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Abstract: This paper presents a review-based comparative study of state-of-the-art technologies,
technical challenges and research barriers, and development trends of gearboxes used in tidal current
energy converters (TCECs). Currently, the development of commercial projects using TCECs is still in
the demonstration phase. While many drivetrain designs and configurations of TCECs inherit from
those of wind turbines, different operational constraints, e.g., high-torque and low-speed conditions,
make TCECs potentially suffer from high failure rates in harsh deep-sea environments. Evidence
of these potentially high failure rates highlights the need for adopting the most resilient drivetrain
options with a high degree of maintainability. The gearbox option is a critical issue that needs to
be addressed for the choice of the drivetrain configuration due to its longest downtime per failure
among all drivetrain components of TCECs. The main purpose of this study is to review current
gearbox technologies of TCECs with advantages and disadvantages as well as to identify future
technical challenges and research barriers. Gearbox maintenance is also a focal point in this study. We
present a discussion of the operation phase to highlight operational maintenance methods currently
used in the tidal energy industry. This study will, therefore, address the critical issue by proposing a
review-based gearbox option comparison and discussing potential solutions to reduce operation and
maintenance costs of gearboxes of TCECs.

Keywords: tidal current energy; tidal current energy converter; drivetrain; gearbox; operation and
maintenance; condition monitoring; oil condition monitoring; oil debris analysis

1. Introduction

Oceans offer a massive resource of potential renewable energy in the form of marine
and tidal currents, sea waves, sea level ranges, thermal gradients, and salinity gradients [1].
The development of marine renewable energies provides a cost-effective means to reduce
the usage of fossil fuels and represents a major opportunity to reduce greenhouse gas
emissions [2]. Tidal energy is the potential energy and the kinetic energy of tides that
are converted from the potential energy between the earth and the sun and between the
earth and the moon [3,4]. According to the current tidal data reported, the globe potential
harvestable tidal energy is around 1200 TWh per year [5]. Compared with existing tidal
barrage systems, e.g., the La Rance tidal power station in France and the Sihwa Lake power
station in South Korea, most tidal current energy technologies are still in research and
development (R&D) and demonstration stages [5,6]. However, several investigations have
confirmed that tidal current energy technologies have great commercialization potential as
a sustainable clean energy source for power generation with fewer harmful environmental
impacts as opposed to tidal barrage technologies [7–10].

Tidal current energy converters (TCECs) are developed to convert the hydrokinetic
energy of tidal flows into the electrical energy. A drivetrain of a TCEC converts the
kinetic energy of a turbine to the electrical energy of a generator, which is the entire power
conversion system from the main bearing to the generator. A TCEC harnesses the maximum
amount of the tidal current energy when it operates at an optimal turbine speed, which

Energies 2022, 15, 9236. https://doi.org/10.3390/en15239236 https://www.mdpi.com/journal/energies

https://doi.org/10.3390/en15239236
https://doi.org/10.3390/en15239236
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0000-0003-2793-4615
https://orcid.org/0000-0003-2707-2533
https://doi.org/10.3390/en15239236
https://www.mdpi.com/journal/energies
https://www.mdpi.com/article/10.3390/en15239236?type=check_update&version=1


Energies 2022, 15, 9236 2 of 24

is determined by tidal speeds. Since tidal speeds are variable with gravitational forces of
the sun and the moon on the earth, the optimal turbine speed of the TCEC also changes
with tidal speeds. According to prior studies [11–13], variable-speed operation of the
turbine has a higher energy production compared to a turbine operating with constant
tidal speeds. In order to generate alternating current (AC) power with a fixed phase
and frequency to the grid, variable-frequency power generated by a permanent-magnet
generator (PMG) has to be converted from AC to direct current (DC) and back to AC
by power electronics, i.e., a power converter and an inverter, which are expensive and
failure-prone, requires costly equipment repair, and also tends to make other components
of the TCEC to prematurely fail [14–16]. However, the power quality of the TCEC can be
reduced due to the harmonic distortion of AC introduced by these power electronics and
their power losses. This increases the interest in variable speed systems using a different
technology. Some variable-speed gearboxes are designed to be incorporated in TCEC
drivetrains to control speed ratios between turbine speeds and generator speeds. A variety
of drivetrain technologies of TCECs are available. Each of these technologies has pros and
cons in terms of design principle, cost, size, manufacturing, material, efficiency, reliability,
and operation and maintenance (O&M) [17–20].

Drivetrain designs and option choices of TCECs affect their operation performance,
reliability, total cost, and O&M [21]. Due to technology similarities between wind tur-
bine systems and TCECs, most drivetrain designs of TCECs follow current wind turbine
drivetrain designs with planetary gearboxes and PMGs [22]. While similar drivetrain
designs make it possible to evaluate the reliability and O&M of drivetrains of TCECs based
on failure and condition monitoring data of wind turbine systems, there are insufficient
experience and information on O&M of TCECs in harsh deep-sea environments [23,24].
Generally, the gearbox is the key component of a drivetrain of the TCEC that transmits the
most enormous load and entails high O&M costs since its maintenance requires external
large-tonnage cranes. A systematic review on further challenges of gearboxes of TCECs is
needed to improve its reliability and compactness, and reduce maintenance costs.

With the application of different condition monitoring systems (CMSs) in all tidal
energy industries, new opportunities for drivetrain condition monitoring have arisen in
the operation phase, including oil condition monitoring (OCM), vibration-based condition
monitoring, supervisory control and data acquisition (SCADA), and acoustic emission con-
dition monitoring systems [25–28]. OCM is a common solution to identify gearbox faults,
evaluate operation conditions, and define oil maintenance intervals [29,30]. According to
the rated power and the size of the gearbox of a TCEC, its oil quantity is in the range of
200 to 800 L. Hence, extending oil maintenance intervals of a gearbox to the maximum
life span of gearbox oils can reduce O&M costs of TCECs. OCM is mainly performed by
using oil sampling or sensors that measure some parameters, e.g., wear particle counting
and oil contaminant elements [31]. Other studies of OCM focused on sensor validation of
oil analysis methods to identify gearbox faults based on valid data on additive depletion
and oil degradation [32] due to oxidation, oil contamination, temperature, and viscosity
changes [33]. In addition, several OCM methods of gearboxes based on multivariate oil
analysis methods, e.g., fluorescence spectroscopy, and oil viscosity measurements were
developed to improve analysis accuracy and measurement sensitivity of oil-based CMSs of
gearboxes [34–38]. While OCM is a common gearbox condition monitoring method in the
tidal energy industry, there are limited published valid data on the additive depletion and
oil degradation of gearboxes of TCECs. Due to the core role of OCM in gearbox operation
condition monitoring, this review focuses on presenting valid information about the current
gearbox oil analysis process in TCECs.

This review aims to summarize the state-of-the-art gearbox technologies of TCECs,
address the main gearbox issue of TCECs by proposing a review-based drivetrain option
comparison, and synthesize the information of O&M procedures of condition monitoring
of gearbox oils. The remaining parts of the paper are organized as follows: some design
trends and layouts of drivetrains of TCECs are introduced in Section 2. The status and
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development of gearbox technologies are presented in Section 3. Gearbox maintenance
procedures and methods are presented in Section 4. Discussion of future work of gearbox
technologies and maintenance of TCECs is given in Section 5. Conclusions from this study
are presented in Section 6.

2. Layout and Design Principles of Power Conversion Chains of TCECs
2.1. Layout of Power Conversion Chains

A TCEC consists of a number of components to convert the tidal current energy into
the electrical energy. A power conversion chain of the TCEC includes a turbine and pitch
control system and a drivetrain system [39]. The layout of a drivetrain of the TCEC is shown
in Figure 1. The turbine and pitch control system harvests the kinetic energy from tidal
flows, which includes turbine blades, motors for pitch control, gears, slip rings, and some
seals. The drivetrain system converts the kinetic energy into the electrical energy, which
includes a main drive shaft, main bearings, a gearbox, a coupling, a brake, and a generator.

The turbine size and pitch control design of the TCEC are determined by local hydro-
logical and geographical conditions. Currently, TCECs require a tidal speed in excess of
2.25 m/s [40–42] and a water depth between 25 and 50 m to harvest sufficient power with a
large swept area of turbine blades and a high tidal speed [43,44]. Sea regions with such high
tidal speeds are sparse and generally caused by topographic flow enhancement, e.g., phase
difference-driven flows through straits [45,46]. The design principle of the drivetrain
system of the TCEC depends on the power and the torque produced by the turbine.

Figure 1. Schematic of a power conversion chain of the TCEC [47].

2.2. Power and Torque in Power Conversion Chains

The basic principle of tidal current energy harvesting is mainly based on Betz’s law [48].
It shows that the kinetic energy harvestable from a fluid flow passing through a given
cross-sectional area is restricted to a certain fixed proportion of the energy contained in the
fluid flow, which is the power coefficient Cp. The maximum power coefficient according to
Betz’s law is

Cp max =
16
27

= 0.593. (1)

This maximum power coefficient Cp max is the theoretical maximum, which is known as
Betz’s limit. The power coefficient Cp mainly depends on the ratio of the rotation speed
of the tips of turbine blades and the tidal speed, which is known as the tip-speed ratio,
defined as

λ =
ωtR
vtidal

, (2)
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where ωt is the turbine rotation speed, R is the rotor radius, and vtidal is the tidal speed.
The maximum tidal current energy of the TCEC that can be harvested from tidal flows
exists when its turbine is operated at the optimal tip-speed ratio. The harvested tidal
current energy has a cubic relation with the tidal speed [49]:

Pr =
1
2

ρACpv3
tidal , (3)

where ρ is the density of seawater and A is the swept area of the turbine.
The operating regime of a TCEC is divided into three regions [44], as shown in Figure 2.

Region 1 is the low tidal speed region, where the TCEC cannot generate any power and is
disconnected from the grid. If the TCEC is connected to the grid at a tidal speed in Region 1,
the tidal turbine is driven by the generator without any power generation but with power
consumption. Region 2 is the speed range between the cut-in speed vcut−in and the rated
speed vrated of the TCEC. Region 3 is the region from the rated speed vrated to the cut-out
speed vcut−out. The harvested energy by the TCEC is hydrodynamically and mechanically
restricted in Region 3 so that the TCEC can avoid overloads and mechanical failures.

In these three regions, the operational torque of the drivetrain is an important parame-
ter of the TCEC. The operational torque of the drivetrain is

Tr =
1
2

ρARCQv3
tidal , (4)

where CQ is the torque coefficient that is CQ = Cp/λ [50]. The power and torque produced
by the turbine can be determined by Equations (3) and (4), respectively.

Figure 2. Power curve of a typical TCEC.

2.3. Drivetrain Technologies

Since TCECs are operated in deep-sea environments, all drivetrain components must
be housed within a watertight nacelle to maintain overall system seawater tightness.
The watertight nacelle design of the TCEC eliminates the need to individually seal each
component of the drivetrain in a watertight and seaworthy environment. A compact
and lightweight drivetrain is the most cost-effective option for large TCECs since it can
reduce the weights of their nacelles, towers, and foundations and lower their costs [51,52].
To reduce the weights of nacelles, there has been a development trend toward increas-
ing mechanical integration of the main drive shaft, main bearings, the gearbox, and the
generator [53–55].
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(1) Main drive shaft. The drivetrain design of the TCEC starts with the determination
of design specifications of the main drive shaft. The main drive shaft has to be subjected
to the operational torque Tr in Equation (4) produced by the turbine, and accommodate
auxiliary equipment. It is desirable to minimize the size of the main drive shaft while
keeping its performance based on a safety factor, which is greater than 1.1, under the
maximum operational torque to reduce its weight.

(2) Main bearings and seals. Main bearings and seals are designed with the intent
of supporting the operational torque Tr and the turbine thrust, the main drive shaft,
and connected components, while withstanding subsea unsteady loads, and protecting the
balance of the drivetrain from seawater, which can propagate into the drivetrain from the
turbine rotation plane. A commercially standard bearing and seal package assembly can be
selected with the purpose to minimize maintenance and maximize the main bearing life.

(3) Gearbox. The gearbox can transmit the operational torque Tr produced by the
turbine to the generator. Generally, turbine blades of TCECs have a rotation speed of
7 rpm, which is lower than that of wind turbines, which is from 10 to 30 rpm [56,57].
Since most PMGs most efficiently operate at rotation speeds from hundreds of rpm to
1850 rpm [58], the gearbox must have a speed ratio of 1:100 to 1:120. Low-speed and
high-torque operation conditions of TCECs should be carefully considered in their gearbox
design and selection processes.

(4) Generator. Generally, PMGs are selected for current TCECs due to high efficiency
and reliability, high power density, low rotor temperature, and high synchronous operation
flexibility [59,60]. Based on these advantages, PMGs can operate at base frequencies other
than 50 Hz or 60 Hz. While an inverter must be added to the drivetrain to adjust its output
frequency to 50 Hz or 60 Hz for grid connection, the advantages of PMGs outweigh the
increase in complexity of an electrical conditioning system [61,62].

3. Gearbox Technologies

Gearboxes are widely used in automobile, aerospace, energy, and process industries
and are considered indispensable [63]. Tidal flows always have very low speeds that
rarely exceed 5 m/s. Lower tidal speeds result in lower turbine rotation speeds. Therefore,
if conventional generators are used to produce electricity, gearboxes are necessary to
achieve higher rotor speeds [64]. Currently, most drivetrain technologies that have been
suggested for tidal current energy harvesting are reminiscent of those used for wind
turbine applications. There are two drivetrain design strategies for TCECs, i.e., geared
and direct-drive drivetrains [21]. In most geared drivetrains of TCECs, their main drive
shafts and generators are directly coupled via mechanical gearboxes or indirectly coupled
via hydraulic transmissions [21,65–69]. Generator options for geared drivetrains can be
induction generators and PMGs. Direct-drive drivetrains are developed with the purpose
of minimizing maintenance issues and O&M costs by removing gearboxes and using
unconventional low-speed and high-diameter permanent-magnet synchronous generators.
In a direct drive train system, a permanent-magnet synchronous generator is directly
driven by a turbine hub of a TCEC [70]. Some state-of-the-art gearbox technologies and
direct-drive drivetrains are discussed in this section.

3.1. Planetary and Multi-Stage Gearboxes

Current TCECs try to harvest more tidal energy by using PMGs and large planetary
gearboxes [71]. In a 2 MW TCEC, its planetary gearbox typically has a speed ratio of around
1:150. The gearbox with that speed ratio can be designed by using three or four gear sets
based on a combination of planetary and multi-stage gear sets [50,71], as shown in Figure 3.
The efficiency of the drivetrain is dependent on the number of gear sets and the efficiency
of each gear set. Generally, multi-stage gear sets have an efficiency of around 98%, while
the efficiency of planetary gear sets even reaches 99% [72,73]. The advantages of using
multi-stage gear sets are their wide availability and low costs. On the other hand, planetary
gear sets are slightly more efficient and can yield higher speed ratios in compact spaces.
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A gear pair in a multi-stage gear set can have a speed ratio of up to 1:5, while a gear pair in
a planetary gear set is built with a speed ratio of up to 1:12. Furthermore, the operational
torque Tr is better distributed through more meshing gear pairs. This gives the planetary
gear set a higher torque capability. Finally, bearing forces in the planetary gear set are
smaller than those in multi-stage gear sets. For megawatt TCECs, costs of gearboxes are
significantly reduced when using planetary gear sets due to their small sizes and masses.
Planetary gear sets are preferable for megawatt TCECs. A limitation of planetary and multi-
stage gearboxes is that most of their speed ratios are constant and they cannot eliminate
speed fluctuations caused by variable tidal speeds and turbulence. By considering that
gearboxes serve as increasers in drivetrains, they can enlarge these speed fluctuations and
have large impacts on generators, which can cause generator failures.

Some commercially developed planetary gearboxes of TCECs are shown in Figure 4.
Tidal Generation Ltd (TGL) developed a 500 kW tidal current turbine, i.e., Deepgen, using
a 500 kW planetary gearbox and an induction generator, which was successfully deployed
and connected to the grid in 2010. This 500 kW planetary gearbox had a speed ratio of
1:100.5, as shown in Figure 4a [74]. Marine Current Turbine (MCT) developed a dual
horizontal-axis TCEC system i.e., SeaGen [75]. Each turbine of the SeaGen system was a
600 kW two-blade turbine that was coupled with a 650 kW planetary gearbox, which had a
speed ratio of 1:110, as shown in Figure 4b. Andritz Hydro developed a 1.5 MW horizontal-
axis TCEC, i.e., MeyGen [76,77]. Its nacelle included a 1.5 MW two-stage planetary gearbox,
as shown in Figure 4c, and a PMG that could operate with a high harvesting efficiency over
a wide tidal speed range. Orbital Marine Power Ltd (Orbital) developed a 2 MW floating
TCEC, i.e., SR2-2000, using a Superposition Gear (SPG) system, which consisted of two
planetary gear sets mounted on a parallel shaft [78,79], as shown in Figure 4d. The SPG
system enables a variable speed ratio in the range of 1:125–1:79 and maintains a constant
output speed.

Figure 3. Schematic of (a) a planetary gear set and (b) a multi-stage gear set.

3.2. Hydraulic Transmissions

Hydraulic transmissions were developed with hydraulic pumps and several fixed- or
variable-displacement hydraulic motors [80,81]. Hydraulic pumps converted the kinetic
energy of tidal turbines into the potential energy of the pressurized fluid. Hydraulic motors
converted the potential energy of the pressurized fluid back into the kinetic energy of
generator shafts [69]. A hydraulic transmission system of a TCEC was developed based on
the digital displacement technology that converted variable turbine rotation speeds into a
constant generator shaft speed [68]. A hydraulic–mechanical hybrid transmission of TCECs
for maximum power point tracking (MPPT) using a planetary gear set as a power split
device has also been developed [82]. In this hydraulic–mechanical hybrid transmission, the
hydraulic pump displacement control was designed to vary its rotation speed to realize
MPPT, and harvested tidal power could be stabilized via a hydraulic system. A hydraulic
accumulator was designed for a hybrid wind–tidal turbine [83]. A hybrid turbine was
developed to simultaneously capture offshore wind and tidal current energy and can store
redundant energy in a hydraulic accumulator for electricity generation. Two hydraulic
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pumps of the hybrid turbine can be used to convert the harvested wind and tidal energy
into the hydraulic energy. A closed-loop hydraulic transmission was developed for variable-
speed wind turbines, which involved a hydraulic pump and a hydraulic motor [84]. While
hydraulic pumps of these hydraulic transmissions can enlarge their speed ratio ranges, the
efficiency of these hydraulic transmissions is only about 70–80% [68,82,85].

Figure 4. Some commercially developed planetary gearboxes of TCECs: (a) 500 kW planetary gearbox
of a TGL turbine; (b) 650 kW planetary gearbox with a generator from a MCT’s SeaGen tidal current
turbine; (c) 1.5 MW planetary gearbox from an Andritz Hydro’s MeyGen turbine; (d) 1.13 MW
planetary gearbox from an Orbital Marine Power’s FloTEC SR2-2000 tidal current turbine.

The above hydraulic transmissions are still in the development stage. Voith devel-
oped a commercialized hydrodynamic transmission, i.e., WinDrive, which consisted of a
superimposing gearing unit and a hydraulic torque converter [86]. The superimposing
gearing unit included two combined planetary gear sets. Figure 5 shows the working
principle of WinDrive. The hydrodynamic torque converter in WinDrive decoupled the
main drive shaft from a generator. The speed ratio and the operational torque of WinDrive
can be adjusted via angles of vanes in the hydraulic torque converter. The variable speed
ratio of WinDrive was in the range of 1:135–1:72. Due to this wide variable speed ratio
range, a synchronous generator can be directly used for connection to the grid without
power electronics.
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Figure 5. Hydraulic transmission WinDrive [86]: (a) a three-dimensional view and (b) the power flow
in WinDrive that consisted of a superimposing gearing unit and a hydrodynamic torque converter.

3.3. Variable-Speed Transmissions
3.3.1. Continuously Variable Transmissions

Continuously variable transmissions (CVTs) can provide variable speed ratios in a
wide speed ratio range to enable generators of TCECs to operate in more efficient con-
ditions [87]. Most CVTs convert operational torques Tr of TCECs based on friction in
belt/chain-pulley systems, as shown in Figure 6a. The efficiency of CVTs is low under high-
torque and low-speed conditions due to sliding in belt/chain-pulley systems. Pulley-based
designs commonly investigated for renewable energy applications, either belt or chain
driven, are rated at kilowatt to megawatt power capacity [87,88]. Some hydrostatic trans-
missions [82,89,90] and flywheel systems [91] were used as power-split systems combined
with traditional CVTs to improve their torque conversion capability.

Fallbrook Technologies Inc developed a new ball-actuated CVT for renewable energy
applications [92,93], as shown in Figure 6b. The main components of a ball-actuated CVT
are an input disk, an output disk, ball elements, and a ball angle variator. The working
principle of the ball-actuated CVT is to change the speed ratio of the input drive and the
output drive by varying angles of ball elements that contact input and output disks. Angles
of tilts of ball elements cause changes in radii at contact points on input and output disks.
Simultaneous changes in rotation radii of ball elements at these contact points cause speed
ratio changes in the ball-actuated CVT. The ball-actuated CVT transfers torques from the
input disc to the output disc using elastohydrodynamic lubrication. The torque capacity of
the ball-actuated CVT depends on the number of ball elements. Increasing the number of
ball elements enables the ball-actuated CVT to be scaled to higher torque capacities without
increasing its size and significant parasitic loss.

Figure 6. Schematic of CVTs [93]: (a) a belt/chain-pully-based CVT and (b) a ball-actuated CVT.



Energies 2022, 15, 9236 9 of 24

3.3.2. Infinitely Variable Transmissions

An infinitely variable transmission (IVT) was designed with cam systems to achieve
continuously variable speed ratios via one-way bearings [94]. An active control system
of the IVT was developed there with a closed-loop control that can adjust the eccentric
motions of cams to control its speed ratios. However, the instantaneous speed ratios of this
IVT had a periodic speed variation of up to 29% due to cam eccentricity. An upgraded IVT
was designed with crank-slider systems that could continuously adjust the speed ratio in
a wide range from zero to a certain value [95,96]. A noncircular gear pair was designed
there to minimize the variation in instantaneous speed ratios that were introduced by
crank-slider systems.

A new IVT was developed with a noncircular gear pair and two scotch-yoke systems
(SYSs) to provide continuously variable speed ratios for given constant output speeds under
any variable input speeds [97,98]. A schematic of the IVT is shown in Figure 7. An input
power of the IVT was transmitted through the noncircular gear pair to an input-control
module (ICM) with a modulated rotation speed [98]. Two planetary gear sets (PGSs) in the
ICM combined the modulated rotation speed from the noncircular gear pair and the control
speed of control gears. The combined rotation speeds of PGSs were transmitted to two
SYSs in a motion-conversion module (MCM) via translational motions of yokes in SYSs.
SYSs converted the translational speeds of yokes into rotation speeds of the output shaft via
rack–pinion sets. The IVT can be scaled up by increasing the number of SYSs and the size
of PGSs. Since the IVT can convert the power via gear contact forces without sliding power
loss under high-torque and low-speed conditions, the IVT fits for tidal current energy
harvesting. Additionally, the range of the variable speed ratio of the IVT is larger than that
of a CVT and can start from zero. Since the output-to-input speed ratio of the IVT can be
zero, a TCEC with the IVT can be disconnected from the grid without power electronic
control and couplings at low tidal speeds in Region 1 in Figure 2. A large variable speed
ratio range of the IVT enables high operation performance of the TCEC in its optimal speed
range with the maximum harvesting efficiency. An integral time-delay feedback control
with an open-loop control [99] and a closed-loop control [100,101] was designed to improve
the control performance of the IVT for tidal current energy applications. Experimental
investigation of the closed-loop control strategy of the IVT was conducted with variable
tidal speed data [102,103]. Experimental results showed that the time-delay feedback
control could reduce speed fluctuations of the output speed of the IVT.

Figure 7. Schematic of the IVT [97].
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3.4. Direct-Drive Systems

In a direct-drive system, a direct-drive generator is directly driven by the turbine
hub [104–106]. Currently, direct-drive permanent-magnet (DDPM) synchronous generators
are one of the attractive options for direct-drive systems for wind and marine energy
harvesting since they have high power generation efficiency even though they are more
expensive than generator systems with gearboxes [17,107–109]. DDPM synchronous gener-
ators were developed to improve the reliability of TCECs and reduce their O&M costs as
gearboxes can be eliminated. Typically, DDPM synchronous generators can be divided into
two categories: axial-flux and radial-flux DDPM synchronous generators, according to their
flux directions in air gaps [110,111], as shown in Figure 8. The flux path in an axial-flux
DDPM synchronous generator is predominantly axial; the flux enters and leaves the gener-
ator at the same side [112]. The flux in a radial-flux DDPM synchronous generator travels
in the radial direction through its air gaps. Figure 8a shows a single-stator single-rotor
axial-flux DDPM synchronous generator, which consists of a stator and a rotor. The stator
can be manufactured with or without slots depending on the type of application [113].
Active conductors of the axial-flux DDPM synchronous generator are oriented along its
radius direction and the magnet flux is oriented in its axial direction. Figure 8b shows
a radial-flux DDPM synchronous generator in a rim-driven turbine. In this rim-driven
structure, active conductors of the radial-flux DDPM synchronous generator are oriented
along its axial direction and the magnetic flux is along its radial direction.

These axial-flux and radial-flux DDPM synchronous generators are associated with
turbines of TCECs in pod-type and rim-driven structures, respectively, as shown in
Figure 9 [114,115]. A hollow center turbine structure can be used for high-diameter radial-
flux DDPM synchronous generators, as shown in Figure 9b. Generally, radial-flux DDPM
synchronous generators have been the dominant force between these two DDPM syn-
chronous generators, mainly due to the fact that these radial-flux DDPM synchronous
generators have naturally evolved from induction generators [116]. However, there are
many unique advantages to be gained with the use of axial-flux DDPM synchronous gener-
ators over radial-flux DDPM synchronous generators. The pod-type structure is mostly
used for PMGs, which leads to compact-sized axial-flux DDPM synchronous generators
with a higher power density compared to conventional radial-flux DDPM synchronous
generators [117]. For tidal current energy harvesting, some direct-drive systems have been
developed in both academic and industrial projects [104,118–122]. These studies partic-
ularly dealt with specific structure topologies of PMGs for TCECs. However, it has not
been proven that the reliability of direct-drive TCECs is better than that of TCECs with
gearboxes [21].

Figure 8. Schematic of DDPM synchronous generators: (a) a single-stator single-rotor axial-flux
DDPM synchronous generator [113] and (b) a radial-flux DDPM synchronous generator [117].
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Figure 9. Two direct-drive TCEC structures: (a) the pod-type structure of a Sabella D10-1000 tidal
current turbine and (b) the rim-driven structure of an OpenHydro tidal current turbine.

4. Oil Condition Monitoring and Maintenance of Gearboxes

Generally, gearboxes are designed for a minimum lifespan of 20 years [123]. Since
gearboxes comprise many elements, such as rotating shafts, gears, and bearings, the re-
liability of gearboxes is the product of the reliability of all failure modes for which there
exist reliability calculations. However, many failure modes experienced in the operation
of gearboxes do not have standardized reliability calculations. Hence, CMSs of gearboxes
provide common solutions for early gearbox failure detection, which have been the fo-
cus of several studies [31,63,124–129]. Gearboxes of TCECs will experience high torque,
thrust, and impact conditions [123,130]. OCM has been used for gearbox fault detection
and the determination of a gearbox maintenance plan in the wind and marine energy
industry [31,37,72].

4.1. Oils and Additives of Gearboxes of TCECs

The main functions of gearbox oils are: (i) reducing wear and friction; (ii) ensur-
ing gearbox cooling and improving heat dissipation; and (iii) absorbing wear particles
and protecting gears and bearings. In order to satisfy the requirements of these func-
tions, gearbox oils need to preserve their properties during their lifespan, which are:
(i) good aging and oxidation resistance; (ii) low foaming; (iii) good air separation capac-
ity; (iv) high loading capacity; (v) good thermal stability; (vi) high viscosity indices; and
(vii) good detergency [131]. Synthetic oils of gearboxes are gaining more acceptance in
the wind and marine energy industry. While synthetic oils are more expensive than min-
eral oils, the high thermal stability and viscosity indices make synthetic oils attractive for
manufacturers and operators of TCECs [132].

Generally, gearbox oils are composed of an oil base stock and some additives. There
are two common oil base stocks for gearboxes of TCECs, i.e., poly-alpha-olefin (PAO)
and poly-alkylene-glycol (PAG). Both PAO and PAG are synthetic oils. PAG has a higher
viscosity index than PAO. PAO has a viscosity index between 140 and 180, while PAG has a
viscosity index between 180 and 260 [133]. These high viscosity indices of PAO and PAG
indicate better thermal and viscosity stability than those of mineral oils, which only have
a viscosity index of around 90. Table 1 lists some other lubrication properties of oil base
stocks of gearbox oils [29].

The additive content and formulation play a decisive role in the lubrication per-
formance of gearbox oils. There are some types of additives of gearbox oils, including
anti-wear (AW), extreme-pressure (EP), antioxidant, anti-foam, and anti-corrosion addi-
tives [134]. Some formulations of gearbox oils can include detergents. Table 2 lists functions
and compounds of some types of additives of gearbox oils. However, some combinations of
additives can reduce the lubrication performance of gearbox oils. Anti-corrosion additives
can affect the lubrication performance of AW and EP additives. Detergents of gearbox oils
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can affect oil film generation between gear contact surfaces. Hence, understanding addi-
tive formulations with different additives and their properties is essential for the reliable
lubrication performance of gearbox oils.

Table 1. Lubrication properties of some oil base stocks of gearbox oils [29].

Oil Type Viscosity Index Oil Aging Duration Mean Viscosity at 40 °C

PAO 140–180 76,548 h (8.7 years) 326.2 mm2/s
PAG 180–260 28,300 h (3.2 years) 325.8 mm2/s

Mineral oil around 90 50,216 h (5.7 years) 321 mm2/s

Table 2. Functions and compounds of some additives of gearbox oils.

Additive Type Function Compound

AW and EP additives
Mixed friction lubrication; AW additives
for moderate loading and temperature;

EP additives for high loading

Sulfur—phosphorus compounds [135];
zinc—molybdenum compounds [134]

Antioxidants Protection against effects of oxygen and
high temperature

Amines and phenols [136,137]; molybdenum
and zinc dithiophosphates [138,139];

sulfur—phosphorus compounds [140,141]

Detergents Removing deposits and aging products Calcium compounds, e.g., calcium
sulfonates [134]

Anti-foam additives Avoiding excessive foaming Silicon compounds [135]

Corrosion protection additives Antioxidants; protective film and/or
neutralization of corrosive acids

Zinc dithiophosphates; metal phenolates; basic
metal sulfonates; fatty acids and amines [135]

4.2. Oil Condition Monitoring

Due to oil degradation, gearbox oil properties will have negative changes, which can
cause lubrication failure [134]. Degradation of gearbox oils can be affected by multiple
aspects, i.e., oil temperature, loading, external contaminants, types of oils, and additives.
In order to ensure that gearbox oils keep lubrication properties in optimal conditions,
OCM is carried out, providing information on lubrication properties of gearbox oils and
operation conditions of the gearbox, e.g., gear wear. The lubrication properties of gearbox
oils are determined by checking their contamination and degradation [142]. Contamination
of gearbox oils can be evaluated based on the content of metallic particles, carbonaceous
materials, and other insoluble particles, i.e., everything in gearbox oils that does not belong
to them. Degradation of gearbox oils can be evaluated by measuring their viscosities,
detergencies, acidities, and dielectric constants [143–145].

Oil sampling and offline oil analysis are the most common OCM method for the
identification of oil conditions [146]. This OCM method enables the determination of oil
condition parameters shown in Table 3. On-site oil analysis devices and online oil sensors
have been used to determine gearbox oil conditions [147]. Gearbox conditions are mostly
monitored by using inductive wear sensors, which can identify contents of metallic and
other insoluble particles in gearbox oils [148,149]. In addition, the cleanliness of gearbox
oils can be identified using optical particle counters [31]. Since the conductivities of con-
taminants, broken oil molecules, or acids are different for different oils, these substances
cause changes in the conductivities of gearbox oils. Inductive wear sensors and optical par-
ticle counters [150] monitor oil degradation conditions based on the relationship between
dielectric constants and conductivities of gearbox oils [151,152].

However, the accuracy of these sensors highly depends on data interpretation and
robustness of these sensors. Since conductivities and dielectric constants of gearbox oils
depend on oil temperature, an oil temperature compensation algorithm was developed
to separate changes in additive depletion and oil degradation due to changes in dielectric
constants and conductivities, respectively [150].
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Table 3. Parameters for gearbox oil analysis [144].

Item Detection Indicator

Oil conditions
Viscosity at 40 °C, particle counting, particle quantification index,
acidity content, water content, appearance, nitration, oxidation

level, temperature
Additives Barium, calcium, magnesium, phosphorus, zinc

Wear elements Aluminum, chrome, copper, iron, molybdenum, nickel, lead,
tin, silver

Contaminant elements Boron, potassium, sodium, silicon

4.3. Oil Debris Analysis

Since wear debris in gearbox oils can provide useful information about health con-
ditions and wear behaviors of meshing gear tooth surfaces, friction couplings, bearings,
and other rolling components, oil debris analysis technologies are effectively used for fault
detection of gearboxes [30]. Oil debris analysis is also important to achieve the maximum
service life, especially for gearboxes [153]. The amount, sizes, shapes, and composition
of particles in gearbox oils can be monitored to determine gearbox faults without disas-
sembling entire systems [154]. Currently, the most common oil debris analysis method is
offline oil debris analysis [155]. For offline oil debris analysis, monitoring relevant diag-
nostic parameters of gearbox oils of commercial TCECs can be conducted via laboratory
techniques using special reagents, instruments, and equipment, such as viscometers and
optical emission spectrometers [156]. Generally, the recommended interval for oil debris
analysis is once every six months [31]. Results of oil debris analysis can provide information
about the wear status of tested gearboxes and guide owners/operators of TCECs’ O&M
activities [31].

Currently, R&D of oil debris analysis focuses on developing its online real-time sys-
tems by using the Internet of things (IoT) to eliminate current restrictions of oil debris
analysis technologies and potentially further increase the efficiency and reliability of OCM
systems for TCECs [157]. Some particle counting sensors and oil condition sensors are gen-
erally installed in the gearbox lubrication loop [31,144,145,158]. However, these additional
sensors of online real-time oil debris analysis systems increase the costs of O&M of TCECs.
Furthermore, these online real-time oil debris analysis systems can have limitations in the
detection of certain gearbox failures [31]. Data analysis of online real-time oil debris analy-
sis systems can also be challenging due to its dependency on some operation conditions of
gearboxes, e.g., temperature. In addition, oil debris analysis requirements are specific to
particular gearbox manufacturers and gearbox oil suppliers, which generally differ among
them; this limits applications of online real-time oil debris analysis systems for commercial
purposes [157].

Since gear pitting and bearing spalling are the main sources of metallic wear debris
particles in gearbox oils [159], the remaining useful life (RUL) of a gearbox is short when
operators can obtain valid information from oil debris analysis. In order to offer adequate
time for operators to plan maintenance inspections and repairs, a combination of oil debris
analysis and a data-driven condition monitoring method is used to efficiently predict the
RUL of drivetrains [160]. Some data-driven methods, e.g., neural network [161], fuzzy
logic [162], and Bayesian network [163,164] methods, have been used for the maintenance
management of gearboxes under variable load and speed fluctuation conditions. Current
data-driven condition monitoring methods for oil debris analysis are based on some gearbox
operation data, e.g., pump oil pressure and oil temperature [165].

4.4. Other Condition-Monitoring Methods

There are some other condition-monitoring methods that can provide sensitive de-
tection of potential failure events of drivetrains of TCECs, i.e, vibration-based [166,167],
SCADA-based [168,169], and acoustic emission [170,171] condition monitoring. These
condition-monitoring methods can identify changes of different predetermined condition
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indicators of operation conditions of drivetrains. These predetermined condition indicators
can quantify damage severity to estimate the RUL of drivetrains based on failure prediction
models [18,172].

1. Vibration-based condition monitoring. Due to reliable responses to structure dam-
age and ease of instrumentation, vibration-based condition monitoring is a prevalently used
method for drivetrain components of TCECs with time-varying frequencies of vibration
sources, e.g., gears and bearings [173,174]. Since variable tidal speeds dictate the rotation
speeds of a rotor with speed fluctuations, the primary step of vibration-based condition
monitoring of drivetrains is the angular sampling of variable rotation speeds of the rotor.
An accurate and reliable measurement method to obtain variable rotation speeds of the
rotor is using an angle encoder or a tachometer installed on the rotation shafts of drivetrains.
The step that follows the angular sampling of variable rotation speeds of the rotor is signal
processing using signal separation technologies to separate vibration signals of different
drivetrain components obtained from accelerometers. General signal separation methods
are empirical mode decomposition [175,176], discrete/random separation [177,178], and
linear prediction filtering [179]. The last step is the identification of potential faults of
drivetrains, which often focuses on tracking time-domain statistical indicators [38,180].

2. SCADA-based condition monitoring. A SCADA system for a TCEC is used for
its condition monitoring based on hundreds of channels of data, i.e., environmental data,
electrical conditions, control variables, and operation temperatures of different compo-
nents of the TCEC [63,181,182]. Since only a small portion of these extensive data can
provide valid condition information of the TCEC, it is challenging to extract this condition
information. Some machine learning algorithms are used to analyze SCADA data. These
machine learning algorithms of SCADA data can be divided into two categories [182,183]:
supervised learning, i.e., classification and regression, and unsupervised learning, i.e., clus-
tering. Angular velocity data of the drivetrain from the SCADA system can be used for
fault detection and RUL estimation [18,172].

3. Acoustic emission condition monitoring. Since sound attenuation in underwater en-
vironments is a few dB/km at the frequency between 1 kHz and 1 MHz, acoustic emission
condition monitoring can be a suitable solution to detect nonstationary signals of rotating
components of the TCEC and can be performed on the TCEC or remotely [170,184]. Acous-
tic emission condition monitoring has been successfully deployed to identify different types
of faults of drivetrains of TCECs [63,185]. However, there are still several challenges for
acoustic emission condition monitoring of TCECs to be addressed in practice, i.e., filtering
ambient noise, such as weather-related noise and shipping noise, and identifying over-
lapping acoustic emission signals of individual drivetrain components, such as bearings,
gears, and couplings.

5. Discussion and Future Work

Modern marine renewable energy devices, e.g., TCECs, are high-value assets and there
is an increasing interest in longer design life and lifetime extension. The choices of the
drivetrain option and its O&M strategy are critical issues for the R&D of TCECs. Regarding
the choice of the drivetrain option, geared drivetrains have high technology maturity.
Gearboxes are becoming more reliable, which appears to be appropriate for TCECs. Direct-
drive systems are an attractive choice for TCECs. However, they are more expensive
compared to geared drivetrains and their manufacturing standardization is insufficient.
In terms of the efficiency, planetary gearboxes have high efficiency. Using a direct-drive
system would increase the efficiency of the drivetrain and may therefore cover the extra
cost of its PMG, which still needs industry confirmation in the future [21,123]. Other
types of gearboxes induce extra power loss that can sum up to quite large economical loss
throughout the life of TCECs.

Since tidal energy is not stable, i.e., tidal speeds are variable at different times, there are
great challenges in the operation of a generator bus-bar assembly of TCECs and in its grid
connection [114]. Currently, there are few studies on maximum power control technologies
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of TCECs [115]. Since the harvestable tidal power is proportional to the cubic of the tidal
speed, as shown in Equation (3), it is difficult to implement these controllers of TCECs.
A variable-speed mechanical transmission is needed to achieve energy compensation. A
lighter and more compact drivetrain design concept for TCECs will be the most cost-
effective option in the future. This can effectively raise the energy harvesting efficiency and
improve the stability of tidal energy.

Current OCM systems of gearboxes of TCECs are implemented by signal processing-
based approaches [144]. In many cases, O&M procedures of gearboxes are performed with
incomplete information, leading to erroneous diagnoses. OCM results of gearboxes are
highly sensitive to external conditions and contamination. Oil condition monitoring results
of gearboxes are altered when oil sampling positions are different, e.g., before or after
filters. There are differences in oil condition monitoring results due to the cleaning effects
of filters even if these samples are taken from the same gearbox at the same time [145].
Additionally, changes in gearbox oils, which imply different chemical compositions, ad-
ditives, and proportions of additives, can contaminate oil condition monitoring results.
In addition, oil condition monitoring results are also influenced by other situations, such as
oil temperature, leakage, oil filling, and installation positions of portable offline filters [144].
The main drivers for the usage of offline oil debris analysis systems are to monitor diag-
nostic parameters that cannot be monitored by other online real-time oil debris analysis
systems and also to identify failures of gearboxes and detect their early faults. Generally, oil
debris analysis can be performed with vibration-based condition monitoring for effective
detection of extensive gearbox faults to improve diagnosis reliability. While oil debris
analysis is effective in oil condition monitoring of gearboxes, the accuracy of oil debris
analysis is highly dependent on the types, numbers, and locations of sensors used. It is still
challenging to develop a standardized and cost-effective oil debris analysis technique for
gearboxes [31,157].

Oil analytics, including oil condition monitoring and oil debris analysis, are managed
as one tool to determine the operating conditions of gearboxes. In order to improve the
reliability, accuracy, and scope of oil analytics for gearboxes, it is necessary to integrate
data-driven condition monitoring methods into oil analytics processes [165]. By using
historical and real-time oil monitoring data, data-driven condition monitoring methods
can be performed to achieve more reliable predictive monitoring and maintenance of
gearboxes of TCECs [160]. The implementation of data-driven condition monitoring
methods of oil analytics for gearboxes can be challenging in practical demonstrations
and projects. While data-driven condition monitoring methods are able to predict future
health conditions of gearboxes, the reliability of short-term prediction is higher than that of
long-term one. When dealing with long-term prediction of health conditions of gearboxes,
data-driven condition monitoring methods may not be accurate enough. To provide a
reliable maintenance decision of gearboxes, data-driven condition monitoring methods
need to be further investigated.

In addition to the improved diagnostic reliability of oil analytics for gearboxes, the
realization of more accurate maintenance planning is needed to enable more profound
impacts on O&M costs of TCECs. The lack of similarity in developing standardized
OCM systems of gearboxes for different gearbox oils can lead to mispredictions of OCM
systems. Furthermore, oil samples should be sent to laboratories after they are collected
within a certain period of time stipulated by laboratories and maintainers. However,
communication among TCEC locations and laboratories still has deficiencies, especially in
deep-sea environments. Hence, future work on OCM systems of gearboxes of TCECs would
attempt to fill these gaps by incorporating more investigations on wireless communication
technologies of underwater IoT.
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6. Conclusions

This paper presents the general state-of-the-art drivetrain technologies for TCECs
and reviews upcoming advances in oil condition monitoring and maintenance methods
of gearboxes. Regarding the integration of electro-mechanical systems, geared drivetrains
seem to be the dominant technology. However, competition between geared drivetrains
and direct-drive systems is still ongoing for the development of TCECs. A lighter and more
compact variable-speed drivetrain design concept for TCECs will be appropriate for TCECs.
Further optimization of designs of drivetrains for the integration of electro-mechanical
systems in TCECs should also be considered.

Given the criticality of gearboxes of drivetrains of TCECs, the gearbox oil maintenance
is seen as a necessary O&M work. Quantitative analysis confirms the sensitivity of OCM
results of gearboxes to different O&M aspects, which can identify potential failure risks
of gearboxes. These quantitative analysis results and conclusions will help maintainers
and laboratories to make timely decisions on different O&M aspects of gearboxes. Oil
degradation of gearbox oils of TCECs can be evaluated based on reliable OCM results of
the evolution of different elements, e.g., additives, wear particles, viscosities, and water
contents. Failure risks of gearboxes can be predicted based on oil debris analysis results.
Hence, operators and maintainers can take actions to stop the propagation of early problems.
OCM systems should rapidly detect and diagnose incipient problems and predict gearbox
failures without human intervention, particularly given the difficulty of manual sampling
in deep-sea environments. Online real-time oil debris analysis of this process is highly
desirable yet remains a challenge for existing underwater IoT technologies. A combined
OCM method with some vibration-based, SCADA-based, and acoustic emission condition
monitoring has the potential to improve the reliability and accuracy of OCM for gearboxes
of TCECs. However, considerable further research on these combined condition monitoring
methods is required to achieve this goal.
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Abbreviations
The following abbreviations are used in this manuscript:

AC Alternating current
AW Anti-wear
CMS Condition monitoring system
CVT Continuously variable transmission
DC Direct current
DDPM Direct-drive permanent magnet
EP Extreme-pressure
ICM Input-control module
IoT Internet of things
IVT Infinitely variable transmission
MCM Motion-conversion module
MCT Marine Current Turbine
MPPT Maximum power point tracking
O&M Operation and maintenance
OCM Oil condition monitoring
PMG Permanent-magnet generator
R&D Research and development
RUL Remaining useful life
SCADA Supervisory control and data acquisition
SPG Superposition ear
SYS Scotch-yoke system
TCEC Tidal current energy converter
TGL Tidal Generation Ltd
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