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ABSTRACT 

 

This paper deals with control of a linear magnetic-

geared permanent-magnet generator for wave 

power generation using maximum power point 

tracking (MPPT) algorithm. Firstly, the linear 

magnetic-geared permanent-magnet generator 

structure is presented. The machine modeling is 

established based on the finite element analysis 

(FEA). Secondly, by analyzing the dynamic model 

of the wave power, the MPPT algorithm for direct-

drive wave power generation is discussed.  Then, 

the performance for maximizing wave power 

absorption is verified and evaluated by the circuit 

simulator. The results verify that the MPPT 

algorithm is valid for the direct-drive wave power 

generation. 

 

 

1.  INTRODUCTION 

Direct-drive wave energy conversion utilizes the 

linear machine to directly harness reciprocating 

wave motion, hence eliminating the bulky linear-to-

rotary transmission mechanism and the associated 

power losses [1]. In order to match the low 

frequency and huge force of waves, the linear 

machine has to be very large, leading to be 

expensive and difficult to install. Therefore, a 

machine with high force/torque density is suitable 

for this application. Recent years witnessed the 

development of high torque permanent magnet (PM) 

machines in various topologies for direct-drive 

application, notably doubly-salient PM machines 

[2]-[16], flux-reversal PM machines [17]-[18], flux-

switching PM machines [19]-[20], transverse-flux 

PM machines [21]-[22], magnetic gears and the 

associated integrated machines [23]-[30], and 

vernier PM machines [31]-[35], etc. The magnetic 

gear exhibiting superb high torque-density attracts 

widely attentions. Moreover, because of its torque 

transmission characteristics, the magnetic-geared 

machine can realize the so-called “pseudo-direct-

drive”, which means that features of low-speed 

operation and high-speed machine design can be 

retained. 

 

Based on this consideration, a linear magnetic gear 

can be employed to incorporate with a linear 

generator for scaling up the low-speed wave motion 

match with the high-speed linear generator operation. 

In this paper, a novel linear generator, which artfully 

integrates a linear magnetic gear and a linear 

permanent magnet (PM) brushless generator, is 

utilized for Archimedes Wave Swing (AWS) based 

direct-drive wave power generation. When the 

floater of the AWS is under the crest of a wave, the 

chamber of the AWS is constricted; and when the 

floater is under the trough of the wave, the chamber 

stretches, as shown in Fig. 1. The translator of the 

linear generator is connected to the axis of the 

floater, and moves up and down to generate 

electricity. With the use of the linear magnetic-

geared generator, the velocity of the heaving floater 

along with reciprocating wave can be significantly 

amplified for driving the linear generator, hence 

offering larger output voltage and higher power 

density than the low-speed counterpart, and higher 

efficiency and higher reliability than the mechanical 

gear counterpart.  

 

Due to the reciprocating wave motion, the generator 

output exhibits fluctuating power with varying 

voltage and frequency. In order to efficiently and 

effectively absorb and harvest the wave power, 

power conditioning is required. The maximum 

power point tracking (MPPT) is a well-known 

control technique which can enable a photovoltaic 

power system to operate at its maximum power 

capability under various environmental conditions. 

Similar to the photovoltaic power system, wave 

power generation system also exhibits a variable 

voltage-current characteristic under the variable sea 

conditions. Therefore, the MPPT technique can be 

borrowed for power conditioning in wave energy 

conversion. 

 

In this paper, a linear magnetic-geared generator is 

designed and implemented for AWS based wave 

energy conversion. For maximizing the absorbed 

power, a MPPT algorithm is applied for harnessing 

the maximum power from the wave motion. Also, a 

voltage source converter (VSC) connected by a dc-

link to the linear generator is adopted for dealing 

with the power flow from the generator to the 

load/grid. In Section 1, the motivation of this paper 

will be introduced. In Section 2, design of the linear 

magnetic-geared generator will be established. In 

Section 3, the proposed MPPT technique for direct-

drive wave energy conversion will be discussed. 

Section 4 will be devoted to evaluate the proposed 



power conditioning system. Simulated results are 

given to verify the validity of the proposed system. 

 

 
Fig. 1.  Archimedes wave swing. 

 

2.  SYSTEM CONFIGURATION 

 

2.1 Linear Magnetic Gear 

The linear magnetic gear has distinct advantages, 

such as physical isolation between moving parts, no 

mechanical wear and tear, low acoustic noise, and 

inherent overload protection. Fig. 2 illustrates the 

topology of a tubular linear magnetic gear. It 

consists of a high-speed mover, a low-speed mover, 

and stationary field-modulation rings sandwiched 

leaving two air-gaps between them. PMs are 

surface-mounted on the two movers which are 

laminated by iron sheets. The stationary field-

modulation rings are also built by laminated iron 

sheets with epoxy filled in the slots to enhance its 

structural robustness. Due to the field-modulation 

rings, magnetic fields of different pole-pair numbers 

produced by the PMs on the two movers can interact 

together to develop a steady transmission force 

when satisfying the following equations: 
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where Nlm and Nhm are the numbers of active PM 

pole-pairs on the low-speed mover and the high-

speed mover, respectively, Ns is the number of active 

field-modulation ferromagnetic rings in the stator, 

vlm and vhm are the velocities of the low-speed mover 

and the high-speed mover, respectively, and Gr is the 

magnetic gear ratio.  
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Fig. 2.  Tubular linear magnetic gear. 

2.2 Linear PM brushless Machine 

By using the linear magnetic gear for force 

transmission and speed improvement, the linear 

generator can adopt the conventional high-speed 

machine topologies, such as induction machine, 

synchronous machine, PM brushless machine and 

switched reluctance machine, etc. Based on 

considerations of the power density, the torque 

density and the efficiency, the linear PM brushless 

machine is the most suitable candidate.  

 

For matching the linear magnetic gear, an 8-pole/6-

slot tubular linear PM brushless machine is 

designed as show in Fig. 3. The linear PM 

brushless machine consists of a stator and a 

translator. The stator has six slots which house the 

concentrated armature winding. The rotor has 8 PM 

poles mounted on the rotor yoke.  
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Fig. 3. Tubular Linear PM brushless machine. 

 

2.3 Linear Magnetic-geared Machine 

There are two possible ways to integrate the linear 

magnetic gear with the linear PM machine, namely 

the series integration and the parallel integration. 

For series integration, only mechanical coupling is 

achieved and the magnetic circuits of the linear 

magnetic gear and the linear PM machine are 

isolated. For the parallel integration, the magnetic 

gear and the machine share the high-speed mover, 

which results in both mechanical and magnetic 

coupling. As shown in Fig. 4, the integrated 

machine consists of a linear magnetic gear 

sandwiched by a linear PM brushless machine, thus 

artfully sharing with the same shaft (the high-speed 

mover of the gear and the translator of the 

generator). It has two moving parts and two 

stationary parts separated by three air-gaps. For 

mechanical realization, three sets of linear bearing 

should be involved for supporting the two moving 

parts.  

 

The key design data for the linear magnetic-geared 

machine are listed in Table I. By using the finite 

element method, the characteristics of the linear 

magnetic gear and the linear PM brushless machine 

can be obtained. Fig. 5 shows the static force 

waveforms of the low-speed mover and high-speed 



mover. It can be found that the force is reduced by 

2.75 times due to the magnetic gearing effect. 

 

Shared mover

 
Fig.4. Linear magnetic-geared generator. 
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Fig. 5. Static force waveforms. 

 

TABLE I.  DESIGN DATA OF LINEAR MAGNETIC-GEARED 

MACHINE 

Gear  

Gear inside diameter 10 mm 

Gear outside diameter 50 mm 

Gear active length 150 mm 

Gear low-speed mover inside diameter 10 mm 

Gear low-speed mover outside diameter 29 mm 

Mass of gear low-speed mover 2.4 kg 

Gear high-speed mover inside diameter 37 mm 

Gear high-speed mover outside diameter 50 mm 

Gear stationary ferromagnetic ring thickness 6 mm 

Mass of gear high-speed mover 4.2 kg 

Air-gap length 1.0 mm 

No. of active pole-pairs in low-speed mover 11 

No. of active stationary ferromagnetic rings 15 

No. of active pole-pairs in high-speed mover 4 

PM remanence 1.2 T 

Linear generator  

No. of phases 3 

Rated voltage 160 V 

Rated speed  2.75 m/s 

No. of turns per slot 100 

Generator translator inside diameter 41 mm 

Generator translator outside diameter 54 mm 

Generator translator active length 100 mm 

Mass of generator translator 4.2 kg 

Generator stator inside diameter 55 mm 

Generator stator outside diameter 85 mm 

Generator stator axial length 108.3 mm 

Synchronous inductance 95.3 mH 

 

3.  CONTROL ALGORITHM 

As shown in Fig. 1, the heaving floater is coupled to 

the low-speed mover and the low-speed high wave 

heaving force is converted into a high-speed low 

driving force to drive the generator translator. Its 

motion is governed by: 

2
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where Fe is the excitation force of coming waves 

exerting on the floater, Fd is the generator damping 

force, g is the gravitational acceleration, m is the 

mass of the shared mover, and x is the displacement 

of the shared mover. 

The radiation force is given by [36]: 

dt

dx
GB

dt

xd
GAF rrr )()(

2

2
2    (7) 

where A() is the added mass around the floater and 

B() is the energy loss due to the incident waves.  

The hydrostatic force is given by [36]: 

xgSF as    (8) 

where ρ is the density of water and Sa is the wetted 

area of the floater.  

 

The damping force of the linear generator is given 

by [36]: 

Kx
dt

dx
GF rd      (9) 

where  is the force coefficient related to the 

velocity and K is the hydrodynamic stiffness.  

 

Therefore, by combining (6)-(9), the excitation force 

of the coming waves can be expressed as: 
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The maximum power absorption is obtained when 

the natural frequency of the wave energy converter 

coincides with the wave frequency which means that 

the velocity of the point-absorber is in phase with 

the excitation force Fe [37]-[39]. Therefore, the 

impedance of the linear generator should be the 

complex conjugate of the wave energy converter to 

ensure maximum power absorption. 

 

4.  PERFORMANCE VERIFICATION 

For verifying performances of the MPPT algorithm, 

the linear magnetic-geared is connected to a dc 

source via a VSC which enables the bi-directional 

power flow between the generator and the dc source.  

 

By controlling the generator thrust, the impedance of 

the generator can be similar as the complex 



conjugate of the wave energy converter. Therefore, 

the wave energy converter can resonantly operate 

with the incident waves and the absorbed power can 

be maximized. By using the field-oriented control, 

the reference signal of quadrature-axis current can 

be calculated based on the translator velocity 

information. Then, the actual current signal is 

compared with the current reference signal for 

obtaining the error signals which are feed into a PI 

controller for generating a set of control pulse signal. 

With these firing signals, power switches of VSC 

are turned on and off for tracing the reference signal. 

By using VSC, the power can flow bi-directionally 

for ensuring the wave energy converter to resonate 

with the waves. 
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Fig. 6. Force waveform of incident waves. 
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Fig. 7. Force waveform of the low-speed mover. 
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Fig. 8. Velocity of the low-speed mover. 
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Fig. 9. Force waveform of the high-speed mover. 
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Fig. 10. Velocity of the high-speed mover. 
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Fig. 11. No-load EMF waveforms. 
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Fig. 12. Terminal voltage waveforms. 



0.0 0.2 0.4 0.6 0.8 1.0

-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5
C

u
rr

e
n

t 
(A

)

Time (s)
 

Fig. 13. Current waveforms. 
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Fig. 14. Active power absorbed by the linear magnetic-geared 

generator. 

 

Monochromatic waves which exert on the floater of 

AWS are considered in this paper. Fig. 6 shows the 

force exerted on the buoy which is sinusoidal with 

amplitude of 500 N and a frequency of 1.5 Hz. Since 

the floater is coupled to the low-speed mover of the 

linear magnetic-geared generator, the low-speed 

mover is driven by the floater and the high-speed 

mover is driven by the low-speed mover with speed 

amplification. Fig. 7 and Fig. 8 show the thrust force 

and speed waveforms of the low-speed mover, 

respectively. The speed of the low-speed mover is 

sinusoidal with amplitude of 1.27. Fig. 9 and Fig. 10 

illustrate the thrust force and speed waveforms of 

the high-speed mover, respectively. The force of the 

high-speed mover is also sinusoidal with amplitude 

of 180 N. The speed of the high-speed mover is 

sinusoidal with amplitude of 3.5. The force of the 

waves is scaled down by a ratio of 2.75 via the 

linear magnetic gear and the speed of the shared 

mover is scaled up by a ratio of 2.75. The low-speed 

and high-force-density of wave energy is 

transformed into an energy source with a high-speed 

and low-force-density feature. 

 

Fig. 11 illustrates the no-load voltage waveforms of 

the linear magnetic-geared generator. Its amplitude 

is about 200V. Fig. 12 and Fig. 13 show the terminal 

voltage and current waveforms. The voltage 

amplitude is about 120 V. Since the speed is scaled 

up by the linear magnetic gear, the voltage 

amplitude of the linear generator is improved. By 

comparing waveforms in Fig. 12 and Fig.13, it can 

be observed that with the MPPT algorithm and field-

oriented control, the current is nearly in phase with 

the voltage waveform. Also, in Fig. 9, the translator 

force waveform has a correct phase relationship with 

the force waveform of incident waves. Due to the 

control of the linear generator force, the wave 

energy converter operates in resonance with the 

incident waves. Therefore, the maximum power can 

be absorbed from the wave energy. Fig. 14 shows 

the absorbed power waveforms of the linear 

magnetic-geared generator. The active power has 

amplitude of 230 W which is transferred to the dc-

link via VSC. 

 

5.  CONCLUSIONS 

In this paper, a linear magnetic-geared generator is 

applied for the AWS based direct-drive wave energy 

conversion. In order to absorb the maximized power, 

the MPPT algorithm is adopted for regulating the 

generator force for making the wave energy 

converter operating resonantly with the incident 

waves. The linear magnetic gear and the linear PM 

generator parameters are calculated based on FEM. 

Then, the mathematical modeling the linear 

magnetic-geared generator is established. The 

maximum power absorption condition and the 

MPPT algorithm are studied. For verifying the 

performance of the MPPT algorithm, the linear 

magnetic-geared generator is connected to a dc 

source via a full-bridge VSI which can enable the bi-

directional power flow. Therefore, the AWS based 

wave energy converter can operate resonantly with 

the incident waves. The simulation results verify 

that the absorbed power by the linear magnetic-

geared generator can be maximized by using the 

MPPT control algorithm. 
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