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Doktora Tezi

OZET

DALGA ENERJISI DONUSTURUCU SISTEMLERINDE AKILLI DENETIMLI YENI BIR
GUC DUZENLEYICI UYGULAMASI

Emre OZKOP

Karadeniz Teknik Universitesi
Fen Bilimleri Enstitiisii
Elektrik-Elektronik Mﬁhendisligi Anabilim Dali
Danisman: Prof. Dr. Ismail Hakki ALTAS
2012, 145 Sayfa, 18 Sayfa Ek

Dalga enerjisi, diinyadaki en fazla bulunan fakat yeterince kullanilmayan -enerji
kaynaklarindan biridir Ancak, dalga enerjisi doniisiim sisteminin karmasik yapisi, deniz kosullari,
mekanik zorluklar ve oldukga yiiksek maliyetten dolayi, dalga enerjisi doniisiim sistemi yeteri
kadar yaygin degildir. Yine de alternatif enerji kaynaklarinin kullanimina duyulan ihtiyag, ¢esitli
kaynaklarin enerji doniisiim tasarimlarinin gelistirilmesinde etkin olmustur. Dalga enerjisi, umut
vadeden enerji kaynaklarindan bir tanesidir ve diinyanin bazi bolgelerinde dalga enerjisi
dondstiiriicti sistemler kuruludur. Dalga enerjisinin karakteristik yapisinin zaman igerisinden
kararli ve Onceden kestirilebilir olmaktan ¢ok diizensiz olmasi sebebiyle dalga enerjisi
doniistiiriiciilerinden elde edilen elektrik enerjisi de diizensiz yapiya sahiptir. Bu sebeple, dalga
enerjisi donilisiim sistemleri, dalga enerjisinin diizglin olmayan o6zelliklerini gidermek icin giig
diizenleyici ara yiiziine gerek duymaktadir.

Bu calismada, kaynak tarafi diizensizliklerini gidermek ve yiik kismindan yalitmak i¢in
Anahtarlamali Giig Filtresi-Yesil Fis olarak isimlendirilen yeni bir Esnek Alternatif Akim iletim
gii¢ kosullandiricist sunulmaktadir. Bu anahtarlamali gii¢ filtresi-yesil fis, yeni bir DA-DA Esnek
Alternatif Akim Iletim cihazidir ve gelistirilen uygun anahtarlama anlar1 ile kontrol edilmektedir.
Kaynak tarafindaki diizensizlik ile uyumlu g¢alismak icin uyarlanabilir akilli denetleyicilerin
gelistirilmesi gereklidir. Bu sebeple, klasik, bulanik ve klasik-bulanik birlestirilmis denetleyiciler
de irdelenerek, gerilim, akim ve gii¢ gibi kontrol parametrelerinin degisimine dayali adaptif yapili
denetim tasarlanmis ve kullanilmustir. Gelistirilen biitiin sistem modelleri hem benzetim hem de
deneysel olarak test edilmistir. Sistem performanslart ve model dogrulama i¢in benzetim modeli

sonuglari, uygulamadan elde edilenler ile karsilagtirilmisgtir.

Anahtar Kelimeler: Dalga enerjisi, Akilli kontrol, Anahtarlamali Gii¢ Filtresi, FACTS, Yesil
yenilenebilir enerji kullanimi



PhD. Thesis

SUMMARY

AN INTELLIGENT CONTROLLED NOVEL POWER CONDITIONING FOR WAVE
ENERGY CONVERTER SYSTEMS

Emre Ozkop

Karadeniz Technical University
The Graduate School of Natural and Applied Sciences
Electrical and Electronics Engineering Graduate Program
Supervisor: Prof. Dr. Ismail Hakki Altas
2012, 145 Pages, 18 Pages Appendix

The wave energy is the biggest and untapped energy sources on planet Earth. However, the
wave energy conversion is not ubiquitous enough due to its structure complexities, sea conditions
and high cost. However, the need of using alternative energy sources has an impact on developing
energy conversion schemes from various sources that seems to be costly but have promising
future. The wave energy is one of these promising energy sources and has been installed in some
specific sites around the world. Since the characteristic behavior of the wave energy is irregular
rather than being stable and predictable for time durations, the electrical power obtained by wave
energy converters has an irregular behavior, as well. Therefore wave energy conversion systems
require interfacing power conditioners to compensate the irregular characteristics of the wave
power.

A novel power conditioner FACTS device, called Switched Power Filter - Green Plug is
introduced in this study in order to compensate and isolate the load side electrical quantities from
the source side irregularities. The novel SPF-GP is a DC-DC type FACTS device and controlled
by developing proper switching sequences. In order to comply the irregularity on the source side,
adaptive based intelligent controllers are required to be developed. Therefore classical, fuzzy, and
classical-fuzzy combined controllers are also studied to be operated by including adaptively in
terms of the variations in control parameters such as voltage, current, and power. All system
models are developed and tested both by simulation and implementation. Simulation model results
are compared with those of obtained from implementation for model validation and system

performances.

Key Words: Wave energy, Intelligent control, Power filter, FACTS, Green renewable energy
utilization
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1. INTRODUCTION

1.1. World Energy Demands

Energy is key to economic and social development. While world population and
national economic growth continue to impact energy and electricity demand, over 80% of
the world’s energy demand is still supplied by fossil fuels (petroleum, natural gas, and
coal) and this energy demand could double or much more by 2050 [1]. It is assumed that
global energy demand increases by one-third from 2010 to 2035 [2, 3]. Renewables and
natural gas are collectively expected to reach nearly two-thirds of rising energy demand for
2010-2035 [2]

Increase in oil demand and oil market uncertainties cause price volatility with oil
import price expected to reach 210 $/barrel by 2035. In addition, there is a prediction that
US oil imports will surpass those of the EU and China by 2035 [2, 3].

It seems that natural gas share in the market is increasing and will continue to
increase over the period to 2035. As well, indicators show that Russia continues to be the
leader as a gas producer until 2035. Although natural gas is the cleanest of the fossil fuels,
increasing use of it will not solve the carbon emissions problem.

In the first decade of the 21* century, coal use continued to rise [2, 3]. In
international coal markets, pricing has become increasingly sensitive to developments in
Asia, with India overtaking China as the biggest coal importer by 2020. A different point
of view on energy shows that there is still an energy deficit in the world with 1.3 billion
people, around 20% of the world’s population still live without electricity [3].

As described above, the world oil supply diversity is diminishing and popularity of
natural gas is growing with the consumption point shifting from one conventional source
(coal) to another (natural gas). Thus, countries having resources become role players in the
world energy market. However, when any turmoil takes place in source regions such as
Middle East and North Africa, doubts on the reliability of energy supply emerge and
economic concerns divert attention from energy policy. Countries with limited energy
resources have planned to rely on nuclear power. On the other hand, the effects of the
earthquake on Fukushima Daiichi nuclear power plant have caused doubts on reliability of

nuclear power.



Increased concerns about environmental pollution, overpopulation, desire of
developing countries to have same life standards as developed countries, unevenly
distributed fossil fuel resources, imbalance in consumption, energy crisis, and rising or
fluctuating costs of fossil fuels around the world forces people to reduce consumption,
greenhouse gas emissions, environmental pollution and dependency on oil and natural gas
by controlling the population growth with implementation of policies on energy sources.

The world consumption relies primarily on oil, coal, natural gas, nuclear and water
power. The most of the energy sources have been extracted via difficult methods and long
processes. The fossil fuels such as oil, coal and gas are not sustainable and also the lifetime
of fossil fuels is limited.

It is obvious that energy is an important need for quality life standards and strategic
development for the nations. Therefore alternative energy is always in the scope of the
research topics for current and future energy planning. In order to mitigate the potential
crises caused by the limited resources as well as the disputes between countries, many
nations have targeted investment on renewable energy as an alternative to the conventional

sources.

1.2. Renewable Energy

Main renewable energy sources are solar, wind, bioenergy, geothermal, hydro, tide,
waves, hydrogen and so on. Renewable energy gives hope to lessen environmental
concerns and to increase source diversities. Many countries have announced regulations to
providing incentives towards the renewable energy utilization. During the last decade, the
use of renewable energy such as wind and solar has been increased tremendously so that
some countries are supplying about 4-20% of their energy needs from wind and solar
resources. Although it is not used as much as solar and wind, the wave and tidal energy has
also become an alternative to the conventional ones as a usable energy source lately as the
devices are developed to resolve the power quality problems. Since one of the main
problems in renewable energy applications is interfacing the generating units with the user
side, the interface devices take an important role in renewable energy utilization. In
addition to the technical problems, the investors of the renewable energy systems are still
facing other problems such as feed-in tariffs, renewable portfolio standards, local

regulations, financial supports, etc.



In order to underline the importance of renewable and alternative energy, it will
probably be good to take a look at world’s primary energy outlook.

The share of the primary energy sources in the world primary energy supply in 2005
was indicated as 25.3% coal, 35.0% oil, 20.6% natural gas, 6.3% nuclear, 2.6% hydro,
9.9% renewable combustibles and wastes. Besides, the product shares in the world
renewable energy supply in 2005 were recorded as 78.6% renewable combustibles and
waste (75.6% solid biomass/charcoal, 0.9% gas from biomass), 0.6% wind, 17.4% hydro,
0.3% solar/tide, and 3.2% geothermal [4, 5].

Renewable sources have grown to supply about 16% of global final energy
consumption. At least 100 countries have renewable energy policy targets or support
policies. Moreover, total global investment in renewable energy in 2010 has increased 32%
compared to the previous year. As the renewable energy capacity has grown, the costs have
decreased accordingly. At least 61 countries and 26 states/provinces worldwide enact feed-
in tariff programs. Many policies have been implemented to popularize renewable energy
applications, such as direct capital investment subsidies and grants, tax incentives, credits,
and public financing [5]. Wind and solar energies are two of most common renewable
energy sources in use.

The sun is the main source of renewable energies and provides wind, bio, wave and
hydro energies to arise. Solar energy is plentiful. The amount of incoming solar energy in
one day is sufficient to afford the world's total energy needs for one year. The solar power
used for heating and lighting until the eighteenth century has been utilized to get electricity
via solar cell invention in 1883 [6]. A photovoltaic (PV) cell is used to convert sunlight
into electricity in solar energy applications. It has many advantages such as working
anywhere that the sun shines. However, high cost and intermittency (no power generation
during nights) are serious drawbacks of PV solar energy. There are many PV applications
such as residential, industrial, utility-scaled power, despite the high cost. PV utilization has
been increased over the years, while PV demand worldwide was 2.83 GW in 2007, it has
showed a 110% increase in 2008 [7]. Solar power use is predicted to grow thousand-fold
until 2050 [4].

Wind energy is one of the most popular energy technologies with the earliest
utilization of wind energy dating to 5000 B.C. Wind energy was used for boat propelling,
water pumping, grain grinding in its early applications, and electricity generation from

wind energy began in the early 1880s [6, 7]. Installed wind power capacity has increased



so fast over the years that over 70 countries are using wind energy. From 2000 to 2007, the
global wind power capacity has increased to approximately five times of its previously
recorded data [6]. The wind power electricity generating capacity in the world is about 198
GW as of 2010 [5]. 23% of electricity is generated by wind in Denmark, 6% in Germany
and approximately 8% in Spain [7]. There is a prediction that 12% of global electricity will
be provided from wind power by 2050 [4]. Environmental factors such as visual impact,
noise, and risk of bird collisions and disruption of wild life should be taken into
consideration during wind energy power system realization.

Mainly wind and solar renewable energy sources have been competitive with fossil
fuels through technological improvements in performance and cost. A comparison of

renewable energy technologies is given in Table 1.1 [8].

Table 1.1. Comparison of renewable energy technologies

Typical
Technology levelized costs Advantages Problems
(US cents per kWh)
Wind 4-5 Widespread resource, scalable Difficult to site, intermittent
Photovoltaic 20-40 Ubiquitous source, silent, long Very expensive, intermittent

lifetimes, scalable
Biomass 4-9 Dispatchable, large resource Has air emissions, expensive
Has land, water, and

Hydropower 4 Dispatchable, can be inexpensive -
ecological impacts
Geothermal 5-6 Dispatchable, can be inexpensive  |Limited resource, depletable
Widespread resource, high density, |Immature technology,
Wave 20-30 few aesthetic and expensive, unpredictable
noise concerns environment

Note: Net cost to install a renewable energy system divided by its expected life-time energy output
Levelized means including first (capital), operating, maintenance, and fuel costs

1.3. Objectives of This Dissertation

The purpose of this study is to reduce the interfacing power quality problems,
improve the energy utilization of Wave Energy Converter (WEC) systems, design and
realize of a novel power stage and effective control strategies. The main focus is given to
modeling, validation and control for a wave energy converter system, a novel Switched
Modulated Power Filter-Green Plug (SPF-GP) Scheme adapted into a wave energy
converter system and loads exhibiting variable characteristics. The ultimate goal of this

dissertation is to set up experimental prototype models of the wave energy converter



system, the proposed SPF-GP system and error driven controllers to verify the digital
simulation model by comparing the results which validate the effectiveness of the proposed
interfacing device and the control algorithms. Both the simulation and the experiments are
done for several cases and results of the same operating conditions from both platforms are
compared for model validation as well as system performances. Effectiveness of the
proposed Flexible AC Transmission System (FACTS) power filter compensator and
control strategies on eliminating stochastic wave effects on load side voltage and load

variations on source side by reducing voltage sags and swells is also investigated.

1.4. Organization of This Dissertation

A review and background information on the wave energy is given in Chapter Two.
The modeling and simulation of the proposed wave energy conversion system is developed
and given in Chapter Three. The conversion system parts, which are wave energy
converter system, power electronic converters, proposed FACTS device, controllers, back
up units and loads are dealt with regards to modeling. Chapter Four describes the
experimental design and realization of the overall system described in previous chapter. In
Chapter Five the simulation and experimental results for the wave energy converter system
are presented. Chapter Six reviews the results, provides concluding remarks, and addresses

the future work.



2. WAVE ENERGY

2.1. Introduction

Over 70% of the earth's surface is covered by oceans, which are the world's largest
solar collectors. Moreover, the oceans are the biggest and untapped energy sources on
planet Earth. One of the energy harvesting methods from ocean is based on taking
advantage of waves, which are result of wind blowing over the water surface. The power
density of wave energy is much higher than that of wind or solar energy. The
environmental concerns in the use of wave systems for generating energy are also less.
Waves can travel long distances and lose little energy during travelling. Depending on sea
surface, weather conditions, shore structure and location on earth, the magnitude and
periodic characteristic of the waves may vary. Magnitude and duration of the waves
occurring consecutively may not be the same each time. The occurrence of the waves may
be periodic with the same peaks however, this is not guaranteed every time and it is not
suggested to rely on this behavior of the wave characteristics. On the other hand, waves
show periodic occurrence with the same magnitudes for some certain durations in time.
Waves show different characteristics from season to season, day to night, day to day, even
hour to hour during the same day.

Depending on design and usage, the wave energy converter can produce power up to

90% of the time while wind and solar power systems produce 20-30% [9-12].

2.2. Wave Energy Systems

The energy in waves around the world has a considerable amount of potential. The
useful worldwide wave power resource has been estimated to be greater than 2 TW [9].
The estimated annual global wave electricity potential is 300 TWh [4]. Annual average
wave power levels differ in various parts of the world. The wave energy potential is about
1 TWh/day at the coastal waters of the British Isles and the same amount of energy
supplies British Isles electricity demand for an average day. Estimates indicate that
approximately 15-25% of the United Kingdom (UK) energy demand can be supplied by
the wave energy [11]. Wave energy potential in Europe is about 320 GW [7]. The wave



energy can effectively contribute to world energy demands. At least 25 countries are
engaged in wave energy development [5].

Although there are a number of mechanisms such as attenuator, terminator and point
absorber to capture wave energy and prototypes, few commercial projects are realized [7,
9-11, 13]. As wave energy conversion is complex and not ubiquitous and subject to
varying sea conditions, wave energy converter system cost is considerably high [6]. There
are over 1000 patents on wave energy conversion techniques presented in Europe, Japan,
and North America [11]. The most common wave energy technologies are categorized as

shown below [12, 14, 15]:

Oscillating Water Column
Fixed:
Isolated: Pico [16, 17], LIMPET [18-20]
Breakwater: Sakata [21], Mutriku [22]
Floating: Mighty Whale [23, 24], Sperboy [25], Spar Buoy [26], Oceanlinx [27, 28]

Oscillating Bodies

Floating:

Translation: AquaBuoy [29-31], IPS Buoy [32- 34], FO3 [35], Wavebob [36, 37],
PowerBuoy [38-41]

Rotation: Pelamis [42-47], PS Frog [48], SEAREV [49-51]

Submerged:
Translation: AWS [52-54]
Rotation: WaveRoller [55, 56], Oyster [57, 58]

Overtopping
Floating: Wave Dragon [59-62]
Fixed:
Shoreline: TAPCHAN [63, 64]
Breakwater: SSG [65, 66]

Although the first patent dates back to 1799, the oil crisis of the 1970s led to greater
interest in utilization from waves with the world’s first commercial wave farm (2.25 MW)

built in 2005 in Portugal [9, 11, 12].



The wave energy devices can be categorized as shoreline, nearshore, and offshore
[67]. In offshore energy technologies, the wave energy conversion system is located away
from the shore and a floating or fixing body is used to absorb wave energy. Nearshore
technologies are adapted into the shore. Channel/reservoir/turbine and air-driven turbine
methods are applied to harvest wave energy. Each mechanism has a variety of advantages
and disadvantages. For instance, whilst locations for land installations for oscillating water
column (OWC) systems are more limited than offshore systems, land installations are
easier to construct and maintain. Although the shoreline wave devices have advantages
such as easy installation and maintenance, the wave energy extracted potential is lower
than other schemes. As the nearshore devices are positioned in less than 20 m water
depths, the offshore devices are more typical in deep water (>40 m).

There are some fuzzy matters and problems, such as environmental impacts, test and
measurement standards, resources assessment, energy production forecasting and design
tools that must be illuminated [4, 67-69].

In the wave energy systems, energy conversion devices such as linear or rotational
generators, compressors, turbines, and pumps can be used to convert mechanical energy of
wave to electrical energy. There are many studies about wave energy converter systems,
operation mode, generator types like wave-activated linear, linear, synchronous,
longitudinal-flux permanent magnet (PM), three-phase synchronous, and radial flux PM
synchronous generators, switched reluctance machines, turbine models such Wells, Self-
pitch-controlled blades, Kaplan, mechanical part shapes [6].

There are many possibilities to harness waves through a variety of means with device
parts such as floats, flaps, ramps and liquid pistons. They can be installed at the surface,
the sea bed or anywhere and use oil, air, water, steam, gearing depends on wave energy
system types [9, 10]. OWC, Overtopping devices, Pelamis, Wave Dragon, Archimedes
Wave Swing (AWS), and Wave Star Energy (WSE) are mainly used technologies to
convert wave power into electricity. Each technology incorporates advantages and
disadvantages with regards to power limits, efficiency, maintenance, installation and
operation costs, and installation difficulties [6, 9, 12, 14]. Some of the wave energy
technologies are summarized below:

The studies on OWC started in the 1970s and then a number of systems have been
built in various places, such as Japan, UK, Australia, India, and Norway up to now. The

system turbine size changes between 250 kW to 1 MW. The OWC system to require large



area is one of disadvantages. On the other hand, there is no direct connection between
turbine, generator and water, no requirement of deep-water anchorages and long submarine
electrical cables [6, 12]. Thus, the mechanical parts are protected against water corrosion.
The Wells turbine and the Impulse turbine considered, as two of the most popular types of
air turbines are used in OWC systems [9]. Wavegen's Land Installed Marine Power Energy
Transmitter (LIMPET) (250 kW) and Pico Plan (400 kW) are commercial applications of
fixed-structure OWC wave energy conversion system [9].

Pelamis is a hinged contour device and applied in offshore applications. It consists of
many different functional components. The cables are used to transfer energy from sea side
to the land side.

Wave Dragon developed in 1986 is an overtopping device to be placed in water
depths above 20 m and also a floating offshore converter. This model was first made in
Denmark. It seems that Wave Dragon has a promising future in terms of power capacity.
The rated power for each unit is 4-11 MW. The size is big and weight is huge [13].
Negative effects on the device are lessened by the means of the device size and also
maintenance cost and downtime are reduced.

The AWS emerged in 1994 and is an offshore submerged device. The surface waves
cause the oscillations of pressure, and the device starts to operate. PM linear synchronous
machines are used in the AWS applications and energy storage technologies can be used to
improve the efficiency of the AWS. Firstly, a 1:20 model was tested in 1995 and then
experimental tests were performed for different situations. In 2004, a 2 MW rated capacity
pilot plant was submerged and tested in a variety of sea states and operation conditions [9,
13].

A WSE developed by the WSE Company looks like a millipede and is called a
multipoint absorber. Since 2006, real time implementations of WSE have continued. There
are individual hydraulic cylinders for each absorber. To provide continuous energy
conversion, the device length holds several wavelengths. The WSE involves a storm
protection system to lessen the undesired mechanical forces.

There are different wave device classification methods. It is not easy to encompass
all device categories. Another device classification method is based on the present status of
a device, the development time-scale and economic investment cost [9]. This device
classification categorizes the systems as first, second and third generation systems.

Onshore and nearshore OWC devices, which are installed currently or under development,
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are members of the first generation systems. The float pump devices are accepted as
second generation systems. Offshore and nearshore devices, which can capture high level
power, are parts of the second generation systems. The large-scale offshore device, both
with regards to physical size and power output are defined as third generation systems.

Wave energy can be described as a highly promising renewable energy source for the
future. Strategies should be advanced to increase the use of wave energy converter systems
commercially. For instance, the wave energy systems in use can be modified, developed
and improved, and then promising systems can be built. However, government supports
may be required to promote and encourage the use of wave energy converter system. Up to
now, a number of prototypes have been proposed and tested, but few systems put forth the
effort to reach commercial deployment levels [6].

For future, a number of projects are planned in various countries. In the United
Kingdom, total of 41.4 MW consisting of prototypes and projects are deployed and
awarded. A test park consisting of five power systems totaling 600 kW will be built over
two years and a 52 MW capacity wave energy conversion system will be installed in
Turkey. Various wave energy projects in Indonesia, Italy, and LaReunion in the India
Ocean are planned and will be realized in the near future [5]. Many countries are making
contributions for research and development activities of wave technologies. Research

studies show a hopeful future for the wave energy market.

2.3. Control in Wave Energy Systems

For Oscillating Body (OB) and OWC converters, a natural frequency of oscillation
should coincide with the frequency of the incoming waves since maximum efficiency is
attained at resonance. It is not easy to maintain a resonant condition because real waves are
comprised of multiple frequencies and incompatibility in body dimension.

The studies to control wave energy converter systems have been proposed for the
mid 1970s. Firstly, it was proposed to control the reactive power so as to maximize the
active power for a Power Take Off (PTO) device and this method is named as an optimum
phase control [70]. Later, approximate optimum phase control was developed to use in
discrete time unlike the optimum phase control in continuous mode.

Many studies were executed both theoretically and experimentally for OB and OWC

types wave energy conversion technologies in the 1980s. Optimum phase and amplitude
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conditions with constrained or unconstrained options were referred to get maximum power.
Optimization should be done with keeping in mind the conditions mentioned above and
economic constraints. Some alternative control methodologies have been proposed, where
system physical quantities are omitted. This situation causes a reduction on maximum
power point of WEC systems. Nevertheless, if control methodologies are implemented
with discrete cases, the system performances can be enhanced in many applications [11,
70].

Active control of WEC dynamics can improve the efficiency of WECs [11]. One of
the active control methods is the latching control, which is firstly examined in 1980
showing discrete and highly non-linear characteristics. The device's motion is stalled at its
extreme position (when velocity is zero) and released when the wave forces are in good
phase. If the natural frequency is bigger than the excitation wave frequency, the control
method can be applicable. Reference [71] proposes the discrete latching control to improve
the efficiency of the PTO system. In [72], an oscillating-body wave energy converter with
hydraulic PTO system is controlled with a latching control. The hydraulic feature is
simplified to realize the control. The results were reasonable.

Since the behavior of real sea waves is nonlinear, some assumptions have to be done
during the modeling of WECs and control strategies. A time-domain model of WEC
system is utilized to observe the effect on performance of a dynamically changing wave
frequency and to predict the real system output efficiency. A frequency based model is not
adequate to model the system characteristics [73, 74]. The WEC system linear model can
be used in WEC system simulation where the wave frequency is stable. However, the
linear model approximation becomes insufficient under variable system conditions. So, the
Pierson—Moskowitz spectrum is preferred to model the behavior of real sea waves [75]. In
[76], an offshore OWC is modeling and the combination of control techniques (energy
quality, amplitude and phase controls) are proposed. Simulation results obtained with
Matlab/Simulink and power utilization could be advanced by 500%. The experiments

made for regular waves are reported in [76].
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2.4. Power and Electrical Equipment in Wave Energy Systems

Wave energy conversion systems utilize different types of generators such as a
conventional rotating generator or direct-drive linear generator to get electrical energy. In
many applications (OB, OWC), mechanical interfaces (air and water turbines and
hydraulic motors) are used to convert alternativing motion to a continuous unidirectional
movement. On the other hand, linear generators, which do not need a mechanical interface,
have been implemented in wave energy converter systems since 1970s. Rotating electrical
generators driven by mechanical turbines such as a hydraulic turbine or motor, air turbine
are preferred in most wave energy converters [12].

It is a difficult, slow and expensive process to reach the wave systems for
commercial applications. Firstly, theoretical and numerical system modeling is worked on
and then a small model is tested. After the time consuming and expensive task, the system
is tested in real operation conditions. Since the process from idea to market is long and
complex, the operation should be supported by governments to lessen the difficulties.

The studies based on WECs control are scanned in literature and classified in terms
of Generator, Implementation, Wave, Validation and Control types are summarized in
Table 2.1. While 36 paper refers to rotational generator, 17 studies are about linear
generator type. An energy utilization control of the WEC systems can be mechanical or
electrical. The number of papers about the implementation type is same just as implying in
generator types. The WEC control is investigated with only regular, only irregular or both
irregular and regular wave forms. The validation of the WEC systems is done by only
experiment, only simulation, or both experiment and simulation. The WEC system output
power control has been carried out with different control methods as given in Table 2.1.
The most preferred control type is a phase control.

There are different types of power electronics interface topologies used in wave
energy conversion systems to provide the requirements between energy system and load.
In [124], DC-DC buck converter topologies are implemented to both charge battery and
supply loads. In [102], H-bridge and Miller’s converter are considered to install in a wave
energy conversion system. A three-phase full-wave passive rectifier circuit is proposed to
utilize power from a wave energy converter in [112]. A D-STATCOM device is adapted to
smooth power oscillation in [88]. An electrical power is regulated by power electronics

AC/DC/AC converter in [122].
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An AC/DC rectifier followed by a DC/AC converter is used to extract the output
power in [100]. Reference [116] applies AC/DC/AC converters including active or passive
mode in AC/DC stage with transformers to adjust maximum power to transmit to the
consumer. In [101, 110, 111, 115], an active AC/DC/AC inverter topology is applied to get
power from WEC to a grid. Reference [96] uses AC/DC converter, high voltage direct
current (HVDC) and DC/AC inverter to transfer power through loads. A rectifier charged a
battery and inverter converts DC power into AC load in [87]. A three phase passive diode
rectifier is connected with a WEC and the rectifier output feeds a dc load in [93].
Reference [113] prefers to use a passive diode rectifier and a capacitor filter to get
smoother power output. Two different topologies based on AC/DC passive diode rectifier
are examined in [99]. The power electronics interface devices mentioned above have
superiorities to each other in terms of a high efficiency, low cost, high reliability,
complying with standards, smaller total harmonic distortion, and so on.

When we look at the previous work we see that these works mainly deal with the
followings:

- Power management by mechanical parts.

- Using resistive type loads without considering power quality issues.

- Using phase balance and latching as control methods.

- Usually simulations are done rather than experimental works.

- There are also a few works using power electronics interfacing units in WECs.



Table 2.1. Wave energy converter systems with controls in literature

internal model and switching)

Ref;‘;:nce WEC type Control Type Geil;;:tor Implei;;ttatlon Wave type E?;;:;:ﬁ::::;l Year
[77] owC PID Linear Mechanical Irregular Experimental | 1997
[78] Heaving-buoy WEC Phase @ | - Mechanical Irregular Simulation | 1998
[79] owC Optimal, sub-optimal, semi-optimal| ----------- Mechanical Irregular Simulation | 1999
[80] owC Air flow | —emmeeeeee- Mechanical | Regular/Irregular | Simulation | 1999
[81] OowC Reactive control Rotary Mechanical Irregular Simulation | 1999
[82] OoOwWC Reactl\./e and lat(.:hmg controls, Rotary Mechanical Irregular Experimental | 2000

Time domain control

[83] Deep water floating wave energy devices Latching Linear Mechanical | Regular/Irregular | Simulation | 2002

[84] OoOwWC Optional control Rotary Mechanical Irregular Simulation | 2002

[85] owC Optimal rotational speed control Rotary Mechanical Irregular Simulation | 2002

[86] Heaving wave energy device Latching | - Mechanical | Regular/Irregular | Simulation | 2004

[87] owc | e Rotary Electrical Irregular S1mu.1at1on/ 2004
Experimental

[88] OoOwWC Feed-forward control Rotary Electrical Irregular Simulation | 2004

[89] PTO Latching Rotary Mechanical Irregular Slmu.l ation/ 2006
Experimental

[90] A heaving buoy and SEAREV Latching Rotary Mechanical | Regular/Irregular | Simulation | 2006

[91] Oscillating-body WEC Flow, liquid Rotary Mechanical | Regular/Irregular | Simulation | 2007

[92] Archimedes Wave Swing Latchlng, phase and, amp.hm.d © Linear Mechanical | Regular/Irregular | Simulation | 2007

reactive, feedback linearisation
[93] PTO No Control Linear Electrical Irregular Simulation | 2007
[94] Oscillating-body WECs with hydraulic Phase | --memeeee- Mechanical | Regular/Irregular | ----------- 2008
PTO system
Neural network (NN) with control
[95] AWS strategies (phase, amplitude, Linear Mechanical Irregular Simulation | 2008

14!



Table 2.1 (continued)

Experimental

Reference Generator |Implementation Simulation/
WEC t Control T W
No ype ontrol Jype type type ave type Experimental Year
[96] owc | e Rotary Electrical Regular Simulation | 2008
[97] Point-absorbing WEC Latching | === Mechanical | Regular/Irregular Slmu.l ation/ 2009
Experimental
[98] PTO Declutching | - Mechanical | Regular/Irregular | Simulation | 2009
. . . imulati
[99] Point absorber No control Linear Electrical Irregular S1mu. ation/ 2009
Experimental
[100] Heaving-buoy WEC Current PI controller Linear Electrical Regular Simulation | 2009
[101] AWS PI Linear Electrical Regular/Irregular | Simulation | 2009
[102] PTO Phase Linear Electrical Regular Slmu.l ation/ 2009
Experimental
[103] owc | e Rotary Mechanical Regular Experimental | 2009
Wave energy hyperbaric converter, Phase, A proportional-proportional . . .
[104] Oscillating body systems integral (P—PI) cascade controller Rotary Mechanical | Regular/Irregular | Simulation | 2010
[105] Point absorber, PTO Quiescent period predictive | ----------- Mechanical Irregular Simulation | 2010
A floati t
[106] oaling Wazl;;(girgy converter Phase Rotary Mechanical Irregular Simulation | 2010
[107] Heaving-buoy WEC Phase Linear Mechanical Irregular Simulation | 2010
[108] Heaving point absorber WEC Optimal Rotary Mechanical | Regular/Irregular | Simulation |2010
[109] Point-absorber WEC Latching | —=mmemeeee- Mechanical Irregular Simulation | 2010
[110] PTO (SEAREV) Latching, Power leveling Rotary Electrical Irregular Simulation | 2010
Ph. litud bined ph d
[111] PTO ase, ampiiinde, comotned phase an Linear Electrical Regular Experimental | 2010
amplitude
[112] PTO No Control Linear Electrical Irregular Simulation | 2010
ulati
[113] PTO No Control Linear Electrical Irregular Simulation/ 2010

Sl



Table 2.1 (continued)

Ref;‘;:nce WEC type Control Type Geil;;:tor Implei;;ttatlon Wave type E?;;:;:ﬁ::::;l Year
[114] owWC rotational speed control Rotary Mechanical | Regular/Irregular | Simulation |2010
Direct Torque control with space vector control (PI Simulation/
[115] PTO (Wave Dragon) [control), Direct Power control with space vector Rotary Electrical Regular/ . 2010
Experimental
control (PI control)
[116] PTO (Wave Dragon) Frequency control, current control Rotary Electrical Irregular Simulation | 2010
[117] Va;;e::ti)lllz :;Crllzl\(ifgg;nn ----------- Rotary Mechanical | = --------m-- Simulation | 2011
[118] A heaving-buoy WEC | e Linear Mechanical Irregular Simulation | 2011
[119] Two_sg\(/ii};:,(;? Oe)n SIEY Phase | e Mechanical | Regular/Irregular | Simulation |2011
[120] Point absorber, SEAREV |  cmemeeeee Rotary Mechanical | Regular/Irregular | Simulation |2011
[121] pro | e Rotary Electrical Regular Simulation | 2011
[122] PTO Field-oriented control (FOC) with space vector Rotary Electrical Regular/Irregular | Simulation | 2011
control (PI)
[123] OoOwWC PID, phase, amplitude =~ | —-mmmemee- Mechanical | Regular/Irregular | Simulation | 2011
[124] OoOwWC PI control Rotary Electrical Irregular Experimental | 2011
[125] Generic oscillating body | Wave power prediction, novel forecasting method | ----------- Mechanical Irregular Experimental | 2012
[126] Hydraulic power take-off |  —memmeeeee Linear Mechanical Irregular Simulation | 2012
[127] Floating-buoy WEC Fuzzy Rotary Mechanical Regular Simulation |2012
[128] Point absorber WEC | s e Mechanical | Regular/Irregular | Experimental | 2012
[129] PTO Phase Rotary Mechanical | Regular/Irregular | Simulation | 2012

91



3. SYSTEM MODELING AND SIMULATION
3.1. Introduction

The modeling and simulation of the proposed wave energy system is developed and
given in this chapter. As shown in Figure 3.1 the scheme has various parts from input to
output. An emulator model of the wave energy conversion system is placed on the upper
left corner. The emulator consists of a DC motor a speed reducer and a PM generator. The
DC motor and speed reducer are used to emulate the wave dynamics in a closed laboratory
environment. The complete scheme is divided into the following sub categories:

1. The wave energy converter system
2. Power electronic converters
3. Proposed FACTS device
4. Controllers
5. Back up units
6. Loads

The proposed renewable energy scheme consists of only the wave energy converter
system as the power source. Actually these sorts of systems typically require additional
sources for sustainability. For example a photovoltaic and/or wind power generation
system may be used together with the wave energy converter system to maintain the
sustainability. A PV power generation system is considered to be used as a backup system
to charge the battery as well as supply power to the load as long as the weather conditions
permit. Since the PV systems are well discussed in literature and have many applications
widespread around the world, it will not be discussed here keeping in mind that it can be
added to the wave energy converter system easily. The generated electrical power is stored
in a battery backup unit and then used to feed the loads. The modeling process of each part
of the system listed above will be explained one by one by in following sections. The
simulation of the complete system shown in Figure 3.1 will be given in the next chapter

followed by implementation in the chapter afterword.
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Figure 3.1. Wave Energy Conversion system with the novel FACTS (SPF-GP)
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3.2. Wave Energy Converter System

Since the main energy source of the electricity from wave energy systems starts from
the sea surface, the first modeling in this chapter is started with the mathematical
background and simulation model of the wave energy converter system, which includes
two main parts as surface wave and the electrical generator. The mathematical model of
the surface wave and the generator are obtained separately and adapted to Matlab/
Simulink/SimPower Software environment for simulation. After the models of all the
components are developed and adapted to be operated as a combined whole system, then
the simulation studies of wave energy converter system together with the other parts are

carried out for various controllers under different operation conditions.

3.2.1. The Wave Model
3.2.1.1. Approximated Model of the Wave Dynamics
A progressive surface wave shape is given in Figure 3.2 for a monochromatic wave

travelling [130]. The wave is assumed to be traveling with constant length and constant

average height.

Water level

Figure 3.2. A progressive surface wave shape

The parameters in Figure 3.2 are defined as;
C: phase velocity

H: wave high, (m)
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L: wave length, (m)

d,,: wave depth, (m)

The phase velocity is defined by:

S

(3.1)

where T is wave period and L is wave length.
The water wave is comprised of the particle activities. So, if the particle velocity
profile is clearly defined, the wave model can be obtained easily. The vertical forces

generated by the waves are used in this thesis as the base force input to the mechanical

systems. The vertical particle velocity generating the force is defined as,
w; == eksinlex — oy, t) (3.2)

where k and g, are wave number and wave angular frequency, respectively, and are

defined as
_2r
k= D (3.3)
o, = 2r (3.4)

The maximum value of the velocity is obtained when the position z is equal to 0

(zero). In this case, the vertical velocity can be written in equation (3.5).
H .
we = —-sin(kx — at) (3.5)

H . . .
where ”T is the maximum value of the velocity.
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While the wave height is H = 1 m, water depth is 40 m and wave period iST =5s
at an arbitrary position, x = 0, the surface particle velocity waveform is obtained as shown
in Figure 3.3. The maximum velocity is obtained when the sinus function is equal to 1.

Thus the peak linear velocity can be written as

Velocity (m/s)

time (s)

Figure 3.3. Surface particle velocity profile

TTH,

_ e (3.6)

where H,. and T, are the wave height and wave period corresponding to the peak
linear velocity, respectively.

3.2.1.2. Stochastic Model of the Wave Dynamics

To realize the real world environment for a wave energy converter system, the
stochastic wave model should be used. A random wave environment for various wave
frequencies is constituted by the stochastic model. To do this the wave spectral density
data should be available. The data can be obtained by different methods. One of them is

given by Pierson-Moskowitz (1964) calculating the wave spectra for various wind speeds.

The spectra form is given as follows

s(w) = aw—gzzexp [—ﬁ (%)4] (3.7)
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where w = 2xf, f is the wave frequency in Hz, B = 0.74, a = 7.9x1073, w, =
g/Ui75, and Uy, is the wind speed at a height of 17.5 m above the sea surface, the
anemometers height on the weather ships used by Pierson-Moskowitz in 1964. To

calculate the spectra from a known wave height equation (3.8) can be used.
U 2
Hyjs = 0.21% (3.8)

The amplitudes and frequencies are acquired for all of the component waves in the
ocean by the generated wave spectra. The Pierson Moskowitz Wave Spectral Density is

obtained using an input H, /3 of 1.5 m, representing summer conditions as shown in Figure

3.4.

Pierson-Moskowitz- Wave Spectrum
T T T

Spectral Density [mZ/Hz]

|
. I I I
0 005 01 015 02 025 03 035 04
Frequency [Hz]

Figure 3.4. Pierson Moskowitz wave spectral density
representing summer conditions

3.2.2. Generator Model
3.2.2.1. Ideal Model

There are various generator types used in wave energy conversion systems. In this
section, a Permanent Magnet Linear Generator (PMLG) is considered and modeled. In
ideal model, firstly the monochromatic wave will be used and then the stochastic wave

model will be adapted.
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The vertical displacement of generator depends on the maximum range associated
with the generator feature. The vertical displacement, y(t) with the maximum generator
travel d,; and wave frequency w,, are given in equations (3.9) and (3.10), respectively,

where the wave frequency in rad/sec and d is the maximum generator travel in meter.

Y () = L sin(wpt) (3.9)
W = 2 f = = (3.10)

The permanent magnets produce a variable flux out depending on the vertical
displacement and magnetic wavelength. The variable flux can be defined as in equation

(3.11), where A is the magnetic wavelength in meters and @ is the peak flux in Tesla.
- 2T
$(t) = Bsin (S y(0) (3.12)

The induced voltage in the coils is expressed as a function of the flux deviation with

time as

d
V() =NZ2 (3.12)

where N is the number of turns per coil.

Equation (3.12) leads to the phase to neutral voltage described as

V(t) =V cos(w,,t) cos ("%G sin(w,t) + 9) (3.13)

where ¥ is the peak phase-neutral voltage and the phase displacement angle 6 has the

following values.

9=0 27r+27r
373
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Since three-phase voltages will have a 120° displacement phase angle, they are

defined as follows.

V,(t) = V cos(w,,t) cos <n;£ sin(wmt)>

V, (t) = V cos(w,,t) cos (H%G sin(w,t) — 2?")

V.(t) = V cos(wy,t) cos (n% sin(w,t) + 2?”) (3.14)

The peak electrical frequency is obtained by using the magnetic wavelength and the

translator peak speed as given in equation (3.15).

A velocitypeak

fe=—7F (3.15)

h ~ __2m(dx
wnere we_T d_tmax

Since the magnetic wavelength represents a complete cycle from north to south, the
peak electrical frequency is expected as equation (3.15).

Using the wave and permanent magnet linear generator models together, the ideal
wave source model is obtained as substituting A = 0.140, d; = 1m, T,, = 5 sec, and
V = 220V in equation (3.14). The phase to neutral voltage output for phase A is obtained

as shown in Figure 3.5.



25

150
o | Y
= ol L AR
23 LN 1 L
[ g
g {1
| | |
“’“ Il IIIE
[ | | | |
-150 B | | [ 1) N L
| | | | |
20004 - - - Rl el isl f Sl
| | | | |
2 ! ! ! ! !
500 2 4 6 8 10 12

time (s)

Figure 3.5. The phase to neutral voltage

3.2.2.2. Dynamic Model

The dynamic model equations are similar to that of rotary permanent magnet

synchronous generator. There are some differences in the torque and force equations. The

dg-axis equations for a linear generator are g
L d
Vsq = Rslgq + Elsq + wpdsg
D d
Vsa = Rslsd + E/lsd - wmlsq
Asq = Lsisq
Asd = Lsisq + /1fd

Ly=1L;+ Ly,

iven as;

(3.16)

(3.17)

(3.18)

(3.19)

(3.20)

where R is the coil resistance, w,, is the electrical angular frequency, i, is the g-axis

current, iy is the d-axis current and A, is the excitation linkage flux of the stator due to

flux produced by the magnets. v, and v, are d and g axes voltages, respectively [131].

If equation (3.18) and (3.19) are substituted into equation (3.16) and (3.17), the dg-

axis voltages can be represented as
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. d . .

Vsq = Rglsq + ELSlSq + Wy Lgigy (3.21)
. d . .

Vsq = Rglgg + at (Lsisq + Afd) - meslsq (3.22)

where w,, =§wmech, p is the number of poles of the machine, w,, is the electrical

frequency in rad/sec, wpecn IS the rotational mechanical frequency in rad/sec, A¢, is the

flux linkage of the stator d-winding due to the flux produced by the rotor magnets.
The electrical torque can be defined as;

Tem = %(Asdisq - Asq lsq) (3.23)
If the equations (3.18) and (3.19) are substituted into equation (3.23), the output

torque as a function of the g-axis current and magnet excitation flux linkage can be
obtained as follows

Tem = g((Lsisd + Afd)isq - Lsisqisd) = glfdisq (3.24)

Equations (3.25) and (3.26) express the length of the linear generator stator and the

circumference of a rotary synchronous generator, respectively.
[ = (phasen number)tp (3.25)
c=2nr (3.26)
where 7 is pole pitch and p is the number of poles.

Since the length and circumference are equal, the radius of a machine can be defined

as

2 (3.27)

21

The radius of a 2 pole machine, 1 pole pair is given in equation (3.28)
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r=3% (3.28)

The torque output for a rotary machine with 2 poles is represented by
Tem = Afdisq (3.29)

The relation between torque and force can be expressed as

T, .
F=-= ;’—T,lfdlsq (3.30)
The force output of the linear synchronous machine is directly proportional to the
number of poles, like the case in a rotary machine. A general equation to represent the

force can be derived as
F= %Afdisq (3.31)

Equations (3.16) to (3.31) are combined by using the operational dynamic block
library in Matlab/Simulink. The combined Simulink model of the PMLG for dynamic

simulation studies is given in Figure 3.6.
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Figure 3.6. PMLG dynamic Simulink model
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3.3. Power Electronic Converters

As shown in Figure 3.1, there is a AC/DC rectifier right after the PM generator, a
DC-DC converter after the proposed FACTS device and DC-DC chopper at DC motor load
terminals and DC/AC inverter at AC motor load terminals. The proposed Modulated SPF-
GP is also a power electronic device. However, it will be treated separately from the others
because it is one of the contributed parts of the thesis.

3.3.1. AC/DC Rectifier

An AC/DC rectifier is used to convert the AC output voltage of the PM linear
generator to DC voltage, which will be conditioned by the proposed SPF-GP FACTS
interface device before being controlled by a DC-DC chopper. The circuit diagram of the
6-pulse diode rectifier used in the system is given in Figure 3.7. Since the simulation
model of the diode rectifier is already available in Matlab/Simulink/SimPower utility
library, the parameters of the rectifier used in the thesis are entered into the model in
Simulink/SimPower toolbox instead of developing a new model for the rectifier. The

parameters used in simulation are given in Appendix 1.

D1 D2 D5
A DpioDE A DpoDE A DioDE
J J2
3 1
i 2z
1
DC (out)
3 Phase AC (in) D3 D4 D6
A DpioDE A DpoDE A DioDE

Figure 3.7. Circuit diagram of the rectifier used in the thesis
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3.3.2. DC-DC Buck Converter

The DC-DC converters, which are widely used in power supplies, in control of the
DC to DC energy flow, and in industrial applications, transfer electrical energy from one
level to another [132]. Low-power and low-voltage DC-DC converter applications have
been developed in such diverse areas as telecommunications, notebook, industrial
instrumentation in recent years [133]. Figure 3.8 shows a classification of DC-DC

converter technologies [133-135].

DC-DC Converter
I 1
Linear Converter Charge-Pump H Inductive DC-DC Converters H
DC-DC Converters 1
i [ |
‘lSeries—ParaIIeI Step-Down Converters - Resonant DC-DC Converters

'SEPIC Converter | ‘ Full Bridge Converter |

| Zeta Converter !

Figure 3.8. A classification of DC-DC converter technologies

The linear converter is a resistive divider and can convert an input voltage into a
lower output voltage. In spite of a simple implementation of a linear converter, it is
inefficient since the DC-DC voltage conversion is realized by power dissipation in a
resistor. On the other hand, modified topologies can be used to improve the power
efficiency [136, 137].

The maximum power conversion efficiency can be achieved at the optimal voltage
conversion ratio and the output voltage can be increased or decreased with depending on
demand in a charge-pump DC-DC converter. The converter is adapted into fixed frequency
operation and rated load current modes generally [138]. To improve power efficiency and
decrease the input and output ripples, an adaption should be done into the converter [139].

Inductive DC-DC converters are separated in non-galvanic and galvanic topologies.

The non-galvanic topology covers step-down, step-up, resonant and step-up/down
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converters. The galvanic separated converters are fundamentally derived from the main
types of non-galvanic DC-DC converters such as step-down, step-up converters. Figure 5.8
summarizes the DC-DC converter types, clearly. There are many advantages and
drawbacks of the converter topologies depending on application areas and studies to
improve the converter performances [140-145]. In this part, a buck converter is studied.

A circuit diagram of a buck converter is shown in Figure 3.9. This converter is used
to regulate the dc power supply by controlling the switching sequences of the switch Sgq.
The buck converter output voltage is always smaller than the converter input voltage since

the duty cycle d. is defined between the interval [0, 1]as 0 < d,. < 1.

Vdd_in Dyq Caa== Vad_out

Figure 3.9. A general buck DC/DC converter schematic

The average output voltage value can be represented as:

Vdd_out = chdd_in (3.32)

The output voltage can be regulated by controlling the duty cycle (d.). The buck
converter is composed of a diode (D,,4), an inductor (L44), a switch (S;4) and a capacitor
(C4q)- During the on-state, where the switch is in the turned-on position, the current flows
through the inductor and capacitor while the diode remains reserve biased. During the off-
state, where the switch is in the turned-off position, the source current flow is zero, thus the
stored energy in the inductor is dissipated as the current flows through the inductor,
capacitor and the diode loop. The inductor value can be determined by considering

continuous conduction mode (CCM) and discontinuous conduction mode (DCM) [146].

—dc)R
Lyg =& ; ) (3.34)
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For typical values of d.=0.5, R=10(Q, and f =100 kHz, the boundary is
Lyq = 25 uH. For L > Ly, the converter operates in the CCM. To limit the output voltage
ripple value (1), the capacitance C;4; must be greater than minimum capacitance value

(Crmin) given below

(A-do)v ou
Conin = gy pr (3.35)

At d. =0.5, V./Vaq our = 1%, Lgq = 25uH, and f = 100 kHz, the minimum
capacitance is C,,;n, = 25 uF.

DC-DC buck converter used in this study is shown in Figure 3.10. Contrary to the
general circuit diagram given in Figure 3.9, the DC-DC buck converter used in the thesis
consists of input and output filtering as shown in Figure 3.10. The circuit diagram given in
Figure 3.10 is also modeled in Matlab/Simulink/SimPower along with the other
components. The simulation results of the combined system is given and discussed in the

chapter about the results.
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Figure 3.10. The designed DC-DC buck converter general circuit diagram

3.3.3. DC/AC Inverter

A DC/AC converter is used to supply power to the AC loads. The inverter used in the
thesis is realized using the circuit diagram shown in Figure 3.11. The circuit design details
are given in the next chapter about the implementation. Although the inverter used here is
built up in lab and combined with the main scheme, there is no special and novel design or
application features different from the ones commercially available in the market.
Therefore the simulation model of the inverter is not different than the one given in
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Simulink/SimPower application library. Therefore the inverter model from
Simulink/SimPower is adapted to this study by modifying the parameters.
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Figure 3.11. The DC-AC inverter system block diagram

The inverter is controlled to keep three phase output RMS voltages at constant
voltage and frequency values determined by loads. As for the other controlled components
in the system, the inverter is also controlled by the controllers developed in the thesis. The

simulation models of the controllers are discussed later in this chapter.
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3.3.4. Green FACTS Interface (SPF-GP)

The voltage generated by a PMLG is not the same as the one generated by round
rotor synchronous generator. As given in Figure 3.5, the generated phase to ground voltage
has an alternating nature but pure sine wave. Since waves on the sea do not have a constant
or regular regime, the magnitude and the frequency of the generated voltage are not
constant. Therefore it is required to convert the alternating voltage with the irregular wave
shape. The DC voltage at the output terminals of the AC/DC rectifier reflects the wave
shape depicted in Figure 3.2. The irregular shape of the DC voltage affects the voltage
applied to the loads either DC or AC. For both load types the voltage will include pulse
wise effects resulting in undesired operational problems such as noise in motors and
dimming of lights.

Actually, irregular waves mean irregular voltage shape and irregular power condition
from generation to dissipation. This irregularity must be eliminated and an isolation unit
should be installed between the wave energy conversion unit and the load. The isolation
unit acts as a power conditioner between the WEC system and the load to ensure the power
quality and voltage stabilization in the system.

The common concerns of power quality and voltage stabilization are long duration
voltage variations (overvoltage, under voltage, and sustained interruptions), short duration
voltage variations (interruption, sags (dips), and swells), voltage imbalances, waveform
distortions (DC offsets, harmonics, inter harmonics, notching and noise), voltage
fluctuations (voltage flickers), and power frequency variations [147, 148]. To prevent
undesirable states and reduce power consumption, FACTS compensators are typically
applied.

A SPF-GP FACTS scheme is introduced here as the power conditioning filter device.
The SPF-GP FACTS device is one of the major contributions of the thesis in the field. This
device developed and applied to the WEC scheme. The basic circuit diagram of the SPF-
GP is given in Figure 3.12. This circuit is realized and adapted to the WEC system in the
experimental part of the study. A simulation model is also developed to be used in the
simulation studies. The simulation model of the SPF-GP FACTS device is based on the
diagram given in Figure 3.12.
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Figure 3.12. The SPF-GP FACTS scheme

There are two operating states of the SPF-GP system depending on the operating
modes of switches Sa and Sg where Sg is the negation of Sa (Sz = S,). These stages are
shown in Figure 3.13. In State-I, the IGBT (S,) is OFF and the IGBT (Sg) is ON, therefore
the current flows through the diode D, capacitors Ct, C4 and terminals B;B, and back to
the source. In State-I1, while the IGBT (Sa) is ON and the IGBT (Sg) is OFF, the diode (D>)
does not conduct and the capacitor maintains the output voltage at a constant.
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Figure 3.13. The two operating states of the novel FACTS SPF-GP system

Energy storages such as flywheels and battery can be used to smooth the voltage on
the load side bus (Vis), but cost of energy storage is expensive and they need periodic
maintenance. On the other hand, a capacitor offers a zero maintenance solution [149, 150].
The voltage and current waveforms of the novel FACTS SPF-GP are shown in Figure 3.14.
The inductor (L;) operates at discontinuous conduction mode and the output voltage is
regulated at desired reference output voltage. The Printed Circuit Board (PCB) and

experimental circuitry of the SPF-GP system are given in the next chapter.
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Figure 3.14. The switching waveforms for normal operation

3.4. Control Strategy

3.4.1. Introduction

Controllers have been the heart of engineering applications for many years. There are
many variable controller techniques to improve the system performance. In this chapter
some types of controllers will reviewed and compared in terms of their performances. The
controllers studied here are the ones used in WEC system proposed and work through the
thesis, starting with the classical Proportional plus Integral plus Derivative (PID), Fuzzy
Logic Controller (FLC) and Sliding Mode Controller (SMC).

3.4.2. Conventional (P, PI and PID) Controls

Demands on controllers are to ensure fast response, less or zero overshoot, zero
steady-state error, high stability margin, and provide an increase in productivity by
improving quality, and reducing maintenance requirements [151].

The PID control, invented at the beginning of 1900s, has been used in many different
areas with advancement of control technology, such as modern, optimal, robust and
adaptive control theories. Particularly, the PID type control is preferred in the most of the
process control applications [152, 153]. 333 published Transaction, Journal, and
Proceeding papers from IEEE (Institute of Electrical and Electronics Engineers), IFAC

(International Federation of Automatic Control), and other international control societies
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were determined in nineties [154]. 97% of regulatory controllers are PID type in the
refining, chemicals and pulp and paper industries [155]. Over eleven thousand publications
on PID control were cited by ScienceDirect scientific database from 1995 to 2006 [156].

There are many reasons why the PID controller is in the various industry
applications, as it is easy to understand and pre-programmed in control system [155, 157].

A standard PID controller is comprised three terms, which are Kp, the proportional
gain, K;, the integral gain, and K, the derivative gain. Each terms of the PID controller
affects the system performance in different ways. The proportional part produces a control
signal directly proportional to the control error. The integral part facilitates the elimination
of steady-state error, the step response of type zero systems. The derivative part allows the
controller to anticipate changes in the desired value. The PID controller obtains data from
present, past and future error signals.

Although the derivative term improves the system stability robustness and enhances
the performance, the derivative part is by-passed because the derivative part introduces
noise to the system and requires filtering in order to eliminate this noise. The additional
filtering process brings difficulties into the design of PID controllers in practice [151].

Trial-and-error tuning is a technique, which is used widely in industrial practice to
determine the PID controller parameters via observing the dynamic behavior of the system
output. The effects of the control parameters on system behavior should be fully
understood to perform effective trial-and-error tuning [156]. After initial guess of the
control parameters are assigned, they are modified until a desired system output is
observed. The chance of success on determination the controller parameters depends on
user’s knowledge, skill and experience [158]. The desirable performance for complex
systems containing higher-order and nonlinearities cannot be obtained with trial-and-error
approaches [159]. Undesirable affects such as nonlinearities, complicated dynamics,
process uncertainty and varying parameters of the systems decrease the PID controller
efficiencies. On the other hand, the PID parameter tuning does not guarantee the stability
of the control system. Therefore, new ideas to improve the PID controller performance on
the applications have been released.

It is claimed that 80% of PID controller parameters are poorly tuned [160].
Adjustment of PID controller parameters can be done with various types of analytical,
heuristic, frequency, optimization and adaptive methods [151, 158, 161-164]. There are
over 100 patented tuning methods on PID controllers recorded from 1970 to 2011 [165,
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166]. In addition, the number of proposed PID controller tuning rules has surpassed one
thousand and still increasing, with 293 of the 408 separately explored tuning rules reported
between 1992 and 2006 [167, 168].

The PID control performance assessment should be done for each PID controller
where the parameters are tuned to maximize trade-offs between them [169].

Up to now, there are many various studies done for PID control strategies, but the
PID controller is still an open research area since technology does not stand still.

3.4.3. Sliding Mode Control

The SMC is a nonlinear controller and a type of variable structure control system
(VSCS). The term *“sliding mode” was firstly used by Nikol’skii in 1934 [170, 171].
Variable structure system (VSS) with sliding mode control was first proposed in the early
1950s [172-174]. VSS got widespread acceptance among engineering with technological
development after the 1960s [175-177]. There are many types of application areas of SMC
such as process control, robotics, aerospace applications, motion control, power converter,
power system, economy, electric drives, automobile applications and medical applications
[171, 176, 178-186]. The interest in SMC has increased, modified and adapted day by day
[187-189]. One of the proofs is that the term “sliding mode control” is cited by Google
Scholar database over 440 000 items (as of May 28, 2009) and 860.000 items (as of
December 26, 2011) [190].

Main advantages of the SMC are to provide stability and robustness against
parameter, line, and load uncertainties, to have applicability to multiple-input-multiple-
output systems, well-established design criteria for discrete-time systems, a high degree of
flexibility, order reduction, simplicity in design and application and good performance
[172, 175, 176, 178, 191-196].

Some disadvantages of SMC in practical applications are high frequency oscillation
in the controller output signal called chattering, insensitive on measurement of noise,
possibility of unnecessarily large control signals, and difficulty in the calculation of
equivalent control and unmodeled dynamics [117, 119, 121, 137, 144]. Many studies and
approaches such as boundary layer, chaos control, high gain control, state observers, 2-
sliding mode control, Lipschitz-like condition technique and continuous approximation
method have been carried out to solve chattering problem [170, 175, 176, 178, 181, 185,
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190, 193, 196, 198-201]. The earliest available sliding observer studies were observed in
the mid 1980s [175].

There is a wide utilization of SMCs in various application fields such as fault
detection, fault reconstruction, condition monitoring [175, 191]. Although implementation
of the SMC needs less effort than other types of nonlinear controllers [191], it is observed
that implementation of SMC in the power electronic areas has many difficulties such as the
integrated circuit of SMC is not practicable, regular design methodologies are not
applicable, its high and variable switching frequency causes excessive power losses, it
generates electromagnetic interference and has complicated filter design, and has weak
validation of practical worthiness of use [171, 191, 202].

An Infinitive switching frequency must be used in SMC to acquire desired steady-
state operation and dynamic response at power electronic applications. This situation
causes an increase in losses. Therefore, the switching frequency should be limited via
methods like hysteresis, constant ON time, etc [191]. On the other hand, several techniques
are proposed to remove or lessen the disadvantages like a boundary-layer approach and a
provident control, which are required to exactly defined the system mathematical model
and also advanced control strategies based on fuzzy logic, neural networks, evolutionary
computation (Genetic algorithm, Particle Swarm Optimization algorithm, Ant Colony
Optimization algorithm etc), and other techniques adapted from artificial intelligence
[203]. SMC with advanced control methods offers facilities to overcome imprecision,
uncertainty, disturbances and to improve flexibility, and to deal with partial truth and
approximation [185, 190, 204-206]. Google Scholar searches (as of December 26, 2011) of
the key words "sliding mode™ with "fuzzy"”, "neural network™, and "genetic algorithm",
which regained over 38000, 21700, and 6600 items, respectively.

The combination of sliding mode control and advanced control can be used to
combine the advantages of both control techniques [203, 207], although it can be difficult
to choose which advanced control to use for a given application [203, 206].
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3.4.4. Fuzzy Logic Control

After the idea of fuzzy logic was firstly published by Lotfi Asker Zadeh in 1965,
many applications have been implemented in diverse fields. Fuzzy Logic (FL) has been
used in many different areas such as communications, automatic controls, consumer
electronics, data processing, house hold appliances, data processing, expert systems,
computer vision, signal processing, computer vision, traffic management, manufacturing
organization, medical applications, power systems, robotics, management, pattern
recognition, and so on [208-228]. More than 2000 commercially available products are in
use actively [229]. Academic and industrial communities have focused on fuzzy logic
control with theory and application techniques and many books on the topic have been
published [230-248].

The first industrial application of Fuzzy Logic appeared in early 1970’s with the
development of a FLC by Mamdani and his colleagues [249, 250]. Later, efficient
realization techniques for fuzzy logic control systems have been deeply researched since
1977 with the increase in fuzzy logic applications and awareness. After the first fuzzy chip
was reported in 1985, research laboratories have been increasingly established [220, 227,
228]. The hardware implementations of the FLC have been studied and various strategies
have been developed [209, 251].

The fuzzy logic control system performance depends on many different parameters
such as software speed, number and precision of inputs, outputs, number of rules,
fuzzification, defuzzification strategies, fuzzy membership function, fuzzy set and so on
[209, 228, 252, 253].

Due to limitations of conventional control due to plant non-linearity, plant
uncertainty, multi-variable structures, multi-loops and environmental constrains,
uncertainty in measurements, and temporal behaviors, it is preferred to apply the FLC
[213, 214, 220, 254, 255]. The FLC has some superiority on the conventional controllers
[210, 213, 220, 228, 256]. Some of the advantages of fuzzy logic control approach are to
fuse quantitative and qualitative information, to trade off potentially conflicting objectives,
to provide a flexible control structure, and to deal with nonlinear input/output relationships
[218, 222, 251].

Whilst many studies have been done to enhance the design and performance of the

FLC, extensive work on combinations of FLC and conventional controllers, such as PI-
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fuzzy control, PD-fuzzy control, PID-fuzz adaptive fuzzy PD or artificial intelligence
techniques, such as a fuzzy sliding control, fuzzy gain scheduling, self-tuning and self-
organizing FLCs, adaptive fuzzy control, genetic algorithm with fuzzy logic, fuzzy-sliding
mode control, Takagi-Sugeno model-based fuzzy control and neuro-fuzzy logic control
have increased day by day [210, 213, 214, 221, 223, 224, 227, 228, 254-258].

3.4.5. Application of the Controllers

In this thesis, a classical Pl and PID controllers, a classical SMC, a classical FLC, a
Self-Scaled Fuzzy Tuned PI Controller (SSFTPIC), a Self-Scaled FLC (SSFLC), a Fuzzy
Tuned SMC (FTSMC) are used for different parts of the Wave Energy Conversion system.
The control structures used are shown in Figures 3.15-3.21. Application parts of the

controllers in the thesis are summarized in Table 3.1.
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Table 3.1. Application parts of the controllers in the Wave Energy Conversion system

Application| PMDC Motor AC Motor | Battery SPF-GP
Speed | Voltage | Voltage | Charge Load Side
Control | Control | Control | Control | Voltage Control
Controller
PI X X
PID X
SMC X
FLC X
SSFLC X
FTSMC X
SSFTPIC X X

3.5. Backup Units

3.5.1. Photovoltaic Energy Conversion System

The PV power has many advantages like short lead time for design and installation,

high energy density, no noise and CO, emission, long life time, highly mobile and

portable, and minimal maintenance requirements [259]. PV systems have been studied well

in literature [260]. Many PV power generation stations have been installed in many

countries [5]. The PV system in this thesis is considered as a backup system to the wave

energy conversion system and will not be discussed in detail. However one of the PV

models used widely in literature is adapted [261-264] to combine with the models of the

other parts of the proposed scheme for complete simulation. The PV system is represented

by the equivalent circuit shown in Figure 3.22 and given in equation (3.36).
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3.5.2. Battery

Batteries have different performance characteristics. Batteries can be used in various
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operating conditions. During some conditions, batteries can be damaged. It is required to
keep in mind the battery manufacturer’s recommended regulation values, to provide an
appropriate system design and to realize efficient charging control. The most commonly
used consumer and industrial batteries are NiCd, NiMH, Lead Acid, and Li-ion/polymer.
The comparison of the five most commonly used rechargeable battery systems is given in
Table 3.2. The energy and cost comparison in rechargeable batteries are given in Table 3.3
[265].

Table 3.2. The comparison of the commonly used rechargeable battery systems

NiCd NiMH Lead Acid Li-ion Li-ion polymer
Energy density ) ) ) ) i
(Wh/kg) 45-80 60-120 30-50 110-160 100-130
Cycle life 1500 300-500 200-300 500-1000 300-500
Fast Charge Time | 1h typical 2-4h 8-16h 2-4h 2-3h
Overcharge Moderate Low High Very low Low
Tolerance
Operating -40/60°C | -20/60°C | -20/60°C | -20/60 °C 0/60 °C
Temperature
Typical Battery $50 $60 $25 $100 $100
Cost (7.2V) (7.2V) (6V) (7.2V) (7.2V)
Commercial use 1950 1990 1970 1991 1999
since

Table 3.3. The energy and cost comparison in rechargeable batteries

NiCd NiMH Lead Acid Li-ion
(AACell) | (AACell) | (typical pack) | (18650 Cell)

Capacity 600 mAh | 1000 mAh 2000 mAh 1400 mAh
Battery Voltage 7.5V 7.5V 12v 7.2V
Energy per cycle 4.5Wh 7.5Wh 24Wh 8.6Wh
Cycle life 1500 500 250 500
Cost per battery $50 $70 $50 $100
Cost per KWh $7.5 $18.5 $8.5 $24.0
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3.5.2.1. Battery Management System (BMS)

Batteries can be charged in various methods. The quality of the chargers determines
the performance and longevity of batteries. A lead acid battery is used in this section.
Therefore, the battery charge control system must be designed with considering battery
type to expand battery life. Lead acid battery is most economical for large power
applications where weight is of little concern [265]. Charge time of a sealed lead acid is 12
to 16 hours. Charge time can be reduced with higher current and variable charge ways.
Charge stages of lead acid battery are shown in Figure 3.23 [265]. It entails charging the
battery in two stages, referred to as the constant current charge (bulk charge), constant
voltage (float charge). The bulk charge provides the battery with sufficient charging
current to return the battery to 90% State of Charge (SOC). The float charge (constant
voltage) maintains the battery at full charge. The most energy transfer happens during the

constant current charge (bulk charge) stage.

Vbats Ibat A

FloatCharge}

Voltage / ;
|
|
|
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Current
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: >
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Figure 3.23. Charge stages of lead acid battery

The Battery Management System (BMS) has following features:
i. Flexible control of the rate of battery charging
ii. Overcharge and over discharge protection of batteries

iii. Limitations on the charging current/voltage and discharging current/voltage

While the battery is in charging state, the BMS controls the battery situation and
protects the battery against overcharging and regulates the charging current or voltage

according to the SOC. While the battery is in discharging state, the BMS protects the
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battery against discharging. The battery voltage (Vpa) and the battery current (l,4) are used
as control variables in the battery charging control system.

There are two different modes in the charging operation. The net current flowing in
and out of the battery bank is calculated to determine its SOC. While the SOC is lower
than 90%, the battery will be under a constant current. On the other hand, while the SOC is
higher than 90%, the battery will be charged under constant voltage. BMS algorithm

flowchart is shown in Figure 3.24.
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Figure 3.24. BMS flow chart
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3.5.2.2. Battery State of Charge Estimation

A SOC expresses the level of charge that a battery retains: A fully charged battery is
indicated with a 100% SOC, and a dead battery is indicated with a 0% SOC. The SOC
calculation is very important to apply the battery charging control scenarios. There are
different methods to estimate the SOC such as a direct measurement, specific gravity
measurement, voltage based SOC estimation, current based SOC estimation and other
methods. The comparison of the different techniques for SOC estimation and the history of

SOC development are given in Table 3.4 and 3.5, respectively [266, 267].
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Table 3.4. The comparison of the different techniques for SOC estimation

Physical properties
of electrolyte

Lead, possibly
Zn/Br and Va

Gives information about
SOH

Technique Field of application Advantages Drawbacks
. Easy and accurate, Offline, time intensive, loss of
Discharge test All battery systems independent of SOH energy
Needs a model for the losses and
Ah balance All battery systems |Online, easy regular re-calibration points.
Sensitive to parasite reactions.
Online

Low dynamic. Sensitive to
temperature and impurities.

Lead, possibly

Low dynamic, error if acid

Open circuit voltage Zn/Br and Va Online, cheap stratlflcatlon. Problem of parasite
reaction.

Linear model Lead PV Online, easy Needs reference data for fitting
parameters.

Artificial neural All battery systems |Online Needs training data of a similar

network battery.

Impedance Gives information about |Temperature sensitive, cost

All systems . . ;

spectroscopy SOH and quality. intensive.

DC Internal Lead. Ni/Cd Gives information about |Good accuracy, but only for low

resistance ' SOH and cheap, easy SOC.
Needs large computing capacity and

Kalman filter All battery systems |Online, dynamic a suitable battery model. Problem of

determining initial parameters.

3.5.2.3. Current Based SOC Estimation

The current based SOC estimation is widely used to determine the SOC of a battery
due to simplicity of implementation. The measurement of net battery current has a critical
importance to calculate the remaining battery capacity. The SOC of battery can be

calculated by following equation [266].
1t
S0C = S0Cip; + EItmu(Ib“t — Ijps)dt (3.37)

where Q: Rated capacity, Ips: Battery current, li,s: Current consumed by the loss

reactions, SOCinit: Initial SOC value.
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Table 3.5. The history of SOC development

Year Researcher/ Method
Company
1938 Heyer Voltage measurement
1963 Curtis Voltage measurements and threshold in voltage levels
1970 Lerner Comparison between two batteries (one with a known SOC)
1974 Brandwein | Voltage, Temperature and current measurement
1975 | Christianson | OCV
1975 Dowgiallo | Impedance measurements
1975 Finger Coulomb counting
1978 Eby OCV and voltage under load
1980 Kikuoka Book-keeping
1981 Finger Voltage relaxation
1984 Peled Look-up tables based on OCV and T measurements
1985 Muramatsu | Impedance spectroscopy
1986 Kopmann | Look-up tables based on V, I, and T measurements
1988 Seyfang Book-keeping and adaptive system
1992 Aylor OCV, OCV prediction and coulometric measurements
1997 Gerard Voltage and Current Measurements, Artificial Neural Networks
1999 Salkind Coulomb counting, Impedance spectroscopy, fuzzy logic
2000 Garche Voltage and Current Measurements, Kalman filters
2000 Bergveld Book-keeping, over potential

There are several drawbacks n this method: an incorrect current measurement causes
error and all current supplied to the battery cannot be consumed by charging. The method
drawbacks can be relieved with investing money and different approaches. On the other

hand, there are some assumptions and limitations in the current based SOC estimation

[268].

Assumptions:

e The capacity of the battery doesn't change with the amplitude of the current.

e The temperature doesn't affect the model's behavior.

e The self-discharge of the battery is not represented.

e The battery has no memory effect.

Limitations:

e The minimum no-load battery voltage is OV and the maximum capacity is not
limited.
e The minimum capacity of the battery is 0Ah and the maximum capacity is not

limited. Therefore, the maximum SOC can be greater than 100% if the battery is

overcharged.
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3.6. Loads

DC and AC motor type loads are used in the study. Since the purpose of this study is
to develop the interfacing power conditioner FACTS device and proper controllers, the
load modeling is not done from scratch, the models developed in other studies are used
instead. Both DC and AC Motor models are adapted from literature [269, 270] and
modeled in Matlab/Simulink/SimPower. A closed type simulation diagram of the system
with DC and AC motor loads is given in Figure 3.25. Simulation results are given in the

chapter where the results are discussed along with those of implementation.
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Figure 3.25. Simulation diagram of the system with DC and AC motor type loads



4. EXPERIMENTAL STUDIES

4.1. Introduction

This chapter explains the experimental design and realization of the overall system
described in previous chapter.

The experimental setup of the WEC studied in the thesis consists of numerous
machinery devices, circuitry and computer software as shown in Figure 4.1. Some of the
machinery and devices are bought commercially while some others are designed especially
for this thesis in the lab.

A WEC emulator has been built by assembling a permanent magnet dc (pmdc)
motor, a speed reducer and a three phase PM generator. All of the power electronic circuits
and devices are designed and realized for this study and assembled to the experimental
setup. The proposed SPF-GP and the controller are also designed experimentally. All of
the controllers used in the study are developed digitally in computer and implemented with
data acquisition (DAQ) processes as described in this chapter.

The experimental studies are divided into following sections.

* Wave Energy Conversion Emulator (WECE)
* Switched Power Filter-Green Plug (SPF-GP)
* Power Electronic Converters (PECS)

* Loads

* Controllers

The operational behaviors and specifications of all these components are described in
previous section when the simulation models are developed and discussed. Therefore only
the experimental setup and circuitry realizations of the above sections will be given in this

chapter in order to avoid repetition.
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Figure 4.1. The experimental setup

4.2. Wave Energy Conversion Emulator (WECE)

4.2.1. Computer Based Wave Energy Conversion Emulator (CBWECE)

The general system block diagram is shown in Figure 4.2.

—{Filter}—{Amplifier

— Filter) i o
Connection ilter : Amplifier
il Ehes) Filter}-—{Amplifier}—

Lecponponmameqenn

|Povs'le'r Sﬁbply”PoWér Shbply| !

Figure 4.2. The general system block diagram
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The real time implementation of the system is done using the Real-Time Windows-
Target (RTWT) available in Matlab/Simulink toolbox, which provides an opportunity to
create and control real time executable commands for real time applications through
Matlab/Simulink. A PCI-6070E (PCI-MI0O-16E-1) multifunction DAQ card is used in this
study in order to establish communication on data acquisition between the real time part of
the study and the computer, which contains the digital modeling of the wave energy
converter output voltage waveform. The PCI-6070E DAQ card's features are given in
Appendix 1.

4.2.1.1. Wave Energy Converter Output Voltage Waveform Model

The wave and permanent magnet linear motion generator models are used to model
the wave energy converter output voltage waveform via Matlab/Simulink/

SimPowerSystems environment as shown in Figure 4.3.

phase-neutral
woltage
[

V_p-n

»
»

Peak Phase Voltage

Figure 4.3. The wave energy waveform Matlab/Simulink model

The system parameters for the model: H = 1m, A =0.140, d = 1m, T,, = 5 sec,

V = 220 V. The system output waveforms are shown in Figures 4.4 and 4.5.
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Figure 4.5. Phase-neutral voltage

The wave energy converter output voltage waveform constituted via Matlab

environment is transferred into the DAQ card analog output by the RTWT shown in Figure

4.6.

ocean wave
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Figure 4.6. The WEC output voltage waveform with the RTWT

The wave energy converter output voltage waveforms are observed at analog outputs

of the DAQ card. Since there are two analog outputs in the DAQ card, only two phase

voltage waveforms can be taken. The output waveforms of the analog outputs of the DAQ

card are shown in Figure 4.7.
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Figure 4.7. The output waveforms of the DAQ card analog outputs

4.2.1.2. Three Phase Wave Energy Converter Output Voltage Modeling

The analog outputs of the DAQ card do not provide the supply needed since the
wave energy converter output is three phase. Therefore, one of signals from the analog
outputs must be used to generate another signal, which is 2w /3 radians (120°, 1/3 of a
cycle) offset in time with the signal taken from the analog outputs.

The phase shift circuit diagram designed is shown in Figure 4.8. The phase shift

circuit transfer function is given in equation (4.1) [269].

Vout

Figure 4.8. The phase shift circuit diagram

=& (4.1)
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Phase shifting angle can be calculated as given in equation (4.2).

2_[L
R1Cq

2w
Angle (rad) = tan™?! [Llr‘ (4.2)
where, w: frequency in rad/s (w = 2rf, f: Hz), R: 390 kQ, R1: 2.2 kQ, C1: 10 pF
The one of the analog outputs is applied to the phase shift circuit and input (V;,,) and

output (V) signals are observed as shown in Figure 4.9. The three phase output voltage

waveforms of the wave energy converter are shown in Figure 4.10.

Tek L & Stop i Pos: 0.000s Tek AN & 5Stop I Pos: 0.000s
- -

CH1 500mY i1 1,005 CH1 500m%  CHZ2 S00m% M 1.00s

Figure 4.9. The input (V;,,) and output (V,,,,)  Figure 4.10. The shift circuit output voltage
signals of the phase waveforms

4.2.1.3. Signal Filtering

There are three types of analog filters commonly used in applications. They are
Bessel, Butterworth and Chebyshev filters. The number of poles in the filters determines
performance of the filters. The increase in number of poles requires an increase in the
number of the electronic components in the circuit and provides better performance in
applications [270]. In this study, a second order low-pass Chebyshev filter is used and its

circuit diagram is shown in Figure 4.11.
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Figure 4.11. The second order low-pass Chebyshev filter circuit diagram

The filter transfer function is given in Equations (4.3) and (4.4)

Rp
Ves Ro+R K R
Vea—Ve - 1+s0R21 C - 1+st’ = Ro+R (4-3)
2 1 Rg+R;C0 otR1

1 Ro+R
If k=1 -= #CO = 2N fq, and also
oft1

K¢
e R, =148
Vs C,CoRuRys? + [(Ry + R3)C, - g_gR3CZ] s 41 Rs
1 oy R
On = Tommm - 2 2= 5 [Ra+ Re)Gs =3 Rs G (4.4)

The input (V., — V1) and output (V,3) signals are observed as shown in Figure 4.12.
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Figure 4.12. The input (V., — V) and output (V,3) signals of the
filter circuit

4.2.1.4. Signal Amplification

The filtered wave energy converter output voltage waveforms are transferred into the
amplification circuit part. In the amplification part, the amplifier parameters are adjusted to
get the desired voltage value from the amplifier circuit output. The high-voltage/high-
current operational amplifier (OPA549) is used to design the amplification circuit part. The
features of the amplifier are given in Appendix 1 [271].

The circuit diagram of the system consisting of a phase shift, signal filtering and
amplification circuits is shown in Figure 4.13. The PCB and photo of the system consisting

of a phase shift, signal filtering and amplification circuits are given in Appendix 2.
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Figure 4.13. The system circuit diagram (phase shift, signal filtering and amplification

circuits)

4.2.1.5. Power Supply Stage

The Wave Energy Conversion Emulator is supplied through two types of power

stages. Low-voltage/low-current and high-voltage/high-current power stages are designed

separately.

4.2.1.5.1. Low-voltage/Low-current Power Stage

As shown Figure 4.14, there are a total of seven low-voltage/low-current operational

amplifiers used in the system circuit including phase shift, signal filtering and

amplification circuits.
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The low power stage is designed taking into consideration the power consumption of
amplifiers [272]. The circuit diagram is shown below and the low power stage PCB and

photo are given in Appendix 2.
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Figure 4.14. The low power stage circuit diagram
4.2.1.5.2. High-voltage/High-current Power Stage
There are three high-voltage/high-current operational amplifiers used in the

amplification circuits. The circuit diagram is shown below and the low power stage PCB

and photo are given in Appendix 3.
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Figure 4.15. The high power stage circuit diagram
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4.2.1.6. Computer Based Wave Energy Conversion Emulator Output
Waveforms

The system block diagram is shown in Figure 4.16. The wave converter output
waveforms are built in Matlab/Simulink environment and then transferred into the DAQ
card analog output channels. The signals are put through the phase shift, filtering and
amplification stages. The waveforms observed from the DAQ card analog output and the

output of the adjustment stages are shown in Figure 4.17.

Low voltage High voltage
low current high current
wii oL

vvvvvvv

Main Q iPhase
Control Unit  (PCI-MIO-16E-1) Box | shift

Figure 4.16. Wave energy converter system emulator block diagram

Tek JL ® Stop M Pos: 0,000s Tek JL ® Stop M Pos: 0,000s
- -

M 1.00s M 1.00s
10-Jun-10 05:43
(@) The DAQ card analog output (b) The adjustment stages output (x10)

Figure 4.17. The wave energy converter emulator waveform
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4.2.2. Machine Based Wave Energy Conversion Emulator (MBWECE)

The machine based wave energy conversion emulator is shown in Figure 4.18. It
consists of a Permanent Magnet DC (PMDC) motor, a reducer, a three phase permanent

magnet generator and couplings.

Figure 4.18. A general view of the wave energy converter test bed

The PMDC motor and the reducer are used to emulate the wave turbine capable of
producing waving speeds and torque input to 3-phase PM generator. The parameters of
these components are given in Appendix 4.

Well known dynamic model of PMDC motor is used in simulation software together
with the models of the reducer and three-phase PM generator in order to develop a
complete model for the proposed wave energy converter system. This simulation model is
already discussed in previous chapter.

The wave energy conversion emulator is used to realize different operating
conditions. The output of the WECE system is connected to a three phase passive rectifier
to transfer the power to a dc-bus. The dc-bus provides interfacing to SPF-GP and the other
equipment in the setup as given in Figure 3.1 and shown in Figure 4.1.

The emulator developed to represent the wave energy conversion system is tested
with four different cases as:

Case I: No-load condition

Casa II: Capacitor connected in parallel with the rectifier no-load condition

Case Il1: DC load connected in parallel with the rectifier condition

Case 1V: Capacitor and DC load connected in parallel with the rectifier condition
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Firstly, the system performance is observed for the no-load condition. The
experimental setup diagram shown in Figure 4.19 is used for the Case | in order to observe

the output voltage waveforms of the generator.

PMDC Motor Speed PM Generator
Reducer

Figure 4.19. The WECE test block diagram for Case |

As shown in Figure 4.20 the resultants voltage wave form at the output terminals of
the generator comprise with those of obtained from Simulation studies and reported in
literature. The rectified voltage at the output terminals of the diode bridge rectifier is given
in Figure 4.21 where the discontinuity of the wave dynamics are reflected in the rectified
voltage waveform by the voltage sags. In order to eliminate these voltage sags and obtain a
sag free dc voltage, a capacitor is connected in parallel to the output terminals of the
rectifier as the operating Case Il, which is given in Figure 4.22. The capacitor across the
rectifier acts as a voltage depositor and eliminates the voltage sags resulting in a proper dc

voltage waveform as shown in Figure 4.23.

Tek L @ Stop M Pos: 0,000s Tek AL @ Stop M Pos: 0.000s
- +
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Figure 4.20. Phase to phase AC voltage  Figure 4.21. The dc-bus voltage
waveform (x137) waveform (x137)
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Reducer N
} 1 : +
AC

Figure 4.22. The WECE test block diagram for Case Il
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Figure 4.23. The dc-bus voltage waveform (x137)
(C=1200uF, 45V )

Due to the stochastic nature of the wave kinetic characteristics, the generated voltage
shows variations and extensive oscillations, which are not exactly periodic. In order to
reduce these oscillations in the generated voltage with variable frequency and amplitude,
the WEC output voltage is rectified and the power is collected on a dc-bus, where a
capacitor is connected in parallel in Case Il. In order to complete the observation of the
WECE operating performance a dc motor type load is connected as shown in Figure 4.24
to the rectifier output. The motor load is operated with and without the voltage storage
capacitor. It has been observed that the dc-bus voltage under load without the capacitor is
similar to the voltage obtained in Case I. The dc-bus voltage has voltage sags shown in
Figure 4.25 are required to be improved. The connection of the capacitor under dc motor
type load is able to improve the voltage waveform as in Case Il. However, the
improvement under loaded condition is not as good as it is under no-load condition. As
shown in Figure 4.26, the voltage sags are reduced but not completely improved. When
there is a load connected to the output of the rectifier with the storage capacitor, the load

causes a discharge in the capacitor during discontinuous period of the generated voltage.



63

Therefore the capacitor should be selected properly so that the voltage sags can be

eliminated.
PMDC Motor :e%eue:er PM Generator . .
Figure 4.24. The WECE test block diagram for Case Il and Case IV
Tek S © ‘Stop+ M Pos: 0.000s Tek Ajl @ Stop+ M Pos: 0.000s
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Figure 4.25. The dc-bus voltage (x137) Figure 4.26. The dc-bus voltage (x137)
(DCioag: 12V DA, 0.16A) (DCioag: 12V DA, 0.16A)
(C=1200uF, 45Vy)

As the tests show, the emulator developed to represent the wave energy conversion
system is able to generate the required voltage waveforms. Its operating characteristics
show that when the WEC system is directly connected to the loads, some precautions
should be taken to operate the loads without problems, otherwise the voltage sags will
cause undesirable effects on the loads. Therefore a SPF-GP is proposed and utilized to
overcome these undesirable effects. Experimental design of the proposed SPF-GP is given

next.



64

4.3. Switched Power Filter-Green Plug (SPF-GP)

A novel FACTS device called Switched Power Filter-Green Plug (SPF-GP) is
designed to eliminate generator side voltage sags and oscillations not to effect the load
side. This FACTS device has been suggested by Dr. Adel M. Sharaf, who has cooperative
studies with the supervisor of this thesis, Dr. Altas. The circuit diagram of SPF-GP is given
in Figure 3.12. Therefore, it is not going to be repeated here.

The experimental circuitry of the SPF-GP system is shown in Figures 4.27.

Figure 4.27. Experimental circuitry view of the SPF-GP system

4.4. Design of Power Electronic Converters

4.4.1. DC-DC Buck Converter Design

The next device after the SPF-GP is a DC-DC converter. This device is used to
supply a constant voltage to a dc bus at its output. The DC-DC converter circuit is
designed as the one shown in Figure 4.28. The DC-DC buck converter has an input voltage
range of 12-100V and a constant output voltage as 24V. Detailed circuit diagram of the
converter system consisting of a DC-DC buck converter and power supply stage is shown
in Figure 4.29. The PCB and photo of the system are given in Appendix 5. The DC-DC
buck converter is controlled by employing the controllers given in Subsection 3.4 in

previous chapter.
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Figure 4.28. The designed DC-DC buck converter general circuit diagram
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Figure 4.29. The converter system detailed circuit diagram
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4.4.2. DC-DC Chopper Design

A special DC-DC chopper is designed to be used with DC motor type loads. The
chopper is designed to ensure constant input voltage to DC motor such that the DC-DC
chopper operates as both a voltage controller and an isolation device between the WEC
system and the load. The design scheme of the DC-DC chopper consists of the followings;

- Power supply for control circuits

- Driver units

- Current control unit

- Current protection unit

- DAQ output isolation unit

The details of these designs are given below.

4.4.2.1. Power Supply

The circuit diagram of chopper feeding is shown in Figure 4.30. The working
principle of the system follows: The voltage drop in zener diodes (D1 and D2) will be
equal to 20 V and if enough voltage is present, Q1 will be ON and there will be an output
voltage to feed the controller. In this application, the battery voltage (Vg,,piy) is equal to

24 V. If Vgur <24V Or

Vsupply—20 .
(épflil) X Ry <Vsgory  Qlis OFF (4.5)

If we assume Vgg g1y = 0.6 V:

When Vs = 24V, output voltages (Variver, ICs) is equal to 12V :

(24‘20) X Ry =0.6 50 2=6 (4.6)

R2+R1 1

The limit can be adapted depending on the battery type by changing R, and R,. The
chosen resistances values are: R; = 1 kQ and R, = 2.7 kQ. The PCB and general view of

the supply are given in Appendix 5.
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=0

Figure 4.30. The block scheme of controller power supply

4.4.2.2. Driver

The gate drive circuit forms the interface between the DAQ control card and the
power MOSFETSs. The gate drive circuit has two purposes. Firstly, it buffers the gate
signals generated by the DAQ card. The DAQ card can only source a maximum of 50 mA
from each pin. The peak charging current required to turn MOSFETs may be as high as 1
A. This is due to the high switching frequency used along with the inherent gate
capacitance of the MOSFET.

The second purpose of the gate circuit is to generate the gate voltages required to
activate the topside transistor. To turn on an N-channel FET, the gate source voltage must
be 10 to 15 V. In this application, IR2181 was used as a driver. The driver connection
diagram is shown in Figure 4.31. The IR2181 is a high voltage; high speed power
MOSFETs and IGBT driver with independent high and low side referenced output
channels [273]. C1 is a bootstrap capacitor and D1 is a bootstrap diode. The operation of
the bootstrap capacitor and diode system is as follows: When VS is pulled down to ground
(either through the low side FET or the load, depending on the circuit configuration), the
bootstrap capacitor (C1) charges through the bootstrap diode (D1) from the VCC supply.
Thus providing a supply to V. The V; voltage provides the supply to the high side driver
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circuitry of IR2181. The bootstrap diode (D1) needs to be able to block the full power rail
voltage, which is seen when the high side device is switched on. It must be a fast recovery
device to minimize the amount of charge fed back from the bootstrap capacitor into the
VCC supply, and similarly the high temperature reverse leakage current would be
important if the capacitor has to store charge for long periods of time. The bootstrap diode
is 1N4148. Resistors R5 and R6 are 2.2 Q series current limiting resistors.

Ul IR2181 Vsupply _
1
AHiGH  RLI0K g s VAA D2 ~ c3 c4
HIN vB - 220uF 220uF
ALOW 2 7 B : 1
LIN HO Q1
R210k g 6 C1 | 10uF R5 ) =0
com vs T H R3 10 IRFP460
4 5 ]
LO vee
L
c2 IDl
0.1uF D3
S pygg BU AN
R6
\driv er R4 10

Figure 4.31. The driver connection diagram
4.4.2.3. Current Control

While a current flows in the motor, the current is compared with the reference
voltage value in the operational amplifier (TLC272). If the current value is bigger than the
reference value, operational amplifier output (TLC272, pin 1) will be zero. The gate
voltage of Q3 shown in Figure 4.30 becomes low and thus the output voltage to feed the

driver will be zero. The current control block diagram is shown in Figure 4.32.
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Figure 4.32. Current control block diagram

We put three switches to control the current limit. We can obtain four different

states:

1. When SW1, SW2 and SW3 are OFF, the current value 15 A is obtained.

2. When SW1 is ON, SW2 and SW3 are OFF, the current value 10 A is obtained.

3. When SW2 is ON, SW1 and SW3 are OFF, the current value 5 A is obtained.

4. When SW3 is ON, SW1 and SW2 are OFF, the current value 0 A is obtained, and

the motor does not work.
These states are shown in Table 4.1.

Table 4.1. Switch states and current values

Current (A) | SW1 | SW2 | SW3
0 OFF | OFF | ON
5 OFF | ON OFF
10 ON OFF | OFF
15 OFF | OFF | OFF
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4.4.2.4. Current Protection
4.4.2.4.1. Upper Transistor Current Protection
The upper transistor current protection circuit diagram is shown in Figure 4.33. The

transistor, which is connected to the upper MOSFET has a relationship with each phase

separately. We choose one leg to explain work principle clearly.

D2

Figure 4.33. Upper transistor current production circuit
diagram

The condition, which is explained below must be verified to work a leg upper

transistor current protection circuit in cold state:

Vaa—A
(%24-2) X R, < Vas(on) + Vican) (4.7)

If this condition is not verified, there is no current flow from the transistor (Q1)
collector to the diode (D1). If the condition is verified, current flows and generates voltage
drop in resistor (R4) and then the current value is obtained as a voltage in current control

part.

4.4.2.4.2. Lower Transistor Current Protection and Regulation

In this application, for the current control and lower transistor current protection
which was shown in Figure 4.34, we used a TLC274, which has 4 operational amplifiers.

Three of the operational amplifiers were used to amplify the sensed current in the sensed
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resistors (R1, R2), and then we can calculate the maximum current value. There is an
amplifier in parallel to the current sensed resistors to magnify the low voltage value in
these resistors. It is a differential amplifier with two RC low pass filters in both inputs to
filter the high frequency. The three amplifier outputs are joined to obtain always one value
of I,yr. D1 diode was used to eliminate the drop of D2 diode. The capacitor C2 was used

to limit the spikes on the current signal.

Figure 4.34. Lower transistor current production circuit diagram
4.4.3. DAQ Output Isolation Circuit
The pulse width modulation (PWM) signals generated in the Matlab/Simulink

environment and the encoder output signal are isolated to suppress the noise with the

isolation circuit. The DAQ output isolation circuit diagram is shown in Figure 4.35.
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Figure 4.35. Isolation circuit diagram

The designed DC-DC chopper circuit diagram is shown in Figure 4.36, and its PCB

and general view are given in Appendix 5.
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4.4.4. DC/AC Inverter Design

4.4.4.1. Integrated Power Module

The electronics industry is steadily moving toward one compact package technology
to achieve high power density and low profile. The improvements in power
semiconductors have provided variable solutions for high switching loss and high stress.
Due to packaging technology, the parasitic inductance and capacitance causes stress and an
undesirable noise problem. Thermal and noise problems also greatly affect the
performance of IC. With advancement of the packing technology, different types of power
modules have been constituted. One of them is an Integrated Power Module (IPM)
including advanced packaging technology.

In this application, International Rectifier's IRAMX20UP60A (a 20A, 600V
Integrated Power Hybrid IC) is used to realize the DC/AC inverter circuit. The features of
the IPM is given Appendix 6. There are 6 signal inputs, where 3 signal inputs are high side
gate driver and 3 signal inputs are low side gate driver.

3 PWM signals generated in the Matlab/Simulink environment are transferred into
the DC/AC inverter system via the DAQ card (PCI-MIO-16E-1). In the DC/AC inverter
circuit, the signals pass through the isolation circuit (HCPL-3120) to eliminate the noise.

The Schmitt Trigger integrated circuit (CD40106) is used to produce negative
signals of the input signals. The 6 signals comprising negative and positive PWM signals
are connected to the IPM circuit. The DC/AC inverter system block diagram is shown in
Figure 4.37. The PCB and general view of the DC/AC inverter system are given in
Appendix 6.
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Figure 4.37. The DC-AC inverter system block diagram



5. SIMULATION AND EXPERIMENTAL RESULTS

5.1. Experimental Results for the Wave Energy Converter System

5.1.1. Introduction

In this chapter the simulation and experimental results for the wave energy converter
system are presented. A Switched Modulated Power Filter-Green Plug (SPF-GP) Scheme
is adapted into a wave energy converter system. A novel multi-loop dynamic error driven
controller is used to control the novel SPF-GP scheme. A classical Pl and Self-Scaled
Fuzzy Tuned PI (SSFTPI) controllers are firstly utilized. The utilization of the proposed PI
and SSFTPI controllers with the novel SPF-GP switched power filter compensator and
dynamic error driven control strategy is examined via simulation model developed in
Matlab/Simulink/Simpower Software Environment and experimental prototype model. The
performances of wave energy converter system with the SPF-GP are observed with
different controller types (Pl, SMC, a Fuzzy Tuned SMC (FTSMC) and a Self-Scaled
Fuzzy Tuned PI Controller (SSFTPIC)) in experimental platforms. Finally, the wave
energy converter system is connected with loads exhibiting variable characteristics. The
wave energy converter system with hybrid loads model is developed and analyzed in both

simulation and experiment modes for different operation conditions and cases.

5.1.2. Experimental Results for Different Scenarios

5.1.2.1. A Novel Switched Power Filter-Green Plug (SPF-GP) Scheme for Wave
Energy Systems

The proposed wave energy conversion utilization system is shown in Figures 5.1 and
5.2 without and with the novel FACTS SPF-GP, respectively. The unified system is
comprised of a wave energy converter, rectifier, dc filter, SPF-GP system, buck converter

and dc motor as the load.
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Figure 5.1. Wave Energy Conversion system without the SPF-GP

Due to the stochastic nature of the wave kinetic characteristics, the generated voltage
show variations and extensive oscillations, which are not exactly periodic. In order to
reduce these oscillations in the generated voltage with variable frequency and amplitude,
the WEC output voltage is rectified and the power is collected on a DC bus. A common
DC bus is useful for collecting power from other similar WEC systems at one common bus
for obtaining more power to supply larger loads. The rectified voltage is transformed and
regulated by the SPF-GP converter and power is transmitted to a PMDC motor load
through a DC-DC buck converter. Appropriate controllers for the SPF-GP converter and
DC-DC buck converter are also developed in the scope of this study. The DC bus voltage
is regulated and kept constant by means of using the SPF-GP converter controller.
Moreover, the PMDC motor load demand is assured by controlling the DC-DC buck
converter.

A set of monochromatic wave travelling parameters representing areas around
Trabzon, Turkey are used in the study. Trabzon is a city on the Black Sea coast of north-
eastern Turkey and located at a longitude of 39.46 degrees East and latitude of 40.59
degrees North. Wave measurements were done between 1994 and 1998 in NATO
TURKISH-WAVES Project. The coastlines around Trabzon have mean power densities in
the range of 1.67-8.61 kW/m [274].
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Figure 5.2. Wave Energy Conversion system with the SPF-GP

5.1.2.1.1. Experimental Set-up for the WEC System Laboratory Testing

A laboratory prototype experimental setup of the WEC system is shown in Figure
5.3. A PMDC motor and a reducer are used to emulate the wave turbine capable of
producing waving speeds and torque input to 3-phase PM generator.

Well known dynamic model of PMDC motor is used in simulation software together
with the models of the reducer and 3-phase PM generator in order to develop a complete
model for the proposed WEC so that proposed controllers can be tested by simulation

before building the system.

Figure 5.3. A general view of WEC system experimental set-up
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5.1.2.1.2. Novel Error Driven Controller

Two control structures are utilized in the study. First a single negative feedback loop
consisting of only a dc voltage control and then an alternative multi-loop structure is
applied to include dc current and power changes in the controller besides the voltage
control. The dc motor load voltage is regulated by the buck converter with the single-loop
classical PI controller shown in Figure 5.4.

Vo + _€dcmlv Pl
domten K - Controller
Vdcmlv

—>S

N2
PWM

Figure 5.4. Single-loop voltage control scheme

The dc motor load voltage (Vmer) 1S Mmeasured by a LV-25P voltage transducer and
compared with the reference voltage (Vimciwrer)) 10 Yield the voltage error signal
(egmerw), Which is applied to a PI controller to generate the required output. The output of
the PI controller is applied to PWM switching unit to generate required pulses into the
buck converter.

The alternatively proposed control scheme has a multi-loop structure as shown in
Figure 5.5. The controller uses the changes in the common DC bus current (I;), common
DC bus voltage (V,;) and changes in common DC bus power (P,) to generate a total error

signal for DC bus voltage control. The changes in DC bus current (e,d) and power error

(ep d) are obtained by taking the differences, between the current and delayed real input
values. The common DC bus current change, the common DC bus voltage error and the

power change multiplied by the related weighting factors (y,,, vy, and yp,) and the

output summation is the total control error (ets)- The total error of the multi-loop structure
goes into the controller block. The inclusion of the changes in current and power in the
total control error signals enables the controller to take action whenever the current and/or
power changes due to either the oscillations caused by waves or sudden load changes. The
multi-loop dynamic error driven structure of the total effective error enables the controller

to decrease the discontinuity on current and voltage of wave energy system. The output
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signal of the controller drives a pulse generator to modulate pulses so that converter

switching signals S, and Sg, are generated so that S; = not(Sy).

o
i Vd(refpu)

| +l e

I 1 - V4

- V= vy O—»

! d(base)
i DC Voltage Loop

e e 8
i 1 o Sa
| 14T, |5 SB
i o

Id(base)

Figure 5.5. A novel multi-loop dynamic error driven control scheme

In this section, a classical Pl and SSFTPI controllers are used in a novel multi-loop

dynamic error driven control scheme.

5.1.2.1.3. Digital Simulation

The proposed WEC system and all components including controller, filters and
auxiliary devices are modeled in Matlab/Simulink and simulated for different operating
conditions so that the performances of the system elements can be evaluated. The
operational dynamic blocks in Simulink/Simpower library are used in the modeling of the
system for simulation studies as shown in Figures 5.6 and 5.7 without and with the SPF-
GP, respectively. The data for the diodes, the capacitors and the other semiconductors are
set to the same values given in the components datasheets. The simulation system

parameters are given in Appendix 7.
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5.1.2.1.4. Experimental Implementation

The real time implementation of the unified system is done using the RTWT
available in Matlab/Simulink toolbox, which provides an opportunity to create and control
real time executable commands for real time applications through Matlab/Simulink [275-
286]. A PCI-6070E multifunction DAQ card is used in this study in order to establish
communication on data acquisition between the real time part of the study and the
computer, which contains the digital modeling of the SPF-GP and the controllers used in
complete system. The main control units of the system without SPF-GP are implemented
through Matlab/Simulink as shown in Figure 5.8.a. Since an individual driver circuit and
an additional control algorithm are required for switching the semiconductors in the
rectifier, a passive rectifier is used to reduce the cost and controller complexity while
increasing the system robustness. The output voltage wave energy converter emulator is
rectified by a three phase full bridge uncontrolled rectifier and then applied to the buck
converter, which is controlled for constant voltage and variable voltage trajectory
references. The system with the novel FACTS SPF-GP control main unit is modeled in the

Matlab/Simulink software as shown in Figure 5.8.b.

WEC voltage
P|Vwec
Voltage
WEC phase current otag
»lwec Reference
Cf, capacitor current v
P |lcf Vref
DC bus current, Id Q1 |Analog Output
! »|Ibus vm »(Vm
AIELRQ (X g bCh It vd DC Mot Data Acquisition
us voltage, otor ;
DataSAcguislition g »|Vbus Control Station 2
tation
DC motor load voltage »|vmotor
DC motor load current
P Im
Measurement & Flter
(a) without the SPF-GP
WEC voltage
P|Vwec
WEC phase current Id +—p»|Id SA B
»(lwec
Cf, capacitor current oot vd SB
> SPFGP Controller Digital Output
DC bus current, Id R
Analog Input || P|lbus vd Voltage Analog Output
— DC bus voltage, Vd »lvb Reference Data Acquisition
Data Acgumuon »(Vbus v et Station 2
Station 1 DC motor load voltage
g P»(Vmotor I—}Vm Q1L
vm
DC motor load current DC Motor Control
P Im
Measurement & Filter

(b) with the SPF-GP

Figure 5.8. The main control stages of the test system



84

5.1.2.1.5. Digital Simulation and Experimental Results

The experimental setup shown in Figure 5.9 consists of the data acquisition system
with five Hall Effect Current Sensors (LEM, LA-25NP), three Hall Effect VVoltage Sensors
(LEM, LV25-P), and an analog input board (National Instruments PCI-6070E). The
computational implementation part of the experimental setup runs in Matlab/Simulink
environment, through the data acquisition. The parameters of the system for both
simulation and experimental tests are given in Appendix 7.

In order to validate the simulation models of the proposed filters and control
algorithms, an experimental set up has been established as shown in Figure 5.9. Both
digital simulation models and the experimental test are done under four different cases

tabulated in Table 5.1 for observing the systems under different operating conditions.

[A: 3 Phase Permanent Magnet (PM) Generator; B: Reducer; C: PMDC Motor; D: SPF-GP System; E: DC-
DC Buck Converter; F: Hall Effect Voltage-Current Sensors; G: 3 Phase AC-DC Rectifier; H: DC Power
Supply (Hall Effect Voltage-Current Sensors); K: DC Power Supply (SPF-GP and DC-DC Buck Converter
Circuits); L: Data Acquisition System Connector Block; M: DC Motor (Load); N: Oscilloscope; O:
Computer]

Figure 5.9. Experimental setup

Firstly, the system performance is observed for a constant voltage trajectory
reference with and without the SPF-GP model for a DC bus reference voltage of 20V.

Some of resultant figures for the Cases | and Il with PI controller and FPI controller are
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given in Figures 5.10-5.12 and Figures 5.16-5.18, respectively, and the rest of results are
given in Appendix 8.

Table 5.1. The three different system scenarios for the real time experimental
studies

Casel | Casell | Caselll | CaselV

PMDC motor voltage trajectory tracking

Constant | Constant | Variable | Variable
reference (Vpren)

DC bus reference voltage (Vggen) 20V 20V 20V 20V

SPF-GP model Without | With Without With

The phase to phase voltages of the WEC system are shown in Figures 5.10 and 5.16
for SPG-GP scheme with Pl controller and SSFTPI controller, respectively. Experimental
and Simulation results without and with SPF-GP are depicted in the same figure for
providing a better comparison and show the effect of the SPF-GP. Figures 5.10 and 5.16
show that similar voltage waveforms are obtained from simulation and experiments. The
effect of the SPF-GP can be seen clearly on the peak to peak voltage waveforms. The peak
values of the phase to phase voltages are over 21 Volts with SPF-GP while they are below
21 Volts without the SPF-GP. Figures 5.11 and 5.17 show the DC bus voltage variation
from experimental and simulation studies with and without SPF-GP. When SPF-GP is not
used, the DC bus voltage and currents have higher drops for each starting instant of the
wave cycles. With the use of SPF-GP these drops are reduced and the DC bus voltage is
kept constant at 20V. The load voltage is kept nearly constant for these cases as given in
Figures 5.12 and 5.18.

Some of resultant figures for the Cases Ill and 1V with PI controller and SSFTPI
controller are given in Figures 5.13-5.15 and Figures 5.19-5.21, respectively, and the rest
of results are given in Appendix 8. These cases deal with variable voltage trajectory
operation of the system. The load voltage is not kept constant for these cases. Stepwise
changes are given to the load voltage to analyze the performance of the novel FACTS SPF-
GP and controller if the applied voltage of the load changes due to variable power or
torque control requirements. The effects of the SPF-GP on voltage is given in Figures 5.14
and 5.20, while the peak values of the WEC voltages are below 21 volts without SPF-GP,
they are above 21 volts with the SPF-GP. The voltages of the WEC show similar effects
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with the SPF-GP here as in the Cases | and Il. The voltage of the WEC is kept constant
when the voltage applied to the dc motor has step changes as shown in Figures 5.15 and
5.21. As the load voltage encounters some random step changes, the novel FACTS SPF-
GP is employed to keep the common DC bus voltage constant at 20V as given in Figures
5.14 and 5.20. It can be observed from Figures 5.14 and 5.15 that the convergence of the
DC bus voltage occurs when the load voltage is low or higher. The SPF-GP system FPI
controller performances have been determined by the means of ISE, IAE and ITAE as

given in Appendix 9. The improvement is observed in the system performance.

Without controller (Experimental) Without controller (Experimental)
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Figure 5.10. WEC voltage (PI) Figure 5.11. DC bus voltage (Vg) (PI)
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Figure 5.19. WEC voltage

Figure 5.18. PMDC motor voltage
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A novel FACTS based SPF-GP scheme regulated by a tri-loop dynamic error driven
control algorithm is developed and used to stabilize the wave energy system used as
standalone source for DC loads. In order to control and compensate the power flow from
wave source to electrical load, a classical Pl and Self-Scaled Fuzzy Tuned Pl (SSFTPI)
controller are developed and used which acts as the power conditioner and stabilization
device between the wave source and the load. Since the magnitude, speed and cycle of the
sea wave are not constant and unpredictable; the generated power is not reliable due to
stochastic variations. Therefore, interfacing devices between the WEC system and the
electrical loads are required to ensure power balance and voltage stabilization. The
generated AC voltage from WEC system is rectified and applied to a buck converter. Then
the buck converter is controlled for constant DC bus voltage whether the load voltage is
constant or variable. The PI or SSFTPI controlled FACTS SPF-GP device is fully utilized
to provide a stable voltage regulation at the common DC bus. It is shown that the proposed
Pl and SSFTPI used in the SPF-GP scheme improved the DC bus voltage stabilization so
that energy utilization is enhanced. The dynamic error driven scheme uses the DC bus
voltage error as the main regulating loop along with the dynamic current and power

deviations as the two supplementary/auxiliary loops. The use of this novel control strategy
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enables the regulating system to react to any changes in load power and load current to
generate the required control action for a constant DC bus voltage. The FACTS SPF-GP
scheme regulated by the time-descaled dynamic error driven loops and controller is the
main contribution of this study providing the required DC bus voltage stabilization. The
proposed scheme and the controller are validated using the developed Matlab simulation
model of the unified AC-DC system and compared with those of obtained from the
experimental setup of the same system for model validation.

Both digital simulation and laboratory prototype experiments are done for four cases,
which are constant load voltage references tracking with and without FACTS SPF-GP
scheme and variable DC motor voltage trajectory with and without the SPF-GP scheme. It
can be concluded from the comparison of the results from all the test cases that the
application of the Pl or SSFTPI controlled FACTS SPF-GP scheme and the multi loop
error driven fuzzy logic control approach provides a mean constant DC bus voltage for
both constant and variable load voltage trajectory test cases. One additional study, which is
not considered here, may be the elimination of dc inrush current ripples that occur at the
beginning of the each sea-wave cycle. Actually this problem can easily be solved just using
a backup battery storage such that the required load demand is managed effectively from
the batteries during the beginning of each wave cycle. Since the worst case scenario is
considered here, the positive support of any back-up battery storage scheme is not
considered. Even without the use of the expensive backup battery storage scheme, the
magnitude of the DC bus voltage fluctuations is small.

The same flexible and SSFTPI controlled FACTS SPF-GP scheme can be extended
to other AC-DC Interface Schemes using Wind-Photovoltaics, Wave-Microhydro and
Hybrid Green Energy utilization systems. Other control strategies based on using soft-

computing Atrtificial-Intelligent Controllers can also be utilized.
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5.1.2.2. Novel Switched Power Filter-Green Plug (SPF-GP) Intelligent
Controllers for Wave Energy Converter System: Experimental Results

In this study, the SPF-GP intelligent controllers for wave energy conversion systems
are presented. In order to reduce the interfacing problems and improve power quality in
WEC systems, design and realization of a novel SPF-GP and control approaches are
studied. Experimental prototype models of the proposed SPF-GP system and the
controllers (Pl, SMC, Fuzzy Tuned SMC (FTSMC) and Self-Scaled Fuzzy Tuned PI
Controller (SSFTPIC)) have been set up to observe performance by comparing the results,
which show the effectiveness of the proposed interfacing device and the control
algorithms. The experiments were done for several cases and the results of the same
operating conditions from both platforms were compared for system performance. It has
been shown that the proposed power filter and control approaches are very effective on
eliminating wave effects on load side voltage and load variations on source side by

reducing voltage sags and swells.

5.1.2.2.1. The Wave Energy Conversion System

The proposed wave energy conversion utilization system is shown in Figures 5.22
and 5.23 without and with the novel FACTS switched power filter-green plug (SPF-GP),
respectively. The unified system is comprised of a wave energy converter, rectifier, dc
filter, SPF-GP system, buck converter and dc motor as the load. A laboratory prototype
experimental setup of the WECS is shown in Figure 5.3. In this part, there are four
different controllers, which are PI, SMC, FTSMC and SSFTPIC, for the Controller B.

a m — + Lf h. Idcmlc
T+ Buck 1+
= Veemiv
§ § * Ct Y"_ Converter | 'i-| PC Motor
puc | Rectifier (12v, 1A)
Wave Energy Converter

(60V, 10A)

Figure 5.22. The sample study system diagram (without SPF-GP)
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Wave Energy Converter

(60V, 10A)

Figure 5.23. The sample study system diagram (with SPF-GP)

5.1.2.2.2. Experimental Implementation

The real time implementation of the system is done using RTWT available in
Matlab/Simulink toolbox, which provides an opportunity to create and control real time
executable commands for real time applications through Matlab/Simulink. PCI-6070E
multifunction DAQ card is used in this study in order to establish communication on data
acquisition between the real time part of the study and the computer, which contains the
digital modeling of the SPF-GP and the controllers used in complete system.

The system experimental setups are shown in Figures 5.1 and 5.2 for the operation
cases without and with the SPF-GP. The main control units of the system without SPF-GP
are implemented through Matlab/Simulink as shown in Figure 5.24.

Since an individual driver circuit and an additional control algorithm are required for
switching the semiconductors in the rectifier, a passive rectifier is used to reduce the cost
and controller complexity while increasing the system robustness. The output voltage wave
energy converter emulator is rectified by a three phase full bridge uncontrolled rectifier
and then applied to the buck converter, which is controlled for constant voltage and
variable voltage trajectory references. The system with the SPF-GP control main unit is

modeled in Matlab/Simulink as shown in Figure 5.25.
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Figure 5.24. Data acquisition and Simulink modeling of for single loop PI1 controller the
system without the SPF-GP
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Figure 5.25. Data acquisition and digital Simulink modeling of three loop dynamic error
driven PI controller for the system with SPF-GP
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5.1.2.2.3. Experimental Results

Experimental tests and simulations are conducted for three different cases in order to
observe the performance for different operating conditions. Figure 5.9 illustrates the
experimental setup where the data acquisition system consists of five hall effect current
sensor (LEM, LA-25NP), three hall effect voltage sensor (LEM, LV25-P), and an analog
input board (National Instruments PCI-6070E). The computational implementation part of
the setup runs in Matlab/Simulink environment. Four different controller types (Pl, SMC,
FTSMC and SSFTPIC) are used as a SPF-GP subsystem controller. There are three

different system scenarios tabulated in Table 5.2 for the real time experimental studies.

Table 5.2. The system scenarios for the real time experimental studies

Scenario-I Scenario-I1 Scenario-I1I
PMDC motor voltage trajectory Constant Variable Variable
reference (Vren)
DC bus reference voltage (Vggen) 20V 20V 50V

SPF-GP model

with & without

with & without

with & without

The following performance measures are determined to compare the performances of
controllers and given in Appendix 10: rise time (t,), percent maximum overshoot (%05S),
integral square error (ISE), integral of the absolute error (IAE) and integral of time
multiplied by absolute error (ITAE).

In Scenario-I1, the system performance is observed for a constant voltage trajectory
reference (Vp,(rep)) in the system with and without the SPF-GP model during the dc bus
reference voltage (Vy(rery) is 20V for four different controller types (PI, SMC, FTSMC
and SSFTPIC) for Controller-B. The system performance outputs are shown in Figures
5.26-5.31. The WEC phase to phase voltage waveform is affected by the SPF-GP
controllers. The peak to peak WEC phase-phase voltage value in the system with the SPF-
GP controllers is bigger that the value in the system without the SPF-GP controller shown
in Figure 5.26. The WEC phase current peak values in uptime are the smallest in the
system with the SPF-GP FTSMC controller shown in Figure 5.27. The DC bus voltage has
no overshoot only in the system with the SPF-GP FTSMC controller shown in Figure 5.27.
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The controller compares the reference and the actual voltage values and generates the

desired value of the SPF-GP voltage to be injected to the bus. Since the WEC output

voltage waveform has a discontinuity, it is difficult to provide continuity in the DC bus

voltage. At least a discontinuity is partially lessened with the SPF-GP control system. The

dc bus current peak values in uptime are the smallest in the system with the SPF-GP

FTSMC controller shown in Figure 5.29. The discontinuity in the voltage affects the dc

motor load voltage control negatively. If the discontinuity is decreased or removed, the dc

will be better than before. The load voltage is controlled with

motor load voltage control

the buck converter. The dc motor load current varies depending on the dc motor voltage

GP FTSMC

shown in Figure 5.30. The current fluctuation is the smallest in the SPF-

system shown in Figure 5.31.

control

Without SPF-GP

Without SPF-GP

SSFTPIC

SMC

.

20

1
2

SSFTPI

CrTaoaT O

7Y SR

FTSMC

e =

A -

SMC

(110A) a3ey04 dseyd-aseyd DA

FTSMC

Time (Second)

Time (Second)

Figure 5.27. WEC current

Figure 5.26. WEC voltage
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Without controller

Time (Second)

Figure 5.31. PMDC motor current (Iy,)
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Figure 5.30. PMDC motor voltage (V)
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In Scenario-11, the system performance is observed for a variable voltage trajectory
reference (V(rep)) in the system with and without the SPF-GP model during the dc bus

reference voltage (Vyrer)) is constant. The system performance outputs are shown in

Figures 5.32-5.37. The performance analysis of the controllers for a Scenario-11 is given
Appendix 10. The WEC phase to phase voltage waveform is affected by the SPF-GP
controllers. The peak to peak WEC phase to phase voltage value in the system with the
SPF-GP controllers is bigger than the value in the system without the SPF-GP controller
shown in Figure 5.32. The current consumption increases with the SPF-GP control system.
The WEC phase current peak values in uptime are the biggest in the system with the SPF-
GP FTSMC controller shown in Figure 5.33.

The DC bus voltage waveform has no overshoot only in the system with the SPF-GP
FTSMC controller shown in Figure 5.34. Since the WEC output voltage waveform has a
discontinuity, it is difficult to provide continuity in the DC bus voltage shown in Figure
5.34. At least a discontinuity is partially lessened with the SPF-GP control system. The dc
bus current peak values in uptime are the smallest in the system with the SPF-GP FTSMC
controller shown in Figure 5.35. The discontinuity in the voltage affects the dc motor load
voltage control negatively. If the discontinuity is decreased or removed, the dc motor load
voltage control will be better than before. The load voltage is controlled with the buck
converter. When the dc motor load reference voltage increases, to ensure the dc motor load
voltage tracks the voltage reference is more difficult as shown in Figure 5.36. To increase
the voltage decreases performance of the SPF-GP controller system. So, a discontinuity in
the dc motor load voltage waveform is distinctive in parallel with increasing the dc motor
load voltage reference. Contrary to the constant dc motor load reference voltage results, the

dc motor load current waveforms have same characteristics as shown in Figure 5.37.
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Figure 5.34. DC bus voltage (Vq)
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In Scenario-111, the system performance is observed for a variable voltage trajectory

reference (Vincrepy) in the system with and without the SPF-GP model during the DC bus
reference voltage (Vycrery) is constant and different from Scenario-1l. The system

performance outputs are shown in Figures 5.38-5.43. The performance analysis of the
controllers for a Scenario-I11 is given Appendix 10. The real time experimental results for a
variable voltage trajectory reference in the system with the SPF-GP controllers are shown
in Figures 5.38-5.43 during the DC bus reference voltage is 50V.

The WEC phase-phase voltage waveform is affected by the SPF-GP controllers and
then the peak to peak WEC phase-phase voltage value in the system with the SPF-GP
controllers is bigger than the value in the system without the SPF-GP controller shown in
Figure 5.38. The WEC phase current consumption increases with the SPF-GP FTSMC
controller system as shown in Figure 5.39. While dc motor load reference voltage
increases, the WEC phase current value ascends too. The DC bus voltage waveform has no
overshoot only in the system with the SPF-GP FTSMC controller shown in Figure 5.40.
When the comparison is done between the system with and without SPF-GP control, a

discontinuity is partially lessened with the SPF-GP control system at least.
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The dc bus current peak values in uptime are the smallest in the system with the SPF-
GP FTSMC controller as shown in Figure 5.41. The dc motor load voltage follows the
voltage trajectory reference effectively as shown in Figure 5.42. The effects of the
discontinuity in the WEC phase voltage is eliminated with the SPF-GP control systems.
The load current, is shown in Figures 5.43.
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Figure 5.38. WEC voltage Figure 5.39. WEC current
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The performance measures are determined, tabulated and graphed as given in
Appendix 10 and 11, respectively:

In Scenario-1, while the Controller-A and B are PI controllers, the PMDC motor
load voltage rise time is smallest, but the percentage maximum overshoot (%0S) is
biggest, and also the load side bus voltage rise time is smallest and %0OS is zero for all
situations. On the other hand, while there is no SPF-GP system, the load voltage rise time
is biggest and the %0S is equal to zero.

In Scenario-11, while the Controller-B is a SMC controller, the PMDC motor load
voltage rise time is smallest and if there is no the SPF-GP system, the PMDC motor load
and load side bus voltage rise times are biggest and also the load side bus voltage %0S is
smallest. On the other hand, if the Controller-B is a SSFTPI controller, the load side bus
voltage rise time is smallest. As the controller-B is a PI controller, the load side bus voltage
%0S is biggest.

In Scenario-111, while the Controller-B is a SSFTPI controller, the PMDC motor
load and load side bus voltage rise times are smallest. On the other hand, if there is no the
SPF-GP system, the load voltage rise time is biggest. If the Controller-B is a FTSMC
controller, the load side voltage rise time is biggest and %OS is smallest, but when the

Controller-B is a PI controller, the load side voltage %0S is biggest.

5.1.2.2.4. Conclusion

In this study, novel switched power filter-green plug (SPF-GP) intelligent controllers
for wave energy system are presented. A WEC system is emulated and then corresponding
waveforms are observed. The power induced from WEC system is used to supply the dc
load. The wave energy converter output voltage is rectified by the three phase full bridge
uncontrolled rectifier and then the rectified voltage supplies the buck converter. The dc
motor voltage is controlled with the buck converter for constant voltage and variable
voltage trajectory references. The SPF-GP control system is proposed to provide stable
voltage through the dc load. Four different control strategies (Pl, SMC, FTSMC and
SSFTPIC) are performed as SPF-GP controllers. The SPF-GP scheme improves the dc bus
voltage so that the dc load performance is enhanced. While the dc load voltage control is
realized for both constant reference and variable trajectory references with a classical Pl
controller, the dc bus voltage (dc load input voltage) control is carried out with different
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control methods. When the reference voltage is near the dc load reference voltage, the
SPF-GP control system performance decreases. On the other hand, when the reference
voltage chosen is bigger, the SPF-GP control system performance is effectively improved.

The section has presented an approach to lessen discontinuity, sags and swells on
voltage of WEC system. The experimental results are tabulated, graphed and show that the
novel SPF-GP PI controller for wave energy converter system improves the load voltage
quality. In the FTSMC, a slope of the sliding surface is dynamically changed by a fuzzy
logic inference. The FTSMC solves the overshoot of a plant with PI controller in transient
state and the chattering of a plant with SMC in the steady state. As shown in resulting
graphs and tables, the steady state tracking error and chattering are reduced and also the
overshoot is reduced. In addition to this, the FTSMC exhibits lower ISE, IAE and ITAE
values compared with the Pl, SSFTPIC and SMC methods. The proposed FTSMC is able
to improve the system performance.

The proposed control algorithm consisting of both voltage and current dynamic error
trajectory loops is able to smoothly regulate and manage the current or voltage of the DC
bus voltage. A flexible FLC, whose interior parameters are easily accessible for
interpretation and can be designed to be simulated in Matlab/Simulink environment for
comprehensive use as a control tool. The simulation results show that the proposed fuzzy
sliding mode controller has better performance than the others.

The advantages of FTSMC system in this study include: (1) constant switching
frequency; (2) smaller error; (3) fast and robust voltage response; (4) smaller overshooting;
(5) reduction of chattering;

The major contributions of this study are: 1) the successful development of a fuzzy
logic SMC system, in which the fuzzy logic control rules are embedded into the classical
SMC to improve performance; 2) the control methods designed in this study can be easily
adapted to other electric drive applications; 3) the successful proposed FTSMC system, in
which the rise time is decreased.
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5.1.2.3. A Novel Switched Power Filter-Green Plug (SPF-GP) Scheme for Wave
Energy System with Hybrid Loads

5.1.2.3.1. The Wave Energy Conversion with Hybrid Loads

The proposed wave energy conversion hybrid utilization system is shown in Figures
3.1 and 5.44 with and without the novel FACTS switched power filter-green plug (SPF-
GP), respectively. The unified system comprised of a wave energy converter, rectifier, dc
filter, SPF-GP system, DC-DC converter, backup battery, DC-DC chopper, DC/AC
inverter, and ac and dc motors as the loads.

Due to the stochastic nature of the wave kinetic characteristics, the generated voltage
show variations and extensive oscillations, which are not exactly periodic. In order to
reduce these oscillations in the generated voltage with variable frequency and amplitude,
the wave energy converter (WEC) output voltage is rectified and the power is collected on
a load side bus. The idea of using a common load side bus is useful for collecting power
from other similar WEC systems at one common bus for obtaining more power to supply
larger loads. The rectified voltage is transformed and regulated by the SPF-GP converter
and power is transmitted to a battery through a DC-DC buck converter.

Appropriate controllers for the SPF-GP converter, DC-DC buck converter, DC-DC
chopper and DC/AC inverter are also developed in the scope of this study. The load side
voltage is regulated and kept constant by means of using the SPF-GP converter controller
and the DC-DC buck converter controller in the backup battery. Moreover, the PMDC
motor and AC motor loads demands are assured by controlling the DC-DC chopper and the
DC/AC inverter.
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5.1.2.3.2. Controllers

In this study, there four controller systems, which are the three phase AC motor
voltage control with a Self-Scaled Fuzzy Tuned Pl Controller (SSFTPIC), the PMDC
motor speed control with PID controller, the battery charge control with classical fuzzy
logic controller (FLC), and the three-loop dynamic error driven control with PI controller
for the SPF-GP system.

The ac motor electric load voltage (Viemotor) 1S Measured by a LV-25P voltage
transducer and compared with the reference voltage (Vycmororrer)) t0 yield the voltage
error signal (e cmotorr) @nd the dynamic change in error (de(k)) which are applied to a
SSFTPIC to generate the required output as a shown in Figure 5.45. The output of the
SSFTPI controller is applied to PWM switching unit to generate required pulses
(S4,Sg, Sc) into the DC/AC inverter system.

| oo
Vacmotor (ref)

i —> KP i i S
Vacmotor—;jc €acmotor ! FLC1 e u A

e(k),

| l'f“e‘k’ FLC,

. SSFTPIC !

Ve
=
]
m+

i

L &P

Figure 5.45. The three phase AC motor voltage control with SSFTPIC block
diagram

The dc motor load speed is adjusted via regulating voltage by the DC-DC chopper
with the single-loop controller shown in Figure 5.46. The speed error signal is applied to a
PID controller to generate the required output control signal. The PWM switching unit

generates required pulses into the DC-DC chopper circuit.
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KTs _/' ;
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| Ts+2*TcD.z+Ts-2"TcD
PID Controller

Figure 5.46. The PMDC motor speed control with PID controller block
diagram

The battery voltage (V,,;) and the battery current (I,,.) are used as control variables
in the battery charging control system and is shown in Figure 5.47. There are two different
modes in the charging operation. The net current flowing in and out of the battery bank
(Ipanet) 1 calculated to determine its SOC. While the SOC is lower than 90%, the battery
will be under a constant current. On the other hand, while the SOC is higher than 90%, the
battery will be charged under a constant voltage. The FLC is used to manage the battery

charge system.

Ibatnet
Vbat (ref) alne
"% e(k) % SOC
Vbat ~MT & s FLC1 CaTcuIation
=% de(k) %SO0C
u s
Ibat (ref)—l
+ delay e(k)
lbat —OT— ] FLC,
=% de(k)

delay

Figure 5.47. The battery charge control with FLC block diagram

The control scheme has a three-loop error driven dynamic structure as shown in
Figure 5.48. The two controllers use the changes in the common load side bus current
(I;sp), common load side bus voltage (V;,;) deviation from reference value and changes in
common load side bus power (P;;;) to generate a total error signal for a load side bus
voltage control. The changes in load side bus current (e;, ) and power error (ep, ) are
obtained by taking the differences, between the current and delayed real input values. The

common load side bus current change, the common load side bus voltage error and the
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power change multiplied by the related weighting factors (y,,_,, v, ¥r,,) @nd the output
summation is the total control error (e.,). The total error of the multi-loop structure goes

into PI controller block shown in Figure 5.48.
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Figure 5.48. The three-loop dynamic error driven control with PI controller for the SPF-
GP system diagram

5.1.2.3.3. Digital Simulation

The proposed Wave Energy Conversion hybrid system and all components including
controller, filters and auxiliary devices are modeled in Matlab/Simulink and simulated for
different operating conditions so the performance of the system elements can be evaluated.
The operational dynamic blocks in Simulink/Simpower library are used in the modeling of
the system for simulation studies as shown in Figures 5.49 and 5.50 without and with the
SPF-GP, respectively. The data for the diodes, the capacitors and the other semiconductors
are set to the same values given in the components datasheets. The simulation system

parameters are given in Appendix 7.
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5.1.2.3.4. Experimental Implementation

The real time implementation of the unified system is done using the RTWT
available in Matlab/Simulink toolbox, which provides an opportunity to create and control
real time executable commands for real time applications through Matlab/Simulink. A
PCI-6070E DAQ card is used in this study in order to establish communication on data
acquisition between the real time part of the study and the computer, which contains the
digital modeling of the SPF-GP, the DC-DC converter, DC-DC chopper, DC/AC inverter
and the controllers used in the complete system. The main control units of the system
without SPF-GP are implemented through Matlab/Simulink as shown in Figure 5.51.

Since an individual driver circuit and an additional control algorithm are required for
switching the semiconductors in the rectifier, a passive rectifier is used to reduce the cost
and controller complexity while increasing the system robustness. The output voltage wave
energy converter emulator is rectified by a three phase full bridge uncontrolled rectifier
and then applied to the DC-DC buck converter, which is controlled for the battery
charging. The DC-DC chopper and DC-AC inverter are used to control DC and AC loads
demands, respectively. The system with the novel FACTS SPF-GP control main unit is

modeled in the Matlab/Simulink software as shown in Figure 5.52.
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5.1.2.3.5. Digital Simulation and Experimental Results

The experimental setup shown in Figure 4.1 consists of the data acquisition system
with four Hall Effect Current Sensors (LEM, LA-25NP), four Hall Effect VVoltage Sensors
(LEM, LV25-P), an encoder and an DAQ card (National Instruments PCI-6070E). The
computational implementation part of the experimental setup runs in Matlab/Simulink
environment, through the data acquisition. The parameters of the system for both
simulation and experimental tests are given in Appendix 7.

In order to validate the simulation models of the proposed filters and control
algorithms, an experimental set up has been established as shown in Figure 4.1. The
experimental and digital simulation tests are done under four different cases tabulated in
Table 5.3 for observing the systems under different operating conditions.

For different operating conditions, if the wave period is increased, the generated
voltage waveform includes less discontinuity. On the other hand, if the period is decreased,
voltage sags and swells become more, and the system performance is lowered. The wave
period without the SPF-GP scheme is taken bigger than with the SPF-GP scheme to
indicate the effectiveness of the SPF-GP control system. The system with the SPF-GP

scheme is tested under more difficult circumstances.

Table 5.3. The three different system scenarios for the real time experimental
studies

Casel | Casell | Caselll | CaselV

PMDC motor speed trajectory tracking

Constant | Constant| Variable | Variable
reference (Wpref)

3 phase AC motor voltage trajectory

tracking reference (Voen) Constant | Constant | Variable | Variable

Load side bus reference voltage (Vqgen) 20V 20V 20V 20V

SPF-GP model Without | With Without With

Error energy based performance measures such as integral square error (ISE),
integral of the absolute error (IAE) and integral of time multiplied by absolute error
(ITAE) are used to compare the performance of the controllers in terms of parameter

optimization. To realize a satisfying comparison between the controllers, the IAE and
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ITAE are used to get information about operational characteristics of the controllers during
transient and steady-state operation. Since the information about the error energy based
performance indices can be found in any Optimal Control book, no details are given here.

First of all, the system performance is observed for constant PMDC motor load speed
and AC motor load voltage trajectory tracking references with and without the SPF-GP
model for a load side bus reference voltage of 20V. The results belonging to Case | and Il
are shown in Figures 5.53-5.62. Experimental and Simulation results without and with
SPF-GP are depicted in the same figure for providing a better comparison and show the
effect of the SPF-GP.

The peak values of the phase to phase voltage of WEC system shown in Figure 5.53
are over 20 Volts with SPF-GP while they are below 20 Volts without the SPF-GP. The
peak values of the current waveform shown in Figure 5.54 are higher when the SPF-GP is
used when they are compared with the results obtained without the SPF-GP since the
increased voltage magnitude causes higher currents. While the SPF-GP is not used, the
load side bus voltage shown in Figure 5.55 has higher drops for each starting instant of the
wave cycles. The use of SPF-GP results in reduction of drop voltage on the load side bus
while keeping a constant load side bus voltage at 20 Volts. Figure 5.56 shows the load side
bus current variation with and without SPF-GP.

The battery voltage and charge current waveforms are shown in Figures 5.57 and
5.58, respectively. Since the SOC shown in Figure 5.60 is lower than 90%, the battery is
under a constant current (Ipqe(rery = 0.34). If the SOC was higher than 90%, the battery

would be charged under constant voltage (Vpqrcrery = 13.56V). The battery charge current
peak values are higher in Case Il than Case | as shown in Figure 5.58. The battery SOC

shown in Figure 5.60 decreases by the reason of that battery net current (I,,.) values are
negative as a shown in Figure 5.59. The PMDC motor load speed and AC motor load
voltage waveforms are shown in Figures 5.61 and 5.62, respectively. The system
performances for Case | and Il have been determined by the means of ISE, IAE and ITAE
as given in Appendix 12. The improvement is observed in the system performance.

The system performance for the Cases Il1 and 1V observed for variable PMDC motor
load speed trajectory tracking reference and AC motor load voltage trajectory tracking
reference with and without the SPF-GP model for a load side bus reference voltage of 20V
are given in Figures 5.63-5.72.
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respectively. Since the SOC shown in Figure 5.70 is

Without SPF-GP PI Controller (Experimental)

Without SPF-GP PI Controller (Simulation)
T

Figure 5.54. WEC phase current

Stepwise changes are given to the loads speed and voltage to analyze the
performance of the SPF-GP and controller if the applied speed and voltage of the load
changes due to variable power or torque control requirements. The effects of the SPF-GP
on voltage and current are given in Figures 5.63 and 5.64, while the peak values of the
WEC voltages are below 20 volts without SPF-GP, they are above 20 volts with the SPF-
GP. Both voltages and the currents of the WEC show similar effects with the SPF-GP here
as in the Cases | and Il. The voltage of the WEC is kept constant when the reference speed
applied to the PMDC motor and reference voltage adapted into the AC motor have changes

The system performances have been determined by the means of ISE, IAE and ITAE

as given in Appendix 12. The improvement is observed in the system performance.

lower than 90%, the battery is under a bulk charge mode (constant current).

as shown in Figures 5.71 and 5.72
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5.1.2.3.6. Conclusion

A novel FACTS based switched power filter-green plug (SPF-GP) scheme regulated
by a tri-loop dynamic error driven control algorithm is used to stabilize the wave energy
system as a standalone source with backup battery for both DC and AC loads. In order to
control and compensate the power flow from wave source to electrical load, a Pl controller
is developed and used to generate the switching signals for the SPF-GP device, which acts
as the power conditioner and stabilization device between the wave source and the load
and also to regulate, store the load side bus energy into the battery and transfer power to
the loads, an adaptive fuzzy logic controller is used to produce the signals for the DC-DC
converter.

Interfacing devices are necessary to ensure power balance and voltage stabilization
between the WEC system and the electrical loads since the magnitude, speed and cycle of
the sea wave are not constant and unpredictable.

The generated AC voltage from WEC system is rectified and applied to SPF-GP
system. The SPF-GP device is controlled for constant DC bus voltage whether the load
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demands are constant or variable. The PI controlled SPF-GP device is fully utilized to
provide a stable voltage regulation at the common load side bus. It is shown that the
proposed controller used in the SPF-GP scheme improved the load side bus voltage
stabilization so that energy utilization is enhanced. The dynamic error driven scheme uses
the load side bus voltage error as the main regulating loop along with the dynamic current
and power deviations as the two supplementary/auxiliary loops. The use of this novel
control strategy enables the regulating system to react to any changes in load power and
load current to generate the required control action for a constant load side bus voltage.
The SPF-GP scheme regulated by the time-descaled dynamic error driven loops and PI
controller is the main contribution of this study providing the required load side bus
voltage stabilization.

One additional study, which is considered here, is the elimination of dc inrush
current ripples that occur at the beginning of the each sea-wave cycle. This problem is
solved using a backup battery storage such that the required load demand is managed
effectively from the batteries during the beginning of each wave cycle. The magnitude of
the DC voltage fluctuations is lessened.

The laboratory prototype experiments are done for four cases, which are constant
load voltage and speed references tracking with and without SPF-GP scheme and variable
PMDC motor speed and AC motor voltage trajectories with and without the SPF-GP
scheme. It can be concluded from the comparison of the results from all the test cases that
the application of the PI controlled SPF-GP scheme and the multi loop error driven PI
control approach provides a mean constant load side bus voltage utilization for both
constant and variable load speed and voltage trajectory test cases.

5.2. Summary

The novel FACTS SPF-GP systems are utilized to provide a stable voltage regulation
at the common load side bus for the loads since interfacing devices between the WEC
system and the electrical loads are required to have a power balance and a steady voltage
magnitude. A properly controlled SPF-GP scheme improves the load side bus voltage so
that the dc load performance is enhanced. A three loop dynamic error driven controller is
used to regulate the novel FACTS SPF-GP scheme. The effects of the proposed scheme

and the controller are examined using the developed simulation model of the overall
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system and compared with those obtained from the experimental setup of the same system
for model validation.

Both digital simulation and laboratory prototype experiments are done for variable
cases. It can be concluded from the comparison of the results from all the cases that the
application of the FACTS novel SPF-GP scheme associated with the three loops error
driven control approach provide a constant load side bus voltage for both constant and
variable load voltage trajectory cases.

One additional study, which is not considered here, may be the elimination of the
current ripples that occur at the beginning of the each wave cycle. Actually this problem
can easily be solved using backup batteries such that the required load power is managed
to be supplied from the batteries during the beginning of each wave cycle. Since the worst
case scenario is considered here, the positive support of the backup batteries are not
considered at the first step and then the battery is connected into the power system to

lessen voltage fluctuations.



6. CONCLUSIONS AND FUTURE WORKS

6.1. Conclusions

A novel FACTS based switched power filter-green plug (SPF-GP) scheme and
effective novel control strategies are presented in this work to reduce the interfacing power
quality problems and improve the energy utilization of WEC systems.

Emulator model of the wave energy conversion system is carried out in two different
ways; one is a Computer Based Wave Energy Conversion Emulator (CBWECE) and the
other one is Machine Based Wave Energy Conversion Emulator (MBWECE).

A wave energy converter system, a novel Switched Modulated Power Filter-Green
Plug (SPF-GP) Scheme adapted into a wave energy converter system, loads exhibiting
variable characteristics, multi loop error drivers, and intelligent controllers were modeled
and simulated successfully using Matlab/Simulink.

The experimental prototype models of the wave energy converter system, the
proposed SPF-GP system, multi loop error drivers, and the controllers were set up and
tested experimentally.

Both the simulation and the experiments were done for different scenarios and results
of the same operating conditions from both platforms are compared for model validation as
well as system performances on load side voltage and load variations on source side. An
investigation of reducing voltage sags and swells is also carried out. It can be concluded
from the comparison of the results from all the cases that the application of the FACTS
novel SPF-GP scheme associated with the novel multi loop error driven intelligent control
approach provided a constant DC bus voltage for both constant and variable load voltage
trajectory cases.

The experiments also provided several valuable insights into the operation of the
proposed SPF-GP system and the estimation of the common bus system efficiency upon

which future work can be built.
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6.2. Future Work

The performance of the prototype could be enhanced by improving the controllers.
The DAQ card is versatile and has many advantages and benefits. But, the DAQ card
performance can be insufficient in power switching parts such as a DC-DC chopper, DC-
DC converter and DC/AC inverter. An increase in speed can be achieved by using an
FPGA to perform the bulk of the operation. Such an integrated circuit/architecture
approach could significantly improve the performance of the test system.

Finally, the wave energy converter system was only tested in certain modes: There
are power flows only from wave source to electrical loads, only from energy storage to
electrical loads and from wave source to energy storage and electrical loads. These modes
involve stand-alone power system frameworks. The alternative power system would be
argued for a grid connected mode. Bidirectional power electronic topologies would be
improved and adapted into the system to transfer power in either direction. Effective
control strategies would need to be studied to ensure power balance and voltage
stabilization, and also manage power flow direction.

Validation of the model in irregular wave conditions would be required. Physical
experiments for a wave energy converter system model should be carried out. The results
of such testing would be used to approve the simulation model.

The same novel SPF-GP would be utilized with other AC-DC Interface Schemes
using wind-photovoltaics, wave-microhydro and hybrid green energy utilization systems.
Other control strategies based using soft-computing Artificial-Intelligent Controllers would
be utilized.
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8. APPENDICES

Appendix 1. AC/DC Rectifier (Section 3.3.1), CBWECE (Section 4.2.1), Signal
Amplification (Section 4.2.1.4)

Table A.1.1. The parameters of the 3-phase full bridge rectifier
constituted with Matlab/Simulink for digital simulation

Snubber resistance, R;(Q) 100k
Snubber capacitance, C4(F) Inf
Power electronic device (Diode)
Ron(0) im
Lo, (H) 0
Forward voltage, V¢(V) 1.5

Table A.1.2. PCI-6070E DAQ card features

Analog Inputs : | 16SE / 8Dl

Input resolution . | 12 bits

Max Sampling Rate | : | 1.25 MS/s

Input Range 1 £0.05t0o £ 10V
Analog Outputs 12

Output Rate : | 1 MS/s

Output Range 10V

Digital 1/0 118
Counter/Timer : | 2, 24-bit

Trigger . | Analog, Digital

Table A.1.3. The operational amplifier features

High Current Output
8A Continuous | 10A Peak
Wide Power Supply Range
Single Supply: +8V - +60V | Dual Supply: +4V —+30V
Full Protected
Thermal Shutdown | Adjustable Current Limit
Output Disable Control
Thermal Shutdown Indicator
Control Reference PIN




147

Appendix 2. Signal Amplification (Section 4.2.1.4), Low-voltage/Low-current
Power Stage (Section 4.2.1.5.1)

- -
e GieEie e
® - L ]

(a) Top layer (b) Bottom layer

Figure A.2.1. The printed circuit boards of the system

Figure A.2.2. The system photo (phase shift, signal filtering
and amplification circuits)

Figure A.2.3. The low power stage Figure A.2.4. The low power stage
PCB photo
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Appendix 3. High-voltage/High-current Power Stage (Section 4.2.1.5.2)

L L]
FrofDr. ismall Hakki Altas & Emre Ozhop

(@) Top layer (b) Bottom Iayef

Figure A.3.1. The high power stage printed circuit board

Figure A.3.2. The high power stage photo
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Appendix 4. MBWECE (Section 4.2.2)

Table A.4.1. The Permanent Magnet DC (PMDC) motor parameters

Nominal Power (W) 250
Nominal Voltage (V) 24
Nominal Current (4) 12
Nominal Speed (rpm) 1500
Protection Class IP 44

Operation Regime

S2- Intermittent

Isolation Class

F — 155°C (IEC 34-6)

Cooling Type

IC — 40 (Self-cooling)

Table A.4.2. Three phase permanent magnet generator features

Nominal Power (W) 1500
Nominal Speed (rpm) 550
Required Moment at Nominal Power (Nm) 35
Phase Resistance (Ohm) 5
Phase Inductance (mH) 18.2
Pole number 8
Torque constant (Nm/A) 1.1
Speed constant (rpm/V) 11.5
Rotor Inertia (Kg.m?) 0.011
Starting Torque (Nm) <0.7
Magnet Type NdFeB

Generator Arrangement

‘ : ‘ 3 phase star connection AA output

Table A.4.3. Reducer features
Power (kW) :10.37
Conversion Rate 4
Output Speed (r/m) |:|359
Output Moment (Nm) |:| 9.4
Service Factor 5.8
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Appendix 5. DC-DC Buck Converter Design (Section 4.4.1), Power Supply
(Section 4.4.2.1), DAQ Output Isolation Circuit (Section 4.4.3)

Figure A.5.1.The DC-DC buck converter Figure A.5.2. The DC-DC buck converter
printed circuit board general view

Figure A.5.3. The printed circuit board of Figure A.5.4. The power supply photo
chopper power supply

gocooo0

o
o
o
o
-]
o
-]
o
o

Figure A.5.5. The DC-DC chopper Figure A.5.6. The DC-DC chopper photo
PCB (top layer)



Appendix 6. Integrated Power Module (Section 4.4.4.1)
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Table A.6.1. Switch states and current values for IPM

Parameter Description Max. Value | Units
VcEs / VRRM IGBT/Diode Blocking Voltage 600 V
V+ Positive Bus Input Voltage 450 \Y
lo @ Tc=25°C | RMS Phase Current (Note 1) 20 A
lo @ T¢c=100°C | RMS Phase Current (Note 1) 10 A
lo Pulsed RMS Phase Current (Note 2) 30 A
Fpwm PWM Carrier Frequency 20 kHz
Pg Power dissipation per IGBT @ T¢ =25°C 38 W
Viso Isolation Voltage (1min) 2000 VRMs
(IGBT ;f:)io des) Operating Junction temperature Range -40 to +150 °Cc
T, (Driver IC) | Operating Junction temperature Range -40 to +150 °C
T Mounting torque Range (M3 screw) 0.5t00.6 Nm

Figure A.6.2. The general view of inverter system
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Appendix 7. Digital Simulation (Section 5.1.2.1.3), Digital Simulation and
Experimental Results (Section 5.1.2.1.5), Digital Simulation
(Section 5.1.2.3.3), Digital Simulation and Experimental Results
(Section 5.1.2.3.5)

Table A.7.1. The parameters of the system with the SPF-GP control main unit
constituted with Matlab/Simulink for digital simulation

3-phase full bridge rectifier
Snubber resistance,R,(Q) 100k
Snubber capacitance, C;(F) Inf
Power electronic device (Diode)
Ron(Q) [ 1m [ Lon(H) |0
Forward voltage, V¢ (V) 1.5
DC bus filter
DC bus filter inductance, L¢(H) 9.5u
DC bus filter capacitor, C¢(F) 4700u
The Buck converter
The buck converter input filter capacitor, C, (F) 220u
The buck converter input filter inductor, L,(H) 10.16u
The buck converter input filter capacitor, C,(F) 10u
The buck converter freewheeling diode, D1
Resistance, R, () 0.001
Inductance, L,,,(H) 0
Forward voltage, V¢ (V) 1.8
Snubber resistance, R () 100
Snubber capacitance, C(F) 10n
The buck converter switch, Q1 (IGBT)
Internal resistance, R,,, () 0.001
Snubber resistance, R () 100
Snubber capacitance, C,(F) 10n
The buck converter filter inductor, L, (H) 32.4u
The buck converter filter capacitor, Cs(F) 100u
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Appendix 7 (continued)

Table A.7.1. The parameters of the system with the SPF-GP control main unit
constituted with Matlab/Simulink for digital simulation (Cont.)

FACTS SPF-GP system

The SPF-GP capacitor, C,;(F) 34000u
The SPF-GP switches, Sa , Sa (IGBTS)
Internal resistance, R, () 0.001
Snubber resistance, R;(Q) 100
Snubber capacitance, C;(F) 10n
1-phase full bridge rectifier
Snubber resistance, R;(Q) 100k
Snubber capacitance, C(F) Inf
Power electronic device (Diode)
Ron () [im [ Lon(H) [0
Forward voltage, V¢ (V) 1.5
Controller-A
\ The mono-loop PI controller parameters
KP(dcmlv) 3 Kl(dcmlv) 1
| PWM generator
Carrier frequency (Hz) 1000
Sampling time (second) 50u
Controller-B

Loop weight gain of the current tracking loop, y,, | 0.1
Loop weight gain of the voltage tracking loop, vy, |1
Loop weight gain of the power tracking loop, yp, |0.1
The multi-loop PI controller parameters

Kp | 500 K, 50

| PWM generator
Carrier frequency (Hz) 1000
Sampling time (Second) 50u
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Appendix 8. Digital Simulation and Experimental Results (Section 5.1.2.1.5)

Without controller (Experimental) Without controller (Experimental)
02 T T T T T
| | | | |
015 - - -4 - - - -F -~ ~-4-~-—--F~-—-—-"9-~-~—
| | | | |
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L T T T T T
! —_
—+ <
= | | | | | =
SR | | | | | =
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o =
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s 2 0.2 T T T T T
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Figure A.8.1. WEC current (Case I-1) Figure A.8.2. DC bus current (Case I-11)

Without controller (Experimental) Without controller (Experimental)

DC bus current, Id (A)

WEC phase current (A)

10 15 20

Time (second) Time (second)

Figure A.8.3. WEC current (Case I11-1V) Figure A.8.4. DC bus current (Case I1-1V)
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Appendix 8 (continued)

Without Controller (Experimental) Without Controller (Experimental)
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Figure A.8.5. WEC current Case I-11) Figure A.8.6. DC bus current (Case I-11)

Without Controller (Experimental) Without Controller (Experimental)

WEC phase current (A)
DC bus current, Id (A)

Time (second) Time (second)
With SPF-GP PIFLC Controller (Experimental) With SPF-GP PIFLC Controller (Experimental)

WEC phase current (A)

Time (second) Time (second)

Figure A.8.7. WEC current (Case I11-1V) Figure A.8.8. DC bus current (Case H11-1V)
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Appendix 9. Digital Simulation and Experimental Results (Section 5.1.2.1.5)

Table A.9.1. DC Common Bus voltage under (Constant voltage control)

FPI ISE IAE ITAE

. Experimental | 904.0326 | 133.3123 | 1953.3350
Without SPF-GP = o tion 1407.7820 | 179.8697 | 2701.7281
. Experimental | 5458469 | 758282 | 699.6841
With SPF-GP Simulation 2416564 | 430775 | 4351429

Table A.9.2. DC Motor load voltage under (Constant voltage control)

FPI ISE IAE ITAE

) Experimental | 12.6079 8.7437 | 134.2657
Without SPE-GP -1 ) iation 5.4394 57263 | 86.0158
. Experimental 0.5477 1.3291 10.3094
With SPF-GP Simulation 1.3244 1.3749 7.6363

Table A.9.3. DC Bus voltage under (Variable voltage control)

FPI ISE IAE ITAE

. Experimental | 576.8663 | 112.0012 | 1583.1871
Without SPE-GP =o' o tion 15724872 | 192.6991 | 2929.0777
. Experimental | 436.3712 | 653647 | 553.2747
With SPF-GP Simulation 391.8645 | 53.6663 | 589.4391

Table A.9.4. DC Motor load voltage under (Variable voltage control)

FPI ISE IAE ITAE
. Experimental | 3014500 | 46.1923 | 792.2616
Without SPE-GP = o tion 76.0245 105800 | 318.9888

Experimental 224.7212 33.4801 479.1973
Simulation 8.9981 4.3074 52.8773

With SPF-GP
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Appendix 10. Experimental Results (Section 5.1.2.2.3)

Table A.10.1. The performance of the controllers (Vuemivrer), (Scenario-I)

Controller
A

Pl

Pl
PI
Pl
Pl

Table A.10.2. The performance of the controllers (Vqen), (Scenario-1)

Controller
A

Pl

Pl
Pl
Pl
Pl

Controller
B

Without
controller

Pl
SSFTPIC
SMC
FTSMC

Controller
B

Without
controller

Pl
SSFTPIC
SMC
FTSMC

tr (s) (10-90%0)
0-2 sec.
0.4391

0.1298
0.1325
0.1439
0.2786

tr (s) (10-90%0)
0-2 sec.
0.0616

0.0418
0.0426
0.04275
0.05800

9%0S
0-2 sec.
0

65.2410
58.3995
29.9305
0.24350

%0S
0-2 sec.

0

0
0
0
0

ISE

681.0425

757.3827
545.8469
412.2266
438.6005

ISE

11.6453

4.90030

1.42360

1.42300
1.3089

IAE

80.0832

93.4360
75.8283
54.5196
53.6733

IAE

8.3003

4.7716
1.9651
1.9537
1.7241

ITAE

823.3656

871.2591
699.6843
545.6171
571.7985

ITAE

85.8642

50.7658
15.3270
15.2517
11.2317

Table A.10.3. The performance of the controllers (Vaemiv(rer)), (Scenario-11)

Controller
A

Pl

Pl
Pl
Pl
Pl

Controller
B

Without
controller

Pl
SSFTPIC
SMC
FTSMC

tr (s) (10-90%0)
0-2 sec.
0.05995

0.04250
0.04375
0.04090
0.05930

%0S
0-2 sec.

0

o o o o

ISE

284.6644

257.1204
224.7214
230.2403
229.2448

IAE

42.9635

37.9983
33.4803
34.3774
33.9977

ITAE

590.8750

539.5519
479.1981
492.9365
487.0221
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Appendix 10 (continued)

Table A.10.4. The performance of the controllers (Vyger), (Scenario-11)

Controller | Controller | tr (s) (10-90%) %0S

A B 0-2 sec. 0-2 sec. ISE IAE 'TAE

PI Without 0.4242 0 500.6947 | 72.8395 | 696.8096
controller

PI PI 0.1331 62.528 | 517.0002 = 73.9713 | 629.6566

PI SSFTPIC 0.1314 58506 | 436.3712 | 65.3647 | 553.2747

PI SMC 0.1386 32,1075 @ 339.6065 @ 50.5886 | 472.3016

PI FTSMC 0.2791 02785 | 319.1388 | 46.0691 | 448.4086

Table A.10.5. The performance of the controllers (Vacmiv(ren), (Scenario-111)

Controller | Controller | tr(s) (10-90%) | %0S

A B 0-2 sec. 0-2 sec. ISE IAE 'TAE

Pl Without 0.0599 0 284.6644 | 42.9635 | 590.8750
controller

PI PI 0.0398 0 0.746000 | 0.77679 | 6.52261

Pl SSETPIC 0.0395 0 0.72040 | 075243 | 6.17892

PI SMC 0.0413 0 0.81670 | 073877 A 5.88066

Pl FTSMC 0.0420 0 0.77065 | 0.68228 | 4.82701

Table A.10.6. The performance of the controllers (Vqcer), (Scenario-111)

Controller | Controller | tr (s) (10-90%) %0S

A B 0-2 sec. 0-2 sec. ISE IAE 'TAE

PI Without | [ 22871.0692 | 672.8395 | 6696.8096
controller

PI PI 0.4696 9.957 | 2397.84000 140.1632 @ 1586.6157

PI SSFTPIC 0.4682 7.4962 | 2139.02094 | 132.8928 | 1503.6316

PI SMC 0.5106 12630 | 2130.39458 @ 120.2130 @ 1347.6857

Pl FTSMC 0.5144 0.0902 | 2128.62562 | 120.0451 | 1340.7657
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Appendix 11. Experimental Results (Section 5.1.2.2.3)
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Figure A.11.1. The performance analysis of the Controller-B (ISE)
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Appendix 11 (continued)
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Appendix 12. Digital Simulation and Experimental Results (Section 5.1.2.3.5)

Table A.12.1. Load side Common Bus voltage under (Case I-11)

\ ISE IAE ITAE
Without  Simulation 2066.4879  201.2764  3167.4853
SPF-GP  Experimental 16756597  167.6058  2609.6729
With Simulation 815.3542 83.9701  1379.5972
SPF-GP  Experimental  443.0999 65.1803  1048.0260

Table A.12.2. Battery voltage (Case I-11)

ISE IAE ITAE
Without Simulation 91.8504 49,1455 706.6137
SPF-GP Experimental 90.6249 47.4235 678.2052
With Simulation 91.6499 49.0811 705.3173
SPF-GP Experimental 87.1054 46.2500 660.0712

Table A.12.3. Battery charge current (Case I-11)

\ = IAE ITAE
Without Simulation 0.6424 2.3402 39.1887
SPF-GP Experimental 1.3294 5.4964 84.4805
With Simulation 0.5421 1.9687 33.3295
SPF-GP Experimental 0.8757 2.9514 49.1683

Table A.12.4. PMDC motor speed (Case I-11)

ISE IAE ITAE
Without Simulation 450385.6530 1217.6408 2056.3861
SPF-GP Experimental  418202.2294 1074.3715 1729.7244
With Simulation 450376.6776 1217.3161  2050.2660
SPF-GP Experimental 402170.0597 1064.3084 1826.6001

Table A.12.5. Three phase AC motor phase-phase voltage (Vrms) (Case I-11)

\ ISE IAE ITAE
Without  Simulation 8.2764 2.2339 3.8899
SPF-GP  Experimental 8.5699 3.1708 18.0389
With Simulation 8.2760 2.2228 3.8117
SPF-GP  Experimental 8.5662 3.1862 18.0737
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Appendix 12 (continued)

Table A.12.6. Load side bus voltage under (Case I11-1V)

| ISE IAE ITAE |
Without ~ Simulation 2066.4358  201.2800  3167.3933
SPF-GP  Experimental  1642.7692  161.8944  2530.9217
With Simulation 818.6631 84.1860  1383.1333
SPF-GP Experimental 420.1973 63.3190 963.0640

Table A.12.7. Battery voltage (Case I11-1V)

ISE IAE ITAE
Without Simulation 91.5390 49.0460 704.4595
SPF-GP Experimental 83.9412 45.1840 642.3103
With Simulation 91.3428 48.9829 703.1887
SPF-GP Experimental 74.9666 42.1109 597.0610

Table A.12.8. Battery charge current (Case I11-1V)

| ISE IAE ITAE |
Without Simulation 0.6424 2.3409 39.2080
SPF-GP Experimental 1.2698 5.2123 80.4256
With Simulation 0.5433 1.9728 33.3811
SPF-GP Experimental 0.8678 2.9138 45.9646

Table A.12.9. PMDC motor speed (Case I11-1V)

ISE IAE ITAE

Without Simulation 474471.6283 1492.7427 6592.8171
SPF-GP Experimental 388075.5433 1309.6179 5784.3085
With Simulation 474462.6209 1492.7023  6595.0042
SPF-GP Experimental 430370.8547 1306.5143 5695.6610

Table A.12.10. Three phase AC motor phase-phase voltage (Vrms)

(Case 11I-1V)
ISE IAE A=
Without Simulation 6.5450 4,1039 55.9237
SPF-GP Experimental 5.8755 3.8769 65.2523
With Simulation 6.5509 4.1067 55.9188
SPF-GP Experimental 5.8490 3.8492 64.5019
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