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Abstract

As a clean and renewable energy, wave energy has abundant reserves, and its reason-
able development and utilization can effectively alleviate the problems of energy short-
age and environmental pollution. This paper proposes a mechanical rectification wave
energy converter. The reciprocating linear motion of the buoy is directly converted into the
rotary motion through the ball screw. The magnetic coupling force transmission system is
adopted to ensure the sealing of the device. Using mechanical rectification mechanism to
ensure the service life of the generator. In addition, a dynamic model of the mechanical
rectification wave energy converter is established. Through simulation analysis, the curve
of power with load resistance is obtained. And there is an optimal load resistance value
corresponding to the maximum power in different wave conditions. In order to improve
the power generation efficiency, the maximum power point tracking control algorithm is
designed based on the admittance differentiation method. By controlling the duty cycle
of the switch tube in the Buck-Boost chopper circuit, the variable load is realized, and
then the maximum power point tracking control is realized. Finally, simulation analysis
verifies the feasibility of the algorithm under different wave conditions.

1 INTRODUCTION

Energy is the material basis for human existence. With the
development of science and technology and social economy,
people’s demand for energy is gradually increasing. However,
traditional fossil fuels, such as coal, oil, and natural gas, have lim-
ited reserves, and large-scale use will cause environmental pol-
lution problems [1]. As a kind of renewable energy, wave energy
has abundant reserves, high energy density, and the installation
of Wave Energy Converter (WEC) have little impact on the
environment [2]. Therefore, the development and utilization of
wave energy has great significance.

Generally, all of the WEC need a power take off system to
convert the wave energy absorbed by the buoy into electrical
energy. And PTO can be classified into hydraulic system, air tur-
bine, hydro turbine, direct mechanical drive system and linear
electrical generator [3–9]. Among them, hydraulic system and
air turbine are relatively complicated in structure and difficult to
maintain. The technology of hydro turbine is relatively mature,
but its requirements for terrain are relatively high, while linear
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electrical generator usually requires larger size and higher cost.
Therefore, this paper combines the WEC in [10, 11] to design
a mechanical rectification WEC with a magnetic coupling force
transmission system.

The WEC uses a ball screw as the energy conversion, which
converts the low-speed linear motion of the buoy under the
action of waves into high-speed rotating motion and transmits
it to the generator. Besides, it uses a magnetic coupling force
transmission system composed of neodymium iron boron per-
manent magnets. The buoy is directly coupled to the screw nut,
which solves the problem of dynamic sealing when the buoy and
the screw nut are connected in a marine environment. In addi-
tion, a mechanical rectification mechanism consisting of four
bevel gears and two one-way clutches is added between the ball
screw and the generator shaft, which rectifies the bidirectional
rotational motion output by the ball screw and transmits it to
the generator for continuous unidirectional rotational motion.
The unidirectional rotating movement solves the problem of the
generator’s forward and reverse rotation and ensures the service
life of the generator.

3138 wileyonlinelibrary.com/iet-rpg IET Renew. Power Gener. 2021;15:3138–3150.
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The actual marine environment is unpredictable, and there
is a maximum power generation under different wave con-
ditions. Therefore, we need to adopt some control strategies
to find the maximum power under different wave conditions
to improve power generation efficiency. Currently, there are
many control methods for wave energy converter, such as the
complex-conjugate control, latching control, model predictive
control and maximum power point tracking control [12–19].
At present, complex-conjugate control is a theoretical control
strategy, and it cannot be applied to the actual control system.
In addition, latching control and model predictive control need
to predict the incident waves. However, the actual wave condi-
tions are difficult to accurately predict, so they are also difficult
to implement. The maximum power point tracking control is
a well-known adaptive control strategy that has achieved great
success in other renewable energy industries (mainly solar and
wind) [20, 21]. And there are relatively few applications in the
field of wave energy.

Perturbation and observation method is currently the most
widely used method for maximum power point tracking con-
trol. The output power at the current moment is calculated by
sampling the output voltage and current. Then add a distur-
bance and compare it with the output power of the previous
control period. If the power after the disturbance increases, the
current disturbance direction is maintained, otherwise, the dis-
turbance direction is changed. Its disadvantage is that there will
be an oscillation error near the maximum power point, and the
selection of its step size cannot take into account the tracking
accuracy and response speed of the algorithm. The admittance
differentiation method is an improvement of the disturbance
observation method. The main improvement lies in setting the
step length to a value proportional to the slope of the power
curve. And it can reduce the oscillation error near the maximum
power point and improving the tracking accuracy.

In this paper, the maximum power point tracking algorithm
is designed based on the admittance differentiation method. By
controlling the duty cycle of the circuit switch tube of the power
generation system, the variable load regulation is realized, and
then the maximum power is reached. Additionally, two low-pass
filters are used to filter the average output power to make it more
stable and improve the control accuracy of the algorithm under
random wave conditions.

2 DESIGN OF THE WEC

The overall structure of the mechanical rectification wave
energy converter designed in this paper is shown in Figure 1.
The WEC adopts mechanical direct drive PTO, avoiding the use
of hydraulic system or air turbine and other intermediate con-
verter, and the structure is simple and reliable.

The WEC mainly includes three parts: buoy, Mechanical
Direct Drive PTO and generator. The buoy is mainly used to
convert the absorbed wave energy into kinetic energy and trans-
fer it to the PTO system. The diameter of the buoy is 1 m and
the height is 0.2 m. As the key component of the WEC, the
PTO system mainly transmits the wave energy absorbed by the

FIGURE 1 The overall structure of the wave energy converter

FIGURE 2 The structure of the magnetic coupling force transmission
system

buoy to the generator. The PTO system of the WEC designed
in this paper mainly includes a ball screw and a mechanical rec-
tification mechanism. Among them, the ball screw converts the
vertical reciprocating linear motion of the buoy into the bidirec-
tional rotational motion of the ball screw output shaft, and the
mechanical rectifier mechanism converts the bidirectional rota-
tional motion into continuous unidirectional rotational motion
and transmits it to the generator. And then convert wave energy
into electrical energy.

Due to the WEC works in a marine environment, in order to
ensure its tightness, a magnetic coupling force transmission sys-
tem is used between the buoy and the PTO system. As shown in
Figure 2, a ring-shaped ferromagnetic cylinder is installed inside
the buoy, and a ring-shaped neodymium-iron-boron permanent
magnet is fixed on the ball screw nut. When the ferromagnetic
cylinder in the buoy moves axially under the action of waves, it
will interact with the screw nut. There will be magnetic resis-
tance between the permanent magnets, which tends to restore
the ferromagnetic cylinder to the position of minimum mag-
netic energy. Therefore, when the buoy moves upwards, the lead
screw nut will move upwards together with the buoy, so that
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3140 XU ET AL.

FIGURE 3 The diagram of the mechanical rectifier mechanism

the reciprocating linear motion of the buoy is transmitted to the
lead screw nut, and converted into rotational motion through
the ball screw. Since there is no physical contact between the
buoy and the PTO system, the PTO system is in a completely
sealed state, and when the device is overloaded under extreme
weather conditions, the internal power generation system will
not be damaged.

When the buoy makes reciprocating linear motion under the
wave, the output of the ball screw is bidirectional rotary motion,
which will affect the service life of the generator after being
directly transmitted to the generator. Therefore, a mechanical
rectification mechanism is added between the ball screw and the
generator to convert the bidirectional rotary motion output by
the ball screw into continuous unidirectional rotary motion and
transmit it to the generator, thereby ensuring the service life of
the generator.

Figure 3 is a schematic diagram of the mechanical rectifier.
1, 2 are two one-way clutches with opposite rotation directions,
3, 4, 5, and 6 are four bevel gears, 7 is the input shaft, and 8
is the output shaft. When the buoy moves upward, assuming
the input shaft rotation direction is clockwise, the bottom one-
way clutch is disengaged, the top one-way clutch is engaged,
and the input movement is directly transmitted to the output
shaft. When the buoy moves downwards, the rotation direction
of the input shaft is counter clockwise. At this time, the bot-
tom one-way clutch is engaged, and the top one-way clutch is
disengaged. The input counter clockwise rotation direction is
reversed to clockwise output by the action of four bevel gears.
Through the mechanical rectification mechanism, the generator
always rotates continuously in one direction, ensuring the ser-
vice life of the generator.

3 MODELING AND ANALYSIS OF THE
WEC

3.1 Hydrodynamic analysis of the buoy

The first step in designing WEC is to determine the wave force
on the buoy. When the WEC is working, the buoy makes a
vertical reciprocating linear motion under the wave. According
to the linear wave theory [22], the hydrodynamic force of the
buoy is the linear superposition of the Froude–Krylov force, the
diffraction force and the radiation force. The Froude–Krylov

force and the diffraction force are collectively called the wave
excitation force, as shown in Equation (1).

Fe (𝜔) = FFK (𝜔) + Fd (𝜔) (1)

where Fe (𝜔) is the wave excitation force, FFK (𝜔) is the Frud-
Krylov force, Fd (𝜔) is the diffraction force, 𝜔 is the wave fre-
quency.

The radiation force generated by the movement of the buoy
can be decomposed into additional mass force and radiation
damping force, as shown in Equation (2).

Fr (𝜔) = −
(
−𝜔2ma (𝜔) + j𝜔cr (𝜔)

)
z (𝜔) (2)

where Fr (𝜔) is the radiation damping force, ma (𝜔) is the add
mass, cr (𝜔) is the radiation damping coefficient, z (𝜔) is the
heave motion of buoy, j is the imaginary unit.

The hydrostatic restoring force is a force trying to return the
structure to hydrostatic equilibrium, as shown in Equation (3).

Fh (𝜔) = −𝜌gAz (𝜔) (3)

where, Fh(𝜔) is the hydrostatic restoring force, 𝜌 is the density
of water, g is the acceleration of gravity, A is the cross-sectional
area of the wetted surface.

From Equations (1)–(3), the total wave force acting on the
buoy can be shown in Equation (4).

Fw = FFK (𝜔) + Fd + 𝜔2ma (𝜔) z (𝜔)

− j𝜔cr (𝜔) z (𝜔) − 𝜌gAz (𝜔) (4)

From the above analysis, it can be seen that the calculation of
wave excitation force, additional mass, radiation damping and
other hydrodynamic parameters is an important step in the anal-
ysis of the PTO system. This paper use the Hydrodynamic
Diffraction module in ANSYS/ AQWA to calculate the hydro-
dynamic parameters.

According to the gravity centre position, moment of iner-
tia and mass parameters calculated by SolidWorks software, the
hydrodynamic solution analysis was carried out by AQWA. The
amplitude of wave excitation force, additional mass, radiation
damping, and Response Amplitude Operators (RAOs) of the
buoy are obtained as shown in Figure 4.

It can be seen from the Figure 4 that when the wave period is
4 s, the wave excitation force of the buoy is 9810.25 N m–1, the
radiation damping is 191.77 N/(m/s), and the additional mass is
552.7 kg. By solving the hydrodynamic parameters of the buoy,
it lays a foundation for the dynamic modelling and analysis of
the WEC.

3.2 Modelling of the PTO system

When the WEC is working, it is not only subjected to wave
force, but also PTO force. Performing the inverse Fourierx
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XU ET AL. 3141

FIGURE 4 The amplitude of wave excitation force, add mass, radiation
damping and RAOs

transform of Equation (4) and adding the PTO force can obtain
the motion equation of the buoy as shown in Equation (5).

(m + mat ) z̈ (t ) + crt ż (t ) + 𝜌gAz (t ) = Fet + FPTO (5)

According to Falnes’s linear PTO theory [22], the linearized
PTO system can be equivalent to a spring mass damping system,
and the PTO force is resistance to the movement of the buoy,
so the PTO force can be expressed as shown in Equation (6).

FPTO = −mpz̈ − cpż − kpz (6)

Substituting Equation (6) into Equation (5) can get the motion
equation of the buoy as shown in Equation (7).(

m + mat + mp

)
z̈ (t ) +

(
crt + cp

)
ż (t )

+
(
𝜌gA + kp

)
z (t ) = Fet (7)

The power generated with the linear PTO system is related to
the equivalent damping coefficient, and the generated power can
be calculated with Equation (8) [22].

P = cp ż2 (8)

According to the calculated hydrodynamic parameter results,
the motion response of the buoy when the damping coefficient
is 4000 N/(m/s) can be calculated through MATLAB/Simulink
software, and the result is shown in Figure 5. After the system is
stabilized, the displacement amplitude of the buoy is 0.13 m, the
peak PTO force is 910 N, the peak power of the PTO system is
204 W, and the average power is about 100 W.

The ball screw can realize the mutual conversion of rotary
motion and linear motion. The internal ball rolling friction resis-
tance is small and the transmission efficiency is high. In this

FIGURE 5 Wave and WEC displacement, PTO force and PTO power
for linear PTO characteristics C = 4000 N/(m/s)

paper, the ball screw is used to convert the low-speed recipro-
cating linear motion of the buoy into the high-speed rotational
movement of the generator. The relationship between the axial
force and torque can be expressed as shown in Equation (9).

Fs =
2𝜋
l 𝜂s

Ts (9)

where, Fs is the axial force of the ball screw, l is the lead, 𝜂s is
the transmission efficiency, and Ts is the torque of the ball screw
output shaft.

The motion equation of the ball screw can be expressed as
shown in Equation (10).

𝜃s =
2𝜋
l

z (10)

where, 𝜃s is the rotation angle of the screw shaft and z is the
axial displacement of the screw nut.

The angular velocity of the screw can be expressed as shown
in Equation (11).

𝜔s =
2𝜋
l

v (11)

where, 𝜔s is the rotational angular velocity of the screw shaft
and v is the axial velocity of the screw nut.

When the clutch is engaged, the ball screw input torque drives
the generator to rotate and generate electricity. Taking the PTO
system and the generator as the research object, the dynamic
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3142 XU ET AL.

equation can be expressed as shown in Equation (12).

Ts − Tg = J𝛼 (12)

where, Tg is the generator torque, J is the equivalent moment of
inertia of the PTO system and the generator, 𝛼 is the angular
acceleration.

The generator torque Tg can be regarded as an expression
proportional to the generator speed:

Tg =
Kt Ke

(Ri + Re )
𝜔g (13)

where Kt is the torque constant, Ke is the electrical constant, Ri

is the internal resistance of the generator, Re is the external load
resistance of the generator, and 𝜔g is the angular velocity of the
generator.

Because the transmission ratio between the bevel gears is 1,
the generator speed and the ball screw speed are equal, that is,
𝜔g = 𝜔s and 𝛼 = �̇�s . Combining Equations (12) and (13) can
be obtained:

Ts = J𝜔s +
Kt Ke

(Ri + Re )
𝜔s (14)

Incorporating Equations (9) and (11) into Equation (14), the
system PTO force can be obtained as:

Fpto = J
4𝜋2

l 2𝜂s

z̈ +
4𝜋2

l 2𝜂s

Kt Ke

(Ri + Re )
ż (15)

Suppose the equivalent mass me
′ and damping coefficient ce

′ of
the PTO system are respectively:

m′
e = J

4𝜋2

l 2𝜂s

, c′e =
Kt Ke

(Ri + Re )
4𝜋2

l 2𝜂s

(16)

Then the PTO force can be expressed as:

Fpto = m′
e z̈ + c′e ż (17)

When the clutch is in the disengaged state, the PTO system will
be dissociated into two sub-systems, one is the no-load sub-
system driven by the ball screw. The other is the self-powered
subsystem driven by the potential energy stored in the moment
of inertia of the generator mover. The Equation (14) can be
expressed as:

J𝜔g +
Kt Ke

(Ri + Re )
𝜔g = 0 (18)

Through Equation (18), the generator speed at this time can be
calculated as:

𝜔g = ekt , k = −
Kt Ke

(Ri + Re ) J
(19)

FIGURE 6 Generator speed and PTO force in engaged and disengaged
states

The results show that the generator speed will decrease expo-
nentially during separation.

When the clutch is in the engaged state, its motion response
equation is:

⎧⎪⎨⎪⎩
(
m + ma + me

′
)

z̈ (t ) +
(
crt + c′e

)
ż (t ) + 𝜌gAz (t ) = Fet

𝜔g = 𝜔s =
2𝜋
l

ż (t )

(20)
When the clutch is in the disengaged state, its motion response
equation is:

⎧⎪⎨⎪⎩
(m + ma ) z̈ (t ) + crt ż (t ) + 𝜌gAz (t ) = Fet

J𝜔g +
Kt Ke

(Ri + Re )
𝜔g = 0

(21)

According to the mathematical model, the dynamic simula-
tion analysis result under sine wave excitation is shown in
Figure 6.

3.3 Dynamic model and simulation of the
permanent magnet synchronous generator

When modelling the permanent magnet synchronous gener-
ators, the following assumptions should be made: The sta-
tor three-phase winding is completely symmetrical, and its
induced electromotive force is a three-phase symmetrical
sine wave; Ignore eddy current and hysteresis loss; Ignore
the damping winding of the generator mover; the influence
of temperature on generator parameters is not considered
[23, 24].

When the generator is working, the generator rotor cuts the
magnetic lines of induction to generate induced electromotive
force. The induced electromotive force can be expressed as
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XU ET AL. 3143

FIGURE 7 The single-phase equivalent circuit of a permanent magnet
synchronous generator

shown in Equation (22).

⎧⎪⎪⎪⎨⎪⎪⎪⎩

EA =
d𝜓A

dt
= −𝜔𝜓 f sin 𝜃

EB =
d𝜓B

dt
= −𝜔𝜓 f (sin 𝜃 − 2𝜋∕3)

EC =
d𝜓C

dt
= −𝜔𝜓 f (sin 𝜃 + 2𝜋∕3)

(22)

where EA, EB and EC are the three-phase induced electromo-
tive force, 𝜓A, 𝜓B , 𝜓C are the flux linkage of the three-phase
winding, 𝜔 is the rotor electrical angular velocity, 𝜓 f is the per-
manent magnet flux linkage, and 𝜃 is the electrical angle between
the rotor flux linkage and the winding axis.

The single-phase equivalent circuit of a permanent magnet
synchronous generator is shown in Figure 7.

Taking phase A as an example, according to Kirchhoff ’s volt-
age law, the single-phase voltage equation of the generator can
be obtained as shown in Equation (23).

EA = LA

d iA
dt

+ iA (Rs + RL ) = LA

d iA
dt

+ iARs +UA (23)

where, EA is the A-phase induced voltage, LA is the A-phase
inductance, iA is the A-phase current, Rs is the stator internal
resistance, RL is the A-phase load resistance, and UA is the out-
put voltage at the load.

Combining Equations (22) and (23) can get the generator sta-
tor terminal voltage equation as shown in Equation (24).

⎧⎪⎪⎪⎨⎪⎪⎪⎩

UA = −iARs − LA

d iA
dt

+
d𝜓A

dt

UB = −iBRs − LB

d iB
dt

+
d𝜓B

dt

UC = −iC Rs − LC

d iC
dt

+
d𝜓C

dt

(24)

The single-phase output power of the generator is shown in
Equation (25).

Pout =
V 2

RL
(25)

where, Pout is the generator single-phase output power, V is the
generator single-phase output voltage, RL is the single phase
load resistance.

The transformation equation of the voltage from the three-
phase stationary coordinate system to the two-phase rotating
coordinate system is shown in Equation (26).

[
ud

uq

]
=

2
3

⎡⎢⎢⎢⎣
cos 𝜃 cos

(
𝜃 −

2𝜋

3

)
cos

(
𝜃 +

2𝜋

3

)
− sin 𝜃 − sin

(
𝜃 −

2𝜋

3

)
− sin

(
𝜃 +

2𝜋

3

)⎤⎥⎥⎥⎦
⎡⎢⎢⎣
uA

uB

uC

⎤⎥⎥⎦
(26)

According to Equations (25) and (26), the voltage equation in
the dq coordinate system can be calculated as:

⎧⎪⎨⎪⎩
ud = −Rsid − 𝜔eLqiq + Ld

d id
dt

uq = −Rsiq − 𝜔eLd id + Lq

d iq

dt
+ 𝜔𝜓 f

(27)

where, id and iq are the components of the stator winding cur-
rent on the d shaft and q shaft respectively, Ld and Lq are the
components of the stator inductance on the d shaft and q shaft
respectively, and 𝜔e is the electrical angular velocity of the rotor.

The electromagnetic torque equation of the generator in the
dq coordinate system can be expressed as:

Tg =
3
2

np

[
𝜓 f iq +

(
Ld − Lq

)
id iq

]
(28)

According to the mathematical modelling of the permanent
magnet synchronous generator, the simulation model is built in
Matlab/Simulink. According to the simulation model and vari-
ous parameters of the generator, the single-phase voltage, cur-
rent and power at the output of the generator under given sea
conditions can be obtained. Taking phase A as an example, the
output single-phase voltage, current and power are shown in
Figure 8.

It can be seen that the period of single-phase voltage, current
and power is 2 s, and its frequency is twice the wave frequency.
The single-phase voltage amplitude is about 50 V, the current
amplitude is about 2 A, and the power amplitude is about 120 W.
Since the system input is a regular wave, its voltage, current and
power waveforms all change sinusoidally.

According to the single-phase instantaneous output power
calculation Equation (25), the three-phase average total electric
power output by the generator in a period of time T can be
obtained as:

Pave = 3 ×
∫

T
0 Pout dt

T
(29)

When the wave period is 4 s, the wave height is 0.4 m, and the
load resistance is 23 Ω, the average electric power output by
the generator is shown in Figure 9. It shows that the average
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3144 XU ET AL.

FIGURE 8 Generator single-phase voltage, current and power

FIGURE 9 Average electric power output by generator

electric power output by the generator is about 85.77 W after
stabilization.

In addition to the output power of the generator, the mechan-
ical power input to the system should also be considered, it can
be expressed as shown in Equation (30).

Pin = Fpto ż (30)

The mechanical power input to the PTO system under the same
wave conditions and load resistance is shown in Figure 10. It can
be seen from the figure that the average mechanical power input
is about 118.85 W after stabilization.

The power generation efficiency of the PTO system is the
ratio of electrical power to mechanical power, and it can be
expressed as shown in Equation (31).

𝜂 =
Pout

Pin
(31)

FIGURE 10 Input mechanical power

FIGURE 11 Input power varies with load resistance under different wave
period

According to Equation (31), the power generation efficiency of
the PTO system is 0.72 when the load resistance is 23 Ω.

For the WEC, its damping coefficient is mainly related to the
load resistance of the generator. Therefore, the damping coeffi-
cient of the PTO system can be changed by adjusting the load
resistance of the generator, so as to achieve the maximum power
capture of the wave energy power generation system.

According to the mathematical model of the generator and
the calculated hydrodynamic parameters. By establishing a sim-
ulation model in Simulink, we can get the curve of input and
output power versus load resistance under different wave peri-
ods, as shown in Figures 11 and 12.

It can be seen from the Figures 11 and 12 that the input and
output power changes in the same trend with the load resistance.
The smaller the wave period, the greater the energy density, and
the greater the maximum power obtained. At the same time, the
load resistance at the maximum power point is also related to
the wave period. Therefore, when the wave period changes, the
load resistance at the maximum power will also change. It can
be seen from Table 1 that the larger the wave period, the smaller
the load resistance at the maximum power point.
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FIGURE 12 The output power varies with load resistance under different
wave period

TABLE 1 Maximum input and output power under different wave periods

Wave period

T(s)

Maximum

input power

Pin(W)

Maximum

output power

Pout (W)

Load resistance

at maximum

power (Ω)

2.5 129.99 94.36 44

4 118.85 85.82 23

6 89.08 63.4 14

8 68.59 49.31 10

By analyzing the change of input and output power with load
resistance under different wave periods, it can be known that
there is an optimal load resistance under different wave con-
ditions to maximize the power generation. That is, there is an
optimal damping in the PTO system, and the power genera-
tion efficiency can be improved by searching for the optimal
damping.

3.4 Analysis of obtaining optimal power
under random waves

The previous analysis of the WEC are all carried out on the
basis of regular waves. However, the actual ocean waves are con-
stantly changing and are composed of a variety of waves with
different wave heights and frequencies. Therefore, we need to
analyse the optimal power acquisition under random waves to
make it more in line with the actual marine environment.

Ocean waves are a relatively complicated random process. At
present, ocean waves are mainly described in the form of ocean
wave spectrum [25]. So far, many wave spectra have been pro-
posed, the general expression can be shown in Equation (32).

S (𝜔) =
A

𝜔p
exp

(
−B

1
𝜔q

)
(32)

FIGURE 13 Wave excitation force under random wave conditions with a
spectral peak period of 3 s and a significant wave height of 0.4 m

where S (𝜔) is the distribution of wave energy relative to its
component frequency, the index p is often 4–6, the index q is
often 2–4, A and B contains wind element or wave element as a
parameter.

At present, the most widely used wave spectra are mainly
PM spectrum and JONSWAP spectrum [26]. Because the latter
takes into account the influence of wind speed and wind dis-
tance, it can better reflect the real situation of the waves. In this
paper, JONSWAP spectrum is used to model random waves,
and its expression can be shown in Equation (33).

S (𝜔) = 𝛼g2 1
𝜔5

exp

[
−

5
4

(𝜔m

𝜔

)4]
𝛾

exp

[
−

(𝜔−𝜔m )2

2𝜎2𝜔m
2

]
(33)

where 𝛼 is the energy scale parameter,𝜔 is the angular frequency
of the wave, 𝜔m is the peak frequency, 𝛾 is the peak elevation
factor, and 𝜎 is the peak shape parameter.

The random wave excitation force generated by the JON-
SWAP spectrum with a peak period of 3 s and a significant wave
height of 0.4 m is shown in Figure 13.

Using Simulink software for simulation, the input and out-
put power under random wave conditions with a spectral peak
period of 3 s and a significant wave height of 0.4 m can be
obtained, as shown in Figures 14 and 15.

It can be seen from Figure 14 that the instantaneous power
fluctuates greatly, which is closer to the actual power generation
under sea conditions. By integrating the instantaneous power
and calculating its average value, it will probably stabilize at
200 s. When the load resistance is 23 Ω, the average output
power is 54.57 W.

It can be seen from Figure 15 that the input mechanical
power is similar to the output electrical power curve, the power
fluctuation is relatively large, and the average value is calculated
after integration. After stabilization, the average input power is
75.62 W, and the efficiency is about 0.72. Since the load resis-
tance is 23Ω during the simulation, the efficiency under random
waves is the same as the efficiency under regular waves.

By modelling the random wave, we can get the curve of input
and output power versus load resistance under different random
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3146 XU ET AL.

FIGURE 14 Output power under random wave conditions with a
spectral peak period of 3 s and a significant wave height of 0.4 m

FIGURE 15 Input power under random wave conditions with a peak
period of 3 s and a significant wave height of 0.4 m

wave conditions, as shown in Figures 16 and 17. The wave peak
periods are 2, 3, 4 s, and the significant wave heights are 0.6, 0.4,
0.3 m.

It can be seen from the Figure 16 that the output power
change curve with load under random waves is roughly the same
as that under regular waves. As the load resistance increases,
the output power first increases and then decreases. There is an
optimal load resistance corresponding to the maximum power
point. And the smaller the wave period, the larger the corre-
sponding load resistance at the maximum power point.

The curve of input power versus load resistance under differ-
ent wave conditions is shown in Figure 17. The change trend is
the same as that of output power. There is an optimal load resis-
tance corresponding to the maximum input power under each
sea condition.

It can be seen from Figures 16 and 17 that the optimal damp-
ing theory is also met under random wave conditions, and the
maximum power point can also be found by adjusting the load
resistance of the generator, thereby improving power generation
efficiency.

FIGURE 16 The output power varies with load under different wave
conditions

FIGURE 17 Input power varies with load under different wave
conditions

Therefore, the optimal power acquisition analysis lays the
foundation for the MPPT algorithm. We can find the maximum
power point under current sea conditions through the maxi-
mum power point tracking algorithm.

4 MAXIMUM POWER POINT
TRACKING ALGORITHM

4.1 Design of maximum power point
tracking algorithm

Through the analysis of the optimal power acquisition of WEC,
the curve of power generation versus load resistance under dif-
ferent wave conditions is obtained. The optimal damping theory
is verified, that is, there is an optimal damping coefficient corre-
sponding to the maximum power point in each wave condition.

Due to the load resistance is fixed under actual condi-
tions, a Buck-Boost circuit is added to the generator output.
By changing the duty cycle of the switch tube in the circuit,
the variable load adjustment is realized, thereby realizing the
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maximum power under different wave conditions. The relation-
ship between the input and output load resistances in the Buck-
Boost circuit is shown in Equation (34).

Rin =

(
1 − D

D

)2

RL (34)

In order to enable the PTO system automatically output the
maximum power, a control algorithm needs to be adopted to
make the wave energy power generation system have a self-
optimizing function. At present, the maximum power point
tracking control is mostly used in photovoltaic power genera-
tion and wind power generation. As an adaptive control method,
it can also be used in wave energy power generation system.
This paper is based on the admittance differentiation method
to design the maximum power point tracking algorithm. First
sample the voltage and current, calculate the output power,
and then apply a disturbance to the system. By comparing the
output power before and after the disturbance, we can judge
whether the direction of the disturbance is correct. If the out-
put power increases, continue to apply the disturbance in this
direction. Because the step length of the admittance differenti-
ation method is set to a value proportional to the slope of the
power curve, the power will continuously approach and finally
stabilize at the maximum power point by continuously applying
disturbances, thereby achieving the tracking of the maximum
power point.

The flow of the maximum power point tracking algorithm
designed in this paper is shown in Figure 18. It mainly includes
four parts: the setting of the initial conditions, the power calcu-
lation, the judgment of the disturbance direction, and the set-
ting of the step length. The setting range of the initial duty cycle
is 0–1, and the initial disturbance direction is set according to
the value of the initial duty cycle. When the initial duty cycle
is set relatively large, the initial disturbance direction is set to
−1. When the initial duty cycle setting is relatively small, the
initial disturbance direction is set to 1. The sampling period
should also be set reasonably. For regular waves, the wave
input energy changes periodically, and the output power also
changes periodically. Therefore, it is generally set to an inte-
ger multiple of the wave period. For random waves, the wave
input does not have regularity in the short term, but the wave
input energy can also be considered relatively stable from a
larger dimension. Therefore, for random waves, the sampling
period should be increased. The setting of the step length is
the focus of the algorithm. When the power change is greater
than 20 W, the step length is set to 0.03. In other cases, the
step value is set to a value proportional to the slope of the
power curve, 𝛼 is a coefficient value, which is set as 0.005 in this
paper.

For random waves, due to large fluctuations in input energy,
the output power fluctuation after averaging is still relatively
large, and the algorithm is difficult to operate stably. Therefore,
this paper adds two low-pass filters to filter the average output
power, which makes the output power more stable and facili-
tates the control of the algorithm.

FIGURE 18 Maximum power point tracking algorithm flowchart

FIGURE 19 Simulink simulation model

4.2 Simulation results

In this section, a simulation model is established in Simulink,
and the algorithm is simulated to verify its correctness. The
simulation model of the algorithm is shown in Figure 19. After
the generator output voltage is rectified through the three-phase
rectifier bridge, it is used as the input of the Buck-Boost chopper
circuit. The electric power output by the generator is averaged
and filtered as the input of the maximum power point track-
ing algorithm. The algorithm finally outputs the corresponding
duty cycle at the maximum power point. The pulse signal is gen-
erated by the PWM pulse generator to control the on-time of the
switch in the Buck-Boost circuit, so as to realize the adjustment
of the load resistance, and finally realize the maximum power
point tracking control.

According to the above simulation model, set the wave con-
dition as 4 s period, 0.4 m wave height, initial duty cycle 0.35,
and initial disturbance direction 1. The simulation results of the
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3148 XU ET AL.

FIGURE 20 Simulation results of the algorithm for regular waves with a
wave period of 4 s and a wave height of 0.4 m

algorithm under regular wave conditions with a period of 4 s
and a wave height of 0.4 m are shown in Figure 20.

It can be seen from Figure 20 that the maximum power
obtained by the algorithm is 82.5 W, and the duty cycle at the
maximum power is 0.506. According to the Equation (34), the
load resistance value corresponding to the duty cycle of 0.506
is 23.83 Ω. The maximum output power under wave condition
with a period of 4 s and a wave height of 0.4 m obtained by sim-
ulation is 85.82 W, which is only 3.32 W away from the power
obtained by the maximum power point tracking algorithm. The
load resistance at the maximum power obtained by the simula-
tion is 23 Ω. The difference between them is only 0.83 Ω. It
can be seen that the difference between the maximum power
obtained by the algorithm and the maximum power obtained by
multiple simulations is very small, which verifies the correctness
of the algorithm.

In order to further verify the feasibility of the algorithm, a
variable sea state analysis was performed on the basis of the
regular wave period of 4 s and the wave height of 0.4 m. The
simulation result is shown in Figure 21.

It can be seen from the Figure 21 that the initial wave con-
dition is 4 s period and 0.4 m wave height, and reach the max-
imum power point at about 200 s, and the power generation is
stable at 82.5 W. At 288 s, the wave condition is changed to a
period of 2.5 s and a wave height of 0.5 m. After that, the maxi-
mum power point under the current wave condition was found
at about 500 s and reached a steady state. At 600 s, the wave
condition is changed again to a period of 4 s and a wave height
of 0.4 m, and the maximum power point under the current wave
condition is found again at about 1600 s. The feasibility of the
algorithm is verified by the simulation analysis of the algorithm
under changing sea conditions.

From the simulation results in Section 3.4, it can be seen that
there is also a maximum power point under random wave con-
ditions. Therefore, it is necessary to verify the feasibility of the
algorithm under random wave conditions. Set the random wave

FIGURE 21 Simulation results of the algorithm under changing regular
wave conditions

FIGURE 22 Simulation results of the algorithm for random waves with a
wave period of 3 s and a wave height of 0.4 m

condition as the peak period of 3 s and the significant wave
height of 0.4 m. The simulation result is shown in Figure 22.

It can be seen from the Figure 22 that the algorithm finds
that the maximum power is 61.4 W at about 200 s, and the duty
cycle at the maximum power is 0.415. According to the Equa-
tion (34), the load resistance corresponding to the duty cycle of
0.415 is 49.68 Ω. The maximum power obtained through sim-
ulation in Section 3.4 is 63.81 W, the corresponding load resis-
tance is 50 Ω, the maximum power difference is 2.41 W, and the
load resistance difference is 0.32 Ω, which is a small difference.
Therefore, by increasing the sampling period and filtering the
average output power, the algorithm can still find the maximum
power point under random wave conditions.

Similarly, the variable sea condition analysis is performed on
the basis of the random wave spectrum peak period 3 s and the
significant wave height 0.4 m. The simulation result is shown in
Figure 23.
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XU ET AL. 3149

FIGURE 23 Simulation results of the algorithm under changing random
wave conditions

It can be seen from the Figure 23 that the initial wave condi-
tion is the peak period of 3 s and the significant wave height of
0.4 m. The algorithm finds the maximum power point at about
200 s, and then the power stabilizes at 61.4 W. At 500 s, the
wave condition was changed to the peak period of 2 s and the
significant wave height of 0.6 m. After that, the maximum power
point under the current sea condition was found again at about
2000 s and reached a steady state. Through simulation analysis
under random wave changing sea conditions, the feasibility of
the algorithm under random wave conditions is verified.

5 CONCLUSION

This paper mainly designs a mechanical rectification wave
energy converter, which uses the ball screw to efficiently con-
vert low-speed linear motion into high-speed rotary motion, and
uses a ball screw mechanism to convert energy. The buoy and
the screw nut are coupled together by a magnetic coupling force
transmission system, which solves the sealing problem in the
water, and adopts a mechanical rectification mechanism to con-
vert the two-way rotating motion of the screw into a continuous
one-way rotating motion, ensuring the normal service life of the
generator.

Based on the airy wave theory, the wave force of the buoy is
analysed in the frequency domain. The wave excitation force,
add mass and radiation damping of the buoy are obtained
through ANSYS/AQWA software. Based on the hydrodynamic
parameters of the buoy, a mathematical model of linear PTO
is established, and the displacement, PTO force and power of
the buoy when the damping coefficient is 4000 N/(m/s) are
obtained through simulation.

The permanent magnet synchronous generator is modelled
and have a simulation analysis. The simulation analysis shows
that when the wave period is 4 s, the wave height is 0.4 m, and
the load resistance is 23 Ω, the input and output power of the
power generation system are 118.85 and 85.77 W. Its power gen-
eration efficiency is 0.72.

Under regular wave conditions, by adjusting the load resis-
tance of the generator, the relationship between power and load
resistance is obtained, which verifies the optimal damping the-
ory, that is, there is an optimal system damping correspond-
ing to the maximum power. In order to simulate the actual
ocean wave conditions, the simulation model of random waves
is established, the relationship between power and load resis-
tance under random waves is obtained, and the optimal damp-
ing theory under random wave conditions is verified.

In order to improve power generation efficiency, based on
the optimal damping theory under different wave conditions,
the maximum power point tracking algorithm is designed. The
Buck-Boost chopper circuit is added to the output of the gener-
ator, and the variable load regulation is realized by changing the
duty ratio of the switch in the circuit. In view of the disturbance
error in the traditional disturbance observation method, this
paper adopts the admittance differentiation method to design
the maximum power point tracking algorithm. By setting the
step length to a value proportional to the power curve, the dis-
turbance error is reduced, and two low-pass filters are added to
filter the average power, so that the algorithm is equally applica-
ble under random wave conditions. The simulation results of
the algorithm are compared with the maximum power point
obtained by multiple simulations, and the feasibility and cor-
rectness of the algorithm are verified. Therefore, the tracking
control of the maximum power point is realized.
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