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Increasing energy consumption and concern for carbon emissions has boosted the demand
for renewable energy production. The focus on renewable energy has gained much attention
in wind, solar, hydro and wave power generations. Wave power has great potential due to
its high energy density but there are challenges as well. This thesis addresses some of the
challenges involved in the grid integration of wave energy and in maintaining power quality.
In this thesis a grid connection of permanent magnet linear generator (PMLG) based wave
energy converter (WEC) as a renewable energy source is evaluated at the Division of Electricity,
Uppsala University.

The grid impact of a wave energy park in terms of flicker, voltage variations and harmonic
distortion at the grid-connection point are investigated extensively. The short-term flicker level
generated by the WEC and a wave energy park (WEP) related to the rated WEP power and grid
impedance angle at the PCC are evaluated.

In this thesis, an improved control for hybrid energy storage is presented, which enhanced the
efficiency and increased the battery life while smoothing the intermittent power from the WEP.
The thesis, also, contributes to resolve the problem of inertia and power balance by integrating
the DC-link capacitor in the control loop which reduce the size and cost of the components at
the DC-link.

The work presented in the thesis has contributed for the force control of the PMLG which is
predicted and controlled by regulating the stator currents of the generator. A nonlinear, neural,
control is evaluated and compared to a linear, proportional-integral, control. The results from the
nonlinear control show the good agreement between the referenced and the generated currents.
The reduced losses enhanced the accuracy of the system.

A control and grid connection system for a WEC has been designed and installed. The thesis
addresses the issue of power quality in low, steady and varying power flows of compliance with
the grid code requirements.
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Nomenclature 

Symbol Unit Description 
  m2 Buoy submerged area 

B T Magnetic flux density 
C,  F Filter capacitor 

  F Capacitance of the ultracapacitor (Ψ )   - Flicker coefficient  
D, Dq - Active and reactive damping coefficients 

  - Duty ratio for supercapacitor controller 
  - Duty ratio for battery controller ⁄   Hz/s Rate of change of frequency 

E V Electromotive force in phasor form 
ER  J Rotor kinetic energy 

  Wh Energy in the HESS 
  N  Buoyancy force 
  Hz Crossover frequency 
  Hz Crossover frequency of the battery 

  N Damping force 
  N End stop force 
  N Excitation force 

  Hz Grid frequency 
  N PTO force 

  N Radiation force 
  Hz Switching frequency 
  Hz VSG frequency 

  m/s2 Acceleration of gravity 
H s Inertia constant 

  s Inertia coefficient of the capacitor 
  - Hidden layer j:th neuron 

I A Current 
  A Three-phase current 

  A Battery current 
  A Direct current 
  A DC-reference current 

  A Excitation field current 
  A Grid current 
  A Amplitude of the h:th current harmonic 



 

  A Referenced current _   A Referenced demand current _   A Total referenced current 
  A Supercapacitor current ,   A Direct and quadrature axis current ∗  A Conjugate component of current  

J Kg.m2 Rotational inertia 
  - Inertia coefficient for reactive power loop ,   - Proportional and integral gains 

  N/m Coefficient of spring stiffness ,   H DC/DC-converter-inductance (SC, Battery) 
  H Grid inductance  
  H Stator inductance of the generator 
  H Transformer inductance 
  kg Buoy mass 
  kg translator mass 

P W Active power 
  W Average power component 

  W Battery power 
  W Updated power demand for the battery ,   W Electrical and mechanical power ( )  W Output of the voltage PI controller at the n:th

instant 
  W Grid active power 
  W HESS power 
  W New power demand for HESS 
  W Filtered variable of power 

  - Long-term flicker severity 
  W Rated power of the wave energy converter ∗   W Referenced active power 

  - Short-term flicker severity 
  W Updated power demand for SC 

  W WEC power 
Q VAr Reactive power ( )  VAr PI controller output at n:th instant ∗  VAr Referenced reactive power  

  Ω Stator resistance 
  Ω Grid resistance  

s s-1 Complex variable in Laplace transform 
S VA Apparent power 

  VA Short-circuit apparent power 
T, t s Time 

  s Dead-time 



 

,   s Turn-on and turn-off timing of IGBTs 
  s Observed time period/time window 

U V Terminal voltage in phasor  ,   V Terminal voltage 
  V Referenced terminal voltage 

  m/s Speed of the translator 
  V DC-link voltage 

  V Voltage error  
  V Referenced DC-link voltage 
  V Direct-quadrature voltage 
  V RMS line to line voltage 

 V Source Voltage 
  - Weights of input and hidden layer neurons 

Z H Line impedance 
  m Position of the buoy  
  m/s2 Acceleration of the buoy 
  m/s Speed of the translator 
  m/s2 Acceleration of the translator 

   

Greek 
symbol 

  

   
Symbol Unit Description ,   - Rising and fall rate limiter 

  - SOC based function 
  (°) Phase shift 

  - Damping ration 
  - Variable accelerator 

  s Time constant 
  m Pole-pitch 
  rad/s Angular speed 
  rad/s Electrical angular frequency 
  rad/s Closed-loop bandwidth 

  rad/s Resonant frequency 
  rad/s VSG angular speed 

  (°) Electrical angle Δ  - Stands for a deviation from steady state value ∆   A Maximum ripple current Δ   Hz Frequency deviation Δ   s Time difference between two time-instances Φ  Wb Magnetic flux λ   Wb Excitation linkage flux 



 

Abbreviations 

AC Alternating current 
ANN Artificial neural network 
BW Bandwidth 
c-RIO Compact-real time input output 
CSD Current synchronous detection 
DC Direct current 
DDC Dynamic droop controller 
DER Distributed energy resource 
DG Distributed generation 
DRL Dynamic rate limiter 
EES Electrical energy storage 
EMCS Energy management control system 
EPRI Electric power research institute 
ESR Equivalent series resistance 
ESS Energy storage system 
FFT Fast-Fourier transform 
FPGA Field-programmable gate array 
HESS Hybrid energy storage system 
IEC International Electrotechnical Commission 
IEEE Institute of Electrical and Electronics Engineers 
IGBT Insulated gate bipolar transistor 
Li-ion Lithium-Ion 
LPF Low-pass filter 
MaREI Marine and renewable energy, Ireland 
MG Microgrid 
NARMAX Nonlinear autoregressive moving average exogenous 
PCC Point of common coupling 
PHIL Power hardware-in-the-loop 
PI Proportional-Integral 
PLL Phase-locked-loop 
PM Phase margin 
PMLG Permanent magnet linear generator 
PTO Power take-off 
PWM Pulse-width modulation 
RES Renewable energy source 
RMS Root mean square 



 

ROCOF Rate of change of frequency 
RT Real-time 
SC Supercapacitor 
SCIG Squirrel-cage induction generator 
SG 
SISO 
SOC 
SMES 
SPWM 
TDD 
THD 
UPS 
UU 
VSC 
VSI 
WEC 
WEP 
WPP 
WTG 
 

Synchronous generator 
Single-input-single-output 
State-of-charge  
Superconducting magnetic energy storage 
Sinusoidal pulse-width modulation 
Total demand distortion 
Total harmonic distortion 
Uninterrupted power supply 
Uppsala University 
Voltage source converter 
Voltage source inverter 
Wave energy converter 
Wave energy park 
Wave power Park 
Wind turbine generator 
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1. Introduction 

The energy sectors are intensifying their pursuit of renewable energy sources 
(RES) to meet the increasing global power demand [1].The effect of the green-
house gases increases the interest in producing green and sustainable energy. 
The International Energy Agency (IEA) estimated that the global demand for 
energy will increase by up to 25 percent by 2040 [2]. Photovoltaic, wind and 
hydropower are among the most developed and pollution-free power produc-
ing technologies from renewable energy sources. Wave current, tidal current 
and marine current technologies are considered to be the future contributors 
for clean power production [3]. The potential of harnessing the energy from 
the ocean using sustainable energy systems has gained much attention in re-
cent years [4]. 

1.1 Wave energy 
Due to its high and reliable energy density higher than other RES such as pho-
tovoltaic and wind energy [3]—wave energy could play a vital role in future 
energy sector. Ocean energy is an untapped sustainable energy which is avail-
able day and night. Therefore, it is considered as a challenging source of en-
ergy to integrate with the power grid [5]. Connecting a wave energy park 
(WEP) to the power grid requires some energy conversion stages [6], [7]. To 
develop the wave power technologies and select suitable sites, it is imperative 
to know the estimated power of the sites. There have been many studies sum-
marizing and assessing the current worldwide wave power scenario [1], [7]–
[10]. Fig. 1.1 shows wave model data using a high precision satellite altimetry 
with measured buoy data for 10 years period [11]. 

The annual wave resource for nearshore areas, is the highest level on the 
west coast of the British Isles, Greenland, and Iceland and then decreases grad-
ually to North. The European coastline’s total wave power varies from 120 
GW at the coast of United Kingdom to 1 GW on the Swedish coast [12] and 
passing through France, Ireland  and Denmark lying somewhere in between. 
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Figure 1.1. Global annual mean wave power estimation in kW/m for a 10 years period 
[11]. 

1.2 Wave energy converters  
In the past decades, wave energy converter (WEC) technologies have been 
extensively developed and tested to harvest the energy from the ocean, both 
offshore and in onshore waters [13], [14]. They are categorised according to 
the operating principle of the WEC technology, the distance from the shore 
etc. Another categorisation is based on the method of power absorption and  
classifies WECs as terminators, attenuators, and point absorbers [11]. The 
classification of wave energy extraction technologies and devices is shown in 
Fig. 1.2. The classification of the WEC devices is based on the location of the 
device such as onshore, nearshore and offshore and the working principle to 
harvest the energy [11], [13].  

1.3 Wave energy concept at Uppsala University  
The WEC concept developed and tested at Uppsala University (UU) and its 
research site are presented in briefly in this section. The Division of Electricity 
extensively studies every aspect of wave energy harvesting technologies. 
Since 2006, the projects have covered the steps from energy conversion all the 
way to the connection to the power grid [15]. The concept developed at Upp-
sala University is a point absorbing heaving WEC [16]. The WEC consists of 
a permanent magnet linear generator (PMLG) connected to a floating buoy on 
the water surface with a line, see Fig. 1.3. The translator moves inside the 
PMLG with the motion of the buoy and generates electricity due to the varying 
magnetic flux linkage in the stator coils. 
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Figure 1.2. A classification of wave energy concepts and devices [11]. 

The PMLG voltage output varies in magnitude and frequency due to the inter-
action of the stator and the translator as shown in Fig. 1.4. The concept is to 
group several WECs in a farm layout which is recommended to smooth and 

 
Figure 1.3. Essential components of a direct driven PMLG WEC [14]. 
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increase the total power from the farm [17]. To collect the power from each 
WEC, an intermediate unit such as an underwater substation is required. The 
substation has all the power conversion systems to rectify the WEC power to 
feed a DC-link, inversion of DC power and connects the grid at measuring 
station using long power cables.  Two underwater substations have been de-
veloped and deployed [18][19]. The first substation was deployed in 2009 and 
successfully connected to three WECs [20]. The first prototype substation was 
equipped with a control and measurement system [21]. The second substation 
is equipped with an automated grid connection control system and enables 
connection of up to seven WECs. This substation is deployed and connected 
to the measuring station through a power cable to feed the power to the local 
grid onshore (see Fig. 1.5) [22].  

An overview of the various components installed at the site is shown in Fig. 
1.6. Both substations are fitted out with all power conversion stages, such as 
rectification, inversion, transformation and filtering of the inverter output volt-
age, so as to be grid compliant. A secured grid connection, is established in 
2016, is discussed in detail in Papers VIII - IX. Paper I gives an update and 
the research activities conducted at the research site of Uppsala University. 
 

 
 
Figure 1.4. Three-phase voltage output of the PMLG for a 4.9 ohm load case. 
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Figure 1.5. (a) Deployment of the 2nd substation and (b) Team during the field work. 
 
In Fig. 1.6, the installed offshore components of wave power plants and an 
onshore measuring station connected to the grid are shown. A wave 
measurement is logged at the site and transferred to onshore station wirelesly 
by the observation tower. The tower is standing offshore on a rock in the site 
nearby the biology buoy and wave measuring buoy. A PMLG with its heaving 
buoy is connected to the marine substation and the measuring station via a 30 
m and a 2.9 km long power cable, respectively. 
 

 
 
Figure 1.6. Overview of the components installed at the Lysekil research site, 
adapted from Paper I. 
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1.3.1 Measuring station 
The measuring station is the intermediate connection point of the power from 
the offshore WEC and the substation is situated on the nearest island, 
Härmanö. Since 2006, the measuring station has been upgraded continuously 
with power conversion and power handling systems. During 2015-2017, a se-
cured and autonomous grid connection was established including necessary 
protection for the grid connection. A Hexaformer (multiple tap transformer) 
125/1 kV was installed next to the measuring station and followed by the main 
grid transformer, an ECOLBLOC 1/11 kV, as shown in Fig. 1.7. The power 
conversion system in the measuring station is able to integrate a single WEC 
to the grid as shown in Fig. 1.8. A three-phase circuit diagram of the electrical 
system in the measuring station is depicted in Fig. 1.9. 

 

 
Figure 1.7. Measuring station connected to the main grid transformer-ECOBLOC 
through the Hexaformer (125/1 kV) at Härmanö in Lysekil [16]. 

A grid connected electrical system enclosure, shown in Fig. 1.8, is equipped 
with a three-phase rectifier where the WEC output power is rectified and fed 
the DC-bus capacitor. A 2-level inverter is interfaced with DC-bus to inject 
the active power into the grid. The active power injection depends on the gen-
erated referenced current which is the difference of the measured and the ref-
erenced DC-bus voltage. As a safety precaution for the DC-bus, an independ-
ent control, a chopper, is used. This can control the current exceeding the lim-
its by dissipating the power to the resistor, as shown in Fig. 1.9. A LC-filter 
connecting to the grid via the Hexaformer is used to smoothen the switching 
frequency harmonics generated by the inverter switching. More details can be 
found in Paper VIII. 
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Figure 1.8. Electrical system integrated with the grid, adapted from Paper VIII. 

Fig. 1.9 presents a complete overview of the electrical system installed in the 
measuring station. It shows, the interfacing of the WEC, a power conversion 
unit including a DC-chopper, and the high voltage side of the Hexaformer 
contactor, Q_G1. A grid synchronization block and inrush limiting resistors 
are shown at the top in Fig. 1.9. In the overview diagram, the Hexaformer 
transformer and the main grid transformer-ECOBLOC are shown connected 
with their respective contactors. 
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Figure 1.9. Three-phase circuit diagram of the electrical system installed in the meas-
uring station. 
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1.4 Energy management 
1.4.1 Electrical energy storage  
Wave energy is known as a readily available and reliable renewable energy 
source on a par with solar, hydro and wind energy [11]. The energy from the 
waves induces an intermittent power which is captured. This intermittent 
power is useful only after a smoothening process by means of a suitable con-
trol and, eventually, energy storages (ES). Electrical energy storages (EES), 
are being considered as a suitable candidate to enhance the grid stability, in-
crease the penetration of RES, improve the efficiency of power systems, and 
reduce the stress over energy generation units [23]. At present, battery based 
ES are used at a wider level in PV, wind and wave power generations, espe-
cially in small to medium size power farms [24]. However, battery based ES 
have restrictions, such as short lifecycle, less power density, and environmen-
tal issues related to the electrolytes used in the battery. 

Ultracapacitors (UC) and supercapacitors (SC) are electrolyte of ES sys-
tems with a high power density, a longer lifecycle, and maintenance-free po-
tential. Fig. 1.10 presents the Ragon plot specifying the specific energy and 
power density of electrochemical energy storages in Fig 1.10 (a) and the dis-
charge time of different energy storage technologies available today in Fig. 
1.10 (b), curtesy of the Electric Power Research Institute (EPRI) [25].  To 
improve the technical and economic index, battery and SC based hybrid en-
ergy storage systems (HESS) are gaining attention [26]. However, it is an im-
perative to have a controlled power flow on each element of a HESS to be 
economically viable [27], [28]. Another benefit of using HEES is the potential 
of regulating the frequency of the electric power systems [29]. The increased 
share of RES connected inverters is reducing the kinetic inertia of the grid. In 
such medium to large scale RES integrated applications, HEES are expected 
to provide ancillary services to increase the stability of the power grids. HEES 
are capable of providing active and reactive power compensation using the 
necessary power electronics controls depending on the system [25]. Various 
studies have been reported to exploit the potential of EES/HEES using differ-
ent controls algorithms in solar, wind and wave energy generations [23], [26], 
[29]–[31]. Paper IV and Paper V discuss the proposed control algorithms to 
control the power flow of the HESS components and the emulation of virtual 
inertia. This is further described in Chapter 3. 

1.4.2 Challenges in grid integration of RES 
The overall aim of harvesting the energy from various RES is to meet the 
increasing demand for power in a sustainable way. So far, photovoltaic and  
wind power have surfaced as matured technologies and are in a commercial 
stage [32], [33]. The survivability and a grid integration of a wave energy park 
(WEP) is still in the developing stage. However, many projects are focusing 
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Figure 1.10. (a) Specific energy and power of electrochemical energy storage, and (b) 
Discharge time at rated power of various ES technologies [25], UPS: uninterrupted 
power supply, T&D: transmission and distribution. 

on a grid connected system and working on challenges such as voltage fluctu-
ations at the connection point, flickers, harmonics, and the inertia of the grid 
[34]. The grid short circuit ratio, the grid impedance angle and the total power 
of the WEP are crucial factors to analyse in order to address the grid impact 
of a WEP [35]. Paper X discusses these challenges and assesses the grid im-
pact in detail.  
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1.5 Previous work of wave power group 
The wave power project has resulted in more than 29 PhD theses, and many 
licentiate theses covering all the aspects of the project such as power conver-
sion, hydrodynamics, the mechanical system, the environmental impact, the 
generator design, power electronics etc. The early stage research theses cover 
the general aspects of the power conversion process [36], [37]. The buoy-gen-
erator interactions were studied in [38]. Dr. Savin conducted the mechanical 
studies in [39]. The environmental impacts were studied in extensively [40], 
[41]. The electromagnetic design of the generator was studied in [42], [43]. 
The damping of the generator, translator mass, and the optimised stroke 
lengths were studied in [44]. Dr. Lejerskog researched the theoretical and ex-
perimental analysis of operating a WEC [45]. Dr. Krishna presented the grid 
interface based on a multilevel converter in 2014 [46]. Dr. Baudoin researched 
the cooling strategies for a wave power conversion system in [47]. The hydro-
dynamic studies were conducted in [48], [49]. Dr. Wang worked on the mod-
elling and an advanced control of fully coupled WECs [50]. A tidal compen-
sation system was studied and developed in [51]. Dr. Ulvgård presented the 
experimental approach of onshore testing and offshore monitoring [52]. Re-
mote operated vehicles for automated under water connections were studied 
in [53]. A study on wave power desalination was studied in [54]. 

The recent theses described the work related with the electrical system re-
lated to the substation and the energy conversion. Dr. Rahm studied the me-
chanical aspects and the testing of the underwater substation [55]. Dr. Boström 
presented the design of the electrical system and studied the first crucial steps 
in the power conversion of a varying AC from the generators [56]. Dr. Svens-
son developed the measurement and control system for the first prototype sub-
station [57]. A second prototype was built and tested for a grid integration of 
the WEC with various power converter topologies in [58]. Grid connection 
techniques of PMLG based renewable energy source are presented in [59]. Dr. 
Soman worked on the smart control for wave energy conversion with multi-
level converters [60]. Dr. Francisco presented the adapting Sonar systems for 
monitoring ocean technologies [61]. Dr. Chatzigiannakou studied the offshore 
deployments of WECs [62]. Dr. Ayob presented the adaptation of wave en-
ergy plants to regions with high tides [63]. 

1.6 Scope of this thesis  
Wave energy research is a truly challenging field of research and poses many 
problems from harvesting the wave energy to a grid connection. Some of the 
problems are the result of high forces: waves induced by storms may be 50 
times higher than the average, corrosion: metals are sensitive to corrosion in 
saltwater, and conflicts of interest prolong the process of permit clearance for 
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the installations of wave energy devices. Intermittency: the natural behaviour 
of sea state induces an intermittent WEC power. In this thesis, the author re-
searched the problem of the intermittency of the WEC power and posed some 
research questions as main objectives to be addressed to improve the power 
quality and achieve grid compliance. 

1.6.1 Main objectives 
This thesis is built around the following main objectives. 
 

1. How can the force of the generator be controlled precisely using linear 
and nonlinear controls? 

2. How can we improve the power sharing control at the DC-bus using 
a hybrid energy storage system (HESS)? 

3. How can we improve the control for an inertia emulation in RES con-
nected inverters with reduced DC-bus components? 

4. Can we improve the grid power quality in a low power flow applica-
tion? 

5. What is the impact of a small scale WEP connected to the grid on high 
and medium grid impedance angles: an assessment? 

 
Although separated in to five research objectives, the work is interwoven to 
achieve the overall goal, an improved power quality. Harvesting the energy 
through a WEC and connecting to the grid requires a system prospective and 
detailed knowledge of the steps to be executed. Teamwork and the coopera-
tion are required in any project, such as wave power project at Division of 
Electricity. 

1.6.2 Methodology  
To address the first research question, the work is focused on improving the 
power quality of the generator by controlling the currents based on the pre-
dicted force by the controller. The linear direct driven generator acts as a 
power-take-off (PTO) unit. The motion of the translator, which affects the 
power production, depends on the ocean waves and the damping behaviour of 
the PTO system. To predict the PTO force to regulate the stator currents, two 
separate controls, a linear tuned PI (Proportional-Integral) control and nonlin-
ear (neural based control) are investigated in the simulation studies. The wave 
data from previous offshore experiments were used as an input and have been 
characterised as a function of the translator position and speed. This work has 
been presented in Paper II. A separate study was carried out in a microgrid 
power system at MaREI Centre in Ireland, where a hydrodynamic model was 
interfaced with the OPAL-RT Power hardware-in-the loop system (PHIL), 
OP5600 to the emulator in a test-rig. The study described the behaviour of a 
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single WEC in a microgrid when a torque control is applied to the rotatory 
generator which is related to the force control in linear motion. The outcome 
of the results is discussed in detail in Paper III, V & X.  

An increased power quality and a lower cost are critical points of research. 
This thesis presents ways to improve the power quality of the wave energy 
park by reducing the cost of the components. The improved controls led to a 
significantly improved power sharing at the DC-bus and reduced components. 
An energy management control system was proposed with a dynamic rate con-
trol to save the battery lifecycle. Furthermore, an improved inertia emulation 
was achieved by using the capacitor at the DC-bus using a control algorithm. 
The author’s contribution to these works, covered by the research questions 
two and three, has been to help to develop and evaluate the controls to improve 
the power sharing, the grid power quality and the grid stability. Paper IV-VII 
presented the work addressing these questions. 

Regarding question four, the work focused on improving the power quality 
of the electrical power conversion system developed and assessed in the la-
boratory, and then installed at the research site. The voltages and currents for 
the conversion system were analysed in terms of harmonics at switching fre-
quencies and lower-order frequencies in a low power flow application. The 
work includes the logging and control algorithms, the designing of measure-
ment systems, the harmonic filter and the grid-phase tracking technique. The 
work was reviewed extensively to meet the maximum allowed limits as de-
fined in standards, such as IEEE-519-1992, EN 50160 to be able to grid com-
pliance. The work further discusses the control mechanism for the grid inte-
gration of a WEC and is presented in Papers VIII & IX. 

The last objective addresses the critical issue of grid integration of wave 
energy in terms of grid impact. Future wave energy parks need a thorough 
assessment of their impact before connecting them to the main grid or a mi-
crogrid. The potential grid impact of a wave energy park in various layouts on 
the power quality of its connection point is investigated. The estimation 
method of flicker levels, , generated by the wave energy park is used as 
defined in the IEC 61000-4-15 standard in relation to the impedance angle Ψ  
of the connection point to the grid. Power pulsations and voltage variations 
induced by the wave energy park power are investigated at the connection 
point for each layout and compared to the maximum limits allowed by the 
standards EN 50160 and IEC 61000, so as to confirm the compliance level of 
the park. Besides these investigations, the harmonic content, as defined in 
IEEE 519-2014, at the connection point is analysed for each layout. It is worth 
mentioning that the study investigated all the critical parameters, both using 
energy storage and without energy storage. The grid code compliance level 
was strictly followed and the results were reported with results in Paper X. 

Beyond the objectives, the overall development of the Lysekil project 
where the author has been actively involved is presented in Paper I. 
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1.7 Thesis outline 
The work presented in this thesis evaluates, simulations and experiments of a 
grid connection of a WEC and a WEP as a renewable energy source. The aim 
has been to evaluate the controls and to develop a grid connected system for 
wave power. The study has contributed with 10 papers covering different as-
pects of research. The main contributions of the author have been in develop-
ing power electronics based converters and the controls for smoothing the in-
termittent power of the WEP. The author’s major contributions are from the 
Papers II, IV, V and Papers VIII-X. 

The work has focused on experimental and laboratory testing of the system 
and experiments carried out in a microgrid connected PHIL power system. 
Chapter 2 presents an introduction of power conversion system and challenges 
to grid integration of wave power. The methods and modelling used in this 
thesis are discussed in briefly in Chapter 3. Chapter 4 specifically deals with 
the tests carried out in a microgrid connected power system at the MaREI cen-
ter in Cork, Ireland. Some of the main simulation and experimental results 
covering different aspects of the thesis are presented in Chapter 5. The grid 
impact of a WEP and a WEC is assessed in different layouts and compared to 
the grid compliance level as regulated by various grid operators. In Chapter 6, 
the work is summarised with some of the main conclusions from all the papers 
and suggestions for the future work are presented in Chapter 7. 
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2. Power conversion system and Grid 
integration of wave energy 

This chapter is divided in two parts, Part I presents an overview of the power 
electronics converter system developed during the research project in Paper I, 
Paper VIII and Paper IX. The chapter further discusses the important aspects 
of grid integration that need to be taken account. Part II explains the results in 
terms of a power quality assessment of the experimental setup tested in the 
laboratory and installed at the research site. 

Part I: Overview of the power conversion system 

2.1 Why wave power conversion  
Most of the RES are fluctuating power generation sources, e.g. variable DC 
from solar PV or variable AC from wind and wave generators. They require a 
power conversion to produce a stable sinusoidal voltage output and a current 
at a frequency of 50 Hz/60 Hz. Therefore, a power conversion system is re-
quired which can handle the varying voltage, frequency and phase of the di-
rect-driven PMLG and ensure a stable sinusoidal grid compliance output. An 
overview diagram of the system is shown in Fig 2.1 where the WEC array is 
connected in a back-to-back topology to the grid, assuming a unidirectional 
power flow from the WECs to the grid. 

 
Figure 2.1. A back-to-back converter with AC/DC/AC conversion interfaced to the 
grid, adapted from Paper VIII. 
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The operations of two converters (a rectifier and an inverter) are decoupled by 
an intermediate capacitor, serving as energy storage. The WECs are passively 
rectified and interfaced to the DC-bus. The WEC, as mentioned in the intro-
duction, is a point absorber PMLG. Its random electrical output exactly re-
flects the nature of the ocean waves. Fig. 2.2 presents the random electrical 
output from the PMLG in a sea state recorded in previous experiments. 

 

 
Figure 2.2. Voltage in one phase from a three-phase PMLG, adapted from Paper I. 

2.2 DC-bus 
The DC-bus serves as a short-term energy buffer smoothing the power of the 
WEC and as an interfacing point to the grid-side converter. Capacitors are 
suitable for smoothing the power and reducing the flicker of the grid voltage. 
Aluminium electrolyte capacitors are used due to their high energy density 
and their longer lifetime. A harmonic free waveform of the current can be 
obtained by estimating the minimum voltage of the DC-bus and the necessary 
size of the capacitor can be estimated as defined in Eq. (2.1). 

, − , = ( ) − ( )
 >  √2 V        >  √2 √3 V                   (2.1) 

where  is the capacitance of the capacitor, ( ) is the WEC power as an 
input, and ( ) is the grid power.  is the peak value of the line-to-line 
root-mean-square (RMS) voltage. The capacitor energy storage is only 
efficient if the DC-voltage is allowed to vary over a wide range, according to 
Eq. (2.1). 
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2.3 The two-level voltage source inverter (VSI) 
The basic voltage source inverter is shown along with the experimental setup 
in Fig. 2.3. Three dual-packaged Insulated Gate-Bipolar Transistors (IGBTs) 
SKM-100GB12T4 modules are used, rated at 1200 V and 100 A. The gate 
drive circuits are mounted on the top of the shielded box Metallised poly-pro-
pylene capacitors (having low equivalent series resistance) are used and 
mounted at the DC-terminals to supply the pulse current during the switching 
transitions. The stray inductance of the cables used to drive the gate signal is 
kept low (typically at 5 nH/cm) by keeping them short, twisted and shielded.  

 
(a)                                    (b) 

 
(c) 

Figure 2.3. Showing the schematic of 2L-VSI, the installed components, and the 
test setup. (a) The two level voltage source inverter, (b) The setup for grid-phase 
and frequency measurement in the measuring station at Lysekil and (c) The ex-
perimental setup being tested in the laboratory. Pictures from Paper VIII & Paper 
IX. 
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The IGBTs on-off stage is controlled by modulation technique. A 50 Hz si-
nusoidal voltage output is modulated with a high frequency carrier wave. The 
balance between the switching and the filter losses is maintained by setting 
the switching frequency ( ) [64], [65]. A sinusoidal pulse-width-modulation 
(PWM)-scheme is implemented for the 2L-VSC with a switching frequency 
of 5 kHz. In addition, a chopper is used as a safety precaution and to obtain a 
smooth power transition. A secure interface of the control system with the 
logic circuits and the IGBTs is employed. ACPL-337J Optocouplers are used 
as the gate drivers. The dynamic aspects are unified for the IGBTs protection, 
including IGBT-desaturation exposure, assessment during a fault, and under-
voltage lockout. The transition of the gate signal from the Field Programming 
Gate Array (FPGA) to the IGBT is achieved by a NAND-Schmitt trigger 
(74HC132D)—as an amplifier and protection circuit—more details can be 
found in Paper VIII and Paper IX.  

The gate-emitter voltage, , characteristics during turn-on and turn-off 
for one of the IGBTs are shown in Fig. 2.4. The turn-on time is TON = 560 ns 
and turn-off time is TOFF = 120 ns. To prevent the VSI legs from cross-con-
duction faults, a dead time  is used between the switching states.  is set 
to 3.8 μs, which gives a good margin for the turn-off time TOFF. 

 

 
Figure 2.4. Turn-on and turn-off of the gate-emitter voltage, the switching time in the 
IGBT active region is between 5.9-10.5 V, Paper VIII. 

2.4 LCL-filter (harmonic-filter) 
To attenuate the switching ripples caused by the VSI at the switching fre-
quency, a harmonic filter is implemented and used between the VSI and the 
PCC. The LCL-filter is used due to its promising attenuation and control over 
the current bandwidth [66]. A single inductor (L-filter) provides a larger volt-
age drop and less effective attenuation. The design of the LCL-filter is based 
on the following criteria in order to maintain the current control bandwidth 
and to avoid any resonances.  

1. Grid-code compliance, IEEE 519-1992. 
2. Allowed maximum ripple current (∆ ). 
3. Selection of the shunt capacitance ( ). 
4. Selection of damping after finding the system resonance  
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The VSI is connected to the grid through an LC-filter and an isolation trans-
former. The transformer inductance, , and the resistance, , are taken into 
account in designing the LCL-filter. The LCL-filter is made up of three ele-
ments 1) the resistance , and the inductance, , on the inverter side, 2) the 
resistance  and the inductance, , on the grid side and 3) the shunt capac-
itors ( ). Note that  is the sum of the inductance of the transformer  and 
the grid inductance . Therefore, =  + . A single phase equivalent 
is shown in Fig. 2.5. The allowed limits are set to 20% of the rated-current. 
An attenuation rate of 10% is chosen during the design. In a three-phase sys-
tem, the  are connected in a star-mode-configuration and the neutral is kept 
float to avoid the zero-sequence current. 

 
Figure 2.5. Single phase equivalent of the LCL-filter, Paper VIII. 

An implementation and effective results of an LC-filter for ripple attenuation 
has already been used for an L-filter configuration [67].  The power quality in 
weak grids or island-mode operation is determined by the voltage quality, if 
the output voltage is considered the controlled variable. However, in strong 
grids, the power quality is determined by the current quality as defined in the 
IEEE 519-1992 standard. Assuming a strong grid, the transfer function for the 
LCL-filter is obtained as in Eq. (2.2) and analysed in terms of stability and 
compared to the L-filter, the LCL-damped, and the LCL-undamped condi-
tions. The resonance peak occurring at resonant frequency  and the con-
dition is determined by Eq. (2.3) ( ) = ( )( ) =            (2.2) 

= 2 =                                           (2.3) 

During the design of the LC-filter, the inverter side inductance  is selected 
to optimise the efficiency. A small value of  causes large ripple currents, ∆ , 
hence the VSI presents higher switching and conduction losses. Therefore, 
10% of the attenuation rate is chosen to achieve a power quality improvement. 
The value of  can be obtained as in Eq. (2.4) [68]. 



 34

=  (∆ )                                                       (2.4) 

where  is the DC-bus voltage. The Bode plots of the transfer function of a 
damped and an undamped LCL-filter and the transformer as an L-filter re-
sponse are shown in Fig. 2.6 represented by the blue, black and red curves, 
respectively. It is evident that at low frequencies, less than the resonant fre-
quency, , the dynamic response of the system remains unchanged and an 
LCL-filter behaves like an L-filter. On the other hand, at higher frequencies, 
greater than , LCL-filter provides better attenuation, and damping be-
comes useful for the system stability. In this case, poles and zeros are in the 
negative region of the s-plane. The virtual damping—due to the long power 
cable from the WEC to the system—provided a significant stability of the sys-
tem. Therefore additional damping was not required. 

 
Figure 2.6. Bode-plot of the transfer function of: damped LCL-filter, undamped LCL-
filter and only L-filter, from Paper IX. 

2.5 Grid synchronisation 
According to the previously discussed standard limits, for the maximum am-
plitude deviation, a phase shift of ∆ ≤ 20° for maximum THD/TDD limits 
must be satisfied to close the grid contactor and synchronise the LCL-filter 
output to the grid. The conditions for a grid synchronisation should satisfy 
four criteria at the PCC: 

1. Same phase order 
2. Same frequency 
3. Same amplitude and 
4. Same phase 
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A three-phase synchronous reference frame-phase locked loop (SRF-PLL) is 
used for grid-phase tracking because of its simple implementation, effective 
low-pass filtering characteristic and robust performance. 

2.5.1 Phase locked loop (PLL) 
The grid-phase tracking is performed using a SRF-PLL for two reasons. Pri-
marily, it is used for the grid current reference frame, i.e. to control active and 
reactive power. Secondly, it checks that all phases are connected and deter-
mines the grid-phase sequence. 

To minimize the errors, the strategy uses a conversion of stationary abc 
reference frame to the synchronous dq frame components using Parke and 
Clarke transformation. Voltages are compared on both sides of the grid con-
tactor. The phase order is controlled by checking the sign of , which will be 
positive if connected correctly and negative if two phases have been reversed. 
The block diagram of the PLL is shown in Fig. 2.7. 

 

 
Figure 2.7. Block diagram of phase-locked loop for grid phase tracking. 

The PLL phase φ is locked to the grid phase θ if the following condition is 
satisfied: = + , which is valid if the PLL has locked to the grid. Using 
a PI-regulator the error is minimized. The PI-control block is tuned to mini-
mize the PLL phase error, and also functions as a low-pass filter to reduce 
measurement noise. The transfer function of PI- control is defined in second-
order form in Eq. (2.5). There is a trade-off between fast phase-tracking and 
appropriate noise rejection for the PLL design. The derived closed-loop trans-
fer function of the PLL in the general second-order form is given in Eq. (2.6) 
[69]. ( ) = + ( ⁄ )                                   (2.5) 

where  and = 1⁄ , are the Proportional and Integrator controller para-
metric-gain values and  is the integral time constant which is set to 0.2712. ( ) =                                       (2.6) 

where = ⁄  is the closed loop bandwidth of the PLL and = 2⁄  
is the damping-ratio, where  is the normalized factor to scale the phase error 
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into integer on the FPGA which is defined as =  and set value of  
is 3000.  

2.6 Important aspects of grid integration: the grid 
operators requirements 
Grid operators tend to categorise power plants according to their grid interface 
types. The European Network of Transmission System Operators for Electric-
ity (ENTSO-E), representing 43 electricity transmission system operators 
(TSOs) from 36 countries across Europe, defines the network code of require-
ments for grid connection applicable to all generators [70]. It defines require-
ments of an increasing level of constraint depending on the plant rated power 
at the PCC.  

The power fluctuations generated by the heaving WECs without an EES or 
suitable control strategies may have a negative impact on the PCC grid power 
quality to which the WEPs are to be connected in future. Hence, certain re-
quirements, grid codes, are defined by the grid operators in terms of maximum 
tolerated impact [71].  

The various grid operators around the world, approve the RES connected 
distributed power system which complies specific criteria as defined in vari-
ous standards at the PCC. These specific requirements are the maximum limits 
allowed for different electrical parameters assessed and controlled by different 
controllers and interfacing of power electronics units. 

2.6.1 Technical challenges 
The increasing penetration of variable RES has significant advantages but 
there are challenges as well [72]. The most crucial challenge is the operating 
stability, especially during negligible waves hence no power extraction along-
side conventional generation units [73], [74]. Other technical challenges are 
the problems of maintaining the RES, contributing to the system voltage and 
the frequency regulation, flicker, harmonics, and control design in both grid-
connected and isolated modes[75]. 

2.6.2 Voltage variations  
The frequent voltage variations may cause deterioration of the power quality 
and introduce a certain degree of instability in the power system. The voltage 
variations can be defined in three categories, voltage swell, voltage sag and 
voltage interruption of the RMS voltage at the PCC and are defined in the 
IEEE 1159-2009 standard [76]. The variations are categorised further based 
on their duration into instantaneous, momentary and temporary. Momentary 
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and temporary voltage swell and sag are of particular interest to determine the 
power quality in wave energy applications and studies. In addition, the distri-
bution system has to be able to comply with a normal operating frequency and 
voltage has to comply with the European standard EN 50160-2009 [77]. The 
maximum limit allowed for the voltage variation under certain circumstances 
is defined to ±10% by the standard. According to the standard EN 50160, the 
upper voltage limit at the PCC is 1.11 pu whereas the lower limit, 0.90 pu, 
was arbitrarily chosen. 

2.6.3 Voltage control 
The energy generation units of significant power capacity are expected to pro-
vide a local voltage control by controlling the reactive power flow to or from 
the parks under normal operating conditions. Power electronics converters are 
well known and suitable to fulfill this requirement. Many control techniques 
have been proposed for the voltage regulation, such as the static var-compen-
sation (SVC) [78] or the static reactive power compensator (STATCOM) [79]. 
The SRF theory and the instantaneous reactive power theory (IRPT) are the 
most established techniques for the voltage regulation [80]–[82]. 

2.6.4 Frequency regulation 
Traditional power systems rely on fully dispatchable power generation units 
including rotating SGs enabled with stored (kinetic) energy. The important 
property of the frequency and stability dynamics is the rotational inertia, also 
known as rotating mass, provided by the conventional SGs due to their electro-
mechanical coupling [83].  

The increasing share of RES connected inverter units is causing a drop in 
the rotational inertia of the power system. The behaviour of the fluctuating 
frequency at the PCC may cause severe consequences in terms of system fail-
ure, and pose an extra burden on nearby SGs. This directly reflects in the 
power quality at the node of connection. The limit enforced by the standard 
EN 50160 clearly states the maximum allowable deviation in the frequency of 
the PCC voltage.  For low-voltage (LV), and medium-voltage (MV) grids the 
mean value of the fundamental, measured over 10 s, is defined ±1% (49.5 - 
50.5 Hz) for 99.5% of the week [84]. Table. 2.1 gives a comparison of the 
limits allowed for low voltage and medium voltage power systems with their 
specific electrical parameters. The intermittent power from the RES, due to 
the varying nature of wind and wave, causes long term fluctuations in the fre-
quency of the voltage at the PCC. However, the short-term frequency fluctu-
ations often due to the load perturbation in a microgrid or a sudden disconnec-
tion of the RES units from the energy park [85]. 
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Table 2.1. Comparison of EN 50160 and EMC standard EN 61000 [84]. 
 

Parameter 
Supply voltage characteristics  
according to EN 50160 

Low voltage characteristics accord-
ing to standard EN 61000 
EN 61000-2-2      Other parts 

Power frequency 
 
 

LV, MV: mean value of fundamen-
tal measured over 10 s, 1% (49.9-
50.5 Hz) for 99.5% of week 

2% -- 
 
 

Voltage magnitude 
variations 

LV, MV: 10% for 95% of week, 
mean 10 minutes rms values 

-- 10% applied for 15 
minutes 
 

Rapid voltage  
changes 
 
 
 
 
 

LV: 5% normal 
10% infrequently ≤ 1 for 95% of week 
 
MV: 4% normal 
6% infrequently ≤ 1.0 for 95% of week 

3% normal 
8% infre-
quently < 1.0 < 0.8 

3% normal 
4% maximum < 1.0 < 0.65 
(EN 61000-3-3) 
 
 

Supply voltage dips 
 
Supply voltage un-
balance 
 
Harmonic voltage 
 
 
 
 
 
 
Interharmonic  
voltage 

Majority: duration < 1 s, 
LV: 10-50%, MV: 10-15% 
LV, MV: up to 2% for 95% of week 
 
 
Even: 2% 2nd, 1% 4th, 0.5% 6th-24th, 
Odd: 5% 3rd, 6% 5th, 5% 7th, 1.5% 
9th, 3.5% 11th, 3% 13th, 0.5% 15th & 
21st. 
LV: THD < 8%, MV: < 5% 
(bolds are multiples of 3) 
 
LV, MV: under consideration 
 

 
urban: 
1 - 4 months 
2% 
 
 
6% 5th, 5% 
7th, 
3.5% 11th,  
3% 13th, 
THD < 8% 
 
 
0.2% 

 
up to 30% for 10 ms 
up to 60% for 100ms 
2% 
(IEC 61000-2-12) 
 
5% 3rd, 6% 5th, 
5% 7th, 1.5% 9th, 
3.5% 11th, 3% 13th, 
0.3% 15th, 2% 17th. 
(IEC 61000-3-2) 
 
 
-- 
 
 

2.6.5 Flicker 
Small changes of network voltage amplitude can cause flickering of light 
sources. The effect is popularly referred to as ‘flicker’. Flicker severity is an 
important electric power quality index defined by IEC’s standard IEC 61000 
[84] and presented in Table 2.1. However, the voltage may vary during the 
day due to the normal behaviour of the consumer’s applications, such as motor 
start-stop, load perturbation etc. In order to produce an annoyance free voltage 
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to the consumer, it is crucial to reduce the impact of these fluctuations. The 
index that defines the severity of the flicker is called the flicker level and can 
be evaluated for short-term flicker  and long-term flicker level . The 
influence of these variations may affect rotatory machines in terms of temper-
ature rise and overloading issues. Since the WEPs produce high variation in 
the voltage amplitude, an assessment of flicker severity becomes crucial be-
fore a grid-connection is established. 

In this thesis, short-term flicker, , is analysed to ensure the grid impact 
of the WEP. This thesis describes the power quality criteria to satisfy the grid 
code requirements by assessing the grid impact of a single WEC, a 3-WECs 
WEP and a 10-WECs WEP. The assessments are carried out in a microgrid 
power system and more details can be found in Paper X.  

2.6.6 Harmonic content  
The power pulsations and varying amplitude of the voltage fluctuations at the 
PCC induce distortion in the grid voltage. In addition, the large involvement 
of power electronics devices causes harmonics. However, these can be re-
duced to acceptable limits using tuned and tested filters [86], [87]. The maxi-
mum allowed level of harmonics of voltage and current at the PCC is defined 
in the standard EN 50160 and IEEE 519-2014 for low and medium voltage 
power grids. The levels of harmonic allowed in the Swedish grid are regulated 
in a study presented by Markiewicz et al. [84]. 
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Part II: Results from the laboratory experiment setup 
In this section results obtained from the test are presented for the attenuation 
in harmonic amplitude of the current at switching frequency and lower order 
harmonics of the voltage and the currents. The inverter is connected to the 
primary side of the YY 345/ 1 kV, 80 kVA three-phase transformer via the 
filter. To prevent the flow of zero-sequence currents, the neutrals of the trans-
former are left floating and the transformer is considered balanced. The trans-
former only operates at 40% of its rating which is far from any magnetic sat-
uration of the core. The local grid with a fundamental frequency of 50 Hz and 
a voltage of 400 V was used at the PCC. Three-phase voltages and currents 
are measured at the PCC and the voltage and current harmonics contents are 
obtained. We used the fast-Fourier transform (FFT) with Blackman window 
to calculate the harmonic contents with a measurement rate of 200 kHz. Fig. 
2.8 shows the measured grid voltage, DC-bus voltage and the active power 
injected into the grid. The performance of the LCL-filter is shown in Fig. 2.9 
for the VSI and grid currents. 

 

 
Figure 2.8. Measured parameters. (a) Grid voltage at the PCC, (b) Voltage at the DC-
bus, and (c) Active power injected into the grid, results from Paper VIII. 
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The DC-link voltage is well controlled at 400 V and the active power 

 

 

 
 

Figure 2.9. Performance of the LCL-filter for VSI and grid current in phase-A with 
their respective spectrum at switching frequency (5 kHz), (a) VSI current, (b) Grid 
current, (c) and (d) Spectra of VSI and grid current, Paper VIII-Paper IX. 



 42

injected into grid was 1.6 kW. From Fig. 2.9, it is visible that the chosen 
attenuation rate of 10% is achieved by the implemented harmonic filter. The 
VSI current has THD = 18% which has been reduced to an acceptable THD 
= 4.5% as defined in the standard. Lower order harmonics are analysed at 
low power injection into the grid and presented in Figure 2.10 and 2.11, 
where the grid voltage even harmonics were well below the allowed limits 
set by the standard.  

 
Figure 2.10. Magnitude of lower order harmonics of gird voltage, Paper VIII.  

 
Figure 2.11. Magnitude of lower order harmonics of grid currents, Paper VIII. 
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However, the 2nd order harmonic had a significantly lower amplitude due to 
unbalanced loading in the nearby grid. The individual spectra components 
at different frequencies are shown in Fig. 2.12 for the grid voltage and the 
current. The spectra shown in Fig. 2.12 (a) for the grid voltage, the third har-
monic, ⁄ = 0.051, is far below the fundamental component magnitude 
at 50 Hz.  

(a) 

 
 

(b) 

 
 
Figure 2.12. Magnitude of individual harmonic spectra, (a) Spectra of the grid 
voltage harmonics, (b) Spectra of the grid current harmonics, Paper VIII. 
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The fifth harmonic, ⁄ , and the seventh harmonic, ⁄ , are attenuated 
fairly well and meet the grid code requirements of 5% for an individual har-
monic component for the grid below 1 kV as defined by IEEE 519-1992. The 
spectra of the grid current in Fig. 2.12 (b) show the attenuation of the third 
harmonic ⁄ , is below the fundamental and meeting the IEEE 519-1992 
standard requirement. The zero sequence harmonics, also called triplens (mul-
tiples of 3rd harmonic), are attenuated significantly, as shown in Fig. 2.11 as 
the percentage magnitude of the fundamental and the spectra of the grid cur-
rent in Fig. 2.12 (b). It is evident from the results that the harmonics from the 
3rd to the 7th are meeting the grid code requirements, for individual and THD, 
in a low power flow application. The 2nd order harmonic is visible with a re-
duced magnitude of 0.26% of the fundamental which is an acceptable accord-
ing to IEEE standard. 
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3. Method and modelling 

This section investigates the ways to handle the technical challenges in the 
grid integration of small to medium size wave energy parks. In this thesis, a 
point absorber based power extraction from the ocean waves is considered. 
The discussion of the power take off (PTO) system, modelling of the controls 
and the Bandwidth (BW) analysis of the controls are discussed in this section 
to address the research objectives 1-3.  

This part discusses force control of a WEC and this is followed by a dis-
cussion of an energy management control of the WEP proposed to improve 
the power sharing at the DC-bus using hybrid energy storage. Moreover, a 
virtual inertia emulation is presented in a WEC-connected microgrid using the 
DC-bus capacitor to emulate the inertia. The results are presented in Section 
5. Papers II, III, IV and V discuss the achieved objectives in detail. 

3.1 Hydrodynamic model of a WEC 
The model is taking into account the forces acting on the translator, buoy, and 
the stiff wire connecting the translator and the buoy. The outputs of the hy-
drodynamic model are the buoy and the translator displacement and the ve-
locity. The wave motion in heave is described in Eq. (3.1) [88]. ( ) =  −  +  ( ) − ( ) +  ( ) −  ( ) −  ( )  (3.1) z ( ) =  −  +  ( ) − ( ) −  ( ) − ( )            (3.2) 

where  and  are the masses of the buoy and the translator correspond-
ingly, ( ) and ( ) the are accelerations of the buoy and the translator in 
the time domain, g is the gravitational acceleration, ( ) is the wave excita-
tion force, ( ) is the stiff wire force, ( ) is the buoyancy force,  ( ) is 
the radiation force,  ( ) is the hydrostatic stiffness force,  ( ) is the elec-
tromagnetic damping force,  ( ) and ( ) are the end stop and retracting 
spring force, as shown in Fig. 3.1. 

3.1.1 Forces on the buoy 
The excitation, radiation and hydrostatic stiffness forces are dependent on the 
amplitude and frequency of the incident wave and calculated from hydrostatic  
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Figure 3.1. Illustration of the forces acting on the buoy and the translator [89]. 
 
coefficients obtained using the WAMIT [90] software package based on po-
tential linear flow theory. The hydrostatic stiffness force can be found as fol-
lows in the frequency domain: ( ) =  − ( )                                      (3.1) 

where S is the water plane area of the floating buoy,  is the density of water, ( ) is displacement of the buoy given in their frequency domain. ( ) =  ( ) ∗ ( )                        (3.2) 

where ( ) is the water surface elevation with respect to the mean water level 
and ( ) is the impulse response function of the excitation force. The radia-
tion force in the time domain can be found by: ( )  =  ( ) + ( − ) ( )   (3.3) 

where ( ) is the impulse response function of the radiation and  is added 
mass. The end stop spring force is given by: 

( ) = ( −   ), if < ;( +   ), if − < ;0,                  otherwise     (3.4) 

where  and  are the spring stiffness coefficients of upper and lower 
springs,  and  are the distances to the upper and lower end stop springs, 
respectively. The buoyancy force is given by: ( )  =  ( )                       (3.5) 

where   is the spring stiffness coefficient, given by:   =                (3.6) 
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where  is the buoys submerged surface area. The connecting wire force is 
dependent on the position of the buoy and the translator and can be found as 
follows: ( ) = ( − ),   >  ; 0,                otherwise      (3.7) 

where  is the wire stiffness coefficient. 

3.2 Modelling and control of a linear generator  
This section presents the control model of a permanent magnet linear genera-
tor (PMLG) by regulating the stator currents and the force is optimised 
through an active control. The electrical model of the PMLG is obtained from 
the equations for a permanent magnet synchronous machine (PMSM) [91] in 
Eq. (3.8) the subscript s defines the stator.  ( ) = ( ) + ( ) − ( )( ) = ( ) + ( ) +  ( )( ) = ( ) +( ) = ( )                              (3.8) 

where ( ) is the d-axis voltage and ( ) is the q-axis voltage,  is the 
stator resistance, ( ) is the q-axis current, ( ) is the d-axis current,  
is the excitation linkage flux of the stator due to the flux produced by the mag-
nets,  is the stator inductance. The electrical angular frequency, ( ), is 
given as: ( ) = ( )                                               (3.9) 

where  is the speed of the translator and  is the pole pitch of PMLG. The 
force is calculated by Eq. (3.10) which estimates the captured mechanical 
power ( ) in Eq. (3.11) ( ) =  ( )                                 (3.10) ( ) = ( ) ( )                                  (3.11) 

The converted electrical power is obtained by Eq. (3.12) ( ) = ( ) ( )                            (3.12) 

The parameters in the above formulae depend solely on the generator design 
and are summarised in Table 4.1. The stator currents, directly related to the 
force of the translator, were investigated as control variables. The measured 
direct (d) and quadrature (q) axes currents were regulated by tuned PI control 
and by the non-linear control.  
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3.3 Control modelling of WEC side converter 

3.3.1 Modelling of the non-linear control 
In the nonlinear control, a neural model is implemented for the system identi-
fication and the control of the nonlinear process with a neural nonlinear auto-
regressive moving average exogenous (NARMAX) model by a neural net-
work (NN). Any discrete-time nonlinear system can be represented by the 
NARMAX model through eq. (3.13) [92]. 

                    ( ) = [ ( − 1), … . , ( − ), ( − 1), … . ( − )] 
(3.13) 

where [. ] is a nonlinear polynomial function, ( ) is the output of the model 
as presented by Eq. (3.14), and ( ) is input to the model as shown in Fig.3.2 
(a). The weights for the input ( ) and hidden layer neurons ( ), are 
updated. The subscripts ,  define the input and the hidden layer, ,  defines 
the number of the input and hidden layer neurons. The updating procedure of 
input and output weights is discussed in Paper II. The structure of the neural 
NARMAX model is shown in Fig. 3.1 (b). 

      
(a) (b) 

Figure 3.2. (a) Control scheme for weights estimation, (b) Neural NARMAX model. ( ) =  ∑ ( ) ( )                                          (3.14) 

3.3.2 Modelling of PI-control 
The PI-controller design was based on a Single-Input-Single-Output (SISO) 
control topology [93]. The designing of the current controller requires the 
analysis of stator dynamics [94]. Eq. (3.8) can be represented in the Laplace 
domain in Eq. (3.15). 
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  = ( ) +              = ( ) − ( +  )                    (3.15) 

First-order closed loop transfer functions for the stator d and q axis are derived 
after decoupling the loops from Eq. (3.15) and presented for q-axis in Eq. 
(3.16). It is worth mentioning that the obtained transfer function of the sta-
tor/plant can be used for the controller transfer function. , ( ), ( ) = , ( ), ( )                                (3.16) 

For a PI-compensator,  ( ) = +                                          (3.17) 

The total loop gain is expressed as a product of the plant and the controller 
transfer function.  ( ) = ( )                                    (3.18) 

Equation (3.18), yields in to Eq. (3.19) applying the generator’s parameters 
( = 0.36 Ω and = 21.2 mH) [95]. = ( ) = ( )( . ) .                         (3.19) 

A Bode plot is presented for the controller and the plant transfer function in 
Fig. 3.3. The plant transfer function has a phase margin at 44.4 rad/s. The 
stability point is noted at / =17.1 rad/s. 

 
Figure 3.3. Bode plot of the plant and controller transfer function, from Paper II. 
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3.4 Energy management control modelling 
To minimise the power fluctuations and improve the grid power quality, an 
energy management control system (EMCS) is implemented along with a dy-
namic rate limiter (DRL) control at the DC-link (Paper IV). A power profile 
of the WEP was simulated as an input power source consisting of 100 WECs 
as shown in Fig. 3.4. The total power from the WEP is shown in Fig. 3.5. The 
study was carried out on a MATLAB/Simulink platform. A battery bank and 
a supercapacitor (SC) based hybrid energy storage system (HESS) was inter-
faced and controlled at the DC-link. To improve and control the power sharing 
on each storage unit, a fully-active topology of DC/DC power converters was 
implemented in buck-boost mode [96] and compared to the available control 
topologies, such as the passive topology, the semi-active topology etc. The 
implemented control topology is shown in Fig. 3.6.  Paper IV discusses the 
control topologies in detail. Due to the individual control of each unit, a BW 
analysis of the current control loop was carried out to ensure a suitable con-
troller design and a smooth power sharing. Power variations carrying the high 
and low frequent power components are effectively shared on the HESS, 
which improves the battery’s lifetime making the system more cost-effective. 

 

 
Figure 3.4. Power of each WEC: each curve representing the power from each WEC, 
adapted from Paper IV. 
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Figure 3.5. The total power from the WEP is shown in the blue curve, ( ) =( ), which is the individual contribution of N =100 WECs where ( ) defines 
the individual WEC-power. The average power, estimated at 86 kW, is shown in the 
red line, ( ) which is the power exchanged with the grid, ( ) for the 
observed time period of 20 s, adapted from Paper IV. 

The HESS exchanges the power, ( ), which is a difference of power 
produced by the WECs based wave energy park, ( ), and the power ex-
changed with the local AC-grid, ( ), as shown in Eq. (3.20). ( ) = ( ) − ( )                           (3.20) 

The EMCS decouples the high-frequency and the low-frequency power fluc-
tuations and generates a new demand to the DC/DC controllers. In addition, 
the measured and referenced state-of-charges (SOCs) of the battery and the 
SC are implemented in the EMCS to regulate their values at a referenced level. 
The battery SOC upper and lower limits are set to 68% and 30%, respectively. 
When the allowed limit is violated a dynamic rate limiter (DRL) function is 
introduced to regulate the SOC by generating an updated power demand for 
the battery controller. This combination of EMCS with the DRL generates a 
new power demand for the HESS. The new power demand is defined in Eq. 
(3.21). ( ) =  (∆ ) +  (∆ )                       (3.21) 

where (∆ ) and (∆ ) are the updated power demand for the SC and 
the battery controller command units. ∆  is the change in each time iteration. (∆ ) was made dependent on ( ) and ∆  as shown in Eq. 
(3.22). The latter term is defined as the DRL-power and obtained using the 
rise and fall rate limiter in the control modelling. 
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Figure 3.6. A fully-active HESS control topology used for improved power sharing. 

The details of the complete modelling are discussed in Paper IV. (∆ ) =  ( ) +  ∆∆ =  . .=                        (3.22) 

where ( ) is the power command generated by the EMCS based on Eq. 
(3.20) after decoupling the low-frequency and the high-frequency power com-
ponents,  and  , which are the measured and referenced values 
of the battery SOC,  is the SOC function which controls the  ∆  to up-
date a power demand command for the batteries.  is the variable accelerator 
for giving an effect to the  to avoid the upper and lower limits of the SOC. 
The variable,  is treated as a power factor which is based on a look-up table 
defined for the allowed ranges of the SOC for the battery and the SC. 

The energy in the HESS and a close estimation of the maximum power of 
the HESS can be determined by Eq. (3.23) [97] ( ) − (0) = ( ) − ( ), = max| ( )| −  ( )                 (3.23) 

The sizing of HESS components is estimated based on Eq. (3.23) which would 
allow a steady power flow into the grid for an observed time period . In this 
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study, a total power of the WEP of 137 kW, with each contributing WEC rated 
to 10 kW only, was simulated. The average power of the park was estimated 
to be 86 kW. This was the power that should be injected into the grid for 20 s 
of an observed time period. These parameter estimated the maximum power 
of the HESS , = 137 kW −  86 kW = 51 kW. The estimated en-
ergy content (Eq. (3.23)) of the HESS was 104.125 kJ or 28.92 Wh. Table 3.1 
and Table 3.2 present the selected parameters of the HESS components and 
related parameters used in the simulation study. 

Table 3.1. Parameters for the supercapacitor module and the battery pack. 
 

Parameter 
Supercapacitor 

Parameters 
Battery-pack 
Parameters 

Rated voltage 380 V 340 V 
Rated capacity 2.4 F 60 Ah 
Rated power a 66 kW 28.5 kW 

Number of cells 
Cell capacitance 

144 (2.7 V each) 
350 F 

96 (3.6 V each) 
60 Ah 

a Estimated [98],  (characteristics of EES systems [99], [100]). 

The well-known large power density characteristic of the SC presents crucial 
advantages over a battery since the SC module can deliver the energy much 
faster [98]. This fact yields different transient behaviour for the SC and the 
battery currents. Therefore, a detailed bandwidth analysis was carried out in 
Paper IV. The block diagram of the control scheme of the interfaced bi-direc-
tional DC/DC controller is shown in Fig. 3.7. This scheme controls the DC-
link voltage in an outer loop by taking a difference of the referenced  and 
the measured DC voltage, . In this voltage control loop, a tuned PI-regu-
lator generates the reference current for the current control loop. The inner 
loop, executed for the current control compares the demand current _  
with the referenced current and the instant inductor current to generate the 
error for the current PI-regulator. A duty cycle is generated and controlled by 
a PWM according the demand raised. Eq. (3.24) defines the total referenced 
current, _ . _ = +  _ −                                    (3.24) 

A DC/DC converter uses the same transfer function for the buck and boost 
mode operation [96]. The current control loops for the HESS components are 
designed according to the dynamic behaviour depending on the switching fre-
quency, . The SC inner (current control) loop is limited to /6 to handle 
the fast transient changes, whereas the current control loop of the battery is set 
to /10 due to the slower dynamic of the battery [101]. 
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Figure 3.7. Control scheme of the supercapacitor controller, from Paper IV. 

The transfer function of the control to the instant inductor current is given by 
Eq. (3.25) [102], [103]. ( ) =  ̅ =      ( )                                  (3.25) 

where ̅  is the SC inductor current,  is the duty ratio for SC controller. The 
open loop transfer function for the current control loop compensator is given 
by Eq. (3.26), where ( ) is the transfer function for the PI compensator and ( ) is the feedback gain.  ( ) =  ( ) ( ) ( )                                       (3.26) 

The analysis of this open-loop transfer function, provided a phase-margin 
(PM) of  90° at 14.3 krad/s (2.3 kHz) as a crossover frequency, . The PM 
was reduced to 60° at the new crossover frequency, 6⁄ = 1667 Hz (10.04 
krad/s) due to the reduced PM of the application under study. This tuning is 
achieved by placing a zero at /2 = 833 Hz and a pole at 6 /2 = 5 kHz (31.4 
krad/s). The tuning, carried out by the SISO tool in MATLAB, eliminates the 
noise spike and maintains the system stability. The Bode plots in Fig. 3.8 show 
two response curves, the blue response curve is a new crossover frequency 
after tuning the PI gains in the SISO tool at = 6⁄  (10.01 krad/s) with 
a reduced PM of 60°. The yellow line shows the response of the previous PI 
controller as a comparison. The PI controller tuned parameters are , =0.212 and , = 634. A transfer function of the control to the inductor cur-
rent for the battery control loop is given in Eq. (3.27). 

_ ( ) =      ( )                                   (3.27) 

where  is the duty-ratio for the batter controller. The PI compensator is de-
signed to address the low-frequency power component and to divert the fre-
quent transients to the SC. A lower BW is set for this control loop than for the 
SC current control loop BW. The open-loop transfer functions is presented by 
Eq. (3.28).  
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Figure 3.8. Bode plots of the tuned ( = 10.04 krad/s) and the previous response 
at = 14.3 krad/s, analytical result from Paper IV. _ ( ) =  _ ( ) _ ( ) _ ( )                         (3.28) 

A lower limit BW is kept at = 10⁄  (6.31 krad/s) for the battery current 
loop. The PI compensator gains are calculated at , = 0.021 and , =6.24 for a stable control. Bode plots of the current control loop at PM 60° are 
presented in Fig. 3.9. The responses are for using the compensator and without 
the compensator as presented in the red and the blue curves. 

 
Figure 3.9. The Bode plot of the battery current control loop with the compensator in 
the blue curve and without the compensator in the red curve, from Paper IV. 
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Table 3.2. Parameters used in the Simulink study. 

3.5 An improved control for a virtual inertia emulation 
in RES connected inverter 
In this part of thesis, the inverter connected with the DC-link (ultra-capacitor) 
and the battery bank in parallel was controlled to replicate the behaviour of a 
conventional synchronous generator. The control of the virtual synchronous 
generator (VSG) was based on the conventions swing equation of the SG as 
shown in Eq. (3.29) [104]. An overview diagram of the system is shown in 
Fig. 3.10. ∗ − − ∆ =          ∗ − − ( ∗ − ) =   =                                   (3.29) 

where ∗ is the virtual mechanical input power,  is the electrical power flow-
ing into the grid, ∗ is the reactive power reference,  is the filtered reactive 
power measurement, ∗, and  are the referenced and the output voltage am-
plitude respectively,   is the electrical angle. , and  are the inertia coeffi-
cients of active and reactive power loop and ,  are the active and reactive 
damping factors, respectively. 

An energy storage, based on batteries, is interfaced at the DC-link and the 
three-phase inverter. The power variations caused by the RES unit, ∆ , and 
the frequency dependent loads, ∆ , should satisfy the power exchange by the 
VSG as defined in Eq. (3.30). ∆ +  ∆ = ∆ − 2 ∆                         (3.30) 

where ∆  is the measured frequency deviation, and  is the inertia constant. 
The ultra-capacitor (UC) at the DC-link is modelled to handle the fast transient 

Parameter  Symbol Value Parameter  

DC-voltage  790 V Grid voltage 400 V 

DC-grid-capacitor  5000 µF Grid frequency 50 Hz 

DC-grid- resistance = ⁄  33 Ω (virtual) Inverter power 120 kVA 
DC/DC-converter-in-
ductance (SC, Bat.) 
Duty ratio (SC, Bat.) 
Inductor resistance 
Turn-on resistance 
Parasitic resistance 
Battery resistance 

 
 ,  
 
 = +     

1.80 mH 
2.23 mH         
0.37, 0.5 
0.04 Ω 
0.016 Ω 
0.056 Ω 
0.06 Ω 

HESS power 
DC/DC-con-
verter (Psc - 
rated power) 
DC/DC-con-
verter (Pb - 
rated power) 

80 kW 
50 kW 
 
 
30 kW 
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during a sharp frequency drop occurred by a load perturbation. The rotational 
inertia (J) is inversely proportional to the rate of change in the frequency 
( ∆ / ), i.e. a transition process, and affects the frequency regulations much 
faster [83]. Therefore the UC is modelled with a time-constant as an inertia 
coefficient of the capacitor  in the inverter control loop as shown in Eq. 
(3.31). ∆ = −2  (∆ )                              (3.31) 

where  is the gain that is related to the inertia coefficient, =  and 
 is a function of the capacitance , reference DC-link voltage , and 

the system rated power,  as shown in Eq. (3.32). = .
                                       (3.32) 

 
Figure 3.10. An overview diagram of the VSG control system, adapted from Paper V. 

To determine the inertia in a power-balanced equation as in Eq. (3.33), the 
swing equation is linearized with respect to the speed of the VSG. This control 
provides an active power droop control for regulating the frequency of the 
VSG as shown in Fig. 3.11. ∗ −  ∆ + ∆2 − =                           (3.33) 

where  is the frequency-droop coefficient acting on  ∆  during the RES 
power variations,  is the mechanical speed of the VSG, and   is the 
phase angle. 
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Figure 3.11. Block diagram of the power-frequency droop control Paper V. 

The deviation in the frequency is the difference of the VSG and the grid fre-
quency, ∆ =  −  at the PCC. Paper V discuss the control scheme in 
detail. The reactive power control based on the droop control commonly ap-
plied in a stand-alone and a microgrid (MG) power system has been suggested 
in many studies [105]–[108]. A dynamic droop controller (DDC) was imple-
mented by introducing a reactive power estimator (RPE) based on a current 
synchronous detection (CSD) scheme. The terminal voltage regulation is 
achieved by estimating a referenced reactive power by an RPE and the field 
current deviation, ∆ , to build an excitation for the VSG as shown in Fig. 3.12. 
According to the operating principle of the SG [109] the loop-voltage equation 
is given in Eq. (3.34) = + + .                                            (3.34) 

where  is the electromotive force,  is the terminal voltage of the stator,  is 
stator current,  is the armature resistance of the stator, and  is the synchro-
nous reactance. The bold letters , , and  represent their phasor form. 
 

 
Figure 3.12. Scheme of the VSG excitation controller based on RPE. 

The reference voltage, , is compared to the actual VSG voltage, , and 
the resulting error is minimized by building an excitation current,  ∆ , in the 
control loop. The CSD scheme is implemented for the estimation of referenced 
active and reactive power components. A detailed discussion can be found in 
Paper V. 
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4. Emulation of a WEC and WEP in a 
microgrid connected power system 

This part of thesis investigates the grid impact of a single WEC and followed 
by a WEP in different layouts and time-shifted time series. 

4.1 Power system simulators 
The choice of power system simulators (PSS) is gaining interest due to their 
capability of assessing the grid impact of WEPs at a lower cost to than testing 
in real operating parks. The PSS reduce potential threats to the grid stability 
and the requirement of performing various tests on the real power network. 
The PSS provide the flexibility to include additional generator units to per-
form numerical tests of the behaviour of the power system, thus replicating a 
full scale operation. The simulations and the results of PSS can guide the de-
cisions on upgrading or installing new generation units. So it is crucial that the 
models, the control measures and safety measures are highly reliable, vali-
dated and trusted. 

The hardware-in-the-loop (HIL) system is the most common setup due to 
its flexible implementation. It usually combines a physical controller and a 
virtual plant, executed in real-time (RT) computer simulations. RT simula-
tions within the HIL allow the testers early on to determine the design issues 
and the impact of the virtual plants in faulty and extreme conditions [110]. 
Power HIL systems are already used to emulate the output power of heaving 
point absorbers [111], oscillating water columns [112], [113], oscillating wa-
ter surge converters [114], and two-raft wave energy converters [115]. The 
tests with the PSS were carried out in a MG power system at the Centre for 
Marine and Renewable Energy Ireland (MaREI)1, in Cork, Ireland, in October 
2018.  

                               
1 www.lir-notf.com/electricallaboratory, accessed on 2019-08-06 
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4.2 Microgrid 
Microgrids are considered to be mature and flexible interconnected systems 
[116], [117]. Many studies have been conducted on distributed generation 
(DG) and have promoted the use of RES in a MG structure [118]. The struc-
ture of MGs is an interconnection of distributed energy resources (DER) 
[119], such as microturbines, wind turbine generators (WTG), wave energy 
converters (WEC), fuel cells and photovoltaics (PV) integrated with storage 
devices, such as batteries, flywheels, superconducting magnetic energy stor-
age (SMES) systems [120], and power capacitors on low voltage distribution 
systems [121]. 

The tests conducted at the facility focused on the three main objectives be-
low. The structure of the microgrid is shown in Fig. 4.1. 

 
1. Grid impact assessment of a WEC and in various layouts of a WEP. 
2. To test the effectiveness of the proposed control for a virtual inertia 

emulation in the power system. 
3. To test the other control algorithms for controlling the WEC in terms 

of active and reactive power injection. 

 
 

Figure 4.1. Structure of the AC-microgrid at UCC, MaREI facility. A single WEC 
with a back-to-back converter, DER1 and DER2 representing the layouts of 3-WECs 
and 10-WECs park connected to the 400 V AC-microgrid, adapted from Paper VI. 
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4.3 Modelling of the power profiles 
The electrical generator for the real-time (RT) simulator at the MaREI Centre 
is a squirrel-cage induction generator (SCIG). The study is carried out to 
demonstrate the grid impact of the power source on the AC-microgrid and to 
test the effectiveness of the control algorithms.  

4.3.1 Modelling of a single WEC power profile 
To imitate a linear generator motion with the SCIG, a variable torque was 
applied to the rotary rig. A similar method [122] has been used earlier where 
the reciprocal velocity of the translator in the linear generator was converted 
to the unidirectional angular velocity of the SCIG varying within allowable 
limits of the rotary rig. An example of this transform is plotted in Fig. 4.2. 

In this first category of experiments, a single WEC was emulated and in-
terfaced with the MG in different sea states. The emulator consists of two di-
rectly coupled electrical machines: a prime mover (acting as a WEC), and an-
other acting as the rotatory renewable energy generator. 

 

 
Figure 4.2. The converted rotational motion (shown as transformed) from the recip-
rocal translator motion (shown as initial) plotted over a period of 10 s, Paper VI. 

The generator is connected to the microgrid using a back-to-back power con-
verter topology. A real-time simulator, OP5600 from OPAL-RT, using 
MATLAB and Simulink software is used to interact directly with the emula-
tor, allowing for more accurate and complex modelling. The developed hy-
drodynamic model was integrated with a PHIL system to emulate a real 
WEC’s behaviour. The range of the torque applied, through a conversion of 
the output parameter from the hydrodynamic model, was 500-2300 rpm. A 
WEC emulator interfaced with the microgrid is shown in Fig. 4.3. More details 
can be found in Papers III and VI. In this chapter, the tests conducted for one 
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of the three sea states are discussed. The layout for the tests is from Paper X 
and defined as Layout A. The power profile for one of the sea states is shown 
in Fig. 4.4. 

 
Sea States: 
1. Wave height =2.0 m and wave period  =6.0 s 
2. Wave height =2.0 m and wave period  =7.0 s 
3. Wave height =0.8 m and wave period  =4.7 s 

 

 
 
Figure 4.3. A WEC emulator in the experimental setup in the microgrid at UCC, Ma-
REI facility, picture received from Dr. James Kelly and formatted for an easy inter-
pretation of the input to the emulator. 

4.3.2 Modelling of WEP power profiles based on experimental 
data 
The modelling of the WEP power was based on  data retrieved from the power 
profile of a WEC during offshore experiments [95], [123] carried out at the 
Lysekil test site on the west coast of Sweden, discussed in Paper I. The WEC 
used in the experiments consisted of a torus-shaped point absorbing buoy con-
nected via a stiff wire to the translator of a linear generator, L9. The parametric 
values of generator L9 are mentioned in Table 4.1. 
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Figure 4.4. Single WEC power from one of the sea states (sea-state 1). 

Line-neutral voltages, , ,  and currents  were measured onshore 
with a sampling frequency of 256 Hz. The input variable to the microgrid was 
the no-load voltages , obtained from the sampled parameter  
from the experiments. The buoy consisted of six tubular sections with a length 
of 3 m each. The volume of the buoy was 13.4 m3 and the buoy mass was 3500 
kg. The input to the PHIL system, generated from the mathematical model 
was validated based on an earlier research publication [124] from the wave 
research group at Uppsala University. A detailed discussion can be found in 
Paper VI. 

 
 

Table 4.1. The electrical and mechanical parameters of the generator. 

  Electrical    
  characteristics            

 Mechanical characteristics 

  Synchronous inductance  21.2 mH Nominal speed                    0.7 m/s 
  Winding resistance 0.36 Ω Stator length                       1.96 m 
  Rated Armature current     
  Rated Powerb                     
  Rated Voltagea 

40 A 
20 kW 
450 V 

Stator width                         0.4 m 
Translator length                 2.0 m 
Translator mass                  2700 kg         

aRMS line-line voltage 
bY-connected equivalent resistance (4.95 Ω, 11 Ω and 27 Ω) 
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4.3.3 Aggregation of WEC devices 
Grouping several WEC devices facilitates a smoother power output [125], 
[126]. In this thesis, the effect of the aggregation of WECs in a WEP is mod-
elled by means of time delays in the time series of each WEC and investigated 
for different layouts. Two different layouts for 3 WECs and 10 WECs are 
studied with two time shifts for each layout. For 3 WECs, the layout is distrib-
uted in two time shifts of zero seconds and 10 seconds for each WEC. The 
layout considered for the tests of an aggregation of 3 WECs is from Paper X 
and defined as Layout B, where the zero seconds shift defines that each WEC 
interacts with the same wave at the same time, as shown in Fig. 4.5. The 10 s 
shift is the time-shift in the time-series of each WEC and as a result, the same 
wave interacts after a 10 s delay with each WEC. The orientation considered 
for 10 WECs is Layout C where the fixed shift defines similar to the zero 
seconds shift in previous layout, while the random shift is governed by the Eq. 
(4.1). =  ×  360°                                         (4.1) 

where  is the considered phase shift for each WEC and generated randomly 
using the MATLB script ‘rand’ which provided a uniform distribution of 
pseudo-numbers. The connected single WEC or a WEP at the PCC of the mi-
crogrid can be represented as a simplified two-bus network as shown in Fig. 
4.6.  

The terminal voltage generated by offshore WEC(s) is defined as  and 
R and X are the resistance and the reactance which define the equivalent series 
impedance of the network.  is the source voltage and can be defined in rela-
tion to the terminal voltage of the generator or the offshore generators terminal 
voltage (in case of aggregated WECs) ,  ∗ is the conjugate of current as 
presented in Eq. (4.2). =  − ∗                                         (4.2) 

From Fig. 4.6,   is the active power and  is the reactive power flowing via 
the series impedance, = + . The load flow analysis of the collection 
point of the microgrid can be modelled as an impedance  in Cartesian form, = + ,    =  ,    =                              (4.3) 

where  is the admittance, and  and  are the currents and voltages at the 
node of the grid. Fig. 4.7 shows the power profiles in the layout of 3 aggre-
gated WECs. 
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Figure 4.5. (a) A single WEC represented as an orange circle for Layout-A, the ag-
gregation of 3-WECs and of 10-WECs is shown in an oval shape for ∆ = 0 s and the 
time-shift ∆ = 10 s for 3-WECs is shown in a square. (b) Representing a random 
time-shift for 10-WECs - Paper X. 
 

 

 
 

Figure 4.6. A simplified two-bus network representing the WECs connected to the 
microgrid after the AC-DC-AC (back-to-back) conversion. 
 
The power flowing between the two nodes is defined in Eq. (4.4) = +                                                     (4.4) 

where  is the apparent power. 
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(a) 

 

(b) 
 
Figure 4.7. Power profiles of the WEP in Layout B, (a) Power profile for a zero 
seconds shift show much fluctuation in power from zero to 50 kW in the upper plot, 
(b) Power profile 10 seconds shift show less power fluctiations in the lower plot, 
Paper X. 

4.4 Grid strength and power quality 
In a power quality analysis context, a strong network is modelled as an AC 
voltage source with a series impedance and can be defined as a Thevenin im-
pedance as in Eq. (4.3). The impedance can be calculated from the short-cir-
cuit level  and by the given impedance angle Ψ  as in Eq. (4.5) and (4.6). = √3 =                                     (4.5)  Ψ = arctan                                                  (4.6) 

The short-circuit level  and the impedance angle  Ψ  are the parameters to 
determine the grid strength. The amplitude of the voltage fluctuations induced 
by the injected fluctuating power defines the strength or the sensitivity of the 
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grid. The small or negligible voltage fluctuation defines a strong grid strength 
whereas a weak grid, usually an islanded network, presents a higher amplitude 
of the voltage variations. Hence, the short-circuit level  and the impedance 
angle  Ψ  are crucial factors to determine the grid impact of energy parks. 

4.5 Voltage variations 
The amplitude of the voltage variation ∆  at the PCC is computed as in Eq. 
(4.7) [127]. ∆ = =       when ≫                     (4.7) 
 
The voltage variations generated by the WEC’s or WEP’s fluctuating power 
were investigated. The purpose of this investigation was to determine the am-
plitude of the voltage fluctuations which has a direct impact on the power 
quality at the PCC. A higher amplitude of the variations results in higher 
flicker emissions. The voltage variations are directly related to the short-cir-
cuit level and the impedance at the connection point. Hence, the maximum 
amplitude of the voltage variations is studied in worst case scenario where the 
power from a single WEC, 3 WECs and 10 WECs are connected at the PCC 
with a grid impedance angle 70° with a zero seconds and fixed shift, respec-
tively. 

In this thesis, the results obtained from the tests with the MG power system 
present the effectiveness of the energy storage system. We carried out the tests 
for each layout without an EES and compared the results to the tests using an 
EES. The analysis clearly depicts and advocates the use of an EES to achieve 
an improved power quality.   

4.6 Flicker emissions 
The higher variations present higher amplitude on a short-time scale. The var-
iations produced by the WEP/WEC, increase the flicker level of the voltage at 
the PCC. In order to comply with the grid code, the allowed flicker level 
should be compared to the flicker induced by a WEP or a WEC at the PCC. 
The most stringent limit = 0.35 and the maximum allowed limit of =1, as defined by the IEC standard 61000-4-15 should be used to assess the 
compliance level of the WEP/WEC.  

In Paper X, an assessment of the short-term flicker of a WEP in different 
layouts is carried out. The results in the microgrid power system are presented 
in Section 5.  
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5. Results and discussion 

This chapter describes some of the main simulation and experimental results 
of the thesis from various investigations. The detailed results can be found in 
Papers I-VII and Paper X. 

5.1. Force control of a single WEC 
In this part of the thesis, the Author briefly discusses results from Paper II and 
III for a force control in MATLAB/Simulink and PHIL simulations carried 
out in a microgrid power system. The control methods (non-linear control and 
a tuned PI-control) compared in Paper II are applied to the irregular motion of 
the translator and classified as Cases II and III. However, no comparison of 
the controllers was carried out in Case I, specified as a regular motion of the 
translator. Case I used a sea-state of one wave period of 6 s ( ) and a signif-
icant wave-height  of 0.5 m see Fig. 5.1 (a). Case II and III are the investi-
gations carried out to determine the control capacity of both controllers: a non-
linear control (Neural NARMAX) and a tuned PI-control using the experi-
mental data from previous offshore experiments [95], [123]. Case II uses a 
wave angular frequency  of 1.047 rad/s, corresponding to a wave period = 6.02 s and a wave height  of 0.625 m as shown in Fig. 5.1 (b) 0-29 s. 
The irregular motion of the translator for Case III was based on a wave angular 
frequency = 1.1423 rad/s ( = 4.5 s) and a wave height of 0.975 m 
as shown in Fig. 5.1 (b) 30-60 s from Paper II. 

The test conducted at the Lir National Ocean Test Facility, MaREI Center, 
University College Cork, Ireland, used a squirrel cage induction generator 
coupled with a prime mover, acting as a WEC. The hydrodynamic model was 
integrated with a PHIL system after conducting the necessary conversion of 
the output of the hydrodynamic model. The sea state used in this test was  =7 s and = 2 m. The displacement and the velocity of the buoy were used 
to generate the torque for the experimental setup used as an emulator for a 
heaving WEC in a real application. The mechanical power generated from the 
hydrodynamic model was converted into torque and applied to the drive. 
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Figure 5.1. Input waves to the Simulink model. (a) A regular wave of =6 s and = 0.5 m—Case I, and (b) Case II, 0 s to 29 s and Case III, 30 s to 60 s 
showing the significant changes in the frequency and the amplitude for the two sea-
states. 

The results from Paper II, the force and the speed of the translator associated 
with the irregular translator motion for = 1.0471 rad/s and =1.1423 rad/s are shown in Fig. 5.2 under an individual control implementa-
tion. Fig. 5.2 (a) shows larger fluctuations under the tuned PI-control where 
the force and the speed were not following the resonance condition to maxim-
ise the power capture ratio in both Case II and Case III. 

However, under the nonlinear, neural NARMAX (NN), control a close res-
onant condition was achieved by regulating the dq-axis currents precisely, 
with the referenced dq-currents as shown in Fig 5.2 (b) for the force and the 
speed and in Fig. 5.4 for the currents regulation. 

The results from the simulations under the tuned PI-control showed larger 
fluctuations in the d-axis current and a weak tracking capacity of the control. 
This presented higher losses due to the increased reactive power generation 
from the generator. The dq-axes current tracking results under the tuned PI-
control for Cases II and III are shown in Fig. 5.3. 
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Figure 5.2. Case II and Case III results showing a phase-shift between the force and 
the speed of the translator under a tuned PI and Neural NARNAX control. (a) Force 
and speed under the tuned PI-controller showing a larger phase-shift, and (b) Neural 
NARMAX controller performance with an improved control capacity which signifi-
cantly reduced the phase-shift, Paper II 
 

 



 71

 
 
Figure 5.3. Tuned PI-controller performance for Case II and III. (a) The referenced 
and the measured d- axis current showing higher fluctuations, and (b) The referenced 
and the measured q-axis current showing higher spikes and poor tracking (Paper II). 
 
 

 
 
Figure 5.4. Performance of the neural NARMAX controller for Case II and III where 
the losses of the generator are reduced and an improved power quality is achieved. (a) 
The d-axis current was considerably regulated close to the zero (referenced) value, 
and (b) the q-axis measured and the referenced current, directly related to the electric 
power of the PMLG, has improved under the non-linear control scheme, Paper II. 
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5.2. Energy management of Hybrid Energy Storage 
System (HESS) 
To reduce the power fluctuations and address the problem of individual con-
trol of DC/DC converters, the author studied an energy management control 
system with a DRL, combining a supercapacitor and a battery in a fully-active 
HESS topology. The EMCS and the DRL, effectively, shared the power to 
reduce the stress on the battery and hence protected the battery from high tran-
sients. The proposed control was compared with other well-known topologies 
to assess the practicability and effectiveness of the control. This section pre-
sents the compared results of the control where the energy losses in the pro-
posed scheme are significantly reduced and the performance of EMCS and 
DRL control for smooth power sharing has been improved, Paper IV. 

5.2.1. Compared results of different HESS topologies  
Four different HESS topologies, (a) passive topology, (b) a battery semi-ac-
tive topology, (c) a SC Semi-active topology and (d) a conventional fully-
active HESS topology, are compared with the proposed control topology 
(EMCS+DRL control) as shown in Fig. 5.5. Fig. 5.5 (a), (c), (e) and (g) present 
the comparison of well-known topologies with their individual current profiles 
and the losses obtained in each topology are shown in Fig. 5.5 (b), (d), (f) and 
(h). In a Passive HESS topology, the battery was modelled as a constant volt-
age source with an equivalent series resistance (ESR), and the SC model uses 
a large capacitance.  

 

 
 
Figure 5.5. Current profiles (on the left-side) and the energy losses (on the right-side) 
of different HESS topologies. (a) the Passive HESS topology, (b) battery Semi-active 
HESS topology, (c) the SC semi-active HESS topology, and (d) the conventional 
fully-active HESS topology. The results are from Paper IV. 
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The power sharing depends on the internal parameters of the battery and the 
SC, hence the power sharing is limited in this topology which results in a poor 
efficiency. For a battery semi-active topology, the HESS power, ( ), 
was filtered by a low-pass filter (LPF) which was set with a time constant, 

= 3.35 s. This arrangement decoupled the high and low frequency fluctu-
ations from the HESS power. From Fig. 5.5 (c) and (d), the battery and the SC 
with their converters reported energy losses of up to 400 kJ due to the higher 
losses reported on the SC module. The total losses have not improved in this 
topology and it is therefore not suitable for a highly intermittent power source. 
The SC semi-active topology in Fig. 5.5 (e) and (f), presented similar total 
losses. However, the SC module performance has been improved with the 
identical time constant of LPF. The time constant can be adjusted to address 
more current on the SC module but this would increase the losses due to the 
rapid functioning of the converter. For a conventional fully-active HESS to-
pology, the total losses have been reduced to 50% compared to the previous 
topologies and the battery losses are reduced to 40% (100 kJ) as shown in Fig. 
5.5 (g) and (h). Moreover, these losses are reduced to a significant level when 
applied to the proposed control as presented in Fig. 5.6.  

 

 
 
Figure 5.6. Performance of the proposed control scheme. (a) Current profiles of the 
HESS components, (b) Energy losses of individual HESS component with converter, 
result from Paper V. 

The proposed control scheme improved the control of fully-active topology 
which significantly reduced the losses of the battery with converter as shown 
in Fig. 5.6 (b) and enhanced the battery’s service-life. Fig. 5.6 show the current 
profiles and greatly reduced losses of the HESS components. The total HESS 
losses are reduced to 80% compared to the results in Fig. 5.5 for other topol-
ogies. The power from the WEP was interfaced at the DC-bus and an averaged 
power was injected to the grid for the observed time period of 20 s. The fluc-
tuating components were effectively addressed by the HESS to improve the 
power quality injected into the grid. A detailed discussion can be found in 
Paper IV. 
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5.2.2. Performance of the EMCS and the DRL 
The proposed control decoupled the high-frequency and the low-frequency 
power components and updated the power demand for the battery and SC 
module as shown in Fig. 5.9. The updated power demand depends on the elec-
trical parameters of the battery and the SC and is extracted using Eq. (3.20) to 
(3.22) as discussed in Chapter 3. The SOCs as electrical parameters were 
measured and compared with the referenced values assigned and regulated by 
the DRL function when the assigned limits were violated as shown in Fig. 5.7. 

 

 
 
Figure 5.7. Performance of EMCS-only and EMCS with DRL to update the new 
power demand for the HESS components. The EMCS computed the power distribu-
tion and the DRL adjusted the SOC of the battery in SOC violation conditions. 

Fig. 5.7 presents the control of two zones, the EMCS-only and the EMCS with 
DRL during the SOC violation which occurred at 10 s and is shown in Fig. 
5.8 with the electrical parameters of the battery.  
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Figure 5.8. Electrical parameters of the battery during EMCS-only and EMCS with 
DRL control. SOC of the battery breaks the pre-set limit of 68% and the DRL takes 
an instant action to generate a new power demand for the battery DC/DC controller. 

At t = 0 s, the SOC upper limit violation event occurred (see the green curve 
in Fig. 5.8) and the DRL computed ∆  and a new power demand (∆ ) using Eq. (3.22) as depicted in Fig. 5.7 in the red curve. Using Eq. 
(3.20), an initial power demand is generated by decoupling the low-frequency 
power components for the battery as shown by the blue line depicted in Fig. 
5.7. The decoupled power component of the battery is computed in the EMCS 
in a loop to update a new power demand, depending on the SOC of the battery, 
as shown by the orange line in Fig. 5.7. The power distribution between the 
battery and the SC is shown in Fig. 5.9 where the new power demand for the 
battery is continuously updated. The SC controller is tuned to handle high and 
low frequency power fluctuations to reduce the impact of frequent charging 
and discharging of the battery. It is evident from the result in Fig. 5.8 that the 
maximum voltage variation of 7 V was observed using the proposed control 
scheme which eliminated the cell-balancing problem of the batteries. The 
charging and discharging of the battery and the SC module is governed by 
individual bidirectional DC/DC converter controls. The positive and negative 
zones of the total power demand curve represent the excess power (to be 
stored) and the shortage power (to be surplus) from the WEP and are addressed 
well by the HESS to meet the power demand. The power demand is the dif-
ference of the fluctuating and the average power from the energy park. Two 
operating modes, buck and boost mode, were implemented for a smooth 
power sharing on the HESS. During the time period of t = 0.2 to 2.2 s, the 
curve of total power demand, , is positive hence both converters act in 
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buck-mode and store the extra power in HESS as shown in Fig. 5.9. Moreover, 
from t = 2.2 to 3.35 s the SC connected DC/DC controller switched to the 
boost mode which avoided the fast drop in battery current. 

 
Figure 5.9. Power distribution between the battery and the SC from the EMCS and 
the DRL control. 

It is worth noting that from t = 6.22 to 9.5 s, the surplus power is compensated 
by both the HESS elements, the battery and SC module. After t = 9.5 s, the 

 became positive and the SC converter is switched to buck-mode again 
while the battery converter remained in boost-mode. In this particular mode 
of operation, governed by the EMCS and the DRL control, the SC is charged 
by the battery to maintain the SOCs to their pre-set limits and reduce the losses 
over the battery and the SC, see Fig. 5.7 to 5.9. The total power demand ad-
dressed by the HESS is shown in Fig. 5.10. The control is discussed in detail 
in Paper IV. 
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Figure 5.10. Power demand addressed by the HESS and the power demand for the 
HESS.  

5.3. Virtual inertia emulation in RES connected 
inverters 
In this section, the simulation and experimental results are presented to verify 
the effectiveness of the control scheme in a 400 V, 50 Hz AC-microgrid. The 
varying WEC power is interfaced and the load perturbation is applied. The 
emulation of virtual inertia for the frequency regulation and the reactive power 
compensation is presented in Fig. 5.11 and occurred at different events of 
load perturbation and a varying WEC power. A detailed discussion is found 
in Paper V. 
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Figure 5.11. The active (real) power of the VSG (in the brown curve) against the 
referenced active power (red curve) generated by the control mechanism of the VSG 
at different load perturbations. The blue curve shows the frequency of the VSG, 
regulated by the control, Paper V. 

From Fig. 5.11, an active power demand of 10 kW was connected while the 
reactive power was kept to zero. The load perturbation, as load 2, load 3 and 
load 4, is applied at = 0.786 s, = 1.01 s and = 1.20 s, respectively. A 
drop in the frequency is reported immediately at each time instant. The pro-
posed control quickly takes actions to restore the frequency, the active/reac-
tive power and the terminal voltage as shown in Fig. 5.12. The referenced 
active power demand, ∗ , and the referenced reactive power demand, ∗ ,  
are immediately generated by the VSG control at each load perturbation which 
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maintained the frequency and the terminal voltage at the PCC. The inverter 
accessed the energy storage to provide the services during a load perturbation. 
 

 
Figure 5.12. The reactive power of the VSG (in the red curve) against the referenced 
reactive power (blue curve) generated by the control mechanism of VSG at different 
load perturbations. The blue curve shows the terminal voltage, regulated by the 
control, Paper V. 
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Fig. 5.13 presents the results from the experimental tests conducted at MaREI 
center in Ireland. The control algorithms were executed in a PHIL connected 
setup on the PC. The VSG power, the UC power and energy storage power 
are shown in a complete test window, in Fig. 5.13 (a) and a zoomed result, 
approximately, at = 183 s, in Fig. 5.13 (b). The control observed a deviation 
in the system frequency and the VSG started to respond to the deviating fre-
quency. The rated power of the ESS is 20 kW and the inverter is rated to 50 
kW. 

 

 
Figure 5.13. Experimental results for the active power compensation and the 
frequency regulation: (a) VSG, UC power (∆ ), and the battery power (∆ ), 
(b) Performance of the VSG roughly at t = 183 s (zoomed), (c) Frequency at the 
PCC, and (d) DC-link voltage. The test is conducted for a wave period of 6 s (  
= 6 s) and a significant wave height of 2 m ( = 2 m). 
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A load perturbation is applied with a step-up change of 5% at different time 
events, roughly at = 60 s, = 123 s, = 183 s and = 243 s as shown in 
Fig. 5.13 (a). At = 183 s, during this transition process the UC has a higher 
power contribution to maintain the power balance. It is worth to noting that 
the power balance and the frequency regulation, as shown in Fig. 5.13 (c), are 
achieved within one second of the event occurring. Furthermore, the long-
term frequency variations (steady state variations) caused by the WEC’s in-
termittent power, , are addressed effectively by the ESS. This validated 
the swing equation of VSG, as discussed earlier. Since the rotational inertia 
(J) is inversely proportional to the rate of change in the frequency ( ∆ / ), 
i.e. a transition process, and effects the frequency regulations much faster. The 
variations in the DC-link voltage are shown in Fig. 5.13 (d), where a slight 
variation is observed that varies proportionally to the system frequency. The 
battery is modelled to emulate the droop-control mechanism to compensate 
for the long-term variations, which reduced the stress of the battery module. 
The rotational inertia is realised as an inertia constant (H) in the VSG swing 
equations. The VSG mimics the inertial frequency response as conventional 

 

 

Figure 5.14. Experimental results for the reactive power compensation and the 
terminal voltage regulation. (a) Terminal voltage ( ), (b) Delivered reactive 
power ( ), (c) and (d) Performance of the VSG roughly at t = 183 s (zoomed). 
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synchronous generators during each frequency event. In practice, the reactive 
power compensation is achieved to maintain the terminal voltage of the mi-
crogrid using the DDC and RPE based VSG algorithm, as shown in Fig. 5.14. 

From Fig. 5.14, it can be observed that the terminal voltage was running 
slightly higher than the nominal 400 VAC due to the available reactive power 
in the grid. Therefore, the reactive power contribution from the VSG is de-
creased, Q ≈18 kvar to 10 kvar, when the terminal voltage was increased 
(during t = 179 s to t = 180 s) see Fig. 5.14 (c) - (d) and VSG supports the 
system to maintain the microgrid voltage to the operating point. Roughly at = 183 s an additional load is connected (load perturbation) and a sharp drop 
in the terminal voltage is observed which is, immediately compensated by the 
VSG to restore it to the operating terminal voltage value, as shown in Fig. 5.14 
(c) and (d). It can be seen from the observations that the reactive power droop 
gain,  acted immediately to bring the system voltage to the normal operating 
point. The results presented at different time events, show that the objective 
of the proposed control-mechanism to compensate for the reactive power is 
achieved. A detailed discussion of the results can be found in Paper V. 

 

5.4. WEC(s) interfacing with a microgrid and grid 
impact: An experimental analysis 
This section presents the experimental results carried out in a microgrid con-
nected power system with the WEC/WEP in different layouts. The analysed 
results are from the interfacing of the WEC(s) as an emulator in Layout A 
(single-WEC), Layout B (3-WECs) and Layout C (10-WECs) with an AC-
microgrid. The results assess the grid impacts in terms of short-term flickers, 
THD, and the voltage variations in each layout at the PCC. The results are 
carried out and compared when an energy storage is used in each test. 

5.4.1 Flicker and voltage variations: Result analysis 
Fig. 5.15 (a) shows the flicker levels for the WEC power without the energy 
storage in the black curve and with the energy storage in the red curve in Lay-
out A. The evaluated flicker level (short-time flicker),  is 0.631 which is 
significantly higher than the most stringent limit of short-term flicker =0.35 by the IEC-61000-4-15 standard. Due to the higher fluctuations at 
the PCC voltage, Layout A is not recommended to connect at the PCC. On the 
other hand, this layout is grid compliant when energy storage is used. The 
evaluated flicker level is reduced significantly to = 0.089. The voltage 
variations in each test are shown in Fig. 5.15 (b). A noticeable reduction in the 
amplitude of the voltage variation from 5.5% to 0.4% is obtained which could 
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be grid compliant in a standalone or an islanded system but not recommended 
in a commercial power production to feed the utility. The short-term flicker 
levels, , in Layout B, for zero seconds and 10 s shifts, are shown in Fig. 
5.16 in the black curve without an EES and in the red curve when the storage 

is used. It is evident that the short-term flicker, , in zero seconds and 10 s 
shift has significant reductions = 0.0262 and = 0.021, respectively 
when compared to the  obtained during the tests without energy storage, = 0.137 and = 0.112. It is worth to mention that the grid impedance 
level and short-circuit ratio affect the  level. The short-circuit ratio and the 

(a) 

 
 

(b) 

 
 

Figure 5.15. (a) Flicker level, . Black curve shows without energy storage and  
red curve shows when energy storage is used. (b) Voltage variations, black curve with
out EES and in the red curve with energy storage (unpublished result), Paper X. 



 84

grid impedance angle were 50 ( ⁄ ), and Ψ = 70 , respectively at the 
connection point in the tests conducted.  

Flicker levels for fixed and random orientation of Layout C are presented 
in Fig. 5.17. In Fig. 5.17 (a) and (b), the results present the flicker severity in 

a fixed and random orientation of 10 WECs without an EES and using an EES, 
respectively. The obtained short-term flicker level in a fixed orientation with-
out energy storage is 0.047 while this severity is reduced to up to 0.0081 when 
the energy storage is used, see Fig. 5.17 (a). 

The flicker severity in a random orientation of Layout C has significant 
improvements in the magnitude of the voltage variations at the PCC. A  
value of 0.019 is achieved without an EES and improved to = 0.0043 
when using the EES. The findings are discussed in detail in Paper X. 

 
 
 

 

 
 

Figure 5.16. Flicker level,  of 3-WECs in Layout B. (a) 3-WECS with zero sec-
onds shift. (b) 3-WECs with 10 s shift. Black curve shows without energy storage 
and red curve shows when energy storage is used. 
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The magnitude of the PCC voltage and the power from the WEC(s) are 
evaluated by their spectra analysis in Fig. 5.18, Fig. 5.19, and Fig. 5.20 for 
Layout A, B and C, respectively, the results are from Paper X. 

 
 

 

 
 

Figure 5.17. Flicker level, , of 10-WECs in Layout C (a) 10-WECS with fixed 
shift; (b) 10-WECs with random shift. The black curve shows without energy stor-
age and the red curve shows when energy storage is used. 

  
 
Figure 5.18. Spectra of the power and the voltage magnitude in Layout A (Both are
in pu.), the results are taken from the case when the EES was used. 
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Figure 5.19. Spectra analysis for 
3-WECs in zero and 10 s shift with 
energy storage. (a) & (c) Spectra 
of the power and voltage in zero 
shift, and (b) & (d) Spectra of the 
power and voltage in 10 s shift. 
(All measured in pu. in Layout B). 

Figure 5.20. Spectra analysis for 10 
WECs with energy storage. (a) & (c) 
Spectra of the power and voltage in 
fixed orientation, and (b) & (d) Spec-
tra of the power and voltage in ran-
domly distributed orientation. (All 
measured in pu. in Layout C). 
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The spectra of the power and the voltage clearly shown that the power pulsa-
tions and the voltage variations occurring in Layout B and Layout C are much 
less than in Layout A. The fluctuations mostly occurred between 2 to 10 Hz 
and have been reduced to a significant level in the 10 s shift and the randomly 
distributed orientations in Layout B and Layout C, see Fig. 5.19 and Fig. 5.20, 
respectively. As expected, the magnitude of the variations is, noticeably, 
smoothened in Layout C compared to 10 s shift orientation in Layout B. How-
ever, small variations are quite visible, see Fig. 5.20 (a), in Layout C for a zero 
seconds shift orientation due to the increased power of the WEC(s) at the same 
time. If the EES is not used the variations would appear much higher and may 
have a negative impact on the grid power quality. 

The reduced variations in Layout B and Layout C provide favourable con-
ditions to achieve grid compliance. In Fig. 5.19 (c) and (d) and Fig. 5.20 (c) 
and (d), the reduced amplitude of the voltage variations has reduced the flicker 
severity and the THD at the PCC. Layout B and Layout C rather meet the 
requirements for grid compliance as regulated by the IEC 61000-4-15 and IEC 
61400-21 standards for flicker emissions and the IEEE 519-2014 and EN 
50160 standards for the THD/TDD and the voltage variations at the PCC. 
Even though grid compliance is achieved in Layout B and Layout C, voltage 
harmonics would appear. Hence, odd harmonics of voltage are investigated 
with their individual magnitude in each phase at the PCC in Layout B and 
Layout C, and shown in Fig. 5.22 and Fig.5.23. The analysis for Layout A is 
presented for odd and even harmonic contents of the PCC voltage and current, 
in order to investigate the behaviour of a single WEC interfaced at the PCC. 

Fig. 5.21 presents the THD/TDD of the voltage and the current at the PCC 
to assess the compliance with the grid codes for the harmonics set by IEEE 
519-2014 and the European standard EN 50160. The THDs are evaluated at 
different time instants from the complete test and found to be below the max-
imum allowed limits when using the energy storage. The THD of the voltage 
measured for the 99th percentile very short time (3 s) values and for the 95th 
percentile short time (10 min) values are far below the allowed limits of 5.33% 
and 8% set by the IEEE 519-2014 standard. The individual odd harmonics, 
3rd, 5th, 7th, 9th and even harmonics, 4th, 6th and 8th are satisfying the maximum 
limit of 5% at each time instant, visible in the blue bar in Fig. 5.21 for the PCC 
bus voltage ≤ 1 kV. The TDD of the current at the PCC is below the assigned 
maximum limit of 5% in Layout A when a single WEC is interfaced with the 
energy storage and microgrid. 
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The odd, 3rd to 9th, harmonics and even, 4th to 8th, harmonics at the PCC voltage 
are below the maximum limits allowed by the EN 50160 and IEE 519-2014 
standard. The 4th and 8th voltage harmonics shown a reduction in the harmonic 
content at 20 s and at 200 s while the 6th order harmonic remained almost the 
same and decreased at 100 s as shown in the blue bar plotted and in the middle 
graph in Fig. 5.21 (results from Paper X). 

 
 

 

 

 
Figure 5.21. THD of the grid voltage in blue and the current in green at 20 s, 100 
s and 200 s, top to bottom, respectively, Layout A. The voltage and current 
THD/TDD at the observed time instants are below the limit allowed in EN 50160 
and IEEE 519-2014 (unpublished results-Paper X). 
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From Fig. 5.22, the individual odd harmonics of the voltage at the PCC in each 
phase for Layout B, in zero s and 10 s shifts, and Layout C, in fixed and random 
distribution orientation, are evaluated. In Fig. 5.22 (b), in the 10 s shift, the 3rd 
harmonic shown a reduction in each phase of the voltage. However, the 5th 
harmonic in Phase-1 was increased a little bit and Phase-2 and Phase-3 shown 
a reduction when compared to Fig. 5.22 (a). The 7th harmonic in Phase-2 and 
Phase-3 shown a slight increment in the 10 s shift, see Fig. 5.22 (b). The 9th 
harmonic has reduced significantly in each phase. The observed variations in 
the individual phases are due to the slight voltage variation at the PCC and 
complies with the grid codes as set by the IEC and IEEE standards. 

Fig. 5.23 presents the THD results of the voltage in Layout C, where the 
3rd, 7th, and 9th harmonic show a reduction in each phase, see Fig. 5.23 (b) for 
a random orientation of 10-WECs. However, the 5th harmonic remained al-
most same in each phase. Layout C has the lowest magnitude of variation in 
the PCC voltage which has significantly reduced the variations in individual 
harmonic content in each phase and facilitates grid compliance by satisfying 
the IEEE 519-2014 maximum limit of 5%. 

 

  
Figure 5.22. Individual odd 3rd to 9th harmonics of the voltage for 3-WECs with 
EES in Layout B. (a) Zero shift. (b) 10 s shift. 

 

     
Figure 5.23. Individual odd 3rd to 9th harmonics of the voltage for 10-WECs with 
EES in Layout C. (a) Fixed shift. (b) Random shift. 
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The analysed results from Layout A, Layout B and Layout C in terms of 
flickers, voltage variations and THDs, have demonstrated the applicability and 
the behaviour of the WEC/WEP. Fig.5.24 assessed the short-term flicker se-
verity to determine the individual grid impact of each layout. Layout A without 
an EES violated the most stringent limit and does not comply with the IEC 
61400-21 and IEC 61000-4-15 standards. However, the results from Layout B 
and Layout C satisfied the requirements for grid compliance even without us-
ing the EES. Moreover, the results for short-term flicker showed an improved 
level of grid compliance when using the EES. 

The maximum variations in the magnitude of the voltage at the PCC with a 
grid impedance angle of Ψ = 70° are tabulated in Table 5.1. It is evident 
from the results that the voltage variations are significantly reduced when us-
ing the EES and satisfied the limit of 10% allowed by the EN 50160 stand-
ard. The power quality in each layout is assessed by determining the flicker 
coefficients  for Ψ : 30°, 50°, 70°, 85°, and ⁄ = 50 in a fictitious grid 
and shown in Table 5.2. The flicker coefficient values were determined as the 
99th percentile of the weighted accumulated distribution of the flicker coeffi-
cient values, (Ψ ).  

 
 

 
Figure 5.24. Assessment of short-term flickers in each layout. Black bars show the 
assessment of flicker level in each orientation of Layout A, Layout B and Layout 
C for non-smoothed power (without EES). The bars in the red colour show the 
assessment of flicker level of smoothed power for the same considered cases, Pa-
per X. 
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Table 5.1. Maximum voltage variation (∆ ⁄ ) for each layout in %. 

Layout 
A B - 3 WECs C – 10 WECs 

1WEC zero-shift 10 s-shift fixed random 

No EES            6.8 4.41 3.74   4.1 3.4 
EES                 1.21 1.72 1.23   0.96 0.71 

 

Table 5.2. Flicker coefficients in Layout A, Layout B and Layout C for dif-
ferent Ψ  and ⁄ = 50 for the non-smoothed and smoothed powers. 

The summarised results in Table 5.2 show that the flicker coefficients of the 
non-smoothed power are reduced significantly when the EES is used. The re-
sults from Fig. 5.24 and the summarised results in Table 5.2, show small errors 
between the experimental and simulated results for Ψ : 70 . The obtained 
PCC voltage time series is processed by a flickermeter compliant with IEC 
61000-4-15. The maximum error is 0.05 for the non-smoothed power while 
the error for smoothed power is reduced to 0.018. From the summarised results 
and the results from Fig. 5.24, the short-term flicker emissions with the EES 
are below the most stringent limit of 0.35 as defined in the IEC standard. 

 
 
 

 
 

Layout A                B – 3 WECs C – 10 WECs 
 1-WEC Shift : zero s 10 s              fixed   random 

            

° No 
EES 

0.82 41 0.23 11.5 0.17 8.5 0.089 4.6 0.067 3.35 

EES 0.18 9 0.081 4.1 0.05 2.5 0.047 2.35 0.038 1.9 

° No 
EES 

0.71 36 0.17 8.5 0.13 6.4 0.073 3.65 0.041 2.05 

EES 0.13 7 0.052 2.6 0.036 1.8 0.063 3.15  0.0081 0.40 

° No 
EES 

0.68 34 0.146 6.8 0.123 5.6 0.057 2.3 0.019 0.95 

EES 0.078 4 0.029 1.4 0.020 1.05 0.0079 0.41  0.0041 0.21 

° No 
EES 

0.29 15 0.056 2.8 0.07 3.5 0.067 3.4 0.014 0.7 

EES 0.03 1.5 0.009 0.46 0.007 0.35 0.017 0.9 0.0038 0.21 
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6. Conclusions 

This chapter summarises the most important conclusions of the research pre-
sented in this thesis, structured around the main objectives of the thesis. The 
facts are presented in brief below and discussed in detail in the corresponding 
papers. 

The force control of a linear direct driven generator and the torque control 
of a rotatory generator are the focus of Papers II- III, where a control topology 
is used to improve the power quality and reduce the losses of a direct driven 
generator. The conclusion of the study, is that a non-linear (Neural 
NARMAX) control significantly improves the power quality of the generator 
when compared to a linear (tuned PI) control during irregular motion of the 
translator. The non-linear control was found to be very accurate (up to 
95.61%) for the force control by effectively regulating the dq-axis currents. 
Paper III presents a good insight of a WEC’s behaviour when interfaced with 
a microgrid in a real-time simulation study. 

In order to meet the power demand and provide an improved power quality 
at reduced costs, Paper IV concludes that a dynamic rate limiter control com-
pliments the energy management control system significantly by improving 
the power sharing on the components, the battery and the supercapacitor, at 
the DC-grid. In a wave power harvesting application, the induced power fluc-
tuations are substantially reduced and guarantee a smooth power flow into the 
grid for the observed time period. The proposed fully-active hybrid energy 
storage system (HESS) control topology enhanced the battery lifetime by re-
ducing the losses and regulating the state-of-charges. The HESS energy losses 
were reduced to 34 kJ, a considerable improvement when compared to the 
losses of 230 kJ in other available HESS topologies. In contrast, the battery 
and supercapacitor losses were reduced to 6 kJ and 27 kJ, respectively. Hence, 
the proposed control method is a viable solution to mitigate the power fluctu-
ation problem in large-scale renewable energy harvesting systems such as, 
wind, wave and photovoltaic energy systems, as well as reduce the cost of the 
components. 

In Paper V, the author carried out a simulation and an experimental study 
to emulate the virtual inertia. An innovative control is proposed and tested in 
a microgrid power system. The cost of the components at the DC-link has been 
reduced by using the potential of the ultracapacitor interfaced with battery 
based energy storage. The CSD-scheme based dynamic droop controllers for 
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active and reactive power compensation are tested in a real-time power hard-
ware-in-the-loop simulation in a 400VAC microgrid. This combination of us-
ing an ultracapacitor and a battery at the DC-link effectively addressed the 
power fluctuation caused by the load perturbation and the intermittent WEC 
power in transient processes and steady processes respectively. The frequency 
variations in the transient process were addressed much faster by using an in-
ertia coefficient of the ultracapacitor in the control loop. The study concluded 
that the cost of the expensive supercapacitor can be lowered by using the ul-
tracapacitor at the DC-link with the proposed control and that the lifetime of 
the batteries can be enhanced. The interesting fact about the frequency regu-
lation result is that the control of the VSG to emulate the virtual inertia satis-
fied the grid code criteria of ROCOF (i.e. 1-2 Hz/s over 500 ms) proposed by 
the grid operators, EirGrid for the Ireland system and SONI for the Northern 
Ireland system. 

In Papers VI and X, the authors presents the grid integration of a wave 
energy park in different layouts and orientations of the WECs. The study per-
forms a successful integration of a single WEC as an emulator interacted with 
the point absorber hydrodynamic model and experimental data based WEP, 
consisting of three and ten WECs, in a microgrid using PHIL system. The 
assumptions made from the results were sufficient to validate the control al-
gorithms, define the grid impact of each layout, and the power injection into 
the grid in different power penetrations. The conclusions from Paper X are 
that the grid impact in two layouts, (i) the three WECs 10 s shifted layout and 
(ii) the 10 WECs randomly distributed layout, was grid compliant and suitable 
for a safe grid connection at the PCC. However, Layout A, a single WEC, 
would demand some energy storage to meet the grid code requirements. The 
study exploited the potential of energy storage to minimise the variations in 
the voltage and power fluctuations, which resulted in a significantly improved 
power quality. The estimated flicker levels, , generated by the wave energy 
park were found to be the lowest in the random distribution of 10 WECs and 
satisfied the requirements of the standard IEC 61000-4-15 and EN 50160 in 
relation to the impedance angle Ψ  of the connection point to the grid. More-
over, Layout B and Layout C were grid compliant in terms of reduced flicker 
emissions and THD for a grid impedance of 70°and a short-circuit ratio of 50. 
The voltage and power fluctuations occurred in the low frequency range of 2 
Hz to 10 Hz when energy storage was used. In consequence, a wave park with 
these characteristics does not represent any risk for the grid operators regard-
ing voltage fluctuation when some form of energy storage is used. It is worth 
mentioning that these results are valid for this type of WEP, rated power, ori-
entation and the PCC parameter. 

In Papers VIII and IX, the author presents a grid connection system and a 
power quality assessment. The work assists in the construction, development 
and implementation of a power conversion system for a wave power project 
intended to connect a WEP. The designed LCL-filter and PLL reduced the 
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switching frequency and lower-order harmonics, respectively. The grid con-
nected power conversion system is validated to meet the requirements of the 
standards IEEE 519-1992 and EN 50160. As expected, the attenuation rate of 
10% of the inverter current is achieved by the LCL-filter and the THD/TDD 
was found to be below 5% at the grid PCC. A PLL is used as a low-pass-filter 
to reduce the lower-order harmonics, where the PLL transfer function shows 
a first-order roll-off of -20/decade with a minor dissent at the cut-off frequency 
which met the stability agreement at different frequencies. The obtained 3rd, 
5th and 7th harmonics of the grid voltage are far below the maximum limit (5%) 
allowed by the standard IEEE 519-1992. The measured 99th percentile very 
short time (3 s) values satisfied the limit of 3.33% (1.5 times less of 5%) for 
individual harmonics and 5.33% (1.5 times less of 8%) for the THD. 

In addition, the TDD of the grid current harmonics are reduced to 4.89% 
which is well below the TDD limit (15%) for the local grid of  ⁄ = 180. 
Moreover, the controller performed satisfactory in a variable power flow and 
kept the harmonics below 5%. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 95

7. Future work 

This PhD thesis takes in many interesting research fields, although many re-
search questions are still to be evaluated. An interesting topic would be to do 
a reliability, and efficiency assessment of the wave energy parks by collecting 
the data from the offshore operation in a grid connected and an islanded mode. 
Survivability of underwater units for energy harvesting is a critical issue. Test-
ing the suggested controls in an operating wave farm would provide a good 
insight of their grid impact and an optimisation of the electronic topology. 

The next step in this work is to analyse the impact of long submarine power 
cables of offshore wave energy parks at the point of common coupling and the 
connected transformers. The analysis of the reactive power consumption of 
the transformer would be helpful in the design and optimisation of the electri-
cal system ratings and the control topologies. An optimised VAr compensator 
can also be implemented after the careful estimation of the reactive power 
generation from the cables when the park is not generating any power. 

A bi-directional power flow by controlling the back-to-back converter in-
terfaced with a rotating -at low frequency- and varying power generator is 
being studied and the results would provide important data to optimise the 
survivability of the generator. 

Another area for the future work is to interface the hydrodynamic model to 
each WEC in PHIL simulations and analyse their impacts in different orienta-
tion of a wave energy park. 

More studies should be done on the data harvesting from PHIL simulations 
where a desalination plant can be used to consume the power. This type of 
study would provide data on the impact of a wave energy converter and the 
consuming plant. 

The implementation of a bidirectional isolated dual-active-bridge (DAB) 
DC-DC converter at the DC-link with the battery would improve the power 
conversion efficiency of the power converter at higher switching frequencies. 
A 1.2kV SiC-MOSFET unit can replace today’s conventional 1.2kV IGBT 
based units. 
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8. Summary of papers 

In the following text the papers presented in this thesis are summarized and 
the author’s contribution is presented. 

Paper I 
Wave Energy Research at Uppsala University and the Lysekil Research 
Site, Sweden: A Status Update 
This paper presents a status update of the Lysekil wave power project during 
2013-2015. It reviews the deployment of a new marine substation, test results 
of several heaving buoys concepts, the automated grid connection, the im-
proved measuring station, the improved modelling of wave power farms, the 
implementation of remotely operated vehicles for underwater connections, the 
extended project permit and the environmental monitoring studies. 

The author has written most parts of the paper and contributed in the ex-
perimental setups, the development of the measuring station, and establishing 
a grid connection at the site. 

This peer reviewed conference paper was presented by the author (Parwal, 
A.) and is found in the proceedings of the11th European Wave and Tidal En-
ergy Conference, Nantes, France, September 6–11, 2015 

Paper II 
A Comparative Analysis of Linear and Nonlinear Control of Wave En-
ergy Converter for a Force Control Application 
This paper presents the control of a permanent magnet linear generator 
(PMLG) by regulating the stator currents and provides a force optimization 
through an active control. A performance comparison of the linear (tuned PI) 
and nonlinear controller in a nonlinear system is presented by applying the 
idea of using an input-output parametric nonlinear autoregressive moving av-
erage exogenous (NARMAX) model by a neural network (NN) for a nonlinear 
system identification. A neural model is implemented for the system identifi-
cation and the control of the nonlinear process with a neural NARMAX 
model. The neural model updates the weights to reduce the error by using the 
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Levenberg-Marquardt back-propagation algorithm for a single-input-single-
output (SISO) nonlinear system. 

The author was the major contributor in developing the concept, and writ-
ing the paper. 

This peer reviewed journal paper is in reviews for International Marine 
Energy Journal, submitted in February 2019. 

Paper III 
Power Hardware in-the-Loop Real Time Modelling using Hydrodynamic 
Model of a Wave Energy Converter with Linear generator Power Take-
Off 
This paper presents the mathematical models used in a power hardware-in-
the-loop (PHIL) real-time simulation. The hydrodynamic model of the WEC 
was developed using a state space method to obtain the positions and veloci-
ties of the buoy and the translator in the time domain. The voltage and current 
profiles of the wave energy converter, connected to the micro grid, are pre-
sented. 

The author helped in the experimental work and wrote some parts of the 
paper. 

This peer reviewed paper was presented by Potapenko, T. and is found in 
the proceedings of the 29th International Ocean and Polar Engineering 
Conference (ISOPE), Honolulu, Hawaii, USA, June 16-21, 2019 

Paper IV 
Energy Management for a Grid-Connected Wave Energy Park through 
a Hybrid Energy Storage System 
This paper presents an energy management control system (EMCS) with a 
dynamic rate limiter (DRL). The method is applied to control a hybrid energy 
storage system, combining battery and supercapacitor, with a fully active to-
pology controlled by the power converters. The EMCS-only and the EMCS 
with DRL operating zones effectively distribute the updated power commands 
to the battery and the supercapacitor controllers as seen in Fig. 5.7. The overall 
loss for the proposed fully active topology is reduced significantly to 34 kJ 
compared with a conventional fully-active topology. The average power loss 
obtained for the battery module in the EMCS+DRL operating zone has been 
greatly reduced which represents a significant improvement in its perfor-
mance. The paper demonstrates a smooth power sharing control which avoids 
the fast transients in the battery current and enhances the battery lifetime. It 
contributes to mitigating the problem of intermittent power to the grid and 
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provides effective control of the power flow over the hybrid energy system, 
increasing the life of the batteries. 

The author came up with the idea and did the majority of the work in mod-
elling of the control in the MATLAB/Simulink simulations. The author wrote 
most of the paper and did the simulation analysis with co-authors. 

This peer reviewed journal paper is published in Applied Energy, 2018, vol. 
231: 399-411. doi: 10.1016/j.apenergy.2018.09.146 

Paper V 
Virtual Synchronous Generator based Current Synchronous Detection 
scheme for a Virtual Inertia Emulation in SmartGrids 
This paper presents an emulation of virtual inertia in a WEC interfaced sys-
tem, an intermittent power source, to the microgrid by a power management 
of virtual synchronous generators (VSG) to control the frequency deviation 
and the terminal voltage. A dynamic droop control for the estimation of fun-
damental reference sources is implemented in the control loop of the con-
verter. In contrast, the DC-link capacitor is used to address fast transients by 
introducing an inertia coefficient of the capacitor and a droop coefficient is 
implemented in the control loop. This arrangement reduces the need of using 
a supercapacitor module. Hence, a combination of DC-link capacitor and a 
battery module can perform efficiently with the control loop of the power con-
verter to emulate the external behavioural dynamics of synchronous generator. 

The author came up with the idea and contributed in most parts of the study. 
The author did the majority of the MATLAB/Simulink simulations and car-
ried out the experimental tests in a microgrid connected power system to val-
idate the control with the co-authors under the framework of the MaRINET2 
project. 

This peer reviewed paper is published in a special issue of Clean Energy of 
Energy and Power Engineering, 2019, vol. 11: 99-131. doi: 
10.4236/epe.2019.113007 

Paper VI 
Power Hardware-in-the-loop simulations of Grid-Integration of a Wave 
Power Park 
This paper presents the integration of a single wave energy converter (WEC) 
and a wave power park (WPP)—consisting of three and ten WECs — with an 
AC-microgrid in real time power hardware-in-the-loop (PHIL) simulations. A 
single-WEC power is emulated by interfacing with the hydrodynamic model 
of a heaving point absorber in real-time simulations. A WPP is emulated using 
a Triphase power converter system where the DC-currents are injected at the 
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converter’s DC-link. The paper presents the behaviour of the WEC and the 
WPP in different scenarios, power fluctuations, interaction with the microgrid 
and the main grid, the microgrid load-banks, and the batteries. 

The author helped in the real-time tests and wrote some parts of the paper. 
This peer reviewed paper was presented by Temiz, I. and is found in the 

proceedings of the 13th European Wave and Tidal Energy Conference (EW-
TEC), Napoli, Italy, September 1-6, 2019 

Paper VII 
Power Control Strategies for a Smoother Power Output from a Wave 
Power Plant 
This paper presents the power control strategies and power output of the WPP. 
Three different cases of control were considered in MATLAB/Simulink, (i). 
Active power control without energy storage (ES), (ii). Active power control 
with ES, and (iii) active and reactive power control using a grid converter with 
ES. It shows that the output power is fluctuating significantly during a 60 sec-
ond time period in case (i) while the power fluctuation is reduced to 10% in 
case (ii). The last case shows that the grid support functions can be provided 
even in highly intermittent power using the control. 

The author contributed in writing the paper and reviewing the results. 
This peer reviewed paper is presented by Anttila, S. and is found in the 

proceedings of the 13th European Wave and Tidal Energy Conference (EW-
TEC), Napoli, Italy, September 1-6, 2019  

Paper VIII 
Grid Integration and a Power Quality Assessment of a Wave Energy Park 
This paper presents the results from the laboratory tests of the grid connected 
experimental setup, called the electric power conversion system (EPCS) in-
stalled in the measuring station in Lysekil. The paper presents the assessment 
of the power quality at the PCC in a steady and variable power flow into the 
grid. The control uses a phase-locked-loop (PLL) as a low pass filter to miti-
gate the lower order harmonics of the voltage and a harmonic filter for the 
switching frequency (5 kHz) harmonics attenuation. The individual harmonic, 
even and odd, contents are assessed and shown to be fulfilling the grid code 
requirements as regulated in the standard IEEE-519-1992. The total harmonic 
distortion (THD) obtained from the tests for the voltage and the current at the 
PCC is 0.69% and 4.89%, respectively. The harmonic filter effectively atten-
uates the switch harmonics of the inverter current to 4.5% as per the pre-set 
attenuation rate of 10% and meets the grid code requirement of less than 5%. 
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The spectra of the individual components at different frequencies are pre-
sented for the PCC voltage and current. The paper shows the designed system 
is grid compliance in a low power steady and variable power flow. 

The author contributed in the designing, assembling, calibrating and testing 
of the complete EPCS system which included the rectifier, inverter, DC-chop-
per and LC-filter, with the second co-author. The author wrote most parts of 
the paper and performed tests. 

This peer reviewed journal paper is published in IET Smart Grids, E-first 
July 2019. doi: 10.1049/iet-stg.2019.0009 

Paper IX 
Experimental Test of a Grid Connected VSC to Improve the Power Qual-
ity in a Wave Power System 
This paper presents the details of the designed power conversion system and 
the grid integration control. The paper discusses the grid side control and the 
implemented auxiliary system such as the control and measurement system. 
Voltage and current sensors, analogue-to-digital converters (ADC) with 16-
bit resolution are used for data measurements, with a range of ±10 V for the 
voltage sensor and ±5 V Hall-sensor for the current measurement. Feld-pro-
grammable gate arrays (FPGAs) are used for the fast propagation of the data 
and a real-time control. A two-level voltage source converter (2L-VSC) is in-
tegrated with the grid via a LCL-filter. From the results an improved grid-
power quality can be ensured by using an LCL-filter by reducing the switching 
ripples. The THD obtained at the switching frequency from the experimental 
test is 4.58% which meets the THD limit of maximum 5% in accordance with 
IEEE-519-1992. Moreover, if the TDD limits are considered for the Lysekil 
research site ( ⁄ = 180), the grid code becomes more generous.  

The author has participated in designing the experimental setup and the 
testing in the laboratory. The author developed the grid synchronisation sys-
tem for the 400/1 kV grid and programmed the Compact-RIO for the specific 
controls. 

This peer reviewed paper is presented by Parwal, A. and is found in pro-
ceedings of the 5th International Conference on Electric Power and Energy 
Conversion System (EPECS), Kitakyushu, Japan, April 23-25, 2018. doi: 
10.1109/EPECS.2018.8443488 

Paper X 
Grid Impact and Power quality Assessment in wave Energy Parks: Dif-
ferent layouts and Power Penetrations using Energy Storage 
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This paper presents the results to assess the grid impact in terms of flicker, 
THD, voltage variations and power pulsations in different power penetrations. 
A single WEC, three-WECs, and ten-WECs are studied in various layouts in 
a PHIL connected microgrid power system. The results show that the grid im-
pact of a three WECs and a ten WECs energy park has less variation at the 
PCC voltage without any ES. However, the variations are significantly re-
duced when ES is used. Layout C has the lowest negative impact, in fixed and 
random orientation of the WECs, at the PCC, even without an ES, i.e. 4.1% 
and 3.4%, respectively. These voltage variations are greatly reduced to 0.96% 
and 0.71% with an ES. The short circuit ratio and the grid impedance angle at 
the PCC are 50 and 70°, respectively. The study assesses the WEP impact at 
different grid impedance angles in a fictitious grid. The obtained flicker coef-
ficients in a fictitious grid for Ψ = 30°, 50°, 70°, 85° are determined as the 
99th percentile of each set and compared with the experimentally obtained 
flicker coefficient for 70°. The short term flicker in each layout was assessed 
and Layout B and Layout C were found grid compliant. The spectra of the 
PCC voltage have a significant reduction in the amplitude of the voltage var-
iation at the PCC with ES. The results show that a WEP of this type of orien-
tation, time-shifts, and power smoothing meet the grid code requirements—as 
regulated by various grid operators —fairly well.  

The author contributed extensively to the preparation of the tests and during 
all the experiments/ PHIL simulations. The author did the analysis of the ob-
tained data and wrote the paper. 

This peer reviewed paper is in review for IET Electrical Power Applica-
tions, submitted May 2019. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 102

9. Svensk Sammanfattning 

Den ökande energiförbrukningen och oron för koldioxidutsläpp har ökat ef-
terfrågan av förnybar energi. Förnybar energiproduktion är till exempel vat-
tenkraft, vindkraft, sol och vågkraft. Vågkraft som energislag har en stor pot-
ential på grund av sin höga energitäthet, men står samtidigt inför flera utma-
ningar. Den här avhandlingen tar upp några av de utmaningar som berör nät-
kvalitet vid en anslutning av vågenergi till elnätet. Arbetet är utfört vid 
avdelningen för elektricitetslära, Uppsala universitet. I avhandlingen utvärde-
ras nätanslutning av en vågenergiomvandlare (engelska: wave energy conver-
ter (WEC)) som är baserad på en permanentmagnetiserad linjärgenerator 
(PMLG) stående på havsbotten och som är ansluten till en boj på havsytan. 
 
 

I artikel II utvärderas en olinjär (neural) styrning och jämförs med en linjär 
(avstämd-proportionell-integrerad) styrning, det visas att den olinjära styr-
ningen ger ett mindre fel. Arbetet som presenteras i denna avhandling har bi-
dragit till kunskapen om hur man kan styra kraften på translatorn som i sin tur 
har en inverkan på bojen. Kraften styrs genom att reglera generatorns stator-
strömmar. Kraften förutsägs av Neural NARMAX modellen. Resultaten från 

 
 
Figur 9.1. En direktdriven PMLG WEC visas med sina huvudkomponenter och 
utgående spänning vid 4.9 Ohms belastning. Bojen förflyttar sig i vertikal riktning 
och är kopplad till translatorn som kommer att röra sig med bojen. Interaktionen 
mellan translatorn och statorn genererar spänningarna enligt mätningarna som vi-
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den icke-linjära styrningen av referensströmmarna visar en god matchning 
mellan det önskade börvärdet och det genererade ärvärdet. Minskningen av 
förluster resulterade i en förbättrad noggrannhet hos systemet. 

En frekvensomriktare (VSI) för nätanslutning av en vågenergiomvandlare 
har utvecklats och installerats i Lysekil.  Frekvensomriktaren har två nivåer, den 
är parallellt anslutet till ett DC energilager. Ett LC-filter är sedan inkopplat före 
transformatorn som i sin tur är kopplat till det lokala AC-nätet. Artiklarna VIII 
och IX utvärderade den harmoniska distorsionen i anslutningspunkten. 

Ett experiment utfördes vid centret för marin och förnyelsebar energi, Cork, 
Ireland. Ett antal emulerade WEC-enheter, som representerar en WEP, anslöts 
till det lokala nätet, det elektriska systemet visas i Fig. 9.2. Nätpåverkan i an-
slutningspunkten av en vågenergipark undersöktes grundligt med avseende på 
flimmer, spänningsvariationer och övertoner. Storleken av det flimmer som 
generaras av ett vågkraftverk respektive en vågkraftspark (WEP) utvärderades 
i anslutningspunkten. I artikel X simuleras en ensam vågkraftgenerator och en 
vågkraftspark i olika riktningar med hjälp av en trefas omriktare. 

 

 
 
Figur 9.2. Nätansluten vågkraftpark, där de enskilda komponenterna visas och LC-
filtret för att jämna ut den intermittenta kraften. 

 
Här undersöktes effekten med avseende på spänningsvariationer, övertoner 
och flimmer. En slumpmässig fördelning av 10 WEC i en park, kallad layout 
C, är den mest fördelaktiga vid nätanslutning även utan tillgång till ett energi-
lager. Däremot kan en park bestående av tre stycken kraftverk med en tidsför-
skjutning på 10s, kallad layout B, också vara nätkompatibel om någon form 
av energiager används för effekt. 

Studien som gjorts i detta dokument är giltig för de undersökta fallen av 
att värma WEC med specificerat effektvärde, nätimpedansvinkel och en 
kortslutningsnivå vid nätets anslutningspunkt. Resultaten visar att WEP för 
denna typ av orientering, tidsförskjutningar och kraftutjämning uppfyller 
Europeiska och Amerikanska myndigheters krav. Fortsättningsvis presente-
ras även en förbättrad kontroll med hjälp av hybridlager i avhandlingen, 
detta diskuteras i detalj i artikel IV. Resultaten visade att kontrollen förbätt-
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rade effektiviteten och ökade batteriets livslängd samtidigt som den inter-
mittenta effekten från WEP jämnades ut. 

Avhandlingen bidrar till att lösa tröghetsproblemet och effektbalansen ge-
nom att integrera en kondensator i styrslingan. Detta utfördes genom en simu-
leringsstudie i MATLAB/Simulink och validerades med experimentella resul-
tat i ett mikronätsanslutet kraftsystem i artikel V. Resultaten visare att man 
minskar storleken och kostnaden för komponenterna vid DC-länken. Experi-
menten genomfördes vid Center of Marine and Renewable Energy, i Cork, 
Irland och resultat från experimenten finns presenterade i artiklarna III, V, VI 
och X. 

Detta avhandlingsarbete stöds av Erasmus Mundus PhD-stipendium 
(EMINTE) Dnr. SAMV2014/50, Vetenskapsrådet (VR) -stöd nr 2015-03126, 
STandUP för energi, ÅForsk-stiftelsen, Anna-Maria-Lundins-stipendiet och 
J. Gust. Richert foundation. 
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10. Summary in Hindi (सारांश िहदंी म) 

बढ़ती ऊजार् की खपत और काबर्न उ सजर्न की िचंता ने अक्षय ऊजार् उ पादन की मांग को बढ़ा िदया ह।ै नवीकरणीय ऊजार् 
पर यान दनेे से पवन, सौर, पनिबजली और तरंग िबजली उ पादन म बहुत यान गया ह।ै इन तरंग  म इसकी उ च ऊजार् 
घन व के कारण बहुत अिधक क्षमता ह,ै लेिकन साथ ही कुछ चनुौितयां भी ह। यह थीिसस लहर ऊजार् संचयन के िग्रड 
एकीकरण म शािमल कुछ चनुौितय  को संबोिधत करती ह ैऔर िवद्यतु िवभाग, उ साला िव िवद्यालय म िबजली की 
गणुव ा के संदभर् म योगदान करती ह।ै इस थीिसस म अक्षय ऊजार् ोत के प म थायी चुंबक रैिखक जनरेटर (PMLG) 
आधािरत तरंग ऊजार् पिरवतर्क (WEC) का िग्रड कनेक्शन का मू यांकन िकया जाता ह।ै 

एक WEC के िलए एक िनयंत्रण और िग्रड कनेक्शन प्रणाली िडजाइन और थािपत की गई ह,ै िजसने प्रयोगशाला 
प्रयोग  से परीक्षण के पिरणाम प्र ततु िकए ह। थीिसस के इस भाग ने िग्रड कोड की आव यकताओ ंको परूा करते हुए कम, 
ि थर और अलग-अलग िबजली प्रवाह म िबजली की गणुव ा को संबोिधत िकया। िचत्र 9.1 उ साला िव िवद्यालय 
द्वारा िलसेिकल अनसुंधान थल पर िडजाइन और तैनात ड यईूसी को िदखाता ह।ै ड यईूसी के तीन-चरण वो टेज 
िलफाफे को अलग-अलग तरंग  के आधार पर अलग-अलग आउटपटु पेश करने के िलए िदखाया गया ह ैऔर इसिलए 
अनवुादक की गित। 

इस थीिसस ने तरंग ऊजार् के िग्रड इटंीग्रेशन से संबंिधत अनसुंधान के िवषय  को एक िबंद ुअवशोषक के प म एक 
भारी बोया के साथ कवर िकया। अनु छेद II म, एक nonlinear (तंित्रका) िनयंत्रण का मू यांकन िकया जाता ह ैऔर 
एक रेखीय (ट्यनूड-आनपुाितक-इटंीग्रल) िनयंत्रण की तलुना म। दोन  िनयंत्रण तरंग ऊजार् पिरवतर्क  के एक बल िनयंत्रण 
अनपु्रयोग म संदिभर्त संकेत को टै्रक करते ह। यह िदखाया गया ह ैिक एक गैर-िनयंत्रण िनयंत्रण का उपयोग करते समय 
त्रिुटय  को कम िकया जाता ह।ै इस थीिसस म प्र ततु इस कायर् ने PMLG के बल-िनयंत्रण के िलए योगदान िदया ह।ै 
जनरेटर के टेटर धाराओ ंको िविनयिमत करके बल को िनयंित्रत िकया जाता ह।ै तंित्रका यरूलैक्स मॉडल के आधार पर, 

 
 
िचत्र 9.1. एक प्र यक्ष-चािलत पीएमएलजी ड यईूसी अपने मह वपणूर् घटक  और वो टेज आउटपटु के साथ 4.9 ओम लोड 
पर िदखाया गया ह।ै बायीं ओर की आकृित म िदखाया गया बोया ऊ वार्धर िदशा म आग ेऔर पीछे चलता ह ैऔर अनवुादक 
को कड़ी र सी से उठाता ह।ै अनवुादक और टेटर इटंरैक्शन वॉ टेज उ प न करता ह ैजैसा िक राइट-हड साइड आंकड़े म िदखाया 
गया ह।ै  
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बल को गैर-िनयंत्रण द्वारा अनमुािनत िकया जाता ह।ै Nonlinear िनयंत्रण से पिरणाम संदिभर्त और उ प न धाराओ ंके 
बीच अ छे समझौते को दशार्ता ह।ै घटी हुई हािनय  ने प्रणाली की सटीकता को बढ़ाया। िग्रड से जड़ुा एक इलेिक्ट्रकल 
िस टम िलसेिकल म िवकिसत और थािपत िकया गया ह,ै जो एक WEC से िग्रड म िबजली पांतरण के िलए तैयार 
ह।ै िलसेिकल म मापने वाले केिबन म थािपत िवकिसत िवद्यतु प्रणाली को िचत्र 9.2 म िदखाया गया ह।ै िचत्र 9.2 म, 
दो- तरीय वो टेज ोत अतंर्वतर्क (inverter) को डीसी-िलंक पर एक समानांतर कनेक्टेड ऊजार् भडंारण और एक 
हाम िनक िफ टर के मा यम से थानीय एसी-िग्रड के मा यम से सधुािरत ड यईूसी (एस) के बीच ह तक्षेप िकया जाता 
ह।ै लेख VIII और IX ने िग्रड कनेक्शन िबंद ुपर वो टेज और वतर्मान के हाम िनक िव पण का मू यांकन िकया। 

 

िचत्र 9.2. िग्रड से जड़ेु तरंग ऊजार् पाकर् , यिक्तगत िबजली पांतरण इकाइय  और आंतराियक शिक्त को चौरसाई करने के िलए 
एलसी-िफ टर िदखात ेह। 

िग्रड-कनेक्शन िबंद ुपर िझलिमलाहट, वो टेज िभ नता और हाम िनक िव पण के संदभर् म तरंग ऊजार् पाकर्  के िग्रड 
प्रभाव की बड़े पैमाने पर जांच की जाती ह।ै WEC और एक तरंग ऊजार् पाकर्  (WEP) द्वारा उ प न अ पकािलक 
िझलिमलाहट तर का मू यांकन िकया जाता ह।ै पावर हाडर्वेयर-इन-द-लपू प्रयोग  को एक माइक्रोिग्रड पावर िस टम म 
िकया गया था, जहां ड यईूसी का प्रितिनिध व करने वाला एक सरणी, थानीय िग्रड से जड़ुा होता ह।ै अनु छेद X म, 
िविभ न झकुाव  म एक एकल हीिलंग WEC और WECs आधािरत पाकर्  को पावर िस यलेुटर म Triphase 
शिक्त पिरवतर्क का उपयोग करके अनकुरण िकया जाता ह।ै प्रिेरत िबजली पंदन, वो टेज िभ नता, हाम िनक िव पण 
और वो टेज िभ नता से प्रेिरत िझलिमलाहट की गंभीरता की जांच की जाती ह।ै पाकर्  म 10-WEC का एक या ि छक 
िवतरण, िजसे लेआउट सी कहा ह,ै एक ऊजार् भडंारण का उपयोग िकए िबना भी िग्रड कनेक्शन के िलए सबसे अनकूुल 
ह।ै हालाँिक, एक पाकर्  िजसम 10-सेकंड की िश ट म 3-WECs शािमल ह, िजसे लेआउट बी कहा जाता ह,ै िबजली 
के चौरसाई के िलए िकसी प्रकार के ऊजार् भडंारण का उपयोग करने पर िग्रड अनपुालन भी हो सकता ह।ै इस पत्र म िकए 
गए अ ययन िनिदर्  िबजली रेिटंग, िग्रड प्रितबाधा कोण और िग्रड के कनेक्शन िबंद ुपर एक शॉटर् सिकर् ट तर के साथ 
ड यईूसी को गमर् करने के जांच िकए गए मामल  के िलए मा य ह।ै पिरणाम बताते ह िक इस प्रकार के अिभिव यास, 
टाइम-िश ट्स और पावर मथूिनंग के WEP िविभ न िग्रड ऑपरेटर  द्वारा िविनयिमत के प म िग्रड कोड आव यकताओ ं
को काफी हद तक परूा करते ह। 

हाइिब्रड ऊजार् भडंारण के िलए बेहतर िनयंत्रण इस थीिसस म प्र ततु िकया गया ह,ै और अनु छेद IV म चचार् की 
गई ह।ै पिरणाम िदखाते ह िक िनयंत्रण ने दक्षता म सधुार िकया और WEP से आंतराियक शिक्त को सचुा  करते हुए 
बैटरी जीवनकाल को बढ़ाया। 
िनयंत्रण लपू म डीसी-िलंक संधािरत्र को एकीकृत करके जड़ता और शिक्त संतलुन की सम या को हल करने के िलए 
थीिसस का योगदान ह।ै यह MATLAB / Simulink म िसमलेुशन अ ययन के मा यम से िकया जाता ह ैऔर 
अनु छेद V म माइक्रोिग्रड कनेक्टेड पावर िस टम म प्रयोगा मक पिरणाम  के साथ मा य िकया जाता ह,ै जहां डीसी-
िलंक पर घटक  के आकार और लागत को कम िकया जाता ह।ै सटर ऑफ मरीन एडं िर यएूबल एनजीर्, कॉकर् , आयरलड 
म आिटर्कल III, V, VI और X से MaRINET2 प्रोजेक्ट के तहत यरूोपीय संघ के ढांचे के तहत िकए गए 
प्रयोग। यह थीिसस का काम इरा मस मुंडस पीएचडी छात्रविृ  (EMINTE)-SAMV2014/50, वीिडश 
िरसचर् काउंिसल (VR) अनदुान संख्या 2015-03126, ऊजार् के िलए STANDUP, ÅForsk फाउंडेशन, 
अ ना-मािरया-लुंिड स अनदुान और जे। गु ट द्वारा समिथर्त ह।ै 
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