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ABSTRACT

This study investigates a novel adaptive duct control strategy
for maximizing power output in a ducted horizontal-axis hydroki-
netic turbine (HAHKT) system. The strategy focuses on varying
contraction ratios (CR) and rotor blade pitch angles to optimize
energy production under specific inflow conditions. Experimen-
tal static data for three different CR and thirteen pitch angles are
utilized to design and perform experiments aimed at creating a
dynamic model tailored to the system’s behavior.

Parametric analyses are conducted using QBlade software
to assess rotor blade performance across various geometry con-
figurations and flow conditions, with water as the medium. An
open-channel water flume experiment is established to evaluate
the performance of the small-scale ducted HAHKT with the se-
lected range of CR and pitch configurations. The experimental
data collected is utilized to construct a dynamic surrogate model
(SM) capable of predicting system behavior. Optimizations tests
controlling CR and blade pitch angle for maximal power extrac-
tion are performed with a variety of velocity profiles.

The proposed adaptive duct control strategy presents promis-
ing potential for developing highly efficient ducted HAHKT sys-
tems. By dynamically adjusting CR and pitch based on inflow
conditions, this approach aims to achieve optimal energy pro-
duction, ultimately contributing to the realization of cost-effective
renewable energy solutions.

Keywords: horizontal-axis hydrokinetic turbine (HAHKT),
ducted turbine, adaptive duct contraction control, experi-
mentally supported design optimization

1. INTRODUCTION

As the global population continues to grow, so does the
demand for energy, raising concerns regarding the sustainability
and environmental impact of energy production [1, 2]. The heavy
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reliance on fossil fuels for energy generation has been linked
to detrimental effects on the climate [3]. In response to these
challenges, there has been significant effort to explore renewable
energy sources, such as marine hydrokinetic turbines (HkTs), as
viable alternatives to mitigate climate change [4, 5].

HKTs are classified into two primary groups based on
the axis of rotation: horizontal-axis and vertical-axis turbines.
Horizontal-axis hydrokinetic turbines (HAHKTs) have emerged
as a promising avenue in the pursuit of renewable energy, offer-
ing advantages such as lower start-up speeds and higher output
compared to their vertical-axis counterparts [6, 7]. However,
achieving cost-efficient energy conversion in HAHKT systems
necessitates a comprehensive optimization approach that encom-
passes various design parameters, including scale, external and
internal geometry, rotor and blade design, and control schemes
[8, 9].

Conventional design approaches encounter challenges due
to the lack of validated, simple models appropriate for system-
level optimization tasks.  Existing models often rely on
computationally-intensive computational fluid dynamics (CFD)
simulations or limited reduced order models (ROMs), restricting
their applicability across diverse flow conditions [10-12]. While
ROMs offer computational efficiency, their effectiveness in dy-
namic system design optimization remains constrained by the
complexity of the optimization problem [12, 13].

This study employs a series of numerical and experimental
approaches for modeling a HAHKT system, and proposes a novel
adaptive duct contraction control strategy along with blade pitch
control to optimize the energy production for relatively low flow
speed environments. We employed QBlade software integrated
with Xfoil analyses to determine the optimal angle of attack for
rotor blades. Following this initial step, Blade Element Momen-
tum Theory (BEMT) simulations are conducted within QBlade
to anticipate the coeflicient of power for the designed rotor at
various tip speed ratios, TSRs, and blade pitch angles. These
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simulations form the basis for experimental design validation.

The experimental phase involves conducting tests in a re-
circulating open channel flume on duct contraction ratios (CRs)
of 1, 0.75, and 0.5, alongside thirteen varied pitch angles. The
purpose is to collect power output data, including voltage, cur-
rent measurements, and rotor angular velocity (RPM), crucial for
evaluating the system performance across various configurations.
Following the experimental phase, the data undergo analysis using
QBlade BEMT simulations. This analysis is intended to assess
the system performance at the maximum power states associated
with each CR. Specifically, this process involves investigating the
hypothesis that a lower CR, which creates higher water velocity
at the turbine rotor area, leads to increased power production.

The experimental dataset serves as the principle for con-
structing a surrogate model (SM). The HAHKT SM is creating
using Kriging method included in the surrogate modeling tool-
box (SMT) [14]. The developed SM represents dynamics of the
HAHKT system behavior across varying conditions. Utilizing
this SM, the optimal design solution for constrained and uncon-
strained cases across four distinctive water profiles emphasizes
the adaptability and efficiency of the proposed HAHKT configu-
ration and control strategy.

Novel contributions of this research are outlined as follows:
(1) introducing an adaptive duct contraction control concept for
HAHKT, (2) actively controlling both duct CR and rotor blade
pitch to effectively harness energy from low water flow speeds,
and (3) Integrating numerical and experimental processes in de-
signing HAHKT systems, providing validated ROM for design
exploration. With these novel contributions, we expect to offers
a pathway to not only enhance the efficiency of HAHKT systems
but also to realize cost-effective solutions for energy production,
addressing the urgent need for sustainable energy technologies.

2. METHODS

This study emcompasses three primary research processes:
experimental data generation, augmented simulation, and control
strategy development.

In the experimental data generation process, a ducted
HAHKT experimental apparatus is developed and utilized to con-
duct experiments in an open channel water flume. The HAHKT
apparatus undergoes testing with varied combinations of rotor
blade pitch angles and duct CRs under constant ambient flow
speed conditions, yielding datasets of rotor rotational velocity
and generator power output.

During the augmented simulation process, numerical models
of the ducted HAHKT rotor blades are constructed using BEMT,
followed by simulations to assess their performance, and com-
pared with the experimental datasets obtained in the aforemen-
tioned process.

In the control strategy development process, an SM is con-
structed based on the experimental datasets representing the dy-
namic responses of the ducted HAHKT system. This SM is in-
tegrated into a design optimization formulation, where the blade
pitch angle and duct CR values are simultaneously regulated to
maximize power output while accommodating unsteady incom-
ing ambient flow speed profiles. Subsequent sections provide
detailed information of each of these three processes.

2.1 Numerical Analyses

The QBlade code, developed by TU Berlin, is used in this
study for blade element momentum theory (BEMT) simulations
to analyze turbine blades, incorporating specific airfoil geome-
tries across distinct radial sections [15, 16]. Initially conceived
for wind turbines, QBlade has proven its versatility by extending
its functionality to the design of horizontal-axis hydrokinetic tur-
bines (HAHKkTS), leveraging its capabilities in aerodynamic and
aero-elastic simulations [17].

Xfoil, alongside with QBlade, is utilized to obtain drag and
lift coefficients across varied angles of attack (AoA, «a) [15].
Xfoil analyses at specific Reynolds numbers are explored with
respect to the root, middle, and tip of the blade. With this data
then extrapolated, a comprehensive polar data set can be utilized
for further simulations. Then, the subsequent 360° Viterna ex-
trapolation is performed to fill the data in extreme AoA ranges
for robust simulation. While BEMT provides detailed estima-
tion of operational power generation of the designed rotor blades,
Xfoil within QBlade allows a detailed examination of lift and
drag coeflicients, moment coefficients, and other aerodynamic
characteristics across various airfoil cross-sectional profiles and
AoA values. This two-step method is particularly useful when
determining effective initial AoA across radial locations of the
rotor blade, optimizing turbine performance by twisting the blade
across its radius [18].

The power coeflicient variations as a function of tip speed ra-
tio (TSR) and collective pitch adjustments are predicted through
BEMT simulations. These simulations provide a predictive
framework before experimental design, allowing for informed
decisions regarding rotor blade twist. Subsequently, during the
post-experimental phase, QBlade’s BEMT simulations are per-
formed again to validate the power coefficient outcomes at max-
imum power for each duct CR value. This verification process
confirms the effectiveness of the experimental design in achieving
improved power coefficients, particularly for lower CRs.

The power coefficient for a particular turbine is determined
with the expression:

CP _ (Pextracted) ) (l)
Payailable

The power coefficient, determined by the free stream velocity and
the rotor area, complies with the Betz limit of 0.593 [17]. Cor-
rection for this power coefficient in relation to the entire ducted
turbine is achieved through the following equation, given as [11]:

A .
Cp=Cp (L‘) : )
Totor
The power available for the fluid is then determined to be:
1 3
Payailable = 5,01421127 3)

following Refs. [12, 19]. Here, A, is the area at the rotor, con-
sistently maintaining symbols from the earlier studies. With the
power available and the power coefficient, the power extracted
can be solved for and compared to experimental results.

Copyright © 2024 by ASME



0.1

y=y/c

-0.1 T 1 I I
0 0.2 0.4 0.6 0.8 1

T=ux/c

FIGURE 1: Normalized Profile of NREL S833 Hydrofoil
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FIGURE 2: Lift and drag coefficients as functions of angle of attack
at various Reynolds numbers

2.2 Experimental Setup

This experimental work utilizes a recirculating open channel
flume to create controlled water flow along the axial direction of
the HAHKT apparatus. The open channel is 4.42 meters long and
was modified to include a 1.5 m wide insert, where the cross-
sectional area of the flow reducing 240 mm by 275 mm, which
is intended to increase the initial average velocity to 0.1 m/s. An
initial test with the full flow directed through the turbine area
provided a proof of concept and initial flow rate data necessary
for performing more accurate simulations and therefore a bet-
ter design. This maximized flow gave a Reynolds number near
60,000 at the tip of the blade. It is assumed that the water flow is
incompressible and resides within the transitional regime, owing
to the anticipated range of Reynolds numbers. While flow sep-
aration could potentially be observed at higher angles of attack,
the operational range avoids the stall regime of the blade profile.
The temperature of the flow for simulation purposes is considered
to be a constant 20°C, however the experimental temperature was
measured before and after each blade pitch test.

After the initial test was performed, the final designs of
a ducted small-scale HAHKT were created for use in the open
channel flume. These final designs comprised various compo-
nents that were printed, constructed, and procured. The required
equipment consisted of the following items and printed models:
a brushed waterproof DC motor acting as a generator, a voltmeter
to measure voltage, an ammeter to measure current, a flow meter
to determine freestream flow speed, a high frame-rate camera
to determine rotor angular velocity, a thermometer to monitor
temperature fluctuations, thirteen different rotor models varying
in collective pitch from —12° to +12° in increments of 2° , and
three ducts with the duct CRs of 1, 0.75, and 0.5. For the rotor
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FIGURE 3: Angle of twist designed as a function of normalized ra-
dius along the blade

models, National Renewable Energy Laboratory (NREL) S833
hydrofoil blade profile was chosen as it demonstrated relatively
higher performance in previous literature [20, 21].

The selected blade profile, NREL S833, is shown in Fig. 1.
In order to find a suitable initial AoA, Xfoil analyses were per-
formed in QBlade from —15° to +15° with a Reynolds numbers
representing the root of the blade, the mid section of the blade,
and the tip of the blade. The corresponding Reynolds numbers
were rounded to the nearest 10, 000 to produce 20, 000, 40, 000,
and 60, 000 respectively. The results for these analyses are shown
in Fig. 2. From this figure it can be seen that certain points were
not recorded due to stall. Previous work utilizing the NREL S833
at higher Reynolds numbers came to a conclusion that 6° is the
ideal @ [22]. However, in the figure it can be noted that the
drag coefficient overtakes the lift coefficient at 6° for a Reynolds
number of 20, 000 and therefore should be excluded. With this
in mind the a of 7° was chosen as a baseline AoA (ag) for the
expected Reynolds number range. Figure 3 displays the angle of
twist (AoT, B) for the idealized ducted rotor model. The AdT for
the blade sections was calculated as:

B =tan”! (%) -y, 4)

where U is the nominal velocity, which was initially set to 0.678
m/s, w is the nominal rotational speed, which is set to 30.5 rad/s,
and r is the distance along blade which began at a radius of 15
mm and increased by increments of 5 mm till the tip at 50 mm.
This ensures that all local blade section locations have baseline
angle of attack at the nominal flow speed and optimal tip speed
ratio, TSR, when controlled blade pitch (6,,) is maintained at 0°.
The TSR of the initial test was on the lower end at 2.25. This was
calculated as: o

TSR = (7). (5)
Ducted hydrokinetic turbines operate more efficiently at higher
TSR values than their bare counterparts [23, 24]. With this in
mind, a TSR of 6 was selected as the idealized ducted TSR to
which the g for the final rotor models would be based. U and
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FIGURE 4: Three-dimensional Rotor Model Pitches from —12° to 12° in increments of 2°

FIGURE 5: Duct configurations with duct CRs of 1, 0.75, and 0.5

w were then set to 0.34 m/s and 40.8 rad/s respectively in order
to produce this idealized TSR. Chord length was kept constant
along the blade for experimental simplicity. Figure 4 shows the
side view of all thirteen rotor models from pitch —12° to +12° in
increments of 2°. Change in chord, tip clearance, cavitation, and
the generator control were not explored in this research but are
essential to incorporate for full control design optimization.

The thirteen different rotor designs, with each at a different
fixed pitch, and three ducts of varying duct CRs were printed in
the polymer Polyethylene terephthalate glycol, or PETG, via a
fused material deposition, FDM, extrusion process. The Creality
FDM printers utilized were the CR-M4 and the Ender V3 SE. The
CR-M4 printed the duct pieces due to its relatively larger printing
volume. However due to the length of the full ducts, each duct
had to printed in two pieces. For the duct CRs of 0.5 and 0.75, the
divergent nozzle was printed separately from the turbine area and
divergent nozzle. Due to the reduction in total length for the duct
CR of 1 and the fixed length of the rotor and the generator, the
generator holder had to extend into the divergent nozzle such that
the tip of the rotor wouldn’t exceed the entrance of the convergent
nozzle. Therefore, the convergent nozzle was printed separately
from the turbine area and the divergent nozzle for the duct with
the duct CR of 1. Both printers were utilized to print the rotor
models at the thirteen different pitches. Figure 5 shows the final

FIGURE 6: Experimental ducted HAHKT apparatus with duct
CR=0.5 and —12° pitch rotor

designs for each of the ducted assemblies printed and tested. In
order to secure the duct assembly, the turbine base was screwed
into anchor sockets on the base of the flume and the wire from the
generator was secured to the divergent nozzle end and to the top
wall of the flume, placing an upward force on the divergent end
that counters the upward force on the convergent end from the
incoming flow. The rotor pitch models were adhered with hot glue
to a coupler located on the generator shaft. To change the rotor
pitch model being tested, a heat gun was applied momentarily to
the attached rotor to allow for the glue to melt and the rotor to be
removed.

Lastly, the flow generated from the pumps was constant and
therefore the flow was assumed to be steady. The primary objec-
tive for the experiment was to collect rotor rotational speed, output
voltage, and output amperage data for various duct CRs and blade
pitches. The output voltage and amperage were used to determine
the average output power for all duct CR and blade pitch combi-
nations. It is also possible to represent the measured electrical
power output in terms of hydrodynamic efficiency. However,
since we used a small DC motor as our power generator, which
cannot produce sufficient resisting electromagnetic torque, the
absolute electrical power values are more meaningful than the
efficiency values. The free stream flow subsequent to the flow
straightener and recording device but prior to the duct entrance
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FIGURE 7: Experimental electrical power results as pitch and duct CR are varied. (a), (b), and (c) Individual power results for duct CRs equal

to 1, 0.75, and 0.5.

was assessed with the flow meter before each pitch trial. The
temperature data before and after each pitch trial is also recorded.
This collection of data is essential in formulating the experimen-
tal power coeflicient with the relationship in Eq. (1). Without
any efficiency information, the power extracted is equated to the
electrical output. Hydraulic power extracted from the water will
be greater than the electrical power due to losses. The extracted
power trends follow the same path at a reduced magnitude as
pitch and duct CR are varied. These results are later compared to
the simulated results and validity will be determined for optimal
design parameters. The Cp can be corrected to find the power
coefficient value associated with the entire duct, which abides by
the Betz limit, using the same relationship previously mentioned
in Eq. (2).

2.3 Adaptive Duct Contraction Control Optimization Plans

The next step in enhancing ducted HAHKT systems involves
leveraging data from water flume experiments to develop an SM.
This SM serves as a dynamic ROM, intricately designed to cap-
ture the complex interactions of varying duct CRs and blade pitch
adjustments under different flow conditions. The primary goal is
to use this ROM for devising an adaptive duct contraction control
strategy that ensured optimal and maximum achievable power
output.

To achieve this, we used OpenMDAO [25] along with [POPT
[26] for optimizing control strategies based on the HAHKT re-
sponses predicted by the ROM developed in this study. The
optimization process aims to maximize power generation by dy-
namically adjusting pitch and duct CR based on velocity pro-
files resembling real-time, oscillating inflow conditions. This
approach introduces an additional mechanical degree of freedom
(DOF) to the HAHKT system, enhancing its ability to extract
maximum energy, especially in conditions with relatively slow
water freestream speeds.

The OpenMDAO framework with IPOPT optimizer takes
into account this SM as a map, the water velocity profile input,
and the time rate of change of duct CR (hereinafter referred to as
duct CR rate, CR) and the time rate change of blade pitch angle
(referred to as pitch rate, 6,) constraints in order to provide prac-

TABLE 1: Summary of Cases with Applied Constraints

Case Velocity Profile ACR APitch
Con. Con.
1 0.4+0.3 - sin(2%r) £0.01175 +3
2 0.4 - 0.3 - exp(— &) - sin(2Z1) +0.011 +3
3 numpy . random. seed(42) +0.01 +0.5
4 numpy . random. seed (46) +0.025 +5.0
0.7
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FIGURE 8: Velocity Profiles for Design Optimization

tical application of these control DOFs considering actuators’
mechanical limits in the time variant optimal solution. Uncon-
strained optimization problems were also explored for compari-
son.

The Gulf Stream core speed is 2 m/s [27], but this exceeds
the limits of the SM. Furthermore, most near-shore ocean current
speed falls below 1.0 m/s [28]. Therefore, a lower magnitude
of velocity profiles were utilized for the optimization tests. The
chosen parameters for each design optimization case are shown
in Tab. 1. The exact velocity profiles can be seen in Fig. 8.
Velocity profiles 1 and 2 are simple sinusoidal and damped si-
nusoidal respectively. Velocity profiles 3 and 4 are uniformly
random generated profiles with Numpy’s random seeds 42 and
46 respectively. These profiles represent a range of potential flow
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FIGURE 9: QBlade BEMT Simulation Results for Constant Velocity
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behavior.

The effectiveness and accuracy of the surrogate model as a
dynamic ROM will be evaluated by comparing its output against
the collected experimental data. Furthermore, the optimization
results obtained from OpenMDAO will be assessed against var-
ious scenarios where constraints or inflow conditions differ. By
comparing the optimizer’s paths under these varied conditions,
a comprehensive understanding of the system’s performance and
adaptability can be achieved, ensuring the ducted HAHKT sys-
tem operates at peak efficiency across a range of scenarios. This
streamlined approach marks a significant advancement in the
field, aiming to optimize energy production.

3. RESULTS
3.1 Experimental

Four tests for each pitch trial were carried out for each duct
CR. The average water speed was determined to be 0.18 m/s. For
duct CRs 1, 0.75, and 0.5 the inflow speeds are assumed to be
0.18 m/s, 0.32 m/s, and 0.72 m/s respectively with accordance
to continuity. The results for each duct CR corresponding to 1,
0.75, and 0.5 are shown in Figs. 7(a), (b), and (c), respectively.
In these plots the mean value, range, and 95 percent confidence
interval are identified for each pitch. It can be seen that the
design was more effective at a collective pitch of —2° for the the
lowest duct CR which corresponds to the highest throat velocity.
This shows that the blade design could be altered again such that
the 0° produces the most power. These results also produced
pitches that were inoperable. It should be noted that a pitch of
12° produced stall for all duct CRs. Combining the results from
the three full duct CR tests provides a dynamic representation for
power and angular velocity influenced by pitch and duct CR.

3.2 QBlade Simulations

QBlade BEMT rotor simulations were performed at the in-
flow speed corresponding to continuity from the duct CRs and a
collective pitch of —2° since it was the optimal choice for the duct
CR that produced the most power experimentally. These BEMT
simulations were terminated on the TSR corresponding with the
TSR obtained from the maximum angular velocity experimental
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FIGURE 10: Surrogate models produced from experimental data.
(a) Power distribution as a function of blade pitch and rotor area
velocity. (b) Angular velocity distribution as a function of blade
pitch and rotor area velocity.

data for each duct CR. The results for these simulations are shown
in Fig. 9 This exhibits that for the rotor design, lower operational
TSRs are more optimal but so too are higher inflow speeds. It
also verified that imploring the lowest duct CRs produced better
power coefficients as inflow remained constant and radial speed
varied. The negative power coefficient results show TSR regimes
where the rotor consumes energy rather than generating energy,
comparable to a propeller. The only way these coefficients of
power can be improved is by reducing the drag coefficient which
improves the glide ratio by means of either thinning circular sec-
tions or increasing the Reynolds number. This opens the door to
exploring duct CR values between 0.5 and 0 since the Reynolds
number will undoubtedly increase within this regime.

3.3 Adaptive Duct Contraction Control Design

Figures 10(a) and (b) display the surrogate model, SM, cre-
ated using the open-source surrogate modeling toolbox. This SM
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FIGURE 11: Constrained and unconstrained design optimization results for various velocity cases. Contour represents the power in mW
for varied rotor area water velocity and blade pitch angle values. (a) Optimal response to sinusoidal velocity profile. (b) Optimal response
to damped sinusoidal velocity profile.(c) Optimal response to random uniform velocity profile created with random seed 42. (d) Optimal
response to random uniform velocity profile created with random seed 46.

maps power in Fig. 10(a) and angular velocity in (b) as functions
of blade angle pitch and rotor area water velocity. The average
experimental power results, previously shown in Fig. 7, were the
static points utilized to map the behavior and bounds for this
model. These maps show that a pitch of —2°and a water veloc-
ity of 0.72 m/s generate the maximum power and rotor angular
velocity.

Figures 11(a), (b), (c), and (d) depicts the constrained and
unconstrained results for the design optimization for each of the
cases. The average power output for these case studies are given
in Tab. 2. Case 1 and 2 in Figs. 11(a) and (b) both show instances
where the duct CR could not bring the water to optimal speed,
yet optimal results were always attained for even the slow water
speeds. Case 3 and 4 in Figs. 11(c) and (d), where more chaotic
velocity functions were implored, the constrained optimization
can be seen slightly struggling to stay in the optimal region, while
the unconstrained optimizations attained optimality for the entire

TABLE 2: Summary of Optimal Solutions

Average Power [mW]

Case Constrained Case Unconstrained Case
1 20.30 26.73
2 23.21 28.76
3 20.92 29.15
4 21.50 29.15

duration of the simulation. In Figs. 11(a) and (c) the pitch control
can be seen responding at very low water speeds in attempt to
maximize energy when the duct is fully expanded and cannot
further affect the water speed.

Figure 12 illustrates the relationship between overall power
production and the levels of rate constraints applied in design
optimization case 4. The constraint coefficient, y, is multiplied
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FIGURE 12: Constraint Analysis for Case 4 where the water velocity profile spans the minimum and maximum experimental velocities of 0.18
m/s to 0.72 m/s (a) Duct contraction control and pitch control (b) Pitch-only control and constant contraction ratio of 1

TABLE 3: Summary of Constraint Analysis for Case 4

Average Power (mW)

Case Minimum Maximum
Duct Contraction and Pitch Control 15.08 29.15
Pitch-only Control and Fixed CR of 1 14.43 14.53

to the lower and upper bounds for duct contraction rate and blade
pitch rate, given as:

|CR| <vy: CRmax (6a)
|0b| v gb,max, (6b)

where CR is the time rate of change of duct CR, 64 is the time rate
of change of blade pitch, and subscript max denotes the prede-
fined limits for the corresponding quantities. When y approaches
to zero, duct contraction and blade pitch control become fixed,
making them ineffective. Conversely, as y approaches infinity,
duct contraction and blade pitch control respond immediately to
environmental (water flow speed) changes, producing maximum
theoretically attainable power. A practical value for y typically
falls within the range of around 1, allowing for finite rates for
controller actuation.

Figure 12(a) presents the results of the proposed duct CR
control and pitch control. An initial constraint for the DCCS is
realistically set which is confirmed with y of 1 between the min-
imum and maximum power. Figure 12(b) displays the results of
a constant CR of 1 and pitch-only control. A realistic y for the
pitch-only case is around 0.1, between the minimum and max-
imum power. The DCCS is particularly notable for generating
higher average power and offering a broader spectrum of achiev-
able output powers compared to the scenario utilizing only pitch
control with a fixed CR of 1. Table 3 provides a comprehen-
sive summary of the constraint analysis, displaying the range of
power attainable through the DCCS, which integrates duct con-
traction and pitch control, as opposed to the range achievable with
pitch-only control at a fixed CR of 1. This comparison under-

scores the substantial impact of incorporating duct contraction
control alongside pitch control. In ideal, unconstrained condi-
tions, the DCCS nearly doubles the average power output relative
to pitch-only control with a fixed, straight duct. Even under the
most stringent constraints, corresponding to a minimum power
of 15.08 mW, the DCCS surpasses the unconstrained pitch-only
control, which achieves a maximum power of 14.53 mW.

4. CONCLUSIONS

This study introduces a novel adaptive duct CR control strat-
egy for ducted HAHKT systems for relatively lower freestream
speed environment, represents a significant advancement in opti-
mizing energy production. By dynamically controlling duct CRs
and rotor blade pitch angles simultaneously in response to varying
inflow conditions, the design and control strategies presented in
this study embodies a forward-thinking approach to maximizing
power output in renewable energy systems.

Integration of experimental datasets across different duct
CRs and rotor blade pitch angles, along with sophisticated para-
metric numerical analyses, has led to the development of a refined
dynamic model. This model enhances the predictability of sys-
tem behavior and streamlines the optimization process for duct
CR and rotor blade pitch controls, ensuring maximal power ex-
traction in varying inflow conditions. Results from open-channel
water flume experiments validated the surrogate model’s effec-
tiveness, providing a solid foundation for the proposed adaptive
control strategy.

Beyond technical contributions in refining HAHKT design,
this research introduces an adaptive framework that addresses the
inherent variability in underwater environments. This strategy
offers a pathway to achieve higher efficiency in power generation,
thereby facilitating the broader adoption of ducted HAHKT sys-
tems in locations traditionally considered inadequate due to lower
freestream velocity. The DCCS not only enhances performance
but also reduces the levelized cost of energy (LCOE), fostering the
competitiveness of hydrokinetic energy in the renewable market.

Moreover, the model developed in this study encapsulates a

Copyright © 2024 by ASME



balanced integration between theoretical modeling and empirical
validation, setting a precedent for future research in renewable
energy optimization. Promising results underscore the potential
for such adaptive strategies to revolutionize the design and op-
eration of energy harvesting systems across wider environmental
conditions.

Future work will focus on further refining the dynamic model
and adaptive control strategy through extensive simulations and
the inclusion of augmented generator control by placing con-
straints on the angular velocity. Scalability of these results should
be realized to fully utilize the higher speeds, particularly in re-
gions, such as the Gulf Stream. By exploring a wider range of
inflow conditions and incorporating real-world operational con-
straints, the aim is to enhance the robustness and applicability
of the developed model to large-scale renewable energy projects.
The ultimate goal is to contribute to the development of more effi-
cient, reliable, and sustainable renewable energy systems, thereby
supporting the global transition towards cleaner and more sustain-
able energy sources.
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