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Abstract. Establishing a theoretical model for Ocean Wave Energy Convertor in advance is a necessary
step during studying the energy harvesting of ocean wave which can save the engineering cost and improve
research efficiency. Since low energy conversion efficiency existed in wave energy convertor when
capturing ocean wave energy, the mechanism of slotless Halbach linear generator which can optimize the
magnetic field distribution of the generator is adopted as the secondary energy conversion devices to solve
the problem. The magnetic vector potential theory is introduced to analysis the topology of Halbach linear
generator, then expressions of the generator’s performance have been deduced. Hence, the analysis model
of the Halbach linear generator has been settled. To obtain the global optimal solution, the simulated
annealing algorithm has been used to slove that derived model. Then a series of linear generator’s design
parameters are fixed, which include dimensions of permanent magnets and winding coils. The error of
linear generator’s peak power between analytical solution results and simulation results is about 3.6%. The
experiment result demonstrates that maximum output power of optimized Halbach linear generator reaches

570w.

1 Introduction

With the development of the world economy and the
grown of population, and the demand for energy is
increasing. Countries have successively carried out
research on new green energy. Ocean wave energy have
received a lot of attention because of their characteristics
of high energy density, wide distribution and
inexhaustible[1]. The UK has built the Orkney Wave
Power Test Site and manufactured the wave power
generation equipment with power of 2MW. A Scottish
company has designed a wave energy convertor called
Pelamis, and whose electricity capacity is nearly to
IMW. A Swedish company has designed a type of one-
body linear generator with vertical oscillating buoy, and
whose output power can achieve 20kW. An American
company has invented a two-body powerbuoy device
generating electricity through the relative motion of two
oscillating floats[2-4]. China's study on ocean wave
energy harvesting mainly concentrates on the type of
fixed and floating wave energy convertor[5]. Wanshan
island power station in Zhuhai with installed electricity
of 3kW has been constructed, then the 20kW shore-
mounted wave energy station has been built. The 8kW
pendulum type wave power station, the 100kW shore-
mounted oscillating water column power station and the
30kW pendulum type wave power station has been built
one after another. For the time being, the research
direction of ocean wave energy convertor mainly focuses
on large-scale ocean wave convertor, while the research
on small-scale ocean energy harvesting are less
relatively[9]. In this paper, a comprehensive theoretical
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model of slotless Halbach linear generator is proposed to
analyze the conversion of process of wave energy to
electric energy, which can be used in researching small-
scale ocean wave energy device and providing energy
source for establishment of ocean buoy monitoring
system.

During the process of designing wave energy
convertor, some critical parameters need to be optimized.
The study[10] found that several parameters have impact
on performance of the linear generator, which are the
length and thickness of the permanent magnet (PM), the
central shaft radius, the width of air gap, the wire gauge
of winding coil and the wave speed. The optimization of
several parameters is a combinatorial optimization
problem. There are some global optimization algorithms
used to solve the problem, such as genetic algorithm,
simulated annealing algorithm(SAA) and ant colony
optimization algorithm[11]. In references[12-13], the
genetic algorithm was adopted to solve the optimization
design problem of permanent magnet linear motor, after
that the performance of the motor was improved.
Reference[14] applied ant colony algorithm to solve the
optimal design of multi-megawatt wind turbines with
Halbach Permanent magnet synchronous generator.
Markovic adopted a software named ProDesign for
optimal design to improve the power density, but the
software only returned one output parameter[15].
Kirkpatrick et al.[16] introduced the idea of annealing
into the field of combinatorial optimization and
compared the combinatorial optimization problems with
thermodynamic  equilibrium issues in statistical
mechanics.Consequently, an approximate global optimal
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solution was obtained in the process of simulated
annealing. The simulated annealing algorithm is able to
achieve the balance between accuracy and efficiency.
The algorithm can probabilistically jump over the trap of
local optimal solution and eventually get an
approximately global optimizaiton. Therefore, the SAA
will be adopted to optimize the critical parameters of
Halbach linear generator.

2 Introduction of ocean wave energy
convertor

Harvesting ocean wave energy has various convertors
with different configurations. There are oscillating water
column, hydraulic transmission and direct-driven linear
generator[17], as shown in Fig.1. In the third type, the
convertor has a construction of two-body oscillating
buoy and uses the Halbach linear generator as the
secondary energy convertor. The linear generator
produces electricity through relative motion between
different components. The energy conversion process of
directly driven can effectively decrease intermediate link
mechanism and energy loss.
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Fig. 1. Schematic of wave energy convertor

3 Model of the Halbach linear generator

3.1 Topology

To save engineering cost and increase efficiency of the
research work, a theoretical model will be established
before developing the specific equipment. Reference[18]
indicates that when the input of wave force is 4kN - m?,
and the output of the generator is 3k . The reason is
that conventional linear generators adopt slotted
armature to decrease the air reluctance on purpose of
improving the efficiency in electricity generation. While,
the periodically changed cogging force (a type of
magnetic resistance) introduced by slotted armature will
greatly hinder the relative motion between generator’s
rotor and stator, and cogging force will lead to instability
of the system. This design has adopted slotless armature
to weaken detent force effectively and improve the
stability of generator. In order to further improve
efficiency of energy conversion, the permanent of wave
energy convertor will use Halbach permanent magnet
arrays.

(d)

Fig. 2. Finite element calculation results of four types of
magnetic field distributions

Fig.2 illustrates finite element calculation results of
four types of magnetic field distribution. The simulation
results respectively are slotted axial magnetization,
slotless Halbach axial magnetization with coreless,
slotted axial magnetization with core and slotless
Halbach axial magnetization with core, as shown in
Fig.2(a), (b), (c), (d). Hence, the design of slotless
Halbach permanent magnet (PM) arrays can optimize the
magnetic field distribution. The topology of Halbach
linear generator is shown in Fig.3, where (a) is the 3D
model of the linear generator and (b) is the generator’s
axial section.
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Fig. 3. The topology of Halbach linear generator
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3.2 The comprehensive analysis model

According to Faraday’s law of electromagnetic induction,
the inductive electromotive force generated by the
system can be written as:

o _dY _ _y4e do )

dt dt

where ¥=N® . The induced electromotive force of
winding coil is proportional to it’s turns and the change
rate of magnetic flux[19]. In the process of establishing
magnetic field distribution model, The three regions are
air gap region - region 1, Halbach permanent magnet
array region - region 2 and central shaft of armature -
region 3. The magnetic field strength of magnet and free
space domain can be expressed as

_ HoH )
MH + pgM
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where (=t . , and 4, represents permeability in vacuum,

M, represents permeability in magnetic. H and B, are
respectively magnetic intensity and strength of the
magnetized field, both of which are vector. The magnetic
field is a curl field without divergence and magnetic
induction lines are always closed, hence the divergence
of magnetic induction intensity is always zero,
ie. V-B=0. According to the vector analysis theory,
introducing vector vV to equation(2) , then equation(3)
can be written as:

Viv,=0

{ 3)

V2v, =—u,-V-B,
The magnetized magnetic density can be solved by
Fourier transform,
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where B,,,and B, are radial magnetic density and axial
magnetic density of Halbach PM arrays in cylindrical

. . 2jz
coordinates system, respectively. And 7, =7 where

n;is the jth spatial angular frequency of the harmonic
component.

In cylindrical coordinates, the vector V has only one
component, i.e. Vy. Hence, equations of corresponding
regions can be obtained as follow:
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the continuity of boundaries between regions 1 and 2, 2
and 3 should satisfy the following conditions:

B, B
1z _ 22z _le’ B[p — sz
Ho o 6)
& = i _[—]3 y B3 = BZ
Ho Ho : i r

Consequently, the magnetic flux density of regions 1
and 3 are 0. By solving boundary condition equations
and regional equations, expressions of magnetic field
intensity of three regions can be written as follows:
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where I and K are the modified bessel function of the
first and the second function, respectively. Thus, the flux
and reaction force of one single coil can be written as:
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where [,;. is the width of air gap , % is the height of each

single winding coil. In equation (9), F is regarded as a
parameter related to the damping, then generator’s power
take-off(PTO) can be obtained. Then the equivalent
damping coeffiecient of PTO system will be defined as
equation (10), where v is the velocity of ocean wave.
CPT 0 — dF (10)
du
Assuming that the effective value of induction
electromotive force (EMF) is E, the output power and
output voltage of the Halbach linear generator can be
expressed as follows:

_E
R, +R
L E (11)

2
R
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where R;is the coil’s internal impedance, and R, is the

generator’s external load. When the condition R, =R, is
satisfied, the maximum power can be achieved.

4 Study on the model of Halbach linear
generator

4.1 Effect of winding gauge on Halbach linear
generator’s output power

It’s generally considered that selection of winding gauge
will impact on output power of the generator. Under the
same winding topology, the coil’s turns is inversely

. . . . N
proportional to square of wire diameter, i.e. N = e And

the EMF is determined by the turns while keeping other
parameters be constant. The total resistance of winding
coils is given by

L 8nr,R N
R=R —=—%* 12
Y wd? (12)

Where 7, is the coil’s radius, R, is the relative

resistance, and d is wire diameter. From aforementioned
equations (1) and (8), the maximum output power of
coils can be expressed as f0110WS'

2N dd .,
E2 (7) d°N (—)°S
P =E di (13)
4R 32rcoilRp 32rcoilRp

From equation (13), we can deduced that the output
power is independent of the AWG selection. But it’s
undeniable that the diameter of the winding coil has a
significant influence on the current which the linear
generator can withstand.
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4.2. Effect of permanent magent’s thickness on
Halbach linear generator’s output power

According to the theoretical model established in the
paper’s second part, the PM thickness of Halbach linear

generator [, is a parameter affecting directly the value of
flux W and reaction force F . In order to find the
relationship between /, and output power of ther
generator, the following parameters should be specified
which are length of four-segments Halbach PM /, ,

central shaft raidus 7, , air gap width [, and coil’s AWG.

Fig.4 shows that the peak power of the linear generator
increases monotonously as PM thickness thicker. The
reason is that magnetic density distribution in the air gap
is enhanced with the thickness of permanent magnet
becoming greater. Correspondingly, the output power of
the linear generator has also increased.
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Fig. 4. The relationship between Halbach linear generator’s
peak power and the thickness of permanent magnet.

4.3. Effect of the central shaft’s radius on
Halbach linear generator’s output power

Fig.5 indicates that the peak power of the Halbach linear
generator is also increasing monotonously as 7,

increasing with the value of /,, /,, [, and AWG are
specified as the constants.
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Fig. 5. The relationship between Halbach linear generator’s
peak power and the radius of central shaft.
Besides, it can be observed from Fig.4 and Fig.5 that
equivalent damping coefficient of the linear generator is
increasing monotonously with increasement of /, and 7, .

The reason is that after the central shaft radius and the
PM thickness of the generator are getting larger in size,
the magnetic distribution will be enhanced and the

600 [

Equivalent PTO Damping Coefficient (N/m)

400 -

magnetomotive force becomes larger. In addition, the
equivalent PTO damping coefficient will also increase.
Additionally, the structure of the generator will become
cumbersome as its size becoming larger, which also will
raise the processing costs and complicate assembly.
Actual requiremnts and occasion demands ought to be
considered.

4.4. Magnetic density distribution of Halbach
linear generator theoretical model

To testify the theoretical model of Halbach linear
generator, simulated calculation and analytical
calculation were performed respectively with COMSOL
and MATLAB, as shown in Figures 6-8. The maximum
magnetic flux density of PM arrays on the Z axial
direction is 0.75T, and the maximum magnetic flux of
PM arrays on the P axial direction reaches 1.4T. This
topology can greatly suppresses the magnetic flux
density distribution on the z axial.
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Fig. 6. Magnetic density distribution of PM arrays on z axis
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Fig. 7. Magnetic density distribution of PM arrays on £ axis
The magnetic field distribution of Halbach linear
generator is shown in Figure 8. It is found that the finite
element simulation result is basically match with the
analytical calculation result.
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Fig. 8. Magnetic density distribution of PM arrays for Halbach
linear generator
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5 Application of simulated annealing
algorithm

5.1. Flowchart of simulated annealing algorithm

The SAA adopts Metropolis acceptance criterion and a
cooling schedule consisted of four parameters to control
the process of the algorithm. The process of iterative was
started from a certain initial value, and then generate a
new solution. Subsequently, accept or reject the new
value with a specified probability. Parameters of cooling

schedule are initial value Z;, end value ?,, length of the
Markov Chain L, and decay function @ [20].

According to the experiment conclusion by Johnson
et al. [21], the value of ¢, was defined as 10* . The
stopping criterion constructed by Nahar et al. indicates
that high quality eventual solution can be obtained only
if control parameter is insignificant compared with its
initial value[22]. Therefore, the eventual value of control
parameter is defined as 0.01. And the length of Markov
Chain is fixed as 200. As for control parameter’s decay
function, a small attenuation will make the algorithm
process access more neighbourhoods and return higher
quality eventual solution. %,; =a-fis a common decay
function of the control parameter, which was primarily
proposed by Kirkpatrick et al.[16]. The @ was settled to
0.95 in that paper. To keep quality of eventual solution
without affecting CPU time rationality, the value of & is
defined as 0.95. The flowchart of SAA is shown in Fig.9.
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L

Fig. 9. The flow chart of Simulated Annealing Algorithm

5.2. Verification for Halbach linear generator
model

Solving the theoretical model, the maximum power of
Halbach linear generator is 504W. The result can be
gained by observing Fig.10.

From Fig.11, the maximum power of the Halbach
linear generator is 527.24W. Generator’s parameters are
settled, which are the width of air gap is 6mm, the length
of four-segments Halbach permanent magnetic (PM)
arrays is 392mm, the radius of central shaft is 20mm,
thickness of the PM is 48mm, the height of one single
coil is 40mm.
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Fig. 10. The peak power of a single phase coils
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Fig. 11. Result of simulated annealing algorithm
The error between the SAA’s result and the
analytical solution’s is within 3.6%. They are basically
matched. Corresponding parameters of the Halbach
linear generator are shown in Tablel.

Table 1. Design parameters of the Halbach linear generator

Parameters Value
width of the air gap 6mm
length of four-segments Halbach PM 399mm
arrays
radius of central shaft 20mm
thickness of the PM 48mm
height of one single coil 67mm

6 Conclusion

The Halbach linear generator’s prototype is shown in
Figure 12. The inner diameter of PM arrays is 40mm, the
outer diameter is 80mm, and the height is 50mm. All
magnets are assembled on a ring aluminum central shaft.
Three-phase coils are wrapped by an armature made of
silicon steel. The inner diameter of each single phase
coils is 92mm, the outer diameter is 132mm, and the
height is 67mm. The linear actuator controlled by
Simulink simulates the force of the waves, and it
provides speeds up to 1.2m/s. The position sensor is used
to measure relative movement and provide feedback
signals to the linear actuator. A force sensor is used in
the prototype to measure the reaction force. When the
impedance of the load and the coils matches, the average
output power of the prototype achieves 142W at a
relative speed of 0.53m/s. When the speed is 1m/s, the
total maximum output power of the system is expected
to achieve 570W.
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ach Magnet Array

Fig. 12. Prototype for Halbach linear generator

This paper presents the topology of Halbach linear
generator and analysis several selected parameters which
have impact on the magnetic density distribution. Then
using SAA to gain a group of design parameters and the
maximum output power of the small-scale ocean wave
convertor. Additionally, the flux density in the air gap is
up to 1.4T in this design. Excessive magnetic field
density will make generator lead to supersaturation. That
is worth noting in the experiment.
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