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 A B S T R A C T

The sequential process is a conventional procedure in designing an ocean wave energy converter, from 
mechanical systems to electrical loading. However, many studies do not consider the reciprocal influences 
between the two domains. Therefore, the potential of a wave energy converter has not been properly explored. 
In this paper, the performance of an oscillating surge wave energy converter driven by regular wave excitation 
is investigated, in which the dynamics of subsystems and their couplings are fully taken into account. We 
analytically determine the maximum possible power that can be harvested for a specific geometry of the 
wave capture structure. We further show that these geometric dimensions and the rest of the system can be 
optimized within a unified framework to maximize the output power under given ocean wave characteristics. 
The upper bound on power is expressed as a function of an effective figure of merit for the power take-
off of the wave energy converter, a dimensionless parameter that quantifies the coupling strength of the 
electromagnetic transducer relative to the electrical parasitic losses and mechanical transmission damping. 
We further consider practical limitations where ideal conditions, such as attaining resonance, may not be 
feasible. For both ideal and non-ideal cases, we derive analytical solutions to system parameters, including the 
resistive and reactive elements of complex electrical loads, mechanical transmission, and generator moment of 
inertia. In order to verify the analytical derivations, we implement an equivalent circuit model in a dynamic 
simulator, achieving nearly identical results between simulations and analytical theory. These findings provide 
a comprehensive framework for optimizing the performance of an oscillating surge wave energy converter and 
similar architectures.
1. Introduction

The global shift towards sustainable energy resources is essential 
due to both the increasing concerns regarding the environment and 
the finite nature of traditional fossil fuels [1]. As populations grow 
and energy demands rise rapidly, the need for reliable and renew-
able energy solutions becomes more pressing [2]. Renewable energy 
technologies such as solar, wave, and wind energy hold significant 
promise to address these challenges [3,4]. Among others, the vast 
availability of wave energy, approximately 2.11 TW of average power 
in the entire globe [5,6], or an estimated theoretical wave energy 
potential of nearly 29,500 TWh/year [7], demonstrates its potential 
as a clean and abundant resource that could provide 60% to 100% of 
global electricity demand. Various wave energy converter architectures 
have been developed to capture the kinetic and potential energy of 
ocean waves and convert them into useful electrical energy [8,9]. 
Among these architectures, oscillating surge wave energy converters 
have gained attention for their ability to efficiently harness wave 
energy from the surge motion of ocean waves in nearshore regions [10]. 
Differing from point absorbers, whose dimensions and efficiency are 
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fundamentally constrained by the incident wave wavelengths, oscillat-
ing surge wave energy converters utilize a hinged flap mechanism that 
pivots about a base anchored to the seabed or a floating platform [11], 
enabling greater scalability and improved adaptability to a range of 
wave conditions [12].

In general, the design of a wave energy converter involves complex 
procedures [13]. It includes computing the fluid–structure interactions 
based on hydrodynamic principles [14], optimizing the geometry of the 
wave energy capture device, maximizing the efficiency of the power 
take-off system, and identifying optimal control strategies [15]. These 
processes have been iterative and sequential [16], focusing separately 
on individual objectives [17]. However, this approach often leads 
to suboptimal solutions because it neglects the coupling effects and 
interdependencies among subsystems. In contrast, a co-design method 
simultaneously considers the dynamics of the entire system to max-
imize overall energy conversion [18]. It ensures that design rules 
for one subsystem align with the objectives of others, thereby en-
hancing system performance [19]. For example, a co-design approach 
may simultaneously tune the flap dynamics, such as effective inertia 
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Fig. 1. Concept of an oscillating surge energy converter using a flap as the wave capture structure.
and restoring stiffness, together with the power-take-off, such that 
the system operates near its effective resonance to maximize power 
delivered to the electrical load. Another common co-design example 
is to concurrently select the mechanical transmission ratio and the 
generator parameters to balance torque amplification against electrical 
parasitic losses, thereby optimizing the output power [20]. While sev-
eral studies have explored various aspects of co-design in wave energy 
converters, comprehensive methodologies and generalized principles 
remain limited in the literature. This limitation arises from the fact 
that these studies were concerned with specific numerical examples of 
wave converters [21], which could have been chosen differently and 
potentially led to different conclusions.

In the context of wave energy harvesting, ocean waves are usually 
categorized into two types, regular and irregular [22]. Regular waves 
are idealized representations often used in controlled environments, 
characterized by harmonic patterns with defined wave height and 
period [23]. On the contrary, irregular waves more accurately represent 
ocean conditions, which exhibit randomness and variability in height, 
period, and direction due to the complex interactions of multiple waves 
and other environmental factors [24]. Despite the predominance of 
irregular waves in the ocean, exploring regular waves remains highly 
valuable in the design and optimization of wave energy converters [25,
26]. These investigations provide a simplified framework that enables 
engineers to understand fundamental interactions between ocean waves 
and wave energy harvesters, optimize system parameters, and estab-
lish standard metrics for performance evaluation [27,28]. The results 
obtained from considering power harnessed under regular waves are in-
sightful for both refining mathematical models and experimental setups 
for the entire system. This approach thus facilitates the development of 
robust and efficient wave energy converters that can operate reliably 
in the complex conditions encountered in real-world applications.

The primary objective of this paper is to determine the maximum 
possible power that can be harvested by an oscillating surge wave 
energy converter under a given torque strength induced by regular 
ocean waves. This optimal power, here referred to as the physical 
power bound, can be utilized as a theoretical benchmark to evaluate 
the effectiveness of an energy converter, offering insight into the system 
performance in comparison with an ideal. In the following Sections, 
different analytical power optimization techniques are explored, aiming 
to (i) provide a comprehensive understanding of the conditions under 
which system parameters need to be satisfied to achieve the output 
power bound, (ii) assess whether reaching this bound is practically 
feasible. The analytical accuracy is verified using numerical dynamic 
simulations performed by a circuit simulator. Generalized principles 
on design rules for each subsystem of a wave energy converter are 
also discussed, with a focus on optimizing the extracted power. Distinct 
from studies that primarily optimize specific designs or controllers for 
particular sea states, this work derives an explicit theoretical power 
bound and closed-form optimal conditions in a unified framework for 
2 
both mechanical and electrical domains, thereby enabling quantita-
tive assessment of practical oscillating surge wave energy converter 
implementations against the theoretical limit.

2. Modeling of oscillating surge wave energy converter

2.1. Structure and principle of operations

A typical configuration of an oscillating surge wave energy con-
verter is shown in Fig.  1 [11]. It consists of a structure employed to 
capture energy of the ocean waves, usually referred to as a flap, a 
mechanical transmission system for velocity transfer and amplification, 
and a linear electromagnetic generator functioning as a power take-off 
device. The generated electrical energy is eventually delivered to the 
utility grid or loads.

A simple and widely used geometry of the flap is rectangular, which 
oscillates about the bottom edge anchored to the sea floor during oper-
ation. For the wave energy converter under consideration, its dynamics 
can be described using one mechanical coordinate (single degree of 
freedom). The flap is characterized by an effective moment of inertia 
𝐼f (𝜔), an overall damping 𝑏f (𝜔), and a linear hydrostatic stiffness 𝐾f , 
where 𝜔 is the angular frequency of the wave. 𝐼f (𝜔) is the sum of the 
physical moment of inertia 𝐼 and the added moment of inertia 𝐼a(𝜔), 
i.e., 𝐼f (𝜔) = 𝐼 + 𝐼a(𝜔). 𝑏f (𝜔) may include both linear viscous damping 
and radiation damping terms [12]. In general, the added moment of 
inertia 𝐼a(𝜔) and the radiation damping coefficient 𝑏f (𝜔) are frequency-
dependent. These parameters can be numerically obtained through 
boundary element method (BEM) solvers such as NEMOH [29], an 
open-source tool, Capytaine [30], a Python-based package, or WAMIT, 
a commercial software. The modeling of fluid–structure interaction 
between the flap and ocean waves is complex, requiring solving the 
coupled equations governing fluid flow and structural dynamics. This 
objective is beyond the scope of the paper but can be found in other 
works, such as [31,32].

The flap is coupled to the electric generator by a mechanical trans-
mission system composed of a belt mechanism with a linear trans-
duction factor (also known as the gear ratio) of 𝑁 , assuming no 
slippage occurs. The mechanical part of the drivetrain and generator 
is equivalently represented by a moment of inertia 𝐼d, a damping 
coefficient 𝑏d, and a mechanical stiffness 𝐾d that is included for a 
general theoretical investigation. In the electrical port, a pickup coil 
with an inductance of 𝐿 is placed in proximity to permanent magnets 
to form an electromagnetic transducer. The inevitable conductive losses 
of the coil are accounted for by a resistance 𝑅 in series with the 
coil inductance. The coupling between the mechanical and electrical 
domains is modeled as a linear transducer, with an electromagnetic 
(electrodynamic) transduction factor of 𝛤 . Under the excitation of the 
waves, the flap oscillates in a rotational trajectory. Its kinetic energy 
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Fig. 2. Equivalent circuit model for an oscillating surge energy converter.
Fig. 3. Alternative equivalent circuit model based on reflected impedance theory.
is mechanically transferred to the generator shaft and subsequently 
converted to electricity through Faraday’s law of induction.

In the final stage of the energy conversion process, the power 
produced by the wave energy converter is directed to a storage element 
or the alternating current (AC) grid through electronic interfaces or a 
power management and control unit. In order to simplify the analysis 
without loss of generality, a general complex load of the form 𝑍L =
𝑗𝑋L +𝑅L is considered, where {𝑋L, 𝑅L} are real quantities and 𝑅L > 0. 
While 𝑍L does not exactly represent a realistic interface circuit, it 
can be considered as the equivalent input impedance of the circuit 
to be supplied, which is useful for identifying the upper limit on the 
performance of the ocean wave energy converter.

The analysis in this paper applies to a linear wave energy converter 
modeled by deterministic equations and driven by regular (monochro-
matic) waves with a precisely known angular frequency. Nonlinear 
effects, including nonlinear hydrodynamics such as quadratic viscous 
drag and higher-order wave effects, and nonlinearities in the me-
chanical transmission system, e.g., Coulomb friction and mechanical 
end-stops that constrain motion, are neglected. As a consequence, the 
moment of inertia 𝐼f  and mechanical damping coefficient 𝑏f  are as-
sumed to be constant at the given operating frequency, and the external 
torque takes the form of 𝑇 = 𝑇0 cos(𝜔𝑡). The performance evaluation of 
a wave energy conversion system with non-linear properties and a wave 
converter driven by irregular waves is left open for future study. In the 
latter scenario, the waves can be approximated by non-white or colored 
noise, characterized by a frequency-dependent power spectral density. 
This case may require a hybrid modeling approach where the drive 
torque and relevant parameters such as 𝐼f (𝜔) and 𝑏f (𝜔) are described 
by stochastic processes.

2.2. Equivalent circuit models

An equivalent circuit model is formulated based on impedance 
analogies, also known as Maxwell analogy. The mechanical domain 
is represented in the 𝑒 − 𝑉  convention where the torque is an across 
variable and the velocity is a through variable. The mechanical trans-
mission system (often referred to as drivetrain) and the electromagnetic 
generator are modeled as a linear two-port transformer and gyrator, 
respectively. This circuit model is depicted in Fig.  2. Given the well-
established theories, mathematical models, and analytical techniques 
in electrical systems compared to other energy domains, unifying the 
entire energy conversion system into a single electrical domain can 
simplify the analysis procedure. This approach also provides a com-
mon framework for efficiently analyzing different components and 
subsystems.
3 
An alternative circuit model is further developed utilizing the re-
flected impedance theory, in which the transducer constitutive relation-
ships are embedded in the effective circuit components. For instance, 
as shown in Fig.  3, the generator inductance 𝐿 is transformed into a 
capacitance with a value of 𝐿∕(𝑁2𝛤 2). As a representative example, 
assuming that the load encompasses a capacitance 𝐶 connected in series 
with the resistance 𝑅L, their reflected impedances are an inductance 
of 𝐶𝑁2𝛤 2 and a resistance of 𝑁2𝛤 2∕𝑅L, respectively, which are now 
in parallel with each other and with the capacitance 𝐿∕(𝑁2𝛤 2). This 
purely electrical circuit constituted solely of passive elements and is 
convenient for the analysis in the subsequent Sections.

In the mechanical transmission model, the transduction factor 𝑁
can be chosen as either negative or positive to establish consistency 
between the torque and angular velocity sign conventions and the 
assumption that power flow is defined as positive into the transformer 
at both ports [33]. However, the circuit model in Fig.  3 shows that 
the effective impedance parameters are always quadratic functions of 
𝑁 . Therefore, the sign of 𝑁 does not affect the dynamics of the entire 
system or the output power, and from now on, we assume that 𝑁 > 0.

For the linearized electromagnetic transducer, two sign conventions 
are commonly adopted [34,35]. With the definition that power is 
positive into each port of the transducer, the motor torque constant 
and the motor back electromotive force (back EMF) voltage constant 
are equal in absolute value but opposite in sign, i.e., ±|𝛤 |. Alternatively, 
a sign convention where electrical power into the transducer is positive 
and mechanical power out is positive can be used, making these two 
constants identical. Similar to the drivetrain modeling, the electrical 
elements in Fig.  3 are quadratic functions of 𝛤 , which eliminates the 
difference between the two sign conventions and the significance of the 
sign of 𝛤 . This allows a single mathematical structure of the system 
dynamics to cover both, and the same form of output power can 
be obtained regardless of the sign convention in use. In the models 
formulated in this paper, the electrodynamic transduction factor 𝛤  is 
treated as a positive parameter.

3. Theoretical power bound

In this Section, we seek to find the maximum possible power that 
can be delivered to an electrical load using the Thévenin equivalent 
circuit and network theory. Here, we adopt the perspective of the power 
available from the source to assess a strict upper bound on the system 
performance. Practical limitations and the feasibility of the outcomes 
are not considered at this stage. For instance, resonance conditions may 
not be achievable due to various physical and implementation con-
straints. However, the theoretical limit derived can serve as a reference 
for evaluating the effectiveness of a given wave energy converter.



B.D. Truong and L. Zuo Renewable Energy 263 (2026) 125495 
Fig. 4. Thévenin equivalent circuit.

Fig. 5. Normalized upper bound on power 𝑃B∕𝑃0 as a function of the effective 
figure of merit 1 for power take-off of a wave energy converter, as deter-
mined by Eq.  (7).

In Appendix  A, we have shown that the maximum power transmit-
ted through a lossless network is equal to the power available from the 
source that supplies it. Without loss of generality, the internal induc-
tance 𝐿 of the generator is a lossless element and can be incorporated 
in an effective load, 𝑍′

L = 𝑗𝜔𝐿 + 𝑍L. Thus, the Thévenin equivalent 
circuit corresponding to the model in Fig.  3 is developed in Fig.  4. The 
Thévenin equivalent torque and impedance are defined as follows, 

𝑇th = 𝑇0
𝑁2𝛤 2

𝑅

/ (

𝑏f +𝑁2𝑏d +
𝑁2𝛤 2

𝑅

+ 𝑗𝜔𝐼f + 𝑗𝜔𝑁2𝐼d +
𝐾f
𝑗𝜔

+
𝑁2𝐾d
𝑗𝜔

)

,
(1)

𝑍th =
𝑁2𝛤 2

𝑅

(

𝑏f +𝑁2𝑏d + 𝑗𝜔𝐼f + 𝑗𝜔𝑁2𝐼d +
𝐾f
𝑗𝜔

+
𝑁2𝐾d
𝑗𝜔

) / (

𝑏f +𝑁2𝑏d +
𝑁2𝛤 2

𝑅

+ 𝑗𝜔𝐼f + 𝑗𝜔𝑁2𝐼d +
𝐾f
𝑗𝜔

+
𝑁2𝐾d
𝑗𝜔

)

.

(2)

Based on the network theory, the maximum possible power that can 
be delivered to an electrical load, which is referred to as the physical 
power bound, can be determined by 

𝑃B = max

{

𝑃avs =
|

|

𝑇th||
2

8ℜ{𝑍th}

}

. (3)

Substituting (1) and (2) into the expression of 𝑃avs in (3), we arrive at 

𝑃avs =
𝑇 2
0 𝑁

2𝛤 2

8

/{

(𝑏f+𝑁2𝑏d)(𝑁2𝛤 2 +𝑅𝑁2𝑏d+𝑅𝑏f )

+ 𝑅
[𝐾f +𝑁2𝐾d

𝜔
− 𝜔(𝐼f +𝑁2𝐼d)

]2
}

≤
𝑇 2
0 𝑁

2𝛤 2

[ 2 2 2 2 ]
.

(4)
8 (𝑏f+𝑁 𝑏d)(𝑁 𝛤 +𝑅𝑁 𝑏d+𝑅𝑏f )

4 
Neglecting practical considerations, we assume that multiple system 
parameters can be adapted, including inertia, stiffness, and transduc-
tion factor. The second term in the denominator of 𝑃avs is always 
non-negative, and must be equal to zero to maximize 𝑃avs,

𝐾f +𝑁2𝐾d
𝜔

− 𝜔(𝐼f +𝑁2𝐼d) = 0,

or equivalently, 
𝐾f +𝑁2𝐾d = 𝜔2(𝐼f +𝑁2𝐼d). (5)

Eq.  (5) represents an effective resonance condition of the wave energy 
converter, in which the combined stiffness 𝐾f +𝑁2𝐾d balances the in-
ertial term 𝜔2(𝐼f +𝑁2𝐼d), thereby eliminating the equivalent reactance 
at 𝜔. The optimal mechanical transmission factor 𝑁 is determined by 
the equation 𝜕𝑃avs∕𝜕𝑁 = 0, which results in 

𝑁4 =
𝑅𝑏2f

𝛤 2𝑏d + 𝑅𝑏2d
=
(

1
2

)2 1
1 + 1

(6)

where the non-dimensional parameters are defined as

1 =
𝛤 2

𝑅𝑏d
,

2 =
𝛤 2

𝑅𝑏f
.

The upper bound of the output power is then given by 

𝑃B = 𝑃0

√

1 + 1 − 1
√

1 + 1 + 1
(7)

where we define the critical power 

𝑃0 =
𝑇 2
0

8𝑏f
. (8)

As shown in Fig.  5, the power 𝑃B is always less than 𝑃0 for all positive 
1, and 𝑃B is a strictly monotonic increasing function of 1. 𝑃0 can 
be regarded as the power limit of a theoretically ideal system, attained 
when one or more of the following conditions are met, resulting in a 
very large value of 1: The mechanical and electrical loss factors 𝑏d
and 𝑅 are negligibly small, and the electromagnetic transduction factor 
𝛤  is high. 1 can be interpreted as a figure of merit for the power take-
off of a wave energy converter, which should be as large as possible to 
maximize the output power. At the limit, 𝑃B → 𝑃0 when 1 → ∞, and 
approximately 𝑃B ≈ 𝑃0 if 1 ≫ 1. 2 is an intermediate parameter 
that, along with 1, identifies the optimal value of the mechanical 
transmission factor 𝑁 . Once the wave energy converter is fabricated 
and its intrinsic parameters are identified, no electronic circuit interface 
or control unit can extract more power than 𝑃B.

It is essential to emphasize that, given the characteristics of the 
waves such as wave height and frequency, the maximum scavenge 
power is defined by the input excitation torque 𝑇0, the overall damping 
coefficient of the flap configuration 𝑏f , and the effective figure of 
merit 1. Specifically, the power output 𝑃0 is proportional to 𝑇 2

0  and 
inversely proportional to 𝑏f . Since 𝑇0 and 𝑏f  are both dependent on 
geometry and frequency, the ultimate goal in designing a flap structure 
is to optimize its shape and dimensions to achieve the highest 𝑃0 for a 
given wave frequency, rather than simply minimizing 𝑏f  or maximizing 
𝑇0 alone. There are several methods to enhance the effective figure 
of merit 1 for power take-off, such as decreasing the electrically 
parasitic loss 𝑅, lowering the mechanical loss 𝑏d, and increasing the 
electrodynamic transduction factor 𝛤 . Minimizing the power loss in 
a belt transmission system, characterized by the lumped mechanical 
damping constant 𝑏d, has been extensively studied for decades [36–38]. 
Strategies to reduce 𝑏d include proper tensioning and alignment as 
well as employing high-quality materials and low-friction coatings. For 
an electromagnetic generator, in the absence of size constraints, the 
number of turns of the pickup coil is proportional to both the resistance 
𝑅 and the electrodynamic transduction factor 𝛤  [39,40]. However, 
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1 ∝ 𝛤 2 and inversely proportional to 𝑅. Therefore, increasing 
the number of turns could significantly increase 1. Since the ratio 
1∕2 = 𝑏f∕𝑏d is independent of 𝛤  and 𝑅, a larger 1 achieved 
through this approach can also be beneficial for reducing the optimum 
𝑁 when necessary. Under space constraints, increasing the number of 
turns while keeping the same wire diameter is not feasible. Alternative 
methods to increase 𝛤  include using stronger permanent magnets or 
incorporating magnetic flux concentrators.

While primarily focusing on the power available from the source, 
the Thévenin-equivalence technique can also provide insights into the 
properties of the load. The optimal complex load can be obtained 
by satisfying the conjugate impedance matching condition, where the 
load impedance equals the complex conjugate of the Thévenin source 
impedance, 𝑍′

L = 𝑍∗
th. This is motivated by the fact that the optimum 

complex load impedance can be implemented either through an active 
pulse width modulation (PWM) rectifier [41], or a passive rectifier 
coupled with a buck–boost converter [42,43]. As a consequence of Eq. 
(5), the imaginary parts of Thévenin equivalent impedance 𝑍th are 
canceled out, therefore, ℑ{𝑍′

L} = 0. In order to eliminate the imaginary 
impedance introduced by the inductance in the effective load 𝑍′

L, a 
capacitance can be connected at the output port, with 𝑋L = 1∕(−𝜔𝐶) =
−𝜔𝐿, leading to 
𝐶 = 1∕(𝜔2𝐿). (9)

The load resistance is then adjusted to match the real part of 𝑍th, which 
is now identical to 𝑍th. This matching results in 

𝑅L = 𝑅
√

1 + 1. (10)

Once (5), (6), (9), and (10) are satisfied, the power induced in the load 
𝑅L reaches its physical bound 𝑃B. This Section focuses on the specific 
aim of finding the global optimum of a wave energy converter oper-
ating in regular waves of a single frequency. However, the conditions 
required for this optimal performance may not be achievable in practice 
due to operational or engineering constraints. How system performance 
behaves away from the optimum under various scenarios remains an 
open question, which is to be explored in subsequent Sections.

4. Power optimization for resonant wave energy converter

We investigate various techniques for optimizing the power de-
livered to a load, aiming to comprehensively understand the optimal 
conditions of the system parameters required to achieve the maximum 
possible output power. Our focus in this Section shifts to the load 
side, with the complex load impedance 𝑍L considered as the primary 
variable in the optimization scheme. However, the potential contribu-
tions of other parameters, such as the mechanical transduction factor 
𝑁 , to the maximization of harvested power are also examined. We 
concentrate on the special case of resonance, as it has been shown that 
the maximum output power of an energy harvester is attained when 
the resonance frequency of the system closely matches or is identical 
to the frequency of the driving excitation [44]. The performance of a 
more general system, whose resonance frequency may be far from the 
frequency of the waves, is evaluated in Section 5.

4.1. A general framework

Our first aim is to provide a framework to analyze the performance 
of an ocean wave energy converter in a general scenario. The lumped 
element circuit model depicted in Fig.  2 is utilized for a clearer physical 
interpretation of the actual dynamic quantities, such as velocities of the 
mechanical parts and voltage across the load, and how they are derived 
from the model. The complex velocity amplitudes of the flap and the 
generator shaft are given by 

𝛩 =
𝑇0 , 𝛹 = 𝑁𝛩, (11)
𝑏f +𝑍in

5 
respectively, where the input impedance is 

𝑍in = 𝑗𝜔𝐼f +
𝐾f
𝑗𝜔

+ 𝑁2
(

𝑏d + 𝑗𝜔𝐼d +
𝐾d
𝑗𝜔

+ 𝛤 2

𝑅 + 𝑗𝜔𝐿 + 𝑗𝑋L + 𝑅L

)

.
(12)

In this formulation, the excitation torque 𝑇  and the damping coefficient 
𝑏f  can be considered to mathematically constitute an effective source of 
power, in which the largest possible power it can provide the rest of the 
system is 𝑃0. 𝑍in then represents the impedance seen from this power 
source. The voltage across the load resistance 𝑅L and the corresponding 
output power are

𝑉L = 𝛹𝛤
𝑅 + 𝑗𝜔𝐿 + 𝑗𝑋L + 𝑅L

𝑅L, (13)

𝑃L = 1
2

|

|

𝑉L||
2

𝑅L
. (14)

The set of equations [(11)–(14)] offers a general procedure applicable 
to any set of physical parameters for studying the system performance 
under various conditions. In the next two sub-sections, we explore 
simple cases operating at resonance, where resonators are formed in 
both the mechanical and electrical domains to suppress the imaginary 
parts of impedance.

4.2. Optimal load and mechanical transmission ratio at resonance fre-
quency

In theory, a resonance structure can be achieved by designing the 
moment of inertia and mechanical spring stiffness in the mechanical 
domain and connecting an external capacitance in the electrical output 
port of the electromagnetic generator such that the following conditions 
are satisfied, 
𝐾f = 𝜔2𝐼f , 𝐾d = 𝜔2𝐼d, 𝑋L + 𝜔𝐿 = 0. (15)

At resonance, the output power in (14) is simplified to 

𝑃L = 1
2

𝑅L

(𝑅 + 𝑅L)2
(𝑇0𝑁𝛤 )2

[

(𝑏f +𝑁2𝑏d) +
𝑁2𝛤 2

𝑅 + 𝑅L

]2
. (16)

The stationary points of the power with respect to 𝑅L and 𝑁 are 
determined by 𝜕𝑃L∕𝜕𝑅L = 0 and 𝜕𝑃L∕𝜕𝑁 = 0, which are equivalent 
to
(

𝛤 2 + (𝑅 − 𝑅L)𝑏d
)

𝑁2 + 𝑏f (𝑅 − 𝑅L) = 0, (17)
(

𝛤 2 + (𝑅 + 𝑅L)𝑏d
)

𝑁2 − 𝑏f (𝑅 + 𝑅L) = 0. (18)

In analogy to 1 and 2, we define the following dimensionless 
parameters

3 =
𝛤 2

𝑅(𝑏f +𝑁2𝑏d)
=

1

𝑁2 +1∕2
.

Eq.  (17) results in the optimal load as a function of the mechanical 
transmission factor 

𝑅L = 𝑅 + 𝑁2𝛤 2

𝑏𝑓 +𝑁2𝑏d
= 𝑅(1 +𝑁23), (19)

and the output power becomes 

𝑃L =
(𝑇0𝑁𝛤 )2

8(𝑏𝑓 +𝑁2𝑏d)
[

(𝑁𝛤 )2 + 𝑅(𝑏𝑓 +𝑁2𝑏d)
]

= 𝑃0
𝑁23

1 +𝑁22(1 + 1∕1)
.

(20)

Simultaneously solving Eqs. (17) and (18) yields identical solutions for 
the optimal mechanical transmission factor and load resistance as in 
(6) and (10), respectively. Substituting the optimal solutions back into 
(16) leads to an output power equal to the physical bound 𝑃  in (7).
B
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This analysis shows that, regardless of the initial pathway chosen, 
whether starting with the power available from the Thévenin equiva-
lent source in (3) or the output power expression in (16), the global 
optimal solutions for the load and mechanical transduction factor at 
resonance, as well as the upper bound on generated power, remain 
the same. In addition, it seems to indicate the effectiveness of the 
impedance matching method in finding the optimal load compared to 
the gradient descent technique. The former, as presented at the end 
of Section 3, may be more straightforward in some circumstances, 
especially for complex architectures with multiple stages of energy 
conversion and numerous system parameters. However, it is less clear 
whether these arguments always hold. Therefore, both approaches are 
employed as tools for further studies in this paper, and the results are 
evaluated in detail.

An important observation here is that the first two equalities in 
(15) form a special case of the condition (5). It can be seen as one 
specific solution to (5) that is independent of the mechanical trans-
mission factor 𝑁 . Any physical set of parameters {𝐾f , 𝐼f , 𝐾d, 𝐼d} that 
does not satisfy (15), but fulfills (5) when combined with 𝑁 , will also 
suppress the imaginary parts of the input impedance 𝑍in, and all the 
results in this Section are recovered. Therefore, the local resonance 
frequencies of the flap and drivetrain are not necessarily equal to the 
wave frequency to maximize the harvested power. For example, in an 
extreme scenario when the mechanical stiffness of the drivetrain 𝐾d
is set equal to zero, the moment of inertia 𝐼d can be designed such 
that 𝐼d = (𝐾f∕𝜔2 − 𝐼f )∕𝑁2, thereby (5) is achieved. In this case, the 
local resonance frequency of the flap even should not match the wave 
frequency as it leads to 𝐼d = 0, an unphysical value. It should be noted 
that conditions (5) and (15) are associated with (6), where the optimum 
of 𝑁 is expressed as a function of dimensionless quantities 1 and 2.

Since the impedance matching method is widely used in the liter-
ature, one might question the possible outcomes if the optimal load 
resistance 𝑅L is determined by this approach. As shown in Appendix 
B, solving Eq. (17) and implementing impedance matching to the load 
yield the same expression (19). As a consequence, the ultimate optimal 
solutions for 𝑁 and 𝑅L correspond to (6) and (10), respectively. In ad-
dition, an optimization procedure utilizing the bi-conjugate impedance 
matching method is presented in Appendix  C. Under the resonance sce-
nario, both the imaginary parts of the input and output impedances are 
suppressed to zero. The matching conditions then reduce to equating 
the real parts of the input and output impedances with the load resis-
tance and the radiation damping coefficient, subject to two variables, 
𝑅L and 𝑁 . This method yields the same solutions for 𝑁 and 𝑅L as in 
(6) and (10), respectively. Therefore, in this case, sequentially applying 
impedance matching to the load and optimizing the mechanical trans-
mission factor is equivalent to the bi-conjugate impedance matching 
technique, with 𝑁 treated as an additional variable alongside the load 
resistance.

The results derived in this Section offer solutions for designing 
an optimal wave energy converter without considering practical con-
straints. However, solving Eq. (5) for 𝐼d and 𝐾d may yield physically 
unrealistic values, depending on the mechanical properties of the flap 
and the frequency of the regular waves. Thus, some authors may be 
more interested in the performance of a system whose characteristics do 
not fulfill this condition, and how it compares to the global optimum. 
This aspect is addressed in the next Section.

5. General power optimization and system effectiveness

5.1. Wave energy converter effectiveness

We now consider more general scenarios in which resonators in the 
mechanical domain may or may not be formed, and only the load can 
be arbitrarily adjusted by power electronic interface circuits. To assess 
the performance of a wave energy converter, we introduce the system 
6 
effectiveness, which can be defined as the ratio between the harvester 
output power and the largest achievable power of the optimal system, 

𝐸H =
𝑃L
𝑃B

. (21)

This metric indicates how well a wave energy converter performs 
compared to an ideal configuration. The output power 𝑃L is computed 
by the process [(11)–(14)], while 𝑃B is given by (7). In this Section, we 
further evaluate the gradient descent and impedance matching methods 
to determine which is preferable for optimizing the performance of the 
general complex system under consideration.

5.2. General power optimization using gradient descent approach

In order to reduce the complexity of derivation, we introduce the 
notations

𝑏e = 𝑏f +𝑁2𝑏d,

𝑋e = 𝑋f +𝑁2𝑋d = (𝜔𝐼f −𝐾f∕𝜔) +𝑁2(𝜔𝐼d −𝐾d∕𝜔),

𝛤e = 𝑁𝛤

where 𝑋f = 𝜔𝐼f − 𝐾f∕𝜔, and 𝑋d = 𝜔𝐼d − 𝐾d∕𝜔. The stationary points 
of the output power are obtained by setting its derivatives in relation 
to the real and imaginary parts of the load equal to zero, 𝜕𝑃L∕𝜕𝑋L = 0
and 𝜕𝑃L∕𝜕𝑅L = 0, leading to the equations

(𝑋 +𝑋L)(𝑋2
e + 𝑏2e ) − 𝛤 2

e 𝑋e = 0,

(𝑅2 − 𝑅2
L)(𝑋

2
e + 𝑏2e ) +

[

(𝑋 +𝑋L)𝑏e
]2

+2𝑅𝑏e𝛤 2
e +

[

𝛤 2
e − (𝑋 +𝑋L)𝑋e

]2 = 0,

respectively, where 𝑋 = 𝜔𝐿. Hence the optimal solution for the load is

𝑋L = −𝑋 +
𝛤 2
e 𝑋e

𝑋2
e + 𝑏2e

,

𝑅L = 𝑅 +
𝛤 2
e 𝑏e

𝑋2
e + 𝑏2e

.

(22)

In a similar manner, conjugate-impedance matching to the load in the 
general case is performed, yielding the same results for both the real 
and imaginary parts as in (22). The analytical derivations are provided 
in detail in Appendix  D.

Substituting these expressions back into (14), we arrive at 

𝑃L =
𝛤 2
e 𝑇

2
0

8
[

𝛤 2
e 𝑏e + 𝑅(𝑋2

e + 𝑏2e )
] . (23)

Considering 𝑋e a variable, the derivative of the output power in (23) 
in terms of 𝑋e is
𝜕𝑃L
𝜕𝑋e

= −
𝛤 2
e 𝑇

2
0 𝑅𝑋e

4
[

𝛤 2
e 𝑏e + 𝑅(𝑋2

e + 𝑏2e )
]2
.

We have that 𝜕𝑃L∕𝜕𝑋e = 0 if and only if 𝑋e = 0, 𝜕𝑃L∕𝜕𝑋e > 0 for 
𝑋e < 0, and 𝜕𝑃L∕𝜕𝑋e < 0 for 𝑋e > 0. In the limits, 𝑃L → 0 when 𝑋e →

±∞. The output power 𝑃L monotonically increases and decreases with 
negative and positive 𝑋e, respectively, and attains a unique maximum 
when 𝑋e is zero. Therefore, if it is not feasible to optimize the wave 
energy converter such that 𝑋e is canceled out, minimizing the quantity 
𝑋e

|

|

2 is always desirable to maximize the output power.
We note that the parameters 𝑏e, 𝑋e, and 𝛤e are dependent on the 

mechanical transmission factor 𝑁 . The optimal value of 𝑁 can be found 
by setting 𝜕𝑃L∕𝜕𝑁 = 0, where the power 𝑃L is given by (23), resulting 
in 

𝑁4=
𝑅(𝑋2

f + 𝑏2f )

𝛤 2𝑏d + 𝑅(𝑋2
d + 𝑏2d)

=
(𝑋f∕𝑏d)2 + (1∕2)2

(𝑋d∕𝑏d)2 +1 + 1
. (24)

Inserting the mechanical transmission factor from (24) into (23), we 
obtain the maximum output power with the simultaneous optimization 
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Table 1
Example of system parameters.
 Parameters Value  
 Flap structure [12]
 Effective mechanical damping coefficient, 𝑏f 10.34, N m s/rad 
 Overall moment of inertia, 𝐼f 59.10, kg m2  
 Mechanical stiffness, 𝐾f 290, N m/rad  
 Mechanical transmission system (drivetrain) [20]
 Effective mechanical damping coefficient, 𝑏d 2, N m s/rad  
 Moment of inertia, 𝐼d 20, kg m2  
 Mechanical stiffness, 𝐾d 0, N m/rad  
 Electromagnetic generator [20,45]
 Coil inductance, 𝐿 1.4, mH  
 Parasitic resistance, 𝑅 38, mΩ  
 Electromagnetic transduction factor, 𝛤 5.397, N m/A  
 Wave frequency, 𝑓 0.15, Hz  

of the variables 𝑋L, 𝑅L, and 𝑁

𝑃L = 𝑃0

{

1−2
[

√

((𝑋d
𝑏d

)2
+1

)((𝑋f
𝑏f

)2
+1+1

)

−
𝑋d
𝑏d

𝑋f
𝑏f

− 1
]} / [

1 + 4
𝑋d
𝑏d

𝑋f
𝑏f

− 4
(𝑋f
𝑏f

)2
− 4

1

(𝑋d
𝑏d

−
𝑋f
𝑏f

)2
]

.

(25)

Direct consequences of these investigations are the findings presented 
in Section 4.2, which focus on resonance when 𝑋d = 𝑋f = 0. In a more 
general case, if 𝑋e = 0, following the same gradient descent optimiza-
tion procedure yields identical results for the optimal 𝑁,𝑋L, 𝑅L, and 
output power as shown in (6), (9), (10), and (7), respectively.

Assuming that in a realistic system, the condition 𝑋e = 0 may not 
be achievable. The minimization problem of |

|

𝑋e
|

|

2 with the optimal 𝑁
in (24) can be formulated as follows,

min

{

|

|

𝑋e
|

|

2 =

[

𝑋f +𝑋d

√

(𝑋f∕𝑏d)2 + (1∕2)2

(𝑋d∕𝑏d)2 +1 + 1

]2}

.

Since 𝑋f  results from optimizing the flap geometry such that the power 
𝑃0 is maximized, and mechanical loss factors such as 𝑏d and 𝑏f  are 
always desired to be as minimal as possible, the common choice of 
variable to minimize |

|

𝑋e
|

|

2 is 𝑋d. Without any constraints, 𝑋d can be 
determined by the equation d|

|

𝑋e
|

|

2∕ d𝑋d = 0, leading to the solution 

𝑋d = −𝑋f
2
1

√

1 + 1, (26)

which also results in 𝑋e = 0. Substituting (26) back into (24) and (22), 
the optimal solutions for the complex load and mechanical transmission 
factor recover those for the idealized resonance case.

Denoting the right-hand side of (26) as 𝑋∗
d , we also find that 

d|
|

𝑋e
|

|

2∕ d𝑋d > 0 for all 𝑋d > 𝑋∗
d  and d||𝑋e

|

|

2∕ d𝑋d < 0 for all 𝑋d < 𝑋∗
d . 

In other words, |
|

𝑋e
|

|

2 monotonically decreases for 𝑋d on the left side 
of the minimum point 𝑋∗

d  and monotonically increases for 𝑋d on the 
right side. Therefore, if 𝑋d is subject to a constraint of 𝑋d ∈ [𝑋d,𝓁 , 𝑋d,𝑢], 
where 𝑋d,𝓁 and 𝑋d,𝑢 are the lower and upper bounds to 𝑋d (𝑋d,𝓁 <
𝑋d,𝑢), then the optimal 𝑋d is chosen depending on the relationships 
among these bounds and 𝑋∗

d . In particular, 𝑋d = 𝑋d,𝑢 if 𝑋d,𝑢 < 𝑋∗
d , 

𝑋d = 𝑋∗
d  if 𝑋∗

d ∈ [𝑋d,𝓁 , 𝑋d,𝑢], and 𝑋d = 𝑋d,𝓁 if 𝑋∗
d < 𝑋d,𝓁 . Note 

that the practical bounds on 𝑋d depend on the wave frequency 𝜔
and constraints on the moment of inertia and spring constant of the 
drivetrain, 𝐼d and 𝐾d. This also underscores an important role of 𝐾d
in maximizing the system performance, and that assuming or setting 
𝐾d = 0 in a numerical optimization scheme is not justified.

Fig.  6 illustrates an example of the maximum effectiveness of an 
oscillating surge wave energy converter, under both resonance condi-
tions (either (5) or (15)) and a more general non-resonance scenario, 
7 
Fig. 6. Maximum effectiveness of the wave energy converter as a function of 
the normalized mechanical transmission factor 𝑁∕𝑁0. The optimal mechanical 
transmission factor at resonance 𝑁0 is the solution to (6), and the physical 
power bound 𝑃B is specified in (7). For the resonance scenario, the output 
power is computed using (20), and the load resistance is given by (19). For 
the non-resonance case, the optimal complex load and corresponding output 
power are expressed by (22) and (23), respectively. The red solid circle and 
square represent the points of highest effectiveness at the optimal values of 
𝑁 , determined by (6) and (24), respectively.

described as a function of the normalized mechanical transmission 
factor. The example set of system parameters in use {𝑏f , 𝑏d, 𝛤 , 𝑅} is 
listed in Table  1. For the non-resonance case, the optimal mechanical 
transmission factor is considerably higher than at resonance. Since 
neither condition (5) nor (15) is satisfied, the system effectiveness is 
well below the theoretical optimum. Furthermore, it is essential to 
emphasize that as the mechanical transmission factor increases, the 
effectiveness of the considered system gradually approaches that of the 
optimal case. This property explains why the numerical optimization 
presented in [20] tends to yield a high value of 𝑁 . In this regime, the 
difference in output power between the truly optimal design and a non-
optimal solution becomes nearly negligible. This finding underscores 
the importance of deriving analytical solutions for the optimal design 
of an oscillating surge wave energy converter, as they can offer insights 
that numerical algorithms typically cannot provide.

Up to this point, questions regarding how to determine the optimal 
set of system parameters, such as the mechanical transmission factor, 
moment of inertia and spring stiffness of the drivetrain, as well as the 
complex load, have been thoroughly investigated for both ideal and 
general cases. The modeling techniques and optimization procedures 
presented in this paper can also be generalized and adapted to other rel-
evant structures, including buoy point absorber wave energy converters 
and ocean current energy harvesters.

6. Numerical verification with dynamic circuit simulation

To verify the analytical model and primary findings presented in the 
previous sections, we perform numerical simulations for comparison by 
implementing the equivalent circuit model shown in Fig.  2 in LTspice, 
a dynamic circuit–based simulator. For consistency, the same system 
parameters detailed in Table  1 are also used for the circuit simulations. 
Each simulation is run for a total duration of 175 s. The average output 
power is evaluated from the voltage waveforms over the interval 𝑡1 =
100 to 𝑡2 = 175 s to ensure the system has reached steady state and the 
data comprises a sufficient number of operating periods, 

𝑃L =
(1∕𝑛)

∑𝑛
𝑖=1 𝑉

2
L,𝑖 =

⟨𝑉 2
L ⟩ (27)
𝑅L 𝑅L
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Fig. 7. Effectiveness of the wave energy converter as a function of the 
normalized load resistance 𝑅L∕𝑅0 at a given mechanical transmission factor: 
Comparison between analytical solution (solid line) and dynamic simulation 
(circles). The optimal load resistance at resonance, 𝑅0, and the physical power 
bound, 𝑃B, are defined by (10) and (7), respectively.

Fig. 8. Effectiveness of the wave energy converter as a function of the nor-
malized mechanical transmission factor 𝑁∕𝑁0: Comparison between analytical 
solution (solid line) and dynamical simulation (circle). The optimal mechanical 
transmission factor at resonance 𝑁0 and the physical power bound 𝑃B are given 
by (6) and (7), respectively.

where 𝑛 is the number of discrete output voltage values within the time 
interval [𝑡1, 𝑡2]. In LTspice, the time step is dynamically adjusted, with 
a maximum increment set at 0.1 ms.

Fig.  7 shows a comparison between the analytical solutions and 
dynamic simulations, demonstrating excellent agreement with nearly 
identical results for both resonance and non-resonance scenarios. In 
these cases, the mechanical transmission factor 𝑁 is kept fixed, while 
the load resistance 𝑅L is varied to evaluate system effectiveness. Un-
der resonance conditions, (15) is satisfied, and 𝑃L takes the form 
expressed in (16). For general non-resonance operation, the procedure 
[(11)–(14)] is applied, with the imaginary part of the load impedance 
𝑋L set by the first equation in (22). In LTspice, a capacitor is im-
plemented with a capacitance of 𝐶 = −1∕(𝜔𝑋L) if 𝑋L < 0, whereas 
an inductor with inductance 𝐿a = 𝑋L∕𝜔 is incorporated if 𝑋L > 0, 
depending on the specific value of 𝑁 .
8 
Fig.  8 presents an investigation of the maximum effectiveness of the 
system for different values of the mechanical transmission factor, con-
sidering both resonance and more realistic non-resonance operations. 
For the former, the load resistance is set to the general optimal value 
at resonance as described by (19). For the latter, the complex load 
expression in (22) is employed. Once again, the analytical solutions 
and numerical simulations yield nearly indistinguishable outcomes. 
These findings highlight the accuracy and reliability of the developed 
model and analytical solutions, providing an efficient alternative for 
exploring the design space towards an optimal wave energy converter, 
in comparison with the time-consuming and less-explicit nature of 
numerical tools.

7. Discussions

Although the impedance matching theorem is convenient as it 
provides direct relationships between the real and imaginary parts of 
the optimal load and the output impedance of the system, it should 
be noted that it does not always yield the same results as the gradient 
descent method [46]. Furthermore, bi-conjugate impedance matching 
to the load and to the power source simultaneously is not guaranteed to 
always have a physical solution [47]. In some particular circumstances, 
identical outcomes can be obtained regardless of the approach used. 
For instance, the investigations in Sections 3 and 4.2, and Appendix 
C yield the same global maximum point of the output power. For 
the oscillating surge wave energy converters under consideration, both 
gradient descent and impedance matching to the load lead to the same 
solutions for the complex load under both resonance and non-resonance 
scenarios. In general, the gradient descent method can be employed 
as a complementary approach when optimization involves multiple 
variables in addition to the electrical load impedance.

Eq.  (5) (or equivalently, 𝑋e = 0) can be solved with at least two 
independent variables, 𝐼d and 𝐾d. Thus, there are infinite possibilities 
to optimize the performance of a wave energy converter such that 
the output power can achieve its physical bound, from both physics 
and mathematics points of view. However, due to potential practical 
limitations, the final parameter selections are made based on their 
specific constraints, which may lead to a maximum output power less 
than its upper bound. While the analysis presented in this work has 
accounted for the dynamics of the entire system as a unified unit, 
the analytical findings show that each subsystem can be optimized 
separately using its corresponding optimal criteria. This could reduce 
computational complexity compared to numerically optimizing the 
system as a multiple-variable problem. Moreover, achieving global 
optimality with numerical solutions in a consistent and reliable manner 
is challenging.

A general procedure to optimize the wave energy converter can 
be briefly summarized as follows. The geometry of the flap plays a 
vital role in capturing the energy carried by ocean waves. It should be 
designed such that minimizing the effective damping coefficient 𝑏f  and 
maximizing the external torque amplitude 𝑇0 acting on the flap, thereby 
increasing the power 𝑃0. The parameters 𝐼f  and 𝐾f  are not considered 
as variables but rather consequences of this optimization scheme. The 
electrical components of the electromagnetic transducer are adjusted 
to achieve a sufficiently large effective figure of merit 1 so that 𝑃B
closely approaches 𝑃0. The moment of inertia 𝐼d and spring stiffness 
𝐾d of the drivetrain are then optimized accordingly to minimize the 
quantity |

|

𝑋e
|

|

2. Finally, a power electronic circuit and control unit 
is employed to synthesize the optimal effective load impedance to 
maximize the output power.

In the ideal case where 𝑋e = 0, i.e., the mechanical characteristics 
of the drivetrain 𝐼d and 𝐾d are configured to satisfy (26), the optimal 
transmission factor 𝑁 and the imaginary and real parts of the load 
𝑍L are given by (6), (9), and (10), respectively. The output power in 
this case reaches its upper limit 𝑃B, as defined in (7). When subject 
to practical constraints that cause 𝑋  to differ from zero, the optimal 
e
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𝑋d is at one of its constraints to minimize ||𝑋e
|

|

2, and the pair {𝐼d, 𝐾d}
is selected accordingly. The optimum of 𝑁 is calculated using (24), 
and the optimal complex load is expressed by (22). The maximum 
achievable power in this scenario is described by (25), which is always 
lower than 𝑃B. The performance of the system can be evaluated by 
the effectiveness (21). The analytical solutions presented in this paper 
partially provide general design rules for an optimal wave energy 
converter.

We note that the radiation damping coefficient, effective inertia, 
and excitation torque amplitude are evaluated at the excitation fre-
quency and treated as constants only within the single-frequency har-
monic balance. These parameters are not assumed to be globally con-
stant. Therefore, all findings remain valid at each frequency 𝜔 after 
replacing 𝑏f → 𝑏f (𝜔), 𝐼f → 𝐼f (𝜔), and 𝑇0 → 𝑇0(𝜔). The practical 
implication of this frequency dependence is that both the optimal 
conditions and the corresponding maximum output power become 
frequency-dependent. In particular, the closed-form solutions for sys-
tem parameters, such as the mechanical transmission factor and the 
complex load, derived in the paper, should be interpreted as optimal at 
the chosen operating frequency.

Although the analysis is presented for regular waves at a single 
angular frequency, the obtained formulation can be extended to ir-
regular seas under the same linear, time-invariant assumptions. The 
incident wave field of an irregular sea state can be represented as 
a superposition of harmonic components with random phases, char-
acterized by a wave-elevation power spectral density 𝑆(𝜔) in the 
frequency domain. In models such as JONSWAP or Pierson–Moskowitz, 
𝑆(𝜔) is typically parameterized by the significant wave height and 
a characteristic period (frequency), often peak period (frequency). 
The output power derived for monochromatic excitation becomes 
frequency-dependent 𝑃L(𝜔), which can be computed from Eq.  (14) 
using frequency-dependent hydrodynamic coefficients and the exci-
tation strength at each frequency. Let 𝑃L,U(𝜔) denote the delivered 
power under unit-amplitude regular-wave excitation. The average out-
put power for irregular-wave operation can be estimated by spectral 
integration, in particular, by weighting the frequency-dependent power 
𝑃L,U(𝜔) by 𝑆(𝜔) and integrating over frequency. Details are provided 
in [48]. The same procedure can be applied to the frequency-dependent 
theoretical power bound 𝑃B(𝜔) in Eq.  (7). If the system parameters, 
such as drivetrain stiffness and complex load impedance, can be ac-
tively controlled and synthesized in a frequency-dependent manner, 
the optimal conditions can be enforced at each frequency. The question 
of the practical realizability of such frequency-dependent control and 
synthesis is beyond the scope of this paper and remains open for future 
work. In practice, implementing frequency-dependent parameters is 
challenging. An alternative common technique is to maximize the 
spectral integral over the target sea state, with frequency-independent 
parameters tuned near the dominant spectral band (e.g., at the peak 
frequency).

8. Conclusions

We have developed equivalent circuit models and investigated the 
performance of an oscillating surge wave energy converter under both 
resonance and general operating scenarios. We have determined the 
physical power bound and identified the necessary and sufficient con-
ditions to achieve the largest theoretical maximum power. We have 
introduced an effective figure of merit for power take-off of a wave 
energy converter, a comprehensive metric for evaluating the over-
all performance and effectiveness of the system. A rigorous analysis 
shows that the gradient descent and impedance matching methods 
yield identical solutions for the real and imaginary components of 
the electrical load. The analytical expressions for the complex load 
are convenient tools that provide significant insights into selecting 
appropriate coefficients for control units to optimize complex energy 
harvesting systems. Furthermore, optimal values of other parameters 
9 
Fig. 9. Thévenin equivalent circuit representation for the lossless network 
under consideration.

in addition to the load, such as the transmission factor, inertia, and 
spring stiffness of the mechanical transmission system, are explored 
for both unconstrained and constrained regimes. Analytical solutions 
for these system properties are derived accordingly, employing the 
gradient descent approach. The findings offer valuable principles for 
designing an efficient linear oscillating surge wave energy converter 
under harmonic excitation by regular waves, and the presented frame-
work can be extended to optimize various structures, including point 
absorber wave energy converters.
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Appendix A. Power transmitted through a lossless network

We consider a harmonic voltage source 𝑉S = 𝑉0 cos(𝜔𝑡) with its 
internal impedance 𝑍S = 𝑅S + 𝑗𝑋S, connected with a lossless net-
work represented by an imaginary impedance 𝑗𝑌 . This configuration is 
shown in Fig.  9. We now prove that the maximum power transmitted 
through this network is identical to the power available from the 
source. The voltage and impedance of the Thévenin equivalent circuit 
in the frequency domain are given by

𝑉th,S =
𝑉0

𝑅S + 𝑗(𝑋S + 𝑌 )
, (28)

𝑍th,S =
𝑗𝑌 (𝑅S + 𝑗𝑋S)
𝑅S + 𝑗(𝑋S + 𝑌 )

. (29)

The maximum power transmitted from port 1 to port 2 is the power 
available from the Thévenin source, derived as 

𝑃avs,th =
1
8

|

|

𝑉th,S||
2

ℜ{𝑍th,S}
= 1

8
𝑉 2
0

𝑅S
= 1

8

|

|

𝑉S||
2

ℜ{𝑍S}
, (30)

which is the power available from the voltage source 𝑉S, or the highest 
power that the source can deliver to the rest of the circuit.
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Appendix B. Power optimization at resonance: Impedance match-
ing to the load

We consider the conjugate impedance matching of a load for max-
imizing the power delivered to it from a generator. The condition of 
this classical circuit theory concept is 
𝑋L = −ℑ{𝑍out},

𝑅L = ℜ{𝑍out}
(31)

where the general form of the output impedance seen from the load is 
given by
𝑍out = 𝑅 + 𝑗𝜔𝐿

+ 𝛤 2

𝑏d + 𝑗𝜔𝐼d +
𝐾d
𝑗𝜔

+ 1
𝑁2

(

𝑏f + 𝑗𝜔𝐼f +
𝐾f
𝑗𝜔

) .

Under the resonance operation, the conditions (5) and (9) are satisfied, 
and the imaginary part of the fractional term in the output impedance is 
suppressed. 𝑗𝑋L becomes the impedance of a capacitance in series with 
𝑅L, which cancels the impedance of the coil inductance, i.e., 𝑋L+𝜔𝐿 =
0. The optimal load resistance and the corresponding power coincide 
with those in (19) and (20), respectively. Both are functions of the 
mechanical transmission factor 𝑁 . From the perspective of sequential 
optimization, the optimal solution for 𝑁 , if it exists, is obtained by 
differentiating 𝑃L in (20) with respect to 𝑁 and setting the result equal 
to zero, yielding a unique solution identical to that in (6).

Appendix C. Power optimization at resonance: Bi-conjugate 
impedance matching

A classical method to maximize the power delivered to the load of 
a complex system is the bi-conjugate impedance matching theorem. In 
particular, the input impedance is matched to the conjugate impedance 
of the effective power source, and the output impedance is set equal to 
the conjugate impedance of the complex load, 
𝑍in = 𝑍∗

S ,

𝑍out = 𝑍∗
L.

(32)

The effective power source is specified by {𝑇 , 𝑏f}, where the source 
impedance is purely real, 𝑍S = 𝑏f . Under resonance, i.e., when the 
conditions in (15) are fulfilled, the required impedance matching is 
simplified as

𝑏f = 𝑁2
(

𝑏d +
𝛤 2

𝑅 + 𝑅L

)

, (33)

𝑅L = 𝑅 +
(𝑁𝛤 )2

𝑏f +𝑁2𝑏d
. (34)

The unique physical solutions for 𝑁 and 𝑅L are (6) and (10), re-
spectively. This analysis shows that, under resonance conditions, the 
procedure of applying conjugate-impedance matching to the load and 
subsequently optimizing the mechanical transmission factor using the 
gradient descent method is equivalent to the bi-conjugate impedance 
matching technique.

Appendix D. General power optimization: Impedance matching to 
the load

Applying the condition of impedance matching to the load in (31), 
its real and imaginary parts are derived as 

𝑋L = −𝑋 +
𝛤 2

(

𝑋d +
𝑏f
𝑁2

)

(

𝑋d +
𝑋f

𝑁2

)2
+
(

𝑏d +
𝑏f
𝑁2

)2
,

𝑅L = 𝑅 +
𝛤 2

(

𝑏d +
𝑏f
𝑁2

)

(

𝑋d +
𝑋f

)2
+
(

𝑏d +
𝑏f

)2

(35)
𝑁2 𝑁2
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where 𝑋d = 𝜔𝐼d − 𝐾d∕𝜔, 𝑋f = 𝜔𝐼f − 𝐾f∕𝜔, and 𝑋 = 𝜔𝐿. These 
solutions are identical to the compact forms presented in (22). In 
many energy harvesting systems, a control unit is utilized to synthesize 
the optimal complex load for maximizing the power delivered to the 
load [42,43]. The analytical expression in (35) provides an efficient 
means for realization, with the potential to reduce both the complexity 
of search algorithms and the computational cost. Another example is a 
controller employed in wave energy converters, which aims to provide 
sufficient actuating torque for the power take-off system to optimize 
electric output power [20]. Conventional controllers, such as PI and P 
control, typically rely on the conjugate impedance matching approach. 
The explicit solution in (35) can then be extended to explore their 
capability and feasibility.

Appendix E. General power optimization: Bi-conjugate impedance 
matching

We have demonstrated in Section 5 that sequentially optimizing 
the complex load, mechanical transmission factor, and imaginary part 
of the drivetrain impedance, in that precise order, yields the ultimate 
optimal conditions for the resonant system presented in Section 4. For 
comparison, we now implement the bi-conjugate impedance matching 
theorem, as formulated in Eq.  (32), for the general case where all 
system parameters are incorporated, subject to a set of four variables 
{𝑅L, 𝑋L, 𝑁,𝑋d}.

Two explicit equations representing the condition 𝑍out = 𝑍∗
L can be 

described by (35). The other requirements for impedance matching to 
the source, 𝑍in = 𝑍∗

S , are as follows

𝑏f = 𝑁2𝑏d +
(𝑁𝛤 )2(𝑅 + 𝑅L)

(𝑅 + 𝑅L)2 + (𝑋 +𝑋L)2
, (36)

0 = 𝑋f +𝑁2𝑋d −
(𝑁𝛤 )2(𝑋 +𝑋L)

(𝑅 + 𝑅L)2 + (𝑋 +𝑋L)2
. (37)

Simultaneously solving these four equations for the variables {𝑅L, 𝑋L,
𝑁,𝑋d} yields the exact same solutions as those derived in Section 4, 
which ultimately reduce to the resonance case. The optimal solution 
set is summarized as follows,
𝑅L = 𝑅

√

 + 1,

𝑋L = −𝑋,

𝑁4 =
𝑅𝑏2f

𝛤 2𝑏d + 𝑅𝑏2d
=
(

1
2

)2 1
1 + 1

,

𝑋d = −𝑋f
2
1

√

1 + 1.

This study demonstrates the effectiveness of the bi-conjugate
impedance matching method in finding the global optimal conditions. 
However, the gradient descent approach yields more comprehensive in-
sights, especially in circumstances where the ultimate optimal solutions 
are unattainable. For example, if 𝑋d cannot be engineered to achieve 
its optimal value, there is room for output power improvement by 
optimizing the mechanical transmission factor, a flexibility not afforded 
by bi-conjugate impedance matching.

References

[1] N. Panwar, S. Kaushik, S. Kothari, Role of renewable energy sources in en-
vironmental protection: A review, Renew. Sustain. Energy Rev. 15 (3) (2011) 
1513–1524.

[2] T.-Z. Ang, M. Salem, M. Kamarol, H.S. Das, M.A. Nazari, N. Prabaharan, A 
comprehensive study of renewable energy sources: Classifications, challenges and 
suggestions, Energy Strat. Rev. 43 (2022) 100939.

[3] K. Moustakas, M. Loizidou, M. Rehan, A. Nizami, A review of recent develop-
ments in renewable and sustainable energy systems: Key challenges and future 
perspective, Renew. Sustain. Energy Rev. 119 (2020) 109418.

[4] Q. Hassan, P. Viktor, T. J. Al-Musawi, B. Mahmood Ali, S. Algburi, H.M. Alzoubi, 
A. Khudhair Al-Jiboory, A. Zuhair Sameen, H.M. Salman, M. Jaszczur, The 
renewable energy role in the global energy transformations, Renew. Energy 
Focus. 48 (2024) 100545.

http://refhub.elsevier.com/S0960-1481(26)00320-4/sb1
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb1
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb1
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb1
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb1
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb2
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb2
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb2
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb2
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb2
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb3
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb3
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb3
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb3
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb3
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb4
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb4
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb4
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb4
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb4
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb4
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb4


B.D. Truong and L. Zuo Renewable Energy 263 (2026) 125495 
[5] K. Gunn, C. Stock-Williams, Quantifying the global wave power resource, Renew. 
Energy 44 (2012) 296–304.

[6] B. Reguero, I. Losada, F. Méndez, A global wave power resource and its seasonal, 
interannual and long-term variability, Appl. Energy 148 (2015) 366–380.

[7] D. Khojasteh, A. Shamsipour, L. Huang, S. Tavakoli, M. Haghani, F. Flocard, 
M. Farzadkhoo, G. Iglesias, M. Hemer, M. Lewis, S. Neill, M.M. Bernitsas, W. 
Glamore, A large-scale review of wave and tidal energy research over the last 
20 years, Ocean Eng. 282 (2023) 114995.

[8] Y. Zhang, Y. Zhao, W. Sun, J. Li, Ocean wave energy converters: Technical 
principle, device realization, and performance evaluation, Renew. Sustain. Energy 
Rev. 141 (2021) 110764.

[9] D. Gallutia, M. Tahmasbi Fard, M. Gutierrez Soto, J. He, Recent advances in wave 
energy conversion systems: From wave theory to devices and control strategies, 
Ocean Eng. 252 (2022) 111105.

[10] N. Ghasemipour, P. Izanlou, M.H. Jahangir, Feasibility study on utilizing oscil-
lating wave surge converters (OWSCs) in nearshore regions, case study: Along 
the southeastern coast of Iran in oman sea, J. Clean. Prod. 367 (2022) 133090.

[11] J. Mi, J. Huang, X. Li, A. Ahmed, L. Yang, U. Chung, R. Datla, M. Hajj, L. Zuo, 
Oscillating surge wave energy converter using a novel above-water power takeoff 
with belt-arc speed amplification, Ocean Eng. 310 (2024) 118503.

[12] A. Ahmed, L. Yang, J. Huang, A. Shalaby, R. Datla, L. Zuo, M. Hajj, Performance 
characterization and modeling of an oscillating surge wave energy converter, 
Nonlinear Dynam. 112 (6) (2024) 4007–4025.

[13] J. Harms, M. Hollm, L. Dostal, T.A. Kern, R. Seifried, Design and optimization of 
a wave energy converter for drifting sensor platforms in realistic ocean waves, 
Appl. Energy 321 (2022) 119303.

[14] B. Paduano, L. Parrinello, F. Niosi, O. Dell’Edera, S.A. Sirigu, N. Faedo, G. Mat-
tiazzo, Towards standardised design of wave energy converters: A high-fidelity 
modelling approach, Renew. Energy 224 (2024) 120141.

[15] F. Giorcelli, S.A. Sirigu, E. Pasta, D.G. Gioia, M. Bonfanti, G. Mattiazzo, Wave 
Energy Converter Optimal Design Under Parameter Uncertainty, in: International 
Conference on Offshore Mechanics and Arctic Engineering, Vol. Volume 8: Ocean 
Renewable Energy, 2022, V008T09A085.

[16] A. Trueworthy, B. DuPont, The wave energy converter design process: Methods 
applied in industry and shortcomings of current practices, J. Mar. Sci. Eng. 8 
(11) (2020).

[17] M. Ruellan, H. BenAhmed, B. Multon, C. Josset, A. Babarit, A. Clement, Design 
methodology for a SEAREV wave energy converter, IEEE Trans. Energy Convers. 
25 (3) (2010) 760–767.

[18] R.G. Coe, G. Bacelli, S. Olson, V.S. Neary, M.B.R. Topper, Initial conceptual 
demonstration of control co-design for WEC optimization, J. Ocean. Eng. Mar. 
Energy 6 (2020) 441–449.

[19] G. Giannini, P. Rosa-Santos, V. Ramos, F. Taveira-Pinto, Wave energy converters 
design combining hydrodynamic performance and structural assessment, Energy 
249 (2022) 123641.

[20] J. Grasberger, L. Yang, G. Bacelli, L. Zuo, Control co-design and optimization of 
oscillating-surge wave energy converter, Renew. Energy 225 (2024) 120234.

[21] C.A.M. Ströfer, D.T. Gaebele, R.G. Coe, G. Bacelli, Control co-design of power 
take-off systems for wave energy converters using WecOptTool, IEEE Trans. 
Sustain. Energy 14 (4) (2023) 2157–2167.

[22] Y. Li, M. Lin, Regular and irregular wave impacts on floating body, Ocean Eng. 
42 (2012) 93–101.

[23] I.R. Young, Regular, Irregular Waves and the Wave Spectrum, John Wiley & 
Sons, Ltd, 2017, pp. 1–10.

[24] P. Stansby, E. Carpintero Moreno, T. Stallard, A. Maggi, Three-float broad-band 
resonant line absorber with surge for wave energy conversion, Renew. Energy 
78 (2015) 132–140.

[25] H.H. Peng, W. Qiu, W. Meng, M. Chen, B. Lundrigan, T. Gardiner, Experimental 
studies and time-domain simulation of a hinged-type wave energy converter in 
regular waves, Mar. Syst. Ocean. Technol. (2020).

[26] M. Hollm, L. Dostal, D. Yurchenko, R. Seifried, Performance increase of wave 
energy harvesting of a guided point absorber, Eur. Phys. J. Spec. Top. 231 (8) 
(2022) 1465–1473.
11 
[27] Z. Liu, X. Zhang, C. Xu, Hydrodynamic and energy-harvesting performance of a 
BBDB-OWC device in irregular waves: An experimental study, Appl. Energy 350 
(2023) 121737.

[28] A. Barua, M. Salauddin Rasel, Advances and challenges in ocean wave energy 
harvesting, Sustain. Energy Technol. Assess. 61 (2024) 103599.

[29] R. Kurnia, G. Ducrozet, NEMOH: Open-source boundary element solver for 
computation of first- and second-order hydrodynamic loads in the frequency 
domain, Comput. Phys. Comm. 292 (2023) 108885.

[30] M. Ancellin, F. Dias, Capytaine: A python-based linear potential flow solver, J. 
Open Source Softw. 4 (36) (2019) 1341.

[31] M. Penalba, G. Giorgi, J.V. Ringwood, Mathematical modelling of wave energy 
converters: A review of nonlinear approaches, Renew. Sustain. Energy Rev. 78 
(2017) 1188–1207.

[32] A.O. Winter, M.R. Motley, Development of a Fluid-Structure Interaction Model 
of an Oscillating Wave Surge Converter Using OpenFOAM, in: International 
Conference on Offshore Mechanics and Arctic Engineering, Vol. Volume 9: Ocean 
Renewable Energy, 2020, V009T09A034.

[33] H.A.C. Tilmans, Equivalent circuit representation of electromechanical trans-
ducers: I. lumped-parameter systems, J. Micromech. Microeng. 6 (1996) 
157–176.

[34] B. Kuo, Linear Networks and Systems, in: McGraw-Hill electrical and electronic 
engineering series, McGraw-Hill, 1967.

[35] D. Rowell, D. Wormley, System Dynamics: An Introduction, Prentice Hall, 1997.
[36] H.-J. Shim, J.-K. Kim, Cause of failure and optimization of a V-belt pulley 

considering fatigue life uncertainty in automotive applications, Eng. Fail. Anal. 
16 (6) (2009) 1955–1963, Papers presented at the Third International Conference 
on Engineering Failure Analysis (Sitges, Spain, 13-16 July 2008) Part II.

[37] C.A. Silva, M.-A. Andrianoely, L. Manin, S. Ayasamy, C. Santini, E. Besnier, D. 
Remond, Optimization of power losses in poly-V belt transmissions via genetic 
algorithm and dynamic programming, Mech. Mach. Theory 128 (2018) 169–190.

[38] H. Zhu, W. Zhu, W. Fan, Dynamic modeling, simulation and experiment of power 
transmission belt drives: A systematic review, J. Sound Vib. 491 (2021) 115759.

[39] H. Wheeler, Simple inductance formulas for radio coils, Proc. Inst. Radio Eng. 
16 (10) (1928) 1398–1400.

[40] S. Cheng, N. Wang, D.P. Arnold, Modeling of magnetic vibrational energy 
harvesters using equivalent circuit representations, J. Micromech. Microeng. 17 
(11) (2007) 2328.

[41] A. Badel, E. Lefeuvre, Nonlinear conditioning circuits for piezoelectric energy 
harvesters, in: E. Blokhina, A. El Aroudi, E. Alarcon, D. Galayko (Eds.), 
Nonlinearity in Energy Harvesting Systems: Micro- and Nanoscale Applications, 
Springer International Publishing, Cham, 2016, pp. 321–359.

[42] J.A. Bowden, S.G. Burrow, A. Cammarano, L.R. Clare, P.D. Mitcheson, Switched-
mode load impedance synthesis to parametrically tune electromagnetic vibration 
energy harvesters, IEEE/ASME Trans. Mechatronics 20 (2) (2015) 603–610.

[43] K.H.-k. Tse, H.S.-h. Chung, MPPT for electromagnetic energy harvesters having 
nonnegligible output reactance operating under slow-varying conditions, IEEE 
Trans. Power Electron. 35 (7) (2020) 7110–7122.

[44] P.D. Mitcheson, E.M. Yeatman, G.K. Rao, A.S. Holmes, T.C. Green, Energy 
harvesting from human and machine motion for wireless electronic devices, Proc. 
IEEE 96 (9) (2008) 1457–1486.

[45] N.Y. Sergiienko, L.S.P. da Silva, B. Ding, B.S. Cazzolato, Importance of drivetrain 
optimisation to maximise electrical power from wave energy converters, IET 
Renew. Power Gener. 15 (14) (2021) 3232–3242.

[46] B.D. Truong, C.P. Le, Power optimization for piezoelectric-electromagnetic 
hybrid energy harvesting systems: Impedance matching or gradient descent 
approach? Smart Mater. Struct. (2025).

[47] B.D. Truong, C.P. Le, S. Roundy, Piezoelectric-electromagnetic hybrid energy 
harvesting system: When is it useful? in: 2022 21st International Conference 
on Micro and Nanotechnology for Power Generation and Energy Conversion 
Applications (PowerMEMS), 2022, pp. 200–203.

[48] J. Liu, X. Li, L. Yang, X. Wu, J. Huang, J. Mi, L. Zuo, Achieving optimum power 
extraction of wave energy converters through tunable mechanical components, 
Energy 291 (2024) 130322.

http://refhub.elsevier.com/S0960-1481(26)00320-4/sb5
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb5
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb5
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb6
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb6
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb6
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb7
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb7
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb7
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb7
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb7
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb7
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb7
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb8
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb8
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb8
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb8
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb8
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb9
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb9
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb9
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb9
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb9
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb10
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb10
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb10
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb10
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb10
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb11
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb11
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb11
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb11
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb11
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb12
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb12
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb12
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb12
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb12
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb13
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb13
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb13
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb13
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb13
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb14
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb14
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb14
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb14
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb14
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb15
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb15
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb15
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb15
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb15
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb15
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb15
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb16
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb16
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb16
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb16
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb16
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb17
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb17
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb17
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb17
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb17
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb18
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb18
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb18
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb18
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb18
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb19
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb19
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb19
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb19
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb19
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb20
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb20
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb20
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb21
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb21
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb21
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb21
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb21
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb22
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb22
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb22
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb23
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb23
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb23
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb24
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb24
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb24
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb24
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb24
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb25
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb25
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb25
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb25
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb25
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb26
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb26
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb26
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb26
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb26
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb27
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb27
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb27
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb27
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb27
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb28
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb28
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb28
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb29
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb29
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb29
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb29
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb29
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb30
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb30
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb30
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb31
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb31
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb31
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb31
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb31
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb32
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb32
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb32
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb32
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb32
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb32
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb32
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb33
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb33
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb33
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb33
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb33
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb34
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb34
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb34
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb35
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb36
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb36
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb36
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb36
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb36
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb36
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb36
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb37
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb37
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb37
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb37
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb37
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb38
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb38
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb38
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb39
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb39
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb39
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb40
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb40
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb40
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb40
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb40
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb41
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb41
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb41
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb41
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb41
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb41
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb41
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb42
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb42
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb42
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb42
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb42
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb43
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb43
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb43
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb43
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb43
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb44
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb44
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb44
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb44
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb44
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb45
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb45
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb45
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb45
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb45
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb46
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb46
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb46
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb46
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb46
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb47
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb47
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb47
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb47
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb47
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb47
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb47
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb48
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb48
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb48
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb48
http://refhub.elsevier.com/S0960-1481(26)00320-4/sb48

	On the optimal performance of oscillating surge wave energy converter
	Introduction
	Modeling of Oscillating surge Wave Energy Converter
	Structure and principle of operations
	Equivalent circuit models

	Theoretical Power Bound
	Power Optimization for Resonant Wave Energy Converter
	A general framework
	Optimal load and mechanical transmission ratio at resonance frequency

	General Power Optimization and System Effectiveness
	Wave energy converter effectiveness
	General power optimization using gradient descent approach

	Numerical verification with dynamic circuit simulation
	Discussions
	Conclusions
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgments
	Appendix A. Power transmitted through a lossless network
	Appendix B. Power optimization at resonance: Impedance matching to the load
	Appendix C. Power optimization at resonance: Bi-conjugate impedance matching
	Appendix D. General power optimization: Impedance matching to the load
	Appendix E. General power optimization: Bi-conjugate impedance matching
	References


