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A B S T R A C T

Wave energy is a promising renewable resource due to its predictability, consistency, and low environmental 
impact, making it an efficient solution for electricity generation in marine environments. Among various wave 
energy converters, the Pelamis stands out for its simplicity and scalability; however, its energy conversion ef
ficiency can be further improved through advanced control strategies. This research aims to enhance the energy 
extraction efficiency of a Pelamis wave energy converter by implementing an optimal control strategy to regulate 
the production torque within the power take-off (PTO) system between the Pelamis cylinders. A dynamic model 
of the system interacting with regular waves is developed, and optimal control theory is applied to compute the 
PTO torques in real-time, maximizing the energy captured. The Pelamis energy converter and its control system 
were simulated in MATLAB’s Simulink environment. The results indicate that applying the optimal control 
method leads to a threefold increase in energy capture compared to the Proportional-Integral-Derivative (PID) 
control approach and a tenfold increase compared to the uncontrolled system. Additionally, frequency analysis of 
the average power output demonstrates that the energy gain with the optimal controller is achieved across all 
wave frequencies.

1. Introduction

Wave energy captures the immense power of ocean waves to produce 
electricity by transforming the kinetic and potential energy generated by 
waves into mechanical energy, which is subsequently converted into 
electrical energy using [1]. One key benefit of wave energy is its reli
ability; unlike wind and solar energies, ocean wave patterns can be 
accurately [2]. Furthermore, wave energy installations generally have a 
smaller environmental footprint, occupying less land than solar and 
wind farms [3]. They also enhance energy security by augmenting the 
energy sources available, representing a viable and eco-friendly option 
for addressing the rising global energy needs while helping to combat 
climate change [4]. This also can make wave energy a cost-effective 
solution for generating electricity in the marine environment [5].

There are several methods for extracting energy from ocean waves, 

including wave energy converters (WECs) such as Pelamis, wave- 
induced pressure systems, wave energy buoys, and the Wave Dragon 
[6]. These WECs demonstrate various methods for extracting wave en
ergy, illustrating the potential to develop sustainable energy solutions 
that utilize the natural dynamics of our oceans, making a significant 
contribution to the global renewable energy landscape [7].

Pelamis is considered an attractive option for wave energy genera
tion because it is relatively simple in design and can be easily scaled up 
or down depending on the location and the wave energy resource [8]. 
Additionally, it is relatively low-cost and low-maintenance and can be 
placed in various water depths [9]. One advantage of Pelamis over other 
wave energy converters is that Pelamis is an attenuator device, meaning 
it extracts energy through the relative motion of its articulated seg
ments. This absorption method allows for more efficient energy con
version without relying on fixed frames and seabed construction [10]. 
The efficiency of the Pelamis is influenced by a number of parameters, 
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including wave conditions at the deployment site, operating and main
tenance access, reliability, environmental factors, and power rating 
[11].

Recent studies have demonstrated growing advancements in WEC 
technologies and control strategies, some of which are reviewed in the 
following. O’Connor et al. [12] presented that increasing the power 
rating of the Pelamis increased its efficiency, but this also increased the 
cost of the device. Thomson et al. [13] conducted a life cycle assessment 
of the Pelamis wave energy converter and identified significant envi
ronmental impacts during installation and maintenance, contributing to 
higher costs and its discontinuation. Johnson and Martinez [14]
emphasized the environmental benefits of WECs like Pelamis. Their 
findings showed that these systems caused minimal ecological distur
bance, making them a sustainable option for large-scale deployment in 
offshore environments. Ghaneei and Mahmoudi [15] presented that 
Pelamis performed optimally in offshore locations with high wave en
ergy resources, where wave heights and periods were significant, and its 
efficiency improved with wave irregularity, performing better in irreg
ular rather than regular waves. Ghaedi et al. [16] explored the reliability 
of Pelamis wave energy converters integrated into electrical networks. 
They employed a multi-state framework to investigate component fail
ures and fluctuations in power output, resulting in an exergy efficiency 

of 85%. Through fuzzy c-means clustering, they optimized various 
power conditions, demonstrating that wave patterns greatly influence 
system reliability and contribute to improved performance. The findings 
were further supported by comparisons to simulations conducted via the 
Monte Carlo method.

As stated, the WEC is a complex system comprising various sub
systems that transfer energy from the ocean to electricity [17]. The 
system’s frequency response influences control strategies for Power 
Take-Off (PTO), impacting energy absorption [18]. Phase control with 
latching, which adjusts the phase angle of the PTO system, increases 
mean power [19] and proves especially useful in wave energy converters 
operating in irregular or changing wave conditions [20]. To improve the 
efficiency of wave energy absorption, de Falcão [21] presented a 
straightforward strategy and algorithm for the phase control of a point 
absorber in irregular, random waves through the utilization of the 
latching technique. Ni et al. [22] presented that to optimize the per
formance and cost-effectiveness of the Pelamis wave energy converter, 
significant attention was directed toward improving the efficiency of its 
power conversion system and control mechanisms. Nizamani et al. [23]
stated that investigating the hydrodynamic characteristics and also the 
power generation capacity of Pelamis using numerical simulations in the 
time-frequency response domain as well as methods developed based on 

Nomenclature

aj Acceleration of body oscillation on waves (m/s2)
an Two-dimensional added-mass coefficient (-)
anẇr Hydrostatic force required to accelerate the added mass 

(N)
ax Added mass (kg)
A Wave amplitude (m)
A33 Added-mass coefficient in the heave direction (-)
A55 Added-mass coefficient in the Pitch direction (-)
Ar System matrix (-)
Awp Wet surface area of a floating object (m2)
b1 Damping coefficient (-)
bn Two-dimensional damping coefficient (-)
bnwr Hydrostatic damping force (N)
B33 Rotational damping coefficient in heave direction 

(N.m.s/rad)
B55 Rotational damping coefficient in the Pitch direction 

(N.m.s/rad)
Br Input matrix (-)
cnχr Hydrostatic force generated by Relative displacement (N)
d Water depth (m)
e− k Pressure reduction coefficient (-)
Er Output matrix (-)
F Force applied on a floating body (N)
FP Configuration matrix (-)
GMt Metacentric height (m)
H Hamiltonian function (-)
Iww Moment of inertia of each cylinder cross section (kg.m2)
J Cost Function (-)
K Wave number (m− 1)
L Length of the floating object (m)
m Mass of the floating object (kg)
mnẍn Force required to accelerate the mass (N)
M Excitation torque (N.m)
M0 Amplitude of excitation torque in pitch direction (N.m)
Mpitch Hydrostatic moment (N.m)
n A vector perpendicular to the surface of the floating body 

(-)

P Excitation moment range in the pitch direction (Pa)
Q Forces and moments applied on the hull of a floating object 

by waves (-)
T Wave period (S)
u Velocity of the floating object (m/s)
U Input of control system or torque generated by PTO 

systems (-)
Uj Oscillation speed of the body on the waves (m/s)
ẇr Acceleration of each point on the floating object relative to 

the sea surface (m/s2)
Xr Independent state variables (-)
xr Relative displacement of each point on the floating object 

and sea surface (m)
ẋ Velocity in the heave direction (m/s)

Greek symbols
γ Oscillation of the floating object (-)
γa Amplitude of oscillation of the floating object (m)
λ Wavelength (m)
λ(t) Lagrange multipliers (-)
λ33 Two-dimensional damping coefficient (-)
μ33 Two-dimensional added-mass coefficient (-)
τ Water height in equilibrium state (m)
ϑw The speed of the traveling wave (m/s)
ϕA Potential of hull of the floating object in interaction with 

waves (m2/s)
ϕj Potential of wave velocity (m2/s)
ω Frequency-domain oscillation of the floating object (-)
ωe Encounter frequency (-)
∇0 Volume of displaced water (-)
ρ Water density (kg/m3)
ΔFγ Additional restoring force in heave direction (-)

Abbreviations
PTO Power Take Off
PID Proportional-Integral-Derivative
WECs Wave Energy Converters
OTEC Ocean Thermal Energy Converters
LCOE Levelized Cost Of Energy
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Fourier transform proved that an adaptive control strategy could in
crease the power generation capacity up to 15.9%. Sheshaprasad et al. 
[24] conducted a time domain simulation to analyze four PTO systems 
using National Data Buoy Center datasets. The results indicated that the 
binary-reactive PTO system was the most optimal solution for the 
surface-riding WEC, given the constraints of limited tube length and 
non-sinusoidal wave patterns. Wang et al. [25] studied the impact of 
control strategies and wave climates on the power performance and 
Levelized Cost of Energy (LCOE) of wave power farms and showed that 
the optimal linear active control strategy reduced LCOE and improved 
annual energy generation compared to the passive control strategy, 
especially when machinery constraints were considered. de Falcão et al. 
[26] emphasized the importance of adaptive control strategies for 
optimizing energy harvesting in irregular wave conditions, which were 
crucial for WECs like Pelamis. Their research indicated that adaptive 
PTO tuning could boost efficiency by up to 20%. Mehdipour et al. [27]
examined how to enhance the PTO configurations of oscillating surge 
WECs through the use of a new algorithm known as the Hill Climb - 
Explorative Grey Wolf Optimizer (HC-EGWO). This method resulted in a 
3.31% improvement in power output compared to various adaptations 
of the grey wolf optimizer and a significant 45% increase over other 
optimization strategies, boosting the efficiency of oscillating surge WECs 
in demanding conditions. Hall et al. [28] optimized PTO systems in 
WECs to maximize energy capture. Their analysis compared two ap
proaches based on model predictive control. They demonstrated that 
integrating hydraulic dynamics into PTO could lead to a 23% increase in 
power output during irregular wave situations, emphasizing the critical 
role of effective control mechanisms in tapping ocean energy. Shao et al. 
[29] focused on optimizing PTO systems within WECs, indicating their 
vital importance for energy-harnessing efficiency. They compared four 
complex models, assessing power performance across six sea states for 
the WEC. The findings indicated that each modeling technique had 
benefits and limitations, suggesting customized strategies for various 
simulation goals. Ali et al. [30] explored the PTO configurations of 
subsurface WECs to maximize energy capture. Their analysis revealed 
that a three-PTO configuration significantly improved broadband per
formance and power quality while effectively harnessing energy across 
all degrees of freedom, with only minor gains observed with additional 
PTOs.

According to the literature review, many studies have consistently 
demonstrated the efficacy of utilizing PTO control in a WEC; however, to 
our best knowledge, very little attention has been paid to the modeling 
and control of the PTO system in Pelamis wave energy converters. 
Hence, to respond to this gap, this study aims to boost the energy output 
of the Pelamis wave energy converter by using an optimal control 
approach to synchronize the production between its cylinders. The 
method presented in this study is primarily applicable to regular wave 
conditions due to its open-loop control nature. While irregular waves 
introduce challenges such as unknown external disturbances, the find
ings of this research provide a foundation for improving energy con
version efficiency in controlled environments. To achieve this, we 
analyzed the energy absorption under three PTO system conditions: no 
control, Proportional-Integral-Derivative (PID) control, and optimal 
control. Different techniques, including experimental [31] and numer
ical [32–33] methods, are used to investigate the impact of PTO control 
on the converted energy. Numerical models created in Simulink, a 
reliable and cost-effective tool, have been widely utilized in various 
studies [34–35]. Hence, Simulink is employed as a graphical program
ming platform for modeling, simulating, and examining dynamic sys
tems in this research.

The structure of this paper is organized into four distinct main sec
tions to enhance clarity and readability and present the research and 
findings. The Introduction (first section) provides essential background 
information and outlines the primary research objectives. Following 
this, the materials and methods section (second section) details the 
procedures used in the research, including ocean wave and Pelamis 

converter specifications (subsection 2.1), Pelamis dynamic modeling 
(subsection 2.2), state space for the dynamic’s equations of the Pelamis 
converter (subsection 2.3), control strategies, involving optimal control 
design for the Pelamis energy converter and control law extraction 
(subsection 2.4), and Simulink (subsection 2.5). This section also pro
vides details on the optimization and analysis of the study. The results 
and discussion section (third section) presents the study’s findings 
derived from the simulation of the Pelamis with an optimal control 
system (subsection 3.1), simulation of the Pelamis with an PID control 
system (subsection 3.2), and comparison of Pelamis performance in 
controlled and uncontrolled conditions (subsection 3.3). Finally, the 
conclusion section (fourth section) summarizes the main findings, un
certainties, limitations, and suggests areas for future research.

2. Material and methods

2.1. Ocean wave and Pelamis converter specifications

Wind-generated waves are not regular and have a random nature. 
However, most methods for analyzing and designing offshore structures 
are based on regular waves. In fact, regular wave theories approximate 
the actual wave conditions in a way that is satisfactory for most engi
neering purposes [36]. Accordingly, this study assumes regular wave 
conditions for simplicity, though real ocean waves are irregular with 
varying amplitudes, frequencies, and directions. Regular waves are 
chosen instead of irregular or random waves to provide a controlled and 
repeatable environment for optimal control strategy, allowing for a clear 
assessment of the system’s dynamic response while minimizing un
certainties. This approach establishes a baseline understanding of the 
Pelamis wave converter’s behavior, ensures comparability with prior 
research [37–38], and enhances computational feasibility by avoiding 
the complexities of stochastic wave variability, making the analysis 
more interpretable and efficient. Future research should incorporate 
irregular wave models and address factors like actuator limitations, 
environmental variability, and system degradation to enhance the 
applicability of the control strategy.

Table 1 lists the necessary parameters for simulating ocean waves 
and transforming energy into electricity [37]. The wave conditions 
considered in this study were carefully selected to align with the as
sumptions of Airy wave theory, which requires that the ratio of wave 
height (H) to wavelength (λ) be much smaller than 1 (H/λ≪1.0). Based 
on the parameters in Table 1, the wavelength was calculated using the 
dispersion relation, yielding λ = 22.38 m. The resulting ratio H/λ =

0.089 confirms that the wave conditions are well within the linearity 
range, validating the use of Airy wave theory in this analysis.

A regular and harmonic wave is used first to start a transformer 
simulation. Then, if an answer is obtained in this environment, an 
irregular and random wave and actual conditions are used for the sub
sequent stages. Accordingly, we assumed that the waves impacting the 
Pelamis are harmonic and consistent. Hence, the ocean waves can be 
depicted as regular waves through Eq. (1). 

Table 1 
Specifications of the wave used in this study

Parameter Value Unit

Wave amplitude (half the wave height) 1 m
Wave period 3.8 s
Water depth 10 m
Water density 1000 Kg/m3

Pelamis Volume 6.95 m3

Length of each Pelamis cylinder 6.8 m
Pelamis mass 1102.27 Kg
Moment of Inertia 4463.43 Kg.m2

Depth of bouncy 0.33 m
Rotational damping coefficient of connecting damper 1.04E06 N.m.s/rad
Stiffness factor of connecting spring 9.0E05 N.m/rad
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η =
H
2

sin(kx − ωt) (1) 

In which γ is the free surface elevation at time+ t and horizontal position 
x, H is the wave height, k = 2π/L is the wave number, L is the wave
length, ω = 2π/T is wave angular frequency, and T wave period. In this 
study, the water depth (d) is 10 m (shallow water), so the wavelength 
will be obtained from Eq. (2). 

L = T
̅̅̅̅̅
gd

√
(2) 

2.2. Pelamis dynamic modeling

Fig. 1 illustrates the connection of the pendulum cylinders in the 
Pelamis, which are connected by 4 cylinders through 3 hydraulic PTO 
systems. The hydraulic PTO system is designed and controlled in such a 
way as to generate only pure torsional moments. Furthermore, the 
bottom panel of Fig. 1 shows each cylinder’s free vibration diagram. The 
external moment generated by the PTO system affects the behavior of 
each cylinder, which is considered in the dynamic equations of each 
cylinder.

The moment created in every PTO system is a function of relative 
angular velocity and displacement between cylinders and the perfor
mance of control manifolds. The dynamic equations of each cylinder are 
as follows:

Cylinder 1 

(m + az)ẍ + b1ẋ + c1x + dθ̈ + eθ̇ + hθ = F1(t)
(Iww + Aww)θ̈ + Bθ̇ + Cθ + Dẍ + Eẋ + Hx = M1(t) + MPTO,1

(3) 

Cylinder 2 

(m + az)ẍ + b1ẋ + c1x + dθ̈ + eθ̇ + hθ = F2(t)
(Iww + Aww)θ̈ + Bθ̇ + Cθ + Dẍ + Eẋ + Hx = M2(t) − MPTO,1 + MPTO,2

(4) 

Cylinder 3 

(m + az)ẍ + b1ẋ + c1x + dθ̈ + eθ̇ + hθ = F3(t)
(Iww + Aww)θ̈ + Bθ̇ + Cθ + Dẍ + Eẋ + Hx = M3(t) − MPTO,2 + MPTO,3

(5) 

Cylinder 4 

(m + az)ẍ + b1ẋ + c1x + dθ̈ + eθ̇ + hθ = F4(t)
(Iww + Aww)θ̈ + Bθ̇ + Cθ + Dẍ + Eẋ + Hx = M3(t) + MPTO,3

(6) 

in which m is the mass of the cylinder, az is added mass (kg), b1 refers to 
the linear damping coefficient (N.s/m), c1 stands for linear stiffness co
efficient (N/m), d is added rotational inertia coefficient (kg.m2), e is the 
coupling coefficient for rotational motion (kg⋅m2/rad), h refers to linear- 
angular coupling coefficient (N/rad), Iww moment of inertia of the cyl
inder cross-section (kg.m2), Aww is the added rotational inertia due to 
water in the pitch direction (kg.m2), B represents the rotational damping 
coefficient (N.m.s/rad), C is rotational stiffness coefficient (N⋅m/rad), D 
is coupling coefficient for angular acceleration (kg⋅m/rad⋅s2), E stands 
for the coupling coefficient for linear acceleration (kg⋅m/s2), and H re
fers to the external force coupling coefficient (N). Fi(t) and Mi(t) rep
resents the external force and torque acting on the cylinder ith, 
respectively. Finally, MPTO is torque generated by the PTO system (N⋅m).

The connection of the Pelamis energy converter cylinders through 
the spherical joints means the existence of constraints. Using these 
constraints, the dynamic equations describe the behavior of the Pelamis 
energy converter. The presence of these constraints reduces the degrees 
of freedom of the system from 8 to 5. The constraints resulting from 
spherical joints and their degrees of freedom are shown in Fig. 2.

Inspection of Fig. 2 reveals that the degrees of freedom related to x1, 
x2, and x3 are dependent on the degrees of freedom (θ1, θ2, θ3) as 
described below. 

x2 = x1 +
l
2

θ1 +
l
2

θ2 (7) 

x3 = x1 +
l
2

θ1 + lθ2 +
l
2

θ3 (8) 

Fig. 1. Pelamis energy converter schematic and the free vibration diagram of its different components; Plan view (upper panel) and its cross section (middle panel); 
Free vibration diagram of Pelamis components (bottom panel) [37].
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x4 = x1 +
l
2

θ1 + lθ2 + lθ3 +
l
2

θ4 (9) 

2.3. State space for the dynamic’s equations of the Pelamis converter

The state variables are considered as follows to describe the dy
namics of the Pelamis energy converter in state space form and the 
complete degree. 

X =
[

Xd θ Ẋd θ̇
]

(10) 

in which Xd = [ x1 x2 x3 x4 ] and θ = [ θ1 θ2 θ3 θ4 ].
Considering the linearity of Eqs. (3) to (6), the state space model of 

the Pelamis is presented in the following form: 

Ẋ = AX+BU+ EQ (11) 

where Q represents the moments and forces that waves apply to the 
Pelamis cylinders, and U is the control input, the same as the generated 
moment from the PTO system. A is the system matrix, and B is the 
control system input matrix. Eq. (11) and constraints 7 to 9 represent the 
complete state-space model for the Pelamis energy converter.

It is recommended that the reduced order state space model be used 
in the control systems design. This model will express the dependent 
state variables as the independent state variables. The independent state 

variables are selected as Xr =
[

x1 θ ẋ1 θ̇
]
, and the transformation 

matrix between the full order state variables and the reduced order state 
variables is given by Eq. 12. 

[Xd θ ] = P[ x1 θ ]
[

Ẋd θ̇
]
= P

[

ẋ1 θ̇
]

P =

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

1 0 0 0 0

1 l/2 l/2 0 0

1 l/2 l l/2 0

1 l/2 l l l/2

0 1 0 0 0

0 0 1 0 0

0 0 0 1 0

0 0 0 0 1

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

(12) 

Using this transformation, the reduced order state space model will be as 
follows. 

Ẋr = ArXr +BrU+ErQ (13) 

Ar =

[
05×5 I5×5

− (PTMP)− 1
− (PTMP)− 1

(PTCP)

]

(14) 

Br =

[
05×3

(PTMP)− 1PTB1

]

(15) 

B1 =

⎡

⎢
⎢
⎢
⎣

04×3

1 0 0

− 1 1 0

0 − 1 1

0 0 − 1

⎤

⎥
⎥
⎥
⎦

(16) 

Er =

[
05×8

(PTMP)− 1PT

]

(17) 

where 0m×n represents a m × n matrix of zeros and Im×n is a m × n matrix 
of ones. The superscript “T” indicates the trsnpose of a matrix and su
perscript “-1” represents its inversion.

2.4. Control strategies

The most important principle for increasing the energy received from 
ocean wave energy conversion systems is the synchronization of the 
forces exerted by ocean waves and the movement of the moving parts of 
the energy converter. In other words, the maximum energy received 
from ocean waves is achieved when the wave energy converter operates 
under conditions close to resonance [39], meaning that the dominant 
wave frequency aligns with the undamped natural frequency of the PTO 
system. Under these conditions, resonant oscillations enhance energy 
absorption, but maintaining optimal performance requires adjusting 
PTO damping. Excessive damping restricts motion, reducing efficiency, 
while insufficient damping leads to suboptimal energy conversion. 
Therefore, continuous adaptation is necessary to keep the system near 
resonance under varying wave conditions. Phase control methods have 
been developed to control the movement phase of wave energy con
verters. However, due to technical difficulties in implementation, they 
have given way to suboptimal methods such as latching control. 
Although this is true for one-degree-of-freedom converters, in multi- 
degree-of-freedom converters, the maximum energy received does not 
necessarily occur under resonance conditions. Therefore, in this 
research, an optimal control method has been used to determine the 
control input, i.e., the torque applied to the structure by the PTO system. 

Fig. 2. Degrees of freedom of the Pelamis energy converter [37].
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In the proposed control structure for the Pelamis wave energy converter 
to increase the energy received from ocean waves, all state variables are 
assumed to be measurable. In addition, it is assumed that the values of 
the force and torque exerted by ocean waves on the structure of the 
Pelamis wave energy converter can be calculated based on the measured 
states and wave characteristics. In this structure, the forces and torques 
applied to the Pelamis wave energy converter by ocean waves are 
considered disturbances, i.e., external inputs over which we have no 
control. Therefore, the control system’s awareness of the applied dis
turbances will significantly impact its performance.

A PID control system will be designed and simulated to increase the 
efficiency and power of the Pelamis wave energy converter and evaluate 
the performance of the optimal control system. Our strategy for 
designing the PID controller is based on the fact that in wave energy 
converters, the maximum power occurs in the resonance mode. There
fore, the PID controller is designed to reduce the phase difference be
tween the force and torque of the waves and the angular displacement of 
the cylinders in the Pelamis wave energy converter.

2.4.1. Optimal control design for the Pelamis energy converter
The cost function is introduced as the average energy received from 

the ocean, in accordance with Eq. (23), given that the aim of controlling 
the Pelamis converter is to enhance the energy acquired from ocean 
waves. 

J =
1
T

∫ T

0
XFpUdt (23) 

In this equation, the state variables’ vector X is the vector of the control 
inputs U (which in this case are the moment produced by the PTO sys
tem), and the configuration matrix Fp. It combines the input with the 
system states in different ways and depends on the configuration of the 
structure being examined. In Pelamis, given that the energy received is 
the product of the relative rotational velocity between the two shafts in a 
moment of the PTO system, the configuration matrix will be as follows 
(Eq. 24): 

Fp =

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

0 0 0
0 0 0
0 0 0
0 0 0
0 0 0
0 0 0
1 0 0
− 1 1 0
0 − 1 1
0 0 − 1

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

(24) 

The configuration matrix Fp defines the mapping between the PTO 
system’s torque and the relative rotational velocities of the Pelamis 
joints. Since energy extraction occurs through oscillatory motion, Fp 
captures the relationship between control inputs and state variables, 
ensuring an accurate representation of the system’s power generation 
mechanism. The structure of Fp is derived based on the system kine
matics and hydrodynamic constraints, where each row corresponds to a 
degree of freedom influenced by the adjacent segments. The negative 
and positive elements indicate opposite contributions to relative motion 
between the connected cylinders.

In this problem, the control input must be determined such that the 
defined cost function reaches its maximum value. However, the optimal 
control problem will have a unique solution only if the Hamiltonian 
function is concave. Therefore, Eq. (25) is utilized as a substitute for the 
prior cost function, ensuring that the Hamiltonian function satisfies the 
requirement of concavity. In this study, the cost function is designed 
primarily to assess the impact of different control strategies on energy 
extraction efficiency. While physical constraints such as PTO torque 
limits and actuator saturation are not explicitly included, we acknowl

edge that these considerations could be incorporated in future studies to 
enhance real-world applicability. 

J =
1
T

∫ T

0
(XFpU +

1
2
UTRU)dt (25) 

In this relation, R is a positive diagonal definite matrix whose elements 
are weighted by system inputs (Eq. 26). 

R =

⎡

⎣
r1 0 0
0 r2 0
0 0 r3

⎤

⎦ (26) 

Each diagonal element ri represents the relative importance of the cor
responding control input and are tuned based on system characteristics. 
The weighting matrix R in Eq. (26) is selected to balance energy 
extraction and control effort. Since the PTO-generated moment is 
limited by system constraints, the diagonal elements of R are tuned to 
prevent excessive control forces while maintaining efficient energy 
conversion. Higher values of R reduce control effort but may limit en
ergy capture, while lower values enable aggressive control at the 
expense of increased actuation forces. The values of r1, r2, andr3 are 
determined based on system dynamics, wave frequency response, and 
empirical tuning, following optimal control principles [40].

Considering that the PTO generated moment is proportional to its 
capacity and cannot exceed a specific limit, the amount of PTO moment 
can also be determined by setting the matrix R in the cost function 
introduced in Eq. (25).

2.4.2. Control law extraction
In order to establish the optimal control input, the maximum value of 

the cost function presented in Eq. (27) must be determined. To accom
plish this, we will utilize the Hamiltonian function, which is derived 
based on the following equation. 

H = XTFpU+
1
2
UTRU+ λT(AX + BU + EQ) (27) 

In the Hamiltonian framework, the Lagrange multipliers (λ) correspond 
to the costate variables, which describe the sensitivity of the cost func
tion to variations in the system states. These multipliers ensure that the 
optimal control law satisfies necessary conditions for energy maximi
zation while enforcing constraints arising from the system dynamics. 
Physically, they can be interpreted as generalized forces or adjoint 
variables that drive the optimization process.

According to Pontryagin’s Maximum Principle, the following con
ditions must hold for optimal control. 

λ̇ = −
∂H
∂x

= − FpU − ATλ (28) 

Ẋ = AX+BU+ EQ (29) 

The optimal control law is found by differentiating the Hamiltonian with 
respect to U and setting it to zero: 

∂H
∂U

= Fp
TX+RU+BTλ = 0 (30) 

By simplifying the above equations, we will have: 

U = − R− 1(Fp
TX + BTλ) (31) 

λ̇ = FpR− 1Fp
TX+(FpR− 1BT − AT)λ (32) 

Ẋ = (A − BR− 1Fp
T)X+BR− 1BTλ+ EQ (33) 

As an alternative method for calculation, we assume λ = KX + S, then: 

λ̇ = K̇X+KẊ+ Ṡ (34) 
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By substituting Eq. (33) into Eq. (34) and simplifying, we obtain: 

λ̇ = K̇X+K
[
(A − BR− 1Fp

T)X+BR− 1BTλ+EQ
]
+ Ṡ (36) 

From Eq. 28, we equate: 

− FpU − ATλ = K̇X+K
[
A(A − BR− 1Fp

T)X+BR− 1BTλ+EQ
]
+ Ṡ (36) 

Substituting λ = KX+S and Eq. (31) into Eq. (36), one obtains: 

− Fp
[
− R− 1(Fp

TX + BTλ)
]
− AT(KX + S)

= K̇X+K
[
(A − BR− 1Fp

T)X+BR− 1BT(KX + S)+ EQ
]
+ Ṡ (37) 

By simplifying the above equation, we obtain: 

K̇ = (FpR− 1BT − AT)K − K(A − BR− 1Fp
T) − KBR− 1BTK+ FpR− 1Fp

T (38) 

Ṡ = (FpR− 1BT − AT)S − KBR− 1BTS − KEQ (39) 

After solving the above differential equations and determining the 
values of K and S at each moment, the control input will be calculated as 
follows: 

U = − R− 1(Fp
T + BTK)X − R− 1BTS (40) 

Given that in a steady state, k̇ = Ṡ = 0, by solving the following equa
tions, the matrices K and S will be obtained as follows: 

(FpR− 1BT − AT)K − K(A − BR− 1Fp
T) − KBR− 1BTK+ FpR− 1Fp

T = 0 (41) 

(FpR− 1BT − AT)S − KBR− 1BT − KEQ = 0 

By substituting the values obtained for K and S Eq. (41) and inserting the 
result into Eq. (40), the control input in the steady state will be obtained. 
The equation obtained for the control input possesses the property that 
the amount of control input generated can be controlled by adjusting the 
weighting coefficients in the matrix R. Detailed information are pre
sented in Borzì [41], and Anderson and Moore [42].

2.5. Simulink

After dynamic modeling and obtaining the motion equations of the 
system, we need to simulate the system in Simulink software. The block 
diagram of the Pelamis wave energy converter system is presented in 
Appendix A for detailed reference. Fig. 3 illustrates the block diagram of 
the model layout, including inputs, state variables, and output variables.

The proposed control structure of the Pelamis wave energy converter 
aims to maximize energy extraction by optimizing the PTO system force 
and velocity. This approach relies on a feedforward control strategy, 
where predictions of wave excitation are used to dynamically adjust 
system parameters in real time. State feedback control is employed, 
assuming that all state variables are measurable, as precise knowledge of 
these variables is essential for effective regulation.

The control process begins with wave excitation estimation, where 
external forces and torques exerted by ocean waves are characterized 
based on measured states and wave properties. These forces are treated 
as external disturbances, meaning they represent inputs beyond direct 
control. The optimal control system determines the best PTO force and 
velocity setpoints by considering wave conditions, PTO damping, and 
stiffness coefficients. Instead of direct feedback, the feedforward 
controller anticipates the optimal response, maximizing energy extrac
tion. The state variables defining system motion include the displace
ment, velocity, and acceleration of Pelamis cylinders, along with relative 
rotation, rotational speed, angular displacement, and angular accelera
tion. Additionally, the linear acceleration at the mass center and mass 
center velocity contribute to system dynamics. Following this, the 
Pelamis system’s motion is computed, where wave forces drive the de
vice’s movement, influencing the displacement, velocity, and accelera
tion of the cylinders, as well as their relative rotation, rotational speed, 
angular displacement, and angular acceleration. The PTO system adjusts 
mechanical properties such as swashplate angle and excitation current 
to enhance power conversion, optimizing force application to maintain 
an optimal energy capture state. The final system response is reflected in 
the PTO torque, the instant and average power generated, and the total 
power extracted based on wave frequency, with the PID-controlled PTO 
system regulating the moment and energy output efficiency. Subse
quently, the controller regulates PTO damping and stiffness, refining the 
system response to maintain energy efficiency and ensuring alignment 
with optimal force and velocity setpoints. The final step combines the 
optimal PTO force and controller adjustments, generating the final 
system response, ensuring that the device operates under ideal condi
tions for energy extraction. Ultimately, the PTO system converts me
chanical motion into electrical energy, completing the energy 
conversion process.

3. Results and discussion

To demonstrate the control system’s effectiveness in enhancing en
ergy obtained from sea waves, a simulation of the Pelamis wave energy 
converter, along with its control systems, has been performed using 
MATLAB/Simulink software. Given that the primary research focuses on 
augmenting energy from regular waves, these waves have been gener
ated based on the available data in Ref. [7], with the resulting forces and 
torques applied to the energy converter structure. To better assess the 
performance of the proposed control methodology, simulations were run 
in both controlled and uncontrolled states, with results presented 
accordingly. In the unchecked state, the hydraulic PTO system is 
modeled as an equivalent torsional spring-damper between two parts of 
the structure, with the hydraulic circuit valves set to specific pre
determined values. Based on Eq. 2 and the information summarized in 
Table 1, the wave pattern in the center of each cylinder of the energy 
converter is illustrated in Fig. 4.

Fig. 3. The block diagram of the model layout, including inputs, state variables, and output variables.
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3.1. Simulation of the energy conversion device of Pelamis without control 
system

The upper panels of Fig. 5 illustrate the wave-induced forces (Panel 
A) and torques (Panel B) acting on the mass center of the Pelamis cyl
inders due to regular waves. These forces and torques exhibit a periodic 
nature, which is expected given the regular wave excitation. The 
observed phase difference between the forces and torques acting on 
different cylinders arises due to the spatial separation between the mass 
centers and the propagation time of the wave as it moves along the 
Pelamis structure. The bottom panels of Fig. 5 provide insights into the 
kinematics of the Pelamis system. Panel C depicts the displacement of 
the mass center of each cylinder over time. It can be observed that the 
displacements are not purely sinusoidal, suggesting that multiple wave 
harmonics contribute to the system’s response. This is due to the 
structural constraints imposed by the PTO system and the coupling ef
fects between adjacent cylinders. Panel D presents the relative angular 

displacement between consecutive Pelamis cylinders. The presence of 
multiple harmonics in these angular displacements is a direct result of 
the mechanical constraints linking the cylinders. The flexible joints 
cause each segment’s motion to influence the next, leading to interde
pendent oscillatory behavior.

These results highlight the fundamental dynamics of the Pelamis 
energy converter under regular wave excitation. The phase shifts and 
multi-harmonic responses emphasize the importance of wave-structure 
interaction and mechanical coupling in determining energy conversion 
efficiency. A control strategy is necessary to regulate these oscillations, 
synchronize cylinder motion, and improve energy harvesting perfor
mance. Future sections will investigate how different control approaches 
influence these dynamics.

The upper panels of Fig. 6 illustrate the velocity of the Pelamis cyl
inder mass centers (Panel A) and their relative angular velocity (Panel 
B). As previously observed, the motion of each cylinder is influenced by 
multiple harmonics, which arise from the constraints between the 

Fig. 4. Variation of regular wave height against time at the mass center of different cylinders (left panel); variations in wave height along the Pelamis wave energy 
converter (right panel).

Fig. 5. Wave-induced force on the mass center of the Pelamis cylinders (Panel A); wave-induced torque on the mass center of Pelamis cylinders. (Panel B); 
Displacement of the mass center of Pelamis cylinders. (Panel C); and relative angular displacement between the Pelamis cylinders (Panel D).

A. Vakili et al.                                                                                                                                                                                                                                   Renewable Energy Focus 53 (2025) 100685 

8 



cylinders. This results in interdependent motion, where the behavior of 
one segment affects the response of the others. The relative angular 
velocity shown in Fig. 6 (Panel B) is of particular importance, as the 
energy conversion process in Pelamis depends on the relative motion of 
adjacent cylinders at the joints. The steady-state response indicates a 
dominant harmonic component, which suggests that wave-induced os
cillations generate sustained periodic movement. The bottom panels of 
Fig. 7 focus on the power take-off (PTO) system. Panel A shows the PTO 
torque, which is directly responsible for energy extraction. The hy
draulic PTO system converts this torque into hydraulic force, which then 
applies pressure to the hydraulic fluid, ultimately transforming me
chanical energy into electrical power. Panel B presents the instanta
neous power output, calculated as the product of the PTO-generated 
torque and the relative velocity between connected cylinders. The total 
power extracted by the Pelamis wave energy converter is obtained by 
summing the contributions from all PTO systems.

This analysis highlights the significance of relative angular velocity 
and PTO torque in determining power output. The observed multi- 
harmonic response suggests that the system’s mechanical constraints 
and hydrodynamic interactions play a crucial role in shaping its per
formance. A well-designed control strategy is necessary to optimize the 
synchronization of PTO dynamics with wave-induced oscillations, 
thereby enhancing energy conversion efficiency.

The upper panels of Fig. 8 illustrate key dynamic parameters that 
define the motion characteristics of the Pelamis wave energy converter. 
Panel A presents the relative angular acceleration of Pelamis cylinders, 
which represents the rotational response of the system under wave- 
induced excitations. The behavior of this parameter is essential in 
evaluating the mechanical stability and energy conversion efficiency, as 
excessive rotational acceleration could introduce unwanted mechanical 
stresses or inefficiencies in the PTO system. Panel B of Fig. 8 focuses on 
the linear acceleration at the mass center of the Pelamis cylinders, 
providing insights into the overall response of the structure to external 
perturbations. The presence of multiple frequency components suggests 

a complex interplay between hydrodynamic forces and structural con
straints, emphasizing the importance of optimal PTO damping to regu
late acceleration levels and maximize power extraction.

The lower panels of Fig. 9 present the power generation performance 
of the Pelamis system across different wave frequencies. Panel A illus
trates the PTO average power as a function of frequency for individual 
PTO units, highlighting the variation in energy absorption across 
different sections of the device. The peak power extraction occurs at 
specific frequency ranges, confirming the dependence of hydrodynamic 
coefficients on wave frequency. Panel B of Fig. 9 provides a system-wide 
perspective by summing the power contributions of all PTO units, of
fering a clearer understanding of the Pelamis system’s optimal operating 
frequency range. The observed peak in total PTO power suggests that 
without active control, energy absorption is inherently tuned to a spe
cific frequency dictated by the device’s structural and hydrodynamic 
properties. The location of this peak could be adjusted by modifying 
system parameters or implementing advanced control strategies to 
enhance energy capture efficiency under varying sea conditions.

The analysis highlights the dependence of PTO power generation on 
wave frequency and the need for adaptive tuning strategies to optimize 
energy capture. Furthermore, the insights into acceleration profiles 
emphasize the importance of mechanical stability in maintaining effi
cient energy conversion. Future sections will explore the role of control 
strategies in addressing these challenges and enhancing system 
performance.

3.2. Simulation of the Pelamis with an optimal control system

The behavior of the Pelamis energy converter is analyzed in a sce
nario where an optimal control system actively modulates the PTO 
power output by dynamically adjusting the stiffness and damping co
efficients via hydraulic actuators. Unlike the uncontrolled case, where 
these parameters remain constant, the control system enables real-time 
adaptation to wave conditions, optimizing energy extraction.

Fig. 6. Mass center velocity of Pelamis cylinders (Panel A); relative angular velocity of Pelamis cylinders (Panel B).

Fig. 7. Torque generated by PTO systems (Panel A); instant power generated by PTO systems (Panel B).
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Fig. 8. Relative angular acceleration of Pelamis cylinders (Panel A); linear acceleration at the mass center of Pelamis cylinders (Panel B).

Fig. 9. PTO Average Power generated by the Pelamis based on wave frequency (left panel) and average total power generated by the Pelamis based on wave 
frequency (right panel).

Fig. 10. Force applied to the Pelamis cylinders (Panel A); moment applied to the Pelamis cylinders (Panel B); displacement of the mass center of Pelamis cylinders. 
(Panel C); and relative angular displacement between the Pelamis cylinders (Panel D).
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The upper panels of Fig. 10 illustrate the wave-induced forces (Panel 
A) and torques (Panel B) applied to the Pelamis cylinders. Compared to 
the uncontrolled case, higher amplitudes of forces and torques are 
observed, indicating that the control system allows greater oscillatory 
motion, leading to increased energy absorption from ocean waves. The 
lower panels of Fig. 10 depict the relative linear displacement (Panel C) 
and relative angular displacement (Panel D) between adjacent Pelamis 
cylinders. The controlled PTO system increases the amplitude of 
displacement variations, demonstrating that the control mechanism 
effectively synchronizes the motion of the cylinders with the incoming 
wave energy. This synchronization is essential for maximizing power 
conversion efficiency, as it ensures that the relative motion between the 
cylinders aligns with the optimal energy extraction phase.

Fig. 11 further investigates the kinematic response of the Pelamis 
system under optimal control. Panel A illustrates the mass center ve
locity of the Pelamis cylinders, showing higher amplitude oscillations 
compared to the uncontrolled case. This increase highlights the effec
tiveness of the control system in capturing more wave energy. Panel B 
presents the relative angular velocity between the cylinders, which is a 
crucial parameter for power extraction. The control system maintains 
well-defined oscillatory patterns, ensuring that relative motion remains 
within operational constraints while maximizing energy transfer.

Fig. 12 provides a direct evaluation of the power take-off (PTO) 
system’s performance under optimal control. Panel A displays the PTO 
torque, which is dynamically regulated by the control system. A key 
observation is that the torque is generally in phase with the relative 
velocity between the cylinders, ensuring efficient energy conversion. 
However, in some instances, the control system applies an opposing 
torque to prevent excessive movements, thereby avoiding structural 
overloading and mechanical failures. Panel B illustrates the instanta
neous power generated by the PTO system. Compared to the uncon
trolled case (Fig. 8), a significant increase in power output is evident. 
This confirms that optimal control effectively utilizes the Pelamis de
vice’s full capacity, allowing it to extract more energy from ocean 
waves.

Fig. 13 presents additional performance metrics under optimal 
control. Panel A shows the relative angular acceleration of Pelamis 
cylinders, where the control system regulates rotational accelerations to 
prevent undesired mechanical stress. Panel B displays the linear accel
eration at the mass center, reflecting the dynamic response of the 
structure under optimized energy extraction conditions. Panel C high
lights the average PTO power generated at different wave frequencies, 
demonstrating that the control system modifies the power distribution 
profile compared to the uncontrolled scenario. Panel D represents the 
total PTO average power, where a notable increase in overall power 
generation is achieved due to the adaptive tuning of the PTO system.

The control system significantly enhances power extraction by syn
chronizing the motion of Pelamis cylinders with wave-induced forces 
while preventing excessive mechanical stress. Compared to the 

uncontrolled scenario, the introduction of dynamic PTO modulation 
leads to higher power output and more efficient utilization of wave 
energy.

3.3. Simulation of the Pelamis with an PID control system

Fig. 14 illustrates the forces and moments applied to the Pelamis 
cylinders under PID control. Panel A shows the wave-induced forces 
acting on different cylinders, while Panel B presents the corresponding 
torques. Compared to the uncontrolled case, the force and torque am
plitudes are regulated, demonstrating the impact of the PID controller in 
modulating system response to ocean waves. By adjusting the propor
tional, integral, and derivative gains, the controller reduces extreme 
variations in forces and torques, maintaining structural stability. The 
lower panels (C and D) represent the displacement of the mass center 
and the relative angular displacement of the Pelamis cylinders. The PID 
control system slightly increases displacement amplitudes compared to 
the uncontrolled scenario, but this increase is smaller than that observed 
with the optimal control system. The reason is that PID controllers pri
marily act as passive regulators rather than energy maximizers.

Fig. 15 illustrates the effect of PID control on the dynamic response of 
the Pelamis cylinders. Panel A presents the velocity of the mass center, 
while Panel B shows the relative angular velocity between adjacent 
cylinders. The velocity trends confirm that the PID controller regulates 
wave-induced oscillations without significantly amplifying them, unlike 
the optimal control strategy. The observed velocities highlight the 
fundamental principle of wave energy conversion—maximizing oscil
latory motion while maintaining stability. Since the Pelamis system 
generates power through relative motion between its segments, the 
controlled velocity ensures effective power transfer to the PTO system 
while mitigating extreme structural loading. Unlike open-loop control 
strategies, PID regulation maintains stability under varying wave con
ditions by dynamically adjusting the damping and stiffness coefficients 
of the PTO system.

Fig. 16 directly examines the power output of the Pelamis device 
under PID control. Panel A depicts the torque generated by the PTO 
system. The torque variations follow a controlled pattern, with the PID 
system ensuring smoother transitions and avoiding excessive peaks that 
could lead to mechanical wear or energy losses. The phase relationship 
between torque and relative velocity remains crucial in maximizing 
energy conversion, as energy extraction efficiency depends on main
taining a proper phase difference between these variables. Panel B 
presents the instantaneous power output of the PTO system. While the 
power generation has increased compared to the uncontrolled case, it 
remains lower than in the optimal control scenario. This result aligns 
with fundamental control theory: PID controllers are designed to regu
late system stability rather than maximize power output. The trade-off 
between maintaining structural integrity and optimizing energy 
extraction explains why the PID-controlled system exhibits moderate 

Fig. 11. Mass center velocity of Pelamis cylinders (Panel A); relative angular velocity of Pelamis cylinders (Panel B).
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power improvements over the uncontrolled case.
Fig. 17 provides further insights into the energy conversion process 

under PID control. Panel A displays the relative angular acceleration of 
the Pelamis cylinders, showing that oscillatory behavior remains within 
controlled limits. This is crucial in reducing excessive mechanical stress, 
which can lead to material fatigue and long-term performance degra
dation. The controlled acceleration ensures that the energy transfer re
mains within the operational limits of the mechanical and hydraulic 
components. Panel B depicts the linear acceleration at the mass center of 
the cylinders. Unlike the optimal control case, where rapid dynamic 
adjustments maximize energy absorption, the PID-controlled system 
exhibits a more moderate acceleration pattern, reflecting its role in 
stabilizing oscillations. Panels C and D highlight the average power 

generated by each PTO system and the total PTO average power across 
the entire Pelamis device. The power-frequency relationship confirms 
that energy extraction efficiency is wave-frequency-dependent, with 
peak efficiency occurring at specific resonance conditions. While the 
total power output is significantly higher than in the uncontrolled case, 
it remains lower than the optimal control system, demonstrating the 
fundamental difference between stability-oriented (PID) and energy- 
maximizing (optimal) control strategies.

The results indicate that while the PID control strategy enhances 
energy extraction compared to the uncontrolled system, its performance 
is inherently limited by its primary objective: maintaining system sta
bility rather than maximizing power output. The observed trends align 
with physical principles governing oscillatory systems, greater 

Fig. 12. PTO torque calculated by optimal controller (Panel A); instant power generated by PTO systems (Panel B).

Fig. 13. Relative angular acceleration of Pelamis cylinders (Panel A); linear acceleration at the mass center of Pelamis cylinders (Panel B); PTO Average Power 
generated by the Pelamis (Panel C), and total PTO average power generated by the Pelamis (Panel D).

A. Vakili et al.                                                                                                                                                                                                                                   Renewable Energy Focus 53 (2025) 100685 

12 



controlled motion leads to increased energy transfer, but a purely PID- 
based approach cannot fully exploit the available wave energy.

3.4. Comparison of Pelamis performance in controlled and uncontrolled 
conditions

Fig. 18 presents a comparative analysis of the total PTO average 
power under three different operational conditions: without control, 
with PID control, and with optimal control. The results demonstrate the 
substantial impact of control strategies on the energy extraction capa
bility of the Pelamis wave energy converter.

In the uncontrolled mode, the PTO system’s energy generation is 
constrained by the fixed hydraulic specifications, which passively 
respond to wave excitation. Without an active control strategy, the 
system cannot dynamically adjust to varying wave conditions, leading to 
suboptimal energy conversion. This is reflected in the low power output 
observed across all wave frequencies. With the PID control system, the 
PTO moment is dynamically adjusted, enabling a more efficient 

utilization of the system’s energy extraction capabilities. The PID 
controller stabilizes the system, preventing excessive oscillations while 
moderately increasing power generation. The results show that PID 
control enhances energy production by more than twice that of the 
uncontrolled mode, as it enables better synchronization of the PTO 
system with wave-induced motion. The optimal control system signifi
cantly outperforms both the PID-controlled and uncontrolled cases. The 
power generation is amplified up to ten times higher than in the un
controlled mode, maximizing energy capture from ocean waves. This 
improvement is attributed to the ability of optimal control to continu
ously adjust the PTO system’s stiffness and damping coefficients, 
ensuring the system operates in resonance with the incoming waves. 
This resonance effect leads to larger relative angular velocities and 
oscillation amplitudes, allowing the system to extract the maximum 
possible energy while maintaining mechanical constraints.

However, an increase in oscillation amplitudes must be carefully 
managed to prevent excessive displacement and ensure the system re
mains within safe operational limits. Thus, while optimal control 

Fig. 14. Force applied to the Pelamis cylinders (panel A); moment applied to the Pelamis cylinders (Panel B); displacement of the mass center of Pelamis cylinders 
(Panel C); and relative angular displacement between the Pelamis cylinders (Panel D).

Fig. 15. Mass center velocity of Pelamis cylinders (panel A); relative angular velocity of Pelamis cylinders (Panel B).
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significantly enhances energy production, careful tuning of control pa
rameters is required to balance energy extraction and system stability. In 
summary, in uncontrolled mode the power extraction is limited due to 
fixed PTO parameters, in PID control we observed the moderate power 
increase (~2×), stabilizing oscillations while improving energy con
version, and finally the maximum power enhancement (~10×)is ach
ieved utilizing the optimal control, leveraging resonance to extract the 
highest energy yield. This analysis underscores the critical role of 
advanced control strategies in wave energy converters, demonstrating 
that optimal control is the most effective approach in maximizing 
Pelamis’ power generation while maintaining structural stability.

4. Conclusions

The Pelamis Wave Energy Converter is designed to harness ocean 
waves’ energy. It consists of four cylindrical pods connected by hinge 
joints and positioned vertically in the sea. The energy extraction 
mechanism is based on the relative motion of the cylinders at the hinge 
joints. The optimization of the converter’s capacity and the extraction of 
maximum energy from ocean waves is a key challenge in the design of 
wave energy converters. This study proposed a solution through a PTO 
(Power Take-Off) system control for the Pelamis wave energy converter. 
The dynamics equations that describe the behavior of the Pelamis and its 

Fig. 16. Moment of PTO system calculated by PID controller (Panel A); instant power generated by PTO systems (Panel B).

Fig. 17. Relative angular acceleration of Pelamis cylinders (Panel A); linear acceleration at the mass center of Pelamis cylinders (Panel B) and PTO Average Power 
generated by the Pelamis (Panel C); Total PTO Average Power generated by the Pelamis (Panel D).
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interaction with ocean waves were extracted and analyzed, considering 
the existing constraints posed by the hinge joints. The output torque at 
the hinge joints was utilized as the control input for the Pelamis, and an 
optimal control approach was employed to maximize energy extraction 
and utilize the converter’s full capacity. The efficiency of the control 
method was evaluated through simulation using Simulink software, and 
the results were compared for both uncontrolled and controlled 
scenarios.

The proposed optimal control approach incorporates soft displace
ment constraints by adjusting the weighting coefficients within the 
control law. These constraints are not strict box constraints but are 
instead implicitly enforced through the tuning of the control weights in 
the PTO system. By appropriately selecting these weights, the 
displacement performed by the wave energy converter can be limited 
within acceptable ranges to prevent excessive motion and potential 
damage. This approach allows for flexibility in balancing energy 
extraction and mechanical safety. Specifically, the control system de
termines the torque the PTO system generates at any moment, with 
hydraulic valves dynamically adjusting the equivalent stiffness and 
damping coefficients of the PTO system to maximize the received energy 
while maintaining safe operational limits.

The results showed that using the optimal control system signifi
cantly increases the energy obtained from the Pelamis. The optimal 
control system increased the power generation capacity by up to 10 
times for all input wave frequencies, while the PID (Proportional-Inte
gral-Derivative) control system increased it by more than two times 
compared to the uncontrolled case. The average power spectral analysis 
further indicates that the increase in energy production with the 
controller is achieved across all wave frequencies. By examining the 
force and torque graphs in all three uncontrolled and controlled states, it 
can be observed that applying the control system to the energy converter 
has resulted in a significant increase in the range of changes in the 
system’s behavior, especially in displacements and rotations. Moreover, 
by examining the torque graphs generated by the PTO system, which is 

calculated by the controller, and the relative angular velocity graphs in 
the controlled states, the generated torque is almost in sync with the 
relative angular velocity. It acts against it in some parts to prevent 
excessive physical displacement of the PTO system’s cylinders, thereby 
avoiding damage and destruction to the system. The consideration of 
soft displacement constraints through optimal control provides a 
method to regulate the converter’s motion while ensuring high energy 
capture efficiency.

5. Uncertainties, limitations and future directions

In this study, several approximations and modeling assumptions 
introduce inherent uncertainties that may affect the results. While ef
forts have been made to minimize these uncertainties, we acknowledge 
that certain simplifications were necessary to ensure computational 
feasibility and clarity in assessing control strategies for the Pelamis wave 
energy converter.

Wind-generated waves in real ocean conditions exhibit a random and 
irregular nature, yet most offshore engineering analyses rely on regular 
wave approximations [36]. In this study, regular waves are used instead 
of irregular or stochastic waves to provide a controlled and repeatable 
environment for evaluating the effectiveness of different control stra
tegies. This approach ensures a clear assessment of the system’s dynamic 
response while minimizing uncertainties associated with wave vari
ability. Furthermore, using regular waves facilitates comparability with 
prior research [37,38] and enhances computational feasibility by 
avoiding the complexities of stochastic wave behavior. However, we 
acknowledge that real-world wave interactions are more complex, and 
future studies could explore the impact of irregular wave conditions on 
control performance.

The Pelamis wave energy converter operates in a highly nonlinear 
ocean environment, where fluid-structure interactions, wave irregular
ities, and drag forces significantly influence system behavior. However, 
for this study, a linearized model was adopted to simplify the control 

Fig. 18. Comparison of Pelamis performance with and without control systems.
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design and evaluation process. The hydrodynamic parameters in the 
model incorporate nonlinear effects indirectly through equivalent 
damping and stiffness coefficients derived from hydrodynamic equa
tions. While this approach allows for efficient analysis, future studies 
could improve model accuracy by incorporating higher-order hydro
dynamic models or fully nonlinear wave-structure interaction effects to 
refine system performance predictions. Furthermore, the proposed 
method incorporates soft displacement constraints by tuning the 
weighting coefficients in the control law, which, while effective, does 
not explicitly enforce strict box constraints. This limitation means that 
the methodology may not fully address scenarios requiring rigid 
displacement bounds under extreme wave conditions. Future work 
should explore the integration of strict constraint-handling techniques to 
enhance the robustness of the control system.

The cost function (representing the energy extraction performance 
and is used within the Hamiltonian framework to derive the optimal 
control law) exploited in this study is designed to evaluate the impact of 
different control strategies on energy extraction efficiency. While 
physical constraints such as PTO torque limits, actuator saturation, and 
mechanical constraints are not explicitly included in the optimization 
process, these limitations could be integrated into future control stra
tegies to improve real-world applicability. The current framework pro
vides valuable insights into control performance under idealized 
conditions, but practical implementation would require additional 
considerations regarding system constraints.

The robustness of the presented results depends on model parameter 
selections, including hydrodynamic coefficients, PTO system charac
teristics, and wave conditions. While this study focuses on control 
strategy evaluation, a comprehensive sensitivity analysis would be a 
valuable future extension. Such an analysis could quantify the influence 
of varying model parameters on energy extraction efficiency, providing 
insights into system adaptability under changing ocean conditions. 
Future research could explore how parameter variations affect control 
performance, ensuring the proposed strategies remain effective in real- 
world applications.
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