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Abstract: Unmanned marine equipment has been increasingly developed for open seas. The lack
of efficient and reliable power supply is currently one of the bottlenecks restricting the practical
application of these devices. In order to provide a viable power supply method for unmanned
marine equipment, such as sonic buoys and sea robots, we originally propose a novel small-scale
flexible blade wave energy converter (WEC) based on self-adaptable counter-rotating operation
mechanism. The flexible blade WEC is designed on the basis of the rigid blade WEC with the caging
device. This paper identifies the key factors affecting WEC performance through theoretical analysis.
According to the numerical simulation analysis, the output mechanical power of the double-layer
absorber is 12.8 W, and the hydraulic efficiency is 36.3%. The results of the verification experiment
show that the peak power of WEC is 5.8 W and the average power is 3.2 W. The WEC with 65Mn
flexible blade under most experimental conditions has the best performance when the blade thickness
is 0.10 mm. The study shows that the new generation WEC can effectively overcome the excessive
fluctuation of the output power of the previous generation WEC. The output power curve of the novel
WEC is relatively smooth, which is conducive to its smooth operation and subsequent utilization and
storage of electrical energy.
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1. Introduction

Due to the rapid development of marine science and technology and the actual demand for
marine resources exploitation, a large number of unmanned marine equipment has been developed
and gradually entered the commercial stage [1–4]. This type of marine equipment, such as surface
vehicles, marine meteorological buoys, navigation buoys, marine robots, etc., usually need to be
moved to change the working place and are mostly oriented to open sea applications [5–7]. Steady
and efficient energy supply is an urgent problem need to be solved in the practical application of
the marine equipment [8]. Most of the current unmanned marine equipment is powered by external
cables or internal batteries [9]. The external cable method limits the scope of work of equipment and
depends on the external power system [10]. Because of the limited capacity of battery, the internal
battery mode limits the single working time and working intensity of equipment, and need to prevent
possible leakage pollution [11,12]. Sustainable power supply technology with high energy density
is the fundamental guarantee for improving the endurance and working strength of unmanned
marine equipment.
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As the marine equipment is generally far from the coast and unattended for a long time, utilizing
the marine energy around the equipment is hopeful to fundamentally solve the power supply problem.
Wave energy is a kind of marine energy with high energy density and wide distribution, so it is an ideal
energy source for power supply. Wave energy began to attract worldwide attention in the 1970s, during
which two oil crises triggered an upsurge of research on alternative energy sources [13,14]. The third
oil crisis around 1990 and the restrictions on carbon dioxide emissions in the Kyoto Protocol signed
in 1997 once again pushed the study of renewable energy to a climax [15]. In the last 20 years, wave
energy technology has gradually matured and some of its achievements have been commercialized.
Different from mature wind power technology, there has not been a wave energy extraction technology
recognized globally and having comprehensive technological superiorities so far [16–19]. The Penguin
horizontal pendulum device of Wello Wave Energy Company (Espoo, Finland) has undergone a
full-scale grid-connected power generation test in the Orkney Scotland since 2012. During this time,
the device has survived several storms with up to 18 m-high waves [20,21]. The Wave energy extraction
device ISWEC (Inertial Sea Wave Energy Converter) of Wave for Energy Srl Company of Italy which is
based on gyroscopic inertia effect has completed its full-scale prototype test at the Island of Pantelleria,
with rated power 100 kW and Technology Readiness Level of 7 [22,23]. The RAY series of wave power
systems developed by Columbia Power Technologies, Inc. (Corvallis, OR, USA) for marine applications
have been tested several times in a real marine environment [24]. The RAY series have helped the
company successfully obtain funding from the US Department of Energy for the next-generation
marine energy device research projects [25].

It can be seen that the current wave energy research mainly focuses on the development of
large-scale wave energy converter (WEC) powering grid and off-grid application [16,26,27]. Most of
these traditional large-scale WECs require mooring, and the size of the device is relatively larger.
However, the power requirements of marine equipment are relatively small, and most of them work in
the open sea [7], so it is difficult to directly apply the existing wave energy technology mentioned above.

The WEC involved in this paper needs to be integrated into low-power consumption marine
equipment as a power supply module, so its size should not be too large. In many types of WEC, the size
of point absorber is the smallest relative to the wavelength of incident wave [28]. Due to the relatively
small size of the surface buoy of the point absorber, its performance characteristics are not sensitive
to the propagation direction of wave on the sea surface [17,29]. The above working characteristics
of point absorber are very suitable for unmanned marine equipment with limited installation space
and inconvenient adjustment of motion posture. Typical application products of point absorbers are
PowerBuoy series of Ocean Power Technologies [30] in the United States and AquaBuOY series of
Finavera Renewables [31] in the UK. The surface buoy of the PowerBuoy PB3 responds to the wave
motion to produce a linear reciprocating motion relative to the damper plate and converts this linear
motion into the rotational motion required by the generator through a built-in mechanical system that
includes a ball screw, as shown in Figure 1. Its buoy diameter is 2.65 m and its overall height is 13.3 m.
The current point absorber still takes high sea states as its working background, and its application
goal is to develop large-scale devices. However, such applications do not fully exploit the performance
advantages of small point absorber in simplifying structure and improving efficiency.

In view of the potential application prospects of point absorber-type WEC in the field of power
supply for low-power unmanned marine equipment and the technical obstacles restricting the existing
point absorber to directly serving as the power supply module of marine equipment, we have originally
developed a rigid blade WEC with caging device, as shown in Figure 2a. Our research group
theoretically analyzed the mechanical relationship between the surface buoy and Power Take-off

(PTO) system of the point absorber-type WEC and carried out numerical analysis and experimental
verification on its key system parameters [32]. The research group also conducted a theoretical study
on the effects of different types of surface buoys on WEC performance characteristics. The constitutive
relations of wave forces, motion and geometric parameters of surface buoys with different geometric
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shapes were constructed, and the capture efficiency of wave energy of various types of surface buoys
was investigated [33].

Figure 1. PowerBuoy PB3: (a) Overall structure; (b) Conversion mechanism. Adapted with permission
from Ocean Power Technologies, 2019.

Figure 2. Physical prototype of the novel WEC: (a) Rigid blade WEC; (b) Flexible blade WEC.

In the verification experiments, we found that the rigid blade WEC could adapt well to the
wave motion, drive the upper and lower absorbers to generate electric energy. However, when the
WEC moves to the peak or trough position, there is a process in which the blades need to change
deflection direction. During this time, the WEC cannot absorb the wave energy, and the output power
is temporarily zero. This phenomenon undoubtedly reduces the average power, and causes the torque
load fluctuation of the WEC, which reduces the reliability of the WEC during operation.

In nature, fish use flexible fins made of pterygiophore and skin in swimming to improve its
propulsion efficiency and mobility [34,35]. Inspired by the flexible structure of the fin, our research
group re-analyzed and re-designed the previous generation of the small WEC, and originally proposed
a novel small flexible blade WEC, as shown in Figure 2b. The research in this paper shows that the
flexible blade WEC can effectively overcome the excessive fluctuation of the output power of the rigid
blade WEC, smooth the output power curve, and improve the self-adaptive power generation ability
of the WEC under low sea conditions. Theoretical analysis, numerical simulation and verification
experiments were carried out on the hydrodynamic characteristics of the modified flexible blade WEC
in this paper. The performance characteristics and advantages of the flexible blade WEC were also
comprehensively analyzed.
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The remaining chapters of this paper are organized as follows: Section 2 introduces the structural
improvement, conceptual design and working principle of the new WEC; Section 3 theoretically
analyzes and numerically simulates the performance characteristics of the new WEC, especially its
flexible blades; Section 4 presents the verification experiments of the WEC; Section 5 draws the
conclusions for the study.

2. Conceptual Design and Implementation of Flexible Blade WEC

2.1. Initial Design of Rigid Blade WEC and Expected Application

Since the main working place for unmanned marine equipment is the deep and open sea, WEC,
as its energy supply module, is not allowed to obtain the relative motion reference body by fixing on
the seabed. At the same time, limited by the installation space inside the unmanned marine equipment,
the smaller the size of the WEC, the easier it is to integrate into the equipment. Therefore, external
moving parts such as damper plates or the like which can significantly increase the size of the power
supply module are also not recommended.

Based on the surface wave characteristics of the ocean waves and the demand characteristics of
unmanned marine equipment, we have developed a new type of small rigid blade point absorber
type-WEC, as shown in Figure 3a. The WEC mainly includes seawater surface part and underwater
part, which are connected by stainless steel cable. The surface part, namely surface buoy, is acted
upon by unmanned marine equipment. It responds to the wave motion to drive the WEC to generate
heaving motion. The underwater part mainly consists of a small generator, a double-layer absorber,
an additional weight ball, and other necessary transmission mechanisms. The single layer absorber
is mainly composed of an inner ring, an outer ring, a number of rigid blades, blade connecting rods
and blade caging devices. The rigid blades of the absorber are centrally symmetric circumferentially
distributed and can be rotated within the angle range allowed by the caging devices. When the blade is
impacted by the water flow, a circumferential torque to the absorber is generated. The unique feature
of the new WEC is that the direction of the circumferential torque generated by the rigid blade does not
change, whether the blade is deflected upwards or downwards. The new small-scale WEC is expected
to provide a new means of energy supply for unmanned marine equipment.

The working process of the rigid blade WEC is shown in Figure 3b. The WEC rises and falls under
the combined action of the surface buoy and its own gravity. The blade will self-adaptively change the
deflection direction according to the water flow impact to maintain a permanent unidirectional torque to
the absorber. The blades of the upper and lower absorbers are arranged in opposite directions and are
fixedly connected to the stator and rotor of the generator, respectively. Therefore, the double-layer absorber
can provide the embedded generator with the counter-rotating motion required for power generation.

Figure 3. Rigid blade WEC: (a) Conceptual design; (b) Working process.
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The small WEC is simple in construction and compact in size, and its operation is not limited by
the amplitude of the heave motion. It requires no additional components such as mooring and damper
plates. Therefor the WEC has the potential to develop into a small multi-purpose mobile power supply
system. We also intend to use it as the power supply module of the mobile ocean platform and the
module of the offshore wave energy arrays in the long-range plan.

2.2. Using Flexible Blades to Replace Rigid Ones

Comprehensive theoretical research and experimental verification on the rigid blade WEC was
conducted. The research results verify the rationality of the working principle and the influence of key
factors on performance characteristics [32]. However, we found that the output power of the WEC
is always intermittently zero in the experiments, which leads to excessive fluctuation of the output
power curve of the rigid blade WEC, as shown in Figure 4. This phenomenon obviously has a negative
impact on the subsequent utilization of electric energy and the torque load during operation.

Figure 4. Experiments of rigid blade WEC: (a) Experiments; (b) Output power curve.

It can be seen from the operation process of the rigid blade WEC that the WEC changes its blade
directions to adapt to the change of flow impact at the crests and troughs, that is to say, there is a
process in which the blade deflection direction changes, as shown in Figure 5. During this process,
the blade does not contact the caging device, and no torque can be generated to push the absorber to
rotate. Only when the blade is deflected to the corresponding direction of the water flow impact and
contacts the caging device, it can continue to push the absorber to rotate. Therefore, during the blade
commutation, the absorber cannot provide the counter-rotating motion required by the generator,
which results in a phenomenon that the WEC output power is temporarily zero.

Figure 5. Blade commutation process of rigid blade WEC: (a) Crest and trough position; (b) Blade deflection.



J. Mar. Sci. Eng. 2019, 7, 223 6 of 25

In nature, fish use fins in swimming to improve their mobility and propulsion efficiency. Inspired
by the flexible structure of the fish fin, we decided to use flexible blades to replace rigid ones to design
a novel flexible blade WEC. As shown in Figure 6, the elastic characteristic of the flexible blade itself
is used to replace the caging device of rigid blade to realize the self-adaptable deflection and angle
limit of the blade. Since the caging device is eliminated, as long as the flexible blade is deformed by
the water flow impact, the torque to the absorber will be generated. In theory, this kind of design
philosophy can minimize the time in which the WEC output power is zero.

Figure 6. Comparison of conceptual design of the two WEC: (a) Rigid blade WEC; (b) Flexible blade WEC.

2.3. Structural Implement and Working Principle of Flexible Blade WEC

The main difference between the new generation of flexible blade WEC and the previous generation
of rigid blade WEC is that the caging device is eliminated, and the flexible blade is used instead of
the rigid blade. As shown in Figure 7, the WEC includes a surface buoy and an underwater PTO.
The surface buoy can be replaced by unmanned marine equipment, transforming wave motion into
WEC’s heaving motion. The underwater PTO mainly includes a small generator, a double-layer
absorber, an additional weight ball, and other necessary transmission mechanisms, and the outer ring
has a diameter of 400 mm.

Figure 7. Mechanical structure: (a) Conceptual design; (b) Transmission sketch.
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The novel flexible blade WEC is based on the self-adaptable counter-rotating operation mechanism,
and its working process is shown in Figure 8. Due to the unique characteristics of the self-adaptable
deflection of the flexible blade against water flow impact, the single-layer absorber maintains a
unidirectional rotational motion regardless of rising or sinking during the heaving motion. The upper
and lower absorbers convert the heaving motion of WEC into the counter-rotating motion required by
the generator to generate electricity.

Figure 8. Working process of flexible blade WEC.

According to the working characteristics of the novel flexible blade WEC, the flexible blade cannot
provide thrust only when it is in a planar shape at the wave peak and trough. Once the bending
deformation of flexible blade occurs, the thrust will be generated and the torque to the absorber will
be formed. However, the rigid blade WEC can only provide thrust when its blades are deflected to
the caging device, and the blade cannot provide thrust during the commutation process. Compared
to the case of rigid blade, the time period when flexible blade cannot provide thrust is much shorter.
Therefore, the flexible blade helps to smooth the output power curve and improve the self-adaptable
power generation capability under different sea states, especially in low sea state.

3. Theoretical and Numerical Analyses of Performance Characteristics

3.1. Analysis of Output Power and Efficiency Characteristics of the Absorber

Figure 9 shows the energy conversion process of the WEC. The WEC converts the wave energy
into mechanical energy in the form of linear motion through the heave motion of the surface buoy,
and then converts it into mechanical energy in the form of rotational motion through the double-layer
absorber, finally drives the generator to produce electricity.

Figure 9. Energy conversion flow chart.
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From the above analysis, the overall efficiency η of the small WEC involves the wave energy
extraction efficiency ηext of the surface buoy, the hydraulic efficiency ηhyd of the double-layer absorber
and the power generation efficiency ηpow of the small generator, namely:

η= ηext · ηhyd · ηpow (1)

Among them, ηext is an important characteristic parameter of WEC surface buoy, which has
been studied in detail by our research group [33]. Generator is a standardized industrial product
with mature technology, and its performance characteristics were fully studied. For small generators,
reasonable selection, transmission ratio, and sealing treatment are the urgent problems that need to
be solved in the current WEC engineering. Therefore, this paper mainly focuses on the hydraulic
efficiency ηhyd of the double-layer absorber. It should be noted that when the surface buoy converts
wave energy into mechanical energy in the form of linear motion, the surface buoy is subjected to the
tensile force of the PTO through the tether, so ηext and ηhyd are not independent of each other.

The input power Pin of the double-layer absorber can be calculated by the following equation:

Pin =
Ein
t

=

1
2ρ

(
πR2

0

)
hV2

A

t
=

1
2
ρπR2

0V3
A (2)

where the Ein is the kinetic energy of a cylindrical fluid with height of h and radius of R0 passing
through the horizontal cross-section of the absorber in time of t. From the numerical simulation of
the flow field around the rigid blade WEC [32], it can be seen that the double-layer absorber has a
significant influence on the flow field in the range of 1.5 times its own radius R, so the radius of the
cylindrical fluid R0 = 1.5R is appropriate.

The output mechanical power Pout of the double-layer absorber is:

Pout = (1 + S)Tω = (1 + S)NTSω (3)

where S is the influence coefficient of a single-layer absorber located upstream of the impinging water
flow to that located downstream, generally 0 < S < 1, T is the output torque of the single-layer absorber,
ω is the rotational speed (rad/s), N is the number of blades of the single-layer absorber, and TS is the
torque generated by the single blade to the rotating shaft of the absorber.

The hydraulic efficiency ηhyd is defined as the ratio between the output power Pout of the absorber
and the input power Pin of the absorber:

ηhyd =
Pout

Pin
=

(1 + s)NTSω
1
2ρπR2

0V3
A

=
2(1 + s)NTSω

ρπR2
0V3

A

(4)

It can be seen from Equations (3) and (4) that the output power Pout and hydraulic efficiency ηhyd

of the double-layer absorber involve many variables, such as the output torque of the single-layer
absorber T, and the torque generated by the single blade to the rotating shaft of the absorber Ts, and
the rotational speed of the absorber ω, and the like. In order to clarify the quantitative values of the
above variables and their influence on the performance characteristics of the WEC, a combination of
theoretical analysis and numerical simulation was adopted to study them.

3.2. Preliminary Analysis of Factors Affecting the Performance of WEC

As the first step in the energy conversion process of the WEC, the surface buoy converts wave
energy into mechanical energy in the form of heave motion. The surface buoy is in direct contact with
the sea surface waves and is affected by the wave radiation-diffraction effect. Based on the existing
research basis [33], the energy conversion characteristics of surface buoy are preliminarily studied
and evaluated.
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Assuming that the water around the surface buoy is non-viscous, irrotational and incompressible,
and considering the interaction of wave motion and surface buoy, the dynamic equation of the surface
buoy can be expressed as [33,36]:

m
..
X(t) = G−

x

S(t)

P(t)ndS−Q− I + FPTO(t) = G + FFK + FD + FR + FPTO (5)

where m is the mass of the self-adaptable counter-rotating WEC, X is the heaving displacement of
the buoy from its hydrostatic equilibrium position,

..
X is the heaving acceleration of the buoy, G is the

gravity of the buoy, S is the submerged surface area of the buoy, P is pressure, n is the unit normal
vector of the submerged surface of the buoy surface of the buoy, Q is the viscous damping force, I is
the inertial force of the additional mass, FFK is the Froude-Krylov force, FD is the diffraction force, FR is
the radiation force, and FPTO is the damping force of underwater PTO.

The calculation method of FFK assumes that the original wave pressure distribution of the incident
wave field does not change by the presence of the buoy [37]. First, the force of the undisturbed incident
wave pressure on the floating body can be calculated. Then, a diffraction coefficient C reflecting the
additional mass effect and the diffraction effect is multiplied to correct the C value, which is determined
by the model test. The expression of FFK is as follows:

FFK = C
x

S(t)

PndS (6)

The input energy PIN of the incident wave within the width of the surface buoy is as follows:

PIN = ρgH2 ω
16k

[
1 +

2kd
sinh[2kd]

]
· B (7)

where ρ is the seawater density, ω is the circular frequency of the incident wave, k is the wave number,
d is the water depth, and B is the heading wave width of the surface buoy.

The output power POUT of the surface buoy can be expressed as the time average value of its
mechanical energy output during the wave motion period T, that is:

POUT =
1
T

∫ t+T

t
F ·Vdt =

1
T

∫ t+T

t

C
x

S(t)

PndS + BPTO
.

X

 .
Xdt (8)

where F is the wave force, V is the velocity of the surface buoy, and BPTO is the damping coefficient of
the underwater PTO.

The energy capture width ratio of the surface buoy, that is, the wave energy extraction efficiency
ηext is as follows:

ηext =
POUT
PIN

=

1
T

∫ t+T
t

C
s

S(t)
PndS + BPTO

.
X

 .
Xdt

ρgH2 ω
16k

[
1 + 2kd

sinh[2kd]

]
· B

(9)

Based on the above constitutive relations and energy conversion equations for the characteristic
parameters of surface buoy, the wave force and wave energy extraction efficiency of the multi-type
surface buoy were numerically calculated under the wave motion with wave height of 0.3 m and
period of 3.5 s, as shown in Figure 10. The results show that the vertical cylindrical buoy has better
hydrodynamic characteristics and higher wave energy extraction efficiency than horizontal rectangular
and spherical buoys.



J. Mar. Sci. Eng. 2019, 7, 223 10 of 25

Figure 10. Interaction between multi-type surface buoys and wave motions: (a) wave force; (b) wave
energy extraction efficiency.

The absorption and conversion of wave energy by the new WEC mainly utilizes the response of
the surface buoy to the vertical component of the wave motion. However, the wave motion also has a
horizontal component, and the horizontal component causes the buoy to undergo lateral displacement
while doing the heave motion, and thus affects the operation of the underwater PTO.

According to the surface gravity waves theory [38], the trajectory of the water particle of the
sea surface can be approximately regarded as a circle. Assuming that the trajectory of the buoy is
consistent with that of the surface water particle, the horizontal component of the wave motion has the
greatest influence on the movement of the buoy, and its interference to the operation of the underwater
PTO is also the largest. Figure 11 shows the relationship between wave motion and surface buoy
and underwater PTO of the WEC [32]. The buoy passes through a1–d1 sequentially during a wave
motion cycle. The surface float is connected to the underwater PTO by a tether, and the tension
of the tether can be maintained by increasing the counterweight and optimizing the layout of the
underwater blade [39,40]. The underwater PTO is far from the fluctuation of the sea surface, and the
angle θ at which the underwater PTO is dragged by the tether fluctuates in a small range near the
vertical direction. Therefore, it can be considered that it sequentially passes through a2–d2 in one wave
motion cycle.

Figure 11. Schematic diagram of the relationship between wave motion and WEC [32]. Adapted
from [32], with permission from MDPI, 2019.
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Affected by the horizontal component of the wave motion, the surface float will produce a lateral
motion with large amplitude. The lateral motion may cause a large fluctuation in the velocity V of the
PTO heave motion and the dragging angle θ of tether. Assuming that the time average velocities of the
underwater PTO in the two motion stages a2–b2 and b2–c2 are V1 and V2, respectively, the ratio K of
the two phases is used to measure the velocity fluctuations.

The K value can be calculated from the following formula [32]:

K =
v1

v2
=

√

l2 − r2 − (l− r)

(l + r) −
√

l2 − r2
× 100% (10)

where l is the length of the tether and r is the amplitude of the wave motion.
Wave height h is one of the important wave parameters, replacing r with h, h = 2r. The ratio of

the length l of the tether to the wave height h is defined as R, i.e., R = l/h. So,

K =
v1

v2
=

√

4R2 − 1− 2R + 1

−

√

4R2 − 1 + 2R + 1
× 100% (11)

It can be seen from Figure 11 that the instantaneous angle θ of the buoy dragging the PTO through
the tether is as follows:

θ = arcsin

 1
2 cos( 2π

T t + π
2 )

R

 (12)

The maximum value of the instantaneous angle θ occurs at the maximum amplitude of the lateral
motion of the buoy, i.e., at b1 and d1. Therefore, the maximum angle θmax of the tether dragging PTO is:

θmax = θb1 = arcsin

 1
2 h
l

 = arcsin
( 1

2K

)
(13)

Calculated by the Equations (11) and (13), when R = 10, K = 95.1%, θmax = 2.9◦. That is, when the
length l of the tether is 10 times the wave height h, the average velocity of the underwater PTO during
the a2–b2 motion stage is 95.1% of the b2–c2 stage, and the velocity fluctuates within 4.9%; the angle
at which the PTO is dragged by the tether from the vertical direction varies within ±2.9◦. Therefore,
a reasonable length of the tether can greatly reduce the influence of the horizontal component of the
wave motion on the motion performance of the underwater PTO.

3.3. Theoretical Analysis of Kinematic Characteristics

The upper layer absorber was taken as an example, and its horizontal cross-section was used
as a reference plane to establish a global coordinate system O1XYZ, i.e., a fixed coordinate system,
as shown in Figure 12. The intersection O1 of the rotating shaft and the reference plane is taken as the
origin of the global coordinate system. The X-axis and the Y-axis are radial directions perpendicular to
each other in the reference plane, and the Z-axis is the direction in which the rotating shaft is located,
perpendicular to the reference plane and vertically upward. A local coordinate system O2xyz, i.e.,
a moving coordinate system, was established on the flexible blade. The intersection point O2 of the
flexible blade chord and the blade connecting rod was taken as the origin of the local coordinate system.
The direction of the connecting rod pointing to the rotating shaft is the x-axis, the projection line of the
blade chord on the reference plane is they-axis, and the z-axis is perpendicular to the reference plane
and vertically upward.
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Figure 12. Kinematic characteristics of single-layer absorber and its blades.

The radius of the absorber is R, the number of blades is N, the azimuth angle is θ, the rotating
angular velocity is ω, and its rotating direction is anticlockwise. Then the position coordinates of the
local coordinate system origin O2 in the global coordinate system are:

(X, Y, Z)O2 =
(
R cos

2π
N

cosθ, R cos
2π
N

sinθ, 0
)

(14)

where the azimuth angle θ is an angle formed by the blade connecting rod with the X-axis during the
rotational motion, and θ =

∫
ωdt.

Assuming that any point on the bending deformed flexible blade is P, the radius vector from O2

to P is r, and its modulus is r, the direction angles corresponding to x,y and z-axis are ϕ1, ϕ2 and ϕ3,
respectively. Then the position coordinates of point P in the global coordinate system are:

(X, Y, Z)P =

(
R cos

2π
N

cosθ+
r cosϕ1

sin k1
cos k2, R cos

2π
N

sinθ−
r cosϕ1

sin k1
sin k2, r cosϕ3

)
(15)

where cos2 ϕ1 + cos2 ϕ2 + cos2 ϕ3 = 1; k1 and k2 are auxiliary angles for simplifying the position
representation, k1 = arctan r cosϕ1

r cosϕ2
= arctan cosϕ1

cosϕ2
, k2 = π

2 − θ+ k1 = π
2 − θ+ arctan cosϕ1

cosϕ2
.

The flexible blade rotates around the rotating shaft of the absorber. Since the distance between
each point on the blade and the rotating shaft is not equal, the tangential velocities of their circular
motion are not uniform. Because the area near the blade chord is the main contribution area to the
torque of the absorber, the vertical section of the blade chord was analyzed, as shown in Figure 13.

Figure 13. Relative impacting water flow and angle of attack of the blade.
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Assuming that the relative velocity of the upper absorber and the impacting water flow in the
vertical direction is VR0, the rotational speed of the blade isω, and the radius vector of O2 is l, then the
combined velocity VR of the blade relative to the impacting flow is:

VR = VR0 −ω× l (16)

Since VA and ω × l are perpendicular to each other, the modulus VR of VR can be calculated
accordingly, as follows:

VR = |VR| =

√
|VA|

2 + |ω× l| 2 =

√
VA2 +ω2R2 cos2

(2π
N

)
(17)

Assume that the chord endpoint of the flexible blade is E, the radius vector from O2 to E is rE,
and its modulus is rE. The direction angles of rE corresponding to x, y and z-axis are ϕE1, ϕE2, and
ϕE3, respectively. k3 is the angle between the relative impacting flow velocity VR and the horizontal
reference plane, and k4 is the angle between rE and the horizontal reference plane:

k3= arctan
VA

ω R cos(2π/N)
(18)

k4 = arctan
rE cosϕE3

rE cosϕE2
= arctan

cosϕE3

cosϕE2
(19)

Therefore, the angle of attack of the flexible blade α is:

α= k3 − k4 = arctan
VA

ω R cos(2π/N)
− arctan

cosϕE3

cosϕE2
(20)

3.4. Theoretical Analysis of Dynamic Characteristic

The double-layer absorber performs both heaving motion and rotational motion during operation.
In this process, the magnitude of impact force and the angle of attack of the blade are not constant,
and the motion patterns of each point on the blade are also different. In order to facilitate the analysis
of the dynamic characteristics of the flexible blade, it is assumed that the equivalent action point of
the resultant force F of the impact flow on the blades is O3 (not necessarily on the flexible blades),
as shown in Figure 14.

Figure 14. Dynamic characteristics of blade.
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According to the force characteristics of the flexible blade, the resultant force F of the flexible
blade is:

F =

∫
∆P(VR, r,ϕi)ds =FD + FL + FS (21)

where ∆P is the pressure difference between the pressure side and the suction side at each point on the
flexible blade, and ϕi(i = 1,2,3) is the direction angle of the radius vector r of each point corresponding
to the three coordinate axes. FD is the blade resistance, FL is the blade lift, FS is the blade lateral
force, and the plane where FD and FL are located is perpendicular to the rotating shaft and the blade
connecting rod.

The modulus of FD and FL can be obtained by:

FD = |FD|= CD ·
1
2
ρV2

RA (22)

FL = |FL| = CL ·
1
2
ρV2

RA (23)

where CD and CL are the drag coefficient and lift coefficient of the flexible blade, respectively. ρ is the
seawater density, and A is the projected area of the blade on the plane perpendicular to VR.

The flexible blades of the absorber adopt a centrally symmetric circumferential distribution, so that
the lateral forces FS of the different blades can cancel each other out. Therefore, it is only necessary to
analyze the component force F’ of the resultant force F in the vertical plane. To facilitate the analysis
of the effect of the component F’ on the strength of the rotating shaft and the output torque of the
absorber, it was decomposed into the vertical component G and the horizontal component H, as shown
in Figure 15.

Figure 15. Decomposition of blade forces.

(G, H) = (FD, FL)

[
sin k′3 − cos k′3
cos k′3 sin k′3

]
(24)

k′3 = arctan
|VA|

|ω× l| cos k4
= arctan

VA

ω
(
R cos 2π

N − r cosϕ1
) (25)

where k4 is the angle between the tangential velocity of the circular motion of the point O3 and the
plane where FD and FL are located, and k4 can be simplified in the Equation (16).
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The torque TS produced by a single blade to the rotating shaft of the absorber is:

TS = H · l cos k4 = (FL sin k′3 − FD cos k′3)(R cos
2π
N
− r cosϕ1) (26)

Put TS into Equations (3) and (4), the output mechanical power Pout of the double-layer absorber is:

Pout = (1 + S)NTSω = (1 + S)Nω(FL sin k′3 − FD cos k′3)(R cos
2π
N
− r cosϕ1) (27)

The hydraulic efficiency ηhyd of the absorber is:

ηhyd =
Pout

Pin
=

2(1 + S)Nω(FL sin k′3 − FD cos k′3)(R cos 2π
N − r cosϕ1)

ρπR2
0V3

A

(28)

Theoretical analysis can clarify the main factors affecting the performance characteristics of
WEC, and it is also the calculation basis for data processing in subsequent numerical simulation and
verification experiment. The flexible blade is subjected to bending deformation due to the impact of the
water flow, and the continuous deformation of the blade surface, in turn, changes the distribution of
the surrounding flow field. At the same time, the influence of the flow field on each point of the blade
are not uniform, resulting in a large difference in the deformation of the blade at different positions.
The interaction between the blade and the surrounding flow field is essentially a complex two-way
fluid-solid coupling relationship [41,42]. In view of the advantages of CFD technology in visualization
of flow pattern distribution and quantification of physical parameter distribution [43], numerical
simulation method was adopted to partially replace the theoretical calculation to study the mechanical
characteristics of blade surface.

3.5. Configuration of Numerical Simulations

ANSYS Workbench version 19.2 was used to numerically calculate the two-way fluid-solid
coupling relationship between the flexible blade and the surrounding flow field. Under this software
platform, the flow field data in Fluent module and the structure data in Transient Structural module
were coupled and transmitted by System Coupling module, and the mechanical characteristics data of
flexible blades were obtained by iteration calculation. This numerical simulation method is helpful to
capture the detailed information at local features and provide a clear structural optimization solution
for improving WEC power and efficiency characteristics [43,44], such as choosing reasonable blade
thickness, blade inclination, etc.

The dynamic mesh method was used to realize the shape change of the flow field caused by
the deformation of the flexible blades. SST k-ω was adopted as the turbulence model because it
combines the excellent computational performance of standard k-ω in the boundary layer adverse
pressure gradient region and the good simulation effect of k-ε on the free shear flow region [45].
Pressure-Implicit with Splitting of Operators (PISO) was chosen as the solution scheme for the
pressure-velocity coupling equation.

The double-layer absorber contains more detailed structural features, so the flow field shape is
complex. The dynamic mesh method requires real-time reconstruction of the excessively distorted
meshes in the changing flow field [46]. So, it is not realistic to numerically simulate the entire WEC
with the existing computing resources in the laboratory, and this is also not necessary. According to
the theoretical analysis of the relationship between the performance of single flexible blade and that
of absorber in Sections 3.1 and 3.4, this paper only performs coupling analysis on a single flexible
blade. According to the calculation Formulas (18) and (19) of the WEC performance characteristics,
the interaction between the two-layer absorbers can be expressed by adjusting the S value, which
can be determined by experiments or overall numerical simulations [32]. Subsequent experiments in
Section 4.2 and Figure 23 validated the feasibility of this numerical analysis method, which is beneficial
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to improve computational efficiency and save computational resources to fully refine the meshes
around the blade.

The flow field parameters of the numerical simulation are consistent with those in the subsequent
experiments. The heaving motion in the experiments is a regular sinusoidal wave with amplitude of
0.2 m and period of T ranging from 1.5 s to 4.0 s, i.e., x = 0.2 sin

(
2π
T t

)
. In order to compare the results

of numerical simulation and experiment under the existing calculation conditions, the peak velocity of
the heaving motion was used in the simulation, i.e., VA = Vmax = 0.6283 m (taking period T = 2 s as an
example). This velocity is also the maximum response velocity of the WEC to the wave motion under
the common 2–3 level sea states [47]. The typical rotational speed of the absorber in the experiment
ω= 2π·n/60 = 2π·15/60 = 1.571 rad/s was adopted in the simulation. The relative velocity VR = 0.6824 m/s
and angle of attack α = 18.8◦ calculated by Equations (16)–(20), which can be used as velocity value
of Velocity Inlet and initial deflection angle of blade, respectively. The flexible blade material is
65Mn elastic steel sheet (density 7.82 kg/m3, elasticity modulus 2.1 × 105 MPa, Poisson’s ratio 0.28).
Numerical calculations were performed on blades with thicknesses of 0.05 mm, 0.10 mm, 0.15 mm,
0.20 mm, and 0.25 mm, respectively.

3.6. Analysis Results and Discussions

Based on the two-way fluid-solid coupling analysis of the blade, the pressure and deformation
contours on the blade surface were obtained, as shown in Figure 16. The principle of the torque
generated by absorber is similar to that of hydraulic turbine. When the absorber is impacted by the
water flow, a pressure difference is generated between the pressure side and the suction side, and then
the pressure difference forms the torque to the absorber. As can be seen from Figure 16a, the pressure
on the pressure side of the blade is mainly positive, and the pressure on the suction side is mainly
negative. The pressure difference on the blade surface decreases gradually along the blade chord
direction and tends to zero at the trailing edge. The high pressure difference region of the blade
mainly concentrates on the leading edge of the blade, that is, the area near the blade connecting rod.
From Figure 16b, it can be seen that the deformations of the blade gradually increase along the chord
direction, and the deformations of the leading edge portion of the blade are the smallest. Therefore,
increasing the deformation degree of the high pressure difference region is an effective way to increase
the torque of the absorber.

Figure 16. Analysisresultsofnumericalsimulationofflexibleblades: (a)Pressurecontours; (b)Deformationcontours.
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Through the numerical simulation of flexible blades with different thickness, the torque of the
flexible blades to the rotating shaft can be obtained. Then the output torque and hydraulic efficiency
of the double-layer absorber can be obtained by Equations (27) and (28), as shown in Figure 17.
The analysis results show that the power and efficiency of the absorber increase first and then decrease
with the increase of blade thickness. The 65Mn elastic steel blade with thickness of 0.10 mm has the best
performance characteristics, and its output mechanical power is 12.8 W, and the hydraulic efficiency
is 36.6%.

Based on the current research basis and laboratory calculation conditions, we only performed
numerical simulation of two-way fluid-solid coupling for a single blade at a constant speed.
This simulation method does not reflect well the interaction between the upper and lower absorbers,
the reciprocating water flow impact on the flexible blade and the corresponding transient deformation
of the blade. In order to accurately obtain the performance of the entire flexible blade WEC in the
impacting water flow and verify the rationality of the above numerical simulation, the experiments
with test pool and wave tank were carried out as described below.

Figure 17. Numerical simulation results of double-layer absorber: (a) Output mechanical power;
(b) Hydraulic efficiency.

4. Experimental Results and Discussions

4.1. Experiments in Wave Tank

In order to verify the working principle of the new WEC and preliminarily test its performance
characteristics at the beginning of the study, we conducted a wave tank experiment on the physical
prototype of WEC [48]. As shown in Figure 18, the test platform mainly includes a wave generator, a
water tank, a control room, a data acquisition card (DAQ card), a test computer and other necessary
circuit components. The height of the water tank is 1.0 m, the width is 0.8 m, and the length is
22.5 m. In order to simulate the hydrostatic layer in the real sea and avoid possible collisions between
the prototype and the bottom of the water tank during the experiments, a square-shaped pit with
a side length of 0.8 m was excavated at the bottom of the tank at 6.0 m from the wave generator.
The computer’s test program used the LabVIEW language to collect voltage data from the DAQ card
and calculated the power and efficiency of the prototype.
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Figure 18. Wave tank test platform.

A standard spectrum was used in the wave tank experiments, with a water depth of 0.6 m
(excluding the depth of the pit) and a wave height of 0.3 m. The output voltage curve of the prototype
is shown in Figure 19. The results show that the WEC can output electrical energy stably, and the peak
value of voltage has a significant correspondence with the wave period. The wave tank experiments
effectively verify the rationality of the working principle and structure design of the new WEC.

Figure 19. Output voltage curve of the prototype.

Two sets of wave motion periods, sets groups of wave heights, and two sets of additional weight
ball masses were set up in the wave tank experiments. The power and efficiency curves of the prototype
under the above experiment conditions are shown in Figure 20. The power and efficiency of the WEC
increase obviously with the increase of wave height, and the prototype with larger weight has better
performance characteristics. Under the current experiment conditions, the prototype with a wave
height of 0.3 m, a wave period of 2.0 s, and an additional weight ball mass of 20.11 kg has the best
performance. The optimal power is 5.9W and the efficiency is 11.9%.
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Figure 20. Power and efficiency curves of the prototype in the in-wave tank experiments: (a) power
curve; (b) efficiency curve.

4.2. Experiments in Test Pool

In order to facilitate a large number of quantitative analysis of the system parameters of the WEC
prototype at the beginning of the study, we have developed a test platform that can be used under
laboratory conditions. The test platform mainly includes a test pool, a linear electric cylinder providing
heaving motion, an electric cylinder controller, a computer running test system, a DAQ card, and other
necessary circuit components, as shown in Figure 21. In general, when the ratio of channel diameter to
device size is greater than 1.35, the side-wall effect is considered to be small [49,50]. The diameter of the
test pool is 0.80 m, and the diameter of the absorber is 0.40 m, so the ratio of the two dimensions is 2.00.
It can be considered that the side-wall effect of the test pool has less influence on the experiments [49].

Figure 21. Test Pool test platform.
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The first and second generation counter-rotating self-adaptable WEC developed by our research
group is shown in Figure 2. Due to the difference in blade structure and sea conditions of the above
two WECs, two sets of power curves with similar time average power were selected for comparison.
Figure 22a is a comparison diagram of power curves obtained from the rigid blade WEC and the flexible
blade WEC under the heaving motion with an amplitude of 0.2 m and a period of 2 s. The average
power of the rigid blade WEC and the flexible blade WEC are 2.46 W and 2.54 W respectively, so
the power values are close to each other. The typical peak power of the rigid blade WEC is 8.27 W,
while that of the flexible blade WEC is only 3.54 W. That is, the peak power of the rigid blade WEC is
2.34 times that of the flexible blade WEC. Therefore, in the case where the average power of the above
two WEC are similar, the power curve of the flexible blade WEC is much smoother and has no sharp
power peak.

In order to comprehensively analyze the advantage of the flexible blade WEC in the smoothing
power curve compared to the rigid blade WEC, we draw a comparative diagram the ratio of the peak
power to the average power as a function of the oscillation period, as shown in Figure 22b. It can
be seen that in all periods, the power fluctuation of flexible blade WEC is smaller than that of rigid
blade WEC; and the power fluctuation increases with the increase of period. The smooth output power
makes the absorber subject to less fluctuation in load torque, which is beneficial to the stability of WEC
operation. In addition, the stable output power is also conducive to the efficient use and storage of
electrical energy.

Figure 22. Comparison of rigid blade WEC and flexible blade WEC: (a) Instantaneous power curves;
(b) Power fluctuations.

To verify the accuracy of the numerical simulation method and results in Sections 3.5 and 3.6,
a comparative experiment was conducted on the small WEC using the motion parameters in Section 3.5.
Because we adopted the peak velocity in heaving motion to conduct numerical simulation, the typical
peak power of the output power obtained in the experiment was used to compare with the output
mechanical power obtained in the numerical simulation. As shown in Figure 23, the peak power
curve with blade thickness obtained in the experiments is in good agreement with that obtained in
the simulations, but the data ranges of the two are quite different. This is mainly because the power
value obtained in the experiments is the secondary conversion of output mechanical energy of the
double-layer absorber. Due to the power generation efficiency of the generator and its efficiency
fluctuations at different rotational speeds, there are inevitably different degrees of energy loss. The high
coincidence of the two output power curves proves that the numerical simulation method for analyzing
the performance of the flexible blade is feasible and accurate.
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Figure 23. Comparison of power obtained in experiments and numerical simulations.

The small WEC is expected to be embedded in low-power unmanned marine equipment as power
supply module, and its output power is greatly affected by the load of the back-end circuit. Resistance
is an important parameter of the circuit because it is necessary to study its influence on the power
generation of the WEC. Figure 24 is a graph showing the variation of the power of WEC with the
resistance value. The output power of WEC increases first and then decreases slowly with the increase
of resistance. When the resistance is 35 Ω, the peak power and average power of WEC are the largest.
Therefore, it can be determined that in the current laboratory environment, the optimum resistance
value is 35 Ω. The effect of resistance on WEC power is also affected by multiple factors certainly.
In order to simplify the research, we set the resistance of the circuit to 35 Ω in subsequent experiments.

Figure 24. Effect of resistance on WEC power generation.

In order to study the influence of the structural parameters and the external sea conditions on the
performance characteristics of the WEC, the blade thickness and motion period were selected as the
typical variables to conduct the experiments. Figure 25 is a surface diagram showing the combined
effect of blade thickness and motion period on the power characteristics of the. The peak power
decreases with the increase of the motion period. The peak power increases first and then decreases
with the increase of the blade thickness. The peak power of the WEC of 0.10 mm blade thickness is the
largest under most wave motion periods. The combined effect of blade thickness and motion period on
the average power of the WEC is similar to that of the peak power. However, the high-value region of
the average power is smaller than that of the peak power, or the combined effect of the blade thickness
and the motion period on the average power is more obvious than that of the peak power. Under the
existing laboratory conditions, the power characteristics of the flexible blade WEC are optimal when
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the blade thickness is 0.10 mm and the motion period is 1.5 s. The best performance characteristics are
peak power of 5.8 W and average power of 3.2 W.

Figure 25. The combined effect of motion period and blade thickness on WEC power characteristics:
(a) Peak power; (b) Average power.

5. Conclusions

This paper proposes a new type of small-scale flexible blade WEC, which is based on the
self-adaptable counter-rotating operation mechanism. The small WEC is expected to be used as a
power supply module for low-power unmanned marine equipment to solve the research bottleneck of
the lack of efficient and reliable energy supply methods. Through a comprehensive and systematic
study of the performance characteristics of the WEC, the following conclusions are drawn:

(1) The working principle of the small flexible blade WEC is feasible. The change in the deflection
direction of the absorber blade is achieved by self-adaptable bending deformation of the flexible
blade itself, which provides the required persistent torque for the unidirectional rotating motion
of the single-layer absorber. The design of double-layer absorber balances the overall torque of
underwater PTO well and provides the counter-rotating motion required for power generation.

(2) The theoretical analysis results of the dynamic characteristics of the absorber and its flexible blades
clarifies the influence of the structural parameters, operating parameters and the force acting on the
blade surface on the performance characteristics of the WEC. This also provides a calculation basis
for the data processing in the subsequent numerical simulations and verification experiments.

(3) The simulation and experiment results under laboratory conditions show that the mechanical
power of the small WEC can reach 12.8 W and the hydraulic efficiency is 36.3%; the peak power
of electricity generation is 5.8 W, and the average power is 3.2 W. In most heaving motion periods,
the WEC with 65Mn flexible blades achieves the best performance characteristics when the blade
thickness is 0.10 mm.

(4) The study results in this paper show that the new generation of flexible blade WEC effectively
overcomes the performance disadvantage of the excessive fluctuation of the previous generation
of rigid blade WEC. The smooth power output curve facilitates the high-efficient utilization and
storage of electric energy, and also makes the load torque fluctuation of the WEC smaller. This is
conducive to smooth the operation of WEC and improve the self-adaptable power generation
capability of the WEC under low sea states.

The novel small-size WEC has a relatively simple energy conversion process based on the
self-adaptable counter-rotating operation mechanism. It can generate electricity steadily and continuously
without mooring system and damper plate. The above characteristics of the WEC make it easy for
modular assembly, and are not limited by the magnitude of heave motion. It is expected to be used as a
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power supply module for low power marine equipment and has the potential to develop into a small
versatile mobile power supply system. The small WEC has not been tested in the sea, and the reliability
and sealing of its mechanical components are yet to be verified. We will conduct sea trials in subsequent
studies to speed up the practical process of the novel small-size WEC.
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