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Summary 
 

To harness electrical energy from the ocean, a wave energy converter (WEC) is used. The WEC 

harnesses ocean energy in a form of mechanical energy through the motion of floating or 

submersed component according to the incident waves, and this mechanical energy is 

transformed into electrical energy with the help of an electrical generator.  

The major issue for non-dispatchable renewable energy sources is variability and the 

production of electrical energy cannot be controlled. Wave energy is also a source of renewable 

energy. The energy produced from the ocean waves cannot be regulated, even though wave 

energy has less variability compared to other renewable energy sources (wind, solar). Usually, 

a group of WECs (wave park) is connected to the grid, but for simplicity, a standalone grid-

connected WEC is considered in this thesis. The electrical output power of the WEC is not 

constant and is not maximized as well, which does not allow the WEC to connect to the grid 

without any intermediate stage. To solve this issue at first, the output power of the WEC is 

converted into DC power with the help of a rectifier. This rectification can be done in two 

ways: one is passive and another one is active rectification. The basic difference between active 

and passive rectification is in the switching control of the semiconductor switches. Passive 

rectification does not provide any freedom to control the switches, as the switching depends on 

the polarity of the input AC voltage, whereas switching of the active rectifier can be controlled 

according to the chosen parameter variation.  

The WEC produces maximum power when the mechanical construction of the WEC is in 

resonance with the incident waves, which can be achieved by controlling the acting load of the 

generator through an active rectifier. This is known as optimal damping control of the WEC. 

The damping coefficient can be varied according to the incident wave condition. To ensure the 

resonance of the WEC with the incident wave, the active rectifier regulates the demand load 

current of the generator according to the damping coefficient.  

When the incident wave and WEC is in mechanical resonance, the load current demand is kept 

optimal. Otherwise, the current demand is increased to a higher value, which will cause a 

slower oscillation of the WEC. Finally, the output power of the WEC is fed into the grid with 

the help of a voltage source inverter.  

The active rectification of the WEC output current does not provide reliability like the 

traditional power plants in terms of constant power supply to the grid. The varying output 

power from the WEC causes instability to the grid, such as overproduction and 

underproduction than the load demand. This uncertainty of the production and consumption 

reduces the reliability of the grid and may lead to a blackout. To solve this issue energy storage 

system is introduced in the system, which stores energy during overproduction and discharges 

energy during underproduction. This ensures smooth power output from the WEC to the grid, 

but charging and discharging of the energy storage system is done with the bi-directional DC-

DC converter.  

The integration of the WEC to the grid also depends on the power electronics converters, these 

power electronic converters inject harmonics into the grid voltage and current. If the injected 

harmonics are much higher in the grid, it creates excessive losses in the transmission line and 

the industrial appliances (motor) and may lead to failure in the operation of the appliances. To 

limit these harmonics grid-filter (RL or LCL) is used for the inverter.  
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In this thesis, the damping coefficient is used as a control parameter for the active rectifier to 

extract maximum power from the ocean by controlling the line current of the generator in order 

to reduce the generator losses. In addition, the output power profile of a standalone grid-

connected WEC without any energy storage facility is demonstrated in this thesis. Furthermore, 

WEC with a hybrid energy storage system to provide smooth power to the grid is also illustrated 

in this thesis. 
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Nomenclature 
 

EMF    Electromotive force 

IGBT    Insulated-gate bipolar transistor 

OPEC     Organization of Petroleum Exporting Countries 

PWM      Pulse width modulator  

PMSM    Permanent magnet synchronous machine 

PMLG    Permanent magnet linear generator  

PCC    Point of common coupling  

SOC     State of charge 

VSC       Voltage source converter  

WEC      Wave energy converter   
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Chapter 1 

INTRODUCTION 

 
 Introduction 

To protect the earth from global warming, the emission of CO2 is required to be reduced. For 

this reason, society and scientists are looking for green technologies in every sector, including 

electrical power generation technologies. The traditional power plant is being replaced by 

renewable energy sources. Intermittency and non-dispatchability are the major issues for the 

renewable energy sources, the extracted power from these resources are not pronounced, which 

raises a question on the reliability of the electrical grid. To have a reliable electrical grid as 

well as green energy it is essential to minimize the intermittency of the natural resources as 

much as possible. Different methods are being adapted to manage intermittency and generated 

power fluctuations from natural resources. One of the most adapted methods almost for all 

renewable energy sources is the energy storage system.  

 Historical Background  

Renewable sources are also becoming more attractive, mainly as the prices of traditional 

sources of energy become more expensive [1]. More effort is being positioned into developing 

these technologies and focusing on more natural renewable energy sources, especially for 

electrical power generation. 

The most known technologies based upon the natural energy sources are hydro, wind, solar 

PV, solar thermal, and geothermal energy sources. There are advantages and disadvantages to 

each natural energy resource. For hydro based generating units, a dam has to be made across 

the river which creates an impact on river lives as well as natural beauties [2]. Even now, except 

for hydropower plants, wind farms are the most common and preferable energy resource [3]. 

The large rotating blades of the wind farm cause noise pollution as well as it also kills birds 

passing through it [4]. 

In 70’s an oil crisis occurred when the Organization of Petroleum Exporting Countries (OPEC) 

placed an embargo on shipments of oil between US and Europe. This crisis made a demand for 

a new energy source for the researchers. The researchers started to work on wave energy 

conversion. During that time, an engineer from Scotland, Stephen Salter took the first step to 

develop ocean energy conversion. He introduced an ocean energy converter named Salter’s 

Duck [5]. Salter’s Duck produced six megawatts (MW) of electrical power and the cost per 

kilowatt-hour of energy was $1 [6]. The initial cost of this wave energy converter was too high. 

Due to this high cost, Salter’s Duck technology was stopped from the production of electricity 

[6]. 

Different wave energy devices have been proposed and developed over the past few years to 

capture energy from the ocean waves. Some of the supplementary promising designs are 

undergoing demonstration testing at commercial scales [6]. In recent years some developed 

countries have started to use wave power technologies for harnessing energy from the ocean 

waves [7]. Researchers give four types of ocean energy conversion: Wave energy, Tidal 

energy, Marine Current energy, and Ocean thermal energy conversion [8]. 
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 Point Absorber 

Among all the renewable energy sources, the ocean waves have the highest energy potential. 

The available energy potential of the ocean waves vary depending on technologies that are used 

to extract energy, and the approximate energy potential is around  8 × 106 TWh/ year [9]. 

There are several technologies available to convert ocean energy into electrical energy. The 

point absorber is one of the trending technologies to harness power from the sea [10]. Point 

absorber uses a heave motion to convert wave energy into electrical energy [11] 

The Uppsala University’s point absorber consists of a buoy, connecting wire, and linear 

generator. The buoy follows the wave curvature according to the wave frequency and produces 

heave motion, which induces force for the permanent magnet linear generator (PMLG) to 

produce electrical power [12]. The connecting wire transfers the force from the buoy to the 

translator of the PMLG. Figure 1.1 shows the schematic of a point absorber. 

 

 

 

Figure 1.1: Schematic of a point absorber [13] 

Ocean waves are variable, which is the input mechanical power for the point absorber, so the 

produced power by the point absorber is also fluctuating. To smooth the output power of the 

point absorber, energy storage systems are used. Figure 1.2 shows the schematic of a point 

absorber connected to the grid along with an energy storage system. From the schematic, it is 

seen that the output power from the point absorber is converted into DC power with the help 

of an AC-DC converter and fed into the DC link, for charging and discharging of the energy 

storage systems (ESS) power electronics converters are used. Finally, a DC-AC converter is 

used for integrating the point absorber with ESS into the grid. 
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Figure 1.2: Schematic of a point absorber with energy storage system [14]  

 Earlier Research  

To extract maximum power from the point absorber and smoothing the output power 

fluctuation of the point absorber due to variation of the incident waves different methods, and 

energy storage systems have been proposed over the past few years. 

To extract maximum power from the point absorber for a nonlinear load, the damping of PMLG 

is varied by a passive rectifier and capacitive filter in [15]. Higher damping of the PMLG 

increases the resistive loss but also increases the absorbed power by the point absorber and 

reduces output power fluctuation [15]. Controlling the DC link voltage through an inverter to 

extract maximum power from the waves by a point absorber is proposed in [16]. The point 

absorber produces more energy when it is in resonance with the incident wave frequency. To 

achieve resonance with the dominant sea condition for a point absorber, an addition of a 

submerged spherical body with the buoy is shown in [17]. The captured power ratio of a point 

absorber depends on the depth of the spherical submerged body, decreasing the depth of the 

submerged body results in a lower captured power ratio [17]. Optimum power capture of a 

heaving device is proposed in [18] by employing zero phase difference between the excitation 

force and the buoy velocity, which is known as latching control. The latching control strategy 

using additional accumulators is proposed in [19] for a point absorber based on a hydraulic 

PTO system. The hydraulic fluid flow rate through the hydraulic motor and pressure inside the 

reservoir can be controlled by varying the generator torque, which is a passive load on the 

system [19]. An optimal torque control strategy for the generator through a back-to-back 

converter is implemented in [19]. A current-controlled DC-DC boost converter is proposed in 

[20] to determine the optimal loading of the generator for maximizing the produced power of 

a heaving wave energy converter. 

The optimal damping coefficient for a linear generator is deduced in [21] to extract the 

maximum power as well as restrict the operation of the generator inside the safety zone. The 

implementation of optimal damping control with the help of a voltage source converter is 

demonstrated in [22]. A damping control strategy using a back-to-back converter to extract 

maximum power is suggested in [23], for three different operating speed regions of the linear 

generator. Using the damping coefficient as a control parameter for a WEC, the maximum 

power point tracking method with the help of a back-to-back converter is described in [24]. In 

order to maintain a zero phase shift between the excitation force and the buoy velocity, different 

control schemes of the direct and the quadrature axis currents for different velocity regions of 

the WEC is demonstrated in [24]. The PTO damping value can be varied according to the phase 

difference of the buoy speed and excitation force, when excitation force and buoy speed are in 

phase a lower damping coefficient is used, and when both of them are out of phase the damping 

coefficient holds to a higher value [24]. 
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For smoothing the output power, different storage and control schemes have been proposed for 

intermittent sources. To charge and discharge a flywheel energy storage system two-step 

control strategy is described in [25]. To remove power fluctuation due to the variability of wind 

source flywheel is proposed as an energy storage system in [26]. The power quality of a wind 

farm along with a flywheel is analyzed in [26]. To smooth the output power from a wave park, 

a power control strategy with a power filtering process for the flywheel is proposed in [27]. 

Control schemes and design procedure of a hybrid energy storage system for intermittent 

energy resources are analyzed in [28]. To reduce the power fluctuation from a wave energy 

park, the use of an energy management control system for a hybrid energy storage system 

consisting of battery and supercapacitor is described in [29], the capacitor mitigate high power 

fluctuations and reduce stress on the battery. A reduction in the fluctuation of output power 

from WEC park and load regulation of the grid is shown[30] with the battery as an energy 

storage system. 

 Objectives of The Thesis  

The objectives of the thesis are stated below: 

➢ The power produced by the WEC needs to be converted into DC before integrating it 

into the grid. To rectify WEC output power, as well as ensuring maximum power 

extraction a voltage source converter is used for active rectification purpose.  

➢ Comparison of the converted power and operating condition of the permanent magnet 

linear generator both for diode and active rectification.    

➢ Integration of the WEC to the grid through active rectifier and inverter without any 

energy storage system to analyze the amount of power that is fed into the grid.  

➢ To maintain a smooth and constant power supply by the WEC to the grid, a hybrid 

energy storage system is designed. The behavior of the hybrid energy system due to the 

variation of WEC output power is analyzed. In addition, the ability to inject active and 

reactive power by the system at the PCC according to load demand is also evaluated.  

 Delimitations  

➢ As the grid parameter was not available, a three-phase AC source was considered as a 

strong grid.  

➢ To prevent zero-sequence current circulation between the WEC and flywheel, a voltage 

source converter with frequency control and an isolation transformer between WEC 

and flywheel is not included in this study, as the frequency of flywheel and WEC are 

not constant so, an isolation transformer cannot be used between them. 

➢ SOC of the energy storage system was not considered as it would depend on the sizing 

of the energy storage system which is not included in this study. 
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Chapter 2 

THEORY AND WORKING PRINCIPLE 
 

In this chapter, the forces acting on the wave energy converter (WEC), the mathematical model 

of permanent magnet linear generator is explained along with the power electronics converter 

and energy storage systems which have been used for this research paper. 

 Hydro-Dynamic Model of a Point Absorber  

The hydrodynamic model of the point absorber was analyzed based on the force on the 

translator, buoy, and the connecting wire between the buoy and the translator. The resultant of 

the hydrodynamic model is the buoy and translator vertical velocity and displacement, which 

produces excitation force on the translator of the point absorber. The wave motion can be 

expressed by the following equations [30]: 

𝑚𝑏𝑧�̈�(𝑡) = 𝑓𝑒𝑥𝑐(𝑡) − 𝑔𝑚𝑏(𝑡) + 𝑓𝑏(𝑡) − 𝑓𝑤(𝑡) − 𝑓𝑟(𝑡) − 𝑓ℎ(𝑡)  (2.1) 

𝑚𝑡𝑧�̈�(𝑡)  = 𝑓𝑤(𝑡) − 𝑔𝑚𝑡(𝑡) − 𝑓𝑒𝑠(𝑡) − 𝑓𝑑 (𝑡)  (2.2) 

Here mb and mt are the mass of the buoy and the translator respectively, 𝑧�̈� and 𝑧�̈� are the 

acceleration of the buoy and translator respectively, gravitational acceleration acting on the 

buoy and the translator is denoted by g, fexc(t) is the excitation force on the translator due to 

incident wave, fw(t) is the force on the connecting wire, buoyancy force is denoted by fb(t), fr(t) 

is the radiation force due to the motion of the buoy, the hydrostatic stiffness force is denoted 

by fh(t), fd is the electromagnetic damping force on the translator due to extraction of electrical 

power from the linear generator, fes(t) is the end stop spring force, the schematic of the acting 

forces on the buoy and the translator are shown in Figure 2.1. 

 

 

Figure 2.1: Schematic of acting forces on the buoy and translator of a point absorber [31] 
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2.1.1. Forces on The Buoy  

The excitation force depends on the incident wave amplitude and frequency [13]. Excitation 

force can be expressed as follows [31]: 

𝑓𝑒𝑥𝑐(𝑡) = 𝑓𝑒(𝑡) ∗ ɳ(𝑡)                        (2.3) 

Here, fexc(t) is the excitation force in the time domain, ɳ(t) is the water surface elevation with 

respect to mean water level, fe(t) is the impulse response function of the excitation force.  

The radiation force, end stop spring force, and buoyancy force can be found from equation 

(2.4) to (2.6) respectively  [13], [31]: 

𝑓𝑟(𝑡) = 𝑚𝑎𝑧�̈�(𝑡) + ∫ 𝐾(𝑡 − 𝜏)𝑧�̇�(𝜏) 𝑑𝜏
𝑡

0
        (2.4) 

𝑓𝑒𝑠(𝑡) = {
𝑘𝑢(𝑧𝑡 − 𝑙𝑢), 𝑖𝑓 𝑙𝑢 < 𝑧𝑡;

𝑘𝑙(𝑧𝑡 + 𝑙𝑙), 𝑖𝑓 𝑙𝑙 < −𝑧𝑡;
0    , 𝑒𝑠𝑙𝑒 

                   (2.5) 

𝑓𝑏(t) = 𝜌𝑔V                        (2.6) 

Here fr is the radiation force acting on the buoy, added mass at infinite frequency is denoted by 

ma, zb is the displacement of the buoy, the impulse response function of radiation force is 

denoted by K(t), ku, kl, ll, and lu are the upper spring coefficient, lower spring coefficient, lower 

spring end stop distance, and upper spring end stop distance respectively, translator 

displacement is denoted as zt, V represents the submerged volume of the buoy. The hydrostatic 

stiffness force depends on the displacement of the buoy, which can be calculated as follows 

[31]: 

𝐹ℎ(𝑡) =  𝜌𝑔𝐴𝑤𝑧𝑏(𝑡)           (2.7) 

Here 𝜌 is the density of seawater, cross sectional area of the buoy in undistributed conditions 

is noted as Aw, g is the gravitational acceleration, zb is the displacement of the buoy from the 

surface water of the sea, Fh(t) is the hydrostatic force. The acting force on the wire which 

connects the buoy and the translator and provides motion to the translator according to the buoy 

velocity can be found from the displacement of the buoy and translator. If the buoy 

displacement is larger than the translator displacement, the point absorber will harness energy 

from the sea else the converted energy of the point absorber from the sea is zero. The acting 

force on the connecting wire can be expressed as follows [13]: 

𝑓𝑤(𝑡) = {
𝑘𝑤 × (𝑧𝑏 − 𝑧𝑡); 𝑧𝑏 > 𝑧𝑡

0; 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒
          (2.8) 

Here fw(t) is the force on connecting wire in the time domain, zt is the displacement of the 

translator, wire stiffness coefficient is denoted as kw. 

 Permanent Magnet Linear Generator 

The methodology and working principle of a permanent magnet linear generator (PMLG) are 

equivalent to the rotary type generator except for the motion of the rotor. In a linear generator, 

the motion of the rotor is reciprocal, and in the rotary type generator, it is rotational. The 

reciprocal motion of the rotor in a linear generator indicates a bi-directional movement of the 

rotor [24]. The rotor of the linear generator is known as a translator. The magnets are mounted 

on the translator (mimic rotor) in a PMLG. The induced electromotive force (EMF) in the stator 

of the linear generator varies according to the variation of induced flux between the translator 
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and stator whereas, the magnetic field varies according to the velocity of the translator. The 

output power of the linear generator depends on acting forces on the translator.  

2.2.1. Mathematical Model of Permanent Magnet Linear Generator 

The flux linking in the stator coils of a PMLG varies according to the relative movement 

between the translator and the stator. Equation (2.9) can be used to calculate the flux linking in 

a stator coil [32][33]. 

      𝜙(𝑡) = 𝜙𝑝  𝑠𝑖𝑛  (
𝜋

𝜏𝑝
𝑧𝑡(𝑡))                               (2.9) 

Here 𝜙𝑝 is the peak amplitude of the magnetic flux, the pole pitch is denoted as 𝜏𝑝, if the 

translator displacement is zero then flux linkage in the stator will be zero. The peak amplitude 

of the magnetic flux depends on the air-gap flux density (B), pole pitch, and length of the side 

coil (ls). For simplicity, in equation (2.29), it is assumed that the flux linking in the stator coil 

is sinusoidal, but in reality, the magnetic flux linking is not purely sinusoidal.  

To derive the induced voltage for a rotating generator, Faraday's law of induction can be used, 

which can be referred to as a “Generator equation”. The generator equation can be adapted here 

to form the induced emf (e) equation for a linear generator as follows [30],[34],[35]: 

𝑒 = −𝑁 
𝑑𝜙

𝑑𝑡
= −

𝑁𝜋𝜙𝑝

𝜏𝑝
𝑣𝑡(𝑡) 𝑐𝑜𝑠 (

𝜋

𝜏𝑝
𝑧𝑡(𝑡))                            (2.10) 

Here 𝑣𝑡 is the translator velocity, N is the number of turns. The terminal voltage of the generator 

can be expressed by the following equation (2.11): 

𝑣 = 𝑒 − 𝑅𝑠𝑖𝑠(t) − 𝜔𝑒(𝑡)𝐿𝑠𝑖𝑠(t)                            (2.11) 

Here v is the terminal voltage, Rs is the stator resistor, stator inductance is denoted by Ls, 𝑖𝑠 is 

the line current of the generator. The equivalent electrical model according to two reaction 

theory of permanent magnet linear generator can be expressed according to the following 

equations (2.12) to (2.15) [13]. In two reaction theories, the phasors are explained in 

synchronous reference frames the frames known as direct and quadrature axis (d-q axis).  

𝑣𝑠𝑑(𝑡) = 𝑅𝑠𝑖𝑠𝑑(𝑡) +
𝑑𝜆𝑠𝑑(𝑡) 

𝑑𝑡
− 𝜔𝑒𝐿𝑠𝑖𝑠𝑞(𝑡)        (2.12) 

𝑣𝑠𝑞(𝑡) = 𝑅𝑠𝑖𝑠𝑞(𝑡) +
𝑑𝜆𝑠𝑞(𝑡)

𝑑𝑡
+𝜔𝑒𝐿𝑠𝑖𝑠𝑑(𝑡) + 𝜆𝑓𝑑     (2.13) 

𝜆𝑠𝑑 = 𝐿𝑠𝑖𝑠𝑑(𝑡) + 𝜆𝑓𝑑        (2.14) 

𝜆𝑠𝑞 = 𝐿𝑠𝑖𝑠𝑞(𝑡)         (2.15) 

Here, vsd and vsq are the stator voltage in d and q-axis respectively, isd and isq are the stator 

current in d-axis and q-axis respectively, 𝜆𝑓𝑑 is the excitation linkage flux produced by the 

permanent magnet, the electrical frequency of linear generator solely depends on the velocity 

of the translator and the pole pitch (𝜏𝑝) of the linear generator. The electrical frequency can be 

calculated according to the following equation [13]:  

𝜔𝑒(𝑡) = 𝑣𝑡(𝑡)
𝜋

𝜏𝑝
        (2.16) 



8 
 

The useable force captured by the PTO to produce emf by the linear generator can be expressed 

by equation (2.17): 

𝑓𝑑(𝑡) = 𝐵𝑃𝑡𝑜𝑣𝑡(𝑡) =
3𝜋

2𝜏𝑝
𝜆𝑓𝑑𝑖𝑠𝑞                     (2.17) 

Electrical produced power due to the mechanical force capture by the PTO can be expressed 

as equation (2.18):  

          𝑃𝑒𝑙(𝑡) =
3

2
𝑝𝜆𝑓𝑑𝜔𝑒(𝑡)𝑖𝑠𝑞(𝑡)                                              (2.18) 

Here p is the pole pair of permanent magnet linear generator.  

 Active Rectifier Three-Phase  

A three-phase rectifier is an electronic device consisting of six semiconductor switches such as 

diodes, thyristors, IGBT/diode modules, or MOSFETs to convert AC power into DC power. 

For fluctuating AC power, rectification is done to create a stable DC link to eliminate power 

fluctuation from the AC source. Rectification can be classified into two categories, according 

to switching device and control strategy such as active rectification and passive rectification.  

Passive rectification is done with the help of diodes where switching of the diodes cannot be 

controlled. In passive rectification, the switches (diodes) in the H- bridge conduct according to 

the applied AC potential gradient between anode and cathode of the diode. Passive rectification 

provides poor power factor and high harmonics of the AC source line current. High harmonics 

found due to the low switching frequency of the diode. The switching frequency of the diodes 

during passive rectification is identical to the AC source frequency [36], so, passive rectifier 

does not need any control strategy for switching of the diodes, which makes the system cheap 

and simple but, with one limitation that is maximum power from the AC source, cannot be 

achieved or damping of the AC source cannot be controlled by varying the diode switching 

frequency.  

Active rectification is also known as pulse width modulation (PWM) based rectifier. For high 

voltage and high-power applications, IGBT based PWM rectifier is used. PWM generates ON-

OFF pulses for the switching of IGBTs in the H- bridge, according to the difference between 

the reference signal and measured signal. In a PWM-based rectifier, the switching frequency 

can be obtained higher than the input AC signal via a high-frequency triangular carrier signal 

generator, which reduces total harmonic distortion and improves the power factor as well. The 

control in switching devices provides the advantage to achieve the maximum power and 

damping of the AC generator, within its nominal rating when the mechanical input to that 

generator is high [37]. Figure 2.2 shows the schematic of the three-phase active and passive 

rectifier.  
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Figure 2.2: Schematic of active and passive rectifier 

2.3.1. Mathematical Model of Active Rectifier  

In the three-phase active rectifier, an AC signal is feed to the input of an H-bridge and a 

capacitor is placed at the output to form a DC bus. The capacitor is used to store energy and 

maintain the desired DC voltage [37]. The mathematical model of the active rectifier can be 

stated according to the following equations (Hui Wang et al.).  

For three-phase stationery and coordinates and balance power system according to Kirchhoff's 

voltage and current law following equations are found. 

{
 
 

 
 𝐿

𝑑𝑖𝑎

𝑑𝑡
+ 𝑅𝑖𝑎 = 𝑢𝑎 − 𝑒𝑎

𝐿
𝑑𝑖𝑏

𝑑𝑡
+ 𝑅𝑖𝑏 = 𝑢𝑏 − 𝑒𝑏

𝐿
𝑑𝑖𝑐

𝑑𝑡
+ 𝑅𝑖𝑐 = 𝑢𝑐 − 𝑒𝑐

        (2.19) 

 {
𝑒𝑎 + 𝑒𝑏 + 𝑒𝑐 = 0
𝑖𝑎 + 𝑖𝑏 + 𝑖𝑐 = 0

        (2.20) 

Here, R and L is the inductance and resistance for the AC source. ea, eb, ec are the induced 

internal emf for phase A, B and C respectively. ua, ub, uc are the terminal voltage for phase A, 

B, and C respectively and ia, ib, ic are the line current for phase A, B, and C respectively. These 

AC quantities vary with time which creates complexity to design the system. The time-varying 

AC components are transformed in a stationery DC component with a rotating reference frame 

that has the same frequency as the input signals, employing d-q coordinate system reduces the 

complexity in control strategy. To convert these AC quantities into stationery DC quantities 

with rotating d-q coordinates at first, it is transformed in 𝛼 − 𝛽 coordinates system and finally 

to d-q coordinate system as shown in equation (2.21) and equation (2.22):  

{
𝐿
𝑑𝑖𝛼

𝑑𝑡
+ 𝑅𝑖𝛼 = 𝑢𝛼 − 𝑒𝛼

𝐿
𝑑𝑖𝛽

𝑑𝑡
+ 𝑅𝑖𝛽 = 𝑢𝛽 − 𝑒𝛽

         (2.21) 

{
𝐿
𝑑𝑖𝑑

𝑑𝑡
+ 𝑅𝑖𝑑 + 𝑒𝑑 −𝜔𝐿𝑖𝑞 = 𝑢𝑑

𝐿
𝑑𝑖𝑞

𝑑𝑡
+ 𝑅𝑖𝑞 + 𝑒𝑞 +𝜔𝐿𝑖𝑑 = 𝑢𝑞

        (2.22) 
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Here id and iq are the currents in d-axis and q-axis respectively, ud and uq are the terminal 

voltage in d-axis and q-axis respectively, ed and eq internal emf of the source in d-axis and q-

axis respectively, the frequency is denoted by ω, equation (2.21) is found by space vector and 

Clarke transformation, which converts three-phase time-varying components into a two-phase 

stationary coordinate system, with time-varying (synchronous) components. Equation (2.22) 

represents the d-q coordinates which are found by multiplying the two-phase rotating 

synchronous frame, 𝐶2𝑠
2𝑟

= [
𝑐𝑜𝑠𝜃 𝑠𝑖𝑛𝜃
−𝑠𝑖𝑛𝜃 𝑐𝑜𝑠𝜃

]  with equation (2.21). Here, 𝜃 is the position of the 

rotor or translator of an AC generator. 

The mathematical model of an active rectifier for a PMLG can be obtained from equation 

(2.22), by replacing internal emf in d-axis (ed) by equation (2.14) and replacing internal emf in 

q-axis (eq) by equation (2.15). 

 Three-Phase Inverter  

The three-phase inverter consists of six semiconductor switches that form an H-bridge which 

converts DC power into AC power to feed into the grid. The inverter is also known as a voltage 

source converter. For high voltage applications, IGBT based inverters are used. The input DC 

voltage of the inverter should be higher than the output terminal voltage or gird phase voltage 

that can be seen from equation (2.23) and each leg of the inverter can be considered as a buck 

converter. For synchronizing, the output of the inverter with the grid phase-locking loop (PLL) 

is used [38]. The equation for the terminal voltage of each phase of the inverter can be 

expressed as follows [39]: 

𝑣𝑡 =
𝑚𝑎𝑉𝑑𝑐

2
 cos (𝜔𝑡)       (2.23) 

Here vt is the peak terminal voltage of a phase, Vdc is the DC link voltage, and ma is the 

modulation index, ω is the output voltage frequency. The mathematical representation of the 

inverter is similar to the mathematical model of the active rectifier described in section 2.4.1 

except the sign convention for the reference signal. Equation (2.24) represents the inverter 

model in d-q frame [39]:  

{

𝑑𝑖𝑞

𝑑𝑡
= −

𝑅

𝐿
𝑖𝑞 −

𝑒𝑞

𝐿
− 𝜔𝑖𝑑 −

𝑢𝑞

𝐿
𝑑𝑖𝑑

𝑑𝑡
= −

𝑅𝑖𝑑

𝐿
−𝜔𝑖𝑞 +

𝑢𝑑

𝐿
+

𝑒𝑑

𝐿

        (2.24) 

Here id and iq are the currents in d-axis and q-axis respectively, ud and uq are the terminal 

voltage in d-axis and q-axis respectively, ω is the frequency, R and L are the filter resistance 

and inductance.   

 Bi-Directional DC-DC converter  

Transformers are used in the AC power system to transfer power between different voltage 

levels. The transferred power is the same as the source power, except for losses in the 

transmission line and in the transformer itself. The transformer cannot be used in the DC system 

to transfer power from one voltage level to another voltage level, as DC voltage and current do 

not produce time-changing magnetic flux for the transformer core, which results in the 

saturation of the transformer core. For transferring power in the DC system for different voltage 

levels, the DC-DC converter is used. DC-DC converters consist of power electronics switches 

and pulse width modulator with control strategies for switches to turn on and off for 

maintaining the desired voltage level at the output. The DC-DC converter can be unidirectional 

or bidirectional. In a unidirectional DC-DC converter, the power flows only in one direction 
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while in a bidirectional DC-DC converter, the power can be flowed in both directions such as 

from source to load or from load to source. In a bidirectional power, the converter load must 

be an energy storage system such as a capacitor, on a battery. A control strategy is made 

according to the energy level and power supplied from the source to fix the power flow from 

the source to the energy storage system and energy storage system to load. The bidirectional 

DC-DC converters can be divided into two categories such as: [40] 

➢ Isolated bidirectional DC-DC converter  

➢ Non-Isolated bidirectional DC-DC converter 

The main difference between these two types of converters is that in isolated bidirectional DC-

DC converters high-frequency transformer is used to provide isolation to provide safety to 

critical appliances [40] [28]. Isolated DC-DC converters are two types such as dual isolated 

half-bridge and active full-bridge DC-DC converters. Non-isolated bidirectional converters can 

be categorized into six types [40]:  

➢ Bidirectional buck-boost converter 

➢ Bidirectional Ćuk converter  

➢ Cascaded bidirectional buck-boost converters.  

➢ Bidirectional SEPIC-ZETA dc to dc Converter. 

➢ Switched Capacitor Bidirectional dc to dc Converter 

➢ Interleaved Non-isolated Bidirectional dc to dc Converter. 

In this thesis, a non-isolated bidirectional buck-boost converter was used for charging and 

discharging the battery.  

2.5.1. Non-Isolated Buck-Boost converter 

The non-isolated buck-boost converter is a combination of an anti-parallel buck and boost 

converters to provide the facility of power flow in both directions [28], [40].  Figure 2.4 shows 

the schematic of a non-isolated bidirectional buck-boost converter.   

 

Figure 2.3: Non-isolated bi-directional buck-boost converter with a DC link voltage VDc 
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In Figure 2.3, the DC link voltage Vdc is higher than the battery voltage to make sure that power 

flows in both directions through the converter. The switching device (IGBT) S1 is ON when 

the battery needs to be charged from the DC link. In that case, the converter works as a buck 

converter. S2 is ON when the DC-link needs additional energy to be feed into the load. In this 

case, the battery provides energy to the DC-link and the converter works as a boost converter 

[28].   

 Mathematical Expression for A Non-Isolated Buck-Boost converter 

While charging the battery, the converter works as a buck converter, and the output voltage of 

the converter should be equal to the nominal voltage of the battery which can be expressed by 

equation (2.25). While discharging the battery, the converter needs to provide high voltage to 

the DC link and the output voltage of the converter should be able to provide the desired voltage 

level at the DC link and this can be expressed by equation (2.26) [41]: 

𝑉𝐷𝐶

𝑉𝑏𝑎𝑡𝑡𝑒𝑟𝑦
=

𝐷2

1−𝐷2
       (2.25) 

𝑉𝐷𝐶

𝑉𝑏𝑎𝑡𝑡𝑒𝑟𝑦
=

𝐷1

1−𝐷1
       (2.26) 

Here, D1 and D2 are the duty ratio for switch S1 and S2 respectively, VDC and Vbattery are the 

DC link and battery voltage respectively.  

 Flywheel  

The flywheel is an energy storage device with a high-power density that stores energy in the 

form of rotational mechanical energy. The flywheel consists of a rotating mass, electrical 

machine, and power electronics converter. The electrical machine of a flywheel can be a 

permanent magnet synchronous machine, induction machine, double fed induction machine, 

or a switched reluctance machine [42]. The rotating mass of the flywheel stores electrical 

energy as a form of rotational energy and a power electronics converter is used to convert 

electrical energy according to the rating of the flywheel’s electrical machine. The electrical 

machine of the flywheel works as a motor when additional energy needs to be stored in the 

flywheel as a form of rotational energy in the rotating mass. The electrical machine of the 

flywheel works as a generator when additional energy needs to be fed in the grid, where the 

rotating mass provides mechanical energy to that electrical machine. The flywheel can be 

connected to the grid without any intermediate stage or through a DC link between the grid and 

flywheel.  

When a DC link is used between the flywheel and grid, at first, DC power from the DC link is 

converted into AC power with the help of a bidirectional voltage source converter in order to 

charge the flywheel, and the voltage source converter works as an inverter. During the 

discharging process of the flywheel, the voltage source converter works as a rectifier to charge 

the DC link capacitor. An AC voltage controller can be used to connect the flywheel to the grid 

without any intermediate stage, where the AC voltage controller regulates the voltage level and 

frequency of the flywheel for charging and discharging purposes [25], [26], [43]. In this thesis, 

a permanent magnet synchronous machine is considered as a flywheel.  

2.6.1. Mathematical Expression of The Permanent Magnet Flywheel 

The stored energy in the flywheel in the rotating mass can be found from equation (2.27) [44]: 

𝐸 =
1

2
𝐽 𝜔2                         (2.27) 
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Here, J is the moment of inertia which can be expressed as equation (2.28):  

𝐽 = ∫ 𝑥2𝑑𝑚𝑥                  (2.28) 

Here, x is the distance from the rotational axis, 𝜔 is the rotational speed of the rotating mass 

and dmx is the differential mass, by solving equation (2.27), and (2.28) the total amount of 

energy stored in a flywheel can be found from equation (2.29): 

𝐸 =
1

2
𝑚𝑟𝜔2                  (2.29) 

From equation (2.29) it can be concluded that the higher mass of the rotating rim or high 

rotational speed will result in higher stored energy in the flywheel. 

From the swing equation, the energy stored in the flywheel can be expressed as equation (2.30): 

𝐽
𝑑𝜔

𝑑𝑡
= 𝑇𝑒 − 𝑇𝑚 − 𝐵𝜔                (2.30) 

Here, Te is the electromagnetic torque, Tm is the mechanical torque loss, and B is the damping 

coefficient, the electrical torque in a permanent magnet non-salient synchronous machine can 

be expressed in terms of electrical power and rotational speed which is shown in equation 

(2.31) [45]: 

𝑃𝑒𝑙 = 𝑇𝑒𝑙𝜔     (2.31) 

The equivalent electrical model of a permanent magnet synchronous machine based on two 

reaction theories in the d-q axis can be expressed according to equations (2.12) to (2.15) which 

is described in section 2.3.1.  

The expression of electrical torque in a permanent magnet synchronous machine in the d-q axis 

can be expressed as equation (2.32) [46]: 

𝑇𝑒 =
2

3
𝜓𝑚𝑖𝑠𝑞          (2.32) 

Here, 𝜓𝑚is the flux linkage from the rotor permanent magnet into the stator coil. Te and isq are 

the electrical torque and stator current in the q-axis, respectively. 

 Battery 

For longer power backup with high energy density, a battery storage system is used. The battery 

stores electrical energy in the form of chemical energy and discharge stored chemical energy 

in the form of electrical energy through the oxidation and reduction process. The battery 

consists of two electrodes, one is an anode and another one is a cathode and they are separated 

from each other through an electrolyte. Anode and cathode work as electron donors and 

acceptors for discharging and charging vice-versa. Donated electrons pass through the 

electrolyte of the battery. Anode and cathode are the output terminal of the battery to connect 

it with the electrical system. The number and the connections of the cells in a battery decide 

the voltage and current rating of a battery. For high output voltage, cells are connected in series 

and for the higher current rating, cells are connected in parallel [47]. 

The nominal voltage of the battery is the potential difference between the positive and negative 

terminal of all the cells connected in series or parallel in a battery. Ampere hour rating of the 

battery informs about the time required to discharge all the electrons from the anode to cathode 

and cathode to anode at nominal current rating due to discharging and charging respectively. 

If the battery provides more current than the nominal current rating in that case battery will 
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provide backup for a short time than the nominal ampere-hour rating. Battery terminal voltage 

starts to drop and rise for charging and discharging processes respectively [48].       
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Chapter 3 

PREPARATION OF SIMULINK MODEL AND CONTROL 

STRATEGY 
 

This chapter deals with the complete model of the wave energy converter (WEC) along with 

the design procedure and control strategies of the converters in the MATLAB/Simulink 

environment.  

 Working Principle of The Complete WEC Model  

For analyzing the behavior and characteristics of the grid-connected wave energy converter 

(WEC) a MATLAB/Simulink model was designed. The end to end WEC model consists of a 

buoy, a permanent magnet linear generator, a rectifier, a DC link, a voltage source inverter, an 

energy storage system, and a three-Phase AC source. The three-Phase AC source is used as a 

swing bus to represent the grid. At the output terminal of the linear generator, rectification 

(active or passive) is used to provide DC power in the DC link. To charge and discharge the 

energy storage system a bi-directional power electronics converter is connected between the 

DC link and the energy storage system. An inverter is connected to the DC link in order to feed 

AC power into the grid. The following Figure 3.1 shows the block diagram of grid-connected 

WEC with a hybrid energy storage system. 

 

Figure 3.1: Block diagram of grid-connected WEC with HESS  

In this thesis, a flywheel and a battery is considered as a hybrid energy storage system. The 

hybrid energy storage system is connected to the DC bus through bi-directional converters to 

store additional energy produced by the WEC, or to provide energy to the grid through the 

inverter when the load demand is more than the WEC power production. A bi-directional 

voltage source converter and a bi-directional buck-boost converter are used for charging and 
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discharging the flywheel and battery respectively. Pulse width modulator is used to generate 

the pulse sequences to turn ON and OFF the IGBT’s of the power electronic converters.  

Figure 3.2 shows the Simulink schematic of a WEC connected to the grid with an energy 

storage system. 

 

Figure 3.2: Simulink end to end model of WEC 

 Wave Energy Converter Simulink Model 

The mathematical model of the WEC and the PMLG is built using the equations that are 

described in sections 2.2 and 2.3 [30]. The controlled voltage source block is used to convert 

induced internal emf of the PMLG into an equivalent AC voltage in the Simulink model, which 

is calculated by the mathematical model. 

 

 

Figure 3.3: Simulink model of WEC 

Figure 3.3 represents the Simulink block diagram of the WEC model. RL branch represents the 

stator inductor and resistance of the PMLG. The parameters of the WEC which is used in this 

research is shown in Appendix A. 
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 Active Rectifier Simulink Model  

Six IGBTs with anti-parallel diode blocks are used to form an H-bridge in order to create an 

active rectifier in the MATLAB/Simulink environment. The anti-parallel diode with the IGBT 

is used, to prevent the IGBT from a high voltage spike, as well as to allow continuous current 

flow in the reverse direction during the dead time of the switches. The switching of the IGBTs 

is determined by the gate pulses, and the gate pulses are generated according to the control 

strategy. The control strategy of the active rectifier is explained in section 3.4.1. Figure 3.4 

represents the schematic of the active rectifier in the Simulink model. 

 

Figure 3.4: Simulink model of active rectifier 

 Control Strategy of Active rectifier  

The active rectifier of the linear generator is controlled to capture the maximum power 

produced by the WEC while maintaining the nominal rating of the PMLG. The linear generator 

produces maximum power when the mechanical frequency of the WEC is in resonance with 

the incident wave. To capture maximum electrical power from the WEC, a damping force 

should be applied to the translator of the linear generator. It works in the opposite direction of 

the excitation force which slows down the motion of the translator by extracting more current 

from the stator of the PMLG. The damping constant provides an optimal force on the PTO. 

The resistor is the exact equivalent electrical transformation of the damping force for the 

translator. From equation (2.17) it is found that the damping force of the PMLG is dependent 

on the damping coefficient (BPTO), and it can be calculated by the following equation [24][23]:    

𝐵𝑝𝑡𝑜 = √(𝐵𝑟𝑎𝑑(𝜔) + 𝐵𝑣𝑖𝑠)2 + (𝑚𝑏 + 𝜇(𝜔)𝜔 −
𝜌𝑔𝐴

 𝜔
)
2

        (3.1) 

Here Brad is the radiation damping coefficient, viscous damping coefficient is denoted by Brad, 𝜇 is the 

added mass, 𝜔 is the incident wave frequency, area of the buoy is denoted by A, 𝜌 is the density 

of seawater. The WEC will extract maximum power at mechanical resonance, and the optimal 

damping coefficient at resonance can be obtained by the following equation [24]: 

𝐵𝑝𝑡𝑜 = 𝐵𝑟𝑎𝑑(𝜔) + 𝐵𝑣𝑖𝑠                                                 (3.2) 
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This damping coefficient is the control variable for the active rectifier. From equation (3.1) it 

is seen that the damping coefficient value is dependent on the incident wave frequency, and 

prediction of the incident wave frequency is needed in order to control the damping of the linear 

generator. In the non-salient PMLG, quadrature axis current (iq) produces active power. The 

reference iq is generated by applying the damping coefficient values in equation (2.17), which 

is calculated from equation (3.1), and the direct axis reference current (id) is kept to zero. These 

reference currents are compared with the measured line currents of the linear generator and the 

resultant is known as error signals. To maintain a fast response with a less steady-state error PI 

controllers are used to compensate these error signals.   

The line current of the linear generator is converted to equivalent d-q current with the help of 

ABC to d-q conversion block in Simulink. Then the direct and quadrature current is converted 

into reference vsd and vsq using the formula described in section 2.3.1. Afterward, direct and 

quadrature axis voltage vsd and vsq are transformed into three-phase AC signals using dq to abc 

conversion block in Simulink. The output of that block provides the reference signal for the 

PWM generator. PWM generator produces switching pulses according to the reference signal. 

The control block diagram for the iq is shown in Figure 3.5. 

 

Figure 3.5: Control scheme of iq for PMLG  

From equations (2.12) and (2.13) it is found that both id and iq are dependent on each other 

which indicates that, it is not possible to control id and iq independently. To eliminate the 

dependency on each current, a feed-forward decoupling strategy was used which is shown in 

Figure 3.6.    
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Figure 3.6: Feed-forward decoupling for PMLG 

The exact position of the translator is required to have a synchronized rotating frame with 

PMLG output electrical frequency during the conversion of the ABC to dq and dq to ABC, as 

the voltage and current of the generator depend on the position of the translator. The induced 

voltage and phase current of a PMLG should have the same wavelength as the magnetic 

wavelength (λ) [32], and one pole pitch of the linear generator is equivalent to half of the 

magnetic wavelength. So, when the stator coils of a PMLG cross two pole pitch due to the 

motion of the translator, the induced voltage will have the same wavelength as the magnetic 

wavelength. Two pole pitch is equivalent to pole pair width (𝜏𝑝𝑝). So, the exact position of the 

translator can be found from the distance traveled by the translator over the pole pair width. 

The translator position (𝜃) can be expressed as follows: 

𝜃 =
2𝜋zt(t)

𝜏𝑝𝑝
       (3.3)  

When WEC operates at a higher speed than the nominal rating due to incident waves condition, 

the value of the calculated damping coefficient is increased with an equal ratio of increase in 

buoy velocity [21]. 

3.4.1. Tuning of PI Controller For Active Rectifier 

For tuning the PI controller, MATLAB SISO tool is used. The open-loop transfer function was 

used to determine the stable operating frequency of the converter with the help of the SISO 

tool from the frequency response plot of the rectifier. Afterward, the PI controller was designed 

to have optimal stability in the system for low and high-frequency variations of the input to the 

converter. The tuning process for the PI controller is explained in Appendix B. 

 Simulink Model of Flywheel  

Simulink does not contain any specific block for the flywheel. To design a flywheel in 

Simulink, a permanent magnet synchronous machine (non-salient) is used. A bi-directional 

voltage source converter is used for charging and discharging the flywheel. Stored energy in 
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the flywheel is calculated from equation (2.29) by neglecting the mechanical losses. −1 N.m 

mechanical torque was provided as an input of the permanent magnet synchronous machine 

(PMSM). The operating mode of the PMSM is determined by the sign of input torque in 

Simulink, where the negative or positive input torque indicates whether the PMSM is operating 

as a generator or as a motor.  

In this research, the direction of reference iq, is changed to make PMSM work as a generator 

or as a motor for discharging and charging respectively. Positive iq indicates flywheel is 

discharging and negative iq indicates flywheel is charging. The amount of power that is needed 

to store or discharge by the flywheel depends on the load demand and the generated power 

from the WEC. The bi-directional voltage source converter acts as an inverter to charge the 

flywheel when the produced power by the WEC is more than the load demand, and the voltage 

source converter works as an active rectifier when the produced power by the WEC is not 

enough to fulfill the load demand to discharge the flywheel. 

3.5.1. Control Scheme of Flywheel   

The main motive of the flywheel control is to minimize the high-frequency power fluctuation 

to maintain a constant DC link voltage by providing the required power to the DC-link through 

a bidirectional voltage source converter. The fast charging and discharging of a flywheel do 

not impact its longevity. 

The stored energy in the flywheel is converted to DC power and fed into the DC link during 

discharging of the flywheel. The bidirectional voltage source converter has two control loops, 

one is the outer voltage control loop and another one is the inner current control loop.  

The purpose of the outer voltage control loop is to compare DC link voltage to a constant 

reference voltage. A PI controller is used to minimize the error signal. Then the output signal 

of the PI controller is multiplied with measured voltage results in reference power. Afterward, 

equations (2.31) and (2.32) are used to convert the reference power signal to an equivalent iq 

reference signal for the flywheel. The measured line current of the flywheel is converted into 

id and iq using ABC to dq block in the Simulink. The measured id and iq are compared with 

reference id and iq and passed through another PI controller to produce reference vd and vq for 

creating a reference signal in d-q axis, for the switching of the IGBTs. Using dq to ABC control 

block these signals are converted into three-phase reference signals for PWM.  

The conversion of id and iq to vd and vq is the same as the PMLG. For converting the flywheel 

line current into a rotating d-q coordinate system and d-q to three-phase A, B, C signal, rotor 

angle is used. Rotor angle was calculated using the PLL block in the Simulink. The flywheel 

changes its mode of operation from discharging to charging when WEC produces more power 

than the demand. In this case voltage source converter works as an inverter and instead of 

controlling the DC link voltage, flywheel speed is controlled.  

From the additional produced power by the WEC the reference speed of the flywheel is 

calculated using equation (2.31), which is compared with the current speed of the flywheel. 

The voltage source converter provides the required AC power to the flywheel from the DC link 

to follow the reference speed. The energy management system decides how much power should 

be shared between the battery and flywheel to be charged. Figure 3.7 and Figure 3.8 show the 

charging and discharging control of the flywheel. 
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Figure 3.7: Discharging control scheme of flywheel 

 

Figure 3.8: Charging control scheme of flywheel 

 Tuning of inner and outer PI of the flywheel 

The flywheel has two control loops one is an inner control loop and another one is an outer 

control loop. The purpose of an outer control loop is to control the DC link voltage and speed 

of a flywheel, and the inner control loop adjusts iq according to the voltage and speed reference 

signal. While tuning the PID of a flywheel, the outer bandwidth was chosen to be six times 

slower than the inner bandwidth. For inner bandwidth selection, a rise time of 1ms was chosen 

and the following formula provides the corresponding bandwidth of PID for the flywheel.  

𝐵𝑎𝑛𝑑𝑤𝑖𝑑𝑡ℎ ∗ 𝑟𝑖𝑠𝑒𝑡𝑖𝑚𝑒 = ln 9           (3.4) 

The corresponding values for kp and ki are found by multiplying inductance, and resistance of 

the flywheel with the bandwidth found from equation (3.3) respectively [49], [50].  

 

 Design of Active Bidirectional Converter  

A reference power signal is generated for charging and discharging of the battery according to 

the power variation in the DC link. The reference power signal is passed through a low-pass 

filter, which ensures low-frequency power variation for the battery. Afterwards, the low-

frequency power signal is being divided by the battery terminal voltage to generate a reference 

current signal. The switching pulses of the bidirectional buck-boost converter are controlled 

according to the difference between the reference current signal and the battery output current. 

The difference between reference current signal and battery output current is known as an error 
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signal and a PI controller is used to minimize the error and to achieve fast settling time. Figure 

3.9 shows the control strategy of the battery. 

 

Figure 3.9: Battery control strategy 

The PI controller is tuned with MATLAB SISO tool using the transfer function of the 

bidirectional buck-boost converter. The transfer function of the bidirectional converter can be 

expressed as equation (3.5) [29]: 

𝐺𝑏 =
𝑉𝑑𝑐𝐶𝑠+2

𝑉𝐷𝐶
2𝑅

𝐿𝑏𝐶𝑆
2+

𝐿𝑏𝑆
𝑅
+(1−𝑑)2

                                        (3.5)   

Here Vdc is the DC link voltage, R is the resistance of the bidirectional converter, DC link 

capacitance is denoted by C, L is the inductance of the bidirectional converter, duty ratio of the 

converter is denoted by d, the target bandwidth of  PI controller for the bidirectional buck-boost 

converter is slower than the target bandwidth of flywheel.  

  Simulink Model of Grid-Connected Inverter and Control Scheme 

The inverter control strategy consists of voltage and current measurements, reference power, 

and phase-lock loop (PLL). Reference power is converted into equivalent reference current for 

the inverter according to equation (3.6) [39]:  

𝑃 =
3

2
𝑉𝑠𝑑𝑖𝑑             (3.6) 

Here, Vsd is the magnitude of the grid voltage, id is the line current in the d-axis, for active and 

reactive power control, id and iq are controlled respectively. The line current of the grid is 

converted into the rotational d-q coordinated system using equation (2.24). Reference and 

measured currents are compared with each other and passed through the PI controller and 

converted into reference vsq and vsd according to equation (2.24), and then these signals are 

converted back into three-phase (A, B, and C) reference signals using d-q to ABC conversion 

block.  

Comparing these reference signals with the carrier signals PWM generates switching pulses 

for IGBTs of the inverter.  From equation (2.24), it is seen that id and iq are dependent on each 

other and to eliminate this dependency a feed decoupling is used [39]. Figure 3.10 shows the 

control strategy of the inverter.  
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Figure 3.10: Control scheme of inverter 

 Studied Cases  

For this thesis, three cases were analyzed, and the cases are listed below:  

➢ Case 1: Comparison of Active and passive rectification of the WEC  

➢ Case 2: Integration of WEC through a back-to-back converter 

➢ Case 3: Power Smoothing of the WEC 

 

3.8.1. Comparison of Active and passive rectification of the WEC 

For this case study, a 350 µF capacitor is used as a DC link, and a 426 Ω resistor is used as a 

DC load. The variation of the DC power delivered to the resistive load is analyzed along with 

the operating condition of the linear generator. 5 kHz switching frequency is used for the PWM 

during active rectification of the WEC.  

3.8.2. Integration of WEC Through A Back-To-Back Converter  

The integration of the WEC into the grid employing an active rectifier and an inverter without 

an energy storage system is considered for this case study. An inverter is designed to supply 

active power into the grid and a 2:1 transformer (delta-wye) is used to prevent a zero-sequence 

current flow between the WEC and the grid. The parameters for the transformer and the inverter 

are shown in Appendix A. 

The inverter has two control loops, one is the outer loop which controls the DC link voltage 

and another one is the inner current control loop to feed active power to the grid. If the DC link 

voltage is higher than the reference voltage, the outer control loop of the inverter provides a 
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reference current signal for the inner current control loop to regulate the output current of the 

inverter. Figure 3.11 shows the DC link voltage control scheme for the inverter.  

 

Figure 3.11: Dc link control scheme for grid-connected inverter 

3.8.3. Power Smoothing of the WEC  

For this case study, a WEC with a voltage source DC converter, a buck converter, and a hybrid 

energy storage system consisting of a flywheel and a battery is considered. An inverter is 

designed to provide 1.08 kW active power to the grid. The total size of the energy storage 

system is 8 kW. The rated power of the flywheel is 6 kW and the rated energy of the battery 

2 kWh. The active rectifier parameters are identical for all the studied cases. The parameters 

of the flywheel, battery, and bi-directional converter are given in Appendix A. 
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Chapter 4 

RESULT AND DISCUSSION  

 

 Passive Rectification of The WEC 

The input wave conditions to the model were measured at the Wave Hub test site, situated 16 

km off the coast of Cornwall in South West England, and are available through the Channel 

Coastal Observatory [51]. The Input wave conditions are shown in Appendix C. 

Figure 4.1 and Figure 4.2 show the DC link voltage and current for the passive rectifier. The 

peak DC link voltage is found to be 992 V. The maximum current flowing towards the DC link 

is found to be 3.9 Amp. 

The power dissipated across the resistive load is represented in Figure 4.3 for passive 

rectification of the WEC output power. The maximum peak output power across the DC load 

was 2.3 kW. From Figure 4.3 it can be seen that the power profile follows the same curvature 

as the DC link voltage. The DC link capacitor is discharged to maintain continuous power flow 

to the load when the rectified current towards the DC link is zero, and when the WEC output 

current is high enough to provide a continuous flow of power to the load, the DC link capacitor 

starts to charge in order to develop a voltage which can be seen by comparing Figure 4.1, Figure 

4.2, and Figure 4.3. 

 

Figure 4.1: DC Link voltage for passive rectification of the WEC 
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Figure 4.2: DC Link current for passive rectification of the WEC  

 

Figure 4.3: DC power across the load for passive rectification of the WEC 

Figure 4.4 shows the produced power by the WEC during passive rectification. From Figure 

4.4 it can be seen that the generated power by the WEC during passive rectification is not 

smooth and provides high power spikes for a few seconds and then it goes to zero.  
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Figure 4.4: Produced power by WEC during passive rectification 

Figure 4.5 and Figure 4.6 represent the translator velocity and stroke respectively for passive 

rectification. Translator velocity is not pronounced, and it varies a lot. Translator velocity 

follows the wave characteristics.  

 

Figure 4.5: Translator speed for passive rectification of the WEC 
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Figure 4.6: Translator distance for passive rectification of the WEC 

 Active Rectification of The WEC 

Figure 4.7 shows the damping coefficient variation with the incident wave frequency which is 

calculated according to equation (3.1). From the figure, it can be seen that the value of the 

damping coefficient is minimum for a specific incident wave frequency, which indicates the 

mechanical resonance of the WEC. The damping coefficient value of that frequency is the 

optimal damping coefficient for the WEC. The resonance frequency for the WEC is 

approximately 2.59 rad/s [30].   

To control the active rectifier, a reference iq is calculated according to equation (2.17). Figure 

4.8 shows the reference and measured iq of the PMLG. From Figure 4.8 it can be seen that iq 

of the linear generator follows the reference signal with a maximum deviation of 0.14 Amp.  
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        Figure 4.7: Damping coefficient variation with the incident wave frequency 

 

Figure 4.8: Reference and measured iq of PMLG for active rectification 
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The id of the PMLG is kept to zero to utilize all the power captured from the wave, as high id 

produces losses for the linear generator [52], [53]. Figure 4.9 shows the measured id of the 

linear generator. The measured id is almost following the reference which is 0 Amp with a 

maximum deviation of 0.1 Amp.  

 

Figure 4.9: Reference and measured id of PMLG for active rectification 

Figure 4.10 and Figure 4.11 show the velocity and maximum stroke length of the translator. 

From the figures, it can be concluded that due to active rectification the translator velocity and 

maximum stroke stay within the nominal limits. Active rectification provides more pronounced 

translator velocity, as optimal force is being achieved according to the incident wave 

conditions. The translator of the linear generator is also slowed down due to varying current 

demand (iq) according to incident wave conditions see Figure 4.8. 

 

Figure 4.10: Translator speed for active rectification 
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Figure 4.11: Translator displacement for active rectification 

Figure 4.12 and Figure 4.13 show the DC link voltage and current of the capacitor. From Figure 

4.13 it is found that the maximum DC-current towards the DC link is around 20 Amp which 

indicates the WEC is in resonance with the incident wave and optimal force is acting on the 

translator of the generator. 0 Amp DC link current indicates that the previous incident wave 

condition is not favorable for the WEC, and the translator is slowed down due to the high 

damping coefficient.  
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Figure 4.12: DC Link voltage for active rectification 

 

Figure 4.13: DC Link current for active rectification 
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Figure 4.14 shows the dissipated DC power across the resistive load. From Figure 4.12 to 

Figure 4.14 it can be concluded that the DC power across the load depends on the DC link 

voltage and current. When the DC link current is zero the DC link capacitor discharges across 

the resistive load to ensure constant power flow through the load and this causes a decrease in 

DC link voltage which can be seen in Figure 4.12.   

                   

          Figure 4.14: DC power across the load for active rectification 

Figure 4.15 shows the generated power by the WEC due to active rectification. The maximum 

power produced by the WEC was found to be 10.5 kW. From Figure 4.15 it can be seen that 

during active rectification, the generated power by the WEC is more pronounced compared to 

the passive rectification case because of less fluctuation in the translator velocity, which is 

shown in Figure 4.10. The continuous extraction of iq from the linear generator also increases 

the generated power by the WEC. Higher extraction of iq from PMLG would result in higher 

produced power by the WEC. The relation between iq and the generated power by the WEC 

can be found from equation (2.18). 
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              Figure 4.15: Produced power by WEC during active rectification 

Terminal voltage, output current, and frequency of the PMLG during active rectification are 

shown in Appendix D. 

From this case study, it can be concluded that the active rectification helps to limit the output 

of the WEC close to the nominal operating condition. Active rectification provides less 

possibility of the high output power spikes from the WEC and it also produces more power 

compared to the passive rectifier. 

 Integration of WEC Through A Back-To-Back Converter  

Figure 4.16 shows the DC link voltage for the grid-connected inverter when active rectification 

was used for the WEC to extract power from the ocean wave. Initially, the inverter was 

disconnected from the grid and the DC link capacitor was charged up to 500 V afterwards the 

inverter was connected to the grid. The reference DC link voltage for inverter control was 

500 V. The ripple of the DC link voltage was 0.02 %.  
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Figure 4.16: Dc link voltage for grid-connected inverter without energy storage 

Figure 4.17 and Figure 4.18 show the grid voltage and current at PCC for a grid-connected 

WEC through a back-to-back converter (active rectifier and inverter). The phase voltage of the 

grid was fixed at 220 V (RMS) whereas the grid current was varying according to the power 

that has been fed to the grid. 

 

Figure 4.17: Grid voltage at PCC (zoomed) without energy storage for active rectification of WEC 
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Figure 4.18: Grid current at PCC without energy storage for active rectification of WEC 

Figure 4.19 shows the zoomed view of grid current.  

 

Figure 4.19: Grid current at PCC (zoomed) without energy storage for active rectification of WEC 

Figure 4.20 shows the amount of instantaneous three-phase power that has been fed to the grid 

by the WEC through a back-to-back converter without energy storage. From the figure, it can 

be seen that the power supplied to the grid is not smooth. The maximum power that was fed to 

the grid is seen to be 3.4 kW. Figure 4.20 also shows that 0 W power was fed to the grid for 

few seconds throughout the simulation, which indicates that the power generated by the WEC 

is utilized to maintain the DC link voltage at 500 V for those particular seconds. 
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Figure 4.20: Power feed into the grid for active rectification of the WEC without energy storage 

From this case study, it is found that the power produced by the WEC is not uniform and the 

power fed into the grid from the WEC varies a lot. Grid-connected WEC without storage does 

not provide active and reactive power control. 

 Power Smoothing of the WEC  

Figure 4.21 shows the DC link voltage for the hybrid energy storage system (HESS) and grid-

connected inverter. The DC link voltage was kept constant at 800 V. The ripple in the DC link 

voltage was less than 1 %.  

 

Figure 4.21: DC link voltage for WEC with HESS 
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Figure 4.22 and Figure 4.23 show the speed and energy of the flywheel during the charging 

and discharging process. Initially, the flywheel was charged up to 5650 rpm. When the DC link 

voltage starts to drop, the flywheel starts to decelerate to discharge according to the power 

demand at the DC link. An increase of power in the DC link makes the flywheel to accelerate 

in order to charge and store the energy, which can be seen in Figure 4.22 and Figure 4.23. 

 

 Figure 4.22: Speed of flywheel 

 

Figure 4.23: Stored energy of the flywheel 
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Figure 4.24 shows the power loss due to the charging and discharging of the flywheel. The 

peak power loss was found to be170 W. While calculating power loss of the flywheel, only 

copper loss is considered. Figure 4.25 shows the zoomed view of the flywheel power loss. 

From Figure 4.25 it can be stated that when the flywheel changes its state from charging to 

discharging the iq of the flywheel changes from negative to positive and crosses zero Amp, 

which leads to zero power loss at that specific moment.    

 

         Figure 4.24: Power loss due to charging and discharging of the flywheel 

 

Figure 4.25: Power loss due to charging and discharging of the flywheel (zoomed) 
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The state of charge (SOC) and the voltage of a battery are determined by the amount of current 

that has consumed or supplied by the battery [48]. High battery current fluctuation can result 

in, dynamic changes in the battery's SOC and voltage. Figure 4.27 shows that the current profile 

of the battery is almost constant, resulting in a smoother transition in SOC of the battery, which 

can be seen in Figure 4.26. Comparing Figure 4.27 and Figure 4.22 it can be concluded that 

the charging and discharging of the battery is not as dynamic as the flywheel due to the use of 

a low-pass filter for the battery’s control strategy, which provides low-frequency power 

fluctuation for the battery.  

 

Figure 4.26: SOC and voltage of the battery 

 

Figure 4.27: Charging and discharging current of the battery 
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Figure 4.28 shows the amount of power that has been fed to the grid by the WEC with HESS. 

From Figure 4.28 it can be concluded that the WEC with HESS provides a constant power 

(1.08 kW) to the grid, even though the power produced by the WEC during active rectification 

is varying, which is shown in Figure 4.15.    

 

Figure 4.28: Power profile at PCC for WEC with HESS 

Figure 4.29 represents the voltage and current profile at PCC while the WEC with HESS was 

supplying 1.08 kW power to the load. The voltage at PCC is the same as grid voltage, which is 

220 V (RMS), and the line current is 2 Amp which is the demand load current.   

 

Figure 4.29: Grid voltage and grid current at PCC for WEC with HESS (zoomed) 
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Figure 4.30 represents the active and reactive power profile at PCC for WEC with HESS. From 

Figure 4.30 it can be seen that initially, the WEC with HESS was supplying 1.08 kW active 

power and 0 kVAR reactive power to the grid according to the load demand. At three seconds 

a step-change in the load demand has been taken place, the active and reactive power demand 

by the load increased from 1.08 kW to 2.16 kW, and from 0 kVAR to 1.6 kVAR, respectively. 

The WEC with HESS responded immediately to mitigate the increased demand for active and 

reactive power by the load at PCC, which can be seen in Figure 4.30.  

 

Figure 4.30: Power profile at PCC for WEC with HESS for a step-change in active and reactive power demand 

While mitigating the load demand the grid voltage was fixed at 220 V (RMS) and the line 

current was regulated at PCC, which can be seen in Figure 4.31. 
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Figure 4.31: Grid voltage and grid current at PCC for WEC with HESS for a step-change in active and reactive 

power demand (zoomed)   
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Chapter 5 

Conclusions  
 

From the study, it was found that the variation of acting load (damping coefficient) on the 

generator during active rectification allows the WEC to produce more power and smoothen the 

power fluctuation to a greater extent compared to the case of passive rectification. Active 

rectification maximizes the WEC output power, as the direct axis current of the generator was 

zero and it reduces the losses in the generator. Active rectification helped PMLG to operate 

within nominal ratings even though the incident waves are varying.  

From the results, it was confirmed that connecting the WEC to the grid without an energy 

storage system will give high power fluctuations at the PCC and the smooth power was 

delivered to the grid when a HESS was used. Despite having losses in the energy storage 

system, this configuration increases the reliability of the grid in terms of demand regulation. 

The flywheel response was promising for dynamic fluctuation of the DC link power and tight 

regulation of the DC link voltage. It was also found that the flywheel reduces the stress on the 

battery by sharing a high-frequency and a few low-frequency demand power fluctuations at the 

DC link, which was achieved by including a low-pass filter in the battery control strategy. The 

charging and discharging current of the battery was almost constant throughout the simulation.    

 Future Work  

In this study, the inverter was controlled using the current control method. The droop control 

method to control the voltage and frequency can be implemented in the future. The active 

rectifier with hybrid energy storage for a wave park can be implemented in the future to 

investigate the stability of the wave park at the PCC for symmetrical and unsymmetrical fault 

conditions. The power quality of the WEC park with HESS, in terms of flicker and frequency 

regulation, can also be analyzed. The fault ride-through capability of the wave park with HESS 

will be an interesting case to investigate as well.   
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Appendix A 

Parameters Of The Models  
Table 1 summarizes the parameters of the WEC which is being used in this study. 

Table 1: WEC parameters [30] 

Parameters Value 

Mass of translator mt 9000 kg 

Length of translator lt 3 m 

Length of stator 2.164 m 

End stop spring coefficients ks 270 kN/m 

Wire rope spring coefficient kw 833 kN/m 

Free stroke length lf 0.75 m 

Maximum stroke length 1.2 m 

Buoy radius ro 3 m 

Mass of buoy mb 4400 kg 

Moonpool radius ri 2.3 m 

Nominal speed 0.7 m/s 

 

Table 2 represents the parameters of the flywheel that is being used in the study. 

Table 2: Flywheel Parameters 

Parameters Value 

Rated Speed 14000 rpm 

Stator Inductances Ld and Lq 4.5 mH 

Stator phase resistance .02 Ω 

Flux Linkage 0.171533 

Inertia 0.09 J.kg.m2 

No. of poles 2 

Initial Speed 5100 rpm 
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Table 3 represents the parameter for the battery that has been used in this study. 

Table 3: Lithium-Ion Battery parameters 

Parameter Value 

Rated capacity 60 Ah 

Initial State-of-Charge 50 % 

Nominal Voltage 350 V 

 

Parameters for transformer and inverter filter are presented in Table 4. 

Table 4: Transformer and Inverter parameters 

Parameters Value 

Primary voltage 440 V 

Secondary voltage 220 V 

Transformer resistance 0.019 pu and .00005334 pu 

Transformer Inductance 0.57123 pu and 0.0016 pu 

Nominal apparent power 12 kVA 

Nominal frequency 50 Hz 

Inverter filter resistance 0.23 

Inverter filter inductance 11 mH 

Switching frequency 4.85 kHz 

Kpv and kiv 15.93, 219 

Kip and kii 40, 673 

 

Table 5 summarizes the parameter for the bidirectional buck-boost converter and low-pass 

filter which is used for battery control.  

Table 5: Bidirectional buck-boost Parameters 

Parameters Values 

Inductance (L) 3 mH 

Resistance 11.2 mΩ 

Switching Frequency 10 kHz 

Low-pass filter time constant 2.3 s 
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Appendix B 

PI Tuning For Active Rectifier 
 

The PI controller for active rectifier is designed on MATLAB/Simulink based on MATLAB 

single input single output (SISO) tool. The basic architecture for designing the proportional 

and integral gain is shown in the following Figure B.1.  

 

 

Figure B.1: Control architecture for PI tuning 

In Figure B.1 G is the transfer function of the permanent magnet linear generator (PMLG) 

which is known as plant transfer function. C is the compensator which is the transfer function 

of the PI controller and H is the sensor for the feedback loop. While designing PI for PMLG 

active rectifier the value for H was chosen assumed to be 1. The following generalized equation 

can be formed from Figure B.1.  

𝑦(𝑠) = 𝐺(𝑠) × 𝑢(𝑠)     (B1) 

𝑢(𝑠) = 𝐶(𝑠) × 𝑒(𝑠)     (B2) 

𝑟(𝑠) = 𝑦(𝑠) − 𝑒(𝑠)     (B3) 

Equations (B1) to (B3) are expressed in Laplace domain. Where r(s) and y(s) are the input and 

output for the plant in Laplace domain. The closed loop gain for the system can be found by 

solving equation (B1) to (B3). 

{
 
 

 
 

𝑦(𝑠) =  𝐺(𝑠)𝐶(𝑠)(𝑟(𝑠) − 𝑦(𝑠))

𝑦(𝑠) = 𝐺(𝑠)𝐶(𝑠)𝑟(𝑠) − 𝐺(𝑠)𝐶(𝑠)𝑦(𝑠)

𝑦(𝑠)[1 + 𝐺(𝑠)𝐶(𝑠)] = 𝐺(𝑠)𝐶(𝑠)𝑟(𝑠)
𝑦(𝑠)

𝑟(𝑠)
=

𝐺(𝑠)𝐶(𝑠)

1+𝐺(𝑠)𝐶(𝑠)

     (B4) 

In equation (B4)  
𝑦(𝑠)

𝑟(𝑠)
 represents the closed loop gain. 

The plant transfer function in equation A (4) can be derived from equation (2.21) and (2.22) by 

replacing ed and eq with the linkage flux in d-q axis for PMLG which was described in section 

2.3.1. In those equations, the relation between terminal voltage, and line current in d-q axis is 

expressed for permanent magnet linear generator. Where the line current in d-q axis is the 
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output for the PMLG and terminal voltage is input. So, solving equations (2.21) and (2.22) in 

Laplace domain will provide the transfer function for the plant. 

   
𝑖𝑠𝑑

𝑢𝑠𝑑+𝜔𝐿𝑠𝑖𝑠𝑞
=

1

𝑅𝑠+𝑠𝐿𝑠
         (B5) 

𝑖𝑠𝑞

𝑢𝑠𝑞−(𝜔𝐿𝑠𝑖𝑠𝑑+𝜆𝑓𝑑
)
=

1

𝑅𝑠+𝑠𝐿𝑠
     (B6) 

PI controller transfer function can be expressed as the following equation:  

    𝐶(𝑠) =
𝐾𝑖

𝑠
+ 𝑘𝑝        (B7) 

Here, ki and kp are the integral and proportional gains respectively.  

The open loop gain for the active rectifier can be found by multiplying right-hand side of 

equations (B5) and (B7) which is shown in equation (B8). 

𝑜𝑝𝑒𝑛 𝑙𝑜𝑜𝑝 𝑔𝑎𝑖𝑛 =
𝑘𝑖+𝐾𝑝𝑠

𝑠(𝑅𝑠+𝑠𝐿𝑠)
        (B8) 

Implementing equation (B8) in MATLAB SISO tool Figure B.2 is found. Figure B.2 represents 

bode plot of the plant for an uncompensated compensator where the proportional and integrator 

gains were one. 

 

 

 Figure B.2: Bode plot for open loop gain of uncompensated plant transfer function  

From Figure B.2 it is found that the uncompensated controller of the plant is stable with a cross 

over frequency of 8.22 rad/s along with a phase margin of 146°. Without a compensator, the 

plant will oscillate towards the steady-state value at 12 seconds. The rise time and settling time 

for the times are 2.9 s and 5.92 s respectively which can be seen from Figure B.3.  
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Figure B.3: Step response of uncompensated plant transfer function (open loop) 

Figure B.4 shows the pole and zero of the open loop system lies in the left half-plane which 

indicates the stability of the system. One pole of the system lies at −16.4 rad/s which is 

equivalent to the ratio of stator resistor and inductor. Position of system zero at −1 rad/s.  

 

 

Figure B.4: Pole zero plot for plant transfer function (open loop)  
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While tuning the PI controller for active rectifier the bandwidth of the closed-loop system was 

chosen to be 15% of the switching frequency with a phase margin of 89.7° this configuration 

helps PI controller to react faster than the changes in the input conditions. For achieving the 

desired bandwidth, a pole was placed at ₋4.73 krad/s and a zero was placed near the zero of the 

open-loop transfer function. The bode plot of the closed-loop response for the system is shown 

in Figure B.5. A higher phase margin allows PI controller to follow the reference due to the 

fast-changing dynamics of the input.  

Figure B.6 represents the step response for the close loop system with compensated PI 

controller. From Figure B.6 it is found that the rising and settling time are 0.466 ms and 0.855 

ms respectively. The close-loop system reaches to steady state at 1.3 ms. This also indicates 

that the PI controller is tuned fast enough to track the reference signal and reach steady state 

compared to an uncompensated case.  

 

 

 Figure B.5: Bode plot for close loop gain of compensated plant transfer function  
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Figure B.6: Step response of compensated plant transfer function  
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Appendix C 

Wave Data 
 

The input wave conditions for this thesis were measured at the Wave Hub test site, situated 16 

km off the coast of Cornwall in South West England, and are available through the Channel 

Coastal Observatory [51]. From the measured data the significant wave height was found to be 

1.3 m. Figure C1 shows the measured wave height at the test side. The wave height is the 

distance between the wave crest and troughs. The period of a wave is determined by the time 

difference between two peaks of the wave. The energy period of the measured wave was 7.6 s. 

From Figure C.1 it can be seen that the height of the wave is not uniform over the total number 

of sample data.  

 

Figure C.1: Measured wave height at the test site 

Figure C.2 represents wave amplitude with respect to wave frequency. From Figure C.2 the 

difference between the two consecutive peak amplitudes will result in the frequency of the 

wave. Using the following formula [31], the wave periods can be calculated, where T and ꞷ 

are wave period and frequency respectively.   

𝜔 =
2𝜋

𝑇
     (C1) 
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Figure C.2: Measured wave amplitude vs frequency at the test site 

From Figure C.2 it can be seen that the wave has different amplitudes over the frequency span 

this indicates that the measured waves are irregular wave [54].  
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Appendix D 

Additional Results For Permanent Magnet Linear Generator 
 

Figure D.1 and Figure D.2 represents the terminal voltage (phase to neutral) and the line current 

of the linear generator during active rectification. From Figure D.1 and Figure D.2 it can be 

seen that, the terminal voltage and line current are in the same phase as each other. This 

indicates the unity power factor during active rectification. The switching frequency of the 

PWM was chosen to be 25 kHz to achieve less ripple and smoother line current. From Figure 

D.1 it can be concluded that the terminal voltage of the linear generator maintains a certain 

voltage level according to the modulation depth (ma) and DC link voltage as mentioned in 

equation (2.23). 

If the DC link voltage becomes marginally higher considering ma and the terminal voltage of 

the PMLG the power will flow towards the PMLG from the DC link and it will act as a load 

which is not desirable. 

 

Figure D.1: Terminal voltage of PMLG during active rectification 
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Figure D.2: Line current of PMLG during active rectification 

Figure D.3 represents the induced back emf of the linear generator. The back emf of the 

generator depends on the stroke length and velocity of the translator higher the velocity and 

stroke greater the induced emf. Which can be explained from equation (2.11) and equation 

(2.16).  
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Figure D.3: Back emf of PMLG during active rectification 

 

Figure D.4 and Figure D.5 represent the electrical frequency of the PMLG during active and 

passive rectification. The electrical frequency of the PMLG depends on the translator velocity 

that is shown in equation (2.16). 

Active rectification helps to achieve optimal force on the translator according to the variation 

incident wave characteristics, results in the optimal velocity of the translator, and the velocity 

of the translator is more pronounced compared to the passive rectification. This pronounced 

velocity results in less variation of the electrical output frequency of the PMLG compared to 

passive rectification. This can be seen in Figure D.4 and Figure D.5. 
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Figure D.4: Electrical frequency of PMLG during active rectification 

 
Figure D.5: Electrical frequency of PMLG during passive rectification 


