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Abstract

In 2023, a first-generation prototype of a small-scale marine current turbine was operated in Sequim Bay, Washington (USA)
for 141 days. The system, referred to as the Turbine Lander, was the product of a laboratory-to-field effort to develop a system
that enables enhanced ocean sensing or vehicle recharge in remote, energetic settings. The turbine consists of a vertical-axis,
cantilevered rotor (1.19 m x 0.85 m) with four foils installed on a gravity foundation. A broader range of constraints including
the deployment strategy, site characteristics, and estimated loads, drove the system’s design. This work presents the design,
characterization, operation, and post-recovery engineering assessment of the Turbine Lander. Pre-deployment characterization
efforts yielded a peak power coefficient of approximately 0.3 for the rotor, although system losses resulted in much lower
water-to-wire efficiencies under most operating conditions. The results demonstrate the importance of co-design among key
components of the powertrain and control systems to achieve acceptable system efficiency across operating conditions.
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1 Introduction

Marine energy conversion has the potential to catalyze latent
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energy storage and the ability to harvest energy from the
environment. At present, solar photovoltaics are the most
common generation technology, but the higher energy den-
sity of marine energy resources could widen operational
capabilities (Dillon et al. 2022). However, given the nascent
state of small-scale marine energy converters, realizing these
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opportunities are both rare and costly. Unfortunately, to effi-
ciently extract power from sources like waves and currents,
dynamic components exposed to the environment are gen-
erally required. The relatively slow pace of progress in this
area, demonstrated by the small number of operating marine
energy converters at any scale, is driven by both the engi-
neering challenges and high costs when compared to existing
mature sources of power.

Faced with these limitations and increasing interest in
marine energy technology our project team designed, fab-
ricated, characterized, deployed, and operated a small-scale
prototype tidal turbine. The unit was a vertical-axis, cross-
flow turbine mounted on a gravity foundation. The system
as a whole is simply referred to as the “Turbine Lander”.
Mean, time-averaged power generation targets for the unit
are on the scale of 100 W at sites with moderately strong
tidal currents (peak instantaneous velocities less than 3 m/s).
This first-generation design aimed to demonstrate proof of
concept for the design and system components and involved
cabled operation without integrated energy storage. Projects
with comparable scope must overcome a broad range of
design challenges and fundamental design trade-offs inherent
to transitioning laboratory-scale research to field opera-
tions. However, these topics are not discussed in the marine
energy literature, leading to a repetition of common mis-
takes, duplication of non-recurring engineering effort, and
limited knowledge transfer between groups. Here, we seek
to address this transparency gap by providing detailed design
information, broader discussions of engineering decisions,
and lessons learned through the process of end-to-end sys-
tem characterization and field deployment.

The paper adopts a structure that chronologically follows
the design lifecycle from constraint definition to post-
deployment engineering review. We first provide background
on general terminology and performance metrics for cur-
rent turbines. Section 3 describes fundamental constraints
and associated considerations that informed system design.
Section 3.3 provides an overview of the design of the Tur-
bine Lander and its subsystems, as shaped by the constraints.
Next, in Sect. 4, we provide an overview of pre-deployment
efforts to characterize system losses, rotor performance,
and system integrity. Section 5 presents an overview of a
field deployment in Sequim Bay, WA and the following
section discusses the outcomes of a post-deployment engi-
neering assessment of the system. The paper concludes with
a discussion of lessons learned, pathways for improving sys-
tem performance, and a deployment-informed assessment of
challenges for power generation from currents at this scale.
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2 Background: current turbine terminology
and metrics

Throughout this paper we regularly describe system per-
formance through specific terminology and engineering
shorthand. Key among these include losses, efficiencies, load
and power coefficients, and control strategies. For a turbine
occupying a relatively small fraction of a channel, the kinetic
power incident on the turbine’s rotor sets the baseline for
potential power extraction. The kinetic power of a current
P, is

1
PMIE

3
pAU;, (M)
where A is the projected area of the rotor, p is the water den-
sity, and U, is the free stream water velocity at the height of
the rotor. The mechanical power associated with rotor rota-
tion is described by

P = Q,w, ()

where Q; is the hydrodynamic torque generated by the rotor
and w is its angular velocity. P,, P, and derived quantities
are time-varying as a consequence of the oscillatory nature
of cross-flow turbine hydrodynamics (Polagye et al. 2019)
and temporal variations in inflow (Thomson et al. 2012).

The non-dimensional performance of a rotor, or its abil-
ity to convert the available kinetic power in the flow to
mechanical power, is described by the power coefficient, Cp,
according to

P _ & 3)
P, Lpaud

This does not, however, account for power conversion
losses, which decrease electrical power output relative to the
mechanical power generated by the rotor. Cp may be pre-
sented as an instantaneous value, a phase-resolved quantity
representing instantaneous values at different angular posi-
tions of the rotor, or as time-averaged values representing the
mean over one or more full revolutions.

For a direct coupling between rotor and generator (i.e.,
no speed-increasing gearbox), the mechanical power input
to the generator, Pgen,in, is related to the shaft speed of the
rotor and the torque applied to the generator shaft after any
torque losses between the two. This is described by

Pgen,in = Nans Pr = Pr — @ Qloss

= w(Qr — Qloss) = C()Qgen,ina 4

where the subscript , is used to represent the torque or
mechanical power associated with the rotor, nyans 1S the effi-
ciency of the transmission of torque from the rotor to the
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generator shaft, Qjoss represents torque losses in the system,
and Qgen,in is the torque applied to the generator shaft. The
electrical power produced by the generator is given as:

P, = Ngen Pgen,im (5)

where nge 1s the efficiency of the generator and includes
power conversion inefficiencies and resistive losses in the
windings. The total power take-off (PTO) efficiency is then
1 = Ntrans?gen-

Water-to-wire system efficiency, nyw, varies from Cp in
that it accounts for all losses occurring during power conver-
sion in the PTO and is defined by

Pe
— =Cpn. 6
P rPn (6)

u
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If system losses are well characterized, it is possible to
estimate power coefficients when only measures of electri-
cal power and inflow are available (Cavagnaro and Polagye
2016) and identify pathways to increase system performance.

The PTO efficiency is characterized using a dynamometer
across a broad range of operationally relevant speeds and
torques (Sect. 4). By characterizing baseline frictional losses
of the system and combining them with mechanical inputs,
the generator efficiency can be estimated according to

(1 e Lsea])
— . 7
Ngen = 0. @)

where L, represents losses between the rotor and genera-
tor (primarily seals) and Q. represents the torque applied to
the shaft. Here, Q. is referred to as the control torque as it
is modified by controls algorithms during operations. Equa-
tions 67 and dynamometery measurements of 7ge, are used
herein to assess factors impacting power generation under
highly variable inflow. By combining previous equations, Cp
can be estimated directly from time averaged inflow velocity
and control torque noting that Q, = Q. + Qjoss:

w (Qc¢ + Oloss)

Cp =
3PAU]

®)

where Qjoss = Plogs/@. Thus, measured system losses and
the control torque applied by the generator can be used to
estimate the power coefficient.

Hydrodynamic forces acting on the rotor produce time-
varying forces in the direction of the inflow (thrust force)
and perpendicular to the inflow (lateral force). These can
be non-dimensionalized as force coefficients, C; and Cr,

respectively:
T
CT = T2 and
3pAU;
c L
L=T "7
2pAU,

where T denotes a thrust force and L denotes a lateral force.
As with Cp, Cr and C1 may be presented in instantaneous,
phase-averaged, or time-averaged forms. A generalized force
coefficient, Cr, represents the vector sum of C7 and Cy, and
provides critical estimates of instantaneous loads for several
aspects of design including the bearings to the foundation.

Parameters including Cp, C7, and others are often pre-
sented as a function of a non-dimensional rotation rate. The
tip-speed ratio, defined as

A=, ©))

where r is the radius of the rotor, represents the tangential
blade speed relative to the inflow.

Two approaches for controlling a cross-flow turbine are
speed and torque control (Pao and Johnson 2011; Forbush
et al. 2017; Polagye et al. 2019). Under speed control, the
control torque, which is the torque applied by the genera-
tor and electrical load, is modulated to maintain a constant
rotation rate. Under torque control, the speed of the rotator
modulates based on the control torque applied by the system
and oscillatory hydrodynamic torque. Newton’s 2nd Law for
a rotational system in which the net torques acting on the
system are the hydrodynamic torque on the rotor, any torque
losses from components like seals, and the control torque
imposed by the generator is described by
Qr - Qloss - Qc =Jo, (10)
where J is the rotational moment of inertia of the rotor,
driveshaft, and generator, and o is the rotor’s angular accel-
eration. Under constant speed control, the rotor is regulated
to hold the rotational speed constant (i.e., ® = 0) and Q.
will oscillate in response to the oscillatory hydrodynamic
torques. In contrast, under ideal torque control, the rotor
will accelerate or decelerate based on instantaneous hydro-
dynamic torques generated by the rotor and system control
gains. In theory, either approach can generate comparable
system performance under ideal conditions (Polagye et al.
2019), but each has unique challenges. Torque control can
cause the rotor to stall while speed control can necessitate
power input to the rotor (i.e., operating the generator as a
motor) if the commanded speed results in negative, phase-
resolved C p at some point throughout a cycle. This can occur
even if the time-averaged Cp is positive.

@ Springer



Journal of Ocean Engineering and Marine Energy

3 Constraints and design
3.1 Constraints

The identification of constraints, driven by external factors
and project objectives, played a significant role in the devel-
opment of the Turbine Lander. Here we summarize several
important design constraints, the motivation or justification
for selecting them, and the implications of these decisions.
For reference, a picture of the system is shown in Fig. 1 and
Fig. 2 includes an annotated rendering.

Minimize environmental impact: The potential environ-
mental impacts of marine energy include, but are not limited
to, collision risk, benthic habitat disturbance, and radiated
noise (Copping and Hemery 2020; Garavelli et al. 2024). A
conservative approach towards minimizing potential impacts
drove multiple design decisions. First, we selected a vertical-
axis, cross-flow turbine instead of an axial-flow turbine
because the former operates efficiently at lower tip-speed
ratios (Bhutta et al. 2012), which may lower risk to animals in
the event of a collision. A gravity foundation was selected to
avoid a ground-penetrating foundation and disturbance to the
underlying substrate. To address key environmental concerns
including collision risk for marine animals, an environmental
monitoring system called the Adaptable Monitoring Package
(Polagye et al. 2020) was integrated into the platform.

Vessel selection: We elected to design the system to
be deployed and recovered with a relatively small, well-
equipped oceanographic research vessel with a length overall
of approximately 20 m. Although somewhat arbitrary, vessels
of this size are common at institutions with oceanographic
research programs and comparably sized vessels built for
other applications (e.g., fishing) often have similar capabil-
ities. While each vessel is different, setting a bound on the
length of the vessel (or choosing one outright) provides con-
straints on equipment, lift capacity, and deck space. These
vessel constraints subsequently constrain many design fea-
tures including rotor size and geometry, foundation size and
weight, and deployment/recovery operations. For example,
over-the-side lift capacity plays a significant role by limiting
the size and weight of the package, which impact a gravity
foundation’s ability to resist overturning moments generated
during operations. This, in turn, constrains maximum rotor
force, which depends on rotor geometry and blade count.

In the case of APL-UW’s R/V Jack Robertson, the tar-
get deployment vessel, the aft deck space has a width of
approximately 5m (3.66 m clearance beneath the A-frame)
and an A-frame lift capacity of approximately 2700kg. This
defines the maximum working load permitted to occur dur-
ing deployment and recovery and is the sum of the load
being lifted (i.e., the in-air or in-water weight), drag forces
and added mass inertial loads (if submerged), wave loads
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(during transition through the sea-surface), biomass accumu-
lated during operations, suction forces (if lifting components
embedded in the seafloor), and ship-motion induced iner-
tial loads. We therefore targeted a maximum in-air mass of
2460kg. Because this is close to the A-frame’s working load,
it also restricts the conditions under which the system could
be safely deployed and recovered.

System survivability: A system survivability of 18 months
with 6-month maintenance intervals was targeted. This inter-
val informed material selection for corrosion resistance,
designs to limit stress concentrations and prevent fatigue fail-
ures, and robust measures to mitigate salt-water or particulate
accumulation in the bearing pack and generator housing. In
addition, prior research has shown that biofouling can sub-
stantially decrease rotor performance (Stringer and Polagye
2020), thus methods for mitigating biofouling on the rotor
were required.

With these general constraints in mind, additional fac-
tors informing design included site selection, targeted mean
power generation, commercial off-the-shelf component avail-
ability, and deployment/recovery methods.

Site selection: Numerous sites in Salish Sea have currents
suitable for power generation, including some sites exceed-
ing peak tidal currents of 3 m/s (Thomson et al. 2012; Polagye
and Thomson 2013). However, many suitable sites lack
supporting infrastructure and are relatively deep, making
operations more difficult. For health, operations, and environ-
mental monitoring purposes, we opted to deploy the system
with a single cable supporting 480 Vac power, communi-
cations, and data transfer. To limit costs, a site relatively
close to accessible facilities, requiring minimal infrastruc-
ture upgrades, was preferable. Diver accessibility during the
unit’s first deployment was also preferable given that the
cabled needed to be secured to the seabed. This also has
the added advantage of simplifying deployment and recov-
ery operations.

Before the system design could be completed, the con-
straints were used to identify the deployment site. The inlet
to Sequim Bay was selected despite the fact that sites with
stronger currents are encountered in the region. Based on
the prior measurements (e.g., Harding et al. 2016; Polagye
etal. 2020), the rotor was designed for continuous operations
at a peak current of 2.34 m/s assuming the controller main-
tained operations at the peak tip-speed ratio. A detailed site
description is included in Sect. 5.

Mean power generation: There was no specific target for
mean power generation that informed the design process.
Rather, the objective was to maximize power generation
within the bounds of the other project constraints. From a
practical perspective, time-average generation on the order
of 100 W would be meaningful. Coupled with suitable energy
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Fig.1 a The Turbine Lander
prepared for deployment in
Sequim Bay, Washington. Plan
(b) and elevation (¢) views of
the Turbine Lander showing its
length, width, and height when
fully assembled

storage, such a system could support advanced sensing sys-
tems or vehicle charging capabilities in regional waters.

Power electronics: The Turbine Lander was designed to gen-
erate not only power, but also high-quality and well-resolved
data streams to assess its performance. Thus, any power elec-
tronics and controls systems needed to support relatively
high-frequency (> 500 Hz) data acquisition of key system
parameters. We chose to limit our options to commercial-off-
the-shelf components as a means of minimizing engineering
costs associated with developing custom pulse-width modu-
lation motor controls and high-voltage ac/dc conversion.

3.2 Rotor design considerations

Minimizing system complexity and associated modes of fail-
ure was a driving factor in the rotor design. A vertical-axis,
cross-flow design was chosen given that it is agnostic to
inflow direction (Hand et al. 2021). In contrast, horizontal-
axis cross-flow and axial-flow turbines require additional
components to maintain rotor alignment with inflow direc-
tion. For the same reason, a vertical-axis cross-flow turbine
also avoids the need to control the orientation of the founda-
tion during deployment, which would introduce significant
operational complexity and vessel capability requirements,
especially at deeper installation depths (e.g., > 20 m).

For a cross-flow turbine, rotor geometry design decisions
that affect forces and torques include the aspect ratio and
blade count. Rotors with relatively few straight blades (e.g.,
one or two) are more efficient than those with more blades,
but have substantially higher peak-to-average power and
force ratios within a single rotation (Li et al. 2015; Reza-
eiha et al. 2018; Hand et al. 2021; Hunt et al. 2024). A
higher rotor solidity (defined as the ratio of the number of
blades times the chord length divided by the rotor circum-
ference) can reduce the peak-to-average ratios, but comes

34m

34m

276 m

at the cost of added manufacturing costs and poorer per-
formance. In addition, higher solidity turbines operate at
lower tip-speed ratios (Rezaeiha et al. 2018; Hunt et al.
2024) and may achieve optimal efficiency over a narrower
range of tip-speed ratios (Brusca et al. 2014). Based on prior
scale-model experimental results described by Hunt et al.
(2024), a four-bladed rotor was selected because it consider-
ably reduces peak-to-averages force and torque ratios without
significantly reducing optimal efficiency. Further reductions
in peak-to-average ratios could be achieved with helical or
twisted-swept blade geometry (Shiono et al. 2002; Castelli
and Benini 2011; Marsh et al. 2015; Hand et al. 2021), albeit
by increasing manufacturing complexity and reducing opti-
mal efficiency.

To avoid potential negative impacts of the surrounding
superstructure on performance but also accommodate lifting
the full package from a single pick point on the shaft, the Tur-
bine Lander rotor was ultimately designed with a cantilevered
rotor shaft in-line with the bearing pack and PTO. The choice
of a direct-drive system was primarily driven by a desire to
minimize the complexity and stack height of the PTO housing
coupled with the rotor. An added benefit of the direct-drive
architecture is the lack of a gearbox. A vertical axis rotor
operating in a constant speed control regime may undergo
torque reversals as the hydrodynamic torques drop and the
control torque switches sign to maintain rotation (Polagye
et al. 2019). These torque reversals, which could occur once
per cycle per blade, could result in premature failure of the
gearbox.

The anticipated peak, instantaneous inflow conditions
were used in load estimates for structural components of the
rotor and overturning moment calculations. When relevant,
minimum safety factors of 1.5 or greater were used in the in
the design process.

@ Springer
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3.3 Turbine Lander design

This section provides a high-level overview of the sys-
tem’s mechanical and electrical design. Additional technical
information including dimensioned figures and off-the-shelf
component specifications are included as supplemental mate-
rial. An annotated rendering of the final system is shown in
Fig. 2. The foundation’s footprint is approximately 3.7 m by
3.7 m. Scour-prevention mats (1 m by 1 m non-slip, flexible
rubber mats) added approximately 1 m to each dimension of
the final footprint. The maximum height above the seabed is
2.76 m and its total weight in air was approximately 2270kg.
While a four-legged foundation is unstable on a solid sur-
face, the approach maximizes the static stability potential
of the foundation on a deformable seabed. The risk of one
leg not making contact with the seabed when deployed is
ameliorated by the nature of reversing load conditions at the
site, which causes the feet to work themselves into the cob-
ble layer on the seabed, as had been evidenced by previous
deployments of an environmental monitoring system at the
site (Polagye et al. 2020).

The rotor dimensions were 1.19 m by 0.85 m (cross sec-
tional area of 1.01 m?). The NACA 0018 foils (chord length
10cm) were constructed with a solid, uniaxial carbon fiber
core wrapped in a carbon fiber twill. This choice was driven
primarily by the stiffness to weight ratio. The intended pre-
set pitch angle (toe out angle between the blade chord and
tangent to rotation) was —6°, but due to a miscommunica-
tion during the design process, they were fabricated with a
—9° pitch angle. This mistake likely resulted in decreased
power production (Hunt et al. 2024). A ClearSignal (Sev-
ern Marine Technologies, LLC.) coating was later applied to
the foils to mitigate biofouling without substantially altering
hydrodynamic performance.

A combination of end plates and struts was chosen given
prior research suggesting decreased performance with solid
end plates (Strom et al. 2018). The foils were secured to
the struts using a 3D-printed titanium (Ti) hinge assembly.
The interface between the carbon fiber blades and the central
shaft is a sensitive area for two reasons. First, even with uni-
directional carbon fiber, oscillatory blade deflection would
fatigue a rigid connection point. Second, hydrodynamic dis-
turbances at the rotor periphery impose a significant parasitic
torque (Strom et al. 2018). To address this, a streamlined
“living hinge” assembly consisting of a titanium insert in
the blade, titanium pin, galvanic protection, and aluminum
strut was employed. The remainder of the rotor assembly
was constructed from hard anodized 6061 aluminum while
the driveshaft was machined 2507 duplex stainless steel.
Additional technical information about the blades and struts,
including a cut-away rendering, is included in the supple-
mentary material.
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The generator was a Siemens 1FW3202 permanent-
magnet synchronous torque motor with a rated power of
7.9 kW. This motor, which is considerably oversized for the
application (maximum expected time-averaged power gen-
eration of ~ 1 kW), was selected, in part, to minimize active
cooling requirements during periods of peak power produc-
tion. The generator housing was air-filled and isolated from
the environment using redundant face and piston seals. A
magnetic coupling connected the driveshaft to the genera-
tor, thereby avoiding a rotary seal on the generator housing,
which could be a critical failure point. The magnetic cou-
pling does, however, introduce an additional constraint. Its
static tear torque (i.e., the torque at which the coupling slips),
is approximately 390 N m, which is substantially lower than
the rated torque of the generator (500 N m).

Two tapered roller bearings housed in an oil-filled cham-
ber were used to maintain the shaft alignment while two lip
seals and an exclusionary v-seal were used to isolate the bear-
ings from salt water and particulate and to prevent lubrication
oil egress into the environment. The lip seals can support a
maximum pressure differential of 48 kPa relative to ambient
conditions. Given the tidal range at the site (up to 3.8 m)
and deployment depth, this required an oil-filled pressure
compensator, which provided an additional 13.8-27.5 kPa
of positive gauge pressure relative to ambient pressure at
depth. A biodegradable oil (PANOLIN TURWADA SYNTH
46) was selected as the lubricant for the bearing pack in the
event of a seal failure. The drive shaft’s sealing surface was
coated with alumina-titania ceramic to increase the resistance
to wear, which also reduces friction at the sealing surface. A
labeled rendering of the driveline and generator housing is
included in Fig. 3.

Four custom housings were designed and fabricated to
accommodate the power electronics, load dump, and an
underwater junction bottle (images of the housings are
included as supplemental material). These housings all had
rectangular form factors, which were designed to maximize
the in-water weight of the system while retaining the con-
venience of air-filled housings (i.e., cylindrical form factors
would have been higher volume, producing more buoyancy).
At the Turbine Lander, the shore cable terminated at a small
junction housing, where copper conductors and optical fibers
were split and distributed to the ac housing, dc housing, and
Adaptable Monitoring Package (AMP). This was an inex-
pensive plastic housing filled with mineral oil that served
as a “weak link” with a low failure consequence if a high
strain was placed on the cable (e.g., it was dragged by a
vessel anchor). The ac housing accommodated the ac power
and passed the required dc power to the dc housing. This
included 720 Vdc (Seimens DCLink) and 48 Vdc to support
instrumentation. Power generated by the system was dissi-
pated using a load dump constructed using three 422, 600 W
resistors wired in parallel to dissipate up to 1.8 kW of power.
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Fig.2 A labeled rendering of
the Turbine Lander lacking only
the scour mats, hydrophone
array, electrical cables, and
hoses. The pear links welded to
the foundation’s legs and feet
were included to facilitate
assembly and deployment

Shore cable
junction bottle

Resistor housing

Electrical
housing (dc)

ADCP

Components from the Siemens SINAMIC S120 family
formed the foundation of the system’s power electronics
and management. This included active interface and line
modules deployed in the ac housing and, in the dc hous-
ing, a control unit and two single-unit 9A motor modules.
The remaining components of the system included numer-
ous ac—dc and dc—dc converters, a relay board, a network
switch, a PC/104 computer, and health monitoring sensors
(e.g., ground fault monitoring equipment, thermocouples).
One feature requested during the permitting process was the
ability to control the turbine by ensuring that it could not
self-start or continue to operate if power was lost. While self-
start was not expected under the conditions at the deployment
site, if shore power was lost, the rotor could rotate at its “free
wheel” condition until the currents fell towards slack. To
address this, an Altech C-TEC2405-5 24 Vdc ultra-capacitor
was added to the dc housing. In the event of shore power loss,
this provided sufficient energy storage for the onboard com-
puter to initiate a controlled shutdown, with a final step of
short-circuiting the motor windings with a set of relays. This
provides sufficient resistive torque to preclude self re-start
and could also be leveraged to prevent rotation the system if
operating in currents that exceed the design conditions.

System controls and data acquisition were implemented
in C++ with custom software running on a real time Linux
PC/104 system that interfaced with the Siemens electronics
over Profinet. The custom software permitted the imple-
mentation of arbitrary control schemes and modifications
to acquisition parameters within the limitations of the elec-
tronics. The relative ease of implementing arbitrary control
schemes in future research (e.g., intracycle control, Strom
et al. 2017), was an additional motivating factor for selecting
the Siemens equipment and direct-drive architecture. Dur-
ing operations, data including shaft speed, voltage, control

Carbon fiber blades

Pressure compensated
bearing pack

Power take-off

Fatigue-resistant titanium hinges

Adaptable Monitoring
Package

Electrical
housing (ac)

Lander

/ foundation

\

Pressure
compensator

Rotor connection flange
Exclusionary V-seal
Lip seals

Driveshaft sealing surface

Oil port
(ceramically coated & ground)

Tapered roller bearings

(I

Pressure compensated bearing housing

iRy

Mounting plate

Magnetic coupling
(male half)

PEEK magnetic coupling —1

Magnetic couplin;
shroud s PHng

(female half)

]

Motor/generator

Fig. 3 A labeled rendering of the driveline assembly and generator
housing

torque, winding current, absolute encoder position, incre-
mental encoder position, generator winding temperature, oil
levels in the pressure compensator, and control set points
were recorded. Data were recorded at sampling rates between
100 Hz and 1 kHz.

An AMP was mounted on one leg of the Lander’s foun-
dation for environmental monitoring purposes and to allow
local measurements of the tidal currents with an acous-
tic Doppler profiler (ADCP, Nortek Signature1000). ADCP
data were processed in real-time and time-averaged inflow
conditions measured 3.1 m above the seabed were passed
to the onboard computer and used to control the turbine.
While upgrades to the AMP’s instrumentation, packaging,
and software were made before the deployment, the system
architecture and functionality was functionally identical to
the MSL-2 configuration described in Polagye et al. (2020).
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Since a variety of materials (e.g., titanium, galvanized
and stainless steel, and aluminum) were used in the rotor,
foundation frame, and housings, efforts were made to pre-
vent corrosion from mixed metal contact. Unless otherwise
stated, 316 stainless steel fasteners were used to secure com-
ponents and sub-assemblies. Mixed metals were isolated
using garolite tubes, fiberglass gaskets and washers, and cus-
tom machined Polyether ether ketone (PEEK) isolators. In
addition, all housings, the bearing pack, and the rotor were
generously equipped with sacrificial anodes (aluminum).

4 System characterization and performance

Several tests were performed to characterize the system
before the field deployment. These efforts measured the
water-to-wire performance of the rotor, estimated losses, and
verified component integrity. Testing was performed in the
laboratory without a rotor, on a dynamometer, in a saltwater
tank, and on a research vessel under propulsion to simulate
in situ operations.

4.1 Laboratory testing

Torque losses were measured in the laboratory by driving the
generator as a motor with the magnetic coupling and bear-
ing pack assembled and attached to the generator housing. In
this arrangement, the electrical power input to the generator
represents generator inefficiency and frictional losses from
the bearing pack and seals. Mechanical torque supplied to
the magnetic coupling was estimated by the manufacturer’s
torque constant and rotation was measured by the genera-
tor’s encoder. The tests were performed by stepping through
shaft speed setpoints from 10 to 120 RPM for one minute
each. Thirty seconds of data at each setpoint were isolated
as representative of steady-state conditions. These tests were
performed with no seals on the bearing pack and then again
after each seal was installed. At each setpoint the power
required to drive the assembly was nearly constant, with
small intracycle fluctuations attributed to the bearing pack
and magnetic coupling.

The results of these tests (Fig. 4a) show that baseline losses
for the system range from approximately 60 to 120 W for
operating conditions from 50 to 100 RPM. Installing a sec-
ond seal increases losses by approximately 30 W at 50 RPM
and close to 80 W at 120 RPM. The addition of the final
lip seal and v-seal resulted in total frictional losses ranging
from 100 to 300 W. Increases in power input requirements
correspond to parasitic torques of 3—5 N m with the addition
of each seal. While relatively small, these losses values are
not insignificant near cut-in speed and represent the cost of
balancing survivability with power generation.
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The baseline conditions include a dust seal on the manu-
facturer’s generator housing. As part of the post-deployment
review, we performed additional testing without that seal
and found this to reduce parasitic torque by approximately
10 N m, which translates to losses of 50-120 W across oper-
ating states (Fig. 4b). This seal, therefore, constituted an
unexpectedly high fraction of the baseline losses.

Winding temperatures during sustained operations and the
impact of sustained operations on viscous losses in the bear-
ing pack were also measured and details are included in the
supplemental material. These tests showed that sustained
operations at levels of power generation within the design
performance envelope were not expected to cause thermal
issues and that the overall changes in viscous losses in the
bearing pack were not likely to significantly impact opera-
tions.

To characterize the Lander PTO efficiency as a func-
tion of rotation rate and input torque, APL-UW developed a
dynamometer (see the supplemental material for details) con-
sisting of a second motor that emulated the turbine power
input and a rotary torque cell positioned between the PTO
shaft and second motor. Characterization was carried out with
the Lander generator in speed control over a range of speeds
from 20 to 140 RPM and the dynamometer motor in torque
control over a range from approximately 10 to 360 N m,
distributed logarithmically to obtain a higher density of set
points at low torque conditions. As for the loss characteri-
zation tests, individual tests were one minute long and 30s
steady-state periods were isolated for further processing. The
mechanical power provided to the Turbine Lander’s shaft
was calculated from the torque cell and encoder mounted to
the prime mover’s shaft. They were used to calculate PTO
efficiency (Fig. 5a) and estimate the motor efficiency using
knowledge of the seal losses (Fig. 5b). Efficiency depends
strongly on the input torque with modest decreases as rota-
tional speeds increase. Torque inputs above approximately
20 N m are required to overcome system losses and gener-
ate power. At relatively low torques, these losses drive the
system’s efficiency to zero, while at higher rotation rates,
frictional losses increase. Over the range of operational con-
ditions for the Turbine Lander, PTO efficiency varies from
approximately 0—0.7 when the system losses are included.
Over the same range, excluding those where no electri-
cal power is generated, ngen ranges from approximately
0.6—0.87. This is slightly lower than the theoretical maxi-
mum efficiency of 93% provided by the manufacturer, but
the full operational range of the motor was not tested.

In summary, we anticipate low PTO efficiency near cut-in
conditions due to the combination of relatively low rotation
rates and low torque input from the rotor (lower left corner
of Fig. 5a). PTO efficiency generally improves as speeds and
torques increase, but the full system does not actually operate
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Fig.4 a Measurements of baseline and seal-related system losses. “All
seals” curve represents the total losses measured including baseline
operations, both lips seals, and the v-seal. b A comparison between
system losses with both lips seals and the v-seal installed when the

in the most efficient portions of the parameter space due to
the rotor dynamics.

4.2 Testing under propulsion

R/V Russell Davis Light (RDL) is a specialized, purpose-
built research vessel owned by APL-UW. The shallow draft,
twin-hulled vessel’s forward section is equipped with a
gantry/frame system for test articles (see Supplemental Mate-
rial). A turbine installed on the frame and lowered below the
water line is clear of the hydrodynamic impacts of the ves-
sel hull. This allows for tests of turbines with characteristic
length scales up to 1.5 m at inflow speeds expected in situ
(up to 3m/s depending on the rotor).

The water-to-wire efficiency was characterized by installing
the PTO and rotor on RDL’s gantry. An acoustic Doppler
velocimeter (Nortek Vector) was deployed approximately
I'm forward of the rotor to measure the inflow velocity at
64 Hz. The recorded data were despiked (Goring and Nikora
2002) and the magnitude of the inflow velocity taken as the
representative speed incident on the rotor. During individual
tests, vessel heading and speed (ranging from approximately
0.5 to 2.5 m/s) were maintained at constant values while
stepping through different rotor rotational speeds under con-
stant speed control. These conditions correspond to tip-speed
ratios between 1 and 2.6. Each setpoint was maintained for a
three-minute dwell time. In post-processing, these data were
manually trimmed to select one minute steady state condi-
tions. Data were processed to produce a single, time-averaged
water-to-wire efficiency for each set of vessel and rotor rota-
tional speeds.

Results for the time-averaged water-to-wire efficiency and
electrical power generation under test conditions are shown
in Fig. 6. At inflow speeds of 1 m/s, A > 2 is required for

PRSP PP
w [RPM]

generator dust seal was both installed and removed. Note the measure-
ments in a were performed prior to the system deployment while the
measurements in b were performed when the system was reassembled
after the deployment

net positive power generation, with peak 7y < 10%. This
is a consequence of low PTO efficiency under these condi-
tions (Fig. 5a). Optimal tip-speed ratios decreased slightly
and nywyw exceeded 20% when inflow speeds were 2m/s or
greater. Phase-resolved (4° resolution) control torque, power,
and efficiency (see supplemental material) were consistent
with a priori expectations and yielded no significant signs of
fabrication or assembly issues (e.g., deviations from expected
periodicity due to alignment issues).

Accounting for the PTO efficiency (Sect. 4.1) during rotor
characterization tests, peak C p was = 0.3 (Fig. 6b). Bachant
et al. (2016a) and Miller et al. (2018) demonstrated that Cp
becomes independent of flow speed for Rep > 1.5e6. For
Rep = U’;D , where v is the kinematic viscosity (1.027 m?/s
in freshwater at 19°C), rotor operation at 1 m/s, 1.5 m/s, and
2m/s corresponds to Rep = 8.5e5, 1.2e6, and 1.7e6, respec-
tively. Rotor performance is consistent with expectations for
Reynolds independence atinflow velocities greater than 2 m/s
(Fig. 6b), but Cp — X behavior is appreciably influenced by
inflow velocity below this threshold.

4.3 Salt-water tank testing

Salt-water tank testing was performed to verify the integrity
of the housings and to test for ground faults before the field
deployment. One particular concern was that ground faults
would accelerate the corrosion of the housings. During this
testing, the PTO and all housings were wired as deployed in
the field, rigged, and submerged to a depth of 2 m. Power was
provided by the shore cable, wired with a Littlefuse SB6000
ground fault monitor/interrupt, and the system was operated
(motored). No ground faults or housing issues were identi-
fied, so no further modifications were made to the assemblies
prior to deployment. However, one serendipitous outcome
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Fig.5 Results from the dynamometer measurements. a PTO efficiency
estimated as P,/ P,,. b Estimates for nge, using Eq. 7, which accounts
for mechanical losses. The y-axis is the torque input to the driveshaft
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Fig.6 a Water-to-wire efficiency versus tip-speed ratio as a function of
inflow speed from 1 to 2.5 m/s. b Cp using control torque and seal loss
measurements (Eq. 8). The mean and 5-95th percentile bounds for the
tip-speed ratios in (a) and (b) are calculated from the rotational speed

of these tests revealed issues with the installed anodes, all
of which were thought to be aluminum. Upon entering the
water there were immediate signs of electrolysis and asso-
ciated anodes were later identified to be magnesium, which
is only suitable for freshwater deployment. All anodes were
therefore replaced before the salt water deployment. Whether
these were misplaced in storage or shipped improperly cannot
be confirmed given the anodes are not labeled to differentiate
their materials.
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as measured by the torque cell. This can be used to estimate the control
torque at the same operating state by subtracting 20 N m, which is an
approximation to the baseline parasitic torque present in the system
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and smoothed (2-s) moving mean inflow. Note that the legend denotes
targeted vessel speeds. Measured speeds for each test were used in the
calculations and were generally within 5% of the vessel speed

5 Field deployment—Sequim Bay, WA

The inlet to Sequim Bay, WA (Fig. 7) satisfied all project sit-
ing constraints (Sect. 3). Sequim Bay is a relatively large and
shallow bay that is connected to the Strait of Juan de Fuca
by a shallow (< 10 m MLLW), narrow inlet. With peak tidal
ranges exceeding 3 m, parts of the inlet to the bay experience
peak tidal currents greater than 2m/s (Harding et al. 2016).
Pacific Northwest National Laboratory’s (PNNL) Marine and
Coastal Research Laboratory (MCRL) is located on the west
side of the inlet and hosts accessible shore-side facilities,
including access to 480 Vac power, and staff with experience
with marine operations and oceanography. Due to its position
and facilities along the waterfront, it was feasible to install a



Journal of Ocean Engineering and Marine Energy

relatively short cable (< 160 m) from the deployment loca-
tion to the dock and then to an electrical box installed on a
shore-side building. From there, systems were networked for
remote access.

The Turbine Lander was deployed on 18 October 2023
and was recovered on 7 March 2024 (141 days). The system
was deployed using Sea Horse, a 33 m construction barge
equipped with a high-capacity crane. Rather than anchoring,
the vessel is equipped with two spuds (up to 15m) that can
be lowered into soft substrates. Since the site was accessi-
ble to divers who could remove deployment hardware, four
of the lifting eyes on the foundation were equipped with
shackles and slings secured to a spreader beam, leading to
a balanced pick while the unit was lifted from the deck to
the water. Deployment operations consisted of anchoring the
vessel with the spuds approximately 10 m from the intended
deployment location, a single lift to set the system on the
seabed, and passing the shore cable to a support vessel that
laid it on the seabed while transiting to shore. Once commu-
nications were established, the cable was secured by divers
using sand anchors. The original plan of deploying the Tur-
bine Lander from a research vessel was discarded relatively
late in the process out of concern for the potential to acci-
dentally damage a nearby telecommunications cable if the
currents caused the vessel to drag anchor.

The deployment location was 46°4.761’N, 123°2.589'W,
which is just east of mid-channel at a depth of approximately
8 m MLLW. The footprint of the Turbine Lander was oriented
with the AMP facing west-southwest (~ 260°), placing the
ADCP northwest of the rotor. This approximate orientation
was intentional and chosen to orient the environmental mon-
itoring packaging roughly perpendicular to both the ebb and
flood currents.

Time-varying currents are driven by the region’s mixed
semi-diurnal tides, which, in the inlet to Sequim Bay, result
in tidal cycles with relatively strong currents that are often
followed by multiple cycles with currents below 1 m/s. The
cut-in/out speeds were set to 0.9 m/s for most of the deploy-
ment. While below the anticipated inflow speed required for
net power generation was approximately 1 m/s, we chose to
intermittently run the system in a net power consumptive
state to increase the total operation time and cycle count that
critical components would experience. Over the deployment
period, the system had an up-time exceeding 95%. Downtime
was a consequence of power outages and network mainte-
nance at the site and system software modifications. In total,
the rotor was spinning for approximately 960 h, correspond-
ing to approximately 3.4 million revolutions.

The ADCP sampled velocity profiles at 4-8 Hz with 0.2 m
vertical resolution from 66 cm above the seabed to the sur-
face. Raw data were stored in 10-min .txt files by the AMP
control computer located on shore. For rotor control, the
AMP processed the ADCP profiles, removing pings with

correlations below 50%, and then provided a 2-min mov-
ing average velocity at 3.1 m above the seabed. This is above
the height of the rotor, which extends to a height of 2.76 m
above the seabed, and consequently minimizes the impacts
of the rotor wake on estimated inflow during ebb tides. In
post-processing, velocity data were reprocessed to produce
short-time averages (24 ping ensembles; 3—6s in length).
Before calculating ensemble averages, bins with correlations
less than 50% were removed, as were velocity spikes exceed-
ing the mean values in each 10-min sample by greater than
three standard deviations.

As shown in Fig. 8, the site’s mixed semi-diurnal tides
result in periods of 12-18h each day when currents are
too weak for power generation, while the spring-neap cycle
drives significant variability in peak currents associated with
a given day’s largest exchanges. Peak currents were nearly
2.5 m/s during both ebb and flood tides, but are not repre-
sentative of the general conditions at the site. Vertical shear
corresponding to approximately 10% of the mean current
measured at 3.1 m was regularly observed across the depths
spanned by the rotor (see the supplemental material). In addi-
tion, post-deployment analysis of the flood tide boundary
layer suggests that mean inflow conditions averaged across
the rotor height were typically on the order of 80-90% of the
measured inflow at 3.1 m.

The reference inflow velocities and 2-min averaged power
generated by the system are shown in Fig. 9. For the majority
of this time, the turbine was operating in constant speed con-
trol with target tip-speed ratios of 1.7 < A < 1.9. Throughout
the deployment, control settings were regularly modified to
better understand the performance in situ. For example, speed
control settings from 1 < A < 3 were iterated upon during
multiple tidal cycles to verify that the standard settings were
optimal. Similarly, we tested torque control using K w? (Pao
and Johnson 2011), but were only successful in avoiding stall
atrelatively high mean inflow velocities. The maximum elec-
trical power generated during a 2-min moving average was
over 600 W. While many of the periods where power input
was required (i.e., P, < 0 in Fig. 9) correspond to periods
with currents below 1m/s, in other cases, power input also
occurred due to suboptimal control strategies or poorer than
expected rotor performance.

Relative to vessel-based testing, power generation in
Sequim Bay was substantially reduced and net power gener-
ation was not generally achieved until the reference inflow
exceeded 1.3 m/s. We attribute this to several factors includ-
ing biofouling and variability in the inflow conditions.
Biofouling had both intermittent and sustained impacts on
the system’s operations, which could be verified using the
AMP. Within 48h of the system’s deployment, strands of
eelgrass had become lodged in the narrow (< 0.3 cm)
gaps between the struts and rotor blades at the living hinge
interface. Attempts to remove this fouling by temporarily
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reversing the rotor’s direction of rotation were unsuccessful
and periods with modest fouling of the foils were regu-
larly observed. A less common form of biofouling was kelp
wrapped around the entire rotor. When this occurred, it typ-
ically resolved itself within a tidal cycle. The final form of
biofouling observed was slow growth of algae on the rotor’s
struts, shaft, and endplates.

We estimate that modest biofouling reduced power pro-
duction by between 50 and 200 W over the range of inflow
conditions based on measurements of the power required to
motor the rotor with and without fouling during quiescent
conditions. A review of periods when the rotor was fully
wrapped in kelp strongly suggests that this type of fouling
of the rotor was far more consequential in terms of power
losses, but also more intermittent. We hypothesize that the
algae growth had relatively minor impacts on power produc-
tion because most of the fouled area was located relatively
close to the axis of rotation. Further information on power
loss estimates attributed to fouling and images of fouling are
included in the supplemental material.

Even without notable biofouling, the Turbine Lander per-
formance would have been impacted by the complex inflow
conditions and choice of a reference velocity timescale for
constant speed control at a nominal tip-speed ratio. The
instantaneous inflow measured by the ADCP can be decom-
posed into a mean velocity varying with the stage of the tide,
turbulence, and instrument noise (Thomson et al. 2012). A
2-min moving average is sufficiently long to filter out instru-
ment noise, while admitting fluctuations associated with the
tidal cycle and “aharmonic” currents (Polagye and Thomson
2013). However, turbulence will affect the rotor in a simi-
lar manner to the mean flow when turbulent length scales
are greater than or equal to the turbine length scale (i.e., an
“engulfing gust”) (Medina et al. 2017). For a rotor length
scale on the order of 1 m and mean velocity on the order
of 1 m/s, Taylor’s frozen field hypothesis (Taylor 1938) sug-
gests that the smallest engulfing gust would have a timescale
on the order of 1s. While a shorter averaging time would
have admitted more of these engulfing gusts into the refer-
ence inflow condition, the lag in processing time and control
system response would have resulted in the controller con-
tinually chasing inflow features that had already passed the
rotor, possibly degrading performance beyond what was
observed here. This would be compounded by the mismatch
between currents experienced at the rotor depth and those
reported at 3.1 m elevation.

To interpret the implications of this averaging and con-
trol strategy, shorter timescale velocity measurements and
system performance are shown in Figs. 10, 11 and 12 for a 5-
min, flood tide with mean current velocities exceeding 2 m/s.
We observe a strong correlation between electrical power
generation and velocity profiles (Fig. 10), with decreases in
power generation corresponding to drops in inflow veloc-

ity. While mean, time-averaged velocities exceeded 2m/s at
3.1 m, within the rotor height, inflow velocities varied from
more than 2.4 m/s to less than 1.6 m/s over relatively short
timescales (e.g., < 10 s). We hypothesize that this variability
is driven by eddies associated with horizontal shear layers
generated by the complex bathymetry as suggested by the
figures in Harding et al. (2016). In this example, despite the
relatively high mean inflow, the system temporarily required
power input to maintain rotation during this period. Sentchev
et al. (2020) observed similar short-term variability in the
field deployment of a cross-flow turbine roughly twice the
size of the Turbine Lander and, through analysis of co-
temporal acoustic Doppler velocimetry data, were able to
correlate variability in power output with turbulent length
scales. Variability associated with turbulence and the trans-
fer function by which different scales of turbulence affect
turbine power output has been a general topic of interest in
the wind (Tobin et al. 2015) and tidal energy community
(Druault et al. 2022).

The observed decreases in power generation over short
timescales when inflow speeds drop, and the lack of signifi-
cant increases in power generation during analogous periods
of higher velocity, reveal the role that the system charac-
teristics (i.e., nww VS. A curves) and controls play in power
generation. Figure 11 shows the time series of inflow condi-
tions at the top and bottom of the rotor, shaft rotation rate,
tip-speed ratio, control torque, and electrical power. Over
the period, the targeted rotor rotation rate based on the 2-
min average inflow conditions was approximately 88 RPM.
However, the 6-s averaged inflow spanned a much larger
range, resulting in periods when parts of the rotor experi-
enced A < 1.6 or A > 2.7. Both decreases in Q. required
to maintain rotor speed and the corresponding power gen-
eration are correlated with periods when the tip-speed ratio
experienced by at least part of the rotor increases signifi-
cantly. This is due to decreases in the kinetic power incident
on the rotor and the inadvertent shift away from optimal A to
higher tip-speed ratios, both of which decrease the electrical
power generation. To offset the decrease in hydrodynamic
torque generated by the rotor, the control torque is reduced
to maintain the system’s rotation rate. In contrast, when the
inflow increases, the tip-speed ratio drops. However, when
this occurs, significant drops in power generation are not
observed because the decreased Cp is offset by an increase
in the kinetic power of the inflow.

Figure 12 dissects this further by showing time series
of control torque, electrical power generation, water-to-wire
efficiency, and PTO efficiency. Notably, for this time period,
the mean 1y, in Sequim Bay was approximately half of that
observed during vessel-based testing. Some of this difference
is attributed to biofouling, but PTO efficiency dependence on
o and Q. is also a factor. During the relatively high power
generation periods, the rotation rates and control torques
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Fig. 10 a Turbine Lander
electrical power generation
calculated using a 6-s moving
average. b Inflow velocity
profiles using 6-s moving
averages. The dashed black lines
show the height of the bottom
and top of the rotor. Over the
5-min period, there is a clear
correlation between the
generated power and the
fluctuating velocities. ¢ Velocity
profiles show the deviations of
the 6-s averages from the mean
of all profiles shown in b

Fig. 11 a Inflow conditions
(2-min and 6-s moving
averages). Raw and 6-s averaged
rotor speed (b), tip-speed ratios
at the top and bottom of the
rotor (c), control torque, and (d),
electrical power. The data

2.76 m above the seabed
correspond roughly to the top of
the rotor while the data at

1.76 m are near the bottom of
the rotor. Raw data were
sampled at 100 Hz. All subplots
correspond to the same time
periods in Fig. 10
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result in PTO efficiencies of about 0.5—-0.6. However, when
the control torque drops as a result of an increase in A, the
PTO efficiency decreases drastically. This is a result of two
factors: mechanical losses (e.g., seals) increase relative to the
production of hydrodynamic torque and the generator effi-
ciency drops. These decreases in overall system efficiency
become most significant when Q. drops below approxi-
mately 30 N m. While Figs. 10, 11 and 12 correspond to
a single 5-min period, similar measurements were obtained
across the range of inflow conditions. Sustained deviations
in inflow speeds of £0.5 m/s were regularly observed. For
U, = 1.5 m/s, these £0.5 m/s fluctuations would cause a
rotor operating targeting a constant A = 1.9 to fluctuate
between approximately A = 1.4 and A = 2.9. The impli-
cations of this are significant given the narrow range of
tip-speed ratios under which the system operates efficiently
(Fig. 6). The observed decreases in system efficiency driven
by the variable inflow clearly demonstrate why the perfor-
mance of the system was poorer under constant speed control
using 2-min inflow averages than under controlled inflow
speeds during vessel testing.

During the deployment, the Turbine Lander lost two
blades in separate events. The first occurred on 11 January
and the second on 9 February, which correspond to 85 and
114 days after the deployment, respectively. These blades
were not replaced during the deployment. Both events were
associated with perigean spring tides, which often entrain
debris from local beaches. AMP cameras with artificial illu-
mination were not operating, but other sensors suggest the
events were driven by the combination of a collision and a
failure of the lower pin/hinge assembly. More analysis of the
probable failures is included in Sect. 6.1 and the supplemen-
tal material. After both blade loss events, the system was
able to continue generating power without modifications to
the rotor controls. However, using experimental data from
the laboratory-scale model, we were able to determine that
modest increases to tip-speed ratios following each blade
loss event were required to maintain optimal operations.
However, a rigorous exploration of parameter space for con-
trols was not explored following the blade losses. Notably,
following the blade losses the temperatures measured in
the generator windings increased, which we attributed to
increased bi-directional current in the windings (see Supple-
mental Material for additional information). This increase in
temperature represents an higher electrical inefficiency while
operating constant speed control with fewer blades.

On 11 February, approximately two days after the loss of
the second blade, we opted to curtail operations to minimize
the probability of a third loss event, therefore allowing us
to perform detailed assessments on the two remaining blades
and associated assemblies. The system was recovered by Sea
Horse on 7 March 2024.

6 Post-recovery assessment

Following recovery, a full mechanical breakdown of the sys-
tem was carried out to investigate its health. This involved
cleaning the system to identify superficial problems, investi-
gations to identify factors contributing to the blade losses, and
breakdown of the bearing pack to review the condition of the
bearings and seals. An assessment of corrosion, biofouling,
and biofouling mitigation techniques was also performed.
The results presented in this section are limited to compo-
nents critical to system performance (e.g., the bearings and
housings) or unanticipated problems. A more detailed sum-
mary of other findings and supporting pictures are included
in the supplemental material.

6.1 Blade losses

Post-recovery analysis of the rotor was sufficient to constrain
the mechanisms leading to the blade failures. There is evi-
dence that these events were triggered by collisions (e.g.,
foreign objects observed in the acoustic imaging and collision
sounds preceding the blade loss of the blade by 1-3 s). How-
ever, the condition of the rotor revealed that the system may
have been primed for failure before the inferred collisions.
Mechanical issues with the lower strut/hinge assemblies
appear to be the root cause. On the two remaining blades,
the set screws holding the pins in place on the lower struts
had backed out and the pins had begun “walking” towards
the leading edge of the blade. Some slop in the bushings,
which were installed to avoid mixed-metal contact, had also
developed, which we hypothesize occurred as the cyclic load
rounded the through holes in the hinges, allowing the pin to
walk. We have not developed a working hypothesis to explain
why this problem was only observed on the lower hinges.
The most logical explanation for the failure sequence is
that, prior to each event, the pin had walked forward enough
to be only partially seated in the hinge/bushing assembly.
Consequently, the impulse from the debris collision may
have ejected the pin. Damage to the interior of one bush-
ing suggests that when this occurred the pin levered itself
before falling out. Once freed from the lower strut, the blade
swung up, rotating around the pin in the upper strut, cyclically
loading the stress concentration at the hinge mounting point.
After a short period, the blade rotated a full 180°, camming
the titanium hinge against the strut, and levering the upper
pin out of the strut (Fig. 13). Audio and post-recovery images
reveal this was a catastrophic failure (i.e., no signs of fatigue
were observed) but that some cyclic forcing on the upper
joint occurred prior to the failure. Both struts with the fail-
ures have clear signs of damage to the anodized surface that
are attributable to direct contact between the hinge and strut.
This mode of failure points to a design flaw that needs to
be addressed in future systems. Poor tolerances in the 3D-
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Fig.12 Raw and 6-s averaged 150
control torque (a) and electrical
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printed titanium hinges, despite post-machining the parts,
may have attributed to this failure by allowing some wobble
under load. The design and layup of the composite blades to
reduce stress concentrations at the hinge is also complicated.
A redesign of this entire system should include a more robust
mechanism to retain fasteners and could decrease manufac-
turing costs.

6.2 Bearing pack and driveline

The bearing pack was deconstructed and all components
including the seals, bearings, shaft, and oil were inves-
tigated. Throughout the deployment the rotor completed
rotated through more approximately 3.4 million revolutions,
or greater than 1600 km of linear travel at the sealing surfaces.
When the system was recovered, the exclusionary v-seal
was found to have been displaced from the installation loca-
tion. This is attributed to kelp that wrapped around the shaft
early in the deployment and remained there throughout. This
allowed sediment (sand) to accumulate above the upper lip
seal, but no unexpected particulate was found between the
seals or in the bearings. The upper lip seal had some wear we
attribute to this sediment accumulation, but the primary seal-
ing surface was in good condition. We estimate that less than
10 mL of water had entered through the upper lip seal and that
no additional oil had been lost from the bearing pack or pres-
sure compensator. The lower lip seal was found to be in good
condition and no water had intruded into the bearing pack.
The ceramic sealing surface was measured with a dial indi-
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cator and revealed no apparent surface roughness associated
with wear. Lastly, the bearing appeared in good condition
with no clear signs of unanticipated wear. The oil drained
from the bearing pack was discolored, likely due to wear
of the seals. Lines of particulate were encountered on the
magnetic coupling suggesting that ferrous “dust” worn from
the bearings had accumulated on the surface of the magnetic
coupling. However, no larger fragments of ferrous material
indicative of more serious mechanical wear were found.

Overall, the seals, bearings, magnetic coupling, and oil
were recovered in good condition. The most obvious path
for improving this assembly is better seating and securing
of the v-seal to exclude particulate from the bearing pack.
While removing one of the two lip seals could reduce par-
asitic losses, given that some water intruded past the first
seal, this would likely reduce survivability. Given that the
seal on the generator in the PTO housing is not needed, and
that losses attributed to it are comparable to those from the
two lip seals combined (Fig. 4), the most effective way to
improve performance without impacting survivability would
be to remove it but both leave external seals in place.

6.3 Corrosion and biofouling

The biofouling observed on the Turbine Lander was gen-
erally consistent with a priori expectations. Design to avoid
small cracks and protruding objects (e.g., fasteners) will ulti-
mately reduce parasitic drag losses. Coating the blades with
ClearSignal ™ resulted in clean blades when recovered while
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Fig. 13 a A drawing of the intact rotor with blades installed in their
proper positions. b With the lower pin missing, the foil can rotate around
the upper pin. ¢ If the foil rotates greater than 90° degrees the titanium
hinge eventually contacts the strut. d A picture of one strut with a miss-
ing foil. Note the damage to the anodized surface of the strut where the

the struts and shaft were colonized by barnacles and macroal-
gae. In future applications, we would likely coat additional
components to further minimize fouling and associated drag
losses. We were surprised by the amount of floating eelgrass
that was caught in the narrow gaps in the pin/hinge assem-
bly on the blades and how often drifting eelgrass and kelp
wrapped itself around individual blades or the entire rotor.
Limited review of camera data suggest that this plant matter
was observed throughout the water column. Future quanti-
tative analyses could assess whether significant differences
in fouling potential exist throughout the water column by
evaluating the observed concentrations of plant matter using
stereo camera images like those obtained by the AMP. Such
an analysis could inform decisions to adopt additional foul-
ing mitigation strategies.

Little to no corrosion was identified while disassembling
the system except for the ac housing, which had developed
several large pits, suggesting inadequate grounding. This was
later confirmed when the housing was reopened and a clear
ground path to the seawater through the housing from an
improperly grounded chassis was identified. We believe that
we should have identified this during pre-deployment tank
testing as the system likely had a weak ground fault that failed
to trip the Littlefuse’s ground fault current interrupt circuit.
This oversight likely resulted from considerable turnover in

2 — Blade rotates freely around upper pin
b)

N "a)

3 — Further rotation causes hinge to
contact the strut. Forces generated
by the levering cause the strut to fail.

1 - Pin ejected from lower hinge

hinge makes contact in (white arrows in ¢ and d) and that the material
around the through hole has failed up and away from the strut as would
be expected for the forces generated if the hinge contacting the strut.
The supplemental material contains additional drawings of the hinge
assembly and a picture of the damage to the other strut

core project staff due to project delays, a failure to develop
and fully implement a robust test plan, and distractions driven
by time constraints and the installation of the wrong anodes.
The supplemental material contains several pictures of bio-
fouling and corrosion on the recovered system.

7 Discussion

By most measures, the development and deployment of the
Turbine Lander was a success, as indicated by sustained
operation throughout its first 141-day deployment. Valuable
lessons have been learned regarding the Turbine Lander’s
design that can be addressed in future work and are relevant
to other hypothetical small-scale current energy systems. In
addition, the benefits and uncertainties associated with tran-
sitioning a concept from the laboratory to the field are clear.

The Turbine Lander, and various aspects of its perfor-
mance in situ, demonstrated numerous ways in which specific
project constraints impact system design and performance.
As designed, the best estimates for drag from the foun-
dation and rotor’s force coefficients resulted in a safety
factor of approximately 1.5, and the use of additional weight
risked violating the project constraints set by vessel over-
the-side handling capabilities. This ultimately limited the
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rotor’s size and peak, phase-resolved force, which varies
with rotor aspect ratio, blade count, rotation rate, and inflow
velocity. The rotor shaft was sized to accommodate lifting
the full system from the top of the rotor, while minimizing
shaft deflection, accommodating the tapered roller bearing’s
radial force specifications, and meeting the maximum height
requirements. The selected generator was ultimately chosen,
despite being oversized for the system, to minimize thermal
load management requirements. The redundant lip seals and
exclusionary V-seal were chosen to minimize water and par-
ticulate intrusion into the bearing peak while the magnetic
coupling was selected to eliminate the risk of water intrusion
into the generator housing. Rotor geometry was optimized
to maximize energy captured from the expected probability
distribution of inflow conditions, subject to the maximum
allowable moment created by the rotor on the foundation,
and the maximum torque that could be transmitted through
the magnetic coupling. With the information now available,
we believe that the decisions made during the design process
were generally good, but that with the benefit of hindsight,
there is room for improvement.

The Turbine Lander was designed with four blades. This
was selected not to optimize power production, but to reduce
peak-to-average forces and minimize torque reversals under
speed control. A two-bladed rotor could achieve higher time-
averaged Cp values but at the cost of increased thrust loads,
which would push the system closer to overturning under
design conditions. While a four-bladed design may decrease
the performance, the operational benefits were made clear
by an increase in platform vibration measured by the AMP’s
inertial measurement unit following both blade loss events.
An unforeseen benefit of the four-bladed geometry was the
system’s ability to continue operating and generating power
following blade loss, meaning that the higher blade count
provided a degree of unanticipated redundancy. Given these
trade-offs, the four-bladed design is one we would choose
to adopt again in future deployments. An additional benefit
of the four-bladed rotor, discussed in greater detail in the
supplemental material, is that it results in smaller variations
in control torque throughout the cycle compared to a two-
bladed rotor. These torques are associated with lower winding
currents and therefore smaller resistive losses in the windings
that would otherwise increase generator temperature. In fact,
this temperature increase was observed following the blade
losses events (see supplemental material). With the current
design, there was no need to manage thermal loads, but this
would not necessarily be true if a combination of a smaller
generator, a larger rotor, and fewer blades had been selected.

Inefficiencies and hotel loads are inherent to any system
but are particularly challenging for systems with power gen-
eration levels < 1 kW. Take, for example, a hypothetical
small rotor (1 m?) with a cut-in speed of 1 m/s. The avail-
able kinetic power at that speed is approximately 500 W.
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Assuming a Cp of 0.3 at optimal tip-speed ratio, this means
approximately 150 W of mechanical power is delivered to
the PTO. Without increasing the rotor size, this constrains
acceptable losses in the system. Short of increasing the Cp,
which may be difficult as the current Cp appears reason-
ably high for a straight-bladed rotor in unconstrained flows,
the avenues for decreasing losses are the generator, bear-
ings, seals, and biofouling reduction (e.g., preventing eel
grass build up at the rotor periphery). In addition, further
streamlining to reduce hydrodynamic losses from the phys-
ical structure (shaft and struts) could improve the efficiency
(Bachant et al. 2016; Strom et al. 2018).

While many options for improving the Turbine Lander
efficiency exist, the clearest ways to reduce losses, such as
removing the redundant seals or reducing the cross-section
geometry of components, would come at the cost of long-
term survivability. The seals and current power electronics
are good examples. Multiple seals protect the bearing packs
and laboratory analysis of their losses suggests that each
lip seal results in losses on the order of 20-40 W over the
operational conditions of the rotor. If the system were larger
and regularly generated 1 kW of power, this loss would be
relatively small, but at currents on the lower end of oper-
ating conditions, these losses increase the cut-in speed and
represent a considerable reduction to the mechanical power
delivered to the generator. A smaller shaft diameter and cor-
respondingly small seals could mitigate these losses, but
would need to be balanced against the need to minimize shaft
deflection and maintain adequate factors of safety within the
bearing pack.

The analytical estimates of the viscous losses within the
bearing peak suggests that they are relatively small com-
pared to the other systems losses. Nonetheless, an alternative
biodegradable oil with a viscosity 50% lower is available. Our
estimates suggest this might reduce losses by on the order of
10-15 W. While small, overcoming even minor inefficiencies
is a necessity for systems seeking to generate small amounts
of power with appropriately sized marine energy converters.

Similarly, commercial-off-the-shelf power electronics
designed for industrial automation have high hotel loads
when compared to power generated over a tidal cycle. While
insignificant in many contexts, the constant consumption of
many tens of watts is unacceptably high for small-scale gen-
eration. The next step for this system is to move to alternative
power electronics. We have been exploring the use of the
custom components from the MBARI-WEC (Hamilton et al.
2021), which were custom designed for small-scale wave
energy converters. Initial estimates suggest that this could
reduce hotel loads tens of watts, but at the cost of a reduction
in capabilities relative to the Siemens equipment. Similarly,
we are also working to integrate a suitable battery with the
system. Integrating battery management systems with mini-
mal hotel loads is an important consideration. As shown here,
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given the performance of the system and inflow conditions,
an energy storage system must be capable of accommodat-
ing rapid charge/discharge cycles, particularly if power input
to the rotator is periodically required within each cycle (e.g.,
speed control near cut-in conditions). This, coupled with gen-
eral safety concerns, restricts the pool of candidate battery
chemistries.

Size, efficiency, and serviceability often conflict with
design goals. In this case, water-lubricated bearings would
avoid the use of redundant lips seals, but analysis showed
that this would have required an increase in overall system
height that would violate project constraints. The short-term
implications of a seal failure are unclear, but the long-term
implications (particulates and corrosion) would be prob-
lematic. There is no perfect solution to this problem and
the “correct” balance depends on desired outcomes. Higher
power output (fewer losses) with shorter deployments or reg-
ular maintenance intervals may be preferred in some cases
while lower levels of power generation and greater surviv-
ability may be preferable at other times. Establishing project
objectives and acceptable trade-offs is critical to narrowing
the number of variables that must be balanced.

The Turbine Lander did not perform as well in Sequim
Bay as it did in vessel-based measurements. This is less
indicative of a flaw in our laboratory-to-field development
than specific in situ conditions that could not have been
discovered through additional pre-deployment testing. How-
ever, these performance challenges could have been predicted
based on a site-specific resources assessment. Improved
inflow measurements and improved controls algorithms that
can more rapidly respond to inflow conditions would likely
yield considerable performance improvements. Given that
the rotor regularly stalled under torque control except during
strong currents, minimizing system losses and redesigning
the rotor and foils to produce higher torque could be bene-
ficial. Regardless, if inflow conditions are informing system
controls, more robust inflow measurements would be benefi-
cial. This will ultimately be challenging at sites with rapidly
varying inflow given that, by the time velocity data has been
sampled, processed, and averaged, the flow incident on the
rotor may have changed. While feed-forward controls are
appealing in principle, implementing them at this scale would
be difficult. The size of the rotor compounds this problem,
as turbulent length scales that can engulf the rotor and mate-
rial affect power production have a timescale on the order
of 1s in currents of 1 m/s. Recognizing this limitation, we
would approach this problem by maximizing the sampling
and attempting constant speed control using moving aver-
ages on the order of five seconds. With a sampling rate of
8 Hz, even after removing suspect pings in quality control,
this would be sufficient to reduce Doppler noise and establish
a robust measurement of the inflow. The result would still be
a lagging indicator of the inflow, but given the rapid changes

observed in Sequim Bay would likely push the tip-speed-ratio
closer to the optimal value. An alternative approach would
be to pursue a rotor geometry with a lower, broader C p max-
imum (e.g., lower solidity rotor). While velocity fluctuations
would still cause fluctuations in power output, these would be
less pronounced if not also amplified by substantial changes
in C P.

In addition to general inflow conditions, temporary bio-
fouling of the foils from plant matter in the water column
poses a significant operational challenge. While fouled power
production will inherently be reduced and fouling is likely
to pose further limitations on control strategies as a heav-
ily fouled rotor would be more likely to stall when operated
under torque control. It is difficult to evaluate how much of
the observed fouling is directly attributed to high levels of
suspended plant matter at the specific site versus the general
challenges associated with fouling on a vertical-axis cross-
flow turbine in coastal environments.

The vertical shear observed in situ also has significant
implications for power generation. Decreases in mean inflow
conditions on the order of 10-20% were regularly measured
across the rotor height (see supplemental material). Main-
taining an optimized tip-speed ratio under strong shear with
turbulence is challenging (Fig. 11), but is necessary for opti-
mizing the performance of systems deployed near the seabed.
While locating the rotor higher in the water column would
reduce this impact, that cannot be easily achieved under the
same project constraints and it would also increase conflict
with vessel traffic in the area.

Increasing the size of the rotor to augment power genera-
tion will require care with regards to the overturning moment,
magnetic coupling torque limit, and bearing loads, but pre-
liminary analyses based on the data presented here suggest
a 10% increase in swept area, coupled with a change in
aspect ratio to make the rotor shorter and wider is achievable
within existing constraints. A wider rotor, with optimal pre-
set pitch angles, is expected to increase the torque production
while reducing the shaft speed and associated torque losses
from the seals. It is difficult to the predict gains associated
with adjusting the present pitch angle across the operating
space of the rotor, but results discussed by Hunt et al. (2024)
suggest that a preset pitch angle of —6° would maximize
power production and that the —9° preset pitch may have
reduced cycle-averaged performance a few percent. With
these changes the system’s mechanical efficiency would be
expected to increase and operate at more favorable PTO effi-
ciency. The remaining system changes are generally expected
to yield only modest performance improvements. However,
in aggregate, if this set of improvements yields increases in
power generation of only a few 10s of watts over the broad
range of inflow conditions, this would be meaningful when
integrated over long periods.
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8 Conclusions

The Turbine Lander, a small (1 m? swept area) vertical-axis,
cross-flow turbine on a gravity foundation, was designed and
deployed in a laboratory-to-field effort. Before in situ deploy-
ment, the system was characterized through dynamometry
and vessel-based testing aboard a research vessel. During its
141-day deployment in Sequim Bay, WA, the system oper-
ated with 90%-+ system up-time with the rotor operating for
more than 960h. The deployment site is characterized by
shallow (< 10 m depth) water with moderate mixed semi-
diurnal tides in which currents exceed 1 m/s approximately
40% of the time. In situ performance was lower than observed
in vessel-based testing, attributable to a combination of
biofouling and complex inflow conditions coupled with inad-
equate control response times. The deployment demonstrated
the robust design of the Turbine Lander, as it was recovered
in relatively good condition and continued to produce power
even after two blade loss events. Post-deployment assess-
ments, coupled with lab-based characterization, suggests
improved power generation and survivability with relatively
modest redesign tasks that minimize losses and modifications
to the rotor.
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