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Abstract. Considering the irregularity of wave motion, a wave energy converter (WEC) based on 6-UCU paral-
lel mechanism has been investigated. A buoy connected to moving platform is used to harvest wave energy. Each
chain is equipped with the linear generator of the same structure, which can convert the absorbed wave energy
into electrical energy. Based on the inverse kinematics analysis of parallel mechanism, the position of the parallel
mechanism is solved by using the space closed-loop vector method; the relative motion of stator and translator is
obtained. Through electromagnetic numerical simulations, the influences of linear generator parameters such as
magnetization mode, air gap, and yoke shape on electromagnetic performance were evaluated. Numerical results
show axial magnetization and Halbach magnet array can increase magnetic flux intensity more than radial mode.
Furthermore, the rule of electromagnetic resistance is discussed with the change of the speed amplitude and the
angle frequency. For a case, dynamic differential equation of the whole system is established. The conversion
rate of wave energy is derived.

1 Introduction

With the gradual depletion of fossil fuels, developing renew-
able energy has received worldwide concern. Ocean wave
energy (OWE) is regarded as a promising source of energy
(Clément et al., 2002). The potential energy that can be ex-
tracted from ocean waves is about 2000 TWhyr−1 (Ghasemi
et al., 2017), which is the same order of magnitude as the cur-
rent world’s annual power consumption (Drew et al., 2009).
The conversion and utilization of wave energy is an effective
way to reduce dependence on fossil fuels.

Wave power generation is a main form of wave energy uti-
lization, which is mainly realized by wave energy converter
(WEC). The energy harvesting system and the converter sys-
tem are the two main parts of WEC. The structure of energy
harvesting includes the oscillating float, the oscillating wa-
ter column, and pendulum; most of them are mainly used to
absorb wave energy in the heave direction. Waves have a va-
riety of scales: seasonal, daily, or even hourly. WEC based

on parallel mechanism is suitable for harvesting. At present,
parallel mechanism has been successfully used in various in-
dustrial fields such as the delta parallel robot (Dastjerdi et al.,
2020) and Gough–Stewart parallel manipulators (MGSPMs)
(Gexue et al., 2004; Katsushi et al., 2004; Tong et al., 2020).
Parallel manipulators are closed-loop mechanisms present-
ing very good potential in terms of accuracy, rigidity, and
ability to manipulate large loads. These structures are rarely
used in wave energy conversion devices.

In this context, the power take-off (PTO) system based on
6-UCU parallel mechanism is adopted to realize wave energy
conversion, and the parallel mechanism is used to realize the
collection of multi-directional wave energy. The linear gen-
erators located on brain chains are directly used to convert
the captured wave energy into electrical energy. In order to
optimize the structure of linear generators and improve the
conversion rate of wave energy, electromagnetic simulation
analysis was conducted to estimate the performance of linear
generators with different structural parameters.
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Figure 1. The wave energy converter based on 6-DOF parallel mechanism. (a) The whole device. (b) Power generation schematic diagram
of the mechanism.

Application of linear generator in WEC

The energy converter system is usually a hydraulic or direct
drive. A direct drive linear generator has been found to be
attractive compared to other generators, which can directly
convert the wave energy into electrical energy; the energy
loss of the intermediate conversion link is reduced (Zhang et
al., 2019). Due to their utilization of the direct-drive linear
motion system, a linear point absorber wave energy harvest-
ing device was developed in the Lysekil project at Uppsala
University, Sweden; the power system used in the linear gen-
erator unit is specified with clear requirements (Temiz et al.,
2018; Leijon et al., 2008). A linear primary permanent mag-
net is described in Du et al. (2013), which is proposed for
direct drive OWE conversion.

Most papers focus on the improvement of the electrical
power generation from OWE in various ways. The optimal
electrical energy extraction from wave energy is investigated
using a dual coaxial-cylinder system, which operates with
a permanent magnet linear generator (Son et al., 2016). A
new dual-port linear electrical generator (DPLEG) is capable
of transferring electrical power to an adequate voltage even
at zero vertical velocity of the oceanic wave (Farrok et al.,
2020). An encouraging way to convert OWE into electricity
is to use a linear, synchronous, longitudinal flux permanent
magnet motor, in which the piston is driven by a buoy (Ek-
ergård et al., 2020). A lightweight translator has been pro-
posed in Farrok et al. (2017) to improve the dynamics of the
linear generator. Another primary permanent linear generator
(PMLG) has been proposed in Keysan et al. (2012) to mini-
mize the overall system mass. It has been reported (Prudell et
al., 2010; Farrok et al., 2018; Zhu et al., 2015) that a PMLG
with a saltwater air gap between the buoy components is a
feasible method to avoid irreversible magnetization. A high-
power density linear generator is proposed in Farrok and Is-

lam (2018), where the armature windings are placed in the
translator. A segmented permanent-magnet linear generator
structure was presented, which expands wave energy capture
frequency bandwidth (Qiu and Wang, 2019).

2 Dynamics analysis

2.1 Mechanism principle

The designed 6-DOF (degrees of freedom) wave energy con-
verter can absorb wave energy from different directions at
the same time. The structure is shown in Fig. 1a. The device
is mainly composed of a buoy fixed to the moving platform
which is used to harvest wave energy; six linear generators
(PTO device) are attached t six parallel chains, and a base
platform is fixed to the seabed with anchor chains, where
both platforms are connected by 6-UCU chains. Each lin-
ear power generation branch connects the moving platform
and the fixed base with universal joints or spherical joints
at both ends. The working principle of the device is as fol-
lows: under the action of wave exciting force, the periodic
motion of the buoy makes the translator and the stator pro-
duce the relative movement so that the magnetic flux in the
stator coil changes constantly, and the induced electromotive
force is generated. The external energy storage devices are
connected to form a closed-loop system for generating elec-
tricity and storing energy. The power generation schematic
diagram of the mechanism is shown in Fig. 1b.

2.2 Inverse kinematics

The designed WEC is based on 6-DOF parallel mechanism.
As is seen in Fig. 2, a fixed Cartesian frameO–xyz is located
at the center of the base platform, and a movable frame of ref-
erence O ′–x′y′z′ is located at the moving platform. To sim-
plify the model, the universal joint is regarded as a point. The
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Figure 2. Diagram of 6-DOF parallel mechanism.

base platform is hosted at co-located points [A1,A2, . . .,A6],
and the moving platform is hosted at points [B1,B2, . . .,B6].
The two universal joints close to each other form a group
and are placed at an angle of 120◦ on a circle formed by con-
necting points on the moving and base platforms. The two
connections of the universal joint points of the moving and
base platform are regarded as six independent vectors, which
can be expressed as A1B6,A2B1, . . . and A6B5.

For the given position and attitude of the moving platform,
the coordinates of the total universal joints of the moving
and base platform related to the fixed Cartesian frame can be
obtained, and the length and direction of every branch chain
can be derived by the inverse solution model of the parallel
mechanism.

Axis Oy is perpendicular to A1A2, and axis O ′y′ is per-
pendicular to B1B2. mb and pb are the distribute angle of the
joints on the base relative to Ox, and mt and pt represent the
distribute angle of the joints on the moving platform relative
to O ′y′, which is expressed as follows:{
mb =

π
2 +

2π
3 (i− 1)−αb

pb =
π
2 +

2π
3 (i− 1)+αb

(1){
mt =

π
2 +

2π
3 (i− 1)−αt+

π
3

pt =
π
2 +

2π
3 (i− 1)+αt+

π
3 ,

(2)

where i = 1,2,3, and αb and αt are half of angleA1OA2 and
B ′1OB

′

2.

A2i−1 = rb ·
[

cos(mb) sin(mb) 0
]

A2i = rb ·
[

cos(pb) sin(pb) 0
] (3)

B2i−1 = rt ·
[

cos(mt) sin(mt) z

]
B2i = rt ·

[
cos(pt) sin(pt) z

] (4)

|l1| = |B6−A1| (5)
|l2| = |B5−A6|

|l3| = |B4−A5|

|l4| = |B3−A4|

|l5| = |B2−A3|

|l6| = |B1−A2| ,

where z is the initial distance between the moving platform
and the fixed platform. rt is the radius of the moving plat-
form, and rb is radius of the base platform.

∣∣lj ∣∣ is defined as
a chain vector, j = 1,2, . . .,6. The calculation process can be
realized by writing a script in MATLAB. Any vector in the
moving coordinate system can be transformed to a represen-
tation relative to the static coordinate system.

A generalized coordinate vector which describes the po-
sition and orientation of a 6-DOF parallel mechanism is de-
fined as Q=

[
x,y,z,α,β,γ

]
.
[
x,y,z

]
denotes the transla-

tion vector of the movable frame O ′–x′y′z′ with respect to
the fixed frame O–xyz.

[
α,β,γ

]
defines the orientation of

the frame O ′–x′y′z′ with respect to the fixed frame O–xyz.

P =
[
x,y,z

]
, T= RxRyRz (6)

Rx =

 1 0 0
0 cosα −sinα
0 sinα cosα

 (7)

Ry =

 cosβ 0 sinβ
0 1 0

−sinβ 0 cosβ


RZ =

 cosγ −sinγ 0
sinγ cosγ 0

0 0 1,

 ,
where T is the rotation matrix. α, β, and γ are roll angle,
pitch angle, and yaw angle, respectively. The coordinate val-
ues of six universal joints in the respective coordinate system
of the moving and base platforms can be calculated.

Six universal joints are divided into two groups according
to 120◦ distribution, which are expressed with two matrices
of Aj and Bj (j = 1,2, . . .,6). Both are a 6× 3 matrix, and
each row represents the coordinate values of the correspond-
ing universal connection points.
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Figure 3. Extension of chains: (a) roll, (b) pitch, and (c) yaw.

The length of each chain is

[
lx ly lz

]T
= T ·

BTj −

 0
0
z

+P−ATj (8)

∣∣∣l′j ∣∣∣=√l2x + l2y + l2z . (9)

The length change of each branch chain is obtained from
Eqs. (5) and (9):

1lj =

∣∣∣l′j ∣∣∣− ∣∣lj ∣∣ (j = 1,2, . . .,6). (10)

2.3 Inverse kinematics solution example

The extension of each branch can be obtained by subtracting
the original length of each chain calculated. For a case here,
when angle αb and αt are 15◦, rb is equal to 2.8 m, rt is equal
to 1.8 m, and z is 0.63 m. Wave shaking amplitude is π/12;
the extension length of each chain under a single motion state
is shown as Fig. 3. When wave amplitude is 0.1 m, extension
length of each branch chain under a single motion state is
shown as Fig. 4.

3 Dynamics analysis

3.1 Dynamic differential equation

The whole device has complex dynamic characteristics under
the action of wave forces. The differential equation of motion
can be written as (Cargo et al., 2016)

mẍ = Fw−Fc+Fr+Fs, (11)

wherem is the mass matrix of the buoy and moving platform.
ẍ is the motion acceleration matrix of the buoy. x is the dis-
placement matrix of the buoy. Fw is the wave excitation force
of the buoy. Fc is the electromagnetic damping force, which
can be obtained from the electromagnetic simulation analy-
sis. Fr is given by the hydrostatic restoring force. Fs is the
spring force on chains.

Figure 4. Extension of chains: (a) surge, (b) sway, and (c) heave.

Figure 5. Coordinate system distribution.

3.2 Wave excitation force

Generally, actual wave motion is irregular. The irregular
wave will inevitably make the device move in 6 DOF, as
shown in Fig. 5, which can make full use of the multi-degree-
of-freedom characteristic of the device to absorb multi-
directional wave energy.

Only the motion law of the device under the action of
micro-amplitude wave is discussed. In order to describe it
in mathematical language, it can be idealized as the wave
surface equation of sinusoidal motion or cosine motion at a
certain frequency:

η (t)=
H

2
cos(kx−ωt) , (12)

where H is the wave height, k is the wave number, and ω is
the wave angular frequency. kx−ωt represents the phase of
the wave.

The potential energy of incident wave satisfies Laplace’s
equation and corresponding boundary conditions in the
whole wave field. According to the linear wave theory, the
velocity potential φ of incident wave can be expressed as
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Figure 6. Linear generator prototype and internal structure diagram.

(Bharath et al., 2018)

8=
gH

2ω
coshk(z+ d)

coshkd
cos(kx−ωt) , (13)

where d is depth of water. z is the location of water particle.
The wave surface equation makes every wave particle have
periodicity in time and space, which can simplify the calcu-
lation process of the wave exciting force. The wave energy
conversion device used in this article will be a large-scale
structure (D/L > 0.2,D is the diameter of the buoy, L is the
wave wavelength,L= 2π/k). The structure has a great influ-
ence on the wave field, and it is assumed that seawater is an
ideal fluid that is uniform, inviscid, and incompressible. The
viscous force on the structure is small, but the inertial force
is dominant. The Froude–Krylov theory can be used to cal-
culate the excitation force of the wave on the device (Tarrant
and Meskell, 2016). In this model, the wave excitation force
is corrected by calculating the integral of the undisturbed in-
cident wave pressure on the surface of the structure and then
multiplying it by the diffraction coefficient representing the
additional mass effect and diffraction effect.

F =

∫∫
S

−pnds = cFF–K. (14)

n is the outer normal vector of a point on the surface of
the structure, and c is the diffraction coefficient. FF–K is the
Froude–Krylov force generated by the undisturbed incident
wave pressure on the structure.

If velocity potential φ is substituted into the linearized
Bernoulli equation, the wave pressure distribution p on the
surface of structure can be obtained:

p =−ρ
∂φ

∂t
. (15)

The wave pressure of an undisturbed incident wave can be
expressed:

p =
ρgH

2
coshkz
coshkd

cos(kx−ωt) . (16)

4 Design and performance of linear generator

4.1 Structure design

A cylindrical linear generator has a high utilization rate of
action area, compact structure, and small influence of ra-
dial force, which is selected as the power-generating chain
of the parallel mechanism. The translator of the generator
includes a permanent magnet, back iron, and magnetic con-
ductor. NdFe35 is selected as permanent magnet material,
which has fairly good magnetization and is easy to manu-
facture. The neodymium iron boron permanent magnets are
used in the translator with a remanence magnetic flux density
of 1.1 T and a coercive force of −837000 Am−1 (Farrok et
al., 2020). The back iron and magnetic block of the translator
are made of annealed low-carbon steel with high permeabil-
ity.

The nonlinear magnetic properties of the material are sim-
ulated by interpolation function of the B–H curve. The stator
of the generator consists of an iron core and a wound coil.
Copper with good conductivity is used as wound coil ma-
terial. Combined with the mode of distributed wound and
pole-shoe type stator yoke, the magnetic field is limited in
the winding circuit, which can reduce the magnetic leakage,
generate the highest induction voltage as far as possible, and
improve the conversion rate of energy. The branch chain pro-
totype and linear generator internal structure are as shown in
Fig. 6.

In practical engineering, the air gap of the generator is of
great significance to the work of the translator. Too small of
an air gap will cause friction between translator and stator,
and it will affect the service life and work stability. Too large
of an air gap will reduce productivity. In order to ensure the
normal operation of the generator, the thickness of air gap is
set as 1 mm.

4.2 Electromagnetic simulation

A 2D mesh model is generated by using MAXWELL as
shown in Fig. 7. The geometrical parameters of each part
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Table 1. Generator parameters.

Stator Name of items Value (mm) Motor Name of items Value (mm)

Effective external diameter 88 Effective diameter 34
Effective length 136 Effective length 230
Yoke thickness 6 Polar distance 16
Slot width 7 Permanent-magnet length 10
Tooth width 4 Magnetic conducting length 6
Tooth height 20 Effective diameter 34

Figure 7. Finite element model.

were defined in Table 1. The mesh quality of the discrete
structure has a direct impact on the solution time and the
accuracy of the results in analysis with the FEM (finite-
element method). Therefore, a subdivision method, which
is based on the edge length of the element on the sur-
face, is used to mesh the area. The maximum values of
the triangle edge length of the selected region are given re-
spectively. The mesh size satisfies the following conditions:
the solution domain> stator, motor iron core> permanent-
magnet> stator winding>moving solution area. The den-
sity of the mesh in the moving solution area is smaller, and
the solution accuracy is increased (Nader et al., 2012). By us-
ing the solver MAXWELL, the analysis result with different
structure parameters can be obtained.

4.3 Influence of magnetization mode

There are three magnetization methods: radial magnetiza-
tion, axial magnetization, and Halbach array magnetization.
Figure 8 shows the magnetic flux lines A and flux density B
under the structure of three magnetization modes.

In order to compare the magnetic flux density of the three
magnetization methods at air gap, cogging gap, and radial
direction, three auxiliary lines a, b, and c are referred to as
shown in Fig. 9a. Line a represents the air gap, and line b de-
notes the cogging gap in the end of the yoke. Both a and b are
parallel to the axis, while line c is along the radial direction.

As can be seen from Fig. 9b, the magnetic flux density
varies with the axial position under different magnetization
modes along marking line a, which is related to the relative
position of the magnet and stator teeth. The magnetic flux
leakage phenomenon and uneven radial force of the whole

static magnetic field occurred as usual. Relevant studies show
that these problems can be alleviated by optimizing the pole
slot ratio and the shape of the yoke. Figure 9c illustrates the
magnetic flux density of various magnetization modes at the
stator teeth along marking line b, which can help the design
to obtain greater no-load voltage. Figure 9d displays the ra-
dial magnetic induction values of three different magnetiza-
tion methods along marking line c. Figure 9e shows the varia-
tion of electromagnetic force of three different magnetization
modes with the relative motion time of the moving stator.

According to the current finite-element analysis, the fol-
lowing conclusions can be drawn.

1. It is worth noting that the magnetic flux density of Hal-
bach magnetization mode is larger than that of the other
two magnetization methods.

2. In the nephogram of radial magnetization mode, it can
be observed that a “U” shape is formed on the side
near the yoke of each permanent magnet, which indi-
cates that the magnetic field strength of the center of the
permanent magnet is slightly lower than that of the two
sides.

3. According to the cloud chart of axial magnetization
mode, the magnetic flux density of back iron under axial
magnetization mode is higher than that of the other two
modes, which means that the axial magnetization mode
requires a thicker back iron.

4. The results show that, in radial direction, the flux den-
sity of axial magnetization is the largest near the rotor
permanent magnet, and the maximum value is 2.36 T.

Based on the comparison, it can be preliminarily deter-
mined that Halbach magnetization mode should be selected
when centralized winding is used, and axial magnetization
mode should be selected when using distributed winding. In
this paper, considering the simplicity of winding and the in-
fluence of cogging force on stator, the axial magnetization
mode and winding mode of distributed winding are finally
selected.
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Figure 8. Magnetic flux lines and flux density: (a) radial magnetization, (b) axil magnetization, and (c) Halbach magnetization.

4.4 Influence of permeability block

For the linear generator with designed axial magnetization
mode, when the shape and size of the permanent magnet are
determined, the height of the permeability block has an im-
portant influence on the magnetic flux density and the elec-
tromagnetic force. Simulation analysis was carried out for
the permeability block with the thickness of 3, 4, 5, and
5.5 mm. The thickness of the magnetic block has little ef-
fect on the magnetic flux density in the radial direction of
the axial magnetization mode as shown in Fig. 10. Figure 11
shows that the electromagnetic force of the linear generator
increases significantly with the increase of the thickness of
the magnet block.

4.5 Influence of yoke shape

This section discusses the effect of yoke shape on power gen-
eration efficiency. The yoke mechanism generally adopts E
type and pole-shoe type. The distribution magnetic flux den-
sity of the two shapes is shown in Fig. 12a and b. It can be
seen that when two magnets are close to the opposite yoke,
the linear density of the magnetic field will increase sharply,
while the magnetic line of force produced by the magnet sep-
arated from the yoke will be sparse, and the density and stag-
gered changes will produce strong electromagnetic induction

in the coil. The results show that the pole shoe yoke can ef-
fectively improve the magnetic flux intensity, make the dis-
tribution of magnetic induction lines more reasonable, make
more magnetic flux lines pass through the yoke, and reduce
magnetic leakage.

4.6 Influence of motion parameters

As in the above analysis, the moving platform is affected by
wave force and transmits the force to the moving part of the
linear generator. Therefore, the relevant motion of stator and
translator can be derived from the motion of moving plat-
form, and the motion speed of the translator can be analyzed
briefly.

The simple equation for the velocity of the translator is as
follows:

v = Asin(ωt) , (17)

where A is velocity amplitude, and ω is angular frequency.
By using the control variable method, the influence of ve-

locity amplitude and angular frequency on the electromag-
netic force is studied. The angular frequency is assumed to
be 0.1π , and the maximum displacement of the translator is
90 mm. Then the amplitude of the motion velocity is 4.5π .

https://doi.org/10.5194/ms-12-405-2021 Mech. Sci., 12, 405–417, 2021
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Figure 9. (a) Auxiliary lines from different directions, (b) magnetic flux density at different positions of air gap (line a), (c) magnetic flux
density at different positions of tooth tip (line b), (d) flux density in the height direction of yoke (line c), and (e) magnetization force of each
magnetizing mode.

Figure 10. Flux density of different thicknesses.

The range of angular frequency is 0.1π to π with an interval
of 0.1π . The result is shown in Fig. 13.

Then, keeping the angular frequency 0.5π unchanged, the
electromagnetic force of the translator is measured when the
velocity amplitude changes from 2.5π to 4.5π every 0.5π ,
and the results are shown in Fig. 14. The electromagnetic
force obtained in the electromagnetic simulation can be used
as the damping term in the differential equation of motion.

Figure 11. Magnetization force of different thicknesses.

5 Case and discussion

Wave parameters and buoy size are as shown in Table 2. For
a given wave height, sea depth, and wave period, the mo-
tion law of each power generation chain of the device can
be derived according to the dynamic differential equations
obtained in Sect. 3.1.

In this paper, only heave motion is considered. And the
power generation performance of the device will be ex-
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Figure 12. Distribution of magnetic lines: (a) E yoke and (b) pole shoe yoke.

Figure 13. Influence of different angular frequencies on the maxi-
mum value of electromagnetic resistance.

Table 2. Initial conditions.

Initial parameters Value

wave height/h 1 m
wave cycle/T 4 s
wave wavelength/L π/2
sea depth/H 20 m
sea water density/ρ 1025 kgm−3

diameter of buoy/D 1 m
height of buoy/l 1.5 m
underwater depth/d 0.75 m

Figure 14. Influence of different velocity amplitudes on the maxi-
mum value of electromagnetic resistance.

plained from this unilateral aspect. As can be seen from
Fig. 4f, the six branch chains of the device have the same
motion law, which simplifies the analysis model.

Among them, according to the F–K (Froude–Krylov the-
ory) method, the wave excitation force of the buoy is

Fw = Cw

∫∫
S

pz dS (18)

= CwπρgH
coshk (h− d)
k coshkh

J1

(
kD

2

)
cosωt

= 1048 · cos(πt/2)

CV = 1+ 0.74
(
πD

L

)2
l

D
. (19)
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Figure 15. Movement law of the buoy at different wave heights.
(The wave heights from top to bottom are 1, 1.2, 1.4 and 1.8 m.)

As shown in Fig. 15, the undulating motion of the linear
generator increases in proportion with the increase of wave
height, and the motion frequency is consistent with the wave
motion frequency in Fig. 16.

If the influence of friction is not considered, the voltage
of the generator is proportional to the moving speed of the
translator. The electric energy produced by the generator is
equal to the work done by the electromagnetic force (Castel-
lucci et al., 2017). That is, the electromagnetic damping force
provides mechanical positive power generation, which can be
calculated by the following equation:

EPTO =W =

∫
T

BILwżj dt (j = 1,2. . .6), (20)

where B is the magnetic field strength, I is the current in-
tensity in the circuit, Lw is the winding length of the cut-
ting magnetic induction line, and żj is the relative motion
speed of the translator and stator. The electromagnetic force
F = BILw is analyzed according to electromagnetic simula-
tion. The generating energy of the device can be obtained in
one wave period.

Based on the linear wave theory, the vibration frequency
of each wave particle is equal (De O Falcão, 2010; Astariz
and Iglesias, 2015). In the wavelength range, the wave input
energy can be calculated by selecting a wave motion period:

E =
ρgh2

8
·D (21)

η =
EPTO

E
. (22)

According to Eqs. (20)–(22), the wave energy conversion rate
of the wave linear generator in the heave direction is esti-
mated to be 20 %.

Figure 16. Influence of wave period on the position of the float.
(The wave periods from top to bottom are 2, 4, 6 and 8 s.)

6 Power output simulation

In order to facilitate the establishment of the mathematical
model, certain idealized assumptions are required. Assuming
that the wire is uniform, the thickness of the insulating layer
covering the surface of the wire changes proportionally to the
diameter of the wire. Some conclusions can be drawn under
this assumption:

R ∝ n2 (23)
U ∝ n, (24)

where R is the total resistance of the wire, U is the voltage
generated by the coil under the same conditions, and n is the
number of coil turns.

At the same time, assuming that the external circuit is a
pure resistance load, the output power of the coil at any mo-
ment is

P =

(
U

R+ r

)2

r. (25)

The extreme value of this equation can be obtained. In or-
der to maximize the output power, the external load resis-
tance should be the same as the coil internal resistance. At
this time, the output power is as follows:

P =
U2

2R
. (26)

Since both R and U are proportional to n, the maximum out-
put power has nothing to do with the coil turns. The relation-
ship between the output power and the number of turns n can
be expressed as

P =
(An− 1)2

2Bn2 . (27)

Among them,A and B are constant coefficients. The formula
shows that the larger the number of coil turns, the closer the
output power is to the limit value A2/2B.
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Figure 17. Capacitor filtering flowchart.

Figure 18. Rectifier filter circuit diagram.

The circuit signals of lossy loads such as pulses and har-
monics are filtered out through capacitor filtering, and a rela-
tively smooth current is obtained. The general idea is shown
in Fig. 17.

Input the no-load voltage of the electromagnetic simula-
tion into the power supply, perform full-wave rectification
to stabilize the voltage pulse, and reduce the damage to the
load appliances. The rectifier filter circuit diagram is shown
in Fig. 18.

In order to improve the efficiency, the thinner wire should
be used to increase the number of turns to obtain higher out-
put voltage and reduce the power loss on the circuit compo-
nents. However, there are additional costs in the production
of too thin of a wire rod. If the economic conditions permit,
the appropriate coil diameter can be selected according to the
external load, and the coil turns can be calculated.

Finally, this design will select the wire with a diameter of
about 0.4 mm, and the number of turns is 830. After the coil
turns are set in MAXWELL, a winding is added as a twisted
pair, and the coil set before is added to the winding. In order
to determine the better moving speed of the translator, the
simulation analysis of no-load voltage is carried out at this
speed. According to the conclusion of the previous motion
analysis, the speed of the translator is selected. Because the
full travel of the translator is 90 mm, the velocity is calculated
as follows:

v =−22.5π × sin(0.5π × time) . (28)

The no-load voltage curve is depicted in Fig. 19. Figure 20
reveals that the flux change curve of the generator is ob-
tained. The result shows that the output voltage amplitude
can reach 2.5 V. The maximum magnetic flux amplitude in
time domains is 0.3 Wb.

Figure 19. No load voltage curve.

Figure 20. Variation curve of coil flux.

7 Conclusions

In this article, a 6-DOF parallel mechanism equipped with
chain linear generators was designed for wave energy col-
lection and conversion. Some conclusions can be drawn as
follows.

1. Based on the theoretical analysis of dynamics, the in-
verse solution model of mechanism position is estab-
lished. When the generator and wave parameters are
known, the motion law of each branch chain can be ob-
tained. By analyzing all the external forces of the gener-
ating mechanism in the process of motion, the dynamic
differential equation is constructed and the calculation
method of wave force is derived.

2. The branch chain linear generator is analyzed in detail.
The results show that the axial magnetization method
is conducive to the improvement of the generator per-
formance; the pole shoe yoke can reduce the magnetic
leakage and effectively improve the magnetic flux den-
sity; the amplitude of the moving speed and the angu-
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lar frequency of the translator have a great effect on
the electromagnetic force. When the maximum motion
stroke of the generator is 90 mm, the velocity amplitude
is 3π , and the electromagnetic force is the largest; when
the angular frequency is 0.5π , the electromagnetic force
is the minimum.

3. Combined with the electromagnetic force and spring re-
set force, the differential equation is solved for the heave
motion of the generator platform under the given wave
height and period, and the motion law is the obtained
energy conversion efficiency of the motor.

4. The circuit management model of the collected electric
energy is designed, and the time domain analysis of no-
load voltage and magnetic flux variation under known
conditions is obtained by simulation.
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