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ABSTRACT

Author: Adriana McKinney 

Title: Small Unmanned Marine Hydrokinetic Platforms for Power 

Generation in Coastal and Tidal Waters 

Institution: Florida Atlantic University 

Dissertation Advisor: Dr. Manhar Dhanak 

Degree: Doctor of Philosophy 

Year: 2024 

The feasibility and optimization of small unmanned mobile marine hydrokinetic 

(MHK) energy platforms for harvesting marine current energy in coastal and tidal waters 

are examined. A case study of a platform based on the use of a free-surface waterwheel 

(FSWW) mounted on an autonomous unmanned surface vehicle (USV) was conducted. 

Such platforms can serve as recharging stations for aerial drones (UAVs), enabling 

extension of the UAVs’ autonomous operating time. An unmanned MHK platform 

potentially meets this need with sustainable power harvested from water currents. For the 

case study, six different waterwheel configurations were field-tested in the Intracoastal 

Waterway of South Florida in support of determining the configuration that produced the 

most power. Required technologies for unmanned operations of the MHK platform were 

developed and tested. The data from the field-testing were analyzed to develop an 

empirical relation between the wheel’s theoretical hydrokinetic power produced and the 
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mechanical power harnessed by the MHK platform with various waterwheel 

configurations during field-testing. The field data was also used to determine the 

electrical power generated by the FSWW configurations during field-testing. The study 

has led to the development of standardized testing procedures. The empirical relation is 

used to examine predicted power production through scaling up different physical aspects 

of the waterwheel. 
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1.0 INTRODUCTION

There is growing interest in commercial, military, and scientific research 

applications of battery-operated unmanned marine and aerial vehicles operating in coastal 

areas. For example, battery-operated aerial drones are utilized in applications in both 

military and civilian sectors for surveillance, shipping, data acquisition, agriculture, and 

search and rescue, among others. Often, there is a need for expanded drone mission 

operations (Junaid et al., 2017). However, high power consumption by the drone motors 

rapidly depletes the drone’s onboard batteries, leading to limited flight times, ranging from 

fifteen to thirty minutes for small drones. Thus, drones and other autonomous vehicles 

would benefit from having readily available recharging stations along the coast. 

Optimizing drone recharging by eliminating the need for human intervention would vastly 

increase the capabilities of autonomous or independent drone missions. Multiple mobile 

recharge stations increase a drone’s range drastically, as they can strategically navigate 

along the drone’s intended flight path to enable battery recharge stops. Current literature 

offers limited research regarding such mobile sea surface or floating recharge stations, 

much less ones that are fully autonomous. Unmanned surface vessels (USV) have been 

developed for numerous other purposes (Caccia, 2005), (Few, 1999), (Majohr, 2000), 

(Manley, 1997), (Manley, 2000), and (Pascoal, 2000). Furthermore, development of small 

marine hydrokinetic, (MHK) turbines is in its infancy. Some scaled models have been 

tested in laboratory tanks, and a few full-scale prototypes have been tested in real-world 

environments (Starzmann, 2018), (Jeffcoate, 2015), (Bassett, 2022), and (Turnock et al., 
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2007). This study is motivated by the perceived need for such recharge stations in the 

coastal zone.  

A mobile autonomous recharge station has several advantages in serving as a 

recharge station for unmanned aerial vehicles (UAVs). First, tidal and ocean current as well 

as wave energy resources are optimal near the ocean surface, while a surface station can 

also harness solar and offshore wind energy resources. Second, in view of its mobility, the 

recharge station can navigate to and anchor in hot spots of MHK energy resources to 

optimize its harnessing potential. Significant sources of MHK energy are due to tidal, 

riverine, and coastal currents. Harnessing these currents using an unmanned surface 

platform presents a challenge and requires several considerations, such as the type of 

current turbine employed, the onboard power conversion and storage technology, 

utilization of power captured and overall operation of the autonomous platform, as well as 

the challenges presented for deployment in the open in-water environment and the 

availability of adequate current resource. 

This project explores the feasibility and challenges in the application of unmanned 

autonomous MHK platforms for harnessing currents in open tidal/coastal environments. A 

case study based on mounting a selected current turbine on an USV is undertaken. A 

sixteen-foot Wave Adaptive Modular Vessel (WAMV) with its autonomous navigation 

capabilities serves as the base USV for the MHK platform. It features two azimuth-capable 

electric outboard motors, an elevated payload deck, and a proprietary shock absorption 

system. The MHK Platform comprises of several support subsystems for the vessel to 

autonomously navigate to the resource location, anchor, deploy a current turbine, harness 

the power of the currents, and convert it to electric power, and store it onboard the platform 



3 

for subsequent recharging of an unmanned aerial drone autonomously from the platform. 

Based on a trade study, a free-stream waterwheel (FSWW) turbine was selected as the 

turbine of choice for the MHK platform; the turbine was custom designed and developed 

for stable mounting on the USV. Environmental and operational design constraints for the 

system include effectively harvesting current resource with flow speeds ranging from 0.5-

1.0m/s, harvesting at a maximum water depth of five meters to enable automated 

anchoring, and operating in zero sea state conditions (zero-meter wave height). 

1.1 Dissertation Goals, Research Questions, & Objectives  

The main goal of this study is to assess the feasibility and attributes of small 

unmanned mobile MHK platforms in harnessing currents and powering other unmanned 

systems through field-testing and operations optimization. This main goal can be 

subdivided into five supporting goals. First, identify field test sites that meet permitting 

requirements and assess their suitability. Second, develop procedures for field-testing and 

conduct tests under various measured background conditions for a series of system 

configurations. Third, acquire and analyze laboratory and field test data for assessment of 

system performance under corresponding test conditions. Fourth, determine the attributes 

and limitations of the system. Fifth, develop recommendations for optimization of the 

system and its operation. 

This investigation is driven by the following research questions:  

• Is a small autonomous unmanned surface platform-based MHK turbine feasible for 

capturing current energy in tidal channels, rivers, and coastal waters?  
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• What are the environmental and current resource considerations for deployment of 

such a MHK platform?  

• How can the system be scaled up and its performance and operations optimized? 

Furthermore, the following objectives are identified in support of addressing these research 

questions:  

1. To conduct an extensive literature review and determine the state of the art of 

current research in small scale MHK turbines and their deployments.  

2. To use an unmanned MHK platform, comprised of an MHK turbine onboard a 

WAMV USV, as a case study in assessing platform stability, the practicality of 

autonomous deployment, and the performance of such surface-deployed unmanned 

systems, including the feasibility of potential applications.  

3. To plan and conduct in-water testing of the system and characterize its performance 

for power production under various operational conditions, including consideration 

of test site conditions, mitigation of environmental impacts, as well as permitting 

requirements.  

4. To explore optimization of the system performance and its operation, including 

extension of the system to an array of such systems. 

The background and the power harvesting theory for extraction of mechanical 

power from the flow by a free-stream waterwheel (FSWW) is discussed in Section 2. A 

literature review in Section 3 examines the state of the art in development of MHK turbines 

and their typical field-testing conditions. Section 4 details the MHK turbine and platform 
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used for this investigation, while Section 5 specifies the field-testing undertaken. The 

process used to analyze the data acquired during field-testing is provided in Section 6 and 

the results are presented in Section 7. Section 8 provides an analysis of the results and a 

discussion of the implications of the results, optimization considerations, and expectations 

for scaled operations. Conclusions and suggestions for future work are outlined in Section 

9, while relevant appendices are included in Section 10. The bibliography is provided in 

Section 11. 
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2.0 BACKGROUND

The primary purpose of a MHK turbine is to extract energy from the water as it 

flows past the turbine. The turbine effectively converts the kinetic energy present in the 

flow into mechanical power. This conversion occurs as the turbine's shaft undergoes 

rotation when placed in the flow. Subsequently, through interaction with a power take-off 

(PTO) system, this mechanical power is further transformed into electrical energy. The 

amount of power available in the flow, 𝑃𝑓, the mechanical power, 𝑃𝑀, that can be 

harnessed, and the electrical power, 𝑃𝐸, that are a result of these transformations can be 

estimated based on simple considerations, similar to the methods and theory associated 

with harnessing the wind energy using wind turbines. The power available in the flow, 

𝑃𝑓, can be found using the fluid mechanics continuity equation for mass flow rate as a 

function of density and as a result is estimated as, 

𝑃𝑓 =
1

2
𝜌𝐴𝑈3 

(1) 

where 𝜌, is the density of water in [kg/m3], 𝐴, is the wetted capture surface area of the 

wheel blade in [m2], and 𝑈, is the free-stream flow speed of the water in [m/s] (Manwell, 

2009). This quantity represents the total power that can potentially be extracted from the 

kinetic energy of the present flow by a MHK turbine. The mechanical power, 𝑃𝑀, 

actually harnessed by the turbine in the flow is less than this and can be represented as 

follows (Manwell, 2009), 
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𝑃𝑀 =
1

2
𝜌𝐴𝑈3𝐶𝑃 

(2) 

where 𝐶𝑃, is the power coefficient, which represents the efficiency of the turbine, 

moreover the power produced divided by the theoretical flow power available. Thus, 

𝐶𝑃 =
𝑃𝑀

1
2 𝜌𝐴𝑈3

=  
𝑃𝑀

𝑃𝑓
 

(3) 

𝐶𝑃, is typically expected to be bounded by a theoretical maximum limit called the Betz 

Limit of, 𝐶𝑃𝑚𝑎𝑥 =
16

27
 or 0.59 (Manwell, 2009). This theoretical maximum represents the 

maximum rotor power achievable. This cap is a result of three main causes of power loss, 

non-zero fluid dynamic drag, wake rotation, and the finite number of blades and their 

associated tip losses (Manwell, 2009). The electrical power, 𝑃𝐸, expected to be generated 

by the turbine can be expressed as, 

𝑃𝐸 = 𝑃𝑓 ∙ 𝜂𝑡𝑜𝑡 (4) 

where 𝜂𝑡𝑜𝑡, is the total, “water to wire” efficiency of the turbine. Literature states that 

typically thirty to forty percent of the mechanical power captured by a turbine is 

converted to electrical power (Manwell, 2009). The low percentage being based on the 

Betz limit and losses due to design and manufacturing. Another useful quantity is the tip 

speed ratio (TSR), 𝜆, given by (Manwell et al., 2009). 

𝜆 =
𝛺 ∙ 𝑅

𝑈
 

(5) 

where 𝜴 is the angular speed of the wheel in [rad/s] and 𝑹 is the radius of the wheel in 

[m]. The above relations may be used to provide a basic prediction of the expected power 

production from the application of the FSWW turbine used in this case study (Figure 1). 

The plot was generated using 𝐴 = 0.349m2, which is the wetted capture area of each of 
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the turbine’s blades, 𝜌 = 1023.6kg/m3 as the density of the salt water in which the 

system is expected to be tested in, and flow speeds U, in the desired 0-1m/s range. In 

addition to estimated 𝜆, and 𝐶𝑃 values based on a computation fluid dynamics (CFD) 

investigation (Tran, 2022), and a selected value of 𝜂𝑡𝑜𝑡 = 40%. 

Such basic estimates can be determined for other values of the parameters. The power 

estimated using equation (2) is in the absence of allowing for the influence of the flow 

rotation in the wake. When wake rotation is taken into account, the power 𝑑𝑃 of a small 

element of the blade element is given by (Manwell, 2009), 

𝑑𝑃 =
1

2
𝜌𝐴𝑈3 [(

8

𝜆2
) 𝛼′(1 − 𝛼)𝜆𝑟

3𝑑𝜆𝑟] 
(6) 

where 𝜆𝑟 is the local speed ratio, 𝛼 is the axial induction factor, and 𝛼′ is the tangential 

induction factor, given by  

Figure 1: Estimated Prediction of FSWW Power Capture 



9 

𝜆𝑟 =
𝜆 ∗ 𝑟

𝑅
 

(7) 

𝐶𝑃 = 4𝛼 − 8𝛼2 + 4𝛼3 (8) 

𝛼′ = (−
1

2
) + (

1

2
) √[1 +

4

𝜆𝑟
2 𝛼(1 − 𝛼)] 

(9) 

The total extracted mechanical power, including wake rotation, is given by, 

𝑃𝑀𝑟𝑜𝑡 =
1

2
𝜌𝐴𝑈3 ∫ [(

8

𝜆2
) 𝛼′(1 − 𝛼)𝜆𝑟

3𝑑𝜆𝑟]
𝜆

0

 
(10) 

Equations (2) and (10) were used to compute and tabulate estimated power capture with 

and without inclusion of wake rotation for seven blade and eleven blade configurations, 

at two flow rates each (Manwell, 2009). The following physical characteristics of the 

wheel were taken as constants in the analysis: the wheel’s full radius, 𝑅 = 0.4858m; the 

radius at which the resultant force of the passing flow on the blade was applied, 𝑟 =

0.2381m; the full diameter of the wheel, 𝐷 = 0.9715m; the blade’s wetted surface area, 

𝐴 = 0.349m2; the axial length of the wheel, L = 1.41m; and the width of each blade, 

0.2477m. Supporting TSR and 𝐶𝑃, values along with their associated flow rates were 

selected from the research of two colleagues, Sullivan Hess, and Adam Hall. Sullivan 

Hess conducted small scale tank tests to predict the expected power production using the 

FSWW turbine (Hess, 2020). Adam Hall created detailed power production models for 

this turbine based on his initial design for the PTO system (Hall, 2022). The resulting 

values using parameters selected from their work as inputs to this analysis are shown 

below, Table 1. 

Table 1: Cp and TSR Data for Power Prediction 

11 Blade Wheel Configuration 

U [m/s] 𝐶𝑃 TSR 
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The power predictions for the seven-blade wheel using the standard method at each flow 

speed are shown below, Table 2. 

Table 2: 7 Blade Power Predictions without Wake Rotation 

U [m/s] 𝐶𝑃 P [W] 

0.5 0.45 9.9321 

1.0 0.40 70.6284 

The power predictions for the eleven-blade wheel using the standard method at each flow 

speed are shown below, Table 3. 

Table 3: 11 Blade Power Predictions without Wake Rotation 

U [m/s] 𝐶𝑃 P [W] 

0.160 0.14 0.1013 

0.447 0.20 3.1541 

The power predictions for the seven-blade wheel allowing for the wake rotation at each 

flow speed are shown below, Table 4. 

Table 4: 7 Blade Power Predictions with Wake Rotation 

U [m/s] 𝐶𝑃 𝜆 𝜆𝑟 𝛼 𝛼′ Power Prot [W] 

0.5 0.45 0.65 0.3186 0.1591 0.5813 6.5 

1.0 0.40 0.70 0.3431 0.1330 0.5021 49.3 

The power predictions for the eleven-blade wheel allowing for the wake rotation at each 

flow speed are shown below, Table 5. 

Table 5: 11 Blade Power Predictions with Wake Rotation 

U [m/s] 𝐶𝑃 r/R 𝜆 𝜆𝑟 𝛼 𝛼′ Power Prot [W] 

0.160 0.14 0.5 0.25 0.1225 0.0378 0.7797 0.0563 

0.447 0.20 0.5 0.40 0.1960 0.0561 0.5897 2.0357 

After consideration it was determined that these methods would not produce an 

accurate prediction of the power to be produced by the FSWW. In response to this it was 

0.16 0.14 0.25 

0.447 0.20 0.40 

7 Blade Wheel Configuration 

0.5 0.45 0.65 

1.0 0.40 0.70 
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decided that an empirically accurate numerical expression for the power produced by the 

FSWW should be created. This expression was derived using the same continuity 

equation of fluid mechanics and mass flow rate as a function of density (Manwell, 2009). 

The power produced can be considered torque times angular speed of the wheel. Toque is 

the product of a resultant or concentrated force being applied to a radius or leaver arm. 

The full derivation is included in Appendix A, the resulting expression for CP is shown 

here, 

𝐶𝑝  =  𝐾(1 − 𝜆𝛼)2𝜆 (11) 

where 𝜆 = 𝛺𝑅/𝑈, and K = 𝑔𝐶𝐷, when g is an empirical constant; the mechanical power 

harnessed, 𝑃𝑀, is then computed using equation (2). The empirical constant K is to be 

estimated from an analysis of the data acquired from the field experiments. Expression 

(11) also encapsulates the effect that each parameter of the wheel has on mechanical 

power production, which enables a parameter-based investigation of the scaling of the 

FSWW. 
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3.0 LITERATURE REVIEW

The global maritime industry is moving toward automation of near shore support 

in ports, open ocean shipping, and military operations (Strickland, 2017). Forty-six 

separate USVs have been developed by various contractors to address these differing 

needs (Strickland, 2017). Autonomous vehicles for several scientific uses have also been 

developed. Sea surface micro layer data collection has been achieved using automated 

catamarans (Caccia, 2005). Autonomous systems for sampling surface and near surface 

atmosphere measurements (Few, 1999), water monitoring for dolphin (Majohr, 2000), the 

collection of hydrographic and bathymetric data (Manley, 1997) and (Manley, 2000), and 

communications aids between main vessels (Pascoal, 2000) have all been developed. 

However, little to no mention is made for powering these types of vessels with renewable 

energy sources to reduce the need for human intervention or maintenance. That is where 

the MHK Platform excels, as it is designed to bolster autonomous navigation, anchoring, 

and FSWW deployment. Powering auxiliary devices with renewable sources nearly turns 

the MHK Platform into a support vessel, rather than it needing its own support vessel like 

many of the USVs in the existing literature.  

Literature covers the use of small turbines for power generation in remote 

communities (Anyi, 2010). Citing the need for debris shedding and cheap floating 

structures. There are many investigations of marine hydrokinetic models and simulations. 

They typically use computational fluid design (CFD), MATLAB Simulink, blade element 
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theory models, low-, mid-, and high-fidelity models from the national laboratory system 

(Neary, 2013). A couple of articles share results for lab experiments with scaled models 

(Jeffcoate, 2015) or tow tank tests (Cavagnaro, 2016) and (Schmitt, 2022). But only a 

handful of articles detail field-testing of full-scale prototypes in the real-world 

environment.  

Figure 2, shows four Schottel Instream Turbines (SIT) mounted to the PLAT-1. 

This system is one of the full-scale real-world tested cases found in literature (Starzmann, 

2018). This platform is rated to produce 280kW and was tested in Scotland. International 

Electrotechnical Commission Technical Standard (IEC TS) 62600-200 was used to help 

determine the power produced by each individual turbine. The SIT 250 is a three-blade 

horizontal axis free-flow turbine with a planetary gearbox, asynchronous generator, and a 

hydraulic brake. These turbines are mounted to the three hulled PLAT-1 with SIT 

Deployment Modules. The PLAT-1 self-aligns in the oncoming flow using a mooring 

turret. The system was moored with a four-point spread using Raptor rock anchors. The 

test site, was located at the mouth of the Loch Etive in Connel, Oban Scotland. This site 

was ideal for tidal power generation due to its large tidal zone and localized fast flows 

due to a jet formed by the nearby Falls of Lora. Testing results show that the turbine 

Figure 2: SIT in maintenance position (left) and deployed 

(right), (Starzmann, 2018) 
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located closest to the velocity measurement device had near exact agreement with the 

blade element method generated power predictions and in general the power produced 

during testing led to a high level of confidence in the design. Placement of the velocity 

measurement device in different areas on the PLAT-1 led to differing results, so future 

work will investigate device placement as well as a few different velocity measuring 

devices (Starzmann, 2018). 

An earlier version of the same turbine was field-tested, suspended from a barge in 

2015 at Queen’s University Belfast’s tidal site in Strangford Lough, Nl., Figure 3 

(Jeffcoate, 2015). 

The turbine was tested with a maximum water depth of 15.8m and in flow speeds ranging 

from 0.4 to 2.5m/s. The test site is sheltered from most wave action, so the largest wave 

to disturb the platform was caused by the local ferry and was 0.5m in height. When the 

turbine was fully deployed its blade tips swept a distance from 1.4 to 5.4m below the 

surface. An acoustic doppler profiler was used to measure the wake of the turbine, the 

rotational speed of the shaft was measured with a speed sensor, and the signal response 

from an inverter was used to measure the power produced. Two load cells were also 

mounted to the frame and rotor to measure thrust on the unit. The barge had sonar 

mounted to the bow which monitored upstream for any animals or debris heading toward 

the turbine. Collisions were prevented by triggering an electric turbine brake when 

Figure 3: Schematic of deployed turbine (left), the barge with the 

turbine deployed (right) (Jeffcoate, 2015) 
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notified by the sonar. During testing, there were twenty-nine mammal sightings and six 

turbine shut downs, but there was no evidence found to suggest that any mammals were 

harmed during testing. Results show that the time averaged power output of the turbine 

was 19kW. Power efficiency increased as the flow velocity increased and the thrust on 

the unit reached 17kN at maximum flow (Jeffcoate, 2015). 

This tidal turbine, Figure 4, was suspended from a moored barge and tested in a 

6m deep tidal channel with flow speeds exceeding 2m/s in Agate Pass, WA. A stereo 

optical camera and a Blueview imaging sonar were mounted to the barge for collision 

monitoring. No fish collisions were recorded; however, debris and jellyfish did collide 

with the turbine. The noise created by the turbine was recorded, but distinguishing the 

turbine generated noise from the background noise proved to be challenging. Results 

show that the turbine reached peak efficiency at 2m/s flow speeds and had similar power 

production results to tests performed under propulsion. An effort and cost comparison 

was made between real world testing and propulsion testing, and the results indicate that 

testing under propulsion is much more effective, unless environmental monitoring is of 

paramount importance. It was found that operating under propulsion requires 

considerably less planning and oversight and leads to four times as much operating time 

than moored tests (Bassett, 2022). 

Figure 4: Schematic of deployed turbine lander 

(left) turbine lander (right) (Bassett, 2022) 
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This 2m in diameter stream waterwheel, Figure 5, was installed onto a 4.5m 

Catamaran Hull by students completing their senior design project at the University of 

Southampton, UK. This configuration allowed for 0.4m blade submergence. Its first in 

water tests were conducted in flow created by a 15Hp rigid inflatable boat (RIB) engine 

with test flow speeds averaging 0.55m/s. Its second round of testing was conducted as it 

was towed behind a RIB which allowed for test flow speeds averaging 1.19m/s. Results 

show that the Cp to TSR relationship observed from field-testing was a mere fraction of 

theoretical expectations, Figure 6. 

Figure 6: Comparison between experimental 

test data and BEM theoretical predictions 

(Turnock et al., 2007) 

Figure 5:The University of 

Southampton, UK, tidal mill with 

stream waterwheel (Turnock et al., 

2007) 
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It was also found that the addition of a lifting hydrofoil used to accelerate the flow as it 

entered the waterwheel increased energy capture by a factor of 2.57 (Turnock et al., 

2007).  

A study comparing the power production of a tidal turbine tested in the field 

compared to the power production of the same turbine tested in a tow tank was 

conducted. It found that the overall power production of the same turbine tested in each 

of the test environments was well aligned after adding a blockage correction. It was also 

found that results were obtained for a larger range of conditions in the field tests versus 

the tow tank tests (Schmitt, 2022). 

A 1MW three blade horizontal axis turbine with an 18m diameter was tested in 

Orkney, Scotland observing IEC TS 62600-200’s performance measurement 

requirements. Which requires that two independently located, either inline or adjacent to 

the turbine, profilers be used to measure the performance of the turbine. This study used 

five acoustic Doppler current profilers (ADCPs) and one single beam ADCP configured 

around the turbine, Figure 7. The results suggest that instruments can be placed outside of 

the IEC TS recommended placements relative to the turbine and still provide accurate 

representations of the flow as it approaches the turbine. It was also found that at this test 

Figure 7: Measuring Instrument placement from 

DEEP-Gen IV TEC (Evans et al., 2023) 
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site, adjacently placed ADCPs, may not produce the accuracy required by IEC TS 

throughout the entire tide cycle, and should be avoided (Evans et al., 2023).  

The waterwheel shown in Figure 8, was used in a investigation to verify 

numerical simulations which were developed to study the effects of differing blade 

submergence levels on power production and flow characteristics. Results show that the 

simulations were accurate to the power produced during experimentation, with an error of 

less than five percent. For this particular waterwheel, it was determined that peak 

performance was achieved with an immersed radius ratio of 82.7%. It was also found that 

the water-level difference between the up and down-stream areas was vastly increased at 

this immersion ratio, this immersion ratio also lent itself to creating more complex water 

flow which could create turbulent flow and local erosion.  

Many of the turbines found in literature produce power in the kilowatt or 

megawatt range and would be used in larger arrays to tie into the power grid back on 

shore. The FSWW for the MHK Platform produces power in the tens of watts range and 

uses the power it generates to power an auxiliary system. None of the articles feature a 

crossover where the USV and the MHK turbine combine into one cohesive system. 

Which speaks to the novelty of this project and investigation. Combining a fully 

Figure 8: Waterwheel during field 

experiment (Zhao et al., 2020) 
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autonomous surface vessel with a renewable energy source enables it to keep itself 

deployed indefinitely or until the system encounters some other fatal error. 

This literature review would be remiss if it failed to mention IEC TS 62600-200 

and IEC TS 62600-202. These technical standards (TS) are released by the International 

Electrotechnical Commission (IEC) to aid MHK developers in the evaluation of 

commercial scale tidal current energy converters (TECs) and the prototypes predecessors. 

IEC TS 62600-200 specifically, provides a formal definition for TEC rated power, a 

systematic process for determining power performance, a uniform method for creating 

power curves, and a standardized means to report results (IEC/TS 62600-200, 2013). IEC 

TS 62600-202 details what is required for the development of a TEC prototype and its 

associated test plans. The device should be fully represented with physical models and 

technical drawings. Environmental characteristics should be thoroughly documented with 

mooring requirements, when necessary, and information regarding present energy 

resources. Clear testing goals should be identified prior to testing, and the limitations and 

accuracy of the collected raw data should be acknowledged and used to form sound 

conclusions (IEC TS 62600-202, 2022). The scope of IEC TS 62600-200 surpasses the 

capabilities and resources associated with this investigation, so it was not incorporated 

into the practices exercised throughout this investigation. However, many of the 

principles outlined in IEC TS 62600-202 were incorporated into this investigation and its 

associated field-testing.  

Next it is pertinent to acknowledge MHKit an open-source data processing tool 

available for download on GitHub, developed by National Renewable Energy 

Laboratory, Pacific Northwest National Laboratory, and Sandia National Laboratories. 
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This tool is meant to aid MHK developers in data analysis methods that best align with 

IEC TS 62600-200 requirements. It can be used on the python or MathWorks platforms 

and includes modules for data quality control, wave, river, tidal, power, loads, and 

mooring (MHKit, 2019). This investigation utilized the data processing tools provided in 

the quality control module on the MATLAB version of the kit, to help ensure the raw 

data was ready for processing. Each data set was checked using the time stamp check and 

the range check. However, MATLAB’s “rmoutliers” function was used over the MHKit 

outliers feature.  
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4.0 MHK TURBINE & PLATFORM

This case study utilized a mobile unmanned MHK platform, based on deployment 

of the FSWW turbine from an autonomous USV, Figure 9, developed under funding from 

the Department of Energy (DOE) and the Office of Naval Research (ONR). The WAMV 

USV is a commercial off the shelf (COTS) vehicle. It is 4.88m in length, 2.44m in beam, 

and is powered by two 105Ah Lithium-ion Nickel Manganese Cobalt batteries. The USV 

has a factory weight of 181kg (400lbs). Designing the MHK turbine or the FSWW, 

required consideration of the structural limiting factors of the preexisting WAMV USV. 

The WAMV has a payload capacity of 350lbs, but after adding autonomous navigation 

instrumentation, the remaining payload was limited to 140lbs. This payload restriction, 

along with the rigid structure of the WAMV, created the initial design constraints for the 

MHK turbine. The obligatory low flow functionality of the turbine required it to operate 

within 0.5-1.0m/s range of the flow current speed. The performance of the MHK platform 

was to be verified under zero sea state conditions and in low boat traffic areas where the 

Figure 9: The MHK Platform deployed for Testing, 12/5/23 
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wheel would have minimized instances of interruption. To ensure safe anchoring, a 5m 

anchoring depth limit was introduced due to the maximum amount of line available in 

most COTS winches.  

A trade study with seven different requirements, as listed in Table 6, was 

conducted to determine what type of turbine should be used for the project. This trade 

study took consideration of the design criteria, the operational practicality, and projected 

power output. 

Table 6: Trade Study Requirements 

Requirement 

Number: 

Description: 

1 The system must operate in the low-speed current flow of a 

coastal marine environment (~0.5 m/s) 

2 The system must reach a power output of 300 W 

3 The power output for the final device must be at least 50% of 

the predicted value for a given flow speed. 

4 The system must be autonomously deployable from the 

WAMV platform. 

5 The MHK, PTO, generator, and associated mounting structures 

must weigh less than 140 lbs. 

6 The MHK device must completely clear the free surface in its 

stowed position. 

7 The device should deflect/avoid environmental debris such as 

plastic bags and coconuts. 

Three types of turbine designs were compared in the trade study, the FSWW, the 

Horizontal Axis, and the Vertical Axis turbines. The FSWW scored the highest, at 0.456, 

Table 7. 

Table 7: Trade Study Results 

Criteria 

Free-stream 

Waterwheel 

Horizontal Axis 

Turbine 

Vertical Axis 

Turbine 

Weight Score Weight Score Weight Score 

Low-Flow Operation 

~0.5m/s 
0.196 0.6 0.196 0.2 0.196 0.2 

Power Output ~300W 0.130 0.667 0.130 0.167 0.130 0.167 
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Power generation of 50% of 

predicted level at flow. 
0.130 0.455 0.130 0.273 0.130 0.273 

WAMV autonomously 

deployable 
0.152 0.545 0.152 0.182 0.152 0.273 

Weight <= 140lbs 0.174 0.091 0.174 0.455 0.174 0.455 

Clear free surface while 

stowed 
0.130 0.385 0.130 0.308 0.130 0.308 

Debris shedding 0.088 0.5 0.088 0.3 0.088 0.2 

Final Score 0.456 0.269 0.275 

Next a risk analysis containing twelve criteria was performed for the same three turbine 

designs, Tables 8-10.  

Table 8: Horizontal Axis Water Turbine (HAWT) Risk Register 

Horizontal Axis Turbine 

Probability of 

Occurrence 

Impact of 

Occurrence 
Overall Risk 

1-4 1-4 Low Medium High 

1 
Will not operate in ~0.5m/s 

current. 
3 4   X 

2 
Does not reach power output 

of ~300W 
3 3  X  

2.1 

Power generation of at least 

50% the predicted level for 

any given flow velocity is 

not reached (Efficiency 

~50%). 

2 1  X  

3 
Autonomous Deployment 

Failure 
2 2  X  

4 
Weight Exceeds 140lbs 

(63.5kg) 
1 3  X  

5 
MHK does not clear the 

surface while stowed.  
1 3  X  

6 
MHK does not deploy 

smoothly. 
1 1 X   

7 
Is damaged/entangled by 

large (coconut sized) debris. 
2 4   X 

8 
MHK drag exceeds anchor 

limits. 
2 3  X  

9 
Incurs instability of WAMV 

platform. 
3 4   X 

10 
Flow concentrator does not 

perform as predicted. 
1 2  X  

11 
MHK deployment interacts 

with seafloor. 
1 3  X  

12 Negative marine life impact.  2 2  X  
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Table 9: Vertical Axis Turbine (VAT) Risk Register 

Vertical Axis Turbine 

Probability of 

Occurrence 

Impact of 

Occurrence 
Overall Risk 

1-4 1-4 Low Medium High 

1 
Will not operate in ~0.5m/s 

current. 
3 4   X 

2 
Does not reach power output 

of ~300W 
4 3   X 

2.1 

Power generation of at least 

50% the predicted level for 

any given flow velocity is 

not reached (Efficiency 

~50%). 

2 1  X  

3 
Autonomous Deployment 

Failure 
2 2  X  

4 
Weight Exceeds 140lbs 

(63.5kg) 
2 3  X  

5 
MHK does not clear the 

surface while stowed.  
3 3  X  

6 
MHK does not deploy 

smoothly. 
2 1  X  

7 
Is damaged/entangled by 

large (coconut sized) debris. 
3 4   X 

8 
MHK drag exceeds anchor 

limits. 
2 3  X  

9 
Incurs instability of WAMV 

platform. 
3 4   X 

10 
Flow concentrator does not 

perform as predicted. 
2 2  X  

11 
MHK deployment interacts 

with seafloor. 
1 3  X  

12 Negative marine life impact.  2 2  X  
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Table 10: Free-stream Waterwheel (FSWW) Risk Register 

Free-stream Waterwheel 

Probability of 

Occurrence 

Impact of 

Occurrence 
Overall Risk 

1-4 1-4 Low Medium High 

1 
Will not operate in ~0.5m/s 

current. 
1 4  X  

2 
Does not reach power output 

of ~300W 
2 3  X  

2.1 

Power generation of at least 

50% the predicted level for 

any given flow velocity is 

not reached (Efficiency 

~50%). 

1 1 X   

3 
Autonomous Deployment 

Failure 
1 2  X  

4 
Weight Exceeds 140lbs 

(63.5kg) 
4 3   X 

5 
MHK does not clear the 

surface while stowed.  
1 3  X  

6 
MHK does not deploy 

smoothly. 
1 1 X   

7 
Is damaged/entangled by 

large (coconut sized) debris. 
1 4  X  

8 
MHK drag exceeds anchor 

limits. 
2 3  X  

9 
Incurs instability of WAMV 

platform. 
1 4  X  

10 
Flow concentrator does not 

perform as predicted. 
4 2   X 

11 
MHK deployment interacts 

with seafloor. 
1 3  X  

12 Negative marine life impact.  1 2  X  

The risk analysis determined that the FSWW was the lowest risk design when compared 

to the HAWT and the VAT. This determination was relative to potential damage due to 

debris impact, increased platform stability due to low submergence levels, and the 

likelihood of successful power generation at low flow speeds. With the results of both 

analyses showing that the FSWW was advantageous, it was selected for use as the MHK 

turbine. Due to the WAMV’s beam length the final length of the wheel was 1.41m with a 

diameter of 1m, which led to a water swept area of 0.349m2. Seven, nine, and eleven 

blade configurations of the FSWW would be field-tested. The wheel, Figure 10 was 
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constructed out of 3/16 Aluminum Blades, High Density Polyethylene (HDPE), and 

stainless-steel bolts. 

The MHK turbine is one subsystem within the MHK Platform. The PTO system, 

the autonomous anchoring system (AAS), the wireless charging platform (WCP), and the 

main control box with its supporting batteries complete the full platform, Figure 11.  

Each of these systems was developed in house and plays a vital role within the platform. 

The MHK turbine and the PTO system are essential to generating power from the flow 

and could not do so individually, as the FSWW physically captures the kinetic energy 

from the flow and the PTO transforms this mechanical power into electrical power. The 

Figure 10: Fabricated FSWW (9 

Blade) 

Figure 11: Modeled version of the MHK Platform with 

subsystems highlighted 
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PTO, Figure 12, is what takes the rotation of the FSWW’s shaft and transforms it into 

electrical power. As seen in Figure 12, from left to right, the PTO consists of a one to 

thirty-five planetary gearbox, a NuVinci ball continuously variable transmission (CVT), 

and a Marsrock G100S permanent magnet generator. This configuration strives to ensure 

that the FSWW and the generator both rotate at their respective peak efficiencies, 

individually, and as a coupled system, in support of optimal power extraction. Initial 

models showed that this configuration when operated under maximum power point 

tracking (MPPT) would generate approximately 9, 24, and 58W of power at 0.5, 0.7, and 

1.0m/s flow rates respectively (Hall, 2022). Since, extensive benchtop testing and control 

algorithms were conducted and have been developed for the PTO (Pimentel, 2024). 

Figure 12: PTO SolidWorks Model (left) built out PTO assembled (right) 

Figure 13: AAS SolidWorks model (left), built out sys. on the WAMV (right) 
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The AAS, Figure 13, is designed to payout the anchor and its line automatically at a 

seven to one scope, while ensuring the vessel stays in compliance with vessel collision 

regulations (COLREGs). This system operates the vessel’s navigation lights and day 

signal assemblies, both used to signal the MHK platform’s status to other vessels. A load 

cell located on the anchor line monitors the tension on the line while the vessel is at 

anchor. ORCAFLEX simulations determined that under expected operational conditions 

the vehicle would not experience anchor line tension above the system design limitations, 

see Appendix B for the ORCAFLEX report summary. These results were then verified 

with the anchor’s holding capacity test, which proved failure at 2000N (450lbf). Due to 

the amount of anchor line that fits on the COS winch, the MHK Platform has a maximum 

anchoring depth of 5m. This subsystem was lab tested in 2021 (Frosrook, 2021) and was 

verified operational on the MHK Platform in December of 2023. 

The WCP, Figure 14, was designed to secure the drone to the MHK platform and enable 

its wireless recharging, while facilitating reliable and repeated drone take offs. The WCP 

consists of two main subsystems, a UAV restraint system, and a charging pad. The 

restraint system is designed as a parallel pusher that uses two motors to actuate four rods 

to the center of the charging pad, which then slip over custom UAV landing gear, holding 

the UAV in place for the duration of its charge. Autonomous recharging is achieved with 

Figure 14: Wireless charging platform SolidWorks model (left) built out 

assembly (right) 
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wireless conductive contact charging. SkyCharge has provided FAU with a system that 

uses conductive contacts and proprietary DC to DC battery charging electronics to charge 

the UAV (McKinney, 2021). This system has been lab verified and is to be installed on 

the MHK platform prior to April 2024.  

The drone selected for this project is the ANAFI Parrot, Figure 15, as it met university 

policy requirements. This drone weighs 320g (0.71lbs), has a twenty-five-minute flight 

time, a 4km transmission range, two high density Lipo batteries, with 2700mAh capacity 

and a maximum charging power of 24W. When fully extended the drone’s dimensions 

are 9.45in by 9.61in (ANAFI, 2021).  

 

 

 

Figure 15: The retrofitted ANAFI 

Parrot, with costume landing gear 
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Figure 16, shows the main control box aboard the MHK platform, at the bow of the 

vessel on the top payload tray. This control box integrates all of the subsystems and 

controls the autonomous navigation of the vessel. The flow sensor, an AIRMAR 

ultrasonic speed sensor, used as part of the PTO data collection system is shown by 

callout A in Figure 16, while the sensor’s transmitter is shown by callout B. A Blue 

robotics sonar depth pinger is also mounted to the same structure as the flow sensor 

shown by callout A, its simply positioned behind the flow sensor and submerges above 

the flow sensor as seen by the white structure on the dark grey post. The depth pinger is 

used by the AAS and the autonomous navigation system. All of these systems work 

Figure 16: Flow sensor and 

sonar depth pinger as 

mounted on the MHK 

Platform 
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together to form the MHK platform, which houses the MHK turbine and allows for this 

case study.
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5.0 FIELD-TESTING

In this section the work required to conduct open water testing is described. The 

processes for acquiring environmental permits for field-testing, site-selection, field-

testing procedures, and field-testing are outlined. The permitting phase of the 

investigation was completed in mid-2021. The site-selection phase was conducted 

between 2022 and January 2023. Then, field-testing was carried out during the month of 

February 2023, and subsequently between November 2023 and February 2024. The 

following subsections detail the work conducted as part of each of these processes. 

5.1 Environmental Permitting  

As this project received DOE funding, rigorous permitting processes were 

undertaken for potential field-testing sites. A National Environmental Policy Act (NEPA) 

review was conducted on a thorough field work plan. Following that, a third-party 

biological evaluation of the potential test sites was conducted. The biological evaluation 

considered the at risk and endangered species that live in and around the Intra-coastal 

Waterway (ICW) and coastal regions of Fort Lauderdale and Dania Beach, Florida. These 

animals included; the American Crocodile, the Green Sea Turtle, the Hawksbill Turtle, 

the Kemp’s Ridley Sea Turtle, the Leatherback Sea Turtle, the Loggerhead Sea Turtle, 

the North American Right Whale, the Southeastern Beach Mouse, the West Indian 

Manatee, the Piping Plover, the Rufa Red Knot, the Wood Stork, Beach Jacquemontia, 

Atlantic Sturgeon, the Giant Manta Ray, Shortnose Sturgeon, Smalltooth Sawfish, 
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Boulder Start Coral, Lobed Star Coral, Mountainous Start Coral, Rough Cactus Coral, 

Pillar Coral, Staghorn Coral, and Elkhorn Coral (Scripter, 2021). The environments, 

habitats, and plants considered during evaluation and following permitting included, 

seagrass, and potential nesting grounds for protected birds, turtles, and manatees. This 

evaluation determined that the planned activities in the potential testing sites were not 

likely to have adverse effects on at risk wildlife and their habitats. These findings were 

provided in a written report to NEPA. NEPA filed for letters of concurrence from the 

National Fish and Wildlife Service and the National Marine Fisheries Service. These 

letters also deemed the MHK Platform testing as not likely to adversely affect wildlife if 

appropriate mitigation procedures were followed. Those steps included, briefing all 

testing staff on endangered species in the area prior to testing, stopping testing if any 

animals are spotted within a fifty-foot testing radius, obeying all posted no wake and 

speed limit signs, and to end testing for turtle nesting season March 1st through October 

31st (McKinney, 2023). This entire permitting process took a year and a half. After the 

permitting phase of the project preparations for site-selection on the proposed potential 

testing sites began. 

5.2 Site-Selection  

New survey equipment, procedures, and data analysis protocols were created to 

determine which sites met the permitting agencies’ requirements, as well as met the 

MHK Platform’s design limitations. A sensor platform, Figure 17 was developed to  
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measure local site water depth and flow speed. A flow sensor, a BlueRobotics depth 

sensor, and an electronics box for powering the system and acquiring data were mounted 

on an existing catamaran structure, Figure 17 callout A. The first iteration of the sensor 

platform had a paddle wheel flow speed sensor. However, after preliminary tests, the 

paddle wheel flow speed sensor was replaced with an Ultra-Sonic flow speed sensor for 

improved data reliability, Figure 17 callout B and C. The electronics box holds a Teensy 

microprocessor, its supporting circuitry and a 12V battery (McKinney, 2023). After the 

sensor platform was deemed reliable, site-selection procedures and checklists were 

written. The test site criteria required by NEPA and the MHK platform’s design were 

well defined and included in these procedures. Those criteria are sandy or muddy sea 

floor conditions, a maximum water depth of five meters and available flow speeds 

ranging from half to one meter per second. The MHK turbine and platform’s design 

introduced the flow speed and water depth requirements, while the sea bottom conditions 

were set by NEPA. NEPA set these sea floor requirements to protect at risk sea grass 

species in South Florida waters. Then to begin determining which sites met the testing 

criteria, site-selection surveys were conducted. Each site survey required three tests. 

There was a test to examine the sea floor and determine the local water depth. A test to 

record flow speed of local currents and a test to identify boat traffic patterns in each area. 

GoPro video was taken to observe sea floor conditions at all the potential test sites. Once 

Figure 17: Site-selection Surveying’s Sensor Platform (McKinney, 2023) 
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the GoPro video was examined, a potential field-testing site was eliminated if sea grass 

was detected on the sea floor. Instances of sandy, grassy, and rocky sea floor conditions 

are shown, Figure 18. The left-hand portion of Figure 18, shows what was deemed as 

sandy sea floor conditions, the middle portion of the figure shows what was considered 

grassy sea floor conditions, and the right portion of the figure shows what was classified 

as rocky sea floor conditions. 

As the sea floor characterizations were being filmed, water depth contour maps were 

created with the Garmin STRIKER Cast, Figure 19. The sites with water depths  

Figure 18: Sea Floor Conditions Used for Site Classification (McKinney, 2023) 

Figure 19: STRIKER Cast, 

Castable Sonar module 

(McKinney, 2023) 
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exceeding five meters were eliminated as potential test sites. Next, the boat traffic and 

flow speed tests were conducted on the sites that remained. Full days were spent 

observing and systematically noting boat traffic at each site to identify periods of low 

traffic. This was important because it was believed that large boat wakes may hinder the 

performance of the FSWW. The flow sensor platform was anchored about nine to twenty-

one meters offshore to collect water flow and depth readings for six-hour periods. 

Capturing high-to-low or low-to-high portions of the tide cycles. 

Figure 20: Google Maps Image of the 

ICW near SeaTech 
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Overall, eight sites were tested, and two sites met the criteria to be considered full test 

sites, while one site was chosen for partial system testing. The potential test sites mainly 

included areas in the ICW near FAU SeaTech in Dania Beach FL, Figure 20.  

Potential test site 1.1, Figure 21 contained areas of grassy sea floor conditions which 

disqualified it from being a test site even though it met water depth criteria Figure 22. 

The water depth contour maps shown in Figure 22, the right portion being a zoomed in  

 

Figure 21: Site 1.1 (McKinney, 2023) 

Figure 22: Depth Contour Maps of Site 1.1 

(McKinney, 2023) 
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version of the left portion, show that the depth ranged from four to nine feet (max depth 

allowed 16.4ft). Site 1.2, Figure 23, was also eliminated due to the presence of sea grass. 

The first site to meet the sea bottom conditions was site 1.3, Figure 24, with a sandy 

substrate. This site also met the depths requirements, falling under the five-meter limit. 

Next a boat traffic survey was conducted, and this site was deemed to have moderate 

traffic with 54, 55, and 156 boats passing during each observation period. Furthermore, 

the wakes created by these passing boats did not seem to affect the sensor platform. 

Figure 23: 1.2 (McKinney, 2023) 

Figure 24: Site 1.3, location left and middle, depth 

contour map right (McKinney, 2023) 
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Figure 25, shows the flow speed results of surveying the site through two six-hour 

periods. 

The left graph from a low to high tide cycle on 8/18/22, with speeds ranging between 0.5 

and 2m/s flow. The right graph shows a high to low tide cycle on 8/11/22, with flow 

speeds ranging from 0.5 to 1.75m/s. The next site to be eliminated was the Southern site, 

Figure 26. This site had severe changes in water depth ranging from five to eleven 

meters. It was also immediately apparent that boat traffic at this site was dangerously  

 

Figure 25: Current Speed Profiles 8/18/22 & 8/11/22 (McKinney, 2023) 

Figure 26: Southern Site (McKinney, 2023) 
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high. Bridge Beach, Figure 27, was the next site to be eliminated, this time due to sea 

grass. This was despite meeting water depth requirements as seen in the contour map. 

Following Bridge Beach, Port site, Figure 28, at 26°04'33.0"N 80°06'48.7"W, which is 

2,496m from the launch point, and 153 by 19m in size, was eliminated due to concerns 

about maintaining a fifty-foot testing radius around the vessel and due to some very deep  

regions as seen in the contour map. The second site to meet all the requirements was Inlet 

site, Figure 29, at 26°05'17.4"N 80°06'46.3"W, 3,804m from the launch point, and 122 by 

Figure 27: Bridge Beach (left) water depth contour map 

(right) (McKinney, 2023) 

Figure 28: Port Site and its contour map (shown in feet) (McKinney, 

2023) 
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28m. This site had sandy sea bottom conditions, shallow water depths and a measurable 

flow. 

Boat traffic studies of this site showed 124 boats pass the location during the low to high 

tide cycle and 148 boats pass during the high to low tide cycle. Figure 30, shows the flow 

speed profile for a low to high tide cycle (McKinney, 2023). 

This concluded the seven original testing site surveys, which yielded two sites that met 

criteria for full system testing. However, one additional site was surveyed due to its 

Figure 29: Inlet Site & its contour map (shown in feet) 

(McKinney, 2023) 

Figure 30: Current Profile 8/22/22 (McKinney, 2023) 
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proximity to campus and visually impressive flow speeds. ICW Dockside, Figure 31, at 

26°03'19.6"N 80°06'52.8"W, 220m from launch point, and 9 by 20m in size, was tested. 

Based on the contour map this site ran on the deep end of the range, however the rocky 

sea floor conditions, flow speed, and proximity to SeaTech made this site acceptable. It 

was deemed that due to the site’s depth an auxiliary mooring line would be used rather 

than the on-board anchoring system to position the MHK platform during tests at this 

site. This meant that only the MHK turbine could be tested at this location, and a full 

system verification would need to be conducted at site 1.3 or Inlet.  

Figure 32, shows the flow speed profile for this site, which matches the desired testing 

flow speeds. 

Figure 31: ICW Dockside with depth contour map (shown in feet) 

Figure 32: Flow Speed profile for ICW Dockside 
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After many surveys and much consideration two sites were selected for final field-testing 

of the MHK platform. Those sites being ICW Dockside and 1.3, Table 11, turbine testing 

would be conducted at ICW Dockside and fully system verification would be tested at 

1.3.  

See Appendix C for site-selection procedures and day of testing sheets.  

5.3 Field-testing Planning and Procedure Development 

Immediately following site-selection, preparation for field-testing began. 

Consideration was given to the goal of field-testing, the number of test days needed, and 

the tests that were to be conducted. Two separate phases were identified as necessary for 

timely completion of system integration. One phase for autonomous navigation 

development and one phase for MHK platform testing and verification. Due to the turtle 

nesting season (during March-October), the MHK turbine and the AAS could not be 

deployed in the water as per permit requirements. That said, a second WAMV at SeaTech 

was outfitted with the same control box, batteries, and weights to mimic the loads of the 

MHK platform. This enabled autonomous navigation capabilities to be developed and 

tested during the MHK platform’s testing blackout period. Site-selection had been 

completed in January of 2023 and autonomy work was scheduled to begin in May 2023. 

Table 11: Site-selection Survey Results (McKinney, 2023) 
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The failure of the SeaTech boat davit in late January meant new procedures and 

equipment were necessary for May’s testing. Normal protocol allowed for the vessels to 

be rolled out of the lab through the rollup door directly to their launch point from the 

SeaTech deck and davit. With that out of commission, steel ramps were created to enable 

the vessels to be rolled down the steps on the east side of campus, out the gates and into 

the SeaTech parking lot where they could be trailered and taken to the nearby finger lakes 

for testing. Procedures and checklists for these testing trips were created to ensure 

successful outings. The goal of autonomy testing days was to allow the software team to 

make adjustments to the code and see how the vessel reacted in real time. Usually, this 

type of testing could be conducted in the marina and in Whisky Creek near campus, but 

with the davit failure the nearest boat dock at Holland Park in Hollywood would be used. 

These trips necessitated a trailer, a truck to tow it, the SeaTech chase boat, and any 

auxiliary testing supplies that could usually be brought to the dock from the lab. During 

testing in the marina at SeaTech the chase boat was not needed because the testing 

WAMV could be observed from the deck and rescued with a kayak if the system 

encountered any unexpected behavior or failures. However, the chase boat was needed 

for Holland Park testing due to the area where testing would be conducted. Figure 33 

shows the boat dock at Holland Park and the route south to North Lake, that the vessels 
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needed to traverse to get to a safe testing area. The location in North Lake where testing 

was to take place did not have a beach or dock nearby, so the software team had to be in 

the chase boat near the WAMV as they adjusted the code. Each time the chase boat was 

to be taken for testing, a float plan had to be submitted to the university at least four days 

in advance, to ensure the crews safety and to acquire a university approved captain for the 

chase boat. These added protocols and barriers created the need for extra planning and 

much more physical work from testing personnel. Work to develop autonomous 

navigation for the WAMV required a path planning controller, a station keeping 

controller, and a way point following controller. Achieving this level of development 

took all summer and would have continued well into fall of 2023. However, due to delays 

in getting the davit replaced and functioning properly and the trailer being returned to its 

home university in August, autonomy testing was only able to start back up in November. 

However, additional delays occurred after the new davit was installed and did not operate 

properly, requiring additional maintenance. The davit was not fully functional until 

December 2023, which marked the official start of field-testing. Despite these delays, 

autonomy tests were still preformed May 2023 – July 2023 at Holland Park. For these 

Figure 33: Halland Park boat launch with route 

to North Lake for WAMV testing 
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tests, a typical autonomy testing procedure was as follows. See Appendix D for the 

pretesting checklists. Push the vessels to the staging area in the SeaTech parking lot, 

trailer each one to Holland Park individually, and allow the full team to board the chase 

boat for testing. After boarding the chase boat, the WAMV was to be driven via remote 

control to the final testing location in North Lake, while the chase boat followed. Once at 

the testing location, the software team begins their work and the WAMV is monitored for 

safe keeping in between code adjustments. After roughly three hours of testing the 

vessels returned to the boat ramps and were then individually retrieved and trailered back 

to SeaTech. Complete autonomy testing procedures can be found in Appendix E.  

 The second phase of field-testing was MHK turbine and platform verification. By 

the time this phase of testing was scheduled to begin the davit was supposed to have been 

fixed and ready to go. That said procedures and test plans were created with this as the 

operating idea, see Appendix F for the original testing schedule. Field verification of the 

MHK turbine was to determine how much power each FSWW configuration could 

produce. The FSWW would be tested under the seven, nine, and eleven blade 

configurations at both full blade submergence and half blade submergence levels. Then 

the MHK platform autonomy demonstration was to verify that the autonomous 

navigation and system integrations worked properly. Testing for the MHK Turbine was 

usually conducted as follows. First, the chase boat would be deployed using the davit so 

that the MHK platform’s anchor line and the buoy exclusion zone could be set prior to 

the MHK platform entering the water. Then the MHK platform would be deployed using 

the davit and it would be driven via remote control to the anchor line in the ICW 

Dockside location. The MHK platform would then be attached to the line by a team 



47 

member aboard the chase boat and then the MHK turbine would be deployed via wireless 

communication from the shore-based observation team. The chase boat would return to 

shore and the team would begin recording data and monitoring the platform for a full 

high to low or low to high tide cycle. After the tide cycle had ended, the data recording 

would be stopped, the FSWW would be stowed, and the chase boat would return to the 

MHK platform, unhook it from the anchor line and allow it to be driven via remote 

control back to the davit for retrieval. Then the chase boat would recover the anchor lines 

and return to the davit area for retrieval as well. The MHK platform autonomy 

demonstration would require the same deployment methods as the MHK turbine tests; 

however, the chase boat would remain near the MHK platform (with the whole team 

abord) and detach it from the anchor line once the team was satisfied with the FSWW 

demonstration. Once the MHK platform was detached from the anchor line the software 

team would switch it into “Auto Mode” and the MHK platform would execute its 

autonomous mission. As the MHK platform executes its mission the chase boat and team 

would follow it for safety and to closely monitor its behavior, ensuring each task was 

completed as expected. Complete and detailed testing procedures for MHK turbine and 

MHK platform autonomy verification can be found in Appendix G.  

 It is important to acknowledge that with each deployment of the chase boat a 

university float plan had to be submitted at least four days prior to testing. With each 

planned day of MHK testing a full schedule was created to ensure the entire team knew 

exactly what to expect the day of testing, see Appendix H for these detailed schedules. 

Each day of testing also required a “day of environmental testing sheet”. These sheets 

recorded the testing conditions for each deployment and any miscellaneous notes the 
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observation team had during testing, see Appendix I for these completed environmental 

testing sheets. Each day of MHK turbine testing created a raw data file generated by the 

PTO control box, sent back to the shore-based team, and recorded on the monitoring 

team’s laptop. The data within these data csv files was recorded at a 10Hz sampling rate. 

The raw data will be provided to the DOE and eventually posted for public use, through 

their internal processes. 

5.4 Field-testing 

Field-testing of the MHK turbine began in December 2023, as shown by the 

schedules in Appendix H. Figures 34-36 show the FSWW in each of its three 

configurations.  

 

 

 

 

 

Figure 34: FSWW 7 Blade Configuration, 12/5/23 
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The final MHK turbine test took place February 29th, 2024, as one of the team members 

had to verify the performance of a new PTO control algorithm. However, this 

investigation will only be considering the data files from testing completed on Jan. 10th, 

Jan. 16th, Jan. 17th, Jan 19th, Jan. 24th, and Jan 31st of 2024 as these were the days with the 

most ideal and consistent testing conditions. Table 12 shows which FSWW 

configurations were tested each day. 

Figure 36: FSWW 9 Blade Configuration, 12/12/23 

Figure 35: FSWW 11 Blade Configuration, 1/31/24 
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Table 12: FSWW Testing Configurations 

Test Date Blade Number Submergence Level 

1/10/2024 7 Full Blade 

1/16/2024 7 ½ Blade 

1/17/2024 9 Full Blade 

1/19/2024 9 ½ Blade 

1/24/2024 11 Full Blade 

1/31/2024 11 ½ Blade 

The MHK platform autonomy verification demo took place February 16th, 2024. The 

procedures provided in the appendices were followed during all MHK turbine and 

platform tests.
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6.0 DATA ANALYSIS 

Data acquired during field-testing were produced in comma separated variable 

(csv) files. Each file had twenty-eight columns of data recorded with a sampling rate of 

10Hz. The data analysis conducted involved a data preprocessing phase, followed by data 

processing. Each dataset was run through the same data preprocessing for repeatability 

and data consistency. Out of the twenty-eight columns the quantities of interest were total 

time elapsed (the dataset’s running timer), the flow speed, the FSWW rotations per 

minute (RPM), the voltage produced by the generator “Vg”, and the current produced by 

the generator “Ig”. This limited dataset was run through MHKit’s (QC Module, 2019) 

quality control module. The data was processed using the time check and range functions 

of this MHK toolkit. These functions ensure that only data with valid time stamps and 

within the expected range were included in the final dataset. This second csv file was 

created so that the MHKit processed data could be run through two more preprocessing 

functions from MATLAB. Next outliers were removed from the data, the data arrays 

sizes were matched, and MATLAB’s moving average function was applied to them, with 

a window span of 1000s. The data processing phase required that each dataset, which 

represented a unique FSWW configuration, be utilized to determine the theoretical 

estimate of the mechanical power produced and the empirically determined estimate of 

the power produced during field-testing, the actual electrical power produced by the 

wheel during field-testing, the resulting expressions’ CP, the efficiency 𝜂𝑡𝑜𝑡 for electrical 

power generation, a CP versus TSR curve, and a CP/K versus TSR plot. To achieve this, 
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variables which were to be taken as constants in the power equations were entered into 

the MATLAB script. Variable “A” in equation (2) and (11) in Section 2, was set to 0.349 

for full blade submergence, and 0.349/2 for half blade submergence, note the units 

attached to these quantities is m2 for area. Variable “R” in equation (2) and (11) in 

Section 2, was set to 0.4858 for the radius of the wheel, note the unit attached to this 

quantity is m. Variable “p” or ρ from equation (2) and (11) in Section 2, was set to 

1023.6 for the density of salt water, with the representative unit of kg/m3. CD, or the 

coefficient of drag for the blades was taken at 1.98, the coefficient of drag for a flat plate, 

was used as a conservative approximation. See Appendix J for the interpolation 

investigation of CD for a flat plate to CD for a hollow semi-cylinder. The blade on the 

FSWW has a curvature of 0.925, while a semi-cylinder has a curvature of 0.2105 and a 

flat plate has zero curvature. A traditional interpolation was conducted to show that the 

blade curvature could justify a CD value of 2.14, as the CD value for the semi-cylinder is 

2.3. However, seeing as this could potentially artificially increase the amount of power 

produced by the wheel, 1.98 was used. This leaves λ or TSR and α. TSR was found using 

the physical radius of the wheel, R, and the experimental data captured for the rotations 

of the waterwheel, and the flow speed. The raw data provided the rotations of the FSWW 

in RPM, however equation (2) and (11) requires the units be radians per second. This 

conversion was done using the following equation, 

𝑊𝑟𝑎𝑑
𝑠⁄ =

𝑅𝑃𝑀 ∗ 2𝜋

60
 

(12) 

where RPM was the moving average array of wheel rotations in RPM. TSR was 

computed using the following equation, 
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𝜆 = 𝑇𝑆𝑅 =
𝑊𝑟𝑎𝑑

𝑠⁄ ∗ 𝑅

𝑈
 

(13) 

where U was the moving average array for day of flow speed. Finally, the value of α in 

equation (11) was systematically varied during the tuning of the empirical model fit. The 

value of α that resulted in the highest correlation coefficients between the theoretical 

curve and the experimentally determined power were adopted for the final empirically 

determined expression for Cp. The theoretical curve for the mechanical power expected 

from the FSWW was derived from Pimentel’s torque model, which was based on bench 

top testing (Pimentel, 2024). The torque determined from Pimentel’s model was 

multiplied by the angular speed of the FSWW (in rad/s), to provide the theoretically 

determined power curve, denoted as “Ph”. This theoretical power curve was used to tune 

the empirical model fit “Pa” in this case study. Once “Ph” and “Pa” had been set with 

their optimal α value, K was determined by taking the ratio of the mean value of “Ph” 

over the mean value of “Pa”. Each dataset or FSWW configuration had a unique K value. 

A table representing each dataset’s average flow speed and K value is displayed in the 

results section. A corresponding K versus Flow Speed plot is also included. Other plots 

depicting the comparison between the theoretically determined power and the curve fit 

based on equations (2) and (11) are also provided in the next section for each dataset. The 

mechanical power coefficient CP is determined using the following equation, 

𝐶𝑃 =
𝑃𝑎

𝑃𝑓
 

(14) 

where 𝑃𝑓is the power available in the flow equation (1), and 𝑃𝑎 is the power computed 

using the curve fit equations (2) and (11), or “Pa”. CPe for the electrical power generated 

by the wheel was found with the following equation, 
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𝐶𝑃𝑒 =
𝑉𝑔 ∗ 𝐼𝑔

𝑃𝑓
 

(15) 

where Vg is the moving average array for voltage generated during testing, Ig is the 

moving average array for the current generated during testing, and again 𝑃𝑓 is the power 

available in the flow. See Appendix K for the MATLAB scripts associated with data 

processing for this case study.
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7.0 RESULTS

The results of the processing and analysis of the data acquired during field-testing 

of the FSWW for its various configurations are described here. Table 13 shows the 

results for the numerical expression of the empirical curve fit for each dataset.  

Table 13: Numerical Expression Results 

Test Date Blade 

Number 

Submergence 

Level 

Empirical Curve Fit 

𝑃 =
1

2
𝜌𝐴𝐾𝑈3 (1 −

4

5
𝜆)

2

𝜆 

Empirical 

Curve Fit 

Correlation 

Coefficient 

1/10/2024 7 Full Blade 𝐾 = 0.7037 0.86 

1/16/2024 7 ½ Blade 𝐾 = 0.4818 0.88 

1/17/2024 9 Full Blade 𝐾 = 0.7127 0.79 

1/19/2024 9 ½ Blade 𝐾 = 0.8207 0.86 

1/24/2024 11 Full Blade 𝐾 = 0.6184 0.87 

1/31/2024 11 ½ Blade 𝐾 = 0.1408 0.78 

In Tabel 13, the empirical curve fit is based on equation (2) and (11) with α = 0.8, see 

discussion in Section 8. 

Now the plots, starting with results from 1-10-24. 
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Figure 37: 1-10-24, Numerical Expression vs Theoretical Power, Correlation Coefficient 

= 0.8609 

 

Figure 37 shows the fit between Ph and Pa for the 1-10 data, this α and K value 

correspond to these two curves having a correlation coefficient of approximately 0.9, 

which indicates a high correlation between the two curves.  
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Figure 38: 1-10-24, Numerical Expression Power & Flow Speed vs Time 

 

Figure 38 shows the mechanical power produced in blue, by the FSWW on 1-10 in 

relationship to the flow speeds experienced by the wheel, shown in orange. This plot 

shows that for much of the tide cycle produced power ranged from approximately 20W to 

40W.  
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Figure 39: 1-10-24, Electrical Power Generated & Flow Speed vs Time 

 

Figure 39 shows electrical power produced in blue, by the FSWW on 1-10 in relationship 

to the flow speeds experienced by the wheel, shown in orange. This plot shows that much 

of the tide cycle produced electrical power ranging from approximately 8W to 15W.  
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Figure 40: 1-10-24, Numerical Expression Power’s CP & Flow Speed vs Time 

 

Figure 40 shows CP of the mechanical power created in blue, by the wheel on 1-10 in 

relationship to the flow speed experienced by the wheel, shown in orange. This plot 

shows a CP that remained above 22% for the entire deration of testing but reached and 

sustained 25.5% for much of the test. 

 



60 

 

Figure 41: 1-10-24, Electrical Power’s CP & Flow Speed vs Time 

 

Figure 41 shows the CP electrical power produced in blue, by the wheel on 1-10 in 

relationship to the flow speed experienced by the wheel, shown in orange. This plot 

shows that for much of the tide cycle the CP ranged between 8 to 12%.  
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Figure 42: 1-10-24, Numerical Expression Power’s CP vs TSR 

 

Figure 42 shows the CP of the mechanical power produced versus the wheel’s TSR for 1-

10. It can be seen that CP starts around 24% with a TSR of 0.3, and peaks at around 

25.7% with a TSR of 0.4, and dips to 22.5% at a TSR of 0.6.  
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Figure 43: 1-10-24, Numerical Expression Power’s CP/K vs TSR 

 

Figure 43 shows the mechanical power’s CP/K versus the wheel’s TSR for 1-10. It can be 

seen that the CP/K starts around 34% with a TSR value of 0.3, peaks at the value of 

nearly 37% with a TSR of 0.4 and returns to 32% at a TSR of 0.6. 

Now the graphical results for 1-16-24. 
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Figure 44:1-16-24, Numerical Expression vs Theoretical Power, Correlation Coefficient 

= 0.8831 

 

Figure 44 shows the fit between Ph and Pa for the 1-16 data, this α and K value 

correspond to these two curves having a correlation coefficient of approximately 0.9, 

which indicates a high correlation between the two curves. 
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Figure 45: 1-16-24, Numerical Expression Power & Flow Speed vs Time 

 

Figure 45 shows the mechanical power produced in blue, by the FSWW on 1-16 in 

relationship to the flow speeds experienced by the wheel, shown in orange. This plot 

shows that for much of the tide cycle produced power ranged from approximately 18W to 

24W.  

 



65 

 

Figure 46: 1-16-24, Electrical Power Generated & Flow Speed vs Time 

 

Figure 46 shows electrical power produced in blue, by the FSWW on 1-16 in relationship 

to the flow speeds experienced by the wheel, shown in orange. This plot shows that much 

of the tide cycle produced electrical power ranging from approximately 5W to 7W. 
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Figure 47: 1-16-24, Numerical Expression Power’s CP & Flow Speed vs Time 

 

Figure 47 shows CP of the mechanical power created in blue, by the wheel on 1-16 in 

relationship to the flow speed experienced by the wheel, shown in orange. This plot 

shows that the wheel had a CP that was sustained around 17% for much of the tide cycle.  
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Figure 48: 1-16-24, Electrical Power’s CP & Flow Speed vs Time 

 

Figure 48 shows the CP of the electrical power produced in blue, by the wheel on 1-16 in 

relationship to the flow speed experienced by the wheel, shown in orange. This plot 

shows that for much of the tide cycle the CP ranged from 4.5% to 6%. 
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Figure 49: 1-16-24, Numerical Expression Power’s CP vs TSR 

 

Figure 49 shows the CP of the mechanical power produced versus the wheel’s TSR for 1-

16. It can be seen that CP starts around 13.5% with a TSR of 0.2, peaks at around 17.5% 

with a TSR of 0.4, and sustains that until the end of testing at a TSR of 0.45. 
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Figure 50: 1-16-24, Numerical Expression Power’s CP/K vs TSR 

 

Figure 50 shows the mechanical power’s CP/K versus the wheel’s TSR for 1-16. It can be 

seen that the CP/K starts at around 28% with a TSR value of 0.2, peaks at around 37% 

with a TSR of 0.4, and sustains that until the end of testing with a TSR of 0.45. 

Now the graphical results for 1-17-24. 
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Figure 51: 1-17-24, Numerical Expression vs Theoretical Power, Correlation Coefficient 

= 0.7882 

 

Figure 51 shows the fit between Ph and Pa for the 1-17 data, this α and K value 

correspond to these two curves having a correlation coefficient of approximately 0.8, 

which indicates a strong correlation between the two curves. 
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Figure 52: 1-17-24, Numerical Expression Power & Flow Speed vs Time 

 

Figure 52 shows the mechanical power produced in blue, by the FSWW on 1-17 in 

relationship to the flow speeds experienced by the wheel, shown in orange. This plot 

shows that the power matches the flow speed very well, peaking around 100W with 

sustained production around 70W. 
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Figure 53: 1-17-24, Electrical Power Generated & Flow Speed vs Time 

 

Figure 53 shows electrical power produced in blue, by the FSWW on 1-17 in relationship 

to the flow speeds experienced by the wheel, shown in orange. This plot shows that much 

of the tide cycle produced electrical power ranging from approximately 15W to 30W. 
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Figure 54: 1-17-24, Numerical Expression Power’s CP & Flow Speed vs Time 

 

Figure 54 shows CP of the mechanical power created in blue, by the wheel on 1-17 in 

relationship to the flow speed experienced by the wheel, shown in orange. This plot 

shows that for much of the tide cycle the wheel’s CP stayed around 26% however, it fell 

to between 22 and 24% during the halfway point in the tide cycle. 
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Figure 55: 1-17-24, Electrical Power’s CP & Flow Speed vs Time 

 

Figure 55 shows the CP of the electrical power produced in blue, by the wheel on 1-17 in 

relationship to the flow speed experienced by the wheel, shown in orange. This plot 

shows that for much of the tide cycle the CP stayed between 6% and 11%, only rising to 

between 12% and 20% for the last portion of the tide cycle. 
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Figure 56: 1-17-24, Numerical Expression Power’s CP vs TSR 

 

Figure 56 shows the CP of the mechanical power produced versus the wheel’s TSR for 1-

17. CP starts at 25% with a TSR of about 0.32, peaks at around 26% with a TSR of about 

0.4 and ends the test around 21% with a TSR of 0.65.  
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Figure 57: 1-17-24, Numerical Expression Power’s CP/K vs TSR 

 

Figure 57 shows the mechanical power’s CP/K versus the wheel’s TSR for 1-17. It shows 

the CP/K starting at 35% with a TSR value of about 0.32, peaking at the value of nearly 

37% with a TSR around 0.4, returning to a CP/K of 30% and a TSR of 0.65. 

Now the graphical results for 1-19-24. 
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Figure 58: 1-19-24, Numerical Expression vs Theoretical Power, Correlation Coefficient 

= 0.8630 

 

Figure 58 shows the fit between Ph and Pa for the 1-19 data, this α and K value 

correspond to these two curves having a correlation coefficient of approximately 0.9, 

which indicates a high correlation between the two curves. 
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Figure 59: 1-19-24, Numerical Expression Power & Flow Speed vs Time 

 

Figure 59 shows the mechanical power produced in blue, by the FSWW on 1-19 in 

relationship to the flow speeds experienced by the wheel, shown in orange. This plot 

shows that for much of the tide cycle produced power ranged from approximately 15W to 

20W. 
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Figure 60: 1-19-24, Electrical Power Generated & Flow Speed vs Time 

 

Figure 60 shows electrical power produced in blue, by the FSWW on 1-19 in relationship 

to the flow speeds experienced by the wheel, shown in orange. This plot shows that the 

first half of the tide cycle produced electrical power ranging from approximately 3W to 

5W, while much of the second half produced power ranging from 6W to 9W. 
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Figure 61: 1-19-24, Numerical Expression Power’s CP & Flow Speed vs Time 

 

Figure 61 shows CP of the mechanical power created in blue, by the wheel on 1-19 in 

relationship to the flow speed experienced by the wheel, shown in orange. This plot 

shows that for much of the tide cycle the CP was right around 30%. 
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Figure 62: 1-19-24, Electrical Power’s CP & Flow Speed vs Time 

 

Figure 62 shows the CP of the electrical power produced in blue, by the wheel on 1-19 in 

relationship to the flow speed experienced by the wheel, shown in orange. This plot 

shows that for much of the tide cycle CP ranged from 10% to 15%. 

 



82 

 

Figure 63: 1-19-24, Numerical Expression Power’s CP vs TSR 

 

Figure 63 shows the CP of the mechanical power produced versus the wheel’s TSR for 1-

19. This shows that CP starts at around 27% with a TSR of 0.27, peaks at around 30% 

with a TSR of 0.4, and returns to a CP of 29.5% with a TSR of 0.5 at the end of testing. 
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Figure 64: 1-19-24, Numerical Expression Power’s CP/K vs TSR 

 

Figure 64 shows the mechanical power’s CP/K versus the wheel’s TSR for 1-19. Here the 

CP/K starts at around 33% with a TSR value of 0.27, peaks at the value of around 36.5% 

with a TSR of 0.4 and returns to 36% with a TSR of 0.5. 

Now the graphical results for 1-24-24. 
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Figure 65: 1-24-24, Numerical Expression vs Theoretical Power, Correlation Coefficient 

= 0.8734 

 

Figure 65 shows the fit between Ph and Pa for the 1-24 data, this α and K value 

correspond to these two curves having a correlation coefficient of approximately 0.9, 

which indicates a high correlation between the two curves. 
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Figure 66: 1-24-24, Numerical Expression Power & Flow Speed vs Time 

 

Figure 66 shows the mechanical power produced in blue, by the FSWW on 1-24 in 

relationship to the flow speeds experienced by the wheel, shown in orange. This plot 

shows that for much of the tide cycle produced power ranged from approximately 30W to 

55W. 
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Figure 67: 1-24-24, Electrical Power Generated & Flow Speed vs Time 

 

Figure 67 shows electrical power produced in blue, by the FSWW on 1-24 in relationship 

to the flow speeds experienced by the wheel, shown in orange. This plot shows that much 

of the tide cycle produced electrical power ranging from approximately 10W to 20W. 
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Figure 68: 1-24-24, Numerical Expression Power’s CP & Flow Speed vs Time 

 

Figure 68 shows CP of the mechanical power created in blue, by the wheel on 1-24 in 

relationship to the flow speed experienced by the wheel, shown in orange. This plot 

shows that for much of the tide cycle the wheel’s CP stayed at about 22.7%. 
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Figure 69: 1-24-24, Electrical Power’s CP & Flow Speed vs Time 

 

Figure 69 shows the CP electrical power produced in blue, by the wheel on 1-24 in 

relationship to the flow speed experienced by the wheel, shown in orange. This plot 

shows that for much of the tide cycle the CP hovered between 5 to 11%.  
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Figure 70: 1-24-24, Numerical Expression Power’s CP vs TSR 

 

Figure 70 shows the CP of the mechanical power produced versus the wheel’s TSR for 1-

24. It can be seen that CP starts at around 21% with a TSR of 0.27, it peaks at around 

22.5% with a TSR of 0.4 and returns to 18.5% with a TSR of 0.65.  
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Figure 71: 1-24-24, Numerical Expression Power’s CP/K vs TSR 

 

Figure 71 shows the mechanical power’s CP/K versus the wheel’s TSR for 1-24. Here the 

CP/K starts around 33.5% with a TSR value of 0.27, peaks at the value of nearly 37% 

with a TSR of 0.4 and returns to 30% with a TSR of 0.65 by the end of testing. 

Now the graphical results for 1-31-24. 
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Figure 72: 1-31-24, Numerical Expression vs Theoretical Power, Correlation Coefficient 

= 0.7842 

 

Figure 72 shows the fit between Ph and Pa for the 1-31 data, this α and K value 

correspond to these two curves having a correlation coefficient of approximately 0.8, 

which indicates a strong correlation between the two curves. 
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Figure 73: 1-31-24, Numerical Expression Power & Flow Speed vs Time 

 

Figure 73 shows the mechanical power produced in blue, by the FSWW on 1-31 in 

relationship to the flow speeds experienced by the wheel, shown in orange. This plot 

shows that for much of the tide cycle produced power was 3.6W. 
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Figure 74: 1-31-24, Electrical Power Generated & Flow Speed vs Time 

 

Figure 74 shows electrical power produced in blue, by the FSWW on 1-31 in relationship 

to the flow speeds experienced by the wheel, shown in orange. This plot shows that much 

of the tide cycle produced electrical power ranging from approximately 2.6W to 3W. 
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Figure 75: 1-31-24, Numerical Expression Power’s CP & Flow Speed vs Time 

 

Figure 75 shows CP of the mechanical power created in blue, by the wheel on 1-31 in 

relationship to the flow speed experienced by the wheel, shown in orange. This plot 

shows that for much of the tide cycle the wheel’s CP hovered around 5.12%. 
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Figure 76: 1-31-24, Electrical Power’s CP & Flow Speed vs Time 

 

Figure 76 shows the CP electrical power produced in blue, by the wheel on 1-31 in 

relationship to the flow speed experienced by the wheel, shown in orange. This plot 

shows that for much of the tide cycle the CP hovered between 3.8% and 4.5%. 
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Figure 77: 1-31-24, Numerical Expression Power’s CP vs TSR 

 

Figure 77 shows the CP of the mechanical power produced versus the wheel’s TSR for 1-

31. It can be seen that CP starts around 5% with a TSR of 0.35, and it peaks at around 

5.2% with a TSR of 0.41.  
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Figure 78: 1-31-24, Numerical Expression Power’s CP/K vs TSR 

 

Figure 78 shows the mechanical power’s CP/K versus the wheel’s TSR for 1-31. It shows 

that the CP/K starts at around 36% with a TSR value of 0.35 and peaks at the value of 

around 36.7% with a TSR of 0.41. 

Now Table 14, will display the values of K and that dataset’s corresponding 

average flow speed. 

Table 14: Results for K and Average Flow Speeds 

Test Date Average Flow Speed [m/s] K Value 

1/10/2024 0.8109 0.7037 

1/16/2024 1.0767 0.4818 

1/17/2024 0.9781 0.7127 
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1/19/2024 0.8054 0.8207 

1/24/2024 0.9356 0.6184 

1/31/2024 0.7039 0.1408 

The plot showing this information visually follows. 

 

Figure 79: K vs Average Flow Speed for each dataset 

 

Figure 79 suggests that higher flow speeds have higher K values. A comparison between 

the mechanical performance efficiency and each FSWW configuration was conducted. 

The average mechanical efficiency comparison can be seen in Figure 80. 
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Figure 80: Avg. Mech. CP vs FSWW Configuration based on empirical expression (16) 

 

The maximum mechanical efficiency comparison can be seen in Figure 81. 
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Figure 81: Max. Mech. CP vs FSWW Configuration based on empirical expression (16) 

 

Figure 82, shows the percent decrease between the average mechanical power produced 

and the average electrical power produced by each FSWW configuration, showing the 

PTO efficiency.  
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Table 15 shows each dataset’s average and max mechanical power produced, average and 

max electrical power produced, the average and max mechanical CP, and the average and 

max electrical CP. 

Table 15: FSWW Configuration Power & CP Results 

Date 

Mech. Power 

[W] 

Elec. Power [W] Mech. CP Elec. CP 

Average Max Average Max Average Max Average Max 

1/10/24 25.1 46.6 8.4 17.0 25.4% 25.8% 8.5% 17.1% 

1/16/24 18.7 28.1 5.7 8.8 16.5% 17.7% 5.0% 7.5% 

1/17/24 44.9 108.9 17.0 33.4 25.5% 26.1% 10.2% 20.3% 

1/19/24 14.3 26.1 5.0 8.9 29.8% 30.0% 10.4% 18.5% 

1/24/24 34.1 69.3 10.5 26.6 22.2% 22.7% 6.7% 14.5% 

1/31/24 3.2 3.8 2.7 3.2 5.1% 5.2% 4.4% 5.0% 

The MHK platform’s autonomy demonstration took place on February 16th, 2024, and the 

vessel completed all tasks as scripted. 

Figure 82: Percent Decrease in Mech. to Elec. Power vs FSWW 

Configuration 
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8.0 DISCUSSION

In this section, a description is provided for the implications of the results 

obtained here, the opportunities to improve the performance of the MHK turbine and the 

unmanned platform, recommendations for preventative maintenance and standardized 

operations and an outline for the scalability of this system.  

8.1 Discussion of Results 

Using Pimentel’s empirical torque model-based determination of power “Ph” to 

compare with the power prediction “Pa”, based on the curve fit, given by equation (11), 

allowed the choice of α in (11) to be set as α = 0.8. Hence, 

𝑃𝑀 =
1

2
𝜌𝐴𝐾𝑈3 (1 −

4

5
𝜆)

2

𝜆 
(16) 

is established as the empirically fitted curve for estimating the power produced by a 

FSWW mounted on an unmanned platform. The magnitude P for each dataset is 

dependent on the value K, which likely depends on the flow speed. equation (16) was 

used to calculate the mechanical power produced by the FSWW during each test. The 

configuration ranking of highest to lowest mechanical and electrical power production is 

as follows, 9-blade full submergence, 11-blade full submergence, 7-blade full 

submergence, 7-blade half submergence, 9-blade half submergence, and finally the 11-

blade half submergence. The configuration ranking of highest to lowest mechanical 

power efficiencies, based on equation (16), is as follows, 9-blade half submergence, 9-

blade full submergence, 7-blade full submergence, 11-blade full submergence, 7-blade 
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half submergence, and finally the 11-blade half submergence. The configuration ranking 

of highest to lowest electrical power efficiencies is the same as the mechanical power 

efficiencies ranking. According to these tabulations the 9-blade full submergence wheel 

configuration made the most power across the board with an average mechanical power 

of 44.9W and a maximum production of 108.9W, with an average electrical power 

generation of 17W and a maximum of 33.4W. The FSWW also reached the second 

highest efficiency while under this configuration. With mechanical efficiency reaching an 

average of 25.5%, and a maximum of 26.1%, while the electrical power generation had 

an average efficiency of 10.2% and a maximum of 20.3%, respectively when compared 

to the power available in the flow. These efficiencies are second only to those achieved 

by the 9-blade wheel at half submergence, which has an average of 29.8% and a 

maximum of 30% for the mechanical power and an average of 10.4% and a maximum of 

18.5% for the electrical power generated. This reveals a 15.6% difference between the 

average mechanical power’s efficiency and a 14% between the maximum mechanical 

power’s efficiency between the two configurations. These percentage differences are 

notable. While the average electrical power efficiency had a 1.9% difference, and the 

maximum electrical power efficiency had a 9.3% difference between the second highest 

and highest measured efficiencies. These results could mean that even though the 9-blade 

wheel at full submergence made the most power, it may have better efficiency at half 

blade submergence levels. This would likely be due to the full blade having more 

complex interactions with the flow as it passes the full curvature of the blade. Overall, it 

seems as though the 9-blade FSWW configuration had the best power production and 

highest efficiencies. Followed by the 11-blade full submergence, the 7-blade full 
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submergence, the 7-blade half submergence, and then the 11-blade half submergence. It 

is worth pointing out that the 11-blade half submergence configuration was tested on the 

day with the lowest average flow speed of 0.7039m/s, which would certainly affect the 

wheel’s power production. These results also show a higher wet surface area does indeed 

lead to higher power production levels, as theory suggests. The 9-blade full submergence 

configuration and the 11-blade full submergence configuration had a 27.3% difference 

and 47.3% difference in average mechanical and electrical power produced respectively. 

While the 9-blade full submergence configuration and the 7-blade full submergence 

configuration had a 56.6% difference and a 67.7% difference in average mechanical and 

electrical power produced respectively. The 11-blade full submergence configuration and 

the 7-blade full submergence configuration have a 30.4% difference and a 22.2% 

difference in average mechanical and electrical power produced respectively. With these 

margins of performance differences, it is reasonable to say that in this case study the 9-

blade full submergence configuration had the highest power production.  

8.2 Discussion of Optimization Recommendations 

After completing the extensive testing campaign and analyzing the resulting data 

it is imperative to reflect on both operations and system design that could be optimized 

for better power production outcomes. It is also important to acknowledge the MHK 

platform’s autonomy demonstration. Operations with the two-vessel system and the davit 

were the most advantageous as compared to operations with the trailer. Given the nearby 

ICW, in situ testing was readily available for this proof-of-concept study, however testing 

while systematically controlling flow speeds and wave heights available to the FSWW 

would allow an even more detailed systems configuration analysis. As far as optimizing 
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operations at the local site is concerned, it is recommended to avoid testing on Fridays 

due to increased boat traffic. Running tests during the high to low tide cycles is ideal due 

to anchor placement in the ICW relative to boat traffic. It is also recommended to create a 

fully encompassing testing exclusion zone rather than a singular boundary in the channel, 

to prevent boats from passing the MHK Platform between the seawall and the deployed 

vessel. It would also be beneficial to have a bullhorn available to communicate with 

passing boaters. Discharging the onboard battery bank to a consistent voltage level 

between tests may provide more constant charging behavior between tests, as the charge 

controller behaves differently as the battery becomes more and more charged. Potential 

system optimizations include an optimal control algorithm, as the proprietary charge 

controller within the PTO had certain power requirements that the end user could not 

bypass. A study investigating the power production of the FSWW after removing the 

CVT from the PTO and replacing it with a 1 to 85 planetary gearbox (the gear ratio 

achieved when the CVT is placed at its highest setting) would highlight the performance 

implications of the CVT. The introduction of a flow concentrator just before the 

waterwheel may also increase power production. The MHK’s autonomy demonstration 

met all previously identified tasks, however continued improvement of the path-planning 

controller would allow for a smoother course taken by the vessel as it navigates to its 

destination. Development of a controller that utilizes the system’s built in lidar would 

also allow the vessel to avoid obstacles and become more sophisticated.  

8.3 Discussion of Maintenance & Standardized Operational Procedures 

The procedures followed for field-testing were ideal for operations at the ICW 

Dockside location. Incorporating the above optimizations would make repeated testing 
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more manageable for the testing team and safer for the MHK Platform. However, as 

testing continued a layer of salt formed on many of the MHK platform’s surfaces, even 

with a freshwater rinse following each deployment. If this layer is allowed to thicken or 

remain on the vessel it will lead to corrosion and premature failure of various components 

used on the MHK platform. It is advised to wash the vessel with soapy water following 

each deployment, and it is imperative to scrub each surface except for the payload trays. 

It is recommended that prior to long-term storage or at the end of each testing campaign 

the electronics boxes be removed from the vessel to allow both payload trays to be fully 

cleansed with soapy water. At this time, it would also be advised that each electronic 

connector be cleaned with isopropyl alcohol and be evaluated for signs of corrosion. 

Should any corrosion be detected the connector should be replaced. Also, during this 

phase, the thrusters power cables should be inspected for cuts or points of moister 

intrusion. If any are detected the cables should be replaced for continued functionality 

and safety of the testing crew. A bolt and plastic components check should be conducted 

during this time as well. Should any bolts be accumulating rust, have suffered damage, or 

appear missing they should be replaced. As plastic components do not offer the same 

strength and resilience as some metals it is important to survey these parts on the boat. 

Should they exhibit any signs of failure, such as cracking or stripped threading, they 

should be repaired or replaced. The MHK platform is a great resource for the FAU 

research community and can be used for many years to come if properly cared for. These 

steps should be implemented by the team to ensure the vessels’ longevity and to benefit 

the FAU Ocean engineering research community.  
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8.4 Discussion of MHK Turbine & Platform Scalability 

 After the development of the empirically tuned numerical expression for the 

power produced by the FSWW a brief study into the expected power production of scaled 

waterwheels was conducted, see Appendix L for the MATLAB script used for this study. 

The expression allowed for a stepwise analysis of how the blade length, width, and wheel 

radius stand to affect the power production of these variously scaled wheels. These 

results are interesting because the MHK platform could be deployed in arrays of its 

current size, or even in arrays with wheels of larger scales for more industrialized 

operations. The MHK turbine could also be scaled to larger sizes and implemented on 

other floating bodies. From an economic standpoint, larger deployments often mean 

reduced operations and management costs per unit, which could make this technology a 

competitive option for some applications. Table 16 shows the results from the scaling 

investigation.  

Table 16: MHK Turbine Scaling Analysis 

Power 

Predicted 

[W] 

Area of the 

Blade [m2] Quantity Varied 

33.10 0.349 

Control, used to show what the wheel produced under 

established testing conditions 

49.65 0.525 b=0.372 d=1.41 (A=b*d) *1.5X wide blades 

66.20 0.6985 b=0.2477 d=2.82 *2X length blades 

26.19 0.349 *The same blades with 1.5X the R 

13.55 0.349 *The same blades with 2X the R 

54.20 1.39 *2X blades with 2X the R 

8.09 3.14 *3X blades with 3X the R 

These results suggest that increasing the radius of the wheel without also increasing the 

area of the blades leads to a decrease in predicted power production. They also indicate 

that doubling the scale of the waterwheel leads to a 63.7% increase in predicted power 

production. Tripling the scale of the waterwheel leads to a drastic decrease in predicted 
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power production from the current size of the wheel. Experimental verification of these 

predictions may prove that larger configurations have potential value for larger floating 

recharge stations. 
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9.0 CONCLUSIONS & FUTURE WORK

A perceived need for fully autonomous floating recharge stations for autonomous 

marine vehicles and UAVs motivated this case study-based investigation of the feasibility 

and optimization of small unmanned mobile MHK platforms serving as potential 

recharge stations for such vehicles in coastal and tidal waters. The case study involved 

undertaking a campaign for systematically field-testing various FSWW configurations to 

identify the optimal configuration for maximum power production. From these field-tests 

an empirical expression was developed to estimate the mechanical power produced by 

each configuration. The predictions using this expression were then compared with the 

actual electrical power produced by each configuration to draw conclusions about the 

efficacy of the PTO system. The empirical expression was also used to predict the power 

production of scaled-up waterwheels. A full demonstration of the MHK platform’s 

autonomous behavior shows a novel system with great potential in the maritime domain. 

With improved vision-based navigation capabilities and a fully integrated COLREGS 

system, the MHK platform could offer many capabilities for sustainable energy solutions 

to the public. Data analysis of the empirical data gathered from testing of six different 

FSWW configurations identified the 9-blade fully submerged FSWW as providing 

maximum power between the various configurations. This was followed by the 11-blade 

full submergence and 7-blade full submergence configurations. On average there was 

approximately a 60% decrease in efficiency through the system as power was 

transformed from mechanical to electrical power, which highlights a need for improved 
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manufacturing tolerances and techniques as these are a potential cause of high losses. 

Small additions can be made to improve the ICW Dockside wheel configuration testing 

procedures. Steps can be taken to ensure the longevity of the MHK platform. A brief look 

into the scalability of the FSWW shows that when doubled in scale the FSWW is 

predicted to produce a 63.7% increase in the power it produces at its original scale, which 

is 33.1W of power. Future experimental field-testing studies investigating these scaled 

power predictions could help determine a wider spread of applications for these floating 

recharge stations. As always, repeated testing of the same configurations to verify system 

behavior and repeatable power production is recommended. Investigations including a 

flow concentrator on the FSWW and separately a 1 to 85 ratio gearbox within the PTO 

would also provide important feedback on power optimization for this system. Further 

development and testing of waterwheel’s speed control algorithms could also maximize 

efficiency.  
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Appendix A: Numerical Expression Derivation 

 

 

 



114 

 

 

 

 



115 

 

 

 

 



116 

 

 

 

  



117 

Appendix B: OrcaFlex Simulations for Anchor Line Tension & Vertical Downward 

Force Report Summary 
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Appendix C: Site-selection Procedure & Testing Sheets 
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Appendix E: Autonomy Testing Procedure 
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