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Abstract

Environmental licensing related to underwater acoustic emissions represents a critical bottleneck for the commercial
deployment of marine renewable energy. This study presents a control engineering framework to mitigate acoustic risks
from tidal current converters (TCCs) without compromising project viability. A MATLAB/Simulink model of a TCC was
utilized to evaluate two distinct mitigation tiers: (i) architectural modification, comparing a geared induction generator
against a direct-drive permanent magnet synchronous generator (PMSG) and (ii) operational control, analysing the
impact of switching frequencies and maximum power point tracking coefficient (Kopt) tuning. Results indicate that
lowering switching frequencies (F;) is ineffective, increasing power electronic losses by over 2000% with negligible
acoustic benefit. Conversely, the direct-drive PMSG architecture reduced sound pressure levels by ~10dB re 1uPa,
effectively eliminating mechanical tonal noise. For existing geared systems, de-tuning the K, coefficient by a factor of
1.2 reduced the probability of exceeding temporary threshold shift limits for marine mammals, with a quantified energy
yield reduction of 3.58%. These findings propose a hierarchical mitigation strategy: selecting direct-drive topologies for
acoustically sensitive sites, and utilizing maximum power point tracking coefficient based power curtailment as a
transient operational mode during critical biological migration periods.
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1 Intr ion
t OdUCt 0 Within this landscape, marine energy, encompassing tidal stream
The global imperative to mitigate climate change has accelerated and wave energy, represents a vast, under-utilized resource. It is

the transition towards sustainable energy systems, with a pro- estimated that the kinetic and potential energy of the oceans
jected 50% increase in global energy consumption between could satisfy up to 20% of the UK’s electricity demand [2].
2012 and 2040 necessitating robust renewable alternatives [1]. Unlike wind and solar, tidal stream energy offers high power
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density and astronomical predictability [3], making it a critical can-
didate for providing base-load stability to decarbonized grids [4].

However, despite this potential, the commercial deployment of
marine energy converters lags significantly behind other renew-
able sectors [5]. The industry faces a complex nexus of challenges,
including high levelized costs, lack of design convergence, and
hostile operating environments [6, 7]. Yet, one of the most signifi-
cant non-technical barriers to deployment is environmental con-
senting and licensing. Regulators strictly enforce compliance
with environmental standards, particularly regarding the impact
of underwater acoustic emissions on marine life [8, 9]. While phys-
ical collision risk remains the primary safety concern for marine
megafauna, acoustic compliance frequently acts as the prelimin-
ary licensing bottleneck that dictates initial site feasibility.

1.1 The engineering challenge of acoustic
compliance

The deployment of tidal current converters (TCCs) inevitably in-
troduces anthropogenic noise into the marine environment. This
noise is not merely a by-product but a critical operational con-
straint. Marine mammals rely heavily on sound for communica-
tion, navigation, and foraging; additionally, research indicates
that certain fish species are also sensitive to particle motion
and acoustic pressure generated by marine infrastructure [10].
Excessive acoustic emissions can lead to severe biological conse-
quences, ranging from behavioural disturbance and auditory

masking to physiological damage such as temporary threshold
shifts (TTS) and permanent threshold shifts (PTS) [11].

From an engineering perspective, acoustic compliance effect-
ively functions as a “Go/No-Go” gate for site licensing. In narrow
channels where tidal energy extraction is most efficient, turbine
arrays risk creating acoustic barriers that deter marine species
from critical habitats or migration routes [12]. Consequently,
the inability to guarantee acoustic safety can lead to permit de-
nials or severe operational curtailment.

Current mitigation strategies are often passive, relying on
site avoidance or the use of acoustic deterrent devices to repel
animals from the turbines. These methods are suboptimal;
they restrict the available resource potential and introduce
additional noise pollution. There is a critical need for active,
source-based mitigation strategies. By treating acoustic emis-
sion as a controllable system state, analogous to voltage or
torque, engineers can design TCCs that inherently comply
with environmental thresholds without requiring total system
shutdown.

1.2 Acoustic source characterization and
control variables

To control acoustic emissions, one must first characterize the gen-
eration mechanism. The acoustic signature of a horizontal-axis
TCC (e.g. Fig. 1) is a complex aggregate of hydrodynamic and
mechanical sources [13, 14]:

Figure 1 The SeaGen tidal turbine, a commercial-scale horizontal-axis TCC deployed in Strangford Lough, Northern Ireland [18].
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+ Inflow turbulence (hydrodynamic): Interaction between
the turbulent water flow and the rotating blades generates
broadband noise, typically dominant at lower frequencies
[15]. This source is intrinsically linked to the rotor’s angular
velocity (w) and the tip speed ratio ().

+ Mechanical noise: Components within the drivetrain, specif-
ically the gearbox and generator, emit tonal noise at specific
frequencies related to gear meshing and electromagnetic
switching. These tones often overlap with the most sensitive
hearing ranges of marine mammals (e.g. porpoises and
seals) [16].

The magnitude of these emissions is governed by the turbine’s
operational point. The kinetic power P extracted by the turbine
is defined by:

P=2 PAVG (L, ), &)

where p is fluid density, A is rotor swept area, U is flow velocity,
and C, is the power coefficient, which is a non-linear function of
the tip speed ratio 4 and blade pitch angle 8 [17].

Conventional control strategies, such as maximum power
point tracking (MPPT), aim solely to maximize C,. However,
this study posits that the control objectives must be expanded.
By manipulating control variables, specifically the generator top-
ology, switching frequencies of power electronics, and the MPPT
gain coefficients, it is possible to alter the acoustic profile of the
turbine. For instance, reducing rotational speed (w) to operate at
a sub-optimal A (de-rating) simultaneously mitigates hydro-
dynamic noise and reduces the frequency and intensity of mech-
anical drivetrain emissions, albeit at the cost of energy yield.
Quantifying this trade-off is essential for establishing the cost
of environmental compliance.

1.3 Research objectives

This study aims to bridge the gap between marine ecology and

control engineering by developing a framework for acoustic-

aware control. Building upon a validated MATLAB/Simulink model

of a grid-connected tidal current conversion system [19], we simulate

the acoustic emissions of a TCC under various operational strategies.
Specific objectives include:

« Source decomposition: To quantify the individual acoustic
contributions of inflow turbulence, the gearbox, and the gen-
erator, and evaluate their respective impacts on marine
mammal auditory thresholds (TTS/PTS).

+ Architectural evaluation: To compare the acoustic per-
formance of a conventional geared induction generator
against a direct-drive permanent magnet synchronous gen-
erator (PMSG), assessing the noise reduction potential of
eliminating the gearbox.

+ Control optimization: To investigate the efficacy of oper-
ational interventions, specifically varying the switching fre-
quency (Fs) of the power converters and de-tuning the
MPPT coefficient (Kopt), in mitigating acoustic risk.

+ Cost-benefit analysis: To quantify the energy yield penalty
associated with these mitigation strategies, providing devel-
opers with data-driven trade-offs between power production
and environmental compliance.

By shifting the focus from impact assessment to active control,
this research demonstrates how engineering innovations can re-
solve regulatory bottlenecks, thereby facilitating the wider de-
ployment of clean marine energy technologies.

2 Methodology

2.1 Operational constraints: acoustic
thresholds

To establish the operational boundaries for the control system,
this study utilizes biological damage criteria for marine species
prevalent in UK waters, specifically marine mammals such as
harbour porpoises and seals, among others [20]. Audiograms
and generic hearing thresholds (GTV) were compiled from litera-
ture [21-27] and are visualized in Fig. 2.

The engineering constraints are defined by the onset of TTS
and PTS. Following the exposure models by Heathershaw
et al. [28] and Richards et al. [16], the limit thresholds are
calculated as:

TTS=GTV + 75 — 10 loglo< )

T
28800)°

T

where T is the daily exposure duration in seconds. For a grid-
connected tidal turbine operating continuously in base-load
conditions, a worst-case exposure scenario (T > 28800 s/day)
is assumed. Consequently, the logarithmic duration term ap-
proaches zero, setting the static engineering limits at
GTV + 75dB (TTS) and GTV + 95dB (PTS).

Audiograms of Marine Mammal Species
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Figure 2 Audiograms of target marine mammal species and the derived
generic hearing threshold (GTV) used as the baseline for acoustic impact
assessment.
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2.2 Modelling of hydrodynamic noise
(inflow turbulence)

Hydrodynamic noise, resulting from the interaction between un-
steady inflow turbulence and the rotating blades, acts as the
dominant low-frequency noise source. This was modelled using
the empirical spectral method adapted by Lloyd et al. [29] from
the original formulation by Blake [30].

The mean square pressure p? at a distance r is derived from
the pressure spectrum ¢ ,(r, ):

1

F:E%(r, w)w, (4)

where w is the angular frequency. The pressure spectrum is re-
lated to the turbulence spectrum ¢,(w) by:
_ k3 cos?

¢p(l’, CU) _7¢t(w); (5)

1672r

where ko = w/c is the acoustic wavenumber (c is the speed of
sound in water). The turbulence spectrum ¢,(w) incorporates
the rotor geometry and the Sears function to account for the
aero-acoustic response of the blade sections:

2 D, ,—
$i(w) zgﬂzARPZU%C%E|As|2U2FA|$e|2; (6)

where Ay is the radial length scale of turbulence, p is fluid density,
Ur is the tip velocity, Cr is the tip chord length, and D is the rotor
diameter. The term |S.|? represents the approximated Sears func-
tion, which models the lift response to sinusoidal gusts:

COCT

where x = — @)

Se(x)* ~ s .
1Selrel 1+ 27k 2U7

This formulation ensures that the simulated acoustic profile ac-
curately reflects the physical dependency of noise on rotor speed
(Q) and tip speed ratio (1).

2.3 Modelling of mechanical drivetrain
noise

Mechanical noise sources were modelled based on empirical in-
dustrial machinery standards established by Bruce et al. [31].
The sound power levels (SL) for the gearbox and generator
were calculated as:

SLgear = 86 + 3 log,, (rpmy) + 4 log, (Puw)
+10 loglo (Sgeom)’ (8)

SLgen = 80 + 10log,, (Puw) + 6.6 log, (rpmgen), 9)

where rpm; is the shaft speed, Pis power (in kW or MW as denoted),
and Sgeom represents the geometric surface area of the casing.

Since these empirical relationships are derived for airborne
acoustics (reference pressure 20 uPa), the results were converted
to underwater sound pressure levels (SPLyater, reference 1 uPa).
This conversion applied a standard impedance correction of
~ 61.5dB, assuming constant fluid density characteristic of shal-
low tidal channels, alongside the propagation loss equation [13].
No nacelle damping factor was applied, representing a worst-
case unshielded scenario.

2.4 Control strategies and system
architecture

The TCC operation was simulated using a grid-connected tidal cur-
rent conversion system model developed in MATLAB/Simulink [19].

The baseline model (Fig. 3) represents a 1 MW horizontal-axis
turbine with a rotor diameter of 23 m. To evaluate acoustic miti-
gation, three specific engineering interventions were simulated:

2.4.1 Power electronics switching frequency (F;)

The switching frequency of the generator-side converter was var-
ied from 1 to 3kHz in 500 Hz increments. This strategy aimed
to assess whether shifting the harmonic content of the electro-
magnetic noise could reduce the aggregate SPL without incur-
ring excessive thermal losses in the filter components.

Baseline operational characteristics
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Figure 3 Baseline operational characteristics of the simulated TCCS: (a)
power coefficient Cp, (b) tip speed ratio 4, (c) mechanical torque, and (d)
power output. The simulation demonstrates the dynamic response of the
control system to turbulent inflow.
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2.4.2 MPPT coefficient tuning (Kopt)

The supervisory controller regulates the generator speed to
maintain optimal C, via the law Tem = Kopt - @®. The gain coeffi-
cient Kopt Was treated as a variable control parameter (varied
by factors of 0.8 to 1.2). This effectively de-rates the turbine hy-
drodynamically, forcing it to operate at a sub-optimal tip speed
ratio (1) to reduce rotational noise at the expense of energy yield.

2.4.3 Drivetrain architecture: geared vs. direct-drive

To evaluate design-stage mitigation, the system topology was al-
tered from a standard geared induction generator (reference) to
a direct-drive PMSG.

+ Reference model: 3-stage gearbox, 4-pole induction gener-
ator (p =2).

+ Direct-drive model: Gearbox removed, PMSG with high pole
count (p = 30), rated torque increased to 955 kNm, and rated
speed reduced to 15 rpm [32, 33].

This structural change eliminates the gear meshing tones
entirely, isolating the aerodynamic and electromagnetic noise
components.

3 Results

3.1 Baseline acoustic performance

The simulation of the reference TCC (geared induction generator)
under standard control strategies established a baseline acous-
tic profile. Figure 4 illustrates the time-domain evolution of the
SPL at a receiver distance of 50 m. The total SPL stabilizes at
~ 124.2dB re 1uPa as the turbine reaches its rated operation.
Decomposition of the acoustic signal reveals that mechanical
noise from the gearbox is the predominant source, contributing
consistently between 122 and 124 dB re 1uPa. In contrast, the
generator noise remains significantly lower (~ 108 dB re 1 uPa),
while inflow turbulence noise fluctuates with the tidal current
velocity, averaging 114dB re 1 uPa.

Original model SPL at 50 m
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Figure 4 Time-series of SPL components for the reference geared TCC at
50 m distance.

Original model SPL from 10 to 200 m

140
—— Total
-—- Gearbox
< 130 1 Turbulence
el I I I
=7 Generator
o 120 -
: ==
=
i 110 o
w
S O 99
T T T : ; I 1 E

0 25 50 75 100 125 150 175 200
Distance (m)

Figure 5 Spatial propagation of acoustic emissions at rated power
(T =73405s) from 10 to 200 m.

Propagation analysis (Fig. 5) demonstrates the attenuation of
these signals over distance. While the total SPL decays to ~ 112
dB re 1uPa at 200m, it remains above the generic auditory
threshold for marine mammals within the immediate vicinity
of the device (<100 m), identifying a critical zone of potential
acoustic impact.

3.2 Influence of power electronics
switching frequency

The first control intervention involved varying the switching fre-
quency (Fs) of the generator-side converter from 1 to 3 kHz. The
acoustic simulation results indicated a negligible variation in
the aggregate SPL (<0.05% deviation) across the tested range.
The high-frequency harmonic noise components generated by
the switching events effectively decayed rapidly in the water col-
umn and did not contribute significantly to the far-field acoustic
pressure.

However, lowering F; had a substantial detrimental impact on
the electrical efficiency of the system. As detailed in Table 1, redu-
cing Fs to 1.5 kHz resulted in a massive increase in harmonic dis-
tortion currents, causing thermal losses in the filter components
to rise by over 2000% (from 0.006 to 0.126 kWh over the simulation
period). Consequently, manipulating F; was determined to be an

Table 1 Impact of switching frequency (Fs) on power
electronics energy losses, arranged by increasing frequency
value.

Component 1.0kHz 1.5kHz 2.5kHz 3.0kHz

(% change) (% change) (kWh) (% change)
Choke -15 —4 0.017 +7
Filter +988 +2107 0.006 -32
Transformer +4 +4 0.091 0
Total loss +50 +108 0.114 0

The reference case is 2.5 kHz.
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ineffective mitigation strategy, yielding no acoustic benefit while
compromising the thermal stability of the power electronics.

3.3 Operational control via MPPT tuning

The second intervention evaluated the de-tuning of the MPPT
gain coefficient (Kopt). Increasing Kop: forces the turbine to oper-
ate at a lower rotational speed (w) for a given flow velocity, there-
by reducing the tip speed ratio (1). Since hydrodynamic noise
scales with Ug, and mechanical noise scales with shaft speed,
this strategy effectively reduces source generation.

Figure 6 demonstrates the dynamic stability of the system
under different gain coefficients. While lower Ky, values (0.8,
0.9) introduced instability in the power coefficient (C,) tracking,
the higher values (1.1, 1.2) maintained stable operation while ef-
fectively capping the rotational speed.

Figure 7 illustrates the non-linear relationship between SPL
and rotational speed under these regimes. The application of a
1.2K,p¢ factor constrained the rotational speed, keeping the max-
imum SPL below critical thresholds more frequently than the ref-
erence case.

Table 2 quantifies the engineering trade-off associated with
this strategy. While increasing Kop: to 1.2 resulted in a mean
SPL reduction of 0.28% (on a logarithmic scale, representing
a tangible decrease in acoustic energy), it incurred an energy
yield penalty of 3.58%. Conversely, decreasing Kop: (0.8)
increased both energy production and noise, confirming the
direct coupling between aerodynamic efficiency and acoustic
emission.

Cp with varying Ko+ values
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Figure 6 Dynamic step response of the power coefficient (C,) under
varying Koy values. The data are separated for clarity: the top panel
displays the response for higher gain coefficients (1.1Kgpt, 1.2Kqpt), while
the bottom panel displays the response for lower gain coefficients
(0.8Kopt, 0.9Kopt)-
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Figure 7 Correlation between SPL and rotational speed under different
MPPT gain coefficients (Kopt). The de-tuned controller (1.2Kqp) limits
maximum RPM, capping peak acoustic emissions.

Table 2 Trade-off between energy yield and acoustic
emission under MPPT de-tuning.

Control factor Energy Yield Mean SPL
yield (kWh) loss (%) variation (%)
Kopt (Ref) 8.287 - -
0.8Kopt 8.132 1.87 +0.16
1.2Kopt 7.990 3.58 -0.28
Model without gearbox - SPL at 50 m
110 e
105 + Ve s i
& 100 - )
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Figure 8 Acoustic profile of the direct-drive PMSG architecture. Total SPL
(solid line) is now dominated solely by inflow turbulence (dashed line),
significantly lowering the overall noise floor compared to the geared
baseline.

3.4 Impact of drivetrain architecture
(direct-drive)

The final evaluation compared the reference geared design with
a direct-drive PMSG architecture. As shown in Fig. 8, the removal
of the gearbox eliminates the dominant mechanical tonal noise
source. The acoustic profile of the direct-drive system is strictly
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governed by inflow turbulence, resulting in a total SPL reduction
of ~10dB re 1 uPa at 50 m.

Critically, under the direct-drive topology, the generator noise
component (dotted line) remains well below the turbulence noise
floor (dashed line), rendering the electromagnetic noise acoustic-
ally insignificant. At the rated operation (T = 73405s), the direct-
drive turbine generated a total SPL of 109.2 dB re 1 uPa, compared
to 124.2 dB re 1 uPa for the geared baseline.

4 Discussion

4.1 Acoustic risk as a licensing constraint

The baseline simulation results quantify the extent of the envir-
onmental compliance challenge facing tidal stream developers.
With a total source level reaching 124.2dB re 1 uPa, the geared
turbine creates a zone of influence where marine mammals are
at risk of TTS within a 100 m radius and PTS within 10 m.

From a licensing perspective, this acoustic footprint is signifi-
cant. In high-energy tidal channels, which are often narrow and
serve as migratory bottlenecks for species such as harbour por-
poises, a 100 m exclusion zone per turbine, a value consistent
with empirical measurements from the SeaGen commercial
demonstrator [18], could cumulatively result in an acoustic bar-
rier across the entire channel when scaled to a commercial array.

Furthermore, analysis of the flow speed cumulative distribu-
tion function indicates that the turbine operates above the crit-
ical acoustic threshold for ~56% of the tidal cycle (Table 3). This
high probability of exceedance implies that without active con-
trol, the turbine would be non-compliant for the majority of its
operational life. Consequently, passive mitigation is insufficient;
active engineering intervention is required to secure consenting.

4.2 Evaluation of operational mitigation
strategies

The investigation into control-based mitigation reveals distinct
hierarchies of effectiveness.

4.2.1 Inefficacy of switching frequency control

Modulating the power electronics switching frequency (Fs) proved to
be an ineffective strategy. While higher frequencies theoretically
push harmonic noise outside the sensitive hearing bandwidth of lar-
ger mammals, the simulated reduction in aggregate SPL was negli-
gible (<1%). Conversely, the engineering penalty was severe;
lowering F; to 1.5kHz increased filter energy losses by over
2000%. This creates an unacceptable thermal management risk

Table 3 Operational conditions corresponding to the onset
of TTS risk (SPL > 116.5dB re 1 uPa) for marine mammals.

Control Flow Risk Power
strategy speed (m/s) probability (%) limit (MW)
Reference 1.93 56.0 0.60
0.8Kopt 1.87 56.5 0.52
1.2Kopt 2.01 53.7 0.67

for the power electronics pod, which is often sealed and passively
cooled in subsea environments. Therefore, F¢ tuning should be re-
served for electrical power quality management rather than acoustic
mitigation.

4.2.2 The cost of silence: MPPT de-tuning

In contrast, MPPT coefficient tuning emerged as a viable Tier 2
operational strategy. By increasing the K, gain to 1.2, the con-
trol system effectively caps the rotor’s rotational speed during
peak tidal flows. This creates a direct trade-off: a 0.28% reduc-
tion in mean noise levels for a 3.58% loss in annual energy yield.

While a 3.58% revenue loss is non-trivial, it must be weighed
against the alternative of forced shutdowns. If a site license man-
dates complete curtailment during migration seasons, the gener-
ation loss would be 100% for that period. By utilizing MPPT
de-tuning, operators can implement a low-noise mode—main-
taining 96.4% of generation capacity while staying compliant
with acoustic thresholds. This operational flexibility could be
the deciding factor in making a project bankable in environmen-
tally sensitive waters.

4.3 Design implications: the case for
direct-drive

The most profound mitigation is achieved at the design stage
(Tier 1). The transition to a direct-drive PMSG architecture elim-
inated the tonal mechanical noise entirely, reducing the source
level by 10 dB. By removing the gearbox, the acoustic profile be-
comes dominated solely by inflow turbulence, which is broad-
band and less likely to trigger sharp auditory injury responses
compared to tonal machinery noise.

Although direct-drive generators are typically heavier and re-
quire more expensive rare-earth magnets (increasing CAPEX),
this study suggests they offer superior environmental perform-
ability. For sites with strict acoustic constraints, the direct-drive
topology effectively de-risks the permitting process.

4.4 A tiered mitigation framework

Based on these findings, we propose a tiered engineering frame-
work for acoustic compliance:

« Tier 1 (Design phase): For sites identified as critical habi-
tats, direct-drive PMSG architectures should be prioritized
to minimize the baseline source level.

« Tier 2 (Operational phase): For geared fleets or transient
biological events, MPPT de-tuning should be implemented
as a dynamic control state, triggered by real-time passive
acoustic monitoring of marine mammal presence.

5 Conclusions

This study addresses the critical barrier of environmental licens-
ing for TCCs by proposing an acoustic-aware control framework.
By shifting the focus from passive impact assessment to active
engineering intervention, we demonstrated that acoustic emis-
sions can be effectively managed through drivetrain selection
and control system tuning.
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The simulation results support the following engineering
conclusions:

« Architecture is the primary mitigation: The transition from
a geared induction generator to a direct-drive PMSG is the
most effective strategy for acoustically sensitive sites.
Eliminating the gearbox removed the dominant tonal noise
components, resulting in a source level reduction of ~10
dB re 1uPa. This design choice effectively de-risks the per-
mitting process for high-value marine habitats.

+ Operational flexibility via MPPT: For operational mitiga-
tion, de-tuning the MPPT coefficient (Kop:) offers a viable
low-noise mode. Increasing Kop: by a factor of 1.2 successful-
ly capped rotational speeds during peak flows, reducing the
probability of exceeding marine mammal injury thresholds.
This comes at a quantified cost: a 3.58% reduction in annual
energy yield. This trade-off is economically superior to the al-
ternative of total site shutdown during migration periods.

+ Ineffectiveness of F; control: Varying the switching fre-
quency of the power electronics is not a recommended miti-
gation strategy. The acoustic reduction was negligible
(<1%), while the engineering penalty was severe, with filter
energy losses increasing by over 2000% at lower frequencies,
posing significant thermal risks to subsea equipment.

Ultimately, this work suggests a tiered approach for the tidal in-
dustry: prioritize direct-drive topologies in the design phase for
noise-constrained environments, and utilize dynamic Kop: con-
trol as a flexible tool to ensure real-time regulatory compliance.
By integrating these strategies, developers can maximize energy
extraction while adhering to rigorous environmental standards,
thereby accelerating the commercial deployment of marine re-
newable energy.

5.1 Future work

While this study establishes a foundational framework for
acoustic-aware control, several avenues remain for extending
this research toward commercial viability and holistic environ-
mental integration.

« Techno-economic analysis of strategic derating: While the
engineering trade-off of MPPT de-tuning was quantified at a
3.58% energy yield loss, the long-term financial implications
remain to be modelled. Future research should perform a
levelized cost of energy sensitivity analysis comparing two
scenarios: (A) a high-CAPEX direct-drive fleet operating at
full capacity, versus (B) a lower-CAPEX geared fleet utilizing
seasonal strategic derating. Such case studies would deter-
mine the financial break-even point for acoustic compliance
in varying regulatory environments.

« Array-scale acoustic modelling: Commercial projects will
involve arrays of multiple turbines. As noted in the founda-
tional thesis work, the acoustic signature of a single device
does not linearly scale to an array. Future simulations
must account for constructive and destructive interference
patterns between turbines, as well as the impact of up-
stream wake turbulence on the acoustic emissions of

downstream rotors. This is critical for assessing the cumula-
tive acoustic barrier effect in narrow tidal channels.

+ Closed-loop feedback control: The current control strategy
relies on static parameter tuning (Kop:). A logical progression
is the development of a closed-loop smart mitigation sys-
tem, where real-time data from passive acoustic monitoring
hydrophones serves as an input to the supervisory control-
ler. This would allow the turbine to trigger MPPT curtailment
only when marine mammals are detected in the vicinity,
minimizing energy loss compared to blanket seasonal
de-rating.

+ Comprehensive source integration: This study focused on
hydrodynamic and drivetrain noise. However, secondary
sources such as structural vibration resonance, mooring
line snapping events, and pile-driving noise during installa-
tion also contribute to the total soundscape. Integrating
these sources into the Simulink model would provide a com-
plete spectral representation of the TCC lifecycle emissions.
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