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The traditional wave energy converters (WECs) use hydraulic or turbine-type power take-off (PTO) mechanisms
which consist of many moving parts, creating mechanical complexity and increasing the installation and

maintenance costs. Linear generator-based direct-drive WECs could be a solution to overcome this problem.

wave energy converter power take-off system direct-drive linear PM generator

| 1. Introduction

Increased energy demand, environmental pollution, and fossil fuel costs push researchers to find new energy
sources. Therefore, energy generation from ocean waves has been seen as an attractive research topic to solve
the energy demand and environmental problems. Ocean waves are a significant unused promising renewable
energy source that covers 70% of the world’s surface area. This energy source can be used for energy generation
to fulfil the world energy demand. All the latest reviews show that there are several hundred wave energy converter
(WEC) projects in different development stages around the world . As new concepts and technologies are
developing, this number is continuously increasing. Day et al. summarised that over 100 projects and more than
1000 patents worldwide had been developed in Europe, the USA, Japan, China and Asia since 2015 2. To
evaluate the WEC'’s performance, broad numerical and experimental studies have been carried out by different
researchers all over the world. Although there are many devices and methods that have been proposed to harness
wave energy, the designs are still in the early stages, as not a single commercial mature technological model has
been developed. Thus, it can still be seen as an immature and expensive technology. However, currently, the
largest portion of wave energy projects that have been installed is based on the oscillating bodies’ technology,

especially the point absorber (PA) type &I,

The point absorber is an offshore-type device that generally utilises heave motion for energy generation and is very
popular because of its advantages over other wave energy technologies. The point absorber-type device’s size is
smaller than other WEC technologies, it contains decidedly less mechanical complexity, and it can generate energy
from any direction of waves at one point of the ocean [l. Two general types of electrical generators are used in the
point absorber (PA)-type WEC system: the rotary generator and the linear generator. Generally, hydraulic motors,
turbines, or gearboxes are used in the traditional rotary generator-based WEC to produce a high-speed rotating
motion from slow-moving wave motions &, This design consists of many moving parts, which creates a
comparatively very complex mechanical system and can pollute the ocean environment due to oil leakage of any

moving part [&. To overcome this mechanical complexity, electromagnetic-based linear generators can be used in
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WECs . The advantages of this buoy type of linear generator set-up are that it has a simple mechanical design

because it does not contain any gearbox or other mechanical or hydraulic conversion system.

Moreover, it has fewer environmental impacts and reduces the maintenance cost of the WEC due to reducing the
need for maintenance (. So far, many linear generator-based WECs have been proposed, tested and deployed in
the ocean. Among the well-known linear permanent magnet (PM) generator-based WECSs, the Archimedes Wave
Swing (AWS) was the first device deployed in the ocean for performance testing . The second linear PM
generator-based WEC was developed and tested by Uppsala University (UU). The third one was developed and
tested by Oregon State University (OSU) in collaboration with industry partners. Uppsala University and Oregon
State University developed several linear generator-based WEC prototypes and installed them in the ocean for
performance analysis (29, Uppsala University’s deployed prototypes showed promising results in developing linear
PM generator-based WECSs by simplifying assembly steps, grid connections and measuring stations, and modelling
wave farms, in addition to comprehensive environmental-monitoring studies. Oregon State University deployed the
prototype in the ocean testing of a 10-kW wave energy conversion system which was an interdisciplinary effort.

bringing together researchers from electrical, mechanical and ocean engineering.

In contrast to traditional rotary generators, linear PM generators are powered at varying wave speeds, and the
movement of the translator also varies in direction. The output voltage and current differ in frequency and
amplitude; hence, the phase series is adjusted alternately, and the maximum/average power rate can be high.
Therefore, the generator needs to be built to have an appreciation value significantly higher than the average
output compared with other linear generators. Polinder, H., et al. evaluated the linear PM generator system, such
as the AWS WEC and the WEC developed by Uppsala. They identified problems and potential solutions that
require further study 211, The drawbacks of these types of linear electromagnetic systems are that the magnetic
attraction force is high due to the high volume of magnetic materials, the efficiency of every single device is smaller
compared to other types of WEC, the manufacturing cost is high, the end effects are very significant, the size is
large and, due to the unequal voltage generated by the irregular wave movement, the power transmission system

is complicated [&l,

To overcome the disadvantages and increase the efficiency of the linear PM generator for WECs, many design
concepts have been proposed, developed and tested, as published in the literature. These design concept
improvements are related to the design of the translator and stator, which are the two main parts of the linear PM
generator. Many researchers have proposed different permanent magnet arrangements and stator designs to
increase the output power and reduce the cogging force in the generator. Linear generators have been proposed to
capture energy from the ocean and produce hydrogen using wave energy conversion systems 2. Their
experimental studies of this research show the promising future for linear generators in the wave energy research
field. Moreover, many control systems have been proposed and used in linear generator-based WECs for
increasing the energy generation performances of the device and capturing the maximum power from ocean
waves. The generator-side control system increases the power generation from power take-off systems, and the
grid-side control system helps to provide suitable electrical power signals. Most of the proposed and used control

systems include controlling the damping forces of the WEC 13,

https://encyclopedia.pub/entry/26710 2/16



WEC with Linear Generator-Based Direct Electric-Drive PTO System | Encyclopedia.pub

So far, many research papers have been published based on electromagnetic direct-drive WECs. Therefore, these
contents is essential to encourage the success of research and advancement of linear PM generator-based wave
energy converters. So far, few review articles have been published in the field of WECs with linear PM. These
previously published review papers were based on either wave energy conversion generator systems, the
numerous design technologies and topologies or the research issues related to this. M.A. Mueller studied the
design of linear generators for direct-drive wave energy converters by comparing the longitudinal flux permanent
magnet generator with the transverse flux permanent magnet generator 14. The size of these linear generators
and the development of electromagnetic and circuit models of the transverse flux permanent magnet generators
were studied to investigate the power output at typical device velocities. Jawad Faiz and Alireza Nematsaberi
reviewed the specifics and assumptions of various proposed and tested linear generator technologies and
topologies and their relevant problems three years ago 2. Pooja Khatri and Xu Wang presented a comprehensive
study and working principle of various linear generators investigated until 2019 for direct-drive ocean wave energy
conversion systems (28, Various PM generators, including linear and flat generators, were reviewed and discussed
based on their design configuration for different magnet arrangements. Moreover, various linear PM generators

have been compared with respect to the core type, flux path, and PM location, etc.

2. WEC with Linear Generator-Based Direct Electric-Drive
PTO System

The main components of the direct-drive linear generator-based WECs are the linear PM generator-type power
take-off (PTO) system and the wave buoy. Usually, the linear PM generator consists of a translator which holds the
permanent magnets (PMs) and the stator equipped with coil windings, or vice versa. The operating principle of the
linear PM generator-based WEC has the translator connected to a floating or submerged buoy, and the stator is
fixed, or vice versa 7. With the hydrodynamic motion of the ocean waves, the translator goes up and down along
with the buoy and produces the fluctuating magnetic field within the coil windings, generating electrical
energy. Figure 1 displays the schematic diagram of the WEC with a linear PM generator, and the basic functional

units of wave energy conversion are shown in Figure 2.
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Figure 1. Schematic diagram of the linear PM generator-based WEC 18],
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Figure 2. Basic functional units of a linear generator-based WEC.

The wave energy conversion system can be divided into the primary, secondary and tertiary conversion stages 19,
In the primary conversion stage, the WEC captures the wave’s kinetic energy through the buoy. The secondary
conversion stage transforms the buoy motion energy into electricity via the linear generator. Finally, the tertiary
conversion stage adapts the characteristics of the generated power with power electronic interfaces to the grid

requirements.

2.1. Different Topologies of WECs with Linear Generator-Based PTO Systems

The main focus of this section is to provide an overall perspective on the various common types of linear wave
generator configurations, presenting their advantages and disadvantages. The multiple topologies of WECs with
linear PM PTO can be classified depending on the applications employed and the underlying system principles.
Some systems are based on a floating buoy on the sea surface, as shown in Figure 3a, or a fully submerged
heaving system, as displayed in Figure 3b. However, when the wave energy converter is fully submerged into the
water, then it is less vulnerable to storms, but cooling problems and hydraulic and pneumatic intermediaries tend to
cause failures, requiring higher maintenance costs. To avoid these construction, operational and maintenance

difficulties, the best practice is not to submerge the device in the water 29,
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Figure 3. (a) Ffoating buoy ohxtbe sea s_uFf;aE:e (b) Fan system.

2.1.1. Floating Buoy on the Sea Surface (b)

The most straightforward design using a floating buoy on the sea surface involves having the buoy directly
connected to the generator moving part with a tether, while the linear generator is fixed onto the seabed [21],
Another possibility is placing the linear generator above the ocean surface, which is mounted with or without a fixed
structure, and the translator of the generator is attached to the floating buoy €22, The other common design
concept is to leave the linear generator floating underneath the ocean surface and the translator directly connected
with the floating buoy on the sea surface by a tether 23 A new concept has been presented where the whole linear
generator system floats on the sea surface 24, Different direct-drive linear generator WECs have been developed
based on these concepts. Still, the most appropriate techniqgue might be to have the overall system partially above
the sea surface because the submerged systems create difficulties, such as problems related to moorings,

seawater corrosion and access for maintenance.

Single-Body Heaving Buoy System

The single-body heaving system is the most common in the research field of direct-drive linear wave energy
converters because of its simplicity. The well-known direct-drive linear generator-based WECs developed at
Uppsala University and Oregon University were based on the single-body heaving system [22l. Uppsala University’s
developed WEC contained a buoy and linear generator, where the translator moved up and down with the buoy
inside the linear generator system, which was fixed to the seabed. The rectangular-shaped translator had several
permanent magnets, and the wound coils were connected with the stator 281, Springs were also used to connect
the translator with the linear generator foundation to retract the translator in the wave troughs [&l. The moving part
of the linear generator is driven by the buoy’s motion and counteracted by a fixed component at the bottom sea
spring. End stops were also used at the top and bottom of the device to restrict the translator’s stroke length during
extreme oceanic conditions 8. The linear generator designed by Oregon State University contained a spar and a
float where the spar was moored, and the float moved up and down with the wave motion. The spar was a central
cylindrical design housing a bobbin wound with a three-phase armature, and the float was an outside cylinder that
consisted of 960 magnets. The float’s inner surface faced the spar’s outer surface, and when the float moved up
and down due to the wave motion, the voltage was directly produced inside the armature 24, The device was
around 3.3 m high and 1.2 m wide, with 10 kW of rated power [28],

Two-Body Heaving Buoy System

The single-body heaving system poses several challenges, such as constructing a large enough device with a
natural frequency that coincides with the incoming waves’ low frequency to achieve resonance. The distance
between the floater and the seabed can be significant, and due to this enormous distance, the single-body heaving
system has reduced efficiency. To solve these problems, some researchers proposed two-body heaving systems
(291 The two-body heaving system consists of either a floating section that deals directly with the wave and a fully

submerged section or two floating sections 2. The passive buoy or submerge section creates inertia for damping,
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and combining the floating body and submerge bodies helps the buoy follow the wave frequencies more closely.
The linear generator can be mounted between the two bodies to avoid the large linear generator connection
distance between the seabed and the free surface. Both bodies move due to the wave motion and create relative
movement between them, causing both the translator and stator of the linear generator system to move, which
helps to increase the efficiency. Elie Al Shami et al., reviewed the studies of single and two-body heaving systems

with their dynamics, hydrodynamics, advantages and disadvantages B9,

The power capture ratio of the two-body heaving system’s converter has been reported as approximately 80%
when the waves are irregular. If a 14-ton translator was used, the coupling between the linear generator,
submerged body (passive buoy), and floating buoy on the sea surface became rigid. In addition, if the submerged
body (passive buoy) was placed at a depth of 40 m, the achieved power capture ratio was around 80%. The power
capture ratio decreased to about 50% when the depth decreased by 30 m. The resonance behaviour of the two-

body heaving system significantly affects the linear generators’ efficiency.

Moreover, another novel topology has been developed, which may be categorized as a fully floating two-body
heaving direct-drive linear generator WEC [2l. The proposed system consists of a spar fixed on the sea floor and a
floating system with two parts. The permanent magnets are mounted in the inner body, and the windings coils are
mounted in the outer body. Both outer and inner bodies freely move up and down along the spar, and, during the
movement, the outer body acts as a floating buoy to harness the wave energy, while the inner body experiences a

forced oscillation.

2.1.2. Fully Submerged Heaving System

The Archimedes Wave Swing (AWS) is a fully submerged direct-drive device and was the first WEC device to
utilise the linear permanent magnet generator as the PTO system [£. The linear generator of the device is attached
to a compressed air chamber fixed on the seabed. The linear generator’s translator is connected with the fully
submerged floater (underwater). The working principle of the AWS is based on the oscillating movement of the sea
waves, which increases and decreases pressure levels successively under the sea surface because of the wave
motion. Due to the wave motion, the floater moves vertically up and down with respect to the fixed lower part and
increases the wave pressure levels, forcing the air inside the chamber to be compressed. The volume inside the
chamber expands when the air pressure becomes larger than that of the wave [Z. This reciprocating linear motion
generates electrical energy from the wave motion. However, the wholly submerged system has the same
advantages and disadvantages as the AWS. These fully submerged systems are not visibly gaining public
acceptance, though they are less vulnerable to severe ocean weather conditions. On the other hand, because of
the ocean’s environmental conditions, it requires higher maintenance costs. Moreover, the corrosion of metals, and

the disturbance of the marine life are two drawbacks of the fully submerged systems.

2.1.3. Other Topologies of WECs with Linear Generator-Based PTO Systems

Other than the floating buoy on the sea surface and fully submerged heaving systems, there are other topologies of

WECs with linear PM generators, such as the fully floating gyroscopic system and buoyant system, which have
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been proposed and tested experimentally 1. The fully floating gyroscopic-based WEC consists of gyroscope
systems and linear permanent magnet generators inside a fully sealed buoy 1. The gyroscope’s inertial reactions
are applied to the device (inertial sea wave energy converter (ISWEC)) as a floating buoy slack-moored to the
ocean floor. The stroke of the linear generator is short, and the reciprocating motion between the gyroscopic
system and the hull is used to drive the linear electrical generators. On the other hand, the buoyant electrical
generator-based WEC is a point absorber-type device that consists of a linear generator, boat-shaped buoy and an
electronic power section 22 The linear generator is placed inside the buoyant system. The proposed device is
claimed to provide a highly reliable wave energy conversion system that can produce hydrogen to store energy.
Another new topology of WEC with a linear PM generator has been proposed, known as a surface riding WEC,

where the magnet assembly slides inside the armature (2],

2.2. Linear Permanent Magnet (PM) Generator Topologies

So far, different types of linear generators have been used for WECSs, which include linear permanent magnet (PM)
synchronous generators 22l flux-switching permanent magnet linear generators 24, switched reluctance linear
generators 22, vernier hybrid machines 28, and so on. Due to the low-cost power electronic converter’s availability
and the permanent magnet (PM) material's improvements in terms of remnant flux density, coercive force,
magnetic flux leakage and copper losses of field windings, and operating temperature, PM-based linear generators
are suitable for energy harvesting across the broadband frequency ranges BZ. Moreover, the exerted force and
power density can be increased by using permanent magnet excitation. Therefore, up to now, the vast majority of
the linear generators for wave energy conversion have been developed based on synchronous permanent magnet
generators because of their efficiency at low speeds, price and robustness 4. The PM-based linear generator’s
geometry plays a significant role in the design development; its variation substantially affects the overall
performance and efficiency. In the literature, various PM linear generator topologies have been proposed for wave

energy conversion systems, shown in Figure 4.

https://encyclopedia.pub/entry/26710 9/16



WEC with Linear Generator-Based Direct Electric-Drive PTO System | Encyclopedia.pub

Figure 4. Linear PM generator topologies.

The main components of the linear PM generator are permanent magnets and coils. The linear PM generator
topologies can be classified according to various design methods, such as structure, translator size and location,
stator shape, core type, location of the permanent magnet (PM), flux path and the installation method of the PM.
The structure of the linear PM generator may be tubular or planar/flat 28] |t is easier to fabricate the planar-type
linear generator for WECSs. It can be constructed with different sides, such as two-sided, four-sided, octagonal or
multisided-planar generators EEIYN hybrid generator concept has also been proposed using the double-sided

planar layout and tubular layout, which creates higher force density due to more effective use of space (49]
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Different translator sizes and positions have been used in linear PM generators for direct-drive WECs. Due to the
reciprocating linear motion, the translator or the stator must be longer to maintain the system’s generation
operation for the stroke’s larger fraction. Typically, the permanent magnet translator is longer than the stator to
keep the whole stator winding active during the entire stroke and reduce the amount of series copper and
conduction losses 1. Moreover, the translator can be mounted internally or externally on the generator design for
the direct-drive WEC 42,

There are three possible ways to attach the permanent magnets: axially aligned-buried, radially aligned-buried and
radially aligned-surface 49, In addition to that, to get the maximum magnetic flux density Halbach, quasi-Halbach
arrays have been used in linear PM generators for WECs 2. The linear generators can be classified as transverse
and longitudinal according to the location of windings relative to translator motion 7. Using both transverse and
longitudinal flux, a new hybrid transverse/longitudinal flux linear PM generator has been developed for WECs [43],
The device’s translator was sandwiched between two stators carrying flux in the longitudinal direction, while the
translator carried flux in the transverse direction. Both slotless and slotted stators have been used in research to
develop and find the best generator design 44. The linear PM generator can be classified as an iron-core or air-
core generator based on a core. Iron-core and air-core generators have been used in direct-drive PTO-based
WECs ¥l Al linear generator topologies’ advantages and drawbacks have been discussed briefly in (181, Other
than these topologies, some new, innovative design concepts have been proposed for capturing the maximum

energy from ocean waves [48147],

Innovative Oscillator Design Concept

To date, most of the linear PM generator PTO systems have been developed based on linear oscillator systems
(single-degree-of-freedom oscillator system) and traditional design concepts (all permanent magnets are mounted
in the translator, with opposite poles facing each other with an iron core used between them, and with coil windings
attached in the stator). Usually, the translator moves inside the stator, creating magnetic flux changes inside the
winding coils, which generate electrical energy. The linear energy-harvesting technology has been compared with
nonlinear systems based on actual data, where it was found that the linear energy harvester has the highest power
output in most cases. Still, the nonlinear system has a broader harvesting frequency bandwidth, and the bistable
system can harness more energy from random vibration &, Moreover, Owens et al. also found that the nonlinear

oscillating system is better than linear oscillation for broadening the frequency response bandwidth 42!,

To create maximum magnetic flux density inside the coil, several permanent magnets could be added outside the
stator coil, and this system is known as the bistable system B9, |t has been found that the proposed bistable
system can increase the magnetic flux density inside the winding coils 1. The linear generator converter’s
resonant power and efficiency with light damping and multi-degree of freedom oscillators are expected to be larger

than those with a conventional single-degree-of-freedom oscillator 48],

The bandwidth problem of the existing PM linear generator can be overcome by widening the frequency bandwidth

of the WEC. Light-damping nonlinear oscillators are expected to have larger operational frequency bandwidths
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than a conventional single-degree-of-freedom linear oscillator. The magnetic levitation system can be used in the
translator design to make the oscillator nonlinear, which is more effective in the broadband frequency range,
especially in the low-frequency ocean environment 22, In the magnetic levitation system, the magnetic spring
works like a physical spring and is created when two magnets face each other at the same poles (N-N or S-S), as
presented in Figure 5. In addition, the light-damping multi-degree-of-freedom nonlinear oscillators are expected to
develop larger operational frequency bandwidths than a single-degree-of-freedom nonlinear oscillator.

S
N

Fixed magnet

Floating magnet

S

S Fixed magnet
N

Figure 5. Schematic diagram of a single-degree-of-freedom nonlinear oscillator system.
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