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 a b s t r a c t

Wave energy converters (WECs) are increasingly being adapted for smaller-scale applications, such as powering 
unmanned oceangoing vehicles. For free-floating ocean platforms, there is a need for a simplified modeling 
framework that can be efficiently applied and used as a foundation for future optimization and design insight.
 We present the development and validation of a lumped-parameter model representative of a small heave 
plate WEC designed for short-period waves (1-5 s) typical of moderate wind conditions. The modeled system 
consists of a negatively buoyant drag plate and a surface buoy connected by a spring-damper power take-off 
(PTO) that captures the relative motion between the two bodies.
 To validate the model, a physical prototype of the heave plate WEC was constructed. A linear actuator sim-
ulated wave excitation, replicating the idealized vertical forcing experienced by a buoy in a wave field. Exper-
iments varied wave conditions, system mass, and PTO parameters to assess their influence on the model and 
measured response. Results show that lower non-dimensional spring constants (𝐾∗) improve broadband perfor-
mance, while higher non-dimensional masses (𝑀∗) yield only marginal increases in mean power. These findings 
confirm the model’s accuracy and provide guidance for optimizing WEC design for free-floating platforms.

1.  Introduction

Wave energy converters (WECs) harness ocean wave motion to drive 
power-harvesting components, typically generating electricity for off-
board applications (Salter, 1974; Falnes, 2007). Some oceangoing plat-
forms, such as the Wirewalker (Del Mar Oceanographic, LLC) and the 
Wave Glider (Liquid Robotics, Inc.), exploit differential wave motion, 
harnessing energy for onboard use to drive horizontal or vertical plat-
form movement (Daniel et al., 2011; Pinkel et al., 2010). Numerous 
WEC designs have been comprehensively described and reviewed by 
(de O., 2010; Rehman et al., 2023; Cruz, 2007). One common design 
is a floating small-scale heave plate WEC (Guo et al., 2022). In this 
study, we examine the dynamics of a small idealized heave plate WEC 
intended to generate electrical energy at a scale appropriate for onboard 
use in ocean platform applications such as for an Unmanned Underwa-
ter Vehicle (UUV). The model is designed to capture essential system 
dynamics while remaining computationally efficient, making it a flex-
ible foundation for further optimization, control strategies, and design
insight.

A free-floating heave plate WEC consists of a surface buoy, a sub-
merged heave plate and a power take-off (PTO). These components are 
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interconnected and vertically separated. Passing ocean waves vertically 
oscillate the surface buoy whereas the motion of the submerged heave 
plate is damped by nonlinear drag and added mass forces. This results 
in a periodic differential in motion. An optimally tuned PTO captures 
this motion and converts it into electrical energy.

According to linear wave theory, wave-induced pressure and veloc-
ity perturbations decay exponentially with depth at a rate determined 
by the surface wavelength. For maximum effectiveness, the vertical sep-
aration between the surface float and the submerged heave plate in a 
WEC should be selected to match the characteristic decay scale. In the 
deep-water limit, where the water depth is significantly greater than the 
wavelength (ℎ ≫ 𝜆), the magnitude of the oscillatory differential veloc-
ity, |𝑤|, between a plate located at depth 𝑧𝐻𝑃  and the free surface is 
expressed as 

|𝑤| = 𝜋𝐻
𝑇

(1 − 𝑒−
𝑧𝐻𝑃
𝑔 ( 2𝜋𝑇 )2 ) (1)

where 𝑔 is gravitational acceleration, 𝐻 is wave height, and 𝑇  is wave 
period (Kundu et al., 2015). This relationship guides the determination 
of the optimal vertical separation of components, tailored to the specific 
wave scales of interest.
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Fig. 1. Simplified representation of the main components of a two-body, heave 
plate WEC.

The dynamics of heave plate WECs have been investigated exten-
sively through dynamic modeling and the development of oceangoing 
systems (Brown and Thomson, 2015; 4th Annual Marine Energy Tech-
nology Symposium , METS; Brown et al., 2017; Davis et al., 2014; Hamil-
ton et al., 2014; Walker et al., 2025). These studies establish a strong 
foundation for advancing heave plate WEC modeling and design. Several 
offshore hydrodynamic interaction and WEC modeling tools are avail-
able, including WEC-Sim, WAMIT, and OrcaFlex (2nd Marine Energy 
Technology Symposium, 2014; Lee, 1995; Orcina, 2020). Building on 
the insights provided by these works, we have developed a dynamic 
model capable of efficiently exploring the complex parameter space in-
herent to heave plate WEC systems.

While comprehensive hydrodynamic interaction models and com-
mercial tools provide high-fidelity analyses, they are computationally 
intensive. For applications requiring small-scale onboard energy har-
vesting, a simplified analytical model offers significant advantages. Our 
framework captures the essential dynamics while remaining computa-
tionally efficient and adaptable. This enables rapid parameter explo-
ration, straightforward validation against experiments, and inclusion of 
additional physical processes, control strategies, or optimization rou-
tines. Traditional WEC development has relied on iterative, trial-and-
error design refinement over extended timescales and has resulted in 
some suboptimal solutions (Bonfanti and Giorgi, 2022; Trueworthy and 
DuPont, 2020). By employing a lumped parameter model early in the 
design process, we can evaluate design options quickly and effectively.

This work details the development of the model and the configu-
ration of the validation experiments. The model’s parameter space is 
investigated with theoretical predictions compared to experimental dy-
namic responses. With these results we evaluate the model’s accuracy 
and applicability.

2.  System model

Many two-body WEC systems exploit wave-induced vertical mo-
tion differentials and generate power through rotational or translational 

mechanical devices. This study models the power take-off mechanism 
generically using an idealized spring-damper piston mechanism (Fig. 1).

The initial, unperturbed vertical position reference frame of the 
buoy, spring and heave plate are each represented with 𝑋𝐵𝑢𝑜𝑦, 𝑋𝑆𝑝𝑟𝑖𝑛𝑔 , 
and 𝑋𝐻𝑃 . The dashed line marks the still water line (SWL). Here initial 
unstretched spring length is 𝐿𝑆 and the tether length is 𝐿𝑡. The appro-
priate tether length (𝐿𝑡) is determined by the design’s target sea state. 
This nonrigid tether may transition between taut and slack and connects 
the buoy to the top of the spring. It is only able to provide a positive, 
tensile vertical force on the spring.

As the target application for this system is to provide power for small 
(1 to 2m long) UUVs, we consider wave conditions relevant to this scale. 
Wave heights can vary greatly, depending on location and wind condi-
tions, but ‘background’ conditions of 𝑂(1) to 𝑂(10) s periods are om-
nipresent for most oceans, with corresponding deep-water wavelengths 
ranging from 𝑂(1) to 𝑂(100) m (Semedo et al., 2011; Caires et al., 2005). 
For the scale vehicle of interest, relevant wave scales include wave-
lengths of about 1 to 40m and periods ranging from 1 to 5 seconds. 
According to linear wave theory (Eqn. 1), the orbital velocity of waves 
with periods of 1 to 5 s decay significantly (𝑒−1) at a depth roughly 4 to 
10m. In this analysis, we assume the heave plate is positioned within 
this practical vertical separation range and that wave-induced orbital 
motions are negligible.

Additionally, the idealized model considers an ideal buoy that fol-
lows surface motion exactly. The equivalent WEC surface buoy consid-
ered in our analysis behaves as a perfect tracker of local surface eleva-
tion in the wave frequency band of interest. Therefore, the connection 
to the tether is modeled as following the free surface.

This idealization isolates heave plate dynamics without resolving the 
transfer function associated with buoy mass, geometry, or radiation ef-
fects. By prescribing the surface motion directly, we neglect buoy dy-
namics and assume that the kinematic forcing to the PTO is not signif-
icantly altered by the coupled buoy-PTO-heave-plate system. This ap-
proximation can be considered suitable for buoys that are large relative 
to the heave plate buoyancy but small enough to respond to short-period 
seas such that hydrostatic forcing dominates (Falnes, 2002). However, 
it can break down for larger buoyancy systems or more energetic sea 
states and in those cases, more consideration should be given to buoy 
response. This assumption allows us to use the induced buoy excitation 
as a proxy for wave period (𝑇𝑜) and height (𝐻𝑜), which are referenced 
throughout.

2.1.  Governing equations

Variables constraining the modeled spring-damper system are de-
fined in Fig. 1. The deformation of the spring is determined from the 
relative motion between the top of the spring, 𝑋𝑆𝑝𝑟𝑖𝑛𝑔 , and the heave 
plate position, 𝑋𝐻𝑃 , given as 𝛿𝑋 = 𝑋𝑆𝑝𝑟𝑖𝑛𝑔 −𝑋𝐻𝑃 . For the case shown in 
Fig. 1, in the unperturbed system 𝑋𝑆𝑝𝑟𝑖𝑛𝑔 = 0 and 𝑋𝐻𝑃 = 0, thus 𝛿𝑋 = 0. 
The surface float experiences force induced by oncoming waves. The 
vertical motion is transmitted to the heave plate through the PTO spring 
and damper forces, 𝐹𝐾 and 𝐹𝐶 , respectively. In modeling the wave en-
ergy converter, we adopt a nonlinear damping formulation to account 
for velocity-dependent hydrodynamic forces, consistent with Bailey and 
Bryden (2012) and with our physical model described further below. 
Therefore, the damping force is proportional to the spring deformation 
rate (𝛿𝑋̇) squared.
𝐹𝑃𝑇𝑂 = 𝐹𝐾 + 𝐹𝐶 = 𝐾𝑃𝑇𝑂𝛿𝑋 + 𝐶̂𝑃𝑇𝑂𝛿𝑋̇|𝛿𝑋̇| (2)

where 𝐾𝑃𝑇𝑂 is the linear spring constant and 𝐶̂𝑃𝑇𝑂 is the quadratic 
damping coefficient characteristic of the modeled PTO. The theoretical 
power available for the WEC is approximated using the power dissipated 
by damping 𝑃 = 𝐹𝐶 𝑋̇ which assumes 100% efficiency. The actual power 
available will depend on the efficiency of the PTO which is not resolved 
in this idealized model. 𝐹𝑃𝑇𝑂 drives the motion of the submerged heave 
plate.
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Fig. 2. Schematic of the Wave Energy Piston (WEP) on the upstroke and downstroke of a wave. Magnified view of the radially oriented damping outlet holes with 
the relevant geometries labeled.

Fig. 3. (Left) Annotated lab setup for WEP testing. (Right) Schematic of the testing setup with underwater view of the WEP connected to the linear actuator mount.

The heave plate is also subject to both drag and inertial forces. The 
resulting motion is governed by the Morison equation, which captures 
the effects of accelerating a submerged body through a fluid (Morison 
et al., 1950).
𝐹𝑀𝑜𝑟 = 𝐹𝐷 + 𝐹𝐴𝑀 = 𝐶𝐷

1
2
𝐴𝑋̇𝐻𝑃 |𝑋̇𝐻𝑃 | + 𝐶𝑀𝑀𝑋̈𝐻𝑃 (3)

where 𝐹𝐷 is form drag and 𝐹𝐴𝑀  is added mass force. Here, 𝐶𝐷 is the 
drag coefficient, 𝐴 is the area, 𝑋̇𝐻𝑃  is the heave plate velocity, 𝐶𝑀

is the added mass coefficient, 𝑀 is the mass of the heave plate and 
associated components. The heave plate is modeled as a thin, square flat
plate.

Drag and added mass forces vary greatly depending on the plate ge-
ometry and the frequency and amplitude of the oscillatory motion (Gar 
et al., 1958). Gar et al. (1958) and 4th Annual Marine Energy Technol-
ogy Symposium  (METS) examined 𝐶𝐷 and 𝐶𝑀  for several plate geome-
tries as a function of the Keulegan-Carpenter (KC) number. For a plate 
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Fig. 4. View of the submerged WEP with components annotated. The bright 
green and blue boxes surrounding the heave plate and plunger, respectively, 
represent the WEP components that were tracked during video analysis. (For 
interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.)

oscillating in a fluid, this is defined as

𝐾𝐶 =
𝑈𝑚𝑇
𝐿

where 𝑈𝑚 is the maximum velocity of the oscillating plate, 𝑇  is the pe-
riod of oscillation, and 𝐿 is a characteristic length, which in the case 
of a heave plate can be its width or its horizontal length. For the KC 
numbers expected in our applications, 𝐶𝐷 for flat plates range between 
4 and 10 and 𝐶𝑀  between 1 and 3. In our analysis, we use constant 𝐶𝐷
and 𝐶𝑀  values (Appendix A.1).

Lastly, we consider the gravitational force, represented using re-
duced gravity which accounts for buoyancy acting on the heave plate.

𝐹𝑔 = 𝑀𝑔
(𝜌𝐻𝑃 − 𝜌𝑤)

𝜌𝐻𝑃
(4)

𝜌𝐻𝑃  is the heave plate density, 𝜌𝑤 is seawater density, and 𝑔 is gravita-
tional acceleration. The motion of the heave plate is then described by 
the force balance, given as
𝑀𝑋̈𝐻𝑃 = 𝐹𝑔 + 𝐹𝑀𝑜𝑟 + 𝐹𝐾 + 𝐹𝐶 (5)

The expanded formula is

𝑀𝑋̈𝐻𝑃 = 𝑀𝑔
(𝜌𝐻𝑃 − 𝜌𝑤)

𝜌𝐻𝑃
+ 𝐶𝐷

1
2
𝐴𝑋̇𝐻𝑃 |𝑋̇𝐻𝑃 |+

𝐶𝑀𝑀𝑋̈𝐻𝑃 +𝐾𝑃𝑇𝑂𝛿𝑋 + 𝐶̂𝑃𝑇𝑂𝛿𝑋̇|𝛿𝑋̇| (6)

The resulting dynamics are influenced by a variety of parameters 
that have a substantial impact on the performance of the system. These 
parameters include physical features such as the geometry of the heave 
plate, the mass of the system, and the PTO properties, as well as the 
frequency and amplitude of surface waves. We therefore require a ro-
bust and comprehensive understanding of the system’s dynamics under 
different operating conditions.

3.  Parameter scaling

We conducted a series of experiments to validate the model, varying 
key system characteristics including mass (𝑀), spring constant (𝐾𝑃𝑇𝑂), 

and quadratic damping coefficient (𝐶̂𝑃𝑇𝑂). These parameters are non-
dimensionalized using characteristic dynamic scales of the system and 
include the wave height (𝐻𝑜), wave time scale or wave period (𝑇𝑜), and 
the cross-sectional heave plate area (𝐴).

To scale mass, we relate the reduced gravity and drag force.
𝜌𝐻𝑃 − 𝜌𝑤

𝜌𝑤
−𝑉 𝑔 = 0.5𝐶𝐷𝑈

2𝐴 (7)

Here, −𝑉  is the heave plate volume, 𝐶𝐷 is the drag coefficient, 𝑈 is the 
falling velocity, and 𝐴 is the heave plate area. Rearranging 7 we find 
the terminal velocity from the force balance .

𝑈 =
(

𝜌𝐻𝑃 − 𝜌𝑤
0.5𝜌𝑤𝐶𝐷𝐴

−𝑉 𝑔
)0.5

(8)

We consider the case where the terminal velocity matches a characteris-
tic vertical wave velocity scale obtained using the wave length and time 
scales, 𝐻𝑜 and 𝑇𝑜.
𝐻𝑜
𝑇𝑜

=
(

𝜌𝐻𝑃 − 𝜌𝑤
0.5𝜌𝑤𝐶𝐷𝐴

−𝑉 𝑔
)0.5

(9)

A reference mass calculated as 𝑀𝑜 = (𝜌 − 𝜌𝑤) −𝑉 𝑔 from the comparison 
between the terminal velocity and the wave velocity scale. Eq. 9 can be 
rearranged for a relationship for the reference mass

𝑀𝑜 = 0.5
𝐻2

𝑜

𝑔𝑇 2
𝑜
𝜌𝑤𝐶𝐷𝐴 (10)

Thus, scaled mass is the reduced mass of our system divided by the 
reference mass 𝑀∗ = 𝑀∕𝑀𝑜. Using harmonic oscillator definitions, the 
spring constant 𝐾𝑃𝑇𝑂 is scaled in terms of the wave forcing time scale 
and reference mass (Kreyszig, 2011). For a harmonic system, the refer-
ence spring constant is dependent on 𝑇𝑜 and 𝑀𝑜.

𝐾𝑜 =
(

2𝜋
𝑇𝑜

)2
𝑀𝑜 (11)

The non-dimensional spring constant ratio is therefore 𝐾∗ = 𝐾𝑃𝑇𝑂∕𝐾𝑜. 
The quadratic damping factor (𝐶𝑜) is defined in terms of the wave forc-
ing length and reference mass scales (Goering, 1967).

𝐶𝑜 =
𝑀𝑜
𝐻𝑜

(12)

We are left with a non-dimensional quadratic damping factor of 𝐶̂∗ =
𝐶̂𝑃𝑇𝑂∕𝐶𝑜.

4.  Experimental setup

For the validation experiments, the idealized spring-damper PTO was 
represented using a submersible piston model (Fig. 2). The physical pro-
totype utilizes the heaving motion of a surface float to drive a piston 
plunger, cyclically reducing and expanding a control volume. The re-
sulting flow induced by the plunger displacement serves as a proxy for 
the available power. The piston response was evaluated under varying 
simulated wave conditions in a laboratory setting, where experimental 
data were used to validate and refine the model.

4.1.  Piston design and power

The Wave Energy Piston (WEP) consisted of a clear acrylic cylinder 
measuring 3.8 cm in radius and 30.5 cm in length (Fig. 2). A fiberglass 
heave plate was mounted at the base of the cylinder and can be inter-
changed to modify the cross-sectional area and mass of the system. In the 
experiments presented here, the heave plate area was fixed at 0.1 m2. A 
central plunger, attached to a guide rod, oscillates vertically and drives 
water through a set of radially oriented holes located at both the top and 
bottom ends of the cylinder. There were 16 holes on each end, each with 
a 0.64 cm radius. When fluid passes through an orifice, it contracts and 
behaves as though it is flowing through a smaller effective opening. For 
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Fig. 5. Phase-averaged wave forcing (blue), model (gray) and experiment results (red) for a 13.5 cm, 2.5 second wave (Ia-f), a 9.5 cm, 2.75 second wave (IIa-f), and 
a 9.5 cm, 1.5 second wave (IIIa-f). The simulated wave forcing (I,II,IIIa), spring (I,II,IIIb) and plate (I,II,IIIc) position, spring (I,II,IIId) and plate (I,II,IIIe) velocity, 
and power (I,II,IIIf). In the left panels (Ia-f), gray blocks denote the phases in which the spring is fully retracted. On the right panels (IIIa-f), blue-gray blocks mark 
phases where there is a snap load. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

a blunt edged orifice this was accounted for in a coefficient of discharge 
of 0.63, making the hole radius in our application effectively 0.51 cm 
(J. D. Richetta, 1937).

The damping coefficient (𝐶̂PTO) was adjusted by changing the num-
ber of open holes, thereby controlling the effective area for water inflow 
and outflow. Increasing damping involves covering more holes to reduce 
the available flow area. The volumetric flow through the open holes was 
used as a proxy to estimate the power available from the system. The 
spring constant (𝐾PTO) was modified by replacing the internal spring of 
the WEP.

The relative motion between the simulated buoy forcing and heave 
plate motion moves the plunger and induces an internal flow when 
moved over a distance 𝑑ℎ. For a time step 𝑑𝑡, the rate of change in 
plunger height was represented by 𝑑ℎ∕𝑑𝑡 (Fig. 2). For example, when 
the plunger fell, as shown in the yellow circled view in Fig. 2, water was 
pushed out of the small radially oriented holes at the bottom of the pis-
ton and drew water in the holes at the top. The rate of change of volume 
inside the piston (𝑉̇𝑖𝑛𝑡𝑒𝑟𝑛𝑎𝑙) and the outlet holes volume flow rate (𝑄𝑂𝑢𝑡) 
are equal.
𝑉̇𝑖𝑛𝑡𝑒𝑟𝑛𝑎𝑙 = 𝑄𝑂𝑢𝑡 (13)

where 𝑉̇𝑖𝑛𝑡𝑒𝑟𝑛𝑎𝑙 = 2𝜋𝑅2 𝑑ℎ
𝑑𝑡  and 𝑄𝑂𝑢𝑡 = 𝑣𝑜𝑢𝑡𝑛𝜋𝑟2. Substituting these defini-

tions into Eq. 13 we can determine the velocity through damping holes 
𝑣𝑜𝑢𝑡 as

𝑣𝑜𝑢𝑡 =
2
𝑛
𝑅2

𝑟2
𝑑ℎ
𝑑𝑡

(14)

To estimate idealized power (𝑃 ) from experimental results, we relate 
the time change in kinetic energy in terms of our problem geometry. 

We assume that kinetic energy in the outflow was available to the PTO 
so

𝑃 = 1
2
𝜌𝑣2𝑜𝑢𝑡𝑄𝑂𝑢𝑡 (15)

Substituting the definition of 𝑄𝑂𝑢𝑡 gives

𝑃 = 1
2
𝜌𝑣2𝑜𝑢𝑡𝑛𝜋𝑟

2𝑣𝑜𝑢𝑡 (16)

Substituting Eq. 14 into 16 yields a final relationship for power in terms 
of 𝑑ℎ𝑑𝑡

𝑃 = 𝜋𝜌 4
𝑛2

𝑅6

𝑟4
(𝑑ℎ
𝑑𝑡

)3
(17)

4.2.  Actuated wave field

To simulate surface buoy excitation from waves, an Arduino-
controlled stepper motor was programmed to move a linear actuator in 
mono- or multi-chromatic waveforms (Fig. 3). This forcing is consistent 
with an assumption of an ideal buoy that perfectly follows wave motion. 
The linear actuator simulated vertical wave motion with a tether con-
nected to the WEP submerged in a 3m wide by 2m long by 1.5m deep 
experimental tank. The actuator moved the WEP plunger via the con-
nected tether (Fig. 3). This setup mimicked a realistic scenario in which 
the submerged WEP was pulled vertically by a surface buoy with the 
heave plate at a depth where the vertical wave motion has significantly 
decayed.

Wave height and frequency were adjustable and chosen to fall within 
a range of expected local wave conditions (1 ≤ 𝑇𝑜 ≤ 5 sec and 0.04 ≤
𝐻𝑜 ≤ 0.33 m) (Lindhart et al., 2024). During experiments, the vertical 

Ocean Engineering 349 (2026) 124115 

5 



H. Walker et al.

Fig. 6. (a-i) Modeled average power output for the WEP with 𝐾∗ = 30.4, 𝐶̂∗ = 25.2, 𝐴 = 0.1𝑚2 and 𝑀∗ = 1.48 varying wave height and period. Corresponding 
estimated power availability for the WEP is marked in the white bordered circles. WEP parameters are scaled using central wave conditions evaluated, 𝐻𝑜 = 0.175 𝑚
and 𝑇𝑜 = 2.5 𝑠. (a-ii) Model and experimental power at the eight wave heights tested during experimentation. Wave period is aligned in (a-i) and (a-ii) for comparison.

position of the plunger and heave plate were determined using video 
recordings. Bright yellow and red tape markers on the heave plate and 
plunger respectively (Fig. 4) were tracked using MATLAB image pro-
cessing. This produces 𝑥− and 𝑦−pixel coordinates of the center of the 
tracked marker (The MathWorks, 2024). After calibration, pixel coordi-
nates were converted to physical locations. From this, the rate of spring 
deformation (𝑑ℎ∕𝑑𝑡) was calculated and used to estimate power avail-
ability (Eq. 17). This allowed us to compare the WEP performance with 
the model results under the same wave conditions.

5.  Results

We compare the model predictions with experimental results to val-
idate the lumped parameter model across the scaled parameter space. 
Building on this validated framework, we then identify ideal parame-
ters for representative wave forcing conditions that maximize energy 
production.

5.1.  Model validation

Fig. 5 shows the phase resolved model and experimental results for 
forcing waves of the following amplitude and period: 13.5 cm, 2.5 sec-
onds; 9.5 cm, 2.75 seconds; and 9.5 cm, 1.5 seconds. In Fig. 5 the three 
wave cases are labeled I, II, and III in row a. In all cases, the WEP was 
configured with a fixed spring constant (𝐾𝑃𝑇𝑂 = 220 𝑁∕𝑚), quadratic 
damping coefficient (𝐶̂𝑃𝑇𝑂 = 165 𝑘𝑔∕𝑚), mass (𝑀 = 1.75 𝑘𝑔), and area 
(𝐴 = 0.1 𝑚2). The experimental power available was calculated using 
Eq. 17. The modeled and experimental dynamics aligned for all cases 
and captured complex features of spring-damper and heave plate inter-
action.

Notably, in the left column (Fig. 5 Ia-f), gray shading highlights a 
distinct change in the direction of the spring’s motion. This occurred 
during the downstroke of the surface wave when the surface fell and 
the heave plate fell at a slower rate. In this case, the tether was slack 
and could not exert a force on the spring. The spring retracted to its orig-
inal length (𝐿𝑠), at a rate dependent on the 𝐾∗ and 𝐶̂∗, and moved with 
the heave plate until the surface wave began upward motion. The tether 
then became taut and pulled the spring upward. This feature was absent 
in column II. This exhibited the model’s ability to capture the complex 
dynamics of the physical system in different regimes. Additionally, in 
the right column (Fig. 5 IIIa-f), blue shading highlights another com-
plex dynamic feature. In this phase range, the heave plate and spring 

were falling and then were rapidly pulled up by the wave upstroke. This 
sharp transition resulted in a snap load and created a spike in power out-
put (Fig. 5 IIIf). A snap load is a sudden transition between a slack and 
taut line resulting in a high-magnitude tensile force. In heave plate WEC 
applications, this typically occurs when the tether connecting the sur-
face float and submerged mass becomes rapidly tensioned. Snap loads 
are undesirable dynamic responses and can damage mechanical systems 
(Niedzwecki and Thampi, 1991).

To validate our lumped parameter model across the parameter space, 
we conducted a series of experiments varying wave conditions and the 
WEP design parameters. We varied wave period and height between 
1.25 to 5 seconds and 6.5 to 30 cm (Fig. 6). We saw an increase in power 
availability in the top panel of Fig. 6 as the wave period decreased and 
the wave height increased. This was expected as the power produced 
by the WEP increased with the spring deformation speed cubed. There-
fore, larger waves with a short period stretched the spring quickly and 
produced greater power. The bottom panel of Fig. 6 provides a closer 
examination of power along the wave heights that were experimentally 
tested. For both experimental and model data, power increased non-
linearly as the wave period decreased.

Additional experiments were conducted to further explore the pa-
rameter space, varying the mass ratio of the WEP and the wave period 
(Fig. 7a). For these experiments, a base wave period 𝑇𝑜 and wave height 
𝐻𝑜 of 2 seconds and 25.8 cm were used. The average power increased 
and then plateaued as 𝑀∗ increased. With higher mass, spring deforma-
tion increased and greater force was required to move the heave plate, 
and therefore created a larger differential in motion between the surface 
element and the heave plate. This regime, combined with a decreased 
wave period, increased power.

Spring and damping PTO forces played a critical role in the per-
formance of a WEC. To ensure the model accurately captured vary-
ing spring and damping force effects, additional validation tests were 
conducted by varying the non-dimensional spring and damping coef-
ficients (𝐾∗ and 𝐶̂∗) across waves of periods from 1.25 to 5 second 
waves. The power response as a function of spring stiffness and wave 
period revealed consistent trends in both the model and experimental 
data (Fig. 7b). The largest power was generated at low wave periods, 
and power output showed little sensitivity to increasing 𝐾∗. At lower 
spring constants (50 ≤ 𝐾∗ ≤ 400), the power magnitude decreased,
however, higher power was produced over a broader range of wave 
periods. When wave period and 𝐶̂∗ varied, Fig. 7c showed that as wave 
period decreased and 𝐶̂∗ increased, power also increased. However, only 
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Fig. 7. In a,b,c-i, the estimated experimental power availability for the WEP is marked in the white bordered circles. (a-i) Model and experimental average power for 
a simulated 𝐻𝑜 = 0.258 𝑚 with 𝐾∗ = 13.3, and 𝐶̂∗ = 16.2 while varying WEP 𝑀∗ and wave period. (a-ii) Model and experimental power at the three 𝑀∗ values used 
during experimentation. (b-i) Modeled average power output for the WEP with 𝐻𝑜 = 0.065 𝑚, 𝑀∗ = 5.1, and 𝐶̂∗ = 83.1 varying wave period and 𝐾∗.(b-ii) Model and 
experimental power at the four masses tested during experimentation. (c-i) Modeled average power output for the WEP with 𝐻𝑜 = 0.205 𝑚, 𝑀∗ = 0.91, and 𝐾∗ = 21.2
varying wave period and 𝐶̂∗. (c-ii) Model and experimental power at the four masses tested during experimentation. For all cases, 𝑇𝑜 = 2.5 𝑠 and 𝐴 = 0.1 𝑚2 are used 
in scaling.

marginal gains in power were observed with increased damping coeffi-
cients.

Spring and damping parameters are strongly coupled and jointly af-
fect the power output of WEC systems. Subfigures 8a,b illustrated the 
combined influence of non-dimensional spring stiffness (𝐾∗) and damp-
ing coefficient (𝐶̂∗) on power generation at two different wave periods. 
At a wave period of 1.5 seconds (Fig. 8a), the power output increased 
with higher 𝐶̂∗ values, while variations in 𝐾∗ have relatively little im-
pact. For a 3.5 second wave period (Fig. 8b), in contrast, we saw a sig-

nificant increase in power output at lower 𝐾∗ and minimal impact on 
power output as 𝐶̂∗ increased. These results support findings in Fig. 7b 
that a WEC with a lower 𝐾∗ had a better broadband performance than 
higher 𝐾∗.

To further evaluate the accuracy of the model for more realistic con-
ditions, a representative wave forcing time series was constructed based 
on averaged wave spectra recorded at Point Loma, CA (Fig. 9) (Lind-
hart et al., 2024). This averaged spectrum reflects the observed sig-
nificant heights for wave periods corresponding to 1.4 to 20 seconds,
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Fig. 8. (a-i,ii) Mean power as 𝐾∗ and 𝐶̂∗ are varied for a 𝑇𝑜 = 1.5 𝑠, 𝐻𝑜 = 0.95 𝑚 simulated regular wave. (b-i,ii) Mean power as 𝐾∗ and 𝐶̂∗ are varied for a 𝑇𝑜 = 3.5 𝑠, 
𝐻𝑜 = 0.95 𝑚 simulated regular wave.

Fig. 9. Averaged frequency band significant wave height (black) versus wave frequency from Sofar Spotter buoy data collected in Pt. Loma, San Diego, CA Lindhart 
et al. (2024). The gray region represents 25 to 75% wave height quartiles. The blue region marks relevant wave frequencies for our applications. (For interpretation 
of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 10. Time series of modeled (black) and experimental (red) dynamics for realistic wave forcing. From top to bottom, panels show surface wave forcing, top of 
spring position, heave plate position, spring velocity, plate velocity, and power. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.)

Fig. 11. (A) Modeled average power for irregular wave forcing when varying 𝐾∗ and 𝐶̂∗. Peak power is marked with a white star. (B) Time-resolved dynamics for 
the peak PTO parameter combination. The top panel shows the wave field, spring, and heave plate position series, the middle panel shows the wave field and spring 
velocities, and the bottom panel shows power time series (red) with the mean power marked (black dashed line). (For interpretation of the references to colour in 
this figure legend, the reader is referred to the web version of this article.)

approximately. This provided a realistic reference for sea states rele-
vant to our application. The average spectrum was discretized into six 
dominant frequency components within the range of target wave pe-
riods for our application (1 to 5 seconds). These were then superim-
posed to generate a multi-frequency wave input for use in both simula-
tions and physical experiments (Fig. 10). In general, the model-predicted 
response followed experimental measurements closely, demonstrating 
that the lumped parameter model reliably captured system dynamics un-
der complex and irregular wave forcing. The averaged modeled power is 
0.11W (0.58 standard deviation) and the averaged experimental power 
available is 0.12W (0.42 standard deviation). This result supports the 

model’s applicability for performance prediction and control design in 
real-world sea conditions.

5.2.  Model insights

Experiment and model comparisons across our parameter space in-
dicated that the model performance was robust and can provide insight 
on ideal WEC designs to maximize power production in varying wave 
fields. We generated a discretized wave field using six harmonic com-
ponents within the target wave field height and frequency range ex-
pected from recorded wave data in Fig. 9. Using this simulated time 
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series, we analyze the 𝐾∗ and 𝐶̂∗ parameter space to identify the ideal 
PTO characteristics for power generation in an irregular wave field. In 
these results, 𝐾∗ and 𝐶̂∗ were scaled using the period corresponding to 
the largest wave height component, thus 𝑇𝑜 was 4 seconds and 𝐻𝑜 was
0.22m.

From Fig. 11, we found that the ideal 𝐾∗ and 𝐶̂∗ values were 211 
and 165, respectively. At this PTO parameter combination the modeled 
power output was 0.35W. As noted previously, this modeled power as-
sumed 100% efficiency. With a micro hydropower turbine, the real ef-
ficiency would be between roughly 6 to 25% yielding an output power 
of 20 to 87.5mW (Eliud et al., 2017; Khan et al., 2008). These results 
illustrated that the model can be a powerful tool when designing small 
WECs. This could be applied to determine ideal, power-maximizing de-
signs for WECs onboard UUVs.

6.  Discussion

Experiments demonstrate that our model effectively captured the 
complex dynamics of the WEP across a range of governing parameters 
𝐻𝑜, 𝑇𝑜, 𝑀∗, 𝐾∗, and 𝐶̂∗ under monochromatic wave forcing. Further-
more, simulations using realistic, irregular wave forcing showed strong 
agreement with experimental results, indicating the model’s robustness 
and predictive power for expected wave conditions. The identification of 
optimal 𝐾∗ and 𝐶̂∗ combinations for WEP design highlights the model’s 
practical value and applicability.

The validated model provides insights relevant to WEC development 
with UUV design considerations. Mass is critical to consider in WEC 
designs though optimal mass for WECs often contradicts ideal marine 
system design goals. UUVs are typically positively buoyant, however, 
for improved WEC capabilities the submerged mass must be negatively 
buoyant. Thus, balancing the two effects is essential and consideration 
must be taken if incorporating a heave plate WEC onboard of a marine 
vehicle. Varied mass versus wave period showed diminishing gains in 
mean power production at greater masses with negligible differences 
between 𝑀∗ = 1.1 and 𝑀∗ = 1.3 (Fig. 7(a-i,ii)). Considering this, a WEC 
designed for a UUV should fall closer to an 0.9 ≤ 𝑀∗ ≤ 1.2 in order to 
balance mass and power production benefits.

Another key takeaway from experiments is the influence of PTO 
spring constant on average power. Figs. 11(b-i,ii) and 8 showed that 
lower spring constants, despite having a lower peak power, had an im-
proved broadband performance. This indicates that for a WEC operating 
in mixed sea states where energy is distributed across a range of frequen-
cies, a lower 𝐾∗ may be preferred.

As described earlier, the present model assumes the buoy follows 
the free surface exactly, neglecting the buoy’s dynamic response to 
wave excitation. The response of a real buoy would impose a transfer 
function that filters and modifies the incident wave motion is trans-
mitted to the PTO-heave-plate system. The omission of this transfor-
mation is a limitation of the current model and future work could in-
corporate a known buoy response to provide more realistic kinematic
forcing.

Future model development should also include the implementation 
of time variable drag (𝐶𝐷) and added mass (𝐶𝑀 ) coefficients, which are 
currently treated as constants. Drag and added mass are frequency de-
pendent and vary with phase for unsteady flow as well as with heave 
plate geometry. Therefore, incorporating their variability would en-
hance model fidelity. Additionally, the current model only accounts for 
vertical motion. During experiments there was additional movement in 
𝑥 and 𝑦 axes which likely influenced the system performance. In the 
future this motion should be accounted for.

Finally, while the model provides a strong foundation for WEC de-
sign, mechanical durability must be addressed in future work. The 
present analysis does not consider material limits such as yield strength 
or the effects of snap loading, which are critical for ensuring long-term 
performance and structural reliability of WEC systems.
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Appendix A 

A.1.  Hydrodynamic coefficients

Drag and added-mass coefficients are defined as

𝐶𝐷 =
2𝐹𝐷

𝜌𝐴𝑋̇2
𝐻𝑃

(A.1)

and

𝐶𝑀 =
𝐹𝑀

𝜌 −𝑉 𝑋̈𝐻𝑃
(A.2)

Where 𝐹𝐷 and 𝐹𝑀  are the drag and added mass forces, 𝜌 is the fluid 
density, 𝐴 is the heave plate area, −𝑉  is the displaced volume, and 𝑋̇𝐻𝑃
and 𝑋̈𝐻𝑃  are the velocity and acceleration of the heave plate. The char-
acteristic length (𝐿) of the plate was 0.33 m.

Values used in our model were obtained experimentally. To deter-
mine the drag coefficient, we initiated motion using a step function over 
a short distance, 𝐿∕2, consistent with the ranges of simulated wave mo-
tion used in our model validation experiments. The plate was moved up 
and down at constant velocities (𝑈) ranging from 5 to 20 cm/s. During 
motion, the force required to move the plate was recorded with a load 
cell.

After accounting for the initial acceleration transient within distance 
𝐿∕3 and buoyant and gravitational forces, mean drag force values for 
each velocity segment were fit to 𝑈2 using a least-squares regression, 
yielding 𝐶𝐷 to be 4 ± 1 (std. dev.). Consistent with findings by Johari 
and Stein (2002) and Grift et al. (2019), the plate drag was still evolving 
in the range tested, explaining the relatively large drag coefficient. This 
value represented drag well for the low vertical excursions (< 𝐿) in our 
experiments.

To identify the added mass coefficient 𝐶𝑀 , the plate was acceler-
ated over distance 𝐿∕3 at a known rate (0.6 𝑚∕𝑠2) and the correspond-
ing force was recorded. After subtracting the buoyant, gravitational and 
drag force contributions, the remaining force was fit to (Eqn. A.2), re-
sulting in 𝐶𝑀 = 2.5 ± 0.75 (std. dev.).
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Although sensor noise and sampling variability contributed to the 
relatively large standard deviations, these coefficients resulted in good 
agreement for our validation experiments and fall within typical lit-
erature ranges for similar Reynolds and Keulegan Carpenter numbers
(Gar et al., 1958). 
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