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ABSTRACT The global demand for sustainable energy has shifted interest in Marine Renewable
Energy (MRE) sources. Tidal energy is particularly attractive within this domain due to its predictability
and high capacity factors. However, practical and large-scale deployment remains constrained by
challenges in resource variability, subsea reliability, and grid compliance. This review provides a focused
and comprehensive assessment of tidal energy systems, particularly emphasizing Power Electronic
Converters (PECs) as the pivotal enabler of efficient energy extraction, control, and grid integration.
A structured challenge—mitigation framework is developed across three domains: resource assessment,
converter topologies, and grid interaction, revealing unresolved issues in long-term reliability, converter
robustness, and system-level stability. Forward-looking research directions are also identified, including
hybrid tidal-renewable integration, modular and multiport PEC architectures, and advanced monitoring
frameworks, all expected to accelerate technology readiness and support cost-effective scaling. This review
offers a roadmap for transitioning tidal energy toward dependable, cost-effective, and sustainable expansion
by bridging insights across the resource, converter, and grid domains.

INDEX TERMS Tidal energy, grid integration challenges, power converter architecture, technology
advancements.

I. INTRODUCTION

Fossil fuel-based conventional power systems are undergoing
a significant transformation due to fuel depletion, climate
change, and global price instability [1]. The year 2024 was
recorded as the warmest on record, according to an analysis
by the National Oceanic and Atmospheric Administration
(NOAA), underscoring the urgency of transitioning to cleaner
energy sources [2]. Additionally, the International Energy
Agency (IEA) outlook 2022 revealed a concerning trend:

The associate editor coordinating the review of this manuscript and
approving it for publication was Jenny Mahoney.

the number of people without access to modern energy is
increasing for the first time in a decade [3]. Approximately
75 million individuals who recently gained access to elec-
tricity may lose that access due to affordability issues, while
100 million people could resort to traditional biomass for
cooking. Moreover, energy-related carbon dioxide emissions
surged to 37.8 Gt in 2025, marking the all-time high [4].
This underscores the urgent need to explore alternative clean
energy sources to achieve the net-zero emissions target.

The ocean has abundant untapped energy from tides,
waves, currents, and temperature gradients. Marine Renew-
able Energy (MRE) encompasses technologies that harness
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these resources to generate electricity sustainably [5]. Among
these, tidal energy, generated from the regular rise, fall,
and flow of seawater, stands out for its high reliability,
strong energy density, and highly predictable nature, which
is driven by the gravitational pull of the moon and sun. These
characteristics make tidal energy inherently more reliable
and grid-compatible than other marine sources, such as
wave energy, and significantly more stable than intermittent
land-based renewables like wind and solar [6]. However,
extracting tidal energy and delivering it to the power grid
involves significant challenges at various technical and
operational levels [7], [8].

These challenges arise from the harsh marine environment,
the complexities of grid integration, and the critical role
of Power Electronic Converters (PECs) in tidal energy
applications. PECs are essential for optimizing energy
harvesting and ensuring tidal systems’ stable and resilient
integration into the grid. Power converters enhance the
efficiency and reliability of these systems by enabling greater
control flexibility. However, the high penetration of PECs in
modern MRE-based power systems introduces new dynamics
and operational challenges [9]. Hence, identifying these chal-
lenges and analyzing both existing and emerging mitigation
strategies is the first obligation towards transferring power
from ocean to wire.

Recent state-of-the-art reviews have addressed the chal-
lenges associated with tidal energy, covering aspects such
as technical reliability, social and environmental considera-
tions [7], geographical resource assessment [10], and eco-
nomical factors [11]. Table 1 summarizes the recent state-of-
the-art in addressing the challenges of tidal energy conversion
by exploring three critical aspects: the inherent challenges
of the energy source, the difficulties in its grid integration,
and the complexities associated with PECs. Literature [12]
delves into technical aspects, including resource assessment,
modeling, control systems, and failure analysis. It highlights
the growing significance of emerging technologies such as
Artificial Intelligence (Al), data analysis, blockchain, and the
Internet of Things (IoT) in shaping the future of tidal energy
systems.

Another review [13] presents the state-of-the-art Tidal
Current Energy Converters (TCEC) technological devel-
opments in China regarding scale, efficiency, reliability,
and other innovations. The paper also describes the cur-
rent challenges and future trends of large-sized turbines
for grid connection and small-scale turbines for diverse
applications in marine environments. Furthermore, a com-
prehensive examination of tidal range and tidal stream
energy resources, feedback mechanisms, and environmental
interactions is provided in another review [14]. Refer-
ence [15] assesses Germany’s tidal energy potential along
the North Sea coast, identifying a practical resource of
66.6-565.8 GWh/year while highlighting the need for
technology advancements for shallow waters and low-current
conditions.
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A comprehensive review in [16] covers hybrid wave-
tidal converters, analysis methods, technology gaps, and
future research opportunities. Life Cycle Assessment (LCA)
studies evaluating the environmental performance of wave
and tidal energy technologies are reviewed in [17], offering
insights into their sustainability. Reference [18] offers an
overview of the current state of ocean energy research,
emphasizing research beyond technological advancements
and highlighting key research gaps and future directions.

Despite these extensive reviews, the literature on the
applications and challenges of PECs in marine environments
remains limited in scope. For example, [19] provides insights
into tidal energy technologies and briefly discusses the role
and architecture of PEC topologies. However, it does not
comprehensively explore the converter control strategies,
hybrid AC/DC interfacing schemes, or mitigation tech-
niques for PEC-related constraints such as switching losses,
bidirectional flow, or marine-induced stresses. Similarly,
[20] focuses primarily on early-phase cost modeling for
tidal energy farms and includes preliminary references to
PEC selection and deployment. Yet, it treats electrical
systems largely as closed-box elements without analyzing
their influence on efficiency, reliability, or fault resilience,
leaving a gap in techno-economic evaluations of converter
choices.

Additionally, [21] offers a focused review on frequency
converters’ technical maturity and reliability in subsea
applications. While it effectively highlights stress factors
such as pressure, temperature, and insulation degradation,
the study is limited to general-purpose subsea PECs and
does not consider application-specific nuances of tidal energy
systems, such as flow directionality, transient load behavior,
or grid support functionality.

Some literature also discusses the challenges associated
with the optimal placement of power converter devices,
which are crucial for simplifying Power Take-Off (PTO)
systems and reducing energy costs. This concern becomes
increasingly important with the development of large-scale
tidal turbines [22]. However, the review does not elaborate on
how converter placement influences system-level metrics like
control response time, harmonic distortion, or maintenance
accessibility under tidal conditions. Emerging approaches,
such as subsea nacelles or floating platforms, are acknowl-
edged but lack quantitative performance benchmarking or
design optimization strategies.

In [23], a review of tidal current turbine configurations
and control strategies is presented, highlighting differences
in cost and failure rates between various turbine types.
Nonetheless, the study limits its discussion on PECs to
basic configurations, with minimal attention to advanced
modulation techniques, thermal protection, or converter-fault
ride-through capabilities. Furthermore, [24] discusses key
technical issues, including reliability-centered configuration,
interconnection, environment management, and biofouling.
While it contributes significantly to Subsea Electric Power
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TABLE 1. Overview of research articles addressing MRE challenges.

Ref.

MRE
Source

Grid In-
tegration

PECs

Core Technical Focus and Contributions

[7]

v

*

Comprehensive resource overview; lacks focus on grid interfacing or PECs.

[11]

Discusses system-level integration; converter technologies not addressed.

[12]

Focus on MRE resource characteristics; converter and grid domains absent.

[13]

Explores integration at system level; PEC roles not discussed.

[14]

Resource and hydrodynamic review; no PEC or integration strategies.

[15]

Focused on design standards and reliability; lacks converter or grid insight.

[16]

Discusses project planning aspects; omits PECs and integration frameworks.

[17]

Emphasis on lifecycle analysis; no system or PEC-level discussion.

[18]

3| XX XX | X[ XX

Economic and impact analysis; converter architecture not covered.

[19]

SNENENENENENENENEN

] x| x|« x|« |

i

Reviews turbine and PEC advancements; limited discussion on mitigation and inte-
gration frameworks.

[20]

<

Emphasizes early-phase cost modeling with basic PEC and grid representation; lacks
technical integration details.

[21]

Focused on PEC reliability modeling for subsea applications; does not address tidal-
specific integration.

[22]

Discusses PECs in general; lacks discussion on integration strategies.

[23]

Strong on turbine configuration/control; limited insight into hybrid PEC roles and
integration methods.

[24]

In-depth analysis of SEPG and PEC reliability; lacks full mitigation strategy frame-
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FIGURE 1. Power density of renewable energy [25].

Grid (SEPG) reliability, it does not fully explore the
integration of PECs with grid-side control, or the cross-
domain mitigation strategies that jointly address converter,
grid, and resource variability.

A. CONTRIBUTION OF THE PAPER

Despite the growing body of research, there remains a
gap in comprehensive studies that systematically address
the challenges of tidal energy systems. While prior works
have examined individual aspects of tidal technologies and
PEC:s in isolation, a holistic perspective that integrates these
dimensions and explores their interrelated challenges and
solutions is still lacking.

This review addresses these key gaps in existing tidal
energy literature by offering a unified, challenge-driven
analysis of tidal resource characteristics, PEC roles, and
grid integration complexities. Unlike previous studies that

VOLUME 13, 2025

consider these aspects in isolation, this work adopts a
system-level view across three domains: tidal source vari-
ability, PEC adaptation and control, and grid interfacing
challenges.

Key contributions include:

o A structured challenge-solution framework spanning
source, converter, and grid domains.

« Detailed discussion on PEC topologies (AC/DC, Back-
to-Back (BTB), AC/AC), and marine-specific deploy-
ment needs.

o Insights into advanced grid integration techniques,
including virtual inertia, droop control, and power
quality enhancement.

« Evaluation of emerging technologies such as packaging,
pressure-tolerant PECs, smart enclosures, and monitor-
ing techniques.

« Identification of future research needs, including mod-
ular converter architectures, hybrid tidal systems, and
co-optimized control schemes.

This paper provides a holistic foundation for advancing
PEC-integrated tidal energy systems and supports future
development of robust, scalable tidal energy infrastructures.

B. ORGANIZATION OF THE PAPER

The rest of the paper is organized as follows: Section II
reviews the current state of MRE, with particular attention
to tidal generation. Section III discusses the challenges and
existing solutions related to tidal generation, grid integration,
and the application of PECs. Section IV reviews various
PEC architectures used in tidal systems. Section V explores
advancements in PEC development in tidal applications,
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Ocean power generation scenario, 2000-2030 (IEA 2020b)
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FIGURE 2. Ocean power generation scenario, 2000-2030 [29].
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FIGURE 3. Theoretical and technical marine energy resources for all U.S.
states [5].

focusing on Wide-Bandgap (WBG) technologies, packaging
considerations, and reliability enhancements. Section VI out-
lines potential future research directions. Finally, Section VII
concludes the paper with key insights and closing remarks.

Il. CURRENT STATUS OF MRE ENERGY
Inflation in energy costs, growing environmental pollution,
and demand for efficient energy benefit the market for
renewable energy. The future energy market is moving
towards a decentralized supply model, where tapping into
different distributed energy resources becomes essential
for efficient and quality power supply. Renewable energy,
dominated mainly by wind and solar, contributes about 20%
to all electricity in the United States, which is steadily
increasing. However, unpredictability and low capacity of
wind and solar sources have led to demand for alternative
renewable energy sources. Tidal energy, a key subset of MRE,
stands out due to its high power density, strong capacity
factor, and predictability (Fig. 1). Compared to many other
renewable sources, tidal systems offer distinct advantages
in dependability, durability, and long-term reliability [26].
These characteristics make tidal energy one of the closest
renewable candidates to dispatchable and load-following
generation [27], positioning it as a strong alternative to
conventional power sources.

In addition, the predictability of tidal resources can com-
plement the variability of wind and solar, reducing reliance on
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large-scale storage or backup gen-sets. Studies such as [28]
advocate integrating tidal systems with other renewables
to partially mitigate intermittency while improving system
reliability and lowering generation costs, particularly in
coastal and islanded regions. According to the IEA, ocean
energy generation is projected to grow by more than 33% by
2030 (Fig. 2) [29], a trajectory that aligns with global net-zero
emission targets for 2050. Amid the COVID-19 crisis, the
global market for Ocean Energy, estimated at 58.7 Thousand
Kilowatts in the year 2020, is projected to reach a revised
size of 348.1 thousand Kilowatts by 2026, growing at a
Compound Annual Growth Rate (CAGR) of 35.4 % over the
analysis period.

According to the United States Department of Energy
(DOE) estimates, the combined technical potential of MRE
resources, including tidal, ocean current, ocean thermal,
and riverine, is approximately 2,300 Terawatt-Hour per
year (TWh/yr), equivalent to 57% of total U.S. electricity
generation in 2019 (Fig. 3) [5]. Within this portfolio, tidal
energy has seen significant technological progress. Fig. 4 and
Fig. 5 illustrate the power and voltage ratings of machines
currently available for commercial tidal energy genera-
tion [30]. Historically, a 1 MW capacity was regarded as the
standard rating for horizontal-axis Tidal Energy Converters
(TECs). With continued field trials and demonstrations,
device ratings have steadily advanced from the kilowatt
scale to multi-megawatt units. These TECs are deployed
in floating and seabed-mounted configurations, reflecting

VOLUME 13, 2025



D. Singh et al.: Powering the Sea: Challenges and Trends in Tidal Energy Integration

IEEE Access

TABLE 2. List of operational MRE power plants [31], [32], [33].

Tidal Project Technology Developer Place kW
Sustainable Marine Sustainable Marine Grand Passage,Nova Scotia 280
Jiangxia Tidal Power Plant China Long Yuan Power Group Corporation | Wenling, Zhejiang Province 4100
Haishan Tidal Power Plant Haishan Tidal Power Maotian Island, Zhejiang Province | 250
La Rance Barrage EDF La Rance estuary, Brittany 240000
g:go?iit%;rﬁgjfgergy Hangzhou United Energy Corporation Xiushan Island, Zhejiang Province | 1700
OceanQuest HydroQuest Bréhat-Paimpol test site, Brittany 1000
Sabella D10 Brittany Sabella Ushant island 1000
Sihwa Lake Tidal Power Station K-Water Ansan, Gyeonggi, Korea 254000
Uldolmok Tidal Pilot Power Plant | KIOST Jindo, Korea 1500
MeyGen SIMEC-Atlantis Energy Pentland Firth, Scotland 6000
ITEG Orbital Marine Power/EMEC Orkney Islands, Scotland 2000
TABLE 3. List of underdeveloped tidal powe plants [31], [32].
Project Technology Developer Place kW
ORPC Cook Inlet Under Ocean Renewable Power Company (ORPC) | Cook Inlet, Alaska 5000
2(1)2%1;%:Ilgigg:r?;gl)}rﬁzrrnmermallsatlon Orbital Marine Power/EMEC Orkney Islands, Scotland 6000
Holyhead Deep Minesto Holyhead, North Wales 80000
Aquantis Advanced Turbine Technology Aquantis New Zealand -
GEMSTAR Demonstration IT Seapower Scrl Messina, Thyrrenian Sea 300
NIOT Off-grid hydrokinetic turbine NIOT Andaman & Nicobar 5
Phares Sabella Ushant island, Brittany 1000
Flowatt Hydroquest Raz Blanchard, Normandie 17500
Zhoushan Tidal Current Energy China Three Gorges Corporation (CTG) Hulu Island, Zhejiang Province | 450
Uisce Tapa Project Andrtiz Hammerfest Hydro FORCE site, Nova Scotia 9000
Sustainable Marine Sustainable Marine FORCE site, Nova Scotia 9000
Nova Innovations Nova Innovations Petit Passage, Nova Scotia 1500
Big Moon Power Big Moon Power Minas Passage, Nova Scotia 5000
Jupiter Hydro Jupiter Hydro Minas Passage, Nova Scotia 2000
New East Energy New East Energy Minas Passage, Nova Scotia 800

FIGURE 6. Verdant power tidal turbine [34].

adaptability to marine environments. Examples of operational
and developmental tidal projects, along with their power
ratings, are summarized in Table 2 and Table 3 ([31], [32],
[33]).

Fig. 6 shows the Verdant Power tidal turbine at the
East River of New York City. It was the first licensed
tidal power project deployment in the U.S. [34], [35].
The project is a grid-connected array of tidal power
turbines that furnishes the metrics for system performance
and operational costs. This helps demonstrate the MRE
project as a distributed generation for alternative global
market opportunities. SeaGen turbine at Strangford Lough
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FIGURE 7. SeaGen turbine at Strangford Lough [37].

is shown in Fig. 7. This 1.2 MW project is reported as the
world’s first large commercially installed tidal generator [36],
[37]. Although decommissioned between 2016 and 2019,
it played a crucial role in advancing the understanding of
tidal stream technology throughout its operational lifespan.
Additionally, Fig. 8 illustrates the Open Hydro turbine
at the European Marine Energy Centre (EMEC) tidal
test site, representing the first and longest-standing tidal
turbine [38].
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FIGURE 8. Open hydro turbine at EMEC tidal test site [38].

Ill. KEY CHALLENGES IN TIDAL SYSTEMS: INSIGHTS
AND SOLUTIONS

Harnessing energy from tidal resources and delivering it
to the power grid entails complex challenges spanning
environmental, economic, and technical domains [8]. The
harsh marine environment leads to issues such as corrosion,
biofouling, and mechanical wear, which elevate failure
rates and complicate system maintenance and monitoring.
Additionally, the Levelized Cost of Energy (LCOE) for
tidal energy remains significantly higher, often twice that
of fossil fuel-based systems, requiring innovation in device
design, deployment, and control strategies to improve cost
competitiveness.

Although tidal energy offers highly predictable generation
patterns, its non-dispatchable nature and phase-shifted multi-
site profiles can create challenges in matching supply with
instantaneous grid demand [39]. Grid integration is further
complicated by the oscillatory power output associated
with tidal cycles and power ramping during tidal phase
transition, which can introduce fluctuations in voltage
and frequency [40], [41], [42]. These issues necessitate
robust PECs capable of regulating power quality, maintain-
ing synchronization, and ensuring safe and reliable grid
interfacing.

While PECs enable control flexibility and dynamic grid
support, their deployment in marine environments introduces
additional concerns such as pressure tolerance, thermal
cycling, and humidity management. Therefore, addressing
the full spectrum of tidal energy integration requires careful
coordination of resource harvesting, converter reliability, and
grid compatibility.

To systematically analyze these issues, the challenges
are categorized across the key stages of the tidal energy
conversion and delivery process:

1) Resource-side challenges specific to tidal energy con-

version,

2) Grid integration challenges, and

3) Power electronic converter challenges for robust and

efficient operation in tidal settings.

187160

(Primary generating force)

| Storm systems Moon
| Seismic activity ~ Sun

Relative wave energy

i Ship Surf
Capillary \wayes Beat
Waves

Tsunamis

30 sec 5 min 50 min 12 24 hrs
T T T T —
0.1 1.0 10 10% 10% 10* 10°

Wave period, sec

FIGURE 9. Tidal variation time-scale [43].

A. MAJOR CHALLENGES AND MITIGATION STRATEGIES IN
ENERGY EXTRACTION AND CONVERSION FROM TIDAL
SOURCES

The challenges associated with tidal sources include dealing
with resource assessment, energy extraction, optimized PTO
design, economic viability, overcoming logistical hurdles,
managing environmental impacts, and conducting reliable
system reliability assessments. These key challenges of tidal
energy resource, with mitigation strategies, research gaps,
and technology maturity, are summarized in Table 4.

1) CHALLENGES IN TIDAL RESOURCE/SITE ASSESSMENT
Tidal stream turbine deployment is constrained by site-
specific flow velocity, depth, and directional consistency.
Most current technologies require spring tide velocities above
2.5 m/s and water depths between 25-50 m, limiting suitable
locations [39]. Shallow sites suffer from wave-induced
turbulence, while deeper sites incur high installation costs
and lower current speeds. Additionally, bidirectional flow
misalignment between ebb and flood tides can reduce energy
capture efficiency [39]. Beyond flow dynamics, seabed
conditions, grid proximity, and maintenance access critically
shape the feasibility of tidal projects. Rocky or unstable
seabeds raise foundation costs, while distant sites face
expensive cabling and substations. Moreover, environmental
and regulatory limits often exclude resource-rich areas,
such as marine habitats or navigation routes [44], [45].
High-resolution 3D hydrodynamic modeling and hub-height
Acoustic Doppler Current Profiler (ADCP) measurements
have improved site characterization, yet uncertainties remain
due to spatial variability and limited long-term field data [35],
[46]. Advanced turbine designs operating at lower cut-in
speeds, integrating environmental datasets, and yaw-capable
turbines are emerging strategies, though many require further
validation and standardization [5], [27].

2) CHALLENGES IN ENERGY EXTRACTION

Tidal energy’s predictability and substantial energy density
render it an appealing solution to address the global energy
crisis. Unlike wave energy, which is highly intermittent and
variable over both spatial and temporal scales [47], tidal
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TABLE 4. Challenges of tidal energy resources: Mitigation strategies, references, research gaps, and technology maturity.

Identified . . L . Technical
Challenges Tidal-Specific Issues Mitigation Strategies References Research Gaps Maturity
Resource / Site
Assessment [39], |  Velocity thresholds Low cut-in speed turbines | [39], [46] gjgh:ilii? sTr:gg;Off at Medium
[44], [45) plimat speec
« Denth constraints High Resolution 3D Computational cost vs. .
P hydrodynamic modeling 331, [39], [46] scalability in large domains Medium
- High Spatial & tempo- | ADCP-based velocity & 1 535, 1) Sparse long-term field data Medium
ral variability turbulence profiling
o Directional flow mis- g:g—irsabled turbine [39] Limited commercial trials Low
alignment s1gns
. Uncertain resource ex- Integrate environmental (5], [46] Lack of standa.rd Medium
ploitability data techno-ecological frameworks
Variability & . . g
[471-[51] phase-shifted multi- sung
site profile
+ Mismatch withdemand | Load forecasting & DSM | [55]-[58] Limited real-time grid Medium
peaks Integration
. Limited generation Energy storage / flexible [59]-[61] Opti}nal ESS sizing under tidal Medium
windows due to tidal gen. profiles
cycles
+ Site-dependent Hybrid / multiple plants [62]-[64] Ag"lanﬁed hg b“‘; d?SPatTh & Medium
intermittency tidal-phase based site selection
High LCOE « High O&M and capi- Cost—bgsed analytical (77, 791-[82] .Site/de?vice—specific cost .mo'd'els Medium
[65]-[78] tal cost (marine deploy- evaluation including uncertainty/reliability
ment)
« Limited access; harsh Advanc'ed LCOE (201, [77] Limited lifecycle-based tidal Low
environment evaluation tools ’ cost assessment
« TInefficient PTO in- Simplified PTO + [11], [41], Realiti'me validation in harsh Medium
creases cost advanced control [83]1-[85] conditions
« Underused spatial en- Synergistic/co-located [86]-[90] More fi§ld—tested evidence on Medium
ergy synergy systems cost savings
- Limited use of ad- | WBG/hybrid devices [91]-[94] Marine-grade WBG reliability | y
vanced semiconductor & cooling are underexplored
devices
Biofouling & . .
Corrosion . Accelerated seawater Comp_omte/novel [98]{100] Lack of long-term marine Medium
[95]-[97] degradation materials performance data
+ Bioaccumulation  on Eco-friendly antifoulants [101] Effecti\{er.lc?ss & environmental Low
surfaces compatibility are underexplored
+ Salt corrosion in me- Special paints/chemicals [102] Dlllr a_b 11/1ty under o Medium
chanical & electrical salinity/pressure variation
PTO
ITransp or tation & Harsh ther & tidal . . Limited commercial .
nstallation [103],  Harsh weather 1da Folding turbines [103], [104] denl Medium
[104] currents eployment
+ Costly specialized ves- | Specialized [26], [105] Limited availability; high capex | Medium
sels/equipment tools/equipment
o ) Inter-technology compatibility;
+ Remote/difficult ~ site Co-located deployment [87], [86] layout optimization is Low
access underexplored
Reliabilit . o Low-power subsea sensor
A y 106 + Harsh conditions limit Real-time monitoring [106], [107] integration & advanced Medium
ssessment [106] monitoring monitoring tools
+ Inaccurate failure pre- | Prognostic methods [108]-[110] Real-time condition-based Low
diction prognosis is not mature (tidal)
Environmental . Uncertain habitat im- Noise/chemical emission [111], [103], Cumulative long-term impact Low
Impact [26], [111] pacts monitoring [104] studies are still emerging
« EMF  exposure in | EMF shielding/reduction | [26], [112] N"i‘?g for more empirical Low
aquatic life validation on migratory species
« Local hydrodynamic Hy(.iro.dyr?amic [87]. [86] Energy capture—ecosystem Medium
changes optimization ’ trade-offs

Note: Technology Maturity levels: High = commercially deployed; Medium = validated in pilots/prototypes; Low = conceptual/early stage.
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energy exhibits significantly less variability compared to
other renewable energy sources, such as wind and wave
energy [43], [48] (Fig. 9). While tidal energy systems exhibit
multi-hour variability patterns similar to solar photovoltaic
(PV) systems, the underlying converter design, control
strategies, and deployment environments differ significantly.
PV systems typically operate in terrestrial, low-humidity
environments, often without the need for extensive galvanic
isolation or pressure-tolerant enclosures. In contrast, tidal
energy systems demand robust subsea or floating converter
architectures, capable of withstanding hydrostatic pressure,
corrosion, and biofouling over long operational lifetimes.

Moreover, tidal power electronics must support bidirec-
tional power flow, particularly in reversing tidal streams, and
require adaptive Maximum Power Point Tracking (MPPT)
tailored to nonlinear hydrodynamic profiles. This differs from
irradiance-driven MPPT in PV systems. Additionally, power
converters in tidal systems often feature high-frequency iso-
lation, modular redundancy, and thermal resilience, reflecting
marine-specific operational constraints.

Although lessons from solar PV systems, such as thermal
management or modular design, can inform aspects of
tidal converter development, direct translation is limited.
This review highlights marine-specific challenges in power
conversion, grid interfacing, and control—areas where exist-
ing PV-oriented solutions fall short. As such, the paper
underscores the need for dedicated PEC innovations aligned
with tidal energy systems’ physical and operational realities.

Despite the predictability, tidal energy is still intermittent
in nature. Its generation remains intermittent, governed
by natural cycles—diurnal (once daily), semidiurnal (twice
daily), and fortnightly spring-neap patterns [49], [50]. While
the extent of variability is relatively low compared to other
renewable sources [51], it remains inherently dynamic as it
has a limited window for electricity generation.

This intermittency and variability of tidal energy sources
make them non-dispatchable, diminishing the reliability
and consistency of electricity generated from tidal streams.
To mitigate this inherent intermittency and variability of
tidal energy resource forecasting [27], [46], [52], [53], [54],
coupled with accurate load forecasting and Demand Side
Management (DSM) strategies [55], [56], [57], [58], offer
improved predictability and system coordination. Addition-
ally, integration of energy storage systems [59], [60], [61]
and implementation of hybrid or co-located renewable power
plants [62], [63], [64] have proven effective in dealing with
the challenges posed by intermittency and variability of these
energy sources.

3) OPTIMIZED DESIGN OF THE PTO SYSTEM

Optimized design of the PTO system is crucial for ensuring
the commercial viability and efficient utilization of tidal
energy resources [65]. As the most significant component of a
TEC, the PTO system encompasses all elements that connect
the hydrodynamic energy absorber (turbine blades) with the
electrical grid. This includes the generator, power converter,
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cabling infrastructure, and associated electrical conditioning
equipment, as shown in Fig. 10 [66].

A well-designed PTO not only maximizes energy capture
but must also account for the harsh marine environment. Opti-
mal site selection significantly affects PTO configuration.
Though easier for access and maintenance, shallow waters
can result in wave-induced turbulence affecting system sta-
bility. Conversely, deeper waters benefit from more consistent
tidal flows but introduce complexity in subsea installations,
cable routing, and maintenance. Accessibility, durability,
and reliable health monitoring systems are therefore vital,
particularly given the lower technological maturity of tidal
PTO systems [26].

The electrical PTO architecture plays a central role in this
context. Among the generator options, the most prevalent are
Doubly-Fed Induction Generators (DFIGs) and Permanent
Magnet Synchronous Generators (PMSGs), each offering
unique benefits and challenges for tidal applications [23].

DFIGs, typically used with a speed-up gearbox, allow
variable-speed operation and reduced converter rating ( 33%),
lowering costs but introducing mechanical complexity, main-
tenance needs, and slip-ring degradation risks in marine
environments. PMSGs, particularly in direct-drive form, offer
high efficiency, compactness, and improved reliability by
eliminating gearboxes and brushes, though they demand full-
scale converters, effective thermal management, and face
risks of magnetic degradation. Semi-direct drive PMSGs
provide a compromise by using a low-ratio gearbox to cut
complexity and size while still requiring full converters and
robust control.

Another promising PTO option is the hydraulic-PMSG
system, where tidal energy is converted to hydraulic pressure,
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TABLE 5. Electrical PTO components in tidal energy systems: Challenges and emerging solutions.

Component

Key Challenges

Emerging Trends / Solutions

Generator [23]

Corrosion, sealing, and biofouling in marine settings
Torque—speed mismatch in low-flow conditions
Size/weight limitations on floating devices

Gearbox failures in DFIG-based systems
Direct-drive PMSGs require full-scale converters
Hydraulic PTOs show lower efficiency (~34%)

Direct-drive PMSGs tailored for slow tidal flows
Superconducting machines for compact, high-power
density

Advanced encapsulation and anti-fouling coatings
Modular and lightweight designs to ease O&M
Reliability-driven designs to reduce lifetime cost

Power Electronic
Converters (PECs)
[67], [68]

Marine insulation, sealing, and pressure protection
Heat dissipation and thermal cycling stress

Fault ride-through in weak or isolated grids
Trade-off in converter location (onboard vs. onshore)

Modular Converters for MVDC links
Wide-bandgap devices (Silicon Carbide (SiC),
Gallium Nitride (GaN)) for efficiency
Encapsulated, pressure-tolerant marine PECs
Active liquid and phase-change cooling

Cabling and
Connectors [69],
[70], [71]

Dynamic umbilical cables overengineered from oil &
gas, driving high costs

Fatigue from cyclic bending, torsion, and
bidirectional tidal currents

Seabed abrasion, scouring, and insulation breakdown
in harsh seabeds

High cost and complexity of wet-mate subsea
connectors

Multiple generator integration risks (frequency
mismatch, circulating currents)

Tailored dynamic cable designs for moderate depths
and tidal-specific loading

Armored, fatigue-resistant cables with embedded
fiber-optic sensing

Wet-mateable HV connectors for modular arrays
Lazy-wave/J-lay layouts with bend restrictors and
buoyancy modules

MVDC common-bus architectures for multi-device
aggregation

Switchgear and
Protection [72],

Corrosion and dielectric breakdown subsea
Slow fault detection and clearing underwater
Complexities in bidirectional power flow protection

Compact vacuum/interrupter-based marine switchgear
Digital relays with high-speed communication
Advanced subsea isolation and fault-tolerant
topologies

[73]

Al-assisted event detection and reconfiguration

« MPPT under oscillatory, reversing flows

[19], [83] « Sensor degradation in subsea conditions

Control Systems « Multi-converter coordination and stability

« Al-based adaptive MPPT and supervisory control
» Redundant marine-grade sensing networks
Real-time hybrid control for tidal + storage/grid

stored in accumulators, and reconverted to mechanical torque
via hydraulic motors driving the generator. This approach
improves damping and power density, and allows placement
of electrical components above water for easier maintenance.
The main drawback lies in reduced transmission efficiency,
with studies reporting 34% overall efficiency compared
to 44% for gearbox-based systems [23].

PEC:s are essential in tidal PTO systems, as neither DFIGs
nor PMSGs provide grid-compliant output. Back-to-back
PECs, comprising a generator-side rectifier, DC link, and
grid-side inverter, enable variable speed operation, grid syn-
chronization, reactive power control, and fault ride-through.
Converter location is another key design choice: onboard
units offer finer control but face harsh subsea conditions,
while onshore solutions, as in MeyGen, simplify maintenance
but require longer dynamic cabling [67], [68]. The challenges
associated with PECs and their existing mitigation strategies
are examined in detail in Subsection III-C, while Sections IV
and V present different PEC architectures along with recent
advances in their application.

Subsea power cables are a critical enabler of tidal energy
systems, ensuring reliable transmission of electricity from
offshore devices to the onshore grid. Their design and sur-
vivability are strongly influenced by converter type, platform
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configuration, and site conditions. For bottom-mounted tidal
turbines, relatively static seabed-laid or buried cables are
often sufficient, but challenges such as abrasion on rocky
seabeds, scouring on sandy substrates, and costly trenching
requirements persist [67], [69]. In contrast, floating tidal
platforms require dynamic umbilical cables capable of
withstanding cyclic bending, torsion, and transverse loading
induced by waves and bi-directional tidal currents. Recent
reviews highlight that these cables are particularly prone to
fatigue in armour wires, fretting of conductors, and insulation
degradation under repeated loading [70].

Mitigation strategies include lazy-wave or J-lay configura-
tions, bend stiffeners, buoyancy modules, and hydrodynamic
fairings to reduce transverse loading and prevent violations
of minimum bending radius limits [67], [69], [70]. However,
overengineering inherited from the oil and gas sector and
reliance on expensive wet-mate connectors continue to inflate
costs for marine energy applications. Addressing these gaps
will require application-specific cable designs optimized for
moderate depths and reversing tidal flows, rather than direct
adaptation of offshore wind or oil and gas solutions.

Additionally, integrating multiple variable-speed tidal
generators poses risks of frequency and voltage instability,
typically resolved by converting outputs to DC. Modern
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systems increasingly adopt Medium Voltage DC (MVDC)
architectures, where individual converters feed a common
DC bus linked to a central inverter, reducing cabling costs,
improving scalability, and enhancing reliability [71].

Moreover, switchgear and protection systems in the PTO
stage are essential for isolating faults, providing overcurrent
protection, and maintaining safe operation between the
generator—converter assembly and the transmission network.
Existing designs largely adapt offshore wind and oil &
gas solutions, yet tidal-specific subsea switchgear remains
underdeveloped and costly. Recent studies emphasize that
condition monitoring with Al techniques can enhance fault
detection and extend PTO lifespan, while challenges persist
in coordinating protection under bidirectional tidal flows (
[72], [73]). Reliable, marine-grade protection is indispens-
able for efficient and safe PTO operation.

In summary, PTO design in tidal energy requires balancing
generator choice, PEC topology, converter placement, cable
design, protection, and aggregation strategy. Table 5 sum-
marizes these components, their challenges, and emerging
solutions for robust and scalable deployments.

4) ECONOMIC SUSTAINABILITY

Another significant barrier of tidal energy, which requires
extensive research, is the higher LCOE; as per estimation,
tidal energy devices have an LCOE much higher than other
renewable energy sources (Fig. 11) [74], [75], [76]. Tidal
energy ventures are not expected to be commercially adopted
unless they can substantiate their economic feasibility [77].
Many factors influence the estimation of LCOE, including
the installed capacity, constancy of the resource (which
affects capacity factor), technology readiness level, and
cost uncertainty [75]. However, according to [78], with
technologically-specific factors, various fixed and variable
geographical indicators must be considered to evaluate the
optimal locations for development and deployment activities.
That is why a comprehensive PESTLE (Political, Economic,
Social, Technological, Legal, and Environmental) analysis
and cost based analysis [77], [79], [80], [81], [82] are required
to evaluate LCOE. Moreover, advanced tools, including
a specialized LCOE calculation tool for TECs and array
design data ([20], [77]), are essential to significantly lower
the LCOE of MRE technologies. This reduction is crucial
for achieving commercialization and competitiveness with
renewable sources like offshore wind.

Development of an advanced control algorithm and
simplifying the PTO systems are required to lower the
overall cost [11], [41], [83], [84], [85]. Additionally, synergy
amongst different MRE sources [86], [87], [88], [89], [90]
and incorporation of WBG and hybrid switching devices [91],
[92], [93], [94] can be instrumental in reducing the overall
energy cost.

5) MANAGING ENVIRONMENTAL IMPACTS

The harsh and variable ocean environment also challenges
harnessing energy from the ocean. Biofouling and corrosion
are some of the significant challenges that not only increase
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FIGURE 11. LCOE of renewable energy sources in the united states [76].

the rate of failure and the cost of the devices [95], [96]
but also increase the complexities of their maintenance
and monitoring. Biofouling could decrease the efficiency
of turbine blades up to 70% [97]. In [95], computational
fluid dynamics simulations are conducted for different
fouling scenarios, and results showed a 13% decrease in
power coefficient for the design operating condition (Tip
Speed Ratio (TSR): TSR=4). The effect proved to be
more drastic for higher TSRs. Research regarding composite
and novel materials [98], [99], [100], use of eco-friendly
antifoulants [101], and specialized paints [102] are critical in
addressing the challenge of biofoulings.

6) OVERCOMING LOGISTICAL HURDLES AND RELIABILITY
ASSESSMENT

Transportation and installation of the power conversion
systems pose extra barriers [103], [104]. Advanced numerical
tools, specialized and automated equipment [26], [105] with
Co-located deployment [86], [87] are promising solutions
to reduce these challenges. Reliability assessment is another
crucial challenge that needs to be addressed as maintenance
and monitoring of these devices become formidable tasks
while confronting oceanic conditions. Adapting advanced
monitoring [106], [107] and real-time prognostics and
diagnostics [108], [109], [110] are essential in conducting
the reliability assessment. The deployment of this energy
conversion unit can also introduce different environmental
challenges, including pollutants [103], [104], [111], Electro-
magnetic Fields (EMFs) [26], [112], and Hydrodynamics
[86], [87].

Tidal energy faces challenges such as variability, intermit-
tency, high LCOE, biofouling, corrosion, complex logistics,
environmental concerns, and reliability issues. Addressing
these requires advancements in energy storage, cost-effective
designs, durable materials, environmental monitoring, and
robust assessment methods. As detailed in Table 4, existing
solutions target these issues to support sustainable devel-
opment. Although ocean energy technologies remain in the
Research and Development (R&D) phase with high invest-
ment costs, learning effects and technological improvements
could lower LCOE to USD 124-221/MWh for tidal by
2030. However, uncertainties persist due to site-specific
factors [76].
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TABLE 6. Challenges in grid integration of tidal energy: Mitigation strategies, references, research gaps, and technology maturity.

« Weak grid coupling leads to poor

voltage regulation

Inadequate local VAR support af-

fects grid voltage stability

o Harsh marine conditions stress
electronics

electronic devices

[120]-[122]

Identified Tidal-Specific Challenges Existing Solutions References Research Gaps Technology
Challenges Maturity
« Bidirectional flow causes oscilla- | Energy storage [114], [115] Optimal ESS sizing for Medium
tions systems cyclic tidal profiles
« Slack tide leads to zero-flow zones under marine constraints
Pf)wer « Flow reversal causes voltage dips
Quality [113] . . - -
« Rapid tidal flow variations cause | Power smoothing [116]-[119] Lack of Medium
power swings and flicker controllers dynamic/adaptive tuning
« Control logic struggles under bidi- under phase-shifting,
rectional phase-shifts bidirectional flow
Custom power [41], Device reliability under Medium

marine stress is
underdeveloped

Slack tides lead to predictable but
unavoidable power interruptions

Hybrid energy
sources

[123], [124]

Hybrid control for
tidal-RE systems lacks
field validation

Low—Medium

[129]-[133]

« Remote grids lack inertia and
strength

[134]-[137]

« Turbulence and changing torque | Control strategies [18], Lack of robust, Medium
profiles affect the torque-speed [125]-[127] standardized control
track under unsteady tidal

« Flow direction changes degrade flow
energy capture

« No tidal-specific grid codes Grid code integration [126], [128] Grid codes not adapted Low

« TECs lack Ride-through and Re- for tidal converters
active power support

« Tidal ramping stresses grid dy- | Dynamic modeling [113], High-fidelity tidal plant Medium

Power System namics [130]-[133] models lacking
Stability Control techniques [129], Low inertia adaptation Medium

in marine grid

« Voltage/reactive imbalance in

tidal phases

Reactive power
management

[138]-[140]

Real-time VAR control
in TECs is not

Low-Medium

Protection
& Security
[144]-[149]

standardized
. Islanded TECs show weak fre- | Energy storage [134], Co-optimization with Medium
quency/voltage stability system support [141]-[143] storage is not well
explored
« Subsea faults are hard to detect in | Smart/adaptive [150], [151] Adaptive protection Medium

real-time

protection schemes

under bidirectional fault
current is not mature

o Marine conditions accelerate de-

Fault-tolerant

[147],

Few validated

Low—Medium

vice wear devices/controllers [152]-[155] marine-grade fault
devices
« Fault isolation is slow in hybrid Fast-switching [156]-[158] Delayed coordination in Low
undersea links protection devices hybrid undersea cables
« Real-time monitoring is limited by Advanced [159], [160] Limited subsea sensor Medium
subsea communication communication communication
robustness
« PEC-interfaced TECs decouple Virtual inertia-based [162]-[169] Inertia emulation under Low
Inertia [161] mechanical inertia from the grid inverters tidal variability is not
fully validated
« TECs cannot autonomously sup- Synchronous energy [142], Combined inertia and Low
port frequency or initiate black- | Storage systems [170]-[173] black-start not validated
start
« TECs not equipped for | Fault ride through [60], [175] Ride-through control not | Low
Ancillary p < rests included in TEC specs
Services [60], [174] autonomous restart
’ « Limited voltage/frequency sup- Voltage/frequency [174], [176], Capability limited in Low-Medium
port in tidal converters regulation [177] grid-following

converters

« TEC-based islanded systems lack
black-start mechanisms

Black start strategies

[178], [179]

Few studies on black
start in TEC-based
islanded grids

Low
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FIGURE 12. Impact of tidal integration on the grid [50].

B. KEY CHALLENGES AND SOLUTIONS IN GRID
INTEGRATION OF TIDAL SYSTEMS

After generating energy from tidal sources, the main
challenge is the efficient integration of generated energy
into the grid for different applications. The harsh, corrosive
environment, variability, and intermittency of energy sources
not only restrict energy generation but also pose challenges
while integrating with the main grid. Reference [43] explains
the possible grid integration issues and their solutions. These
issues are outlined in Fig. 12, spanning power quality, system
stability, protection/security, lower inertia, and the provision
of essential ancillary services. This subsection provides
a comprehensive review of these challenges and explores
existing solutions developed to address them, fostering
the seamless integration of tidal into the broader energy
landscape. All these challenges, the corresponding mitigation
strategies, the identified research gaps, and the current
technological maturity levels are summarized in Table 6.

1) POWER QUALITY CHALLENGES
As previously discussed, tidal energy’s predictability offers
advantages over other MRE and RE sources by reducing
short-term power quality concerns. Nonetheless, its non-
dispatchable nature, site-specific phase shifts, and power
ramping during tidal transitions can still lead to oscillatory
injections, complicating grid stability in weaker or isolated
networks. In [113], a water-to-wire comprehensive dynamic
model of a generic tidal current device is presented.
The analysis is done under varying water flows, device
settings, and diverse operational conditions unique to tidal
applications. The inherent power fluctuation causes stability
and power quality issues in the grid. Short- and long-term
flicker severity becomes more critical in integrating these
variables and fluctuating energy sources with a weak grid.
Several mitigation strategies have been developed to
address power quality challenges associated with tidal
energy systems. Energy storage systems help buffer the
oscillatory power output and smooth the supply injected
into the grid [114], [115]. Advanced power-smoothing
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control algorithms have also been proposed to reduce
fluctuations and enhance grid stability [116], [117], [118],
[119]. Furthermore, the integration of custom power devices,
such as Flexible AC Transmission System (FACTS) systems,
offers improved voltage and frequency regulation in weak
or remote grids [41], [120], [121], [122]. Combining these
solutions with an optimized energy mix can further enhance
system resilience and reduce the severity of power quality
disturbances [123], [124].

In most conventional configurations, the generator output
is regulated solely through an AC-DC converter, with MPPT
techniques applied to maximize energy extraction and enable
basic grid integration. While effective for efficiency, this
approach provides limited capability in addressing grid
compliance, fault ride-through, or multi-device coordination,
thereby reinforcing the need for advanced supervisory control
schemes [18], [125], [126], [127] and standardized grid
integration strategies [126], [128].

2) STABILITY CONCERNS

Power system stability is another challenge. Stability is
mainly classified as Rotor angle, frequency, and voltage
stability. In [129], the structure of modern power systems,
different levels of control, and the nature of stability problems
are explored. Besides, before connecting tidal energy with
the main grid, it is imperative to develop comprehensive
dynamic modeling of the entire system [130], [131], [132].
The model should not only meticulously incorporate the time
series variation of tidal flow velocity but should be usable in
simulations of normal operation and operation in the presence
of grid dynamics [133].

Due to uncertainties in tidal energy plants, it is necessary
to use a robust and intelligent control strategy for the optimal
power sharing among terminals and also to maintain the
stability of the system [134], [135], [136]. An in-depth
analysis of research in microgrids based on small-signal,
transient, and voltage stability, as well as a comparison
of different existing controllers, is required to improve the
stability of TECs. In [124] and [137], it is concluded that
properly selecting control strategies can effectively improve
system stability. Moreover, maintaining and managing ade-
quate reactive power reserves is crucial to ensure a stable and
reliable power grid. In [138], [139], and [140], the key impact
of reactive power control and optimization on system stability
under different dynamics is analyzed. Integration of energy
storage systems has been extensively explored to enhance
the dynamic stability and reliability of tidal power networks,
providing short-term buffering against tidal variability and
grid disturbances [141], [142], [143].

3) SYSTEM PROTECTION AND SECURITY

Assessing protection and security measures also presents a
notable challenge in TEC. The impact of a fault on tidal-based
power plants depends mainly on the fault’s nature, amplitude,
location, generating machines, and grid(stiff/weak). Provid-
ing the necessary protection to safeguard equipment and
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personnel in the Rotech Tidal Turbine and the distribution
network installation is discussed in [144]. In [ 145], the behav-
ior of a grid-tied tidal power plant is analyzed under different
types of short circuits while considering the impact of water
rip on the stability. The results show that the tidal power
plant system is susceptible to the three-phase short circuits
and becomes quickly unstable. Reference [146] analyzes the
performance of tidal turbines based on control strategies and
suggests using Sliding Mode Control (SMC) as a nonlinear
control for high-power applications. Reference [147] shows
the resiliency of the higher-order SMC controller in case of a
grid fault. Moreover, fault currents in the grid-connected and
islanded systems are significantly different [ 148]. In that case,
the protection of the tidal systems cannot be achieved with
the same approaches used in the conventional distribution
systems.

Safety and fault analysis are critical when designing
a protection scheme. A proper safety model provides an
appropriate confidence level in the protection system [149].
Moreover, developing intelligent and adaptive protection
schemes becomes critical in ensuring system protection
and security [150], [151]. Additionally, advancements in
power electronics, coupled with the evolution of high-speed
protection devices, are enhancing the fault tolerance of the
entire system. Hence, integrating these fault-tolerant [152],
[153], [154], [155] and fast switching power converters and
protection units [156], [157], [158] with advanced control
and communication algorithms [159], [160] can significantly
enhance the overall system reliability and security.

4) LOWER INERTIA AND ANCILLARY SERVICES

In conventional power systems, synchronous machines and
loads significantly contribute to inertia, ensuring the stable
operation of the entire system. However, inertia is becoming
an additional challenge with the higher integration of power
converter-based systems in modern power systems. Besides,
most loads are also interfaced using PECs, further reducing
the overall system’s inertia. This reduction in inertia causes
frequency deviations and a high Rate of Change of Frequency
(ROCOF), which leads to instability [161].

To address these challenges, different techniques like
virtual inertia-based inverters [162], [163], virtual inertia
control, virtual inertia scheduling, an approach to estimate
inertia constant [164], [165], [166], [167], [168], [169],
and synchronous energy storage system [142], [170], [171],
[172], [173] have been explored. These techniques mainly
involve mimicking the conventional synchronous machines’
behaviors to maintain the system stability.

Other significant barriers stem from the provision of
essential ancillary services such as Fault Ride Through (FRT)
[60], [175], Voltage frequency regulation [176], [177], and
Black start strategies [178], [179]. These services are crucial
in maintaining grid stability and resiliency, especially given
tidal’s non-dispatchability.

In summary, integrating tidal energy into existing power
grids presents multifaceted challenges related to power
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quality, stability, system protection/security, lower inertia,
and essential ancillary services.

C. MAJOR CHALLENGES OF PEC AND EXISTING
SOLUTIONS FOR THE TIDAL APPLICATION

PECs with proper controllers and energy storage systems can
mitigate most of the challenges related to the grid integration
of the tidal energy source. However, PECs have challenges,
primarily when employed in the severe and wavering oceanic
environment. PECs provide a buffer between the source and
the grid, but these nonsynchronous devices bring further
issues in the case of islanded and grid-integrated distributed
energy sources. In [9], various challenges and opportunities
of PEC in subsea applications are discussed. This subsection
delves into the challenges faced by PECs in tidal applications,
exploring existing solutions that address issues ranging
from placement and reliability to thermal management and
advanced design considerations.

1) OPTIMUM PLACEMENT OF PECs

A primary objective of tidal energy development is the
reliable supply of electric power to the utility grid, with
the PTO system playing a central role in enabling efficient
transfer. The placement of PECs within the PTO is therefore
critical, as it directly influences transmission requirements,
power quality, and system economics. In standalone or
nearshore deployments, energy is typically consumed locally,
minimizing the need for extensive cabling or storage.
Conversely, long-distance transmission becomes unavoidable
in offshore or grid-connected systems, and the design and
location of PECs significantly affect efficiency and reliability.

Industry practice demonstrates three dominant strategies:
placing converters onshore, on floating platforms, or in
subsea/seabed-mounted installations [180]. Onshore place-
ment is often preferred due to easier access and simplified
maintenance, but it requires long dynamic cables that intro-
duce reflected wave phenomena and noise-related challenges,
necessitating multiple filters for mitigation [181], [182],
[183], [184]. Subsea or seabed-mounted converters avoid
long and complex cabling, reduce mooring requirements,
and benefit from the high thermal capacity of seawater as
a natural heat sink [9], [185], [186], [187], [188]. However,
these systems face harsher operating environments, higher
failure risks, and far more complex repair logistics, which can
significantly increase Operational and Maintenance (O&M)
costs [67], [70]. Floating platform converters provide an
intermediate solution, balancing accessibility with reduced
cable length, though they are exposed to platform motion and
marine stresses.

A comparative assessment by [180] evaluated multiple sys-
tem architectures against LCOE and recommended offshore
placement of PECs for large-scale projects above 30 MW.
Nevertheless, the choice of PEC location must also account
for technology readiness, redundancy, and grid compliance
requirements. Subsea PECs remain at a lower Technology
Readiness Level (TRL) compared to onshore converters, with
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TABLE 7. Challenges of PECs in tidal applications: Mitigation strategies, references, research gaps, and technology maturity levels.

Identified Tidal-Specific Challenge Existing Solution | Reference Research Gap Technology
Challenge Maturity
Optimum « Long cable runs from shore | Onshore [181]-[184] Long transmission paths introduce Low-Medium
Placement of introduce EMI and losses signal delay, EMI, and reactive
PECs [9], [180] power issues not yet optimized for
tidal converter operation
. Harsh marine conditions | Offshore [91, Subsea converters lack validated Low
limit converter durability, [185]-[188] designs for long-term exposure to
access, and O&M cost cyclic tidal pressure, thermal
gradients, and marine growth.
Installation & « Subsea PECs require costly | Modular PECs; [107], [189], Modular PEC designs suitable for Low
Maintenance maintenance with Remotely | underwater access | [190] remote underwater replacement and
[189] Operated Vehicles (ROVs) & ROV-based maintenance are still
high downtime costs underexplored.
Reliability & ) o Reliability [21], [191], Marine-specific failure models Medium
MTBF [67] + High humidity and pressure | Modeling [192] limited
reduce component lifetime
« Tidal load cycles cause faster | Lifetime Analysis [193]-[196] Lifetime degradation under Medium
wear-out low-frequency, bidirectional flow
and seasonal loading is poorly
quantified
. Degradation effects not in- | Lifetime-Based [197]-[199] No dynamic control strategy yet Medium
corporated into control logic | Control integrates real-time aging feedback
from PECs operating under tidal
profiles
« Sensors corrode or drift in | Condition-Based [200]-[202] Robust CBM under marine stress Medium
marine environments Monitoring untested for TEC
Thermal . Inadequate heat dissipation | Thermal Cooling [204]-[208] Marine cooling solutions are Low-Medium
Management in sealed marine housings underexplored
[203]

o Active systems consume
power and are hard to
maintain

Active Thermal
Control

[209]-[211]

Field-proven marine-active cooling
is lacking

Low-Medium

« Self-repair logic must work
under turbulent subsea faults

Diagnostic/Healing
Design

[233]-[235]

schemes are validated for subsea
PECs with restricted sensor access

« Dynamic gradients exist in | Thermal System [212]-[214] Transient thermal behavior not well Medium
submerged environments Model- modeled
ing/Monitoring
« Ingress of moisture leads to Enclosure Design [215]-[217] Few PEC housing designs offer Low
internal condensation long-term moisture-proofing,
pressure resistance, and corrosion
protection
« Standard TIMs degrade due | Advanced [218]-[220] Standard TIMs degrade under subsea | Low
to marine pressure and cor- | Thermal Interface pressure and are not marine-certified
rosion Materials for long-duration use
PEC Design for « Fault detection in tidal sys- | Diagnostics and [221]-[225] Tidal converters lack fast, Medium
Tidal tems is delayed due to inac- | Prognostics of marine-resilient fault detection and
[221]-[224] cessibility Faults diagnosis schemes under submerged
conditions
. Tidal systems face unique | Fault-Tolerant [226]-[229] Compact marine fault-tolerant Low
faults  (pressure, flow- | PEC designs not tested
induced torque)
« Deep-sea pressure affects in- Design of [91, Very few converter designs are Low
sulation, structure Pressure-Tolerant [230]-[232] pressure-rated for deepwater tidal
PEC deployments
Self- [226], No autonomous fault recovery Low

Health Analytics
& Diagnostics
[236], [237]

« Tidal PECs are hard to ac- | Real-Time [41], [236] Analytics under subsea noise and Low-Medium
cess; real-time health data is | Modeling latency unexplored
limited
« Digital twins struggle to cap- | Digital [237]-[240] No tidal-specific DT frameworks Low-Medium
ture dynamic marine effects | 1win-Based validated
Diagnostics
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unresolved challenges in fault ride-through, redundancy, and
marine-proof housings, while onshore solutions, though less
efficient, offer proven reliability and maintainability [67],
[126]. Hence, optimum placement is not universal but
depends on farm size, distance from shore, O&M accessibil-
ity, and system maturity.

Based on [189] and [190], maintenance of PECs in tidal
and offshore systems remain key challenges due to restricted
accessibility and harsh marine environments. Reference [189]
propose active thermal control strategies to extend con-
verter lifetime and delay maintenance intervals, reducing
operational downtime and cost. Reference [190] further
highlight that maintenance policies and failure intensity
strongly influence system reliability and lifecycle economics,
emphasizing the need for condition-based and predictive
maintenance frameworks. Together, these studies underscore
that integrating thermal management, reliability modeling,
and optimized maintenance scheduling is critical for ensuring
long-term PEC performance in offshore tidal applications.

2) RELIABILITY AND HIGHER MTBF

Reliability stands as a critical concern for tidal energy
developers, notably regarding the converters. According to
three SSE reports, prominent manufacturers such as ABB and
Siemens reported a Mean Time Between Failures (MTBF) of
15 to 16 years. These calculations consider regular servicing
every two to three years. However, it is proposed that
service intervals for device-based converters can be extended
to five years. This extension is attributed to the dust-free
subsea environment, reducing the need for frequent filter
replacements [67]. These MTBF figures and maintenance
intervals will be essential in a developer’s decision on which
turbines to use and the subsequent array layout.

Hence, the utilization of reliability modeling encompass-
ing advanced methodologies of lifetime analysis plays a
critical role in the widespread application of TEC [21],
[191], [192]. In [21], the Voltage Source Inverters (VSI)-
based 3-level Diode Front End configuration, despite being
the latest technological developments, a basic system offers
MTBF of just four years. However, when deployed in
pressure-compensated enclosures in a deep water setting
with redundant subsystems, the MTBF can exceed 20 years.
In the case of the Current Source Inverter (CSI)-based Active
Rectifier configuration, a basic system can provide an MTBF
of only three years. In contrast, attaining an MTBF of
more than 25 years is possible under similar conditions.
The results obtained provide confidence in realizing reliable
multi-megawatt subsea PECs.

When designing a power converter for tidal applications,
the reliability of power converter devices also needs to be
considered. For efficient application, the lifespan analysis of
power converter devices [193], [194], [195], [196] is required.
Reliability and lifetime of power converter devices can be
further improved either by active thermal or lifetime control
based active methods [197], [198], [199] or by condition
monitoring based passive methods [200], [201], [202].
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3) EFFICIENT THERMAL/HUMIDITY MANAGEMENT
Maintaining efficient thermal and humidity management in
the oceanic environment is another crucial concern [203].
Managing thermal conditions efficiently in marine envi-
ronments involves several key aspects like thermal cooling
methods [204], [205], [206], [207], [208], active thermal
control strategies [209], [210], [211] and Modeling and
monitoring of thermal systems [212], [213], [214]. The
studies by [215], [216], and [217] consider enclosure
design, while other studies [218], [219], [220] concentrate
on implementing advanced thermal interface materials to
improve the thermal management.

4) DESIGN OF PECs FOR TIDAL APPLICATION
Another area that warrants further research is the design of
PEC:s for subsea applications. When exploring PECs for tidal
systems, several critical facets emerge. One of the foremost
concerns is the diagnostics and prognostics of faults, which
revolves around the ability to detect and predict faults within
the converters. Studies such as [221], [222], [223], [224],
and [225] discuss various methodologies and technologies
employed to identify and anticipate potential failures in
these systems. In parallel, fault-tolerant design strategies
have been investigated to ensure continued operation under
fault conditions. Approaches outlined in [226], [227], [228],
and [229] include redundancy mechanisms, reconfigurable
architectures, and fault isolation techniques aimed at main-
taining system integrity despite failures or disruptions.
Additionally, the harsh environmental conditions encoun-
tered in subsea applications pose unique challenges for
PEC design. Works such as [9], [230], [231], and [232]
address these challenges by focusing on the development
of converters capable of withstanding high-pressure marine
environments. This includes considerations such as material
selection, structural robustness, and specialized packaging
to ensure durability and reliability. Furthermore, innovative
functionalities like self-diagnostic and self-healing capabil-
ities are being integrated into PECs to enhance operational
longevity and reliability. Research in [226], [233], [234],
and [235] explores these advanced systems, which involve
embedded monitoring, adaptive control, and even self-repair
mechanisms designed to minimize downtime and extend
converter lifespan.

5) HEALTH ANALYTIC AND DIAGNOSTICS SYSTEMS

In the realm of tidal energy applications, health analytics, and
diagnostics systems harness real-time modeling techniques
[41], [236] to monitor and optimize the performance of PECs
and infrastructure. By continuously analyzing data from
sensors embedded in tidal turbines and other marine energy
systems, these systems can provide insights into operational
parameters such as power output, efficiency, and structural
integrity. Additionally, the integration of digital twin-based
diagnostics [237], [238], [239], [240] enables the creation of
virtual replicas of these converters, allowing for predictive
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FIGURE 13. Emerging PEC interface applied to TEC.

maintenance and performance optimization. By leveraging
real-time modeling and digital twin technologies, marine
energy operators can proactively identify issues, minimize
downtime, and maximize the efficiency and reliability of
marine energy generation, thus advancing the viability and
sustainability of this renewable energy source.

In conclusion, the challenges and solutions discussed in
this subsection highlight the complexities and advancements
in optimizing PECs for tidal applications. By addressing
placement considerations, reliability enhancement, thermal
management, design adaptations, and implementing health
analytics, the tidal sector can elevate the efficiency and
sustainability of power conversion technologies in the
dynamic marine environment. The referenced works serve as
valuable resources, offering insights and methodologies for
developing and improving PECs in tidal applications. Table 7
delves into these specific methodologies, technologies,
or design paradigms to address critical challenges in applying
PEC:s for tidal applications.

IV. POWER CONVERTER ARCHITECTURE

A. SIGNIFICANCE OF PEC FOR TEC

Power electronics are central to tidal energy systems,
ensuring efficient conversion of variable marine currents into
stable, grid-compliant power. Advances in compact, reliable
converters have improved efficiency, control flexibility, and
durability in harsh subsea environments, supporting progress
toward net-zero goals. In tidal PTOs, PECs enable maximum
power extraction, voltage regulation, reactive power support,
and smooth transitions between grid-connected and islanded
modes for both AC and DC integration (Fig. 13).

B. POWER CONVERSION FOR TEC

All tidal energy systems will contain a generator and a
converter somewhere in the electrical chain, and this arrange-
ment will dictate the design of the tidal farm. The converter
will ensure that the output of the device is at a constant
voltage and frequency so that it can be easily aggregated.
Converters in tidal energy systems can be placed in the
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turbine nacelle (subsea), in an offshore hub (either subsea
or surface-mounted), or within a large substation located
offshore or onshore, depending on the system architecture
and power level [180]. Due to the non-dispatchability of
tides, it becomes important to ensure a stable and smooth
energy transfer. PECs play the role of steady power transfer
and grid interface with the help of control algorithms [241].
Generally, power electronics converters can be categorized
into AC/DC, DC/DC, DC/AC, and AC/AC. Fig. 14 gives a
general classification of power converters used for marine
energy applications.

C. CLASSIFICATION OF POWER CONVERTERS

The connection of the offshore-generated power to the
onshore main grid or load is one of the critical aspects of tidal
sources. The power conversion for tidal sources can be mostly
classified into three categories, Fig. 15 [242], [243]:

« Generator side passive AC/DC/AC conversion
o Active/ Back-to-Back AC/DC/AC conversion
o Power conversion without intermediate DC link

The generator-side converter can adjust the electric field to
optimize power output. The grid-side converter can adjust the
phase angle between the generated voltage and the current,
enabling the control of reactive power output.

1) GENERATOR SIDE PASSIVE AC/DC/AC CONVERTER
Power electronic conversion systems in tidal energy must
bridge the generator output with grid requirements while
surviving harsh marine conditions. Passive rectification,
which employs diode-based AC/DC conversion without
active switching, has emerged as a promising architecture for
minimizing cost and complexity. Such systems offer robust
operation, simplified maintenance, and lower Operational
and Capital Expenditures (OPEX/CAPEX), particularly in
submerged and modular tidal applications with limited
access. The absence of active switching components and the
ability to be encapsulated in pressure-resistant, corrosion-
proof housings make passive rectifiers especially suitable for
long-term submerged deployment [180], [244].

Despite these advantages, the lack of controllability in pas-
sive converters introduces critical limitations. Diode bridge
rectifiers provide no control over power factor or harmonic
performance, limiting the ability to extract maximum energy
from variable-speed tidal generators [245]. To mitigate
these challenges, hybrid solutions have been proposed that
combine passive rectifiers with DC-DC converters or other
auxiliary power conditioning stages. For instance, a diode
bridge cascaded with a boost converter allows voltage
regulation and compatibility with standardized inverter-based
grid interfaces [246], [247]. The configuration illustrated in
Fig. 16 ensures smoother power delivery despite fluctuating
tidal flow, with grid-side converters controlling real and
reactive power. Likewise, the Dynamic Tidal Power (DTP)
concept in Fig. 17 uses a diode rectifier and DC chopper with
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FIGURE 16. Single line diagram of diode bridge-based AC/DC/AC
conversion for tidal power applications [246].

PID control to maintain a stable DC bus voltage under varying
substation distances.

For Oscillating Water Column (OWC) power conversion,
[248] builds a DC microgrid arrangement employing a diode
bridge rectifier on the OWC generator side, as illustrated
in Fig. 18. The intermediate DC-DC boost converter imple-
ments the MPPT control scheme to optimize the OWC
system’s output, maximizing energy harvesting efficiency.

The configuration is also proposed for Low Voltage DC
(LVDC)-based Multi-Use Platforms (MUPs), where modular
tidal, wind, and solar sources interface with a shared
low-voltage DC bus. [249] presents a simulation-based
LVDC framework showing that the integration of passive
rectifiers with boost converters enhances system reliability,
supports modular deployment, and improves fault resilience
via coordinated control of parallel DC-DC converters.
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FIGURE 18. Diode rectifier based OWC power conversion system [248].

In practical tidal deployments, passive rectification has
already been adopted. Nautricity’s 500 kW CoRMaT device
uses a diode bridge and capacitive filtering to output
3.6 kV DC, enabling straightforward connection of multiple
units in a radial MVDC array [67]. The onboard passive
approach simplifies the nacelle and enables cost-effective
offshore array aggregation, though commercial-scale MVDC
deployment still awaits offshore demonstrators. Similarly,
ABB has proposed using diode rectifiers in submerged tidal
nacelles, enabling passive MVDC collection at £5-7.5 kV
levels for reliable and low-maintenance operation [180].
In this setup, each turbine outputs DC via passive rectification
and connects to a subsea hub that aggregates 2—8 turbines
at +5 kV, transmitting power to an onshore substation.
A 30 MW tidal farm can be realized without any surface
offshore infrastructure, improving reliability and reducing
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OPEX and CAPEX. For larger deployments, multiple such
units can be combined, though offshore substations may
become necessary at higher scales. This concept, adapted
from shipboard LVDC systems, is now considered for
medium voltage tidal networks where balanced outputs
across turbines can be ensured.

However, passive front ends offer limited dynamic
response and lack voltage or frequency control. Even with
DC chopper stages or capacitor-based smoothing, they
cannot address voltage sag, fault ride-through, or weak
grid interactions without external support. To overcome
these drawbacks, active auxiliary devices-such as Static
Synchronous Compensators (STATCOMSs) or Modular Mul-
tilevel Converters (MMCs) have been explored in related
offshore wind and shipboard studies for voltage support
and frequency stabilization [250], [251], [252]. While such
solutions are not yet widely demonstrated in tidal projects,
their architectural principles are increasingly relevant as tidal
systems evolve toward larger, grid-forming arrays with tighter
performance demands.

In summary, passive rectification simplifies converter
design, lowers OPEX and potentially CAPEX, and provides
reliability benefits well suited for submerged tidal deploy-
ments. However, to enable scalable LVDC or MVDC archi-
tectures and meet grid compliance requirements, control-
capable components, such as cascaded DC-DC converters or
active grid-side inverters, are essential. As offshore MVDC
networks evolve and demonstration projects mature, hybrid
converter frameworks combining passive front-ends with
active control stages are expected to be pivotal in deliver-
ing cost-effective, scalable, and maintainable tidal energy
systems. In this context, BTB Voltage Source Converters
(VSCs) continue to serve as the core technology for real-time
power control, bidirectional flow, and grid support functions
in practical tidal deployments.

Several other studies also employ BTB converters in tidal
energy contexts to enable advanced control, MPPT, and grid
synchronization under harsh ocean conditions [23], [40],
[256], [257], [259], [260], [261], [262]. Collectively, these
contributions highlight the importance of BTB configurations
in delivering high efficiency, low harmonics, and robust
transient response in tidal applications.
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2) ACTIVE AC/DC/AC CONVERTER

An active AC/DC/AC converter is typically implemented in
a BTB topology, where two VSCs are interconnected via
a common DC-link capacitor or inductor. This architecture
is widely adopted in tidal and other MRE systems for
grid integration and power quality improvement [40], [253],
[254], [255], [256], [257]. As illustrated in Fig. 19, both
converter stages utilize active semiconductor devices such
as IGBTs or SiC-MOSFETs, enabling fully bidirectional
power flow and decoupled control of generator- and grid-
side variables. The device selection typically balances the
high current-handling capability of IGBTs against the higher
switching frequency capability and lower switching losses
offered by MOSFETs.

BTB converters are particularly well-suited for variable-
speed tidal energy conversion systems, as they enable precise
control of generator-side torque, speed, and power factor
independently of grid-side disturbances. By maintaining
a regulated and stiff DC-link voltage, BTB converters
suppress current harmonics and dampen grid-side transients,
enhancing power quality. This architecture accommodates a
wide range of generator types typically employed in tidal
applications, including Squirrel Cage Induction Generators
(SCIG), DFIG, PMSG, and Wound Rotor Synchronous
Generators (WRSG) [242]. Given the decoupled nature of
energy conversion across the AC/DC and DC/AC stages,

VOLUME 13, 2025



D. Singh et al.: Powering the Sea: Challenges and Trends in Tidal Energy Integration

IEEE Access

Phase

T [ i A sy
Converter T en 451 .

3

FIGURE 22. 5-level NPC generator drive converter for kite tidal power
conversion [264].

BTB configurations are often categorized as two-stage power
electronic converters.

Tidal-specific deployments validate the practical viability
of BTB conversion. In [258], the 1.2 MW SeaGen tidal energy
system utilizes BTB IGBT-based converters to synchronize
the outputs of two horizontal-axis turbines. The combined
output is transferred via an underwater cable to an 11 kV
shore grid. The single-line representation of the system
is shown in Fig. 20. Further expanding on BTB control
strategies, [135] proposes an adaptive passivity-based super-
twisting algorithm with a fractional-order PID controller
for a PMSG-based marine current energy system. The pro-
posed controller enhances performance under swell-induced
disturbances and parametric uncertainties, as shown in
Fig. 21. These works demonstrate the suitability of BTB
converters for both large-scale grid-connected tidal farms and
smaller-scale islanded deployments. Notably, tidal turbine
arrays can be placed sparsely in terms of location; a
full active converter provides much improved site-based
phase synchronization, allowing scalability of tidal energy
sources.

As MRE systems expand toward larger arrays and deeper
offshore deployment, MVDC transmission is gaining rele-
vance for reducing submarine cable losses, eliminating reac-
tive power needs, and improving system economics [263].
However, standard two-level VSCs face voltage and thermal
limitations. To overcome these, [264] introduces a five-level
Neutral Point Clamped (NPC) converter for subsea tidal
kite power conversion. The system employs two cascaded
NPC stages for high-voltage operation using low-voltage-
rated switches. Advanced space-vector modulation ensures
DC-link capacitor balancing, while a 50 kVA SiC-based
prototype demonstrates improved efficiency, reduced cable
losses, and low output harmonics. Fig. 22 illustrates the
architecture, offering a scalable solution for high-power tidal
converters.

Distributed power conversion has gained traction as a
scalable architecture for marine renewables. For instance,
[265] introduced a modular medium voltage conversion
interface for the Wave Dragon platform (Fig. 23), where
each generator employed a diode rectifier and boost converter
stage before interfacing with a shared NPC converter.
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FIGURE 23. NPC-based multi-generator drive for wave dragon
platform [265].
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FIGURE 24. MMC converter for wave power conversion [266].

Although developed for wave energy, this modular approach
is directly relevant to tidal arrays, where decentralized
rectification could reduce subsea cable loading and simplify
multi-turbine scalability.

MMCs have also emerged as a promising option for
medium and high power marine applications (Fig. 24).
By cascading multiple submodules per phase, MMCs can
synthesize multilevel voltages with low harmonic distor-
tion, reducing or even eliminating bulky AC filters while
enabling efficient operation at lower switching frequencies.
Recent studies in wave energy conversion have explored
MMCs to drive linear generators with multiple coils,
providing fine-grained flux and torque control as well as
improved transmission efficiency through series-connected
windings [266], [267]. While these studies are wave-focused,
their modularity, scalability, and high efficiency make MMCs
attractive for tidal PTO systems, particularly for large-scale
arrays requiring MVDC collection and reliable long-distance
transmission.

Despite offering reduced switching losses and excel-
lent harmonic performance, MMCs face implementation
challenges—such as high submodule energy storage, com-
plex balancing control, and limited improvement in con-
duction losses over optimized two-level converters [268].
Nonetheless, their scalability and waveform quality make
MMCs a compelling future choice for high-voltage tidal
farms.
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In conclusion, although modular converter topologies offer
significant potential for future large-scale tidal deployments,
two-level and multi-level VSCs remain the most mature,
widely demonstrated, and operationally reliable options in
present tidal energy applications.

3) POWER CONVERSION WITHOUT INTERMEDIATE DC LINK
In both passive and active conversion units, generator output
undergoes rectification to convert it into DC voltage before
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utilizing a grid-connected inverter to deliver tidal energy
to the power grid. However, the power efficiency of this
approach is compromised due to energy losses in the
AC-DC conversion process via the rectifying circuit. A more
desirable solution to enhance electricity production from
MRE converters is direct AC-AC conversion [269], which
indicates the absence of passive components such as the
DC link capacitor and inductor in the converter design.
A simulation-based model of a matrix converter for the tidal
current power generating system is developed in [270] to run
the Synchronous Generator (SG) in place of the conventional
BTB converter.

Control of the synchronous generator is carried out with
a direct matrix converter and space vector modulation.
Fig. 25 shows the matrix converter schematic for tidal current
conversion. Matrix converters offer potential advantages
for tidal energy systems, including compact design, high
efficiency, low harmonic distortion, and the absence of
bulky DC link components, making them suitable for
constrained marine environments. However, their adoption
remains limited due to output voltage constraints, sensitivity
to tidal flow-induced voltage variations, complex control
requirements, higher conduction losses, and the cost of
bidirectional switching devices. Additionally, limited field
deployment and commercial availability restrict their current
use in marine applications [271]. This is mainly owing to
difficult commutation loop design, complex control, and
a lack of reliability/aging analysis for harsh marine and
tidal environments, especially in the case of high-power
submerged generator systems.

In conclusion, PECs play a critical role in tidal energy
systems, linking the PTO units with the grid while
enabling control, power quality, and system adaptability in
marine environments. Various topologies, from simple diode
rectifiers to advanced VSCs, NPCs, MMCs, and matrix
converters, offer complexity, control, and scalability trade-
offs. Passive rectifiers provide robust and low-maintenance
operation but lack grid support features. In contrast, VSC-
based systems enable full control over active/reactive power,
while MMCs offer high scalability and superior harmonic
performance. Matrix converters remain largely experimental
due to complex control and marine sealing concerns. Table 8
summarizes the comparative evaluation of these converter
types for tidal energy applications.

D. PECS FOR INTEROPERABILITY WITH OTHER DE
SOURCES

The synergy of tidal energy with other renewable sources,
such as wind, wave, and photovoltaic energy, is increasingly
recognized for its potential to smooth out generation vari-
ability and improve overall system efficiency. However, this
integration introduces complex control and conversion chal-
lenges due to these resources’ heterogeneous and intermittent
nature. PECs are the backbone of this integration by enabling
dynamic power balancing, MPPT, and real-time coordination
between subsystems.
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TABLE 8. Comparative evaluation of power electronic converters for tidal energy applications.

Feature / Topology Diode Rectifier (Passive) | 2-Level VSC (BTB) Multilevel VSC MMC Matrix Converter
MVDC arrays via modular Shallow . Submergefi kite Centralized High Lab-stage only; no
. . offshore/near-shore; systems with Voltage DC . .
Deployment Context | turbine aggregation (e.g., . . . tidal-specific
shore-side coupling onboard multilevel (HVDC) hubs or
ABB £5-7.5kV) . . . deployment
(e.g., Seagen) conversion marine substations
Excellent for sealed Moderate: Optimized for Highly scalable Unproven under
Offshore Suitability nacelles and . Do deep-sea kite and modular for marine stress and
. distance-limited o
low-maintenance arrays platforms utility-scale arrays complex control
. . Tested in Too
Onshore/Near-shore Not preferred; lacks Field-demonstrated in . No real-world
o . . near-shore pilot complex/costly for S
Use controllability grid-connected pilots validation
setups near-shore
e . Full AC-side control PWM with Advanc;d Direct modulation;
Control Capability None (passive only) multilevel modulation and L .
(PWM) . real-time intensive
balancing redundancy
Reactive Power PWM-based Q Possible, but
Control None Yes control Excellent Q control unstable subsea
Bidirectional Power No Yes Yes Yes Yes
Flow
Power Factor No: fixed PF PWM.-based control Controll_able PF via Near.-umty PF High control
Control modulation possible accuracy needed
] High harmonics; needs Moderate EMI.; Low THD; better Very low THD; EMI'; uqderwater
Harmonics / EMI e manageable with harmonic L applications
bulky filtering o EMI-optimized
filtering performance unresolved
] Highly robust in sealed Moderatefly rugged; Validated for Corﬁplonem—hea.vy; Unproven in wet
Marine Robustness some maintenance deep-sea sensitive to marine .
nacelles o environments
needed deployment conditions
MW-Scale Scalable via modular Scalable via Highly scalable; Scalable via
Scalability MVDC aggregation Scalable modular 10-100 MW+ modular
deployment feasible architectures
. . . . Proposed for
Application Used in ABB tidal 'trlals Validated in Seagen Commercial marine HVDC; Conceptual only;
. and LVDC simulations . prototypes by . -
Maturity and EU projects . proven in offshore not tidal-ready
(e.g., MUP) Minesto wind

Note: Multiport Converters are also gaining attention for TECs, as they can integrate multiple tidal generators and storage devices within a single

converter stage, reducing component count and improving efficiency [272].

For instance, [273] proposed a hybrid wind-tidal con-
figuration using PWM-controlled rectifiers and a dq-frame
PMSG model to implement MPPT control (Fig. 26).
In [261], a reliability evaluation method for wind-tidal—
battery systems considers power-dependent failure rates of
PECs, emphasizing their sizing and operational impact in
coastal deployments. Reference [16] provides a broad review
of hybrid wave-tidal systems and identifies key limitations,
such as weak subsystem coupling and lack of hybrid
testbeds. The study advocates for co-simulation frameworks,
nonlinear control, and techno-economic analysis to accelerate
deployment.

Control strategies and hardware architectures are vital
in hybrid MRE microgrids. In [124], a hardware-validated
Energy Management System (EMS) for a standalone PV-
wind-tidal-battery microgrid demonstrated enhanced power
quality via coordinated control as shown in Fig. 27. Similarly,
[127] used rule-based and optimization-based control in a DC
microgrid to improve flexibility.

MultiPort Converters (MPC) have shown promising poten-
tial for MRE integration. Reference [272] propose a multiport
DC-DC converter tailored for tidal energy applications,
integrating multiple tidal turbines, via DC generators and
PMSGs, into a unified DC bus. Complementing this, [274]
proposes an MPC-based architecture for a wave energy
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FIGURE 28. A multiport converter topology based on synchronous
bi-directional buck converter [274].

converter emulation platform that integrates storage and
split-phase AC loads via a 400 V DC bus, utilizing SiC
power devices to minimize passive components and enhance
marine adaptability. Due to the high switching frequency
capabilities, SiC power devices enable a compact system
design with smaller passive component sizes [264]. The
SiC-based marine power conversion setup is shown in Fig. 28.

To highlight emerging trends and real-world imple-
mentations, Table 9 provides a comparative overview of
hybrid energy systems involving tidal energy, spanning both
industrial prototypes and academic initiatives. These projects
explore synergistic integration of tidal with wind, wave, solar,
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TABLE 9. Hybrid energy systems involving tidal energy: Industrial and academic initiatives.

and storage systems, reflecting the growing importance of
multi-resource coordination for reliability and dispatchability
in marine environments.

V. IMPROVEMENT IN CURRENT FOOTPRINT OF PEC FOR

TIDAL APPLICATIONS

Tidal energy conversion is rapidly evolving, driven by
the pressing need for sustainable and efficient renewable
energy sources. In pursuing enhancing the current footprint
of tidal and marine energy converters, many promising
avenues exist for research and development. These avenues,
when coupled with the utilization of WBG devices and
associated technologies, hold immense potential to not only
improve performance but also bolster reliability and cost-
effectiveness [91], [92], [93], [94]. This section delves into
the potential for improving the existing footprint of tidal
energy systems, considering critical materials and technolo-
gies, including WBG devices, and addressing associated
advantages and challenges.

A. ENHANCING TIDAL ENERGY SYSTEMS: LEVERAGING
WBG TECHNOLOGIES
Exploring cutting-edge materials and technologies is crucial
to optimizing current tidal energy systems. The development
and integration of WBG devices, including SiC and GaN
power devices, hold immense potential (Fig. 29 [280]).
Their adoption could address long-standing compactness,
efficiency, and reliability challenges in harsh marine environ-
ments.

Compared to conventional silicon devices, WBG semi-
conductors operate efficiently at much higher switching
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Project / Study Category Energy Sources Status Highlights Reference
Prototype Combines 4 renewable
PH4S (GEPS Techno) Industrial Solar, Wind, Tidal, tested offshore | Shergysources with [275]
Wave battery/supercapacitor; aims to
(France) . .
reduce intermittency
Deployment Vertical-axis turbines for
SKWID (MODEC) Industrial ‘Wind, Tidal eploy bidirectional wind/tidal current [276]
failed (2014)
capture
SeaGen W (MCT) Concept Wind, Tidal Remained Wm.d turbine 11.10unted on tidal (277]
conceptual turbine monopile
. Solar, Wind, Tidal, Concept Floating platform harnessing
Hexifloat (Hann Ocean) Concept Wave patented (2012) | four marine energy sources (278]
. . . Tidal used as flywheel to
HOT-PC Academic Wind, Tidal Lab Prototype smooth wind fluctuations [123]
Energy management . . Validated EMS in DC
system for a hybrid Academic g;/&gmd, Tidal, Experimental microgrid with control and [124]
islanded DC microgrid y hardware test bench
Supervisory energy . . Predictive supervisory control
management of a hybrid Academic gv, Wind, Tidal, Simulation and dynamic energy sharing [127]
H . attery .
DC-microgrid strategies
. s L Investigated hydrodynamic
Float‘mg wind-wave-tidal Academic Wind, Wave, Tidal Experimental response and motion [279]
hybrid system .
suppression under freak waves
Hybrid Wind-Tidal Real-world feasibility study
Microgrid for NZ Off-grid | Academic Wind, Tidal Case Study for off-grid hybrid system in [64]
Community New Zealand
Pt [W]

M

String PV

EV charging

100k Bg= off-board

HV-Lv DC-DC
converter

10k

» f. [Hz]

1k 10k 100k M 10M

FIGURE 29. Power-frequency plane of Si, SiC, and GaN for different
applications [280].

frequencies, enabling more compact and lightweight con-
verter designs. This attribute is especially advantageous
for tidal energy converters, where subsea installations
demand space-efficient hardware and reduced structural
loads [264], [281]. A defining feature of SiC and GaN
devices is their lower conduction and switching losses, which
translates into higher conversion efficiency, an essential
factor for maximizing power capture from tidal flows and
limiting thermal stress in enclosed marine housings [282].
In addition, higher power density enabled by WBG devices
supports smaller converter footprints, reducing installa-
tion complexity and potentially lowering overall O&M
costs [283].
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Despite these benefits, integrating WBG devices into tidal
PTOs poses unique challenges. Specialized gate drivers are
required to fully exploit high-frequency switching, ensuring
their long-term reliability under subsea pressure, corrosion,
and thermal cycling is non-trivial. Furthermore, higher
switching frequencies increase Electromagnetic Interference
(EMI), which can disrupt sensitive instrumentation and
communication links in tidal arrays. Therefore, effective
EMI suppression and marine-grade packaging solutions
are critical for realizing the full potential of WBG-based
converters in tidal energy systems [284], [285], [286].

B. PACKAGING CONSIDERATIONS

Efficient and reliable packaging of power devices is cru-
cial in the challenging marine environment [287]. Various
techniques and strategies enhance reliability in tidal systems.
Press-Pack-Based Plate Soldering, utilizing pressure and sol-
dering, forms a robust connection between power devices and
heat sinks or substrates. It ensures good thermal performance
and withstands marine challenges, such as temperature fluc-
tuations and moisture exposure [185]. Sintering technology
offers a reliable alternative to conventional chip soldering by
minimizing corrosion risks in marine environments. It allows
direct bonding of power devices to substrates, improving
durability and performance in harsh conditions [288]. For
interconnections in marine applications, corrosion-resistant
alloys can be explored as alternatives to traditional bond
wires, improving the durability and reliability of power
devices [289].

C. RELIABILITY ENHANCEMENTS

Power converters and their components should be designed
with reliability as a primary consideration [21], [191],
[192]. This involves choosing materials and components that
withstand the harsh marine environment, including corrosion-
resistant coatings [102], [290], and encapsulations [215],
[216], [217]. Optimizing power electronics layout for better
cooling and reduced mechanical stress enhances reliabil-
ity [204], [205], [206], [207], [208]. Developing accurate
thermal models for power devices is essential [213], [214],
[291], aiding in predicting and managing temperature rise
critical for marine environments. These models can guide
Effective thermal management strategies, including advanced
cooling techniques [292]. Different control strategies, like
junction temperature monitoring and hybrid control, opti-
mize thermal performance [209], [210], [211], preventing
overheating and ensuring safe, reliable operation, meeting
stringent tidal reliability requirements.

Integrating WBG devices into tidal energy systems
brings significant benefits, such as improved efficiency and
increased power density. However, key challenges must be
addressed to fully unlock their potential, including designing
reliable gate drivers, mitigating EMI, improving packaging,
and ensuring durability in harsh marine conditions. Progress
depends on collaboration between researchers, engineers, and
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industry experts. By working together, they can overcome
technical barriers, drive innovation, and create a sustainable
future for tidal.

VI. FUTURE RESEARCH WORK

The future of tidal energy conversion is poised for transforma-
tive advancements driven by PECs and related technologies.
To further advance the research boundaries for enhanced reli-
ability, improved efficiency, and minimized costs, research
must focus on several critical areas:

« Designing innovative converter topologies and advanced
control strategies tailored to tidal energy systems,
utilizing the high switching frequencies and low power
losses offered by WBG devices.

o Improving thermal management techniques for an
extended lifespan of tidal energy converters, with
adaptive cooling solutions that respond dynamically to
operating conditions.

o Addressing failures caused by humidity in sub-
merged converters through focused research on
moisture-resilient materials and protective strategies to
enhance reliability.

o Advancing PEC architectures for tidal energy systems
with designs that improve fault tolerance, reduce main-
tenance, and bolster operational resilience, ultimately
lowering the LCOE.

« Designing modular, flexible, and scalable universal con-
verter platforms that can adapt to various tidal sources,
simplifying development and validation processes.

o Exploring the use of MMC structures for subsea
MV/HVDC transmission, enabling efficient energy
transfer from offshore farms to onshore grids with
minimal losses.

« Enhancing competitiveness through efforts to reduce the
LCOE by improving system reliability and operational
resilience.

o Developing real-time simulation platforms for PTO
controllers and hardware validation, enabling rigorous
testing and accelerating the deployment of cutting-edge
tidal technologies.

VIl. CONCLUSION
Tidal energy represents a predictable yet underexploited
renewable resource, with practical deployment still con-
strained by technological, environmental, and economic
barriers. This review has presented a structured assessment
of these challenges across the resource, converter, and grid
domains, emphasizing the pivotal role of PECs in achieving
reliable, efficient, and grid-compliant operation. By explicitly
linking tidal resource variability with converter performance
and system-level integration, the analysis demonstrates
how innovations in converter topologies, adaptive control
strategies, and marine-grade reliability directly influence
energy capture, stability, and long-term scalability.

At the resource level, challenges such as bidirectional
flow, slack tides, turbulence, and site-specific hydrodynamics
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demand advanced forecasting, adaptive control algorithms,
and hybridization with complementary renewables or storage
systems. While predictive tools and hybrid configurations
show promise, standardized frameworks and field-scale
validation remain limited.

At the grid-integration level, weak marine grids, limited
fault ride-through, insufficient VAR support, and the absence
of tidal-specific grid codes hinder wider adoption. Mitigation
strategies are being explored, such as grid-forming converters
with droop, virtual inertia, storage support, and adaptive
protection. However, tidal-specific standards, large-scale
demonstration of ancillary services, and validated real-time
tidal plant models are urgently needed to enable reliable grid
compliance.

On the converter side, subsea PECs face harsh marine con-
ditions, including pressure, corrosion, and thermal cycling,
which limit lifetime and accessibility. Current deployments
rely predominantly on mature two- and multilevel VSCs,
while advanced modular concepts such as MMCs, multi-
port converters, and WBG-based designs offer compelling
advantages in scalability, efficiency, and power density but
remain at low technology readiness. Ensuring fault tolerance,
reliable packaging, subsea cooling, higher MTBF, and
condition-based monitoring through digital twins represents
a critical research frontier.

Taken together, this challenge—mitigation framework high-
lights that converter innovations alone are insufficient;
progress in tidal energy requires integrated advances across
the resource, converter, and grid domains. Looking ahead,
modular PEC architectures, digital twin—based health analyt-
ics, and hybrid tidal-renewable integration are expected to
accelerate the transition toward resilient, grid-forming tidal
systems. Equally critical will be establishing tidal-specific
grid codes, marine reliability standards, and large-scale
demonstration projects that validate these technologies under
real conditions.

By enabling higher energy stability, improved reliability,
and reduced maintenance through smart converter designs
and predictive diagnostics, the proposed framework directly
supports the industrial scalability and cost competitiveness of
tidal energy technologies. This holistic pathway strengthens
the commercial readiness of tidal systems—bridging the gap
from prototype research to bankable, utility-scale deployment
and positioning tidal power as a reliable contributor to the
global net-zero transition.
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