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ABSTRACT 
Technologies to enhance the survivability of wave energy 

converters (WECs) in harsh ocean environment and reduce the 
difficulty and cost of deployment and operation are important. 
Traditional two-body point absorber with a rigid Power Take-off 
(PTO) may result in two essential problems on the deployment 
and operation. This study proposes a novel a two-body self-
reactive point absorber with a flexible tether drive PTO. This 
flexible PTO design can avoid the request of supporting 
structures on the WEC to constrain the motion and harvest 
energy from multiple degree of freedoms (DOFs) motion without 
requirement of a taut mooring. System dynamics considering 4-
DOF with the proposed flexible PTO system are formulated. A 
scaled prototype is designed, fabricated, and tested in a wave 
tank. Results show that the proposed flexible PTO can greatly 
increase the power absorption and add a reactive peak in the 
frequency domain. This study reveals that the proposed PTO is 
desirable for the two-body point absorber and thus holding the 
advantages of fast and easy deployment with slack mooring and 
good survivability under large wave conditions. 

Keywords: Energy Harvesting; Wave Energy Converter; 
Power Take-off;  

1. INTRODUCTION 
The world is having an increased demand for sustainable 

energy, and researchers have conducted exclusive study on 
different types of renewable energy[1]. Among different 
renewable energy sources, solar energy and wind energy are 
already widely used, and improvements are still being made on 
them[2][3][4][5]. For example, Hosseini and Wahid investigated 
photovoltaic-based hydrogen production and brought much 
attention[6]. Wen et al. conducted explicit study on the influence 
of the pitch and surge motion on power coefficient of the wind 
turbine, and the novel numerical method they used improved the 
calculating efficiency with good accuracy[7][8]. Ocean wave 
energy has attracted an increasing attention in recent years and 
many attempts have been made[9][10][11]. Unlike the wind 
energy, the ocean wave energy converters (WECs) can be 
classified into different categories based on their different forms 
and principles, for example, the overtopping device, the 
oscillating body device, and the oscillating water column, etc 
[12][13]. Among them, as suggested by Guo et al., the point 
absorber is one of the simplest, most broad-based, and most 
promising concepts where it just oscillate with the ocean wave 
to extract the kinetic energy from it [14]. In 1975, Budar raised 
the idea of a resonant single-body point absorber by 
implementing a flywheel to achieve efficiency ocean wave 
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energy conversion [15]. One year later in 1976, Evans conducted 
analytical research on the single-body point absorber with 
various bodies [16]. Martin et al. proved that through design, the 
two-body point absorber can achieve better performance than the 
single-body point absorber[17], and explored the influence of 
different submerged body shapes [18]. Jin, Patton, and Guo 
optimized the geometry and damping coefficient of the point 
absorber, and significantly improved the power absorption by 
more than 70%[19]. Meng et al. systematically and thoroughly 
studied a submerged spherical point absorber and found out that 
significant efficiency improvement can be achieved through 
motion coupling[19], and by adjusting the mass distribution[21].  

As the point absorber can be classified into a vibration 
energy harvester, nonlinearity can significantly influence the 
power absorption[22][23]. For example, Zhang et al. adopted bi-
stable mechanism in the Power Take-off (PTO) of a point 
absorber and improved the power absorption bandwidth[24]. Liu 
et al. adopted the design in a winch-based PTO and achieved 
good improvement on the power absorption[25]. Li et al. 
designed a tunable flywheel that can be applied through semi-
active control and achieved good result[26]. Jin et al introduced 
nonlinear stiffness into the breakwater and acquired satisfying 
improvement on wave attenuation and energy absorption 
performance simultaneously[27].  

Inspired by the works mentioned above, in this research, 
we introduced a point absorber WEC with a unique tether drive 
PTO. The unique design of the PTO can avoid the request for 
supporting structures on the WEC and reduce the cost for 
deployment. In addition, the unique dynamic property of the one-
way drive mechanism is discussed, Moreover, theoretical 
analysis is conducted to evaluate the performance of the 
proposed WEC and the advantages and disadvantages are 
introduced. At last, a scale model is fabricated and tested in the 
wave tank for validation. 

 
2. MATERIALS AND METHODS 

 
Figure 1 The design of the proposed PTO 

As illustrated in Figure 1, the torsional spring is locked 
with the main shaft and the floater to help retrieve the PTO back 
to the equilibrium position. The winch is fixed to the floater with 
one end of the tether, and the other end of the tether is connected 

with the submerged reactive plate. The leaving relative motion 
between the floater and the submerged plate is adopted to pull 
the tether and drive the winch to rotate, and eventually drive the 
electromagnetic generator to generate electricity. The inertia of 
the generator and flywheel together formed an energy saving 
system. As a result, when the rotation speed of the generator and 
flywheel is faster than the drive speed of the winch, or when the 
tether is being retrieved, the kinetic energy saved in the flywheel 
will drive the generator and still output power. In such instances 
the PTO is decoupled into two parts, which are the input side and 
output side. 

 
Figure 2 Comparison between the traditional linear drive PTO and the 

proposed soft drive PTO 

The winch based soft connection design can bring in 
multiple advantages. Firstly, the soft connection design does not 
need to have a stroke limit, unlike the rigid connected PTOs that 
are constrained by the stroke length of the key component, for 
example the hydraulic cylinder, ballscrew, and linear generator, 
the soft connect can design the tether length based on the need 
of the users. Secondly, with such design, the entire PTO can be 
arranged inside the top floating buoy, which can provide better 
tightness and accessibility for maintenance. At last, the soft 
connection does not require rigid structure for linkage between 
the two bodies, which further improves the reliability and 
reduces the cost for the device as shown in Figure 2. 

 
3. RESULTS AND DISCUSSION 

 
Figure 3 Scheme of the two-body configuration of the WEC with soft 

drive PTO 

For the proposed device, usually three motions for each 
body are considered, which are the surge motion, heave motion 
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and the pitch motion. The influence of these three motions on the 
performance of the proposed WEC can be found in Figure 3, 
where 𝑙 and 𝑙0 are the current and original length of the driving 
tether, 𝛼 is the angle of the tether between the heave direction, 
and (𝛽 −

𝜋

2
) is the pitching angle of the floating body. 

The overall governing equation for the motion of the device 
can be described using the following equation,  

𝑴𝑿̈ = 𝑭𝒆 + 𝑭𝒓 + 𝑭𝒉 + 𝑭𝒑𝒕𝒐 + 𝑭𝒅 + 𝑭𝒎 

Here 𝑴 = [

𝑚1 0 0 0
0 𝑚2 0 0
0 0 𝑚1 0
0 0 0 𝑚2

], 

𝑚1 and 𝑚2 are the mass of the floating and the submerged 

body, and 𝑿 = [

𝑥1

𝑥2

𝑧1

𝑧2

] , 𝑥1  and 𝑥2  are the surge motion of the 

floating and submerged body, 𝑧1 and 𝑧2 are the heave motion 
of the floating and submerged body. Similarly, the 𝑭𝒆 , 𝑭𝒓 , 
𝑭𝒉 ,  𝑭𝒑𝒕𝒐 ,  𝑭𝒅  and  𝑭𝒎 , are the vectors of excitation forces, 
radiation forces, hydrostatic forces, PTO induced forces, 
nonlinear drag forces, and mooring induced forces on the 
floating and submerged body in x and z directions.  

 

Figure 4 Hydrodynamic parameters for the floater and submerged 
body in heave motion 

The frequency-dependent hydrodynamic parameters 
applied on the body can be calculated using the commercially 
available software AQWA and an example of the hydrodynamic 
parameters for the floater and submerged body in heave can be 
seen at Figure 4. 

The radiation force is accounted by the added mass induced 
force and the radiation damping induced force, and the memory 
effect can be considered using the famous Cummins 
equation[28]:  

The hydrostatic force applied to the body on the direction 
of the heave, meanwhile, since the submerged body don’t have a 
section to interference with the free water surface[29]. The 
hydrostatic force applied to the submerged body becomes zero 
and the total representation of the hydrostatic force can be shown 
in the form of: 

𝑭𝒉 = [

0
0

𝑘ℎ𝑦𝑑𝑟𝑜
 𝑧1

0

] 

𝑘ℎ𝑦𝑑𝑟𝑜
 = 𝜌𝑔𝐴ℎ_1

  

• 𝜌 is the density of the water 

• 𝑔 is the gravity constant 

• 𝐴ℎ_1
  is the cross section area of the floater in heave 

motion 

The PTO forces plays the most important role in the 
dynamic response and power absorption of the proposed WEC, 
and they can be presented as: 

𝑭𝒑𝒕𝒐 =

[
 
 
 
 

𝑓𝑝𝑡𝑜,𝑠

−𝑓𝑝𝑡𝑜,𝑠

𝑓𝑝𝑡𝑜,ℎ

−𝑓𝑝𝑡𝑜,ℎ]
 
 
 
 

 

• 𝑓𝑝𝑡𝑜,𝑠  and 𝑓𝑝𝑡𝑜,ℎ  are the PTO forces in the surge and 

heave directions  

The design of the tether driving mechanism brings in 
several unique dynamic properties of the PTO that are worthy of 
discussion. Since the PTO is tether driven, the PTO force can 
only apply when the tether is in tension, which means that the 
PTO can only provide force in one direction. Moreover, the 
engagement and disengagement of the one-way clutch bring in 
the piecewise nonlinearity to the dynamics of the proposed PTO, 
and it needs to be expressed in different stages according to its 
working conditions. 
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As a result, a piecewise nonlinear equation can be used 
to describe the PTO force under the multi-stage working 
conditions in the surge direction: 
𝑓𝑝𝑡𝑜,𝑠

= {

(−𝑚𝑒𝑙 ̈ − 𝑐𝑒𝑙 ̇ − 𝑘𝑒(𝑙 − 𝑙0)) 𝑠𝑖𝑛(𝛼), 𝑙 > 𝑙0, 𝜔𝑤 = 𝜔𝑔

              (−𝑘𝑒(𝑙 − 𝑙0))𝑠𝑖𝑛(𝛼),                   𝑙 > 𝑙0, 𝜔𝑤 > 𝜔𝑔

            0,                                      𝑙 = 𝑙0

 

Similarly, the equation for the PTO force in heave can also 
be derived as: 
𝑓𝑝𝑡𝑜,ℎ

= {

(−𝑚𝑒𝑙 ̈ − 𝑐𝑒𝑙 ̇ − 𝑘𝑒(𝑙 − 𝑙0)) 𝑐𝑜𝑠(𝛼), 𝑙 > 𝑙0, 𝜔𝑤 = 𝜔𝑔

              (−𝑘𝑒(𝑙 − 𝑙0))𝑐𝑜𝑠(𝛼),                   𝑙 > 𝑙0, 𝜔𝑤 > 𝜔𝑔

            0,                                       𝑙 = 𝑙0

 

• 𝑚𝑒 is the equivalent mass of the PTO[30] 

• 𝑐𝑒 is the equivalent damping coefficient of the PTO 

• 𝑘𝑒 is the equivalent spring stiffness of the PTO 

• 𝜔𝑤 is the rotation speed of the winch 

• 𝜔𝑔 is the rotation speed of the generator 

The PTO will be separated into two subsystems that work 
independently, and the generator and flywheel side will be 
decoupled with the point absorber. The energy stored in the 
flywheel can continue to drive the PTO, and the speed of the 
generator will slowly decay exponentially, which can be 
expressed as: 

𝜔𝑔 = 𝜔𝑔_0𝑒
−

𝑐𝑒
𝑚𝑒

𝑡 

• 𝜔𝑔_0 is the rotation speed of the generator when the two 

subsystems decoupled 

• 𝑒 is the natural exponent 

Here we define the decay factor 𝑟𝑑𝑒𝑐𝑎𝑦 as: 

𝑟𝑑𝑒𝑐𝑎𝑦 = −
𝑐𝑒

𝑚𝑒

 

From the equation, it is easy to acquire that the generator 
speed decays faster with a smaller decay factor, which means 
either a larger damping coefficient or a smaller equivalent mass. 
It indicates the PTO nonlinearity is weaker and performs 
similarly to a linear PTO[31].  

Since the analysis is to understand the fundamental of the 
PTO and provide guidance to the prototype design, some non-
ideal factors that have relatively small influence on the overall 
performance is ignored here, such as the friction terms from the 

mechanical systems, the cogging torque of the generator, and the 
stiffness from the components meshing, etc. 

The drag force used in this paper is introduced as a 
quadratic damping term where it can be expressed as: 

𝑭𝒅 =

[
 
 
 
𝑓𝑑,𝑠_1

𝑓𝑑,𝑠_2

𝑓𝑑,ℎ_1

𝑓𝑑,ℎ_2]
 
 
 

 

The drag force here is presented by the quadratic form and 
the drag coefficient used in this paper is estimated based on the 
body shape[29]. 

To study the influence of the mooring force, a simple spring 
force is adopted in both heave and surge motion on the floating 
and submerged body according to various arrangements of the 
mooring configurations, which can be written as: 

𝑭𝒎 =

[
 
 
 
 
−𝑘𝑚,𝑠_1

 𝑥1

−𝑘𝑚,𝑠_2
 𝑥2

−𝑘𝑚,ℎ_1
 𝑧1

−𝑘𝑚,ℎ_2
 𝑧2]

 
 
 
 

 

The top of Figure 6 shows the PTO absorbed power for the 
proposed WEC under regular wave excitation where the wave 
height is 1m and the wave period is 6s. The dimension for the 
second body is 6m in diameter and placed 10m below the still 
water line. The unique dynamic property of the proposed tether-
based PTO can be observed in the figure. Since the overall 
dynamics are highly nonlinear, the output power is irregular even 
under regular excitation conditions. 

 

Figure 5 The time domain simulation results on the flexible tether 
drive PTO 

The motion of the floating body and submerged body are 
illustrated in Figure 6. It can be observed from the figure that for 
the floating body, the surge and heave motion share similar 
strokes. However, the heave motion is the dominant motion for 
the submerged body. This is because the unique main drive 
direction of the tether on the submerged body is in heave, and the 
longer the distance between the two bodies, the smaller the drive 
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angle will be, which will finally lead to a dominant heave motion 
for the submerged body. 

 

Figure 6 The motion of the two bodies under regular wave excitation 

The PTO's free decay rate, when decoupled with the WEC, 
can be influenced by the ratio between the equivalent damping 
and the equivalent mass. Figure 7 shows the influence of the 
equivalent mass when other parameters for the WEC are the 
same. Due to the system's high nonlinearity, the result is selected 
to be in the same phase, yet the peak power varies greatly. The 
PTO damping is set as 5000Ns/m, and the spring stiffness is 
5000N/m. It can be seen from the figure that the speed of the free 
decay decreases with the increase of the equivalent mass. The 
same damping coefficient indicates the same energy-consuming 
capability; when the equivalent mass is larger, more energy can 
be stored in the PTO under the same rotation speed. Thus, the 
energy dissipation rate is lower, which is reflected in the free 
decay rate.  

 

Figure 7 The influence of the equivalent mass of the PTO 

Similarly, the equivalent damping can also influence the 
PTO characteristics. Figure 8 shows the influence of the different 
equivalent damping on the output power of the PTO. The 
selected equivalent mass is 15000kg, and the spring stiffness is 
5000N/m. The increase of the equivalent damping can increase 
the energy-consuming capability. As a result, when stored energy 
in the flywheel is the same, the output power decreases faster for 
the PTO with a larger equivalent mass. 

 

Figure 8 The influence of the damping coefficient of the PTO 

From the previous figures, the PTO parameters can 
influence the performance of the WEC, and some situations are 
not preferred to exist in for the proposed WEC. For instance, 
Figure 9 shows two situations which are unfavorable. The first 
situation is when either the equivalent mass is too large or the 
equivalent damping is too small, the decay speed occupies 
multiple wave period and the power absorption from the ocean 
is limited, and it is shown in the left of Figure 9. The right side 
of Figure 9 illustrates another unfavorable condition where the 
equivalent mass of the PTO is too large that it take multiple 
waves to drive the flywheel. As a result, the tether also takes 
multiple wave periods to be recovered depending on the mooring 
configuration. Although the performance is different, both 
situations share the same issue where the energy from certain 
wave input is wasted, and can lead to either less power 
absorption or large peak to average ratio.  

 

Figure 9 Two unfavorable conditions of the PTO under regular wave 
excitation 

To avoid the high peak to average ratio that can damage the 
device and avoid the unfavorable situations, another two criteria 
are introduced in this research to establish a more comprehensive 
evaluation standard towards the performance of the proposed 
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device. One is the peak to average ratio of the power, the other 
is the disengaged time ratio. The peak to average ratio 𝑟𝑝𝑡𝑎 is 
denoted as: 

𝑟𝑝𝑡𝑎 = 𝑚𝑎𝑥(𝑃𝑝𝑡𝑜) /𝑎𝑣𝑔(𝑃𝑝𝑡𝑜) 

Here, 𝑃𝑝𝑡𝑜 is the PTO absorbed power,  

And the disengage ratio can be expressed as: 

𝑟𝑑𝑖𝑠 =
𝑡𝑜𝑡𝑎𝑙 𝑑𝑖𝑠𝑒𝑛𝑔𝑎𝑔𝑒𝑑 𝑡𝑖𝑚𝑒

𝑡𝑜𝑡𝑎𝑙 𝑡𝑖𝑚𝑒
 

In the study that follows, only the conditions that meet the 
two standards where 𝑟𝑝𝑡𝑎  smaller 15, and 𝑟𝑑𝑖𝑠  is smaller than 
0.4 is used for further analysis.  

 

Figure 10 Peak to average ratio and disengage ratio of the PTO under 
different excitation conditions 

The left side of Figure 10 shows the influence of the 
damping coefficient on the peak to average ratio, where the 
equivalent mass of the PTO is 10,000kg. The error bar shows the 
fluctuation due to the nonlinearity of the PTO. Each data point 
shows fifty groups of simulation with different initial conditions. 
From the figure, it can be observed that the equivalent damping 
can have large influence on the peak to average ratio. This reason 
for this phenomenon is already explained in the previous section, 
where the large equivalent damping can result in faster decay of 
the stored energy in the equivalent mass, and lead to larger 
disengage ratio, which will finally bring in a large peak to 
average ratio. The can also be verified through the figure on the 
right where the disengage ratio is presented.  

 

Figure 11 Compared results between the single-body and two-body 
configurations on the influence of the damping coefficient under 

different wave periods 

The comparison between the single-body and two-body are 
introduced in Figure 11. The left side of Figure 11 shows the 
power absorption for a single-body point absorber with different 
damping from the PTO. From the figure, the two-body 
configuration can achieve better power absorption, for the two-
body system can create another peak in the frequency domain by 
adding a reactive body. The position of the peak appeared in the 
two-body structure can be tuned by the adjusting the mass ratio 
between the surface body and the submerged body[32]. In 
addition, it can be seen that more power can be absorbed with 
larger damping coefficient, however, it also create larger peak to 
average ratio. As a result, the situations with larger damping 
coefficient is not introduced here.  

The influence of the equivalent mass is shown in Figure 12. 
It can be observed that for both configurations, the influence of 
the equivalent mass is limited, yet it is more effective when the 
wave period is small. The two-body configuration can still 
achieve much better power generation performance than the 
single-body device on the discussed scale.   
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Figure 12 Compared results between the single-body and two-body 
configurations on the influence of the equivalent mass under different 

wave periods 

 
4. WAVE TANK VALIDATION 

To verify the performance of the proposed device, a 1:10 
scale prototype is fabricated and tested in the Wuhan University 
of Technology wave tank. The general test set-up can be seen in 
Figure 13. The overall dimension of the wave tank is 20m in 
length, 2.7 m in width, and 1m in depth. A hydraulic wave maker 
is used to generate waves based on the input requirement. Two 
wave probes are arranged at the front and back sides of the 
installation site to monitor the wave condition generated by the 
wave maker. The installation site is selected through an 
equilibrium process and located at the "sweet point" of the tank.  

 

Figure 13 Wave tank test set-up 

Figure 14 shows the time domain output from the wave 
tank test. The wave period used for the test is 1s, and the wave 
height is 0.09m. As suggested in the previous simulation section, 
the PTO's nonlinearity is strong where the single direction drive's 
unique phenomenon and the PTO's disengagement are apparent. 
In the test, a flywheel with relatively large inertia is assembled 
onto the PTO, and the external resistance is selected to be large 
to create a small PTO damping coefficient. As a result, the energy 
dissipation rate is slow, and the generator is always outputting 
power, where the peak to average ratio is reduced through such 
an approach.  

 

Figure 14 Time domain test results of the tested device under wave 
period of 1s and wave height of 0.09m 

5. CONCLUSION 
In this paper, a novel PTO with soft connection by adopting 

a winch and rope mechanism is introduced. Such design can 
grant the system with multiple advantages for it can free the 
wave energy converter (WEC) from supporting structures and it 
can reduce the design constraint from key component. The 
dynamic modeling and numerical simulation for the PTO is 
accomplished. The results show that by selecting the key 
parameter of the damping coefficient and the equivalent mass of 
the PTO, it can always in the working condition where the rope 
is in extension. In addition, compared results show that by adding 
a reactive body, the WEC with the soft driven PTO can greatly 
increase the power absorption and adding a reactive peak in the 
frequency domain. The simulation is verified through the wave 
tank validation with a 1:10 scale prototype.  

The unique dynamic characteristic of the PTO make it 
compatible with various working environment where it can be 
used with WEC, floating wind turbine, and wave gliders for 
additional power source. In future, the PTO design will be put 
into various working environment and optimize the power 
absorption based on different need to so the advantage of the 
design can be fully exploited. 
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