Underwater Docking System for a Wave Energy
Converter based Mobile Station
Jonathan Wallen1,∗ , Nicholas Ulm2 , and Zhuoyuan Song1,∗

Abstract—Autonomous underwater vehicle (AUV) docking
and wave energy converters (WECs) have been investigated
thoroughly over past decades. Separate development of these
technologies in the past few years by the authors are being
brought together to propose an underwater docking system for
a WEC-based mobile station. This paper presents the concept
of WEC-based offshore AUV residency and reports the development of the proposed system. A finite-horizon model predictive
control approach is presented to demonstrate the feasibility of
“rendezvous” style docking of a box-type AUV to a simulated
WEC experiencing sinusoidal vertical oscillations. It is found
that the AUV tends to approach the dock when its oscillatory
velocity approaches zero.

I. I NTRODUCTION
Unmanned underwater vehicle (UUV) docking and wave
energy converter (WEC) technology present unique engineering challenges in the fields of ocean robotics and renewable
energy, respectively. Among sub-sea robotics and UUVs fall
the class autonomous underwater vehicles (AUVs). Relying
heavily on autonomous control and perception, AUVs navigate
and localize themselves using perceptive and contraceptive
sensing and actuation throughout the entire mission. Several
challenges faced by many AUV technologies, such as energy
storage and replenishment, create a limitation in the range of
these systems. Burdens, such as short mission duration and
deployment/recovery logistics, drive up the operational cost
of AUV systems. These challenges have not been effectively
addressed for more than fifty years. This can be seen in the
example of the Self-Propelled Underwater Research Vehicle
(SPURV) [1] platform, first deployed in 1957, requiring much
of the same high-cost logistic and human support as the
SENTRY AUV [2] platform being used over half a decade
later.
To this end, sub-sea AUV docking, first proposed in 1993,
provides power and data transmission to an AUV offshore to
minimize the operational costs and increase the permissible infield mission duration. As AUV and deep-sea instrumentation
technologies mature, the concept of a resident autonomous
underwater vehicle (RAUV) was recently proposed [3]. An
RAUV system includes AUVs, docking stations for charging
and data transfer, and other necessary supporting infrastructure
such as acoustic localization nodes. These systems provide
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Fig. 1. Conceptual system design and mission operation plan for the proposed
wave energy converter based mobile autonomous underwater vehicle docking
station.

persistent presence and monitoring for marine objectives with
minimum to no human intervention.
Meanwhile, WEC technology has progressed over the past
century. For instance, up to 1974, over one hundred patents
were filed just in the United Kingdom (UK) for designs toward
extracting wave energy [4]; WEC technology development and
optimization has continued since then. Motivated by this past
progress, we propose a WEC-based mobile docking station
to harness and integrate these two technologies (Fig. 1). A
floating WEC can serve as the primary structure for the dock
base, the power source, and a surface communications link for
an AUV docking station. This WEC-docking station hybrid
enables mutually beneficial on-site energy harvesting and
transfer, but also poses new challenges for system integration
as well as high-accuracy vehicle navigation and control in
highly dynamic and uncertain conditions. This paper discusses
our initial efforts in the WEC-dock hybrid system design, as
well as a model predictive control (MPC) method for softdocking an AUV to a dynamic platform.
II. AUV D OCKING
A. Docking Mechanics
Docking of an AUV has been investigated for over two
decades. Multiple docking station variations have been proposed by commercial, academic, and military groups. One
of the first AUV docking methods proposed was the highly

position alignment error increases, the efficiency of the power
transfer or the bandwidth of data transfer degrades.
C. Docking Control

Fig. 2. The SADL system developed by The Robot Autonomy and Navigation
(RAN) Lab at the University of Hawaii at Manoa was custom built for
a BlueROV2 [9]. The front-entry-bottom-exit port design allows for easy
docking control and minimizes the accumulation of foreign objects inside
the docking port. The adjustable legs give SADL the flexibility of being
deployment on top of uneven terrains.

versatile Autonomous Ocean-Sampling Network [5] by Woods
Hole Oceanographic Institute in which an AUV secures to
and charges via a moored electrified cable using a mandible
mechanism. These past designs and lessons learned ( [6],
[7]) can be incorporated into the proposed system. Several
methods of docking AUVs have been proposed and tested.
One popular variation is to use collision guidance with a funnel
structure such as the the Monterrey Bay Aquarium Research
Institute’s 21 inch AUV docking station [8]. Similarly, the Subsea Autonomous Docking Lander (SADL) system [9] (Fig. 2)
was previously developed by the authors and can provide a
baseline for the proposed docking station design. Both stations
consist of a funnel for guiding the AUV, a leveling mechanism
to position the station, and a latching mechanism to secure the
AUV to the station once docked.
B. Power and Communications Transfer
A key component of an AUV docking system is the power
and data transfer systems. Both connector-based and wireless technologies exist for these purposes. Connector-based
electrical connections [10] allow for the most efficient and
reliable power transfer and communication, but they rely on
physical contacts for electrical conduction. This often requires
a mechanical mate on the order of millimeters, which can
prove challenging to achieve due to perturbations from oceans
currents and wave disturbances. These perturbations can necessitate multiple docking trials to succeed. Wireless systems
such as coaxial inductive charging coils [11] and optical
communication modems [12] have transmission and receiving
components on both the dock and the vehicle. These systems
allow for larger positional errors between the components as
compared to the electrical connector method; however as the

While docking mechanisms and methods may vary, one
standard element is AUV docking control. Generally, the docking procedure can be broken down into two stages, homing
and entry. Homing can be described as the entire sequence
in which the vehicle navigates to a particular way-point from
which it can begin the final entry phase. In the case of the
SADL station, this way point would be a certain distance in
front of the center of the station such that the entrance of
the docking station is visible to the precision docking sensors
(e.g. cameras) on the vehicle. The entry phase is the process in
which the vehicle moves from the homing way point into its
final docked position. This sequence involves vehicle control
as well as any system specific mechanical guidance like that
seen on the SADL station in Fig. 2. Docking processes require
sensor support typical to AUV localization and navigation such
as inertial measurement units (IMUs), acoustic hydrophones,
sonars, or camera systems. Among these sensors, some or
a combinations of several can provide the relative state of
the docking structure with respect to the vehicle to guide the
decisions on docking control.
To effectively realize these processes and successfully dock
to a mobile docking station, dynamics of the vehicle and the
station need to be known with certain confidence. Several
docking control solutions have been presented. The reader is
referred to [13] for an in-depth review on existing underwater
vehicle control methods. Due to the inherent uncertainties in
the sea state and the motions of the WEC, an MPC based
approached was selected. Before demonstrating the feasibility
of this docking control concept, the characteristics of the
motion patterns of a WEC is discussed.
III. WAVE E NERGY C ONVERTERS
WECs have been well investigated and come in a variety
of designs, which include point absorbers, oscillating water
columns (OWC), oscillating wave surge converters, and over
topping devices [14]. The motion response and power output
of the WECs are site-specific due to varied wave climates,
creating challenges for mooring and docking. Applications of
WECs can be greatly expanded by exploring mobile WEC
designs, specifically mobile offshore recharging. Motion stable
designs for recharging applications have been shown to employ
a combination of spar buoy with a heave plate. An example
of a moored floating point absorber can be seen in Fig. 3.
A. Wave Energy Converter: Power Generation
Although floating point absorbers have been previously
employed in AUV recharging applications, the existing applications are limited, as they are stationary and employ multibody conversion systems, such as hydraulic conversion and
linear electrical generation. A map of various power generation
methods can be seen in Fig. 4. Stationary systems have
an obvious spatial restriction for providing power to mobile

Fig. 3. Example of a floating spar, point absorber WEC: Ocean Power
Technology’s (OPT) Powerbuoy wave generation system (Image credit: OPT).

resident AUV swarms. Reliability and fatigue are also large
inhibitors when considering the residence duration of a multibody WEC, as there are many moving components involved
in the system. Conducting maintenance in the marine environment is a difficult task, as it is time consuming, expensive, and
can pose a risk to technicians [15]. OWC-type WECs offer
a promising solution to issues of a multi-body by reducing
the number of components needed to be maintained and
replaced. OWC-type WECs rely on turbine transfer systems,
which typically comprise of a turbine, electrical generator, and
often fluid control systems. Turbine systems are commonly
employed in a wide variety of industries for power conversion,
providing an existing commercial line of products available
to for research use. OWC-type WECs can be employed in
a modular setting, as the WEC consists of a single moving
body where a power take-off unit (Fig. 5) can be individually
replaced if needed. For these reasons, an OWC-type WEC is
proposed for the mobile WEC-based AUV docking station.
IV. T HE HALONA: A M OBILE WEC D ESIGN
A. WEC-Dock Hybrid
The proposed mobile WEC-based AUV docking station,
as its name suggests, consists of the components for both
wave energy conversion and AUV docking. This combined
platform development will use a floating OWC-type WEC (the
HALONA WEC) and an AUV docking station (the SADL
system), both initially developed by the authors for individual
use. Figure 6 shows the components of the two systems to
be integrated for use as the prototype hybrid platform. The
proposed WEC-based mobile docking station design connects
the two by mounting the SADL port to the downward facing
base of the HALONA WEC. Before the integration, the
individual platforms will undergo necessary adaptations to
account for new dynamics, constraints, and the new intended
uses.
B. WEC Hydrodynamics
To design an effective hybrid dock, the hydrodynamic stability of a WEC must be well understood for successful docking
guidance. In developing an MPC algorithm, we initially adopt

a well-described hydrodynamic case, namely the Department
of Energy (DOE)-funded Reference Model 3 (RM3). The RM3
is a point absorber-type WEC with a spar structure, heave
plate, and outer ring float. Figure 7 shows the geometry of
the RM3 developed under the Sandia National Laboratories
[16]. Unlike the RM3, OWC-type WECs are difficult to model
in linear hydrodynamic software due to the potential impacts
from viscous effects on motion. Viscous damping can be
effectively modeled in nonlinear hydrodynamic software, such
as OpenFOAM. A field drop test was conducted to assess
the impacts of viscous damping due to the thin features on
the WEC. Although comparing a physical drop test to the
numerical drop test is typically suitable for assessing the
viscous damping on the structure, additional testing is needed
to assess the impacts of an internal water surface on WEC
hydrodynamics. Phase differences of the internal water surface
can subject the WEC to perturbations from typical single body
motion.

C. Sea States
To validate the MPC algorithm in a site specific sea state,
spectral data near the proposed field test site on the south
shore of Oahu was applied. Spectral data provides simulations
with the density of wave frequencies that can impact floating
structure motion, as well as feeding into the energy density
available. Spectral data is typically represented as the probabilistic density of peak periods available at a site. A WEC
can be designed such that the structures resonant frequency
is centered on the frequencies most commonly present at a
deployment site. Spectral data is available via the Pearl Harbor
PacIOOS Wave Rider Buoy, deployed at a depth of 35 meters.
Over a two-year history, this data was compiled to form an
operational sea state.
Figure 8 shows the operational sea state near the Kilo
Nalu Nearshore Reef Observatory with a peak period of 13.9
seconds and a significant wave height of 0.85 meters. It
illustrates a typical strong bi-modal wave spectrum present
on the south shore of Oahu, with local maxima at 14.27 and
7.8 seconds periods. This wave condition implies the presence
of two types of wave conditions: swell and wind waves.
Swell conditions are common on the south shore of Oahu
and are characterized by longer period high energy waves.
Also present year round are winds coming from the southeast,
creating shorter period waves, with periods ranging from 5 to
8 seconds. The significant wave height represents the average
height of the upper third of wave heights present. During June
through August, the significant wave height is larger than that
of the rest of the year, with overall significant wave heights
varying 0.2 meters. The operational sea state shown is an
approximation of the expected sea state due to a lack of site
specific data at Kilo Nalu. In-situ data will be taken during the
deployment of the HALONA for further testing and modeling.

Fig. 4. Wave energy power generation methods map. For simplicity of approach, a unidirectional turbine was applied. In future iterations, a bidirectional
turbine will be applied.

Fig. 5. A pneumatic conversion turbine is used as the power take-off system.

Fig. 7. Reference Model 3 developed under the Reference Model Program
funded by the U.S. Department of Energy. (Image Credit: NREL

Fig. 6. (Left) Floating oscillating water column (OWC) wave energy converter
developed for individual use at the University of Hawaii and to be integrated
in the mobile docking station system. The black panels are wings used to
increase the wave energy capture length of the OWC, which is the center
column the structure. (Right) The AUV docking station port to be used in the
mobile docking station system.

V. V EHICLE PATH P LANNING
A. Vehicle Dynamics
To successfully implement a controller, the dynamic model
for the BlueROV2 heavy is needed. The motion of an AUV is
dependent on its specific characteristics, however a generalized
model gives the frame work with which to develop a vehicle
specific model. The seminal work of Fossen [17] is referenced
to provide an analytical framework for the BlueROV2 Heavy
configuration with respect to rigid body dynamics, statics and
hydrodynamics.
Following the notations from the Society of Naval Architects and Marine Engineers (SNAME), the vehicle’s state
vector is defined as

>
η, x y z φ θ ψ ,
(1)

Fig. 8. Operational sea state spectrum near the Kilo Nalu Nearshore Reef
Observatory. Data retrieved through CDIP and provided by PacIOOS with
peak Period of 13.9 seconds and significant wave height of 0.85 meters

where x, y, and z define the vehicle’s position in the inertial
frame {n} with φ, θ, and ψ being the corresponding Euler

>
angles. Define Θ , φ θ ψ as the rotation vector to be
used for coordinate transformations. The velocity state vector
is defined as

>
ν, u v w p q r ,
(2)
where u, v, and w are the velocities along the xb , y b , and z b
axes respectively in the body-fixed frame {b}. Similarly, p, q,
and r correspond to the angular rates about the same axes.
Vectors η and ν are related by
η̇ = J(Θ)ν.

(3)

The transformation matrix, J, is defined as
 n

Rb (Θ) 03×3
J(Θ) =
,
03×3
Tnb (Θ)

(4)

and


0
 mzg

 0
M2 = 
Ix − Kṗ

 0
0

mzg
0
0
0
Iy − Mq̇
0

C(ν) =


03×3
C3

C2 = C>
3 =

mzg r

w(Zẇ − m)
−m(zg p − v) − Yv̇ v

w(m − Zẇ )
mzg r
−m(zg q + u) − Xu̇ u


v(Yv̇ − m)
m(Xu̇ + u)
0




0
r(Iz − Nṙ ) q(Mq̇ − Iy )
0
p(Ix − Kṗ ) ;
C4 =  r(Nṙ − Iz )
q(Iy − Mq̇ ) p(Kṗ − Ix )
0

D(ν) =

D1
03×3

03×3
D2


(8)

with

Here, s, c, and t are shorthand for sin, cos, and tan, respectively.
With state vectors η and ν defined, one can find the vehicle
dynamics as
MRB+A ν̇ + CRB+A (ν)ν + D(ν)ν + g(η) = τ ,

(5)

where the mass matrix MRB+A includes the rigid body mass
and the added mass; CRB+A includes the centripetal and Coriolis forces due to the vehicle’s mass and added mass (from here
we omit the subscripts “RB+A” for simplicity), D incorporates
hydrodynamic damping effects, and g are the hydrostatic
restoring forces and moments of buoyancy and gravity. The
last term in (5), τ , [X, Y, Z, K, M, N ]> , represents the total
forces and moments acting on the vehicle in {b} including
both propulsive control forces and environmental disturbance
forces. Furthermore, considering symmetry in the x–z and y–z
planes, the complete terms in (5) are:


M = M1 M2
(6)
with
0
0
m − Zẇ
0
0
0

(7)

and

and the angular rate transformation matrix is


1 sφtθ
cφtθ
cφ
−sφ  .
T nb (Θ) = 0
0 sφ/cθ cφ/cθ

0
m − Yv̇
0
mzg
0
0



with

where the corresponding rotation transformation matrix is


sψcθ −sψcφ + cψsθsφ sψsφ + cψcφsθ
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−sθ
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Xu + Xu|u| |u|
0
0

0
Yv + Yv|v| |v|
0
D1 = 
0
0
Zw + Zw|w| |w|
and


Kp + Kp|p| |p|
0
0
;
0
Mq + Mq|q| |q|
0
D2 = 
0
0
Nr + Xr|r| |r|
and finally



(W − B) sin θ
 −(W − B) cos θ sin φ 


−(W − B) cos θ cos φ

g(η) = 
 zg W cos θ sin φ  .




zg W sin θ
0

(9)

Equations (1) through (5) provides a general formulation
of the underwater vehicle dynamic motions and thus apply
to many vehicles. Equations (6) through (9) are derived by
considering the symmetry of a certain vehicle, in this case
the BlueROV2 Heavy. These equations alone do not entirely
define the hydrodynamic response of a vehicle. A number of
parameters and coefficients are needed. Below are the rigid
body and hydrodynamic coefficients needed to complete the
BlueROV2 Heavy’s hydrodynamic model. The values given
in Tables I through IV were experimentally obtained in [18].
This model is used in the following simulation.

TABLE I
R IGID BODY PARAMETERS OF THE B LUE ROV2 H EAVY
Parameter
m
W
B
zg
Ix
Iy
Iz

Value
11.50
112.80
114.80
0.02
0.16
0.16
0.16

TABLE III
L INEAR DAMPING COEFFICIENTS OF THE B LUE ROV2 H EAVY

Unit
kg
N
N
m
kg·m2
kg·m2
kg·m2

Coefficient
Xu
Yv
Zw
Kp
Mq
Nr

Value
−4.03
−6.22
−5.18
−0.07
−0.07
−0.07

Unit
N·s / m
N·s / m
N·s / m
N·s / rad
N·s / rad
N·s / rad

TABLE IV
Q UADRATIC DAMPING COEFFICIENTS OF THE B LUE ROV2 H EAVY
TABLE II
A DDED MASS COEFFICIENTS OF THE B LUE ROV2 H EAVY
Coefficient
Xu̇
Yv̇
Zẇ
Kṗ
Mq̇
Nṙ

Value
−5.50
−12.70
−14.60
−0.12
−0.12
−0.12

Coefficient
Xu|u|
Yv|v|
Zw|w|
Kp|p|
Mq|q|
Nr|r|

Unit
kg
kg
kg
kg·m2 /rad
kg·m2 /rad
kg·m2 /rad

Value
−18.18
−21.66
−36.99
−1.55
−1.55
−1.55

Unit
N·s2 /m2
N·s2 /m2
N·s2 /m2
N·s2 /rad2
N·s2 /rad2
N·s2 /rad2

J, over a finite receding horizon n ∈ [1, · · · , N ] such that
arg min

B. Model Predictive Control

umin ≤u∗ ≤umax

J(xAUV , xWEC , u, N ) =
>

With the goal of docking an AUV into the docking station
hybrid, the vehicle should rendezvous with the latching point
in the most “collision-free” manner. The AUV must then
navigate itself to where the opening of the docking station will
be upon arrival to station. It is assumed that the vehicle is able
to measure the relative location of the docking station through
onboard sensor. The case without sensing and modeling errors
is examined.
To calculate the vehicle’s docking trajectory, finite-horizon
MPC is adopted. With the knowledge of the hydrodynamic
models of the floating station and the AUV, and the relative
position of the dock with respect to the vehicle, an optimal
docking maneuver can be obtained. The motion of the WEC
can be defined by running an OpenFOAM numerical model
with field data of the WEC response to obtain response
amplitude operators (RAO), which define hull motion. These
dynamic models fit into the MPC framework as seen in Fig. 9
and are used to facilitate vehicle and platform rendezvous.
To simplify the preliminary analysis without losing generality, the docking station is assumed to be limited to vertical
translatory motion or heave, which has a correlation to the
WEC motion response amplitude such that
zWEC = A sin(ωt),

(10)

where zWEC denotes the z coordinate of the WEC, A denotes
the oscillation amplitude, and ω is its oscillation frequency. Let
us define AUV state vector xAUV , [η > , ν > ]> ∈ R12 and
WEC state vector xWEC ∈ R12 . The vehicle control policy,
u∗ , [τx , τz ]> ∈ R2 , can be found by minimizing the cost,

[xAUV (N ) − xWEC (N )] P [xAUV (N ) − xWEC (N )]
+

+

+

N
−1
X
n=1
N
−1
X
n=1
N
−1
X

>

[xAUV (n) − xWEC (n)] Q [xAUV (n) − xWEC (n)]
>

[u(n + 1) − u(n)] R [u(n + 1) − u(n)]
u(n)> Ru u(n)/dt2 ,

n=1

(11)
where P ∈ R12×12 , Q ∈ R12×12 , R ∈ R2×2 , and Ru ∈
R2×2 are the weight matrices for the horizon terminal error
cost, accumulated error cost, control discontinuity cost, and
control effort cost, respectively. The minimization is subject to
the initial condition x0 , dynamic constraint (5), and boundary
constraints
xmin ≤ xAUV ≤ xmax ,
zmin ≤ zAUV ≤ zmax ,
umin ≤ uAUV ≤ umax ,
wmin ≤ wAUV ≤ wmax .
The mission-specific docking error tolerance is denoted by xtol
and ztol . The parameters used in the simulation of this study
are summarized in Table V.
The AUV is assume to have a control frequency of 10Hz.
The initial conditions of the simulation is also listed in Table V. Figure 10 shows the trajectory of the AUV and the WEC
when the MPC horizon was set to 5 control steps. The vehicle
approaches the docking station in 183 seconds with a terminal
docking error of |ex | = 0.0324 m and |ez | = 0.04 m. When
the prediction horizon was increased to 10 control steps, as

u (τ)
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Fig. 10. AUV docking trajectory with an MPC prediction horizon of 5 control
steps.

τAUV, opt Optimal Solver:
min (J)
x'WEC
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Function
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Fig. 9. The proposed MPC-based AUV docking method incorporating the
AUV and WEC dynamic model, an finite-horizon MPC solver, the AUV with
a closed-loop controller, and the WEC-based docking station.

Fig. 11. AUV docking trajectory with an MPC prediction horizon of 10
control steps.

TABLE V
S IMULATION PARAMETERS
Parameter
[xmin , xmax ]
[zmin , zmax ]
[umin , umax ]
[wmin , wmax ]
[umin , umax ]
[dumin , dumax ]
P
Q
R
Ru
xtol ; ztol
η0
ν0
A
ω

Value
[-5, 5]
[-5, 5]
[-3, 3]
[-3, 3]


−96.15, 96.15
136
−136,
−100, 100
−100, 100
50 · I12×12
10 · I12×12
I2×2
0.1 · I2×2
0.05; 0.05
[-2, 0, 1, 0, 0, 0]>
[1, 0, 0.25, 0, 0, 0]>
1
0.35

Unit
m
m
m/s
m/s
N
N/s
1
1
1
1
m
m or rad
m/s or rad/s
m
Hz

shown in Fig. 11, the AUV was able to approach the docking
station within 48.2 seconds with a terminal docking error of
|ex | = 0.0398 and |ez | = 0.0474. This indicates a longer
horizon will lead to a better and faster docking trajectory. It
is also worth noting that, in both cases, the AUV approaches
the WEC while the WEC is around its peak positions when
the WEC’s oscillatory velocity approaches zero.
VI. C ONCLUSION
Offshore docking systems are of great significance to autonomous underwater vehicles (AUVs) in increasing their operational duration without human interventions and the realization of AUV residency. A wave energy converter (WEC) based
mobile docking station concept was presented to allow in-situ
wave energy harvesting and vehicle charging. A model predictive control based docking trajectory planner was designed
to demonstrate the preliminary feasibility of the proposed

concept in docking to a mobile target undergoing oscillation
patterns typical to an offshore WEC. Future research will
focus on numerical evaluation with the WEC dynamics under
sensing uncertainties and environmental disturbances, system
integration between the WEC and the docking port, and field
test of the proposed concept with a BlueROV2.
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