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 A B S T R A C T

This study develops and investigates motion control of a two-body point absorber wave energy converter (WEC) 
to allow for docking and recharge of an unmanned underwater vehicle (UUV). It addresses the conflicting 
requirements between power-mode operation, which favors large motions for energy extraction, and docking-
mode operation, which requires minimal dock motion for UUV docking compatibility. Four control modes 
are considered: power mode (PM), passive docking mode (DM) with zero PTO damping, and two active 
strategies: velocity-proportional (VP) and linear quadratic (LQ) control. Results show that PM produces large 
dock heave velocities on the order of 0.6–1.4 m/s, which are unfavorable for docking, while DM reduces motion 
but remains insufficient, particularly in moderate to rough sea states. VP control achieves superior motion 
regulation, reducing dock velocities to below 0.03 m/s, but requires higher reactive power, resulting in negative 
net power. In contrast, LQ control reduces velocities to 0.07–0.28 m/s while maintaining positive net power, 
corresponding to a 70%–85% reduction relative to power-mode operation. Performance is fundamentally 
constrained by the inherent heave-only WEC power-take-off (PTO) actuation, which limits the ability to control 
surge and pitch, and motivates system-level improvements in controllability. The results establish docking-
mode control as a distinct operational framework and provide guidance for integrated WEC–UUV system and 
control design.
. Introduction

Unmanned underwater vehicles (UUVs) support a wide range of 
cean missions, including observation, monitoring, intervention, and 
efense activities (Podder et al., 2004; Yazdani et al., 2020; Lin et al., 
022). Their usefulness, however, is heavily constrained by limited 
nboard energy storage, which restricts mission endurance and of-
en requires repeated recoveries for recharging (Hagen et al., 2008; 
iu et al., 2024). This limits their overall persistence, operational 
ndurance, and efficiency (Zeng et al., 2015). Ocean waves offer signif-
cant potential for at-sea power generation, through wave energy con-
erters (WECs) (Robertson et al., 2016), positioning WECs as promising 
latforms for docking and charging UUVs, thereby enabling persistent 
nd longer endurance UUV missions. However, the published literature 
nd functional deployment of WECs to support underwater docking and 
echarging of UUVs remains largely unexplored.
Floating two-body point absorber WECs are among the most-widely 

tudied WEC archetypes (Jin and Greaves, 2021; Nemoto et al., 2022) 
nd thus offer a practical basis for WEC–UUV system integration. They 
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E-mail address: okushemd@oregonstate.edu (D. Okushemiya).

consist of a surface float and a submerged reacting body, referred to 
as the spar. The two bodies are connected through a power-take-off 
(PTO) unit (Beatty et al., 2019). Power is generated from the relative 
heave motion between the float and spar. In a two-body point absorber 
WEC–UUV system, the docking station is usually connected to the 
spar (Okushemiya et al., 2025), so its’ motion is defined by the spar 
response, with the degree of motion transfer depending on whether 
the dock is rigidly attached or tethered. During power extraction, the 
float and spar typically undergo significant relative motions (Li et al., 
2023), which increases dock motion and reduces docking feasibility 
(i.e., the chances of successful UUV docking) (Okushemiya et al., 
2025, 2026a). This creates conflicting requirements between the power 
and docking functionalities of WEC–UUV systems. Although real-world 
docking success depends on navigation, sensing, and communication 
between UUV and dock (Hasan et al., 2024), a fundamental system 
requirement is that dock motion remains within the motion limits of 
the UUV (Okushemiya et al., 2026a). Additionally, when docking near 
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the free surface or under large waves, wave-induced forces on the UUV 
itself will influence docking success (Lou et al., 2025).

These contrasting requirements between power extraction and UUV 
docking success introduce two operational modes in WEC–UUV sys-
tems: a power mode, in which the WEC operates to extract and store 
energy for UUV recharging; and a docking mode, in which the motion 
of the docking station operates to remain minimal and compatible for 
increased chance of successful UUV docking. Operating across these 
modes requires a control strategy that can adjust the WEC response 
based on the operational objective. While numerous control strategies 
have been developed for maximizing wave power extraction (Coe et al., 
2017), limited attention has been given to control approaches that 
enable ’docking mode operation’ - by ensuring that dock motions 
remain minimal and compatible with UUV motions for high docking 
feasibility.

This study develops and tests motion-control strategies for floating 
point absorber WECs to enable successful UUV docking. The central 
research question addresses how the dock motion can be controlled 
to remain minimal and compatible with UUV motions for improved 
chances of successful UUV docking.

2. Background

2.1. Wave energy powered UUV missions

Reliable access to energy remains a key requirement for extending 
the operational duration and persistence of UUV missions. Ocean waves 
offer a substantial and largely underutilized energy resource that can 
be harnessed to generate electrical power for UUV recharging (Zeng 
and Wang, 2023; Liu et al., 2024; Department of Energy, 2019). One 
proposed approach is to embed wave energy harvesting capabilities 
directly within the UUV through an onboard power take-off system, 
thus enabling autonomous energy extraction without reliance on exter-
nal infrastructure (Li et al., 2022; Zhang et al., 2023, 2024; Mundon 
et al., 2024). However, the relatively small size of UUVs compared to 
ocean wavelengths limits the efficiency of this approach and results 
in low power capture (Zhang et al., 2024). Alternatively, standalone 
wave energy converters provide a more effective means of harvesting 
wave energy due to their larger scale and improved hydrodynamic 
interaction with waves. This configuration introduces the need for 
reliable docking and charging systems to support autonomous UUV 
operations (Driscol et al., 2021; Chen et al., 2024; Okushemiya et al., 
2025, 2026a; Rusch et al., 2026).

Comparing UUV-integrated energy harvesters and standalone WEC 
systems, the latter are considered in this study as their size relative to 
ocean wavelengths allows for more efficient wave energy capture. Stan-
dalone WECs appear in several archetypes, each employing different 
physical mechanisms to capture wave energy, including terminators, 
attenuators, oscillating-body devices, and point absorbers (Jin and 
Greaves, 2021; Robertson et al., 2021a). Among these archetypes, point 
absorber WECs are among the most widely studied because they can 
exploit more energetic waves and absorb energy from all wave direc-
tions (Nemoto et al., 2022). Several small-sized floating point absorbers 
suitable for WEC–UUV integration have been developed and experi-
mentally tested and validated. Beatty et al. (2019) reported model-scale 
experiments of two self-reacting point absorber WECs tested at a 1:25 
geometric scale using a 0.6 m float diameter model, corresponding to a 
full-scale diameter of 15 m. The first device, denoted WEC A, was based 
on the WaveBob™ concept and produced an average full-scale power 
of 52 kW, while WEC B, modeled after the PowerBuoy®, produced 
73 kW. Using Froude scaling for power (𝑃 ∝ 𝜆3.5), a consistent 1:3 scale 
representation of these devices would have a float diameter of 5 m and 
yield full-scale equivalent power of approximately 1.11 kW for WEC A 
and 1.56 kW for WEC B. Other experimental studies on similar floating 
point absorber WECs examining survivability, hydrodynamic response, 
and power absorption have been reported in Xu et al. (2019), Wu et al. 
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(2021), Rahimi et al. (2022), Li et al. (2023), Beringer et al. (2025). The 
power absorption reported in these studies can inform assessments of 
UUV recharging capability in WEC–UUV system integration; however, 
they do not address whether the associated device motions are com-
patible with the motion limits required for increased chance successful 
UUV docking.

2.2. Underwater docking systems

Aside from wave energy powered UUV concepts, independent re-
search and development has been ongoing on underwater docking 
technology, with Yazdani et al. (2020), Liu et al. (2024) providing 
a recent review. Early developments can be traced to the REMUS 
docking system introduced in 1997 (Stokey et al., 1997, 2001). The 
advancement of underwater docking systems aimed to extend opera-
tional duration, persistence, and mission efficiency. This is particularly 
relevant for resident UUVs (Song et al., 2020) where an underwater 
dock can provide a stable and dependable platform for charging when 
and if a reliable source of energy supply is available. Underwater 
docking systems developed in the literature generally fall into two 
broad categories: seafloor mounted and suspended docking systems 
(Lin et al., 2022; Liu et al., 2024). Seafloor mounted docking systems 
represented the earliest direction in underwater docking technology 
(Stokey et al., 1997, 2001). In this configuration, the dock is rigidly 
fixed to the seabed and connected to a power source usually on the 
sea surface through subsea cables, providing a highly stable platform 
for reliable UUV docking with minimal influence from ocean waves. 
However, their practicality has declined (Lin et al., 2022) due to 
several limitations. Deep deployments require UUVs to descend long 
distances before recharging, consuming significant time and energy, 
while long power and communication cables increase system cost and 
reduce power-transfer efficiency. In addition, uneven or soft seabed 
conditions can complicate installation and long-term stability of the 
dock (Guo et al., 2024a). Recent years have seen growing interest in 
suspended underwater docking systems (Lin et al., 2022; Guo et al., 
2024b). In these configurations, the docking station is attached to a 
tether, with the opposite end connected either to a surface float Fletcher 
et al. (2017), Sarda and Dhanak (2019), Lin et al. (2022), Meng et al. 
(2019) or to a seafloor anchor (Guo et al., 2024b,a; Zheng et al., 2024). 
Suspended docks enable docking at more accessible depths, reduce the 
energy a UUV must expend to locate and reach the station, and require 
shorter power and communication cables, which lowers cabling cost 
and improves power-transfer efficiency. Configurations supported by 
a surface float closely resemble the arrangement expected for WEC–
UUV systems, where the dock would likewise be suspended beneath a 
surface body. These advantages indicate promising future applications 
for suspended docking concepts (Guo et al., 2024b).

2.3. WEC–UUV system integration

Research on integrated WEC–UUV systems remains in its early 
stages, but existing underwater docking and charging concepts have 
naturally informed the configurations proposed for WEC–UUV sys-
tem integration. Okushemiya et al. (2025) identified three represen-
tative configurations: seafloor-mounted, rigid-mounted, and tethered 
docks. In the seafloor-mounted configuration, the docking station is 
rigidly fixed to the seabed and connected to the WEC on the surface 
via a cable/tether. In the rigid-mounted configuration, the dock is 
rigidly attached to the WEC structure and therefore fully inherits the 
WEC’s motion response. In the tethered configuration, the dock is 
connected to the WEC via a flexible tether, allowing partial motion 
independence while remaining mechanically linked to the WEC. While 
seafloor-mounted docks offer a stationary platform, recent advances in 
underwater docking technology have shifted toward suspended docking 
systems (Lin et al., 2022; Guo et al., 2024b). As a result, tethered 
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and rigid-mounted configurations represent promising candidates for 
advancing WEC–UUV system integration.

As introduced in Section 1, WEC–UUV systems require that the 
motion of the docking station remain minimal and within the UUV’s 
allowable motion limits to improve the chances of successful docking. 
This requirement generally conflicts with the power-generation behav-
ior of floating point absorbers, which exhibit large relative motions 
during power extraction (de Andrés et al., 2013; Li et al., 2023). 
Addressing this conflict requires control strategies that adjust the WEC 
response between power and docking modes.

2.4. Review of WEC control strategies

Control strategies for WECs have traditionally focused on maxi-
mizing power absorption, wherein the WEC body dynamic response 
is tuned to achieve resonance by controlling the body’s velocity to 
align in phase with the wave excitation force (Coe et al., 2017). 
Numerous control approaches have been developed to achieve this 
objective, and most fall under broad categories in the WEC literature, 
including resistive control, complex conjugate (CC) control, model 
predictive control (MPC), dynamic programming (DP), shape-based 
control, linear-quadratic (LQ) control, proportional–derivative variants 
of conjugate control, and latching control (Coe et al., 2017; Bacelli, 
2014).

Resistive control applies a velocity-proportional damping force
through the PTO, where an optimal damping coefficient, or force, is 
selected to maximize power absorption. Analytical formulations for 
this optimal damping have been developed by Falnes and Kurniawan 
(2020) for regular waves and by Zou et al. (2017) for irregular seas. 
In a two-body point absorber WEC–UUV system, this resistive PTO 
damping may provide a passive means of controlling spar motion. 
Increasing the PTO damping toward, and beyond, its optimal value 
will increase the coupling between the float and spar, causing the 
spar to experience larger motions driven by the float’s wave-induced 
motion. Conversely, setting the PTO damping to zero allows the spar 
to move more independently from the float, potentially reducing spar 
motion. With the dock attached to the spar, these behaviors suggest 
that resistive control could, in principle, support passive docking mode 
control.

Complex conjugate (CC) control seeks to maximize absorbed power 
by matching the PTO impedance to the complex conjugate of the WEC’s 
intrinsic hydrodynamic impedance (Falnes and Kurniawan, 2020; Coe 
et al., 2021b). This results in an acausal control system, requiring future 
knowledge of the wave excitation, which limits practical implemen-
tation in the absence of accurate wave prediction (Coe et al., 2017). 
The proportional–derivative (PD) variants of conjugate control offer a 
practical means of overcoming CC control acausality. Coe et al. (2021b) 
exploited the narrow-band nature of ocean waves to approximate the 
complex-conjugate PTO impedance over the limited frequency range 
containing most of the wave energy. This was achieved by tuning the 
gains of a proportional–integral–derivative (PID) controller so that its 
frequency response approximated the desired impedance within the 
dominant frequencies of each time-varying sea state (Forbush et al., 
2020). More advanced forms, such as multi-resonant PD implementa-
tions, tune individual gains for each of the wave frequency components 
to further improve power capture (Song et al., 2016; Abdelkhalik 
and Zou, 2019). Since conjugate control strategies are intrinsically 
motion amplifying owing to the resonance achieved through impedance 
matching, they do not appear suited for adaptation to docking mode 
control.

Model predictive control (MPC) and linear quadratic (LQ) control 
are feedback-based strategies that apply a PTO control law to shape 
the WEC dynamic response toward a desired objective (Åström and 
Murray, 2021). Both are optimization-based approaches in which the 
PTO control force is selected to satisfy an objective function (Coe et al., 
2017). Their use in the WEC literature has focused on maximizing the 
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energy produced by the PTO. MPC achieves this by computing an opti-
mal PTO force over a receding prediction horizon (Zhan et al., 2020; M. 
Zhang et al., 2024; Gao et al., 2025). LQ control accomplishes the same 
objective by deriving a state-feedback law that minimizes a quadratic 
cost function through the solution of a Riccati equation (Scruggs et al., 
2013; Kassem et al., 2015; Zou and Abdelkhalik, 2020). For a two-body 
point absorber WEC, these feedback control (MPC and LQ) framework 
could, in principle, be adapted for docking mode control by redefining 
the optimization objective to minimize spar motion, which the dock is 
attached to, rather than maximize energy capture.

Dynamic programming (DP) and shape-based (SB) control have also 
been explored for WEC power control, but both present fundamental 
limitations that complicate their adaptation for docking mode control. 
DP is computationally intensive, difficult to implement in real time, and 
lacks a standard mathematical formulation, requiring a new tailored 
algorithm for each specific application (Coe et al., 2017). SB control 
relies on several initialization parameters that are highly sensitive to 
the sea state, adding configuration complexity and often leading to 
suboptimal performance (Coe et al., 2017).

Latching control is a switching strategy in which the WEC is held 
nearly fixed ("latched") and released to shift its effective resonance 
period and maximize power absorption (Korde, 2002). In the latched 
state, the PTO behaves as a very large resistive damping; for a two-body 
point absorber this effectively locks the bodies together, transferring 
larger wave-induced float motions to the spar. As such, latching control 
does not offer a viable avenue for adaptation to docking mode control.

Across the reviewed control strategies, existing WEC controllers 
are fundamentally designed to amplify or strategically exploit device 
motion to maximize power absorption. This objective directly conflicts 
with docking mode control requirements, which requires minimal dock 
motion to maintain compatibility with UUV motion limits. Although 
some control strategies contain theoretical elements that could, in prin-
ciple, be adapted for the docking mode control (e.g., resistive control 
with zero damping or feedback controllers with modified objective 
functions for UUV docking), no prior study has formulated or evaluated 
a control framework explicitly aimed at docking mode operation. This 
gap motivates the present study, which investigates control strategies 
for achieving compatible dock motion required for increased chance of 
successful UUV docking in floating point absorber WEC–UUV systems.

3. Case study: WEC-UUV system

A WEC–UUV system consists of the WEC, the UUV, and a docking 
station that interfaces the WEC and UUV providing a medium for 
docking, power storage and transfer, and data transfer. Together, these 
components interact within the environment of a representative ocean 
site to enable resident and persistent UUV operations.

3.1. WEC

The case study WEC considered in this work is the Laboratory Up-
grade Point Absorber (LUPA), an open-source point absorber designed, 
tested, and validated by Beringer et al. (2025). It is a two-body point 
absorber WEC consisting of a buoyant surface float and a reactionary 
spar equipped with a heave plate, as shown in Fig.  1.

LUPA was originally designed, tested, and validated at laboratory 
scale with a float diameter of 1 m (Beringer et al., 2025). In this study, 
the WEC geometry is uniformly scaled by a factor of three relative to 
the laboratory model, corresponding to a 3:1 geometric scale shown 
in Fig.  1. This scale is representative of small, low-power utility WECs 
intended for low-energy applications such as UUV docking and recharg-
ing, for which large-scale power generation is not required. For this 
study, the environmental conditions are assumed to be representative 
of PacWave south test site with about 70 m water depth (Freeman et al., 
2022; Robertson et al., 2021b).
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Fig. 1. Schematics and description of LUPA WEC.
Table 1
Mass and inertia properties of the LUPA WEC scaled by a factor of three, relative to the still water line reference frame.
 Component Mass (kg) 𝐶𝑔𝑥 (m) 𝐶𝑔𝑦 (m) 𝐶𝑔𝑧 (m) 𝐼𝑥𝑥 (kg m2) 𝐼𝑦𝑦 (kg m2) 𝐼𝑧𝑧 (kg m2) 
 Float 6637.68 −0.03 0.03 0.06 15600 16071 4163  
 Spar 5459.67 −0.03 0.00 −4.35 74083 74175 3810  
The main geometric and physical properties of the scaled WEC used 
in this study are listed in Table  1 given with reference to the still 
water line (as shown in Fig.  1). Primary modification to the original 
WEC configuration in model was the addition of buoyancy to spar to 
compensate for the weight of the docking station and docked UUV, 
while detailed structural integration considerations are beyond the 
scope of this study.

3.2. UUV & docking station

The docking station is modeled to support BlueROV2 in its Heavy 
configuration (Fig.  2). It was designed and fabricated at Oregon State 
University to support laboratory-scale docking experiments of the 
BlueROV2 Heavy UUV in the O.H. Hinsdale Wave Laboratory. The 
station was originally developed to enable controlled evaluation of UUV 
docking performance under prescribed motions representative of an 
oscillating WEC in the wave tank.

The docking station is shown in Fig.  3, it consists of a welded 
aluminum frame constructed from 1.5 in × 1 in square aluminum 
tubing. The main docking frame has overall dimensions of 1.00 m in 
width, 0.83 m in height, and 0.86 m in length, with a total mass of 
65.6 kg, including onboard electronics, wireless charging components, 
and docking hardware.

As shown in Fig.  3, the docking station incorporates an actuation 
superstructure and gimbal assembly that provide a mechanical interface 
to an external actuator. This interface was used in wave tank exper-
iments to impose prescribed motions representative of an oscillating 
WEC; however, these actuation components are not directly modeled 
in the present numerical study and are shown here for completeness
4 
Fig. 2.  BlueROV2 UUV (BlueRobotics, 2023).

4. WEC–UUV motion control modeling framework

The motion control framework for WEC–UUV docking mode
adopted is based on a feedback control architecture, as illustrated in 
Fig.  4. The framework consists of two primary blocks: the WEC–UUV 
system and the controller.

The WEC–UUV subsystem represents the dynamic plant of interest 
and may be realized as a numerical model, a physical system, or a 
combination of both. In the present study, the plant is implemented nu-
merically using the time-domain formulation described in Section 4.1. 
This numerical representation provides direct access to the system 
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Fig. 3.  BlueROV2 UUV docking station.

Fig. 4. Modeling framework for WEC-UUV motion control.

states, hydrodynamic responses, and wave excitation inputs, enabling 
preliminary development, evaluation, and understanding of docking-
mode motion control strategies. In contrast, a physical implementation 
would rely on measured outputs, state estimation, and excitation force 
estimation. While a physical system introduces sensing uncertainty 
and additional implementation constraints, the numerical framework 
enables preliminary assessment and validation of the developed motion 
control strategies prior to physical implementation. Thus the focus of 
this work is the development of the numerical framework, and the 
extension to a physical WEC–UUV platform is identified as future work.

The controller block consists of the control law that computes the 
actuation force required to regulate dock motion within acceptable 
limits for UUV docking. The controllers considered in this study are 
classified as either passive or active, as detailed in Section 5.

Within the feedback control loop, the reference signal 𝑟 defines the 
desired docking condition, typically corresponding to minimal relative 
dock motion. The system state is denoted by 𝑥, and the system output 
(spar/dock velocity) is denoted by 𝑦, representing the regulated dock 
motion variable of interest. The controller computes the control input 
𝑢 based on the deviation between the reference 𝑟 and the output 𝑦. 
For the two-body point absorber configuration considered here, the 
control input, 𝑢 is applied through the PTO actuator and acts on the 
relative heave motion between the float and the spar. Through this 
actuation, the control input drives the system output 𝑦 toward the 
desired reference motion, 𝑟, in the presence of external wave excitation 
on the WEC-UUV.
5 
Fig. 5.  Schematics of LUPA rigid–mounted dock WEC–UUV system.

4.1. WEC-SIM numerical model of a two-body point absorber WEC–UUV 
system

The WEC–UUV system analyzed in this study consists of a rigid-
mounted dock integrated with the LUPA two-body point absorber wave 
energy converter, as shown in Fig.  5. The hydrodynamic model of the 
LUPA WEC implemented in WEC-Sim has been previously validated by 
Beringer et al. (2025). The upper body (Body 1) corresponds to the 
surface float, while the lower body (Body 2) comprises the spar with the 
docking station rigidly attached and treated as a single hydrodynamic 
body.

The docking structure is mostly composed of slender member el-
ements forming an open-frame geometry as shown in Fig.  3. As a 
result, its contribution to the potential-flow hydrodynamic coefficients 
is assumed to be negligible, although its contribution to the viscous 
drag term is accounted for.

The generalized motion of the float is denoted by 𝑥1, while the 
motion of the spar–dock rigid assembly is denoted by 𝑥2, where each 
vector represents the six degree of freedom rigid-body motions (surge, 
sway, heave, roll, pitch and yaw) of the corresponding body. The two 
bodies are dynamically coupled via a translational PTO connection.

The numerical model used in this study is based on the time-domain 
model equation written as: 
𝑀𝑥̈(𝑡) = 𝐹𝑒𝑥𝑐 (𝑡) + 𝐹𝑟𝑎𝑑 (𝑡) + 𝐹ℎ𝑠(𝑡) + 𝐹𝑣𝑖𝑠(𝑡) + 𝐹𝑃𝑇𝑂(𝑡) (1)

where 𝑥̈(𝑡) is the vector of translational and rotational accelerations of 
the device and 𝑀 is the rigid-body mass matrix.

𝐹𝑒𝑥𝑐 (𝑡) is the wave excitation force computed directly in the time 
domain from a spectral representation of the incident wave field. For a 
unidirectional irregular wave, it is expressed as 

𝐹𝑒𝑥𝑐 (𝑡) = ℜ

[ 𝑁
∑

𝑖=1
𝐹𝑒𝑥𝑐 (𝜔𝑖, 𝜃) 𝑒𝑖(𝜔𝑖𝑡+𝜙𝑖)

√

2𝑆(𝜔𝑖)𝛥𝜔

]

, (2)

where 𝑁 is the number of discrete frequency components used to 
represent the wave spectrum, 𝐹𝑒𝑥𝑐 (𝜔𝑖, 𝜃) is the frequency-dependent 
complex excitation force coefficient obtained from a boundary-element 
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solver such as WAMIT (WAMIT), 𝜃 is the wave heading angle relative 
to the body, 𝜙𝑖 is a uniformly distributed random phase used to realize 
the irregular wave field, 𝑆(𝜔𝑖) is the wave spectral density evaluated 
at frequency 𝜔𝑖 from a standard wave spectral formulation, and 𝛥𝜔 is 
the frequency discretization.

The excitation force coefficient 𝐹𝑒𝑥𝑐 (𝜔, 𝜃) is complex-valued and 
may be written as 
𝐹𝑒𝑥𝑐 (𝜔, 𝜃) = |𝐹𝑒𝑥𝑐 (𝜔, 𝜃)|𝑒𝑖𝜓(𝜔), (3)

where 𝜓(𝜔) represents the hydrodynamic phase of the excitation force 
relative to the incident wave.

𝐹𝑟𝑎𝑑 (𝑡) is the radiation force accounting for fluid memory effects and 
is expressed as 

𝐹𝑟𝑎𝑑 (𝑡) = −𝐴∞𝑥̈(𝑡) − ∫

𝑡

0
𝐾𝑟(𝑡 − 𝜏) 𝑥̇(𝜏) d𝜏, (4)

where 𝐴∞ is the added mass at infinite frequency and 𝐾𝑟(𝑡) is the 
radiation impulse response function defined as 

𝐾𝑟(𝑡) =
2
𝜋 ∫

∞

0
𝑏(𝜔) cos(𝜔𝑡) d𝜔, (5)

with 𝑏(𝜔) denoting the frequency-dependent radiation damping coeffi-
cients computed using WAMIT.

𝐹ℎ𝑠(𝑡) is the hydrostatic restoring force given by 

𝐹ℎ𝑠(𝑡) = −𝐾ℎ𝑠 𝑥(𝑡), (6)

where 𝐾ℎ𝑠 is the hydrostatic restoring stiffness also provided by the 
BEM solver WAMIT.

𝐹𝑣𝑖𝑠(𝑡) is the viscous drag force incorporated using a quadratic 
Morison-type formulation, 

𝐹𝑣𝑖𝑠(𝑡) =
1
2
𝜌𝐶𝑑𝐴𝑝

(

𝑥̇(𝑡) − 𝑥̇𝑓 (𝑡)
)

|

|

|

𝑥̇(𝑡) − 𝑥̇𝑓 (𝑡)
|

|

|

, (7)

where 𝜌 is the fluid density, 𝐶𝑑 is the drag coefficient, 𝐴𝑝 is the 
projected area normal to the flow direction, and 𝑥̇𝑓 (𝑡) is the fluid 
particle velocity. The values of 𝐶𝑑 and 𝐴𝑝 are taken from the LUPA 
validated WEC-SIM model (Beringer et al., 2025). The projected area 
𝐴𝑝 is scaled to the present geometry and includes the projected area of 
the dock structure.

The horizontal and vertical fluid particle velocities, denoted as 
𝑢𝑓  and 𝑤𝑓 , respectively, are obtained from linear wave theory as 
components of the fluid velocity vector 𝑥̇𝑓 , 

𝑢𝑓 (𝑥, 𝑧, 𝑡) =
𝑁
∑

𝑖=1
𝑎𝑖𝜔𝑖

cosh
(

𝑘𝑖(𝑧 + ℎ)
)

sinh(𝑘𝑖ℎ)
cos(𝜔𝑖𝑡 − 𝑘𝑖𝑥 + 𝜙𝑖), (8)

𝑤𝑓 (𝑥, 𝑧, 𝑡) =
𝑁
∑

𝑖=1
𝑎𝑖𝜔𝑖

sinh
(

𝑘𝑖(𝑧 + ℎ)
)

sinh(𝑘𝑖ℎ)
sin(𝜔𝑖𝑡 − 𝑘𝑖𝑥 + 𝜙𝑖), (9)

where 𝑧 is the vertical coordinate along the water column, measured 
from the still water level (positive upward), 𝑘𝑖 is the wave number 
gotten from the wave dispersion relationship, and ℎ is the water depth. 
𝑎𝑖 is the amplitude of each wave component given as; 

𝑎𝑖 =
√

2𝑆(𝜔𝑖)𝛥𝜔, (10)

The PTO force, 𝐹𝑃𝑇𝑂 is applied equal and opposite on the two 
bodies through the PTO motor/generator and, for a two-body point 
absorber, acts along the heave axis based on the relative heave motion 
between the bodies. In power mode operation, it is defined as 
𝐹𝑃𝑇𝑂 = −𝐶𝑃𝑇𝑂 𝑥̇𝑟, (11)

where 𝐶𝑃𝑇𝑂 is the optimal damping coefficient for power mode, and 
𝑥̇𝑟 corresponds to the relative heave velocity between the two bodies 
given by 
𝑥̇𝑟 = 𝑥̇2 − 𝑥̇1, (12)
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The numerical formulations described above are implemented in 
WEC-Sim, an open-source time-domain hydrodynamic solver for WECs 
(Ruehl et al., 2025). The hydrodynamic coefficients are provided in 
Appendix. Mooring effects are neglected in the present study, and the 
system is analyzed under freely floating conditions. This assumption 
allows isolation of the influence of the developed docking-mode control 
strategies and PTO actuation on spar/dock motion without additional 
constraints introduced by mooring forces.

5. Docking-mode control strategies

The docking-mode control framework adopted in this study is 
shown in Fig.  6. In docking mode, the objective shifts from power 
absorption to regulation of spar/dock motion under wave excitation. 
Two strategies are considered: passive and active. Passive control 
modifies the PTO damping without introducing external control ef-
fort, relying solely on the inherent hydrodynamic response of the 
system. However, as wave excitation increases in more energetic sea 
states, passive control alone may be insufficient to maintain acceptable 
docking conditions. Active control, in contrast, applies a feedback-
generated PTO force, supplying power (reactive power) into the PTO 
motor/generator that generates a control force to directly regulate the 
spar/dock responses to satisfy UUV docking feasibility requirements. 
The two approaches are detailed in the following subsections.

5.1. Passive docking-mode control

The passive docking-mode configuration is implemented by switch-
ing the PTO damping coefficient, 𝐶𝑃𝑇𝑂 in the PTO force (Eq. (11)) as 
follows; 

𝐶𝑃𝑇𝑂 =

{

0, docking mode,
𝐶𝑃𝑇 0, power mode. (13)

This is implemented as a logic switch in the control framework as 
shown in the passive controller block in Fig.  6.

In a two-body point absorber WEC–UUV system, resistive PTO 
damping governs the degree of dynamic coupling between the float 
and spar. Increasing 𝐶𝑃𝑇𝑂 strengthens this interaction, allowing float 
wave-induced motion to transmit more strongly to the spar. Con-
versely, setting 𝐶𝑃𝑇𝑂 = 0 allows the spar, and the rigidly attached 
dock to respond more independently to wave excitation, which may 
reduce dock excursions during docking operations. This configuration 
therefore provides a purely passive baseline for docking-mode control.

5.2. Active docking-mode control

Since the PTO provides actuation along a single axis, aligned with 
the relative motion between the bodies, the active docking-mode con-
trol is formulated as a state-feedback problem for the two-body heave 
dynamics of the float (body 1) and the spar/dock (body 2).

The control-design state vector is 
𝑥(𝑡) =

[

𝑧1(𝑡) 𝑧2(𝑡) 𝑣1(𝑡) 𝑣2(𝑡)
]⊤ , 𝑣𝑖(𝑡) = 𝑧̇𝑖(𝑡), (14)

where 𝑧𝑖 and 𝑣𝑖 denote heave displacement and velocity of body 𝑖, 
respectively.

The linearized heave equations of motion used for control design 
are written in state-space form as 
𝑥̇(𝑡) = 𝐴(𝜔) 𝑥(𝑡) + 𝐵 𝑢(𝑡) + 𝐸(𝑡), (15)

where 𝐴, 𝐵, and 𝐸 are the system matrix, control input matrix and 
excitation/disturbance matrix respectively.

The corresponding linearized equation for the two body point ab-
sorber in the second-order form is 
𝑧̇ = 𝑣, 𝑀 𝑣̇ = −𝐾 𝑧 − 𝑏(𝜔) 𝑣 + 𝐵 𝑢(𝑡) + 𝐹 (𝑡), (16)
𝑒 ℎ𝑠 𝑢 𝑒𝑥𝑐
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Fig. 6. Numerical implementation of motion control for UUV docking in a two-body point absorber WEC-UUV system.
where the effective inertia matrix is defined as 

𝑀𝑒 =𝑀 + 𝐴∞, (17)

with 𝑀 the rigid-body mass matrix and 𝐴∞ the infinite-frequency 
added mass. Hydrostatic restoring is represented by the heave-only 
matrix 𝐾ℎ𝑠. Radiation memory is represented in the control-design 
model by an equivalent linear damping matrix 𝑏(𝜔) evaluated at a 
representative frequency 𝜔 (selected from the sea state, e.g., the peak 
period, 𝜔 = 2𝜋∕𝑇𝑝).

The control force, 𝐵𝑢𝑢(𝑡) is provided by a single internal PTO acting 
between the bodies. With, 𝑢(𝑡) the control law and the adopted sign 
convention, 𝐵𝑢 is given as, 

𝐵𝑢 = [1 − 1]⊤ (18)

The state-space dynamic system matrices are thus given as 

𝐴(𝜔) =
[

02×2 𝐼2×2
−𝑀−1

𝑒 𝐾ℎ𝑠 −𝑀−1
𝑒 𝑏(𝜔)

]

∈ R4×4, 𝐵 =
[

02×1
𝑀−1

𝑒 𝐵𝑢

]

∈ R4×1,

(19)

and the active control law, 𝑢(𝑡) is given as; 

𝑢(𝑡) = −𝐾 (𝑥(𝑡) − 𝑟), (20)

where 𝑟 is the desired reference heave motion requirements for feasible 
docking and 𝐾 is the feedback gain. For the two-body heave control 
model with a single PTO input, 𝐾 ∈ R1×4 contains four coefficients, 

𝐾 =
[

𝑘1 𝑘2 𝑘3 𝑘4
]

, (21)

For the numerical implementation in Fig.  6, the feedback control 
states, 𝑥(𝑡) from WEC-SIM are in the global frame thus the control force 
computed by the control law, Eq. (20) are going to be in the global 
frame. Since the PTO can only apply force along its actuation axis in 
the body frame, the desired global heave control force, 𝑢(𝑡), must be 
converted into the corresponding PTO force in the body frame. For a 
linear PTO aligned with the local heave axis of the body-fixed frame, 
the PTO unit vector in the body frame is defined as 

𝑎𝑏 = [0 0 1]⊤. (22)

For a unidirectional point absorber, the yaw and roll motions are 
assumed negligible, such that 𝜓 ≈ 0 and 𝜙 ≈ 0. Under this assumption, 
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the body orientation is described solely by the pitch angle 𝜃(𝑡), and the 
rotation matrix reduces to 

𝑅(𝑡) =
⎡

⎢

⎢

⎣

cos 𝜃(𝑡) 0 sin 𝜃(𝑡)
0 1 0

− sin 𝜃(𝑡) 0 cos 𝜃(𝑡)

⎤

⎥

⎥

⎦

. (23)

The PTO axis expressed in the global frame is therefore 
𝑎𝑔(𝑡) = 𝑅(𝑡) 𝑎𝑏 = [sin 𝜃(𝑡) 0 cos 𝜃(𝑡)]⊤. (24)

The scalar PTO force in body frame, 𝑓𝑃𝑇𝑂 is obtained by projecting 
the PTO axis, 𝑎𝑏 onto the global PTO heave axis 𝑎𝑔

𝑓PTO(𝑡) =
𝑢(𝑡)

[𝑎𝑏]⊤𝑎𝑔(𝑡)
=

𝑢(𝑡)
cos 𝜃(𝑡)

. (25)

The generalized PTO load acting on each body consists of a force 
component and a moment component. In general, this can be written 
as 
𝐹PTO(𝑡) = 𝑎𝑔(𝑡) 𝑓PTO(𝑡), 𝑀PTO(𝑡) = 𝑟𝑏(𝑡) × 𝐹PTO(𝑡), (26)

where 𝑟𝑏(𝑡) is the vector from the body reference point to the PTO 
application point.

For a two-body point absorber WEC, the translational PTO appli-
cation point is considered to be at the body’s reference point (Beatty 
et al., 2019; Beringer et al., 2025), so 
𝑟𝑏(𝑡) = 0, 𝑀PTO(𝑡) = [0 0 0]⊤. (27)

Therefore, the generalized PTO force vector applied to each body in 
docking-mode control, and consistent with Eq. (18), is 

𝐹PTO,1(𝑡) =

[

𝑎𝑔(𝑡) 𝑓PTO(𝑡)
03×1

]

∈ R6×1, 𝐹PTO,2(𝑡) = −

[

𝑎𝑔(𝑡) 𝑓PTO(𝑡)
03×1

]

∈ R6×1.

(28)

The control gains, 𝐾 represent the principal control design pa-
rameters governing the magnitude and phasing of how the controller 
input force responds to the instantaneous state, and its deviation, from 
the reference 𝑟. The four gain components 𝑘1–𝑘4 quantify how the 
controller allocates feedback control force between displacement and 
velocity states: gains multiplying displacement states behave as spring-
like feedback (units N/m), whereas gains multiplying velocity states 
behave as damping-like feedback (units N⋅s/m).

Obtaining suitable feedback gains 𝑘𝑖 to achieve the desired docking-
mode response is nontrivial. The gains may be selected by direct tuning 
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of a reduced state feedback system, or computed systematically from 
the linearized state-space model by posing an LQ optimal control prob-
lem and solving for the corresponding optimal gain. Both approaches 
are implemented in this study as described below.

5.2.1. Velocity-proportional feedback controller (VP):
Docking feasibility is primarily governed by spar/dock motion; 

therefore, the state-feedback structure is reduced to use only the 
spar/dock heave velocity. This corresponds to selecting
𝐾 =

[

0 0 0 𝑘4
] such that the general state-feedback law 𝑢(𝑡) =

−𝐾(𝑥(𝑡) − 𝑟) reduces to 
𝑢(𝑡) = −𝑘4

(

𝑣2(𝑡) − 𝑟
)

, (29)

where 𝑟 becomes the desired dock velocity for feasible docking. This 
generates a control force proportional to the deviation of the dock 
velocity from the reference and provides direct velocity regulation of 
the spar/dock, driving 𝑣2(𝑡) toward 𝑟.

The scalar gain 𝑘4 is treated as a tunable design parameter and 
selected through a systematic sweep over a prescribed range, with 
performance evaluated directly using the WEC–UUV numerical model 
to identify gains that yield the desired spar/dock velocity response. 
Unlike the PTO damping coefficient used in power-harvesting mode, 𝑘4
is an active feedback proportional gain and therefore does not represent 
a physical hydrodynamic or mechanical damping parameter.

Following the closed-loop frequency-domain formulation in Coe 
et al. (2021b), and consistent with the equation of motion in Eq. (16), 
the heave velocity of body 2 (spar/dock) may be written as 

𝑣2(𝜔) =
𝐹𝑒𝑥𝑐,2(𝜔) − 𝑢(𝜔)

𝑍𝑖,2(𝜔)
, (30)

where 𝑍𝑖,2(𝜔) is the hydrodynamic impedance of body 2 and 𝐹𝑒𝑥𝑐,2(𝜔)
is the wave-excitation force acting on the spar/dock.

Assuming 𝑟 ≈ 0 (for regulating the dock motion to be minimal 
as possible to be within UUV motion limits), the velocity-proportional 
control law introduced in Eq. (29), it follows that 
𝑢 = −𝑘4𝑣2. (31)

Substituting Eq. (31) into Eq. (30) yields the closed-loop relation 

𝑣2(𝜔) =
𝐹𝑒𝑥𝑐,2(𝜔)

𝑍𝑖,2(𝜔) − 𝑘4
. (32)

With the present sign convention in Eq. (18), a stable velocity 
feedback requires negative values of 𝑘4, since the control force acting 
on body 2 is −𝑢 = 𝑘4𝑣2, and therefore cancels out excitation on body-2 
only when 𝑘4 < 0. Consequently, increasing |𝑘4| increases the effective 
closed-loop impedance opposing the spar/dock velocity.

In the high-gain limit, when 
|𝑘4|≫ |𝑍𝑖,2(𝜔)|, (33)

Eq. (32) reduces to 

𝑣2(𝜔) ≈
𝐹𝑒𝑥𝑐,2(𝜔)

−𝑘4
. (34)

Substituting Eq. (34) into Eq. (31) gives 
𝑢(𝜔) = −𝑘4𝑣2(𝜔) ≈ 𝐹𝑒𝑥𝑐,2(𝜔). (35)

Thus, under sufficiently large gain, the control force acting on the 
spar/dock tends to oppose the excitation force on the spar, such that the 
net forcing term in Eq. (30), 𝐹𝑒𝑥𝑐,2(𝜔)−𝑢(𝜔), approaches zero. Therefore, 
the velocity-proportional controller acts to approximately cancel the 
excitation loading on the spar/dock, driving 𝑣2(𝜔) toward zero and 
producing a stabilizing effect that improves docking feasibility through 
reduced dock motion, consistent with the discussion in Okushemiya 
et al. (2026a).
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Fig.  7, illustrates the performance of the VP controller under
regular-wave excitation with 𝐻 = 1m for different wave periods 
𝑇𝑝 and gain magnitudes |𝑘4|. Increasing |𝑘4| consistently reduces the 
maximum spar/dock velocity, demonstrating the stabilizing effect of 
the VP feedback and its ability to reduce dock motion.

Across all wave periods, the maximum control force, 𝑢, rapidly 
approaches an approximately constant value as |𝑘4| increases. In con-
trast, the net PTO/generator mechanical power continues to improve 
with increasing |𝑘4|. Since the control-force amplitude remains nearly 
unchanged, this improvement is primarily associated with the gradual 
phase shift between the control force, 𝑢, and the PTO relative velocity 
𝑣𝑟.

The influence of this phase shift can be interpreted using the cycle-
averaged harmonic power relation 

𝑃net =
1
2
𝑢̂ 𝑣̂𝑟 cos(𝛥𝜙𝑢𝑣𝑟 ), (36)

where 𝑢̂ and 𝑣̂𝑟 denote the amplitudes of 𝑢 and 𝑣𝑟, respectively, and 
𝛥𝜙𝑢𝑣𝑟  is their phase difference. As |𝑘4| increases, the phase difference 
approaches approximately −90◦, reducing the magnitude of the average 
power exchange and therefore improving the net power performance. 
In some cases the phase becomes slightly less than −90◦, allowing the 
net power to approach or slightly exceed zero.

The results also show that longer wave periods require smaller 
control forces and yield more favorable net power behavior, whereas 
shorter periods demand larger actuation. These trends are consistent 
with the interpretation of 𝑘4 as a nonphysical active feedback gain that 
regulates dock motion by shaping the closed-loop response, rather than 
representing a physical PTO damping parameter.

The main advantage of this reduced-order VP controller is its low 
implementation complexity: it uses a single state for feedback and a 
single tunable gain. However, because the PTO applies opposing forces 
on a coupled two-body system, using only the spar/dock velocity for 
feedback does not explicitly account for how the actuation redistributes 
response between the float and spar/dock. Consequently, the result-
ing control action may result in undesired coupled behavior such as 
excessive motion of the float and may demand large actuation forces 
for aggressive gains. These limitations motivate the use of a full-state 
optimal feedback design that computes 𝐾 optimally using more robust 
docking and performance objectives.

5.2.2. Linear quadratic full state feedback controller (LQ):
A more robust control objective can be set to regulate spar/dock 

motion while also taking into account the relative motion that can arise 
because the internal PTO necessarily applies opposing forces to the two 
bodies. This is encoded by penalizing spar velocity, relative motion, and 
an additional penalty on spar displacement to mitigate persistent drift. 
The control performance output vector is defined as;
𝑦(𝑡) = 𝐶𝑦𝑥(𝑡), 𝑦(𝑡) =

[

𝑧𝑟(𝑡) 𝑣𝑟(𝑡) 𝑧2(𝑡) 𝑣2(𝑡)
]𝑇 ,

𝑧𝑟 = 𝑧2 − 𝑧1, 𝑣𝑟 = 𝑣2 − 𝑣1,
(37)

with 

𝐶𝑦 =

⎡

⎢

⎢

⎢

⎢

⎣

−1 1 0 0
0 0 −1 1
0 1 0 0
0 0 0 1

⎤

⎥

⎥

⎥

⎥

⎦

. (38)

The infinite-horizon quadratic cost is then posed as 

min
𝑢(⋅)

𝐽 = ∫

∞

0

(

𝑦(𝑡)⊤𝑊𝑦 𝑦(𝑡) + 𝑢(𝑡)⊤𝑅𝑢(𝑡)
)

𝑑𝑡, (39)

where 𝑊𝑦 ⪰ 0 weights docking-relevant variables and 𝑅 ≻ 0 penalizes 
actuation effort. In general, the selection of quadratic weights is a 
controller design step that involves tunable parameters; however, to 
make the choice scale-consistent and reproducible, the weights are ini-
tialized using Bryson’s rule, which normalizes each penalized variable 
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Fig. 7.  Behavior of the velocity-proportional (VP) feedback controller as a 
function of the control gain magnitude |𝑘4| for regular waves with height 
𝐻 = 1m and periods 𝑇𝑝 = 4–10 s. The panels show (top to bottom): phase 
difference 𝛥𝜙𝑢𝑣𝑟  between the control input 𝑢 and the relative velocity 𝑣𝑟,
maximum control force max(𝑢), maximum heave velocity max(𝑣2) of the 
spar/dock, and net mechanical PTO power 𝑃net . Each curve corresponds to 
a different wave period of the case study WEC-UUV system.

by a reference magnitude so that the corresponding contributions to 
the cost are nondimensional and comparable (Bryson and Ho, 1969). 
Accordingly, 𝑊𝑦 and 𝑅 are defined as 

𝑊𝑦 = diag
(

𝑤𝑧𝑟
𝑧2𝑟,ref

,
𝑤𝑣𝑟
𝑣2𝑟,ref

,
𝑤𝑧2
𝑧22,ref

,
𝑤𝑣2
𝑣22,ref

)

, 𝑅 =
𝑤𝑢
𝑢2ref

, (40)

The reference magnitudes are selected to reflect UUV docking fea-
sibility requirements and physically reasonable coupled motion for 
an internal PTO acting opposite on both bodies: 𝑧𝑟,ref = 0.75 m for 
relative displacement representing the absolute displace of actuator 
stroke limits, 𝑣𝑟,ref = 0.5 m/s for relative velocity, 𝑧2,ref = 0.5 m
to limit low-frequency spar/dock drift from the control actuation, 
𝑣2,ref = 0.05 m/s to reflect the primary docking objective of minimal 
spar/dock relative motion, and 𝑢ref = 20 kN as the nominal actuation 
scale. The dimensionless weights are then chosen to prioritize dock 
velocity regulation while preventing the controller from achieving this 
by unrealistically exciting the float; specifically, 𝑤𝑣2 = 1.0 is assigned as 
the highest priority, 𝑤𝑧𝑟 = 𝑤𝑣𝑟 = 0.5 provide some penalties on relative 
motion and relative velocity, 𝑤𝑧2 = 0.5 applies a weak drift penalty, 
and 𝑤𝑢 = 0.5 sets the relative penalty on control effort.

The cost may be written in standard LQ form 

𝐽 = ∫

∞

0

(

𝑥⊤𝑄𝑥 + 𝑢⊤𝑅𝑢
)

𝑑𝑡, 𝑄 = 𝐶⊤𝑦 𝑊𝑦𝐶𝑦. (41)
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Fig. 8. Variation of the developed LQ control gains with wave period.

where the gain 𝐾 is obtained by solving the continuous-time alge-
braic Riccati equation 
𝐴⊤𝑃 + 𝑃𝐴 − 𝑃𝐵𝑅−1𝐵⊤𝑃 +𝑄 = 0, (42)

and computing 
𝐾 = 𝑅−1𝐵⊤𝑃 . (43)

In implementation, 𝐾 is computed using standard Riccati solvers 
(e.g., MATLAB lqr).

The achieved control gain values for the system, are presented in 
Fig.  8, showing their variation with wave period and providing a basis 
for evaluating how the feedback control gain allocation changes across 
a wave spectrum band of interest. For the time domain implementation 
of the control, the gain values are evaluated at the peak period of the 
irregular wave spectrum as illustrated in Fig.  6.

6. Response of the two-body point absorber WEC–UUV system: 
heave-only configuration

The response of the two-body point absorber WEC–UUV system is 
first evaluated under a heave-only configuration without mooring. In 
this setup, the motion of both bodies is restricted to only vertical trans-
lation, enabling characterization and assessment of power–docking 
performance trade-offs under controlled and uncontrolled response. 
Wave conditions are simulated using an irregular Pierson–Moskowitz 
(PM) spectrum, with each realization run for 1200 s.

6.1. Power and docking mode performance trade-offs

The trade-offs between power capture and dock motion are exam-
ined by varying the PTO damping from 0 to 150,000 N⋅s/m under 
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Fig. 9. Influence of PTO damping on power capture and dock motion under irregular wave excitation (PM spectrum, 𝐻𝑠 = 1 m, 𝑇𝑝 = 3–14 s). (a) Mean mechanical 
PTO power. (b) Significant dock heave velocity amplitude.
irregular wave excitation modeled using a Pierson–Moskowitz spectrum 
with significant wave, 𝐻𝑠 = 1 m and peak period, 𝑇𝑝 = 3 to 14 s. 
A consistent 𝐻𝑠 of 1 m is maintained across all cases to isolate the 
influence of damping and peak period on system response. Fig.  9 
illustrates the resulting mean mechanical PTO power and significant 
dock heave velocity across peak periods ranging from 3 to 14 s. The 
significant velocity amplitude is computed as the average of the highest 
one-third of the response amplitudes.

As shown in Fig.  9(a), the mean PTO power increases from zero 
damping to an optimal value before decreasing at higher damping 
levels. The influence of damping is most pronounced at shorter peak 
periods (𝑇𝑝 = 3–6 s), where distinct power maxima are observed. In 
contrast, for peak periods beyond approximately 𝑇𝑝 ≈ 8 s, the sensitiv-
ity to damping diminishes and the power contours flatten, indicating 
reduced variation in performance with further increases in damping. 
This is expected due to the physical size of the WEC and the orbital 
velocities at higher wave periods. Power performance peaks around 
𝑇𝑝 ≈ 4 s and decreases progressively with increasing period, with 
a marked reduction beyond 𝑇𝑝 ≈ 8 s, as further illustrated in Fig. 
10 for a selected damping. Based on these trends, a damping value 
of 30,000 N⋅s/m is selected as a representative power-mode damping 
setting for subsequent analyses, as it represents near-optimal power 
capture across most of the wave periods while maintaining consistent 
performance in all simulated sea states. The concentration of energy 
capture at shorter wave periods is consistent with the dynamic behavior 
expected for a small-scale point absorber (Majidi et al., 2021). While 
longer wave periods are prevalent in many open-ocean environments 
(Ahn et al., 2020), the proposed system is intended for small utility-
scale UUV docking and recharging applications, which typically require 
power on the order of hundreds of watts and motivate the small 
scale of the device considered in this study. Such small scale systems 
are suitably deployed in regions characterized by shorter-period sea 
states (Foteinis, 2022; Okushemiya et al., 2026a), while deployment in 
10 
Fig. 10.  Variation of mean mechanical PTO power across wave peak periods 
for the selected representative damping, 𝐶𝑃𝑇𝑂 = 30,000 N s/m, (PM spectrum 
𝐻𝑠 = 1 m).

longer-period environments may require dedicated power-maximizing 
control strategies.

In contrast to the power trends discussed above, Fig.  9(b) confirms 
that the significant dock heave velocity increases continuously with 
increasing PTO damping. As the damping approaches and exceeds the 
optimal value for power generation, the coupling between the float 
and spar strengthens, resulting in greater transmission of wave-induced 
motion from the float to the spar/dock. Conversely, near-zero damping 
allows the spar to move more independently from the float, yielding 
reduced dock motion levels; however, under higher sea states, even 
this reduced motion may remain sufficiently large to challenge UUV 
docking. This trend reinforces the inherent trade-off between power-
mode and docking-mode requirements: damping values favorable for 



D. Okushemiya et al. Ocean Engineering 364 (2026) 126952 
Fig. 11.  Variation of significant heave velocity amplitude across wave peak 
periods, (PM spectrum 𝐻𝑠 = 1 m).

energy extraction correspond to increased dock motion, thereby re-
ducing docking feasibility (Okushemiya et al., 2026a). The conflicting 
behavior is clearly illustrated in Fig.  11, where dock motion under the 
selected power-mode damping (𝐶𝑃𝑇𝑂 = 30,000 N⋅s/m) is substantially 
higher than in the case of zero PTO damping (𝐶𝑃𝑇𝑂 = 0), demonstrat-
ing the reduction in docking feasibility in power-mode operation and 
supporting the use of zero PTO damping as a passive docking-mode 
control strategy.

To characterize the power-mode energy capability of the case-
study WEC–UUV system under generalized sea-state conditions, the 
mean PTO mechanical power is evaluated across a range of sea states 
using the representative power-mode damping coefficient (𝐶𝑃𝑇𝑂 =
30,000 N⋅s/m). Wave conditions corresponds to irregular waves with 
significant wave heights in the range 𝐻𝑠 = 0.5–5 m, and are simulated 
using a PM spectrum with peak periods 𝑇𝑝 = 3–15 s.

The resulting power matrix, shown in Fig.  12, illustrates the distri-
bution of mean PTO mechanical power over the considered sea states. 
The electrical power available for UUV recharging will be much lower 
due to conversion losses across the PTO and power electronics. A 
methodology to account for these losses and estimate the electrical 
power is presented in Okushemiya et al. (2026b). The results in the 
power matrix are therefore intended to illustrate relative power ca-
pability for UUV recharging across sea states and do not account for 
operational limits under extreme sea states.

As shown in Fig.  12, power increases with wave height and is con-
centrated within shorter peak periods, with maximum values occurring 
in the range 𝑇𝑝 ≈ 4–6 s. At longer periods, power decreases progres-
sively despite increasing 𝐻𝑠, consistent with the dynamic behavior 
expected for a small-scale WEC. The power matrix therefore provides 
a generalized estimate of the power capability of the 3 m diameter 
case study device, under moderate to rough sea conditions. It further 
underscores the importance of aligning the WEC–UUV system scale and 
design characteristics with the prevailing wave climate at the intended 
deployment site (Coe et al., 2021a; Zou et al., 2023).

6.2. UUV docking feasibility for power-mode and passive docking-mode 
control

The docking feasibility quantifies the probability of successful UUV 
docking at a given sea state and is evaluated using the probabilistic 
framework introduced in Okushemiya et al. (2026a). It should be noted 
that this metric reflects compliance with the prescribed UUV velocity 
limits and does not guarantee 100% docking success. Practical docking 
additionally depends on the sophistication of UUV control algorithms, 
as well as sensing and communication with the dock (Okushemiya 
11 
et al., 2026a). The reported feasibility therefore represents an idealized 
upper bound on docking success.

For each simulated sea state, the dock velocity time histories 𝑥̇(𝑘)𝑑 (𝑡)
are evaluated against the corresponding UUV motion limits 𝑥̇(𝑘)𝑣  for each 
degree of freedom 𝑘. At each time step 𝑡𝑖, a binary feasibility indicator 
is defined as 

𝑓 (𝑘)(𝑡𝑖) =

{

1, if |𝑥̇(𝑘)𝑑 (𝑡𝑖)| ≤ 𝑥̇(𝑘)𝑣
0, otherwise

(44)

The overall instantaneous feasibility is then given by 

𝐹 (𝑡𝑖) =
𝑛DOF
∏

𝑘=1
𝑓 (𝑘)(𝑡𝑖), (45)

where 𝑛DOF denotes the number of motion components considered. The 
probabilistic docking feasibility for a given sea state is computed as 

𝑝docking =
1
𝑛𝑡

𝑛𝑡
∑

𝑖=1
𝐹 (𝑡𝑖), (46)

where 𝑛𝑡 is the total number of simulation time steps. The resulting 
value represents the fraction of time during which the dock motion 
remains within the prescribed UUV limits. For the heave-only configu-
ration, 𝑛DOF = 1, and feasibility is evaluated solely based on the UUV 
heave velocity limits. The BlueROV2 heave velocity limit is taken as 
𝑥̇𝑣 = 0.5 m∕s.

Fig.  13 present the probabilistic UUV docking feasibility for
BlueROV2 under power-mode operation (𝐶𝑃𝑇𝑂 = 30,000 N⋅s/m) and 
passive docking-mode control (𝐶𝑃𝑇𝑂 = 0), respectively. The feasibility 
values represent the fraction of time during which the dock heave 
velocity remains within the BlueROV2 limit of 0.5 m∕s.

Under power mode operation (Fig.  13(a)), docking feasibility de-
creases progressively with increasing significant wave height. While 
feasibility remains close to unity for slight sea states (𝐻𝑠 ≤ 1 m), a 
pronounced degradation is observed for moderate-to-rough sea states. 
For example, at 𝐻𝑠 = 2–4 m, docking feasibility drops below 0.6 in 
several cases, indicating that docking would be feasible less than 60% 
of the time. This confirms that operating the WEC–UUV system in 
power mode imposes substantial limitations on docking success in most 
operational sea states.

In contrast, passive docking-mode control (Fig.  13(b)), achieved by 
setting 𝐶PTO = 0, substantially improves feasibility across the sea-state 
space. For moderate conditions (𝐻𝑠 ≤ 2 m), docking feasibility remains 
above 0.9 for most peak periods. Even at higher wave heights (𝐻𝑠 =
3–4 m), feasibility values increase relative to power-mode operation, 
with many sea states exhibiting improvements of 0.1–0.2 in absolute 
probability. This improvement directly reflects the reduced dynamic 
coupling between the float and spar when PTO damping is removed, 
resulting in lower spar/dock motions. However, passive control does 
not fully eliminate docking limitations. At 𝐻𝑠 ≥ 2 m, docking feasibility 
were below unity and decreasing up to 0.5 at high significant wave 
heights.

The comparison between Figs.  13(a) and 13(b) therefore establishes 
two critical observations: (i) power-mode operation significantly com-
promises docking feasibility in even moderate sea states, and (ii) while 
passive control improves feasibility, it remains insufficient for main-
taining high docking feasibility probability across the full operational 
sea state envelope. These results motivate the need for active docking 
mode control strategies.

Additionally, under some operating conditions, particularly when 
UUV docking occurs relatively close to the free surface or under large 
wave conditions, wave-induced fluid motion may influence docking 
success. To characterize the magnitude of these disturbances, the water 
particle velocity at the docking depth was evaluated for the range 
of sea states considered in this study. Fig.  14, shows the amplitude 
of the vertical water particle velocity computed under regular wave 
conditions for a water depth of 70 m, representative of the PacWave 
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Fig. 12. WEC-UUV PTO mechanical power matrix.
Fig. 13. BlueROV2 docking feasibility probabilities for case study WEC-UUV system in; (a) Power mode (𝐶𝑃𝑇𝑂 = 30,000 N s/m) (b) Passive control docking 
mode (𝐶𝑃𝑇𝑂 = 0 N s/m).
site, and a dock depth of 𝑧 = −6.85 m corresponding to the 3 m LUPA 
configuration (see Fig.  1). For most of the considered sea states the 
waves fall within the deep-water regime, where the horizontal and 
vertical orbital velocity components are of comparable magnitude. The 
results indicate that water particle velocities at the docking depth can 
reach significant magnitudes in moderate to rough sea states.

These velocities represent the local fluid motion experienced by a 
vehicle operating at the docking depth and may induce hydrodynamic 
forces that influence the vehicle dynamics and motions during the 
docking approach. As a simplifying assumption, the UUV heave motion 
may be considered to follow the surrounding vertical water particle 
velocity. Under this assumption, an alternative docking-mode control 
objective can be formulated by reshaping the dock motion dynamics 
such that the dock heave velocity tracks the vertical water particle 
12 
velocity at the docking depth. Synchronizing the dock heave motion 
with the assumed vehicle heave response (and ambient wave particle 
heave motion) reduces the relative heave velocity between the UUV 
and the dock during the docking maneuver. This effectively allows 
the UUV control system to allocate its available actuation authority 
primarily to regulating the surge motion required for approach and 
alignment with the dock, while the dock control compensates for the 
wave-induced heave disturbance acting on the vehicle.

Accordingly, two docking-mode control objectives are considered 
for improved docking feasibility in the following sections: (i) regulation 
of dock motion to remain minimal and within the prescribed UUV 
motion limits, and (ii) using a prescribed velocity reference tracking set 
as the water particle velocity at the docking depth. The performance of 
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Fig. 14. Amplitude of vertical water particle velocity at the docking depth.

Table 2
Simulated wave conditions.
 Simulation ID Sea state code 𝐻𝑠 (m) 𝑇𝑝 (s) 
 W1 4 2.5 6  
 W2 4 2.5 10  
 W3 6 4.5 8  
 W4 6 4.5 12  

the developed control strategies under these two objectives is evaluated 
in the subsequent subsections.

6.3. Performance of docking-mode control strategies

The performance of the docking-mode control strategies is evalu-
ated with the primary objective of improving UUV docking feasibility, 
as defined in Section 6.2. In this context, improving docking feasi-
bility corresponds to regulating dock motion such that its velocity 
response remains within the limits of the UUV during docking op-
erations. Accordingly, the performance of the WEC-UUV system un-
der power-mode operation (PM), passive docking-mode control (DM), 
velocity-proportional (VP) active control, and linear quadratic (LQ) 
active control is evaluated and compared.

A set of four representative sea states is selected to enable a clear 
and focused evaluation of the control strategies, in conditions of in-
terest identified from the docking feasibility results (Fig.  13). These 
cases consist of a moderate operational condition (𝐻𝑠 = 2.5 m) and a 
rough wave extreme condition (𝐻𝑠 = 4.5 m), each evaluated at two 
peak periods representing shorter- and longer-period excitation. The 
shorter-period cases are chosen near the dynamically critical response 
region of the spar (see Fig.  11), while the longer-period cases represent 
wave periods more consistent with typical ocean wave conditions. The 
selected cases, denoted as W1–W4, are simulated using irregular waves 
modeled with a Pierson–Moskowitz spectrum, and are summarized in 
Table  2.

The control strategies are evaluated using a consistent set of per-
formance metrics, including dock motion response, control force, and 
associated power, and the resulting UUV docking feasibility. These 
metrics are presented in the following subsections.

6.3.1. Dock motion response
The dock motion response under the four representative sea states is 

shown in Fig.  15. Across all cases, a consistent trend is observed in the 
13 
relative performance of the control modes. Power-mode operation (PM) 
results in the largest dock motions, with velocity amplitudes approach-
ing 1.0 m∕s in W1 and exceeding 1.3 m∕s in W3. Passive docking-mode 
control (DM) reduces the motion relative to PM; however, the reduction 
remains limited, with velocity amplitudes still on the order of 0.6 m∕s in 
W1–W2 and exceeding 1.0 m∕s in W3. These velocity levels remain well 
above typical UUV operational limits and therefore continue to present 
challenging docking conditions based on the feasibility definition in 
Section 6.2.

Based on the docking feasibility framework (Eq. (44) – (46)), the 
control objective is to regulate the dock motion such that it remains 
minimal (approaching zero) and within the allowable limits of the UUV.

In contrast to PM and DM, the active control strategies achieve sub-
stantial motion reduction across all sea states. The velocity-proportional 
(VP) controller provides the most significant reduction, limiting veloc-
ity amplitudes to approximately 0.02–0.03 m∕s across all cases, effec-
tively regulating the dock motion well within UUV limits. The linear 
quadratic (LQ) controller also reduces dock motion significantly com-
pared to PM and DM; however, residual oscillations remain higher than 
VP, with velocity amplitudes increasing from approximately 0.05 m∕s
in W1 to up to 0.3 m∕s in W4. While these values represent a substantial 
improvement over passive approaches, they indicate less aggressive 
motion regulation compared to VP.

The reduced velocity response achieved by the VP controller im-
plies a higher likelihood of satisfying the docking feasibility condition, 
whereas the higher residual velocity under LQ suggests comparatively 
lower, though still improved, feasibility relative to passive approaches. 
However, this improved motion regulation in VP is achieved at the 
expense of increased control effort and energy consumption. In con-
trast, the LQ controller maintains positive net power while still pro-
viding substantial motion reduction for improved docking feasibility. 
This trade-off between motion regulation and power performance is 
examined in the following subsection.

6.3.2. Control force and power
The PTO control force and corresponding power response under the 

selected representative sea states are shown in Fig.  16. To achieve the 
minimal dock motion required for improved docking feasibility, the 
active control strategies effectively act to counter the wave-induced 
excitation on the spar such that 𝐹exc,2 − 𝐹PTO ≈ 0, thereby reducing 
the net excitation transmitted to the dock.

Across all sea states, both VP and LQ controllers generate forces of 
comparable magnitude, generally on the order of 10–20 kN, indicating 
that similar levels of actuation effort are required. However, the key 
distinction lies in the phase relationship with the excitation force. The 
VP controller closely tracks the phase of the excitation, resulting in 
more effective cancellation and the minimal dock velocities observed in 
Fig.  15. In contrast, the LQ controller exhibits noticeable phase offsets, 
leading to less complete cancellation and higher residual motion.

This difference in phase behavior directly influences the power 
response. The VP controller exhibits predominantly negative power, 
indicating continuous energy input to regulate motion. In contrast, the 
LQ controller shows more frequent positive power peaks and reduced 
negative excursions.

Importantly, the active control forces remain comparable to, and do 
not exceed, those observed under power-mode (PM) operation, indi-
cating that the required actuation remains within practical PTO limits. 
Overall, while VP provides the most effective motion regulation, the LQ 
controller achieves a more favorable balance between motion reduction 
and energy performance, yielding improved docking feasibility while 
maintaining positive net power.

6.3.3. Statistical summary
The statistical summary of the docking-mode control performance 

across the selected sea states is presented in Table  3. The reported 
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Fig. 15. Spar/Dock motion response under representative sea states and operational control modes.

Fig. 16. PTO control force and power response under the selected representative sea states operational control modes.
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Table 3
Statistical summary of docking-mode control performance for the selected 
representative sea states and operational control modes.
 Case Metric PM DM VP LQ  
 W1 Dock velocity (m/s) 0.97 0.62 0.02 0.07  
 PTO force (kN) 18.11 0.00 11.58 11.49  
 Reactive power (W) 0.00 0.00 −2768.25 −2269.38 
 Net power (W) 2912.38 0.00 −124.68 423.60  
 W2 Dock velocity (m/s) 0.77 0.58 0.02 0.14  
 PTO force (kN) 8.67 0.00 7.62 7.71  
 Reactive power (W) 0.00 0.00 −1166.51 −1016.93 
 Net power (W) 662.67 0.00 −34.70 168.64  
 W3 Dock velocity (m/s) 1.40 1.03 0.03 0.21  
 PTO force (kN) 23.21 0.00 17.31 17.45  
 Reactive power (W) 0.00 0.00 −5653.04 −4949.42 
 Net power (W) 4777.38 0.00 −164.50 908.30  
 W4 Dock velocity (m/s) 1.08 0.84 0.02 0.28  
 PTO force (kN) 12.22 0.00 10.86 11.30  
 Reactive power (W) 0.00 0.00 −2509.23 −2292.87 
 Net power (W) 1370.56 0.00 −29.38 348.86  

motion and PTO force values correspond to significant amplitudes (cor-
responding to the average of the highest one-third amplitudes), while 
the reactive and net power values represent time-averaged quantities. 
The results quantitatively confirm the trends observed in the time-series 
responses.

Across all sea states, power-mode (PM) and passive docking-mode 
control (DM) exhibit large dock velocities, exceeding 0.6 m∕s in W1–W2 
and reaching up to 1.40 m∕s in W3, remaining well above typical UUV 
operational limits. In contrast, the VP controller consistently reduces 
dock velocity to below 0.03 m∕s across all cases, representing over an 
order-of-magnitude reduction relative to PM. The LQ controller also 
achieves substantial reduction, with velocities ranging from 0.07 m∕s
in W1 to 0.28 m∕s in W4, indicating improved but less aggressive 
regulation compared to VP.

The force and power metrics further highlight the trade-off between 
motion reduction and energy performance. Both VP and LQ require 
comparable PTO forces (approximately 7–17 kN across all cases), which 
remain below those observed in power-mode operation (up to 23.21 kN 
in W3), indicating that active control does not impose increased actua-
tion demand. The power response shows a clear distinction between 
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control strategies. The VP controller consistently exhibits higher re-
active power and negative net power (e.g., −124.68 W in W1 and 
−164.50 W in W3), indicating continuous energy consumption. In con-
trast, the LQ controller maintains positive net power across all sea 
states (e.g., 423.60 W in W1 and 908.30 W in W3), corresponding to a 
reduction of approximately 70–85% relative to PM.

Overall, these results confirm that while the VP controller pro-
vides the highest level of motion reduction and thus the greatest 
improvement in docking feasibility, the LQ controller achieves a more 
favorable balance between motion regulation and energy performance 
for practical docking operations.

6.4. Dock motion response under prescribed reference tracking control

As discussed in Section 6.2, wave-induced fluid motion at the dock-
ing depth can reach significant magnitudes and may influence the 
UUV dynamics during docking. Under such conditions, an alternative 
control objective is to synchronize the dock heave motion with the 
UUV heave response (or wave-induced water particle vertical orbital 
velocity), thereby reducing relative motion between the two bodies. 
This approach may be particularly relevant when docking occurs near 
the free surface or in moderate to rough sea states where wave-induced 
velocities are significant.

To demonstrate this capability, the control system is evaluated 
under a prescribed reference tracking objective, where the reference 
signal is taken as the vertical water particle velocity (Eq. (9)) at the 
docking depth (z = -6.85 m). The resulting dock velocity response 
under VP and LQ control is shown in Fig.  17.

Across all representative sea states (W1–W4), both controllers are 
able to track the prescribed reference signal with good agreement in 
both phase and amplitude. The VP controller more closely follows 
the reference, with near-overlapping time-series responses, while the 
LQ controller exhibits slight deviations in peak amplitudes and phase. 
Nevertheless, the overall tracking performance remains strong for both 
controllers across all cases, indicating that the control system can 
effectively reshape the dock dynamics to follow a desired motion 
profile.

It is important to note that the water particle velocity does not 
necessarily represent the exact UUV heave response, as the vehicle 
dynamics are also influenced by its inertia, hydrodynamic coefficients, 
and control system. However, the results demonstrate that the proposed 
control approach can effectively track a prescribed reference signal. 
Fig. 17. Spar/dock heave velocity response under prescribed reference tracking control for the selected representative sea states and active control modes.
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Fig. 18. Spar/dock motion response for the freely floating WEC-UUV system under representative sea states and control modes.
This capability is essential for future scenarios where the dock motion 
may be synchronized with the estimated or measured UUV motion to 
further improve docking performance.

7. Response of a freely floating two-body point absorber WEC–
UUV system under active heave control

The docking-mode control strategies are applied to a freely floating 
two-body WEC–UUV system — in which all rigid-body degrees of 
freedom are unconstrained and no mooring is present. While the control 
input acts along the heave direction, other rigid-body motions can 
also influence docking feasibility, as defined in Eq. (45). The system 
is evaluated under unidirectional irregular wave excitation, using the 
same representative sea states defined in Table  2. Accordingly, only the 
surge, heave, and pitch responses are presented, as sway, roll, and yaw 
16 
are typically negligible for a point absorber WEC under unidirectional 
wave conditions.

The control objective here is the regulation of dock motion such that 
it is minimized and maintained within UUV motion limits. The results 
in Fig.  18, show that this objective is achieved only in heave, with both 
active controllers significantly suppressing significant heave motion 
amplitudes from 0.6–1.4 m/s in power mode, PM to 0.03–0.28 m/s 
across W1–W4 simulated wave cases. However, this reduction does 
not extend to surge and pitch. While the control action alters the 
dynamics of these responses through coupled DOF interactions, no 
clear trend of active motion regulation is observed for surge and pitch. 
The significant motion amplitudes remain comparable across control 
modes, with surge velocities remaining on the order of 0.7–1.4 m∕s, 
while pitch velocities range from approximately 7 – 20 deg/s across 
the simulated wave cases. This indicates that dock motion cannot 
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be actively regulated across all degrees of freedom using the heave-
axis translational PTO configuration of the two-body point absorber 
WEC–UUV system.

8. Discussions

Persistent UUV missions require a reliable at-sea energy source, with 
WECs offering a promising pathway for enabling docking and recharg-
ing offshore. However, the integration of WECs with UUV docking 
systems introduces competing operational requirements: WEC power-
mode operation favors large device motions for energy extraction, 
whereas docking-mode operation requires minimizing dock motion to 
remain compatible with UUV limits. Operating across these modes 
requires a control strategy capable of adjusting the WEC response 
based on the operational objective. While numerous control strategies 
have been developed for maximizing wave power extraction for power-
mode, control strategies that enable docking-mode operation remain 
insufficiently studied and understood.

In this study, a feedback control framework is developed to actively 
regulate dock motion toward a desired reference representative of 
docking-mode objectives, using the PTO of the WEC as the control 
input. The results provide insight into the application of motion control 
for a two-body point absorber WEC-UUV system. The following subsec-
tions discuss the resulting system dynamics, the implications of mod-
eling assumptions for physical implementation, and the performance 
limitations and potential pathways for improvement.

8.1. Control dynamics

In floating point absorber WECs, control strategies are tradition-
ally formulated for power-mode operation, where the objective is to 
maximize energy extraction by shaping the system response to achieve 
favorable phase alignment between the excitation force and the relative 
velocity (Coe et al., 2017). In contrast, docking-mode operation in 
WEC-UUV systems introduces a fundamentally different objective, in 
which the motion of the dock, attached to the spar, must be regulated 
to remain within prescribed limits or to follow a desired motion profile 
compatible with UUV docking requirements.

For the specific objective of minimizing dock motion, passive
docking-mode control can be achieved by reducing the PTO damping 
toward zero as shown in Fig.  9(b) and Fig.  11. Under this condition, the 
dynamic coupling between the float and spar is weakened, allowing 
the spar to respond more independently of the wave-excited float. 
This decoupling reduces the transmission of wave-induced motion from 
the float to the spar, resulting in a lower-amplitude spar response. 
However, while this passive approach provides a reduction in motion 
relative to power-mode operation, the resulting dock velocities remain 
non-negligible, particularly under more energetic sea states, and may 
still exceed typical UUV motion limits, yielding low docking feasibility 
as shown in Fig.  13. Furthermore, passive control offers limited flexi-
bility in addressing alternative docking objectives, such as enforcing a 
prescribed motion trajectory.

To achieve further motion regulation, active control is introduced 
through the PTO. The control law is formulated such that the PTO 
force is generated from the deviation of the spar/dock motion from a 
desired reference, thereby driving the response toward docking-mode 
objectives. In this study, these objectives include minimizing spar/dock 
motion to remain within UUV operational limits, as well as tracking 
a prescribed motion, assumed to represent the heave motion of the 
UUV, to reduce relative heave motion between the UUV and the dock. 
From the closed-loop relation for the spar/dock velocity (Eq. (32)), the 
effect of the control gain can be interpreted as modifying the effective 
impedance of the spar. As the gain magnitude increases, the control 
force increasingly opposes the wave-excitation force acting on the spar. 
In the high-gain limit the control input approaches the excitation force, 
resulting in an approximate cancellation of the net forcing on the 
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spar (Eq. (35)). The control gains therefore do not represent physical 
system parameters, but rather scale the feedback action used to regulate 
the spar response toward the desired docking-mode objective in the 
presence of wave excitation.

Because the PTO applies equal and opposite forces on the float and 
spar, the control action that opposes the excitation on the spar induces 
a reaction force on the float that could potentially amplify its motion. 
However, the full system response (Fig.  19, corresponding to the W3 
case for the motion-minimization objective previously presented in 
Fig.  15(c)) shows that this coupling does not lead to amplification of 
the float motion under active control, with the float motion response 
remaining comparable across control modes. This behavior is explained 
by the force interaction in Fig.  20, where the excitation forces on the 
float and spar are out of phase, and the control force on the spar acts 
to oppose the excitation on the spar. Through the PTO coupling and 
this out-of-phase relationship, the corresponding control force on the 
float also becomes out of phase with the dominant float excitation, 
thereby partially counteracting it rather than amplifying it. In addition, 
the magnitude of the float excitation is significantly larger than that 
of the spar, which limits the influence of the control input on the 
float response. Nevertheless, under the docking-mode control objective 
of minimizing dock motion, the PTO interaction also leads to an 
increase in relative motion between the bodies, as shown in Fig.  19, 
since the spar response is suppressed while the float remains primarily 
wave-driven, resulting in larger PTO stroke requirements that must be 
accounted for in PTO system design.

The control formulation in this study is not limited to regulating 
spar/dock motion for underwater docking, but can be extended to 
alternative objectives by redefining the controlled response variable. 
For instance, in surface docking and charging applications that may 
involve unmanned surface vehicles (USVs) and unmanned aerial vehi-
cles(UAVs), the control objective may instead be formulated to regulate 
or minimize the motion of the surface float.

8.2. Modeling assumptions and implications for physical implementation

The docking-mode control problem considered in this study is for-
mulated as the regulation of dock motion through actuation provided 
by the PTO. The docking-mode control framework is described by 
the state vector 𝑥, representing the WEC motions, and an output 𝑦, 
corresponding to the dock motion variable of interest, which is reg-
ulated toward a desired reference 𝑟 defining the docking objective. The 
reference 𝑟 is prescribed based on the docking requirement, while the 
control input 𝑢 is generated by the feedback control law (Eq. (20)) 
from the deviation between the measured response and the reference. 
The system states and outputs (𝑥, 𝑦) are obtained from the WEC system 
itself: in a numerical framework, they are directly available from the 
WEC hydrodynamic model, whereas in a physical system they must 
be obtained through onboard sensing and state estimation, introducing 
measurement uncertainty, noise, and delays. Hybrid implementations 
combining measured data with model-based estimation may also be 
employed. In the present study, the control framework is implemented 
using a WEC-Sim numerical plant (as shown in Fig.  6), allowing full 
access to system states and enabling evaluation and understanding 
of the control behavior prior to introducing additional complexities 
associated with physical implementation.

The WEC hydrodynamic model adopted in this study is based on 
a linear potential flow formulation implemented in the time domain 
through the Cummins equation, with viscous effects incorporated using 
a quadratic Morison drag model. The projected area used in the drag 
formulation includes the contribution of the dock structure to account 
for its influence on the spar hydrodynamics. Mooring effects are ne-
glected, and the system is analyzed under freely floating conditions. 
These assumptions allow isolation of the influence of the developed 
docking-mode control strategies and PTO actuation on spar/dock mo-
tion without additional constraints introduced by mooring forces. In 
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Fig. 19. Full system heave response for the representative sea state (W3: 𝐻𝑠 = 4.5 m, 𝑇𝑝 = 8 s) under active docking-mode control with dock motion minimization 

objective.
addition, the present study considers only surge, heave, and pitch 
response under the assumption of unidirectional wave conditions. Fu-
ture studies should investigate multidirectional wave environments 
and the associated sway, roll, and yaw responses to further assess 
overall docking performance. The WEC numerical modeling in this 
study is therefore intended to isolate and assess the capability of the 
docking-mode control strategy, and although the reported performance 
metrics are subject to modeling assumptions, the results provide a clear 
understanding of what the control can, and cannot, achieve within the 
given system configuration.

The PTO control model adopted in this study assumes ideal force 
actuation, whereby the commanded control input, 𝑢 is applied di-
rectly and instantaneously through the PTO without limitations on 
force magnitude, rate, or actuator dynamics. This assumption neglects 
practical constraints such as saturation, bandwidth limits, and delays 
that may be present in physical PTO systems, and therefore represents 
the achievable behavior under ideal actuation conditions in regulating 
dock motion. The control force comparison in Fig.  16 and Table  3 in-
dicates that the forces required under docking-mode operation remain 
comparable in magnitude to those observed in power-mode operation. 
This suggests that the proposed docking-mode control strategy does not 
impose additional actuation demands beyond those for which the PTO 
would typically be designed.

The implementation of the active docking-mode control in this 
study assumes perfect state measurement, where the required sys-
tem states are directly available from the motion response of the 
WEC numerical model. In practice, these states or WEC motions must 
be obtained through onboard sensing and state estimation, introduc-
ing measurement uncertainty and additional implementation complex-
ity. The sensing requirements depend on the selected docking-mode 
control strategy: the velocity-proportional (VP) control requires only 
the spar/dock heave velocity, whereas the linear quadratic (LQ) con-
trol requires full-state feedback of the two-body system, necessitating 
estimation of multiple motion states. A physical implementation of 
the proposed control framework would therefore involve a sensing-
estimation-control loop, where measured responses are processed in 
real time to compute the PTO control input. While these factors intro-
duce additional practical considerations beyond the present idealized 
framework, the numerical implementation adopted in this study en-
ables an assessment of the performance and behavior of the developed 
docking-mode control strategies. Extension of the proposed control 
framework to a physical WEC–UUV system is therefore identified as 
a direction for future work.
8.3. Control performance and limitations

The performance of the docking-mode control strategies are evalu-
ated based on their ability to regulate dock motion to  improve docking 
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Fig. 20. Wave excitation and PTO control forces for the representative sea 
state (W3: 𝐻𝑠 = 4.5 m, 𝑇𝑝 = 8 s) under active docking-mode control with dock 
motion minimization objective.

feasibility based on set docking objectives, while accounting for the 
associated power usage.

The results demonstrate that passive docking control is insufficient 
to achieve high docking feasibility (Fig.  15), particularly in moder-
ate to rough sea states. This necessitates the use of active control 
strategies capable of using reactive power to regulate the spar/dock 
motion within UUV operational limits. Among the active approaches, 
the velocity-proportional (VP) controller provides the most effective 
motion regulation, nearly suppressing the dock motion toward zero 
and closely tracking the prescribed reference motion (Figs.  15 and
17). However, this level of performance is achieved at the expense of 
increased control effort, resulting in negative net power during docking 
operations (Table  3). In contrast, the linear quadratic (LQ) controller 
offers a more balanced trade-off between motion regulation and power 
usage, reducing dock heave velocities from approximately 0.6–1.4 m∕s
under power-mode operation to 0.07–0.28 m∕s while maintaining pos-
itive net PTO power, corresponding to a 70–85% reduction relative 
to power-mode output (Table  3). In terms of reference tracking, the 
LQ controller also follows the prescribed motion with good agreement, 
although with slight phase and amplitude deviations compared to VP. 
Overall, the performance of the developed active control strategies 
demonstrates their ability to achieve the defined docking objectives and 
improve UUV docking conditions, even under energetic sea states.

The difference in performance between the VP and LQ controllers 
reflects their underlying control formulations and associated trade-offs. 
The VP controller relies on a single gain acting on the spar velocity, re-
sulting in more direct gain tuning and aggressive motion regulation. In 
contrast, the LQ controller distributes the control effort across multiple 
system states, with performance governed by the selection of weighting 
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parameters that balance motion regulation and actuation effort. The 
performance of the LQ controller is therefore sensitive to the choice 
of weighting matrices, which define the trade-off between docking 
feasibility and power consumption. While the weights adopted in this 
study provide a reasonable balance, systematic tuning or optimization 
of these parameters could further improve the control performance 
trade-offs.

Applying active control to the freely floating two-body point ab-
sorber WEC–UUV system highlights a fundamental limitation of the 
proposed approach: actuation through the PTO is restricted to the 
heave direction and does not provide active control authority over 
surge and pitch (Fig.  18). This arises from the PTO force being aligned 
with the heave axis and applied along the centerline, preventing the 
generation of rotational moments. As a result, while active control 
can effectively regulate dock heave motion, residual motions in other 
degrees of freedom may still influence docking conditions. Never-
theless, heave regulation remains significant, as it directly addresses 
the dominant relative motion during vertical approach and improves 
overall docking feasibility. In particular, active heave control enables 
synchronization of the dock and UUV heave motions, allowing the UUV 
to prioritize its control effort on other degrees of freedom. To further 
evaluate this synchronization capability, coupled modeling of the WEC-
dock and UUV system would be required, enabling coordinated control 
strategies that account for both WEC and UUV dynamics. Extension 
of the present framework to such coupled numerical and/or physical 
implementations is identified as an important direction for future work.

Potential pathways to overcome the control limitations in surge 
and pitch may be achieved through improved controllability or passive 
stabilization. One approach is the use of a tethered docking station 
with an integrated heave plate (Okushemiya et al., 2026b), where 
the tether connecting the dock to the spar is not rigid enough to 
transmit rotational motion from the spar to the dock, resulting in a 
predominantly heave dominated dock response that aligns with the 
available heave control authority. Another approach could be the use 
of point absorber configurations employing multiple or spatially offset 
PTOs, which could enable the generation of control moments and allow 
active regulation of additional degrees of freedom such as pitch. Passive 
stabilization strategies, including mooring system design, strakes, and 
modifications to hydrostatic or geometric properties, may reduce surge 
and pitch responses and improve docking conditions without direct 
control action. These approaches are identified as directions for future 
work. However, any system modifications to improve docking perfor-
mance should not compromise the energy conversion function of the 
WEC, as the WEC–UUV system is expected to operate predominantly 
in power mode, with docking representing an intermittent operational 
requirement (Okushemiya et al., 2026a).

9. Conclusion

This study presents the development and evaluation of WEC
docking-mode motion control strategies for a two-body point absorber 
WEC–UUV system, where the docking station is rigidly attached to the 
spar and therefore inherits its motion. The work addresses the con-
flicting operational requirements in WEC–UUV systems, where power-
mode operation favors large spar motions for energy extraction, while 
docking-mode operation requires the dock motion to remain minimal 
and compatible with UUV capabilities. Unlike previously studied WEC 
control, which is formulated for power maximization, this study es-
tablishes docking-mode control as a distinct operational framework in 
which PTO actuation is used to regulate dock motion toward objectives 
that improve the conditions for successful UUV docking.

The results demonstrate that power-mode (PM) operation and pas-
sive docking-mode control (DM) result in unacceptable docking con-
ditions, whereas active control enables effective regulation of dock 
motion to satisfy defined docking objectives under energetic sea states. 
For the objective of minimizing dock motion to remain well below 
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UUV motion limits, dock heave velocities on the order of 0.6–1.4 m∕s
under power-mode operation were reduced to below 0.03 m∕s using 
velocity-proportional (VP) control and to approximately 0.07–0.28 m∕s
using linear quadratic (LQ) control. In addition, the active controllers 
effectively regulate the dock motion toward prescribed reference con-
ditions representative of UUV heave motion, thereby reducing relative 
motion between the UUV and the dock during docking. While VP 
control achieves the most aggressive regulation, LQ control provides a 
more balanced trade-off between motion regulation and power usage 
by maintaining positive net power while still achieving significant 
motion reduction. These results demonstrate that PTO actuation can 
be used not only for power extraction in WECs but also for active 
motion regulation to meet docking-oriented operational requirements. 
Furthermore, while the control was formulated for underwater docking 
scenarios, the same framework can be extended to surface docking and 
charging applications involving unmanned surface or aerial vehicles 
(USVs and UAVs), where the control objective would be defined to 
regulate the motion of the surface float.

While the developed control strategies demonstrated strong capabil-
ity in regulating dock heave motion to satisfy docking objectives, the 
results also revealed an inherent system-level limitation in the achiev-
able performance. The control action through the PTO was restricted 
to the heave direction due to its alignment along the centerline of the 
two-body point absorber, which prevented the generation of control 
moments and limited active regulation of surge and pitch motions. As 
a result, residual surge and pitch motions may still present unfavorable 
conditions for UUV docking. Nevertheless, active heave regulation will 
significantly improve docking feasibility by reducing the relative heave 
motion between the UUV and the dock and enabling the UUV control 
system to prioritize other degrees of freedom. These findings establish 
that docking-mode control in WEC–UUV systems is governed not only 
by control design but also by system configuration and controllability. 
As such, this work provides a foundational understanding of both 
the capabilities and limitations of PTO-driven motion control, offer-
ing practical guidance for the integrated design of control strategies 
and system architectures required to enable reliable UUV docking in 
WEC–UUV systems.

Future work will extend the present framework to coupled WEC–
UUV system modeling and coordinated control of the WEC and UUV, 
enabling direct evaluation of motion synchronization between the dock 
and the UUV during docking operations. Alternative system configu-
rations that improve controllability, including tethered dock configu-
rations, multi-PTO configurations, and passive stabilization strategies, 
will also be investigated. Experimental validation and real-time im-
plementation of docking-mode control in physical WEC–UUV systems 
remain important directions for future work.
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Fig. 21. The frequency dependent hydrodynamic coefficients of the float and spar from WAMIT for the case study LUPA WEC in surge, heave and pitch. (a) 
Normalized added mass coefficients. 𝜌 is the water density and 𝜌 = 1000 kg∕m3 is used in this WEC-Sim modeling. (b) Normalized radiation damping coefficients. 
(c) Normalized excitation force magnitudes. (d) Excitation force phases in degrees.
Appendix

The hydrodynamic parameters of the float and spar of this case 
study 3:1 scale LUPA (3 m float diameter) WEC calculated from WAMIT 
and plotted directly using WEC-Sim "Bemio" feature are shown in Fig. 
21. 

The normalized hydrostatic restoring matrices for the float and spar 
are given by 
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