
 (49) 

𝜎 ≈ 2 𝑐𝑜𝑠 𝛾𝜊 (50) 

Equation (47) implies that the physical motion of the center of the mass of the body is linear, exactly in 

the same way as the traditional designs of linear sliding mass WECs, as for e.g. in the form of PS Frog. 

Similar simplified relations hold for the factors rx, ry, lxM
, lyM

, rxM
 and ryM

, as well as for the 

components of the matrix M: 

𝑴 = [

𝑚𝑣 𝑚𝑣𝑏 𝑚𝑠𝑙𝑝

𝑚𝑣𝑏 𝐼𝑣 + 𝐼𝑠 + 𝑚𝑣𝑏2 −𝐼𝜃

𝑚𝑠𝑙𝑝 −𝐼𝜃 𝐼𝜑

] (51) 

where: 

𝐼𝜃 = 𝐼𝑠 + 𝑚𝑠𝑙𝑝a (52) 

𝐼𝜑 = 𝐼𝑠 + 𝑚𝑠𝑙𝑝
2  

and the moments due to the gravity: 

𝑇𝑣𝜃 ≈ 0 (53) 

𝛵𝑔𝜃 ≈ 𝑚𝑠𝑔𝑙𝑝𝜑 (54) 

𝛵𝑔𝜑 ≈ 𝑚𝑠𝑔𝑙𝑝𝜃 (55) 

3.2 Proposed form for the Power Take Off force and Feedback Law 

In view of the non-linear equation of motion, Eq. (44), the mechanism is inherent to an unstable 

behavior. For this reason, a feedback law is incorporated in the power take off force, being of the 

following form: 

𝑇𝑝 = −𝐾𝑝𝜑 − 𝑅𝑝�̇� + 𝑇𝑁 (56) 

where Kp and Rp are constant linear feedback gains to be properly selected and TN denotes an appropriate 

compensator for the non-linearity of the system in the form: 

𝑇𝑁 =
𝑑

𝑑𝑡
(𝑃𝜑 − 𝑚𝑠𝑙𝑝�̇�  +  𝐼𝜃�̇� − 𝐼𝜑�̇�) + (𝛵𝑔𝜑 − 𝑚𝑠𝑔𝑙𝑝𝜃) (57) 

which results to the following equation for motion of the internal body: 

𝐼𝜑�̈� + 𝑅𝑝�̇� +  𝐾𝑝𝜑 = −𝑚𝑠𝑙𝑝�̈�  + 𝐼𝜃�̈� − 𝑚𝑠𝑔𝑙𝑝𝜃 + 𝑇𝑁 (58) 

Obviously TN is equal to zero for a linearized system.  

Equation (58) implies that the motion of the internal body is fully equivalent dynamically to that of a 

damped physical pendulum, with a mass ms and inertia Is about its CM, which is suspended at a distance 

lp from its center of mass.  

However, it should be stretched, that in view of Eq.  (48), the equivalent length lp of this pendulum can 

be many orders of magnitude higher than that expected by any other vertical pendulum, realized in the 

traditional natural technological way, as for e.g. in the form of SEAREV. 
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This pendulum can simultaneously convert three different forms of wave energy: 

 The kinetic energy resulting from the surge motion. 

 The kinetic energy resulting from the pitching motion. 

 The potential energy resulting from the pitching motion. 

In view of Eq. (34), the selection of the feedback gains can be performed in a way to ensure stability of 

the system, optimal tuning of the natural periods of the system to the periods of the external source, as 

well as maximum power conversion capability. 

3.3 Calculation of maximum power conversion capacity 

The analysis of the power conversion capability can be performed independently for the surge and pitch 

motion of the converter. However, the design of the external vessel and the coupled form of equations 

[9] imply that dependence exists in fact between them. Detailed analysis of such dependence is 

performed in [10]. Following the outline of such an analysis, the vessel will be assumed to be subjected 

to a pitching motion of amplitude ΘC and frequency ω: 

𝜃(𝑡) = 𝛩𝐶 𝑐𝑜𝑠 𝜔𝑡 (59) 

while the surge motion will depend on the pitch motion as follows: 

𝑢(𝑡) = −𝑏𝜃(𝑡) = −𝑏𝛩𝐶 𝑐𝑜𝑠 𝜔𝑡 (60) 

As a result, the equation of motion (58) now becomes: 

𝐼𝜑�̈� + 𝑅𝑝�̇� + 𝐾𝑝𝜑 = −𝑀𝑒𝛩𝐶 𝑐𝑜𝑠 𝜔𝑡 (61) 

where: 

𝑇𝑝 = −𝐾𝑝𝜑 − 𝑅𝑝�̇� (62) 

𝑀𝑒 = 𝜔2𝐼𝑃 + 𝑚𝑠𝑔𝑙𝑝 (63) 

𝐼𝑃 = 𝐼𝑆 + 𝑚𝑠𝑙𝑝(a + 𝑏) (64) 

The steady state response of the system is a harmonic function with a frequency equal to ω and with a 

phase difference of π/2 with the excitation force, in order to maximize power capture from the excitation 

force: 

𝜑(𝑡) = −𝛷𝑆 𝑠𝑖𝑛 𝜔𝑡 (65) 

The minus sign is used to denote that for the positive θ angle, a negative φ angle should result, in order 

to ensure the stability of the vessel. The mean power absorbed by the Power Take Off is defined as 

follows: 

𝑃𝑜𝑢𝑡 =
1

𝑇𝑤
∫ 𝑇𝑝�̇�𝑑𝑡

𝑇𝑤

0

= −
1

2
𝜔𝑀𝑒𝛩𝑐𝛷𝑠 = −𝑃𝑖𝑛 (66) 

or alternatively: 

𝑃𝑜𝑢𝑡 = −
1

2
𝜔𝛩𝑐𝑚𝑠𝑋𝑀𝑎𝑒 (67) 

where XM = lpΦs is the amplitude of the linear motion of the oscillating body’s center of mass and: 

𝑎𝑒 = 𝑔 + 𝜔2(a + 𝑏 + 𝑙𝐼) (68) 

𝑙𝐼 = 𝐼𝑆/(𝑚𝑠𝑙𝑝) (69) 

Substitution of Eqs. (62)-(64) into Eq. (66) leads to the following results for the PTO: 
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𝑅𝑝 =
𝑀𝑒𝛩𝑐

𝜔𝛷𝑠
 (70) 

𝐾𝑝 = 𝜔2𝐼𝜑 (71) 

4 Indicative implementation – Synergetic concept with 500 KW 
wind turbine  

4.1 A standalone WEC 

Typical values for “good” offshore locations range between 20 and 70 kW/m as annual average and 

occur mostly in moderate to high latitudes. A design approach for a peak energy level of 30 kW/m (also 

considering good locations in the Mediterranean Sea) can be reasonably used as a target value to be 

reached by the subsequent WECs to be designed. 

The actual power that can be absorbed by a pitching and surging WEC is expressed by the value of the 

Capture Width, which is around L=λ/π, for pitching and surging WECs [2]. Typical values for the 

wavelength of λ ≈ 20 ÷ 100 m are considered. Calculating L and multiplying this value with the wave 

power per unit length, results to a total value of a power around 0.20-1 MW [8], which can be absorbed 

by a unique WEC. 

Moreover, assuming the buoy to be of a hemispherical shape, estimates for the optimum radius of the 

vessel DV 2⁄ = RV = 0.262 Tw
2  can be derived [2], although this value has been proved for heaving 

motion only. Taking into account wave periods of 6-10 seconds, this leads to buoy with a radius of at 

least 10-26m, able to capture the amount of power calculated previously. The above estimates are in line 

with the results of [11]. 

Therefore, an indicative mechanism for a standalone WEC is presented. A body consisting of two 

unequal spheres and a beam that links them together will be used as an inertial mass. This body is 

suspended with three links inside a sealed vessel. This basic configuration has the form presented in 

Fig. 3. It should be noted, that hydraulic power take of systems can offer a reliable and efficient approach 

for wave energy conversion [12]. 

As Fig. 3 indicates, the vessel is a fully sealed hull with a plate at the bottom for maximizing reaction, 

increasing the added mass and lowering the center of mass of the external vessel. The hydraulic system 

power pack can be placed at the bottom, while the rams operate in the same plane with the center of 

mass of the oscillating body. For the detailed design of the hull, efficient procedures for its design can 

be applied [13], [14]. 

 

Figure 3: A fully enclosed multi axis combined surge and pitch WEC. 

Examination of Eq. (66) of the output power, for different values of the four-bar mechanism’s lengths 

h, d, c, as noted on figure 2 and also the masses and distances between the two spheres of the 

“pendulum”, has led to the following graphs shown on figure 4. 
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The linear correlation between the output power and the equivalent pendulum length lp is obvious in 

Eqs. (63) and (64), same with the total mass ms. The length lp on Eq.(48) depends solely on the choice 

of the lengths h (linear), d, c as shown on figure 4. 

For this task, a preliminary set of geometrical restrictions has been set, by examining the configuration 

of the system: primarily d > c and h < r2. Assuming that the weight of the beam and the supporting 

brackets are evenly distributed along the total length, the values of m1, r1 and m2, r2 can be calculated, 

where m1 and m2 indicate the masses of the two spheres and r1, r2 their distance measured from the center 

of mass C of the body (“pendulum”) S. Considering that ms=m1+m2 and m1/m2=r2/r1, the moment of 

inertia of the body S: 

𝐼𝑆𝐶
= 𝑚𝑠𝑟1𝑟2   ⇒    𝐼𝑆 ≡ 𝐼𝑆𝑂

= 𝑚𝑠(𝑟1𝑟2 + a2) (72) 

 

Figure 4: (a) Output power for varying values of h. (b) Output power for varying values of the ratio 

d/c. (c) Equivalent pendulum length lp for varying values of the ratio d/c. (d) Output power for varying 

values of lp. 

Figure 4b, shows that as the ratio d/c moves closer to the value 1 (d=c), output power is ascending. Of 

course, this ratio is restricted by the geometry of the mechanism and the system as a whole. 

4.2 A synergetic concept with a 500 KW wind turbine 

Among the variety of interesting configurations that can be achieved, is that of a floating offshore wind 

turbine, which is used by iteslf as an inertial mass for the mechanism, which can be appropriately 

suspended from a floating offshore platform. Such a configuration cannot only stabilize the wind turbine 

from the wave motion, but it can also extract a huge amount of wave power. In order not to disturb the 

aerodynamic operation of the turbine, tha amplitude of the inclinaton φ of the mechanism is kept quite 

low. Such a concept is depicted in Figure 5 below, with relevat design parameters persented in Table 2. 
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Figure 5: A floating 500KW wind turbine suspended inside a spar buoy with a 500KW WEC 

As a first attempt to approach this concept, the main technical data of the onshore Vestas V39/500 [15] 

are taken into consideration. The task is to calculate the additional mass and the parameters of the 

kinematic mechanism required, to achieve an additional 500KW output of power by implementing this 

novel design of WEC. 

In order to translate the moment of inertia of the tower It around point C to an equivalent of a sphere at 

distance r1 from said point, Eq. (73) is applied. 

𝐼𝑡𝐶
=

1

3
𝑚𝑡ℎ𝑡

2 ≡ 𝑚𝑒𝑞𝑟1
2 (73) 

Considering that the distance r1, represents the tower height in this case: ht = r1. Thus the equivalent mass 

is calculated as meq = mt/3 which is added to the mass of the rotor and the nacelle. 

Vestas V39/500 Technical Data 

General Weights 

Nominal output 500 KW Rotor (with hub) 3500 kg 

Tower height 40 m Nacelle (without rotor) 18000 kg 

Rotor diameter 39 m Tower 58000 kg 

Table 1: Basic parameters of the Vestas V39/500 

Four-bar mechanism 

h [m] d [m] c [m] γ0 [°] l [m] μ lp [m] 

39,00 12,00 10,00 87,06 39,05 5,00 234,31 

Body & Vessel 

m1 [tn] m2 [tn] r1 [m] r2 [m] a [m] b [m] 

40,83 30,00 40,00 54,44 10,00 5,00 

ms [kg] Is [kgm²] Ip [kgm²] Iφ [kgm²] DV [m] 

7,08E+04 1,61E+08 4,10E+08 4,05E+09 33.55 

Response Parameters 

Θc [°] Φs [°] Tw [s] ω [rad/s] Me [kgm²/s²] XM [m] 

5,00 2,00 8,00 0,79 4,16E+08 8,18 

PTO 

Rp Kp Pout [MW] 

1,32E+09 2,50E+09 0,50 

Table 2: Design data for a 500KW WEC supporting a 500KW Vestas V39 wind turbine 
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Consequently, this synergetic concept, provides a total power output of 1MW, doubling the nominal 

output of the wind turbine. 

Although such a design presents certain controversial aspects, it clearly indicates that the direction for 

the efficient implementation of floating offshore wind turbines lies clearly in such design concepts, than 

in the design of turbine blades from composite materials with lengths well over a football stadium. 

 

Figure 6: Implementation as independent WECs inside the legs of a semi-submersible floating 

offshore platform 

 

Figure 7: Implementation inside a torus configuration around a spar buoy. 

In any case, the flexibility of such a mechanism allows many other efficient alternative implementations, 

as for e.g. in semi-submersible or torus configurations depicted in Figures 6 and 7 respectively. 

It should be clarified, that the above values refer just to an indicative implementation of a mechanism 

for this synergetic concept and they are by no means optimized. Such an approach is obviously necessary 

in full association to the design of an optimized external vessel. 

5 Conclusion 

As it results, the linear motion of the center of mass of the suspended body and the suspension geometry 

enables the introduction of a quite simple form of a PTO mechanism, rendering this design far more 

reliable and easily implementable than all other known types of internally reacting masses. 

The combined values of power and suspended mass in Table 1 compare more than favorably to those 

necessary for other types of internally reacting WECs, such as PS Frog [9] or SEAREV [8], [12] or other 

technologies [16].  

The concept is flexible and parametrically designed, enabling its implementation in any form of floating 

vessels. An alternative direction consists in properly embedding it in floating offshore platforms, 

supporting wind turbines. Such a design can drastically enhance the performance, the efficiency and the 

potential of floating offshore energy applications. 
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