
  

Abstract—The objective of this paper is to derive the 
optimal parameters of an oil-hydraulic power take-off 
system for a bottom-hinged plate wave energy converter 
and to verify the impact of the state-of-the-art reactive 
control strategy on the converter performance. The power 
take-off concept relies on a concept of two-single rod oil-
hydraulic cylinders working with a reciprocating movement 
on both sides of the bottom plate. The concept takes 
advantage of two possible hydraulic configurations to 
maximize their efficiency. The system is modelled with 
different controller’s, whose parameters are optimized with 
genetic algorithms in order to maximize the harvested 
power. The mechanical interface between the power take-
off and converter is also optimized considering 
technological constraints on the power take-off system and 
converter motions. The simulations are performed for 
different sea sate conditions. 

 
Keywords—Bottom-hinged plate, Power take-off system, 

Oil-hydraulics, Wave energy converter.  

I. INTRODUCTION 

by means of a power take-off system (PTO). A wide range 
of concepts have been presented by academia and industry 
in the last decades, which includes oscillating water 
columns, point absorbers, terminators, attenuators and 
oscillating wave surge converters [1].  

This paper covers the case of the bottom hinged-plate 
WEC, one kind of oscillating wave surge converter, made-
off a buoyant plate hinged to the sea floor, in which the 
plate thickness is smaller than the other dimensions [2]. 
This WEC is installed in shallow waters and operates in 
pitch mode, moving back and forth with the surging 

 
 

Centre for Marine Technology and Ocean Engineering, which is 
financed by Portuguese Foundation for Science and Technology 
(FCT), the project “Generic hydraulic power take-off system for wave 
energy converters” funded by FCT under contract PTDC/EMS-SIS-
1145/2014 and the project “Experimental simulation of oil-hydraulic 
Power Take-Off systems for Wave Energy Converters”, funded by 
FCT under contract PTDC/EME-REN/29044/2017. 

M. Calvário is a Researcher Assistant at the Centre for Marine 
Technology and Ocean Engineering (CENTEC), Instituto Superior 
Técnico, Universidade de Lisboa, Av. Rovisco Pais, 1049-001 Portugal 
(e-mail: miguel.calvario@centec.tecnico.ulisboa.pt).  

movement of water particles close to the bottom [1]. 
Surface piercing and fully submerged prototypes were 
tested in open ocean, in case the Oyster [3] and Waveroller 
[4], using water and oil hydraulic PTO technologies, 
respectively. 

This paper analyses a simplified surface piercing 
bottom-hinged plate bottom connected to a generic oil-
hydraulic PTO system. The PTO [5] is based on the 
reciprocating movement of two cylinders, attached to both 
sides of the plate, in which the bi-directional oil power is 
sent to a hydraulic motor coupled with an electrical 
generator. The PTO allows two different oil-hydraulic 
cylinder configurations, one like a double-rod symmetric 
cylinder and other similar to a single rod cylinder, being 
possible to adjust pressure and force according to a specific 
sea state condition. 

The objective of this paper is to analyse the performance 
of the PTO concept with two different oil-hydraulic 
configurations of a standard cylinder and comparing 
results using Proportional (P) and Proportional Integral 
(PI) controllers. The analysis is performed with constraints 
on the cylinder motion, in order to avoid excessive 
oscillations, and on the minimum average pressure of the 
double rod symmetrical cylinder. Both control and layout 
parameters are optimized with genetic algorithms.  

This paper is organised in six sections. Section II 
presents the PTO Concept, while the modelling of WEC 
hydrodynamics and PTO system is presented in section III. 
In section IV the case study is developed, and the results 
analysis is presented in section V, being the paper 
summarized in the conclusions section. 

II. PTO CONCEPT 

The PTO consists of two single rod cylinders (c1 and c2 
in Fig.1) hinged on both plate sides, oscillating with a 
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AVE energy converters (WECs) are devices 
designed to extract energy from waves, in which 
the harvested energy is converted into electrical one 
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surging movement [3], [6]. The layout of the attachment is 
symmetrical in relation to the vertical axis, being this 
concept based on a third-class lever mechanism [5], [7]. In 
addition, two or more rows of cylinders can be added in 
parallel, in order to maximize the harvested power. 

The PTO working principle is based on a reciprocating 
movement of cylinders, allowing two different oil-
hydraulic configurations, PTO A and PTO B The 
configuration of PTO A, is similar to a double rod 
symmetric cylinder, in which the rodless chambers are 
linked by a direct connection (ports e and f, Fig.2) and 
annular chambers are linked to the pump. On the other 
hand, in PTO B the rodless chambers are connected to the 
pump while the annular chambers are connected directly. 
As the cylinders move in opposite directions, the total oil 
volume displacement between the chambers is the same 
[12]. 

For instance, in case of PTO configuration A when the 
plate rotates clockwise the oil inside cylinder c1 (Fig. 2) is 
compressed and the cylinder moves upwards producing 
power, while cylinder c2 (Fig. 2) is in idle mode, moving 
downwards. This cylinder will produce power during the 
plate counterclockwise rotation while cylinder c1 will be 
in the idle mode.  

PTO configuration A is suitable for low energetic sea 
state conditions, because the oil pressure can be increased 
in order to maintain the pump and other hydraulic 
component at a reasonable efficiency level [13]. On the 
other hand, configuration B is suitable for more energetic 
sea states, taking advantage of a higher buckling force. 

III. MODELLING 

This section outlines the hydrodynamic modelling of 
the WEC and the PTO system. 

A. Hydrodynamics 

The WEC is modelled, according to the diagram 
presented in Fig.3, with the linear potential theory and 
methodologies presented in the literature [2], [14]. The 
interaction between waves and the WEC is given by: 

  𝐽௦𝜃̈(𝑡) = 𝑀௘(𝑡) + 𝑀௛(𝑡) + 𝑀௥(𝑡) + 𝑀௉்ை(𝑡) (1)

where Js is the inertia mass moment relative to the 

fulcrum axis, 𝜃̈(𝑡) is the plate angular acceleration, Me is 
the moment of excitation, Mh is the hydrostatic moment, 
Mr is the radiation moment and MPTO is the moment 
produced by the PTO system. 

The development of (1) in time domain, without 
considering fluid viscous effects, results in [2]: 

 
 [𝐽௦ + 𝐴ஶ]𝜃̈(𝑡) + න 𝑘௥(𝑡 − 𝜏)

௧

଴

𝜃̇(𝜏) + 𝑘௛𝜃(𝑡) 

= 𝑀௘(𝑡) + 𝑀௉்ை(𝑡) 
(2)

where 𝐴ஶ  is the added moment of inertia at infinite 
frequency, kh is the hydrostatic restoring coefficient and kr 
is the radiation impulse response function. 

The values of kh and kr are given respectively with [2]: 

 𝑘௛ = 𝜌𝑔𝑉௣𝑟௕ − 𝑚௣𝑔𝑟௚ (3)

 𝑘௥(𝑡) =
2

𝜋
න 𝐵(𝜔)

௧

଴

cos(𝜔𝑡) 𝑑𝜔 (4)

where ρ is the water density, g is the gravity 
acceleration, Vp is the displaced volume, rb is the distance 
between the fulcrum axis and the centre of buoyancy, mp is 
the mass of the plate, rg is the distance between the fulcrum 
axis and centre of gravity, B(ω) is the radiation damping 
coefficient and ω is the wave angular frequency. 

Fig. 1. Oscillating wave surge converter with a reciprocating PTO 
concept. Adapted from [5] and [8]-[11]. 
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Fig. 3. WEC geometrical parameters (not in scale). Adapted from 
[5], [6] and [15]. 
 

Fig. 2. PTO reciprocating concept. Adapted from [5], [12].  
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The moment of excitation is [2]: 

 
𝑀௘௫௧(𝑡) = ෍ 𝐴௪,௡(𝜔௡)

ே

௡ୀଵ

|Γ(𝜔௡)| cos൫−𝜔௡𝑡

+ 𝜑௡ + ∠𝛤(𝜔௡)൯ 

(5)

where n is the index of wave component, Aw,n is the wave 
amplitude, |Γ(𝜔௡)| is the excitation moment amplitude, 𝜑௡ 
are random phases, ∠𝛤(𝜔௡)  is the excitation phase 
difference and N is the number of frequencies. 

The value of Aw,n is obtained with: 

 𝐴௪,௡ = ඥ2S(𝜔௡)∆𝜔 (6)

where S(ωn) is the energy density spectrum while ∆𝜔 is 
the difference between two consecutive frequencies. 

In the present study, the Pierson-Moskowitz 
formulation is used [16], described by: 

  𝑆(𝜔௡) = 5𝜋ସ
𝐻௦

ଶ

𝑇௉
ସ

1

𝜔௡
ହ

exp ቈ
−20𝜋ସ

𝑇௉
ସ

1

𝜔௡
ସ

቉ (7)

where Tp and Hs are the peak wave period and the 
significant wave height, respectively. 

B. Power take-off system 

The PTO is analysed without considering the modelling 
of the pumps and the high pressure pipeline. It is assumed 
an ideal PTO in which the cylinder harvested power is 
described as: 

  𝑃௖(𝑡) = 𝐹௖(𝑡)𝑑̇଺(𝑡) =
𝑀௉்ை(𝑡)𝑑̇଺(𝑡)

𝑑ଽ(𝑡)
 (8)

where Fc is force on the cylinder, d6(t) is the displacement 
of the cylinder, and d9(t) is the moment arm. 

The PTO force and moment are described as [2], [17]: 

 𝐹௉்ை(𝑡) =
𝑀௉்ை,௥௘௙(𝑡)

𝑙ଽ(𝑡)
 (9)

 𝑀௉்ை(𝑡) = 𝐾஼𝜃(𝑡) + 𝐵஼𝜃̇(𝑡) (10)

where KC (spring) and BC (damping) are the PTO control 
parameters.  

The cylinder buckling force, which should not be exceed 
is obtained with [18]: 

  𝐹௉்ை(𝑡) ≤ 𝐹௕௨௖௞௟௜௡௚ =
𝜋ଶ𝐸𝐼

𝑣𝑑௞
ଶ (11)

where E is the modulus of elasticity, I is the geometrical 
inertia moment of the cylinder rod cross section, ν is the 
safety factor and dk is the free buckling length. 

The geometrical parameters d6(t), d8(t), d9(t) and 𝜑(t) are 
obtained with [5]: 

  𝑑଺(𝑡) = −𝑑଻ + ට𝑑ସ
ଶ + 𝑑଼

ଶ − 2𝑑ସ𝑑଼ cos൫𝜑(𝑡)൯ (12)

  𝑑ଽ(𝑡) =
𝑑ସ𝑑଼ sin൫𝜑(𝑡)൯

𝑑଺(𝑡) + 𝑑଻

 (13)

  𝜑(𝑡) = 𝜑଴ − 𝜃(𝑡) (14)

 𝜑଴ =
𝜋

2
− sinିଵ ൬

𝑑ହ

𝑑ସ

൰ (15)

 
 𝑑଼

ଶ − (2𝑑ସ cos(𝜑଴))𝑑଼ + 𝑑ସ
ଶ − ൫𝑑଺,଴ +

𝑑൯
ଶ

= 0  
(16)

where d6,0 is the cylinder initial position and d5 is the 
distance between the cylinder rod and plate middle axis. 

The cylinder average pressure and power are 
determined with [19]: 

 𝑝̅௖ =  
4𝐹௖

𝜋൫𝑑௣
ଶ − 𝑑௥

ଶ൯
 (17)

  𝑃ത௖ =
1

𝑡௙ − 𝑡௜

න 𝐹௖𝑑̇଺(𝑡)

௧೑

௧೔

𝑑𝑡 (18)

where dp and dr are the cylinder piston and rod 
diameters respectively. 

IV. CASE STUDY 

This section presents the WEC modelling main 
parameters and assumptions. The plate hydrodynamic 
coefficients A(ω), B(ω) and Γ(ω) are determined with the 
Nemoh software [20]. The plate is modelled as a 
rectangular box with a length of 8.4 (m), width of 18 (m) 
and thickness of 1.8 (m), and hinged to a foundation (d1=3 
m) by means of a triangular downwards structure (1 m 
height). The modelling approach is adapted from [21]. The 
behaviour of the hydrodynamic coefficients against the 
wave period is presented in Fig.4 and the sea state 
conditions (Hs and Tp) are presented in Table I. 

TABLE I 
SEA STATE CONDITIONS [5]. 

SS Hs (m) Tp (s) 

1 0.75 5.45  
2 1.25 5.98 

3 1.75 6.59 
4 2.25 7.22 
5 2.75 7.78 
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The kr parameter is obtained in the frequency domain (Kr 
(iω)), in order to avoid solving the convolution integral of 
the radiation IRF (4), with the following expressions, [22]: 

  𝐾௥(𝑖𝜔) = −B(𝜔) + 𝑖𝜔(𝐴(𝜔) − 𝐴ஶ) (29)

  𝐾෡௥(s) =
𝑐௠𝑠௠ + 𝑐௠ିଵ𝑠௠ିଵ + ⋯ + 𝑐଴

𝑑𝑖௠𝑠௠ + 𝑑𝑖௠ିଵ𝑠௠ିଵ + ⋯ + 𝑑𝑖଴

 (20)

where 𝐾෡௥(s) is a rational transfer function that is used to 
perform an approximation of Kr(iω). 

A fifth order approximation was set, using an open 
source toolbox [23], and the collected results (after the 
transformation to time domain, k(t)) are presented in Fig. 
5. 
A mill type standard cylinder [18] with a piston diameter 
of 320 (mm) and rod of 200 (mm) is used with a maximum 
working pressure up to 350 (bar). The distance d7 is set in 
to minimize the distance between the trunnion position 
and the cylinder clevis, in order to increase the buckling 
force. The WEC hydrodynamic and PTO parameters are 
presented in Table II. 

An optimization procedure is undertaken, in order to 
maximize the harvested power (objective function), 
considering a maximum and minimum plate pitching 
angle (θmax, θmin) and a minimum average pressure (𝑝̅௖௠௜௡) 
The problem is defined as [5], [24]: 

  𝑚𝑖𝑛 ቎− ቌ
1

𝑇
න 𝑃௖(𝑡)𝑑𝑡

்

଴

ቍ + ෍ 𝐶௜𝑑௜
௞భ

௠

௜ୀଵ

቏ (21)

  𝑔ଵ(𝑑ସ, 𝐾஼ , 𝐵஼) = 𝑝̅௖௠௜௡ − 𝑝̅௖ ≤ 0 (22)

  𝑔ଶ(𝑑ସ, 𝐾஼ , 𝐵஼ ) = 𝜃௠௜௡ − min (𝜃) ≤ 0 (23)

  𝑔ଷ(𝑑ସ, 𝐾஼ , 𝐵஼) = 𝑚𝑎𝑥(𝜃) − 𝜃௠௔௫ ≤ 0 (24)

The decision variables are the control parameters (KC, 
BC) and the distance d4. The latter is constrained between 2 
and 2.2 (m) and control parameters to KC ∈ [-1x106, 1x109] 
and BC ∈  [0.1x106, 1x109]. These bounds are based on 
previous studies regarding reactive control of points 
absorbers WECs [17]. 

The value of 𝑝̅௖௠௜௡  is defined as 170 (bar) in order to 
avoid losses on hydraulic components (e.g. pump [13]) and 
the angle is limited to 30 (º) based on the assumption of 
linear wave theory [2]. The optimal parameters are 
obtained with genetic algorithms following the method 
presented in [5] and [19]. The optimization is performed 
with a population of 200 individuals and 25 generations. 

The optimization process is performed with two 
scenarios (S1 and S2) as follows: 

S1 - Two rows of cylinders are modelled considering the 
oil pressure constraint and using the PTO A configuration; 

S2 - Two rows of cylinders are modelled with the PTO 
configuration B although with no pressure constraint.  

P and PI controllers are studied, in both scenarios, in 
order to determine their impact on the harvested power. 

Fig. 4. Hydrodynamic coefficients A(ω), B(ω) and Γ(ω) versus the 
wave period [5]. 
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Fig. 5.  Radiation IRF kr(t) and approximated value [5]. 
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TABLE II 
HYDRODYNAMIC AND PTO PARAMETERS [5]. 

Symbol Value Unit 

ρ 1025 kg m-3  
g 9.806 m s-2 

Vp 288.36 m3 

rb,rg 4.945  m 
mp 98.523x103 kg 

C 9.555x106 N m 
Js 2.713x106 kg m2 
J∞ 2.12x107 kg m2 
[c4,…,c0] *(1) --- 
[di4,…,di0] *(2) --- 
Fsat piston 281.5 Ton 
Fsat ring 148.4 Ton 
d1 3 m 
d5 1.4 m 

*(1) [1.003 1.009 4.612 3.574]x108  
*(2) [1. 2.585 7.736 13.388 12.788 9.6974]  
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V. RESULTS 

The results as regards the harvested power ( 𝑃ത௖ ), 
maximum and minimum power peaks (max(𝑃௖), min(𝑃௖), 
respectively) ratio between maximum peaks and average 
power ( max(𝑃௖) 𝑃௖

ഥ⁄ ) and ratio between minimum and 
maximum power peaks (min(𝑃௖) / max(𝑃௖)) are presented 
in Table III. 

As revealed in Table III, 𝑃ത௖ increases with the sea state 
energetic condition in both PTO configurations and 
control approaches. Moreover, higher values of 𝑃ത௖  are 
achieved by using PTO configuration B (scenario S2) with 
both controllers and in all sea state conditions. PTO 
configuration B takes advantage of a higher buckling force 
and, since the pressure is not constrained, a larger value of 
harvested power is obtained. PTO configuration A is more 
likely to have a higher efficiency in the less energetic 
conditions because the oil pressure fluctuates around 170 
(bar) with impact on pump efficiency, and so may be 
implemented in such conditions. 

The results reveal higher values of harvested power (𝑃ത௖) 
obtained with a PI control in both scenarios, mostly on 
scenario S2, where it increases with the sea energetic level. 
A similar behaviour is also observed for max(𝑃௖), except 
for SS4 and SS5 conditions. 

The minimum power peaks min(𝑃௖) are negative using 
a PI controller, meaning that the PTO should reverse some 

energy during the oscillation cycle in order to perform the 
reactive control [25]. In contrast, minimum power peaks 
are null with a P controller, thus not requiring reactive 
energy. 

In case of max(𝑃௖) 𝑃௖
ഥ⁄ , higher values are reached in SS2 

condition, for both controllers and scenarios, being the 
difference among scenarios meaningful with the P 
controller approach (16.4 and 12.4 ratios in scenarios S1 
and S2 respectively). The 16.4 ratio indicates that the 
maximum peak power is more than sixteen times of the 
average one, thus with more demand on the PTO storage 
capacity and components. As a result, the PTO will be 
designed to operate at extreme but less frequent 
conditions, and then, at non-optimal conditions most of 
the time. This problem may be minimized with a trade-off 
on the sizing of the PTO components (e.g. pumps, 
accumulators, [19]). As regards to the |min(𝑃௖) / max(𝑃௖) | 
ratio, it varies between 0.3 and 0.8 in scenario S1 and 
between 0.1 and 0.3 in scenario S2. 

According to the results the reactive control (PI) 
approach is the most appropriate to increase the power 
harvesting performance, however using a P controller 
approach is more likely to contribute for a higher PTO 
efficiency, because there is no need to reverse hydraulic 
energy during small periods of the working cycle. For 
instance, the required reactive power of 476.2 kW, with 
PTO configuration B in SS5 condition, requires the use of 
large displacement pump (e.g. 750 (cm3) [26]) or, in 
alternative, a tandem assembly of smaller pumps, which 
may have a positive impact on the PTO overall efficiency. 
Thus, further research is required in order to evaluate the 
PTO efficiency using a P controller with this WEC concept 
and using a PTO technology based on the reciprocating 
movement of single rod cylinders. 

VI. CONCLUSIONS 

The simulation results indicate that the “single-rod 
cylinder” configuration is suitable for an increment on the 
harvested power with the proposed PTO, mostly when 
using a PI control approach. However, the PTO efficiency 
was not considered in these simulations, which in case of 
a P control approach is expected to be higher than in the PI 
one, since there is no need to use reactive energy and 
bigger components.  
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