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General Introduction

0.1. Importance of the topic

Several definitions of sustainable development hlbgen put forth, including the
following common one: development that meets thedeseof the present without
compromising the ability of future generations teentheir own needs. A recent World
Energy Council (WEC) study found that without amacge in our current practice, the world
energy demand in 2020 would be 50-80% higher tH480 levels. According to a recent
USA Department of Energy (DoE) report, annual epelgmand will increase from a current
capacity of 363 million kilowatts to 750 million lkwatts in 2020. The world’s energy
consumption today is estimated to 22 billion kWH,y63 billion kWh in 2020. Such ever-
increasing demand could place significant straintloa current energy infrastructure and
potentially damage world environmental health by, ©Q,, SO, NO effluent gas emissions
and global warming. Achieving solutions to the eommental problems that we the face
today requires long-term potential actions for austble development. In this regard,
renewable energy resources appear to be the nfasertf and effective solutions since the
intimate relationship between renewable energysaisthinable development.

Renewable energy is an important component of madie development because of
their close relationship with economic growth, sbg@rogress and environmental protection.
At the national level, this component is a majau® of the country's energy policy. Indeed,
over the past twenty years, Algeria has establishednstitutional and regulatory framework
of energy management in general and has launchatianal program in this area focuses on
the rational use of energy but also on the promotib the renewable energies. Currently
strengthening of this policy becomes increasingdgassary and urgent, given the energy
dependence in which our country finds itself andclwhcan be a constraint to economic
development. This constraint is likely to increasethe future, with the potential for
irreversible increase in international oil pricAs the international level, renewables currently
enjoy an environment characterized by globalizatwhich strengthens the competitiveness
requirements and supported by the global awaremestimate change issues and the need to
fight against this phenomenon, whose energy consamis primarily responsible.

Research and development efforts in solar, wind] ather renewable energy
technologies are required to continue for improvititeir performance, establishing
techniques for accurately predicting their outpot aeliably integrating them with other
conventional generating sources.

Recently in Algeria we can find a lot of farms,usited in remote area, which
electricity supply is not solved. One obvious siolutfor electrification of these regions is the
installation of small-scale stand-alone solar aniehdwenergy production systems. The
importance of this topic is timely because we dan & lot of applications, which energy
supplying is resolved by renewable energy sourEes.a god performance application is
necessary to realize a preliminary planning, ailidéag study, which indicate an optimal
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technical solution for this application sites. kscassary to elaborate one optimal model for
which can be answered for this technical solutantlie energy system.

0.2. Problem statement

In recent years, the problem of energy crunch leasiine more and more aggravating,
resulting in increased exploitation and researchnEw power energy resources around the
world. In particular, the use of natural energypezsally the solar and wind energy are
increasingly emphasized and regarded as an importsources of power energy in the
future.

As the power supplied by solar arrays depends tipennsolation, temperature and
array voltage, it is necessary to implement a d$iedamaximum power point tracking
(MPPT) technique to track the changes and exthectrtaximum power from the solar array.
A MPPT for solar application is a control algorithanforce the impedance at the terminals of
PV array to the value that produces maximum powsrad the array. Some papers had
proposed different maximum power point tracking toointechniques in the past. The
popularity of MPPT system was tempered to a lasgeng by operational problems, added
complexity and unfavorable incremental costs.

0.3. Thesis motivations

Algeria plays a key role in world energy market@dsading producer and exporter of
natural gas and liquefied natural gas. Algeria’srgg mix in 2010 was almost exclusively
based on fossil fuels, especially natural gas (93%@wever the country has enormous
renewable energy potential, mainly solar, which government is trying to harness by
launching an ambitious Renewable Energy and Enefiigiency Program.

The Program consists of generating 22,000 MW of ggofsom renewable sources
between 2011 and 2030, of which 12,000 MW will beamt for domestic consumption and
the rest for export. The Program is focused on ldgugg and expanding the use of renewable
resources, such as solar and wind, in order torsliyeenergy sources and promote
sustainable development of the country.

Solar energy: on account of its geographical locatAlgeria holds one of the highest
solar potentials in the world which is estimatedLatd TWh per year. The country receives
annual sunshine exposure equivalent to 2,500 K\Whinaily solar energy potential varies
from 4.66 KWh/m in the north to 7.26 kWh/fin the south.

Wind energy : Algeria has promising wind energyembial of about 35 TWh/year.
Almost half of the country experience significanhd/speed. The country’s first wind farm is
being built at Adrar with installed capacity of 18Wwith substantial funding from state-
utlity Sonelgaz. Two more wind farms, each of 20 Mave to be developed during 2014-
2013. Studies will be led to detect suitable sitesealize the other projects during the period
2016-2030 for a power of about 1700 MW.
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0.4. Thesis objectives

The objective of this thesis is firstly to reviewferent energy resources and describes
methodologies to model renewable energy systems(Rlix&ovoltaic and wind) components.
Various modeling techniques are developed by rebeas to model components of RES.
Performance of individual component is either medeby deterministic or probabilistic
approaches; in this thesis we propose the graphietthods (bond graph) for modeling, fault
detection and isolation of energy production systérhis thesis can be interesting to readers
looking for a deeper knowledge in MPPT trackinghmse looking for an introduction to PV
power generation, because it includes a revievhefgeneral concepts related to PV power
generation.

One of the original points is that this work trehthe utilization of fault detection and
isolation method (FDI). A new method is proposedaimid the exploration of all the
combinations for its application to the diagnosifcthis system operation and to determine
the gravity of a detected failure. The causal pdtblp us in this procedure in order to
generating the analytical redundancy relations A&Reach step from constitutive and
structural junction relations. This is shown thrbwn algorithm for monitoring the system by
sensors placements on the corresponding bond gmaqitel. The performance of the
developed algorithm is evaluated on a tow modekoéwable energy systems: wind turbine
and photovoltaic.

0.5. Thesis outline
This thesis is divided into three parts; each pantains two chapters as follows:

Part 1: in the first chapter, an overview is given the world energy demand,
electricity consumption and their development treamdhe near future. The electric power
generation technologies based on the differentggm&wurces are also reviewed in the chapter

The second chapter presents the progress andsefiborthe usage of the existing, on-
going and planned projects of the renewable energygeria over these last decades

Part 2: Chapter three is mainly focused on methogies for the modeling of wind
energy conversion system. Details on the progregeqroject are explained in this chapter.

The third chapter deals with the modeling and thetrol of wind turbine generation
systems by bond graph approach for integrationonwgy systems studies. The modeling of
the wind phenomenon, the turbine mechanical systednthe electrical machine, along with
the corresponding converter and electrical gridieiscribed.

Part 3: In the fourth chapter, a simple but effitiphotovoltaic water pumping system
Is presented. It provides theoretical studies attg¥oltaic (PV) and its modelling techniques.
It also investigates in detail the maximum powempdtracker (MPPT), a power electronic
device that significantly increases the systemciefficy. At last, it presents the Symbols
simulations of the system and makes comparisorsthvt experimental results.

In the chapter five the problem of fault diagnasisvind energy conversion (WEC) is
addressed. The proposed method avoids the explorati all the combinations for its
application to the diagnostic of this system operatThe causal paths are used to generate
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the analytical redundancy relations (ARR) at eaminutation step based on the components
equation of the constitutive and the structuratjion relations.

In the sixth chapter, we show a new methodologyatdomatic supervision and fault
detection of the PV systems, based mainly on optseasors placement. This supposes the
possibility to build a dynamic model of the systém using the bond graph tool, and the
existence of a degradation model in order to ptetiduture health state.

Finally, this thesis presents the general conchssio




Part 1: Energy Production

CHAPTER 1: Production of Energies Worldwide An Overview
CHAPTER 2: Renewable Energy in Algeria

“Earth provides enough to satisfy every man's needs, but not every man's greed”
Gandhi.



CHAPTER 1: Production of Energies
Worldwide: An Overview

Energy is a vital commodity and is closely inten®d with climate change and development.
Energy is needed for basic human needs: for cgokieating, lighting, boiling water and for
other household-based activities. Energy is an resdefactor to achieve sustainable
development. So, countries striving to this end sseking to reassess their energy systems
with a view towards planning energy programs andhtegies in line with sustainable
development goals and objectives. As would be teghethe rapid expansion of energy
production and consumption has brought with it deviange of environmental issues at the
lo al, regional and global levels. States have pthya leading role in protecting the
environment by reducing emissions of greenhousesgékis chapter provides an overview
of global energy use and renewable for clean arsasniable energy policies in the world.
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1.1.INTRODUCTION

The processes of industrialization and economi@lbgment require energy [1]. The
demand for energy is expected to increase at arfeste in upcoming years [2], [3], partly
due to the exponential growth of the world’s popiola (figure 1.1) [4]. All the energy on
earth is derived from the sun. However, it occursvarious forms that today, man has
developed the technology to exploit and use foricatiural, industrial and personal
advancement. Energy used to power our lives cadivided into three categories: fossil
fuels, renewable resources and nuclear resourgeRg¢hewable energy can play an effective
role to meet energy demand. Among all, solar enésgyost reliable and environmental
friendly [6]. Nuclear energy can cause serious fgmols for the environment [7], [8] and
human health [9], [10]; for example, those causgadlrclear accidents such as Chernobyl in
1986 and Fukushima in 11 March 2011.
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Figure 1. 1Annual and estimated world population and energgatel. Millions of barrels
per day of oil equivalent [4]

Combustible fuels are the world’s main energy reseand are at the center of global
energy demands [11]. However, the reserves oflfasslis are limited, and their large-scale
use is associated with environmental deteriordtl@h, [13]. Known negative effects of using
fossil fuels include [14] acid rain, ozone layeplé#ion and global climate change. The result
has been a rapid growth in the level of greenhgaseemissions and an increase in fuel prices
[15], which are the main driving forces behind effado use renewable energy sources [16].

A renewable energy source (RES) can be defined simple sustainable resource
available over the long term at a reasonable dust ¢an be used for any task without
negative effects [17]- [19].
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Other researchers consider RESs as clean soureegemfy and that the optimal use of
these resources minimizes environmental impactgjymes minimum secondary wastes and
is sustainable based on current and future econanuicsocial needs [20].

Positive points in the use of RES are the increapestsity in energy supply options,
both for developed and developing countries [12]][[22], less dependence on fossil fuels
[17], the increase of net employment, the creabioexport markets [22], [23] and a reduction
in greenhouse gas emissions and climate change[f1T) [23], [24].

1.2. GLOBAL ENERGY CONSUMPTION

Global energy consumption in the last half centbhas rapidly increased and is
expected to continue to grow over the future. Tast increase was stimulated by relatively
“cheap” fossil fuels and increased rates of indal&tation in North America, Europe and
Japan; yet while energy consumption in these cmsirontinues to increase, additional
factors make the picture for the next five decagears more complex. These additional
complicating factors include China and India’s thicrease in energy use as they represent
about a third of the world’s population; the exgectepletion of oil resources in the near
future; and, the effect of human activities on gllotlimate change. On the positive side, the
renewable energy technologies of wind, biofuel¢arsthermal and photovoltaic are finally
showing maturity and the ultimate promise of cashpetitiveness [25].

Global primary energy supply has continued to gnmainly fossil fuels, mainly coal.
Fossil fuels supply was up 183 million tonnes ajuiwalent (Mtoe) in 2013 while new
renewable supply was up 45 mtoe from 2013 (figu2g. 1

Global energy consumption 2013
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Figure 1. 2Global energy consumption 2013 [26]

In 2003, fossil fuels accounted for 87% of globalmary energy consumption. In
2013, fossil fuels accounted for 87% of global @ignenergy consumption. This is testimony
to the absolute failure of energy policies aimeckdticing CO2 emissions.
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In 2003, new renewables (wind, solar, geothermafubls etc) accounted for 0.82%
of total primary energy and by 2013 this had grotwn2.69%. In 2003, nuclear power
accounted for 6.01% and this fell to 4.40% in 20TIBe 1.87% growth in share of new
renewables almost matches the 1.61% fall in theestfanuclear power. On the CO2 account,
low emissions nuclear power has been replaced Wwydmissions renewable energy. The
actual energy substitutions are a little more caxp26].

Oil consumption has been on a gently rising platace 2005 (Figure 1.3) and oil is
declining in importance in the global energy mixeTfall in oil's share has been picked up by
coal and the only simple way for this substitutioroccur is for oil fired power generation to
close. Once all oil fired generation has been dpsgpect severe upwards pressure on the oil
price.

Global Energy Consumption 1965-2013
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Figure 1. 3Global energy consumption 1965-2013 (souEreergy Matters
euanmearns.com, BP 2014 data

1.3.GLOBAL ENERGY PRODUCTION

The generation of electricity worldwide is heawilgminated by the use of fossil fuels.
The combustion of these fuels releases large ammairdarbon dioxide and pollutants to the
atmosphere. Fossil resources are also ultimateiitedd, with finite amounts in existence.
While coal reserves are still abundant, the exeessonsumption of coal by the electricity
sector is responsible for the greatest share dfocadioxide emissions globally, as well as
emitting large amounts of pollutants, such as,N&, CO, particulate matter and air toxics
to the environment.

World electricity production by fuel is shown imgtire (1.4) indicating coal contribute
to over 35% of the world electricity generationttwiossil fuels in total accounting for over
75% of the electricity generated in 2010.
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Figure 1. 4World net electricity generation by fuel 2010-2026]

Renewable energy sources are rapidly increasingsage, however current market
shares, excluding hydropower, are so low that it @ some time before a significant
percentage of world electricity is produced by mfyaro renewable energy sources [26]. For
example, in 2010 solar accounted for only 0.038%hefworld’s electricity production [27],
despite its 33% market growth between 1997 and 228)5[29].
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Figure 1. 5Power generation from renewable energy in the W&0{

Increased electricity demand strengthens the rnaectfluced impacts from electricity
generation per unit produced. Demand for elecyricitreased at an average of 1.8% per year
between 1990 and 2013.

Overall last year, renewable sources accountechtve than 56% of net additions to
global power capacity.

Hydropower rose by 4% to approximately 1,000 GW2@13, accounting for about
one-third of renewable power capacity added duting year. Other renewable sources

collectively grew nearly 17% to an estimated 560.GW
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Renewable energy provided 19% of global final epezrgnsumption in 2012, and
continued to grow in 2013. Of this total share @12, modern renewable sources accounted
for 10% with the remaining 9% coming from traditbrbiomass the share of which is
declining.

IEA predictions show that, if the current coal degence is not reduced, coal fired
power stations in developing countries alone withduce more greenhouse gas emissions
than the entire OECD power sector in the year 4330, [32]. The impacts of developing
nations working to achieve better standards oftjycompounded by the number of people in
these nations will cause electricity consumptidesdo keep increasing [33].

In order to meet increasing energy requirementh wiinimal environmental impact,
changes to the current energy generation practiocesessential. Changes need to include
increased energy efficiency from fossil fuel contimrstechnologies through introduction of
oxyfiring and IGCC technologies, as well as inciegsthe share of alternative energy
generation technologies, including hydropower, wimhergy, geothermal, biomass
combustion and gasification, solar and tidal powRenewable energy sources provide
freedom from the price fluctuations; trade and gpant issues associated with uranium, gas
and coal, and can potentially improve energy secun countries deficient in mineral
resources.

However, traditional coal and gas based technadogiéer high reliability and low
prices. Careful evaluation of the sustainabilityeaich technology is needed to direct future
investment and policy.

1.4.ENERGY SOURCES

There are five ultimate primary sources of usefdrgy:

=

The sun.
2. The motion and gravitational potential of the SMimon and Earth.

3. Geothermal energy from cooling, chemical reactiansl radioactive decay in the
earth.

4. Human-induced nuclear reactions.
5. Chemical reactions from mineral sources.

Renewable energy derives continuously from soufice2 and 3 (aquifers). Finite energy

derives from sources 1 (fossil fuels), 3 (hotrocksand 5. The sources of most significance
for global energy supplies are 1 and 4. The fifltegory is relatively minor, but useful for

primary batteries, e. g. dry cells.

1.4.1.RENEWABLE ENERGY

The term renewable energy source (RES), which osety linked to sustainable
development, is defined as any sustainable rescawa#able in the long term in a simple
long-lasting manner, found at a reasonable costagplicable for any task without causing
negative effects [34], [35] and [36]. Several tedbgies are available for the production of
clean, efficient and reliable energy from long-teR&S, such as wind, sun, water, biomass
and biogas, tides and waves, hydrogen and geothemeeagy [36], [37]. Also, it is further
demonstrated that RES can increase the diversigneigy supply options in both developed
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and developing countries, and that doing so mak&soag contribution to the reduction of
global and local air pollution [34], [38]. Svenssenal. [39] point out that RES systems and
nuclear energy have a low impact on climate chaRgelrigues et al. [40] believe that the
increase in RES demand responds to the need ofceeased share of carbon-neutral energy
as an aid in the mitigation of climate change, @aodthe search of heightened energy
independence.

RESs include biomass, hydropower, geothermal, seiad and marine energies [41].
Today, RESs supply 14% of the total world energyaied [20], [41], [42], and the share of
RESSs is expected to increase significantly (30—80%iL00) [20]. One of the factors that can
foster the development and use of RESs is resediah.analysis of research efforts and
trends can be accomplished by examining the nuwitiadexed scientific journals [43]—[49].
The number of scientific publications on renewadniergy has been evaluated for biomass in
1992 [50]. It has recently been evaluated usingp8saata base: for Europe during the period
2000 to 2007 [51], without differentiating the tyjpé renewable energy or the research
institutions most involved in the research of thesergies; and worldwide during the period
2003 to 2008 [50], also without differentiating tiype of renewable energy.

In 2010, the contribution of different renewableeggy sources to the overall energy
production was estimated to be [48], [49] 16.6%rbpdwer (large and small), 2.56% wind,
1.95% biomass, 0.67% geothermal, 0.13% solar (RVSaar thermal) and 0.01% marine.

Figure (1.6) presents percentages of all scientficnals in the I1SI data base related
to renewable energies during the period from 1%/2Q09. It is noted that in the last 30
years, more than half of the global research effo686) has been in related to the use of
biomass as renewable energy, followed by solarggnevhich was more than double (26%)
of wind power (11%). These data draw attention e telatively low (2%) focus on
hydropower research, which, as seen, is the rerlevealergy that produces more energy. The
explanation for this low percentage can be fountivm factors: this source is limited to very
specific areas of the planet with water resourcalahility [50]; and hydropower technology
is regarded as the most mature of all consideregsH&3].

1979-2009 Solar

Biomass
56%

Hydropower

2
Geothermal %

5%

Figure 1. 6Distribution of scientific publications (1979-200%r renewable energy [52]
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1.4.1.1.WIND ENERGY

Wind power harnesses the power of the wind to prtpe blades of wind turbines.
These turbines cause the rotation of magnets, wbiehtes electricity. Wind towers are
usually built together on wind farms. Wind powergi®owing at the rate of 21% annually,
with a worldwide installed capacity of 336327 MW the end of June 2014, out of which
17613 MW were added in the first six months of 2(84]. This increase is a substantially
higher than in the first half of 2013 and 2012, wHe3,9 GW respectively 16,4 GW were
added. All wind turbines installed worldwide by #6814 can generate around 4 % of the
world’s electricity demand.

The global wind capacity grew by 5,5% within sbomths (after 5 % in the same
period in 2013 and 7,3 % in 2012) and by 13,5 %aorannual basis (mid-2014 compared
with mid-2013) [55]. In comparison, the annual gtowate in 2013 was lower (12,8 %).
Reasons for the relatively positive developmenthefworldwide wind markets are certainly
the economic advantages of wind power, after allinicreasing competitiveness, and the
pressing need to go for emission free technolagiesder to mitigate climate change and air
pollution [56]. Wind power market penetration igpexted to reach 3.35 percent in 2013 and
8 percent in 2018.
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Figure 1. 7Global wind power cumulative capacity [57]

1.4.1.2.SOLAR ENERGY

Solar energy applies energy from the sun in thenfof solar radiation for heat or to
generate electricity. Solar powered electricity eyation uses either photovoltaic or heat
engines (concentrated solar power).

Solar photovoltaic is a sustainable energy sos8g [59]. By the end of 2012, a total
of 99.69 GW had been installed, sufficient to gateerl18.5 TWh/year and in end of 2013,
the 136.69 GW installed capacity milestone wase@d [60]. Solar photovoltaic is now,
after hydro and wind power, the third most importeenewable energy source in terms of
globally installed capacity.
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More than 100 countries use solar PV. Installatioresy be ground-mounted (and
sometimes integrated with farming and grazing) wit bnto the roof or walls of a building
(either building-integrated photovoltaic or simpboftop).

Evolution of global cumulative installed capacity 2000-2013 (MW)
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Figure 1. 8Evolution of global cumulative installed capaciW) 2000-2013[61]

Driven by advances in technology and increases #nufacturing scale and
sophistication, the cost of photovoltaic has dedisteadily since the first solar cells were
manufactured, and the levelised cost of electritityn PV is competitive with conventional
electricity sources in an expanding list of geograpregions. Net metering and financial
incentives, such as preferential feed-in tarifis$olar-generated electricity, have supported
solar PV installations in many countries [62].
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1.4.1.3.BIOMASS

Biomass is a term for all organic material thabtdrom plants (including algae, trees
and crops). Biomass is produced by green plantyetbng sunlight into plant material
through photosynthesis and includes all land- amdemwbased vegetation, as well as all
organic wastes. The biomass resource can be coedids organic matter, in which the
energy of sunlight is stored in chemical bonds. Whwe bonds between adjacent carbon,
hydrogen and oxygen molecules are broken by dmgstombustion, or decomposition,
these substances release their stored and by cilemergy [62].

Of the total bioenergy produced today, wood bionmasunts for 87%, agricultural
crops for 9% and municipal and industrial waste 486 [63]. Biomass will increase from
1313 Mtoe in 2010 to 3271 Mtoe in 2040 [64]. Cutlgnthe global yield for all biomass
crops, including woody and herbaceous crops growingmperate and subtropical regions,
varies from 8dry t/ha per years (for willow in Sveedl to 10 to 22 dry t/ha per years (for
short-rotation woody crop sin the USA). Some conuiaplantations in Brazil have reported
up to 20 dry t/ha per years. A conservative gldbamass average would be 10 dry t/ha per
years, although some small-scale field trials heaported four times this level of biomass
production [65] ,[66]. This production of biomas$so achieved in some greenhouse crops in
southern Spain, such as tomato, is 9.8 dry t/hyeens [67], [68].

1.4.1.4HYDROPOWER

Hydropower or water power is power derived from ¢hergy of falling water and
running water, which may be harnessed for usefypqres. Since ancient times, hydropower
has been used forirrigation and the operation afious mechanical devices, such
aswatermills, sawmills, textile mills, dock cranes, domestic lifts, power houses
and paint making.

Hydroelectric power is currently the largest of therpetual or so-called renewable
energy resources (RESs). Hydropower contributeseatricity generation in 160 countries,
but five of them (Brazil, Canada, China, Russia #redUSA) account for more than half of
the global hydropower production [69].

1.4.1.5.GEOTHERMAL

Geothermal energy is the energy contained as hsialei the earth. Geothermal energy
for electricity generation has been produced comiady since 1913 [41]. Geothermal
electricity and heat are limited to the charactessof local resources and reservoirs. The
substantial potential of geothermal energy is kahito certain parts of the world, where as the
potential for small-scale applications (heat pumgdjroader. Technical exploitable potential
will increase during the next several years duesbmvation; whereas the limitations of the
potential will lead to a steady reduction of growdltes [64]. Electricity is produced with an
efficiency of 10-17%, and the geothermal kWh prauncis generally cost-competitive with
conventional sources of energy. This source hasdalger uses, the thermal capacity in non-
electrical uses are usually greenhouses, aquaeultiistrict heating or industrial processes
[69].




Chapter 1 BW

1.4.2.NON-RENEWABLE ENERGY

Oil, coal, and natural gas are collectively knovenfassil fuels. Today, eighty-five
percent of all energy produced in the United Stai@®ies from burning these fuels. Tat
energy powers almost two-thirds of our electrieihd virtually all of our transportation.

1.4.2.1.NUCLEAR ENERGY

The world has 100 years or more of uranium rese@sgzecially if the world also uses
breeder reactors to reprocess expended fuel). TheedJStates, France, Japan, Germany,
Russia and South Korea produce 74% of the worlddear energy, as electricity. Since
Three Mile Island in the United States and Cherhabthe Soviet Union, the world has been
nervous about allowing each individual nation tguiate its own nuclear industry. There are
also worries about nuclear weapon proliferationclar reactors produce nuclear waste with
trace amounts of plutonium and fissionable uranitfnevery country has nuclear reactors,
then every country has the potential to reprochesepended nuclear fuel into weapons-
grade uranium or plutonium. It also opens the gy for smaller groups to steal such
expended fuel for reprocessing elsewhere. If casituse breeder reactors to reprocess
expended fuel, then it is even easier to convepbiion into weapons-grade uranium or
plutonium.

1.4.2.2.COAL

The fuel that powered the West's industrializati®still the most popular fossil fuel:
around 6.2 billion tones are consumed annually, 7&%which is burned to produce
electricity. A little under half of the world’s paw is made this way.

Global consumption increased by 4.5% in 2006, witbst of that increased demand
coming from the Asia—Pacific region, and princigallhina, which opens one new coal-fired
power station roughly every 10 days.

The 1990’s ‘dash for gas’ means that use of coslfalden in the UK, although it has
been rising again in recent years due to the isecka@as prices. It now represents 17% of
primary energy demand compared to 31% in 1990. Meweew coal-fired power stations
are planned, in part to help meet expectationsitefré electricity demand, so coal use may
not decline much further. The challenge for engisee this sector is to develop systems to
capture and store the CO2 to greatly reduce coaéps impact on the earth’s climate.

1.4.2.3.0IL

In 1998 40% of the World's energy was derived frmhand 23% from coal. Most of
the increased energy demand will be met by incceageroduction in the OPEC Countries.
Oil production in North America is expected to I for declining, and other areas do not
have the potential for major increases in productio

The estimates of the total world oil supply thaenomically recoverable vary, but
the consensus is that we are approaching the pepkoduction within the next 10 years.
These estimates also indicate that by around the 3@25, we will have used up 80% of the
world's oil in roughly 60 years, a remarkable agbieent. The various models also show that
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new discoveries will not shift the production peékit will merely flatten out the rate of
decline.

1.4.2.4.GAS

Gas is a cleaner fuel than coal and it providestidewith about 40% of its primary
energy. We are the world’s fourth largest produgath more than 200 off-shore fields in
production and reserves of 18 billion barrels dfegjuivalent. However, rates of production
are slowing and some estimate that this reserviebailgone in 2014 — forcing the UK to
import all of its supplies.

The Middle East has the world’s largest provenmesse at 73.47 trillion cubic metres
or 40.5% of world supply. As well as being the settargest consumer of gas, Russia is also
the second biggest exporter, supplying many Europsauntries. The income from gas
underpins a resurgent Russian economy and polaa#idence.

1.5.SUSTAINABILITY ASSESSMENT

1.5.1.EFFICIENCY

The efficiency of conversion from the energy in fbel source into electricity is an
important parameter which needs to be considereenwdssessing electricity production
technologies. Efficiencies strongly influence psices well as sustainability, since the high
levels of waste associated with an inefficient pgscare unsustainable. However, there are
diminishing returns in efficiency improvements. fii@ent processes operating at 10%
efficiency will significantly improve profits if &% improvement is made, whereas in an
efficient process, already achieving 50% efficienay5% improvement is necessary to
achieve such gains. A summary of efficiencies fachepower generation technology, as
found in literature, is shown in Table 1 [70]-[79].

Table 1. 1Electrical efficiencies of electricity generation

Technology Efficiency range

Photovoltaic 4 -22%
Wind 23-45%
Hydro >90%
Geothermal 10 — 20%
Biomass 16 — 43%
Gas 45 - 53%
Coal 32 — 45%
Nuclear 30 — 36%

Hydropower has the highest efficiency, from doutde5 times above the highest
achieved in all other technologies. When located laigh quality wind resource, wind power
Is the second most efficient renewable energy teldgy, followed closely by high efficiency
biomass. Natural gas shows the second highest Ibedfiaiency and is the most efficient
thermal technology. However, it must be consideted gas, coal and nuclear, have small
ranges of efficiency, varying by up to 13%. Thisudike wind, which if not placed correctly
can halve its potential and varies by up to 22%niss has an even larger data range,
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varying by up to 27%. At its highest efficiencypbiass is comparable with coal and higher
than nuclear. At its lowest efficiency the eleatyiproduced from biomass is one of the least
efficient choices. Lowest quoted efficiencies aftero for older technologies and methods.
The large efficiency range for photovoltaic is doediffering cell types, with amorphous
silica cells showing the lowest efficiencies angstalline silica cells the highest. Geothermal
efficiencies vary due to the temperature of thetlyggronal source; hotter geothermal sources
give greater efficiencies.

1.5.2.GREENHOUSE GAS EMISSIONS

Most scientists agree that emissions of pollutamd greenhouse gases from fossil
fuel-based electricity generation account for anificant portion of world greenhouse gas
emissions; or 40% of the total G@&missions for 2004. This is an increase of 53%esit990.

In the United States, fossil fuel combustion faogtic power generation is responsible
for 65% of all emissions of sulfur dioxide, the maiomponent of acid rain. Electricity
generation is the fourth highest combined sourcBl©@k, carbon monoxide, and particulate
matter in the US.

In July 2011, the UK parliament tabled a motiort teaels of (carbon) emissions from
nuclear power were approximately three times lopar kilowatt hour than those of solar,
four times lower than clean coal and 36 times lotlian conventional coal.

Table 1. 2Lifecycle greenhouse gas emissions by electrgotyrce [80]

Technology Percentile (g CQ/kWhy)

12
16
18
22
45
46
469
1001

Though Solar PV generation is positioned as enuiemtally friendly, fabrication of
PV cells utilizes substantial amounts of water pidiaon to toxic chemicals such as
phosphorus and arsenic. These are often overloakesh promoting PV. Because of strict
environmental regulations in the United States, éxample, PV fabrication is often
performed in countries with lower standards, suslChina, which produces approximately
half the world's PV panels.

1.5.3.WATER CONSUMPTION

Most large scale thermoelectric power stations wores considerable amounts of
water for cooling purposes and boiler water make tipL/kWh for once through (e.g. river
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cooling), and 1.7 L/kWh for cooling tower coolingVater abstraction for cooling water
accounts for about 40% of European total waterratison, although most of this water is
returned to its source, albeit slightly warmer. féiént cooling systems have different
consumption vs. abstraction characteristics. Cgdlmvers withdraw a small amount of water
from the environment and evaporate most of it. Gheeugh systems withdraw a large
amount but return it to the environment immediatatya higher temperature.

1.6.CONCLUSION

It has been shown that the renewable energiesagra@bte of enhancing diversity in
energy supply options for both developed and dgwetp nations and at the same time
contributing to long-term and cost effective susdhie energy supplies. In so doing they can
make a major contribution to reducing both global focal atmospheric pollutants.




CHAPTER 2: Renewable Energies in
Algeria

Economic, social and environmental concerns dentegider efficiency and more sustainable
electrical power systems. Then, power systems toeexblve from its traditional conception
to future power systems. New non-conventionalrgéms are distributed in power systems,
most of them based on renewable resources, whigh b@en developed and connected to the
grid. This chapter presents the progress and efffunt the usage of the existing, on-going and
planned projects of the renewable energy in Algenar these last decades. Through these
projects could be very interesting under the cldamelopment mechanism of Kyoto protocol
because they reduce greenhouse gas emissions whe@aributing to sustainable
development of desert communities if developed:ctiyr
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2.1.INTRODUCTION

Climate change has become the major rallying chirtteseveral changes in the®21
century. Regardless of where we stand on thistdekaeryone can agree on the following
globally relevant facts:

« The cost of gasoline and other petroleum-relatedsfis increases as the global demand
for these fuels increases while availability of l@est reserves decrease making these
fuels more expensive to produce.

* Itis getting more difficult to get permits for nes@al-fired generation.

* Auto-makers are increasingly moving towards electrehicles leading to increase
electrification of transport.

* The nuclear waste disposal issue has not yet lesehved.

» Electric load is continuing to grow both in quaptand complexity forcing utilities to
think of new ways to deliver increased load withadtling new generation.

Renewable electricity production is a matter far fature as almost all the country’s
electricity production is fossil fuel-sourced (9%p Renewable sources provide a top-up and
are spread across hydroelectricity (0.4% of tha!Xaind solar power (0.01% of the total).

Algeria’s hydropower output dropped sharply in 2088ving peaked in 2009 and its
production level in 2010 was lower than the meardpction level observed over the period
(267 GWh). The steady growth of fossil fuel-souragdctricity output over the period
(increasing by a mean 5.6% per annum) has beefferatit to hydropower’s tribulations.
Figures on the solar power sector have been cetlesince 2008 but output remains low (4
GWh).

Algeria has stated its intention to use renewaldlerces to produce electricity.
According to the Minister of Energy and Mines, Aligeneeds to invest up to $ 120 billion in
renewable energies in 2030. The country has seiglgs on becoming a green energy leader
and intends to install 22 000 MW of renewably sedrcapacity between 2011 and 2030.

As the major solar field in Algeria is located igdnocarbon regions endowed with
natural gas, our strategic aim is to create a mgadr-gas synergy, taking advantage of our
abundant natural gas and solar resources. Couplledhe renewable energies the natural gas
is an energy resource of choice for the developroémtigeria and offers the type itself of
structuring vector for our integration to the woeidonomy.

Independently of the units of solar energy intentbefited the remote centers, projects
of the renewable energies connected to the natignd| are in course of development.
Algeria strategy consists in carrying out a syndogtween the solar one and the natural gas
thanks to hybrid solar gas projects by profitingnfrthe Algerian natural gas endowment and
to the permanent sun shining of the south of thentrg.

A first gas-solar hybrid project, of large capacity under development. The project
will enhance the solar energy share in the globargy balance, increased renewable
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electricity connected to the national distributgnd. The NEAL company is in charge of this
project [81].

The Hassi R'mel gas-solar hybrid power station &lbuilt for 130 MW of gas and
25 MW of thermal solar energy with the parabolaeysof the giant mirrors on a surface of
approximately 180000 n The project will be established on a plate @fugd of 130 ha. It
will lay out of 250 solar collectors 150 metersgdnand 5 meters in diameter each one. The
solar field is 90 ha. The production which will uéisfrom this power station will come from
approximately 130 MW produced from gas turbines 281dAW produced from the solar field
[82].

The Algeria sees ideal opportunities of combininigetia’s richest fossil energy
source (the natural gas) with Algeria’s most abutdanewable energy source (the sun) by
integrating concentrating solar power into the reltgas combined cycles.

The development of solar energy could save sigmfiguantities of hydrocarbons and
particularly of natural gas, which could be expdrtewards Europe and the United States.
The positive implications are double: the reductainburned fossil fuels will reduce the
greenhouse gas emissions, while contributing taawvgthe energy supply of our partners.

2.2.ENERGY SITUATION

2.2.1.ENERGY SUPPLY

In 2008, Algeria has produced a total amount of,042 ktoe of energy, which is
about 1,884,571 GWh. Its main energy source isenid(54.4%), followed by gas (45.5%).
In comparison, the numbers concerning the renewaidegies are much smaller and close to
zero. Other energy sources, such as coal, nuatsegrpor heat are in fact zero, thus giving an
impression that Algeria has quite a unilateral gpéandscape. Published by the International
Energy Agency (IEA), the numbers below offer moegad to Algeria's energy production:

Table 2. 1Total energy production of Algeria (2008) [83]

Energy Source in ktoe in %

Coal and Peat 0 0
Crude Oil 88,187 54.4
Oil Products 0 0
Gas 73,783 45,5
Nuclear 0 0
Hydro 24 0.02
Geothermal, solar, etc. 0 0
Combustible renewables and waste 49 0.03
Electricity 0 0
Heat 0 0
Total 162,044

Taking the table above (table 2.1) into consideratithe table below (table 2.2) offers
quite a similar picture. It might yet seem surprigithat gas is now the main energy source
with more than 60%, while oil only makes up 37%lad energy supply. This curiosity can be
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explained by the massive amount of crude oil (-88,ktoe) and oil products (-19,334 ktoe)
Algeria is exporting and thus decreasing the amafiravailable oil [84]. Plenty of gas is
being exported, as well (-51,259 ktoe) [85].

Table 2. 2Total primary energy supply of Algeria (2008) [84]

Energy Source in ktoe in %

Coal and Peat 755 2.0
Oil 13,721 37.0
Gas 22,524 60.8
Nuclear 0 0.0
Hydro 24 0.01
Geothermal, solar, etc. 0 0.0
Combustible renewables and waste 49 0.1
Electricity -4 -0.1
Heat 0 0.0
Total (may not add up due to roundings) 37,069

Gas in particular appears to be one of the mainmggnsources for a somewhat mid-
term solution. According to the IEA projections,g&tia will have an average growth rate of
about 2,7% in natural gas production until 2035vikg said that, most gas production is
expected to be in the form of conventional gasilgsria (together with Nigeria) is expected
to be the leading protagonist in gas productionwgnoin Africa, thus increasing export
rates once again, after they had dropped in 200%&ddition, the technology of liquefied
natural gas (LNG) will be installed and exploitegl 2013. According to the IEA, two major
LNG liquefaction plants are planned for Algerial@la and and Gassi Touil. Both projects
envision a starting point of construction in 2016[8

2.2.2.ELECTRICITY

Between 2001 and 2011, electricity production réeen 26,250 GWh to 48,900
GWh. Between 2010 and 2011 there was an increaB&2%. The maximum power demand
was 8606 MW, registered on 8 August 2011. Thisnigsrerease of 11.5% as compared to
2010. At the end of 2011, the installed capacitgletricity generation reached 11,524 MW,
10,926 MW of which was connected to the nationahsmission grid. Electricity sales
increased by 8.7% to 38,900 GWh in 2011, as condpar2010.

It appears that this development is mainly dudnéoelconomic growth that Algeria has
experienced along the way. As Table 3.3 shows hetoain source for the production of
electricity is gas with a relativ percentage to tisal amount produced of over 97%.
Although there are other minor sources of eledyriguch as oil and hydro-power, a similar
picture as seen in the tables above is being desatggesting a rather one-sided production
and supply (in this case) of electricity.
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Table 2. 3Electricity production and supply of Algeria (20Q87]

Energy Source in GWh in %
Coal 0 0.0
o]] 792 2.0
Gas 39,161 97.3
Biomass 0 0.0
WER(E 0 0.0
Nuclear 0 0.0
Hydro 283 0.7
Geothermal 0 0.0
Solar PV 0 0.0
Solar thermal 0 0.0
Wind 0 0.0
Tide 0 0.0
Other sources 0 0.0
Total Production 40,236 100.0
Imports 274 0.7
Exports -323 -0.8
Domestic Supply 40,187 99.9

According to the CREG activity report of 2010 ame tactivity report of 2011, the
percentile share of electricity production among state-run and independent producers (IPP)
looks as follows:

Table 2. 4Production sorted by operator in 2010 and 201] [88

Operator % (2010) % (2011)
Sonelgaz Production d'Electricité (SPE) 54 56

Sharikat Kahraba Hadjrat-Ennous 21 20
(SKH)

Sharikat Kahraba Skikda (SKS) 13 12
Sharikat Kahraba Berrouaghia (SKB) 6 6
Kahrama 6 5
Solar Power Plant One (SPP1) - 1
Sharikat Kahraba Terga (SKT) - 0,16
CEVITAL - 0,001

2.3.RENEWABLE ENERGY RESOURCES AND WHY THEY ARE
OF INCREASING IMPORTANCE

An energy resource qualified as a renewable resonirit is replenished by natural
processes at a rate comparable or faster thaat&of consumption by humans. This leads to
two major dimension of renewable energy resources.

2.3.1.SUSTAINABILITY

Sustainability from an energy perspective is meéarfbcus attention on using sources
of energy at a rate comparable to that they careplenished. As a result, they do not apply
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to the traditional sources of energy like coal afdsince we know that we will run out of
them at some point in the future.

2.3.2.REDUCED ENVIRONMENTAL FOOTPRINT

Renewable energy resources should ideally sigmifigaeduce the emission of Green
House Gases into the atmosphere, reduce the deigraimdited resources such as water, and
avoid the creation of other waste-products (i.g. dsh) that cannot be easily recycled.
Reduction of waste and its creation in a manndrdaa be disposed off in a harmless manner
IS a new area of focus.

While both traditional and renewable sources ofrgnéhave a financial aspect to
them, the former creates a situation in which tmmodity costs of the fuel used to produce
energy will keep going up (as was evidenced by ttest of gasoline last year) and the
potential to find the new sources of inexpensivel fire decreased over time. A renewable
resource on the other hand can continue to degbeeser for much longer.

The latter imposes a different restriction on teearation of power. Fossil fuels (coal
/ natural gas / oil) based energy generation diNelegreen-house gases which have now been
proven to contribute significantly towards globalbmwing and mechanisms are being
developed to reduce their emissions.

Newer financial mechanisms are being thought ef @Garbon tax, cap and trade ...) to
recognize the broader societal costs of these emgsvhich will also result in increased
costs of generating electricity from the fossillfuéviost of the newer renewable sources of
energy are thought to be somewhat free from thasestbecause they do not release any
green-house gases.

2.4.POTENTIAL DEVELOPMENT OF RENEWABLE ENERGY

Beyond its hydrocarbon resources, Algeria has a bigential of renewable energy
which it has the ambition to develop with the fgrepartners. This development in particular
huge reserves of solar energy would have seversitiyw consequences for Algeria, its
partners and the world community in general.

The promotion of the electricity produced startfimgm the renewable energy sources
is in the forefront of the priorities of Algeriarfthe reasons of energy supply diversification,
environmental protection and related to econométsotial cohesion [89].

In the Algerian context, an electricity companyn8lgaz, has used photovoltaic based
solar energy to power the isolated cities and rerhouses of south Algeria. These locations
include Adrar, Timimoun (Tala Hamou-Moussa) anddbuf (Gara Djebilet, Hassi Mounir,
Draa el Khadra) as reported by Himri [90]. At preseéSonelgaz is leading the way towards
the development and utilization the renewable gnsoyrces in the country in general and
wind energy in particular as can be seen from Hadde et al. [91] and Sonelgaz [92].
According to Elimax [93], Algeria is among 15 Afaic countries (South Africa, Eritrea,
Mauritania, Cap verde, Algeria, Lesotho, Seychelldtadagascar, Somalia, Dijibouti,
Morocco, Chad, Egypt, Mauritius, Tunisia) which bdkie good potential of wind energy.
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2.4.1.WIND ENERGY

The kinetic energy of wind is a promising sourceesfewable energy with significant
potential in Algeria. However, the energy that d¢sncaptured by wind turbines is highly
dependent on the local average wind speed [88].

With regard to Algeria, the wind resource variescmirom a place to another. This is
mainly due to a much diversified topography andnale. A preliminary study of the
seasonal and annual evolution mean velocity ofaimel (figure 2.1), made possible to make
a first identification of the windy areas of Algari

This representation of speed in the form of chat bwo objectives: firstly is to
identify the wide areas with good promises of eiptmn of the wind power; secondly is to
highlight the relative variation of the resourceotgh Algeria.
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Figure 2. 1Estimation of the wind resources [91]

Knowing the problems encountered for the electawgr transport in the far areas as
well as its high cost. It would be interesting tmsider the application of conversion systems
of the wind power for isolated areas having an eppble wind potential. The South-west
region shows all the characteristics of sites a#ateito the exploitation of this energy.

The Algerian Renewable program plans at first, e tperiod 2011-2013, the
installation of the first wind farm of a power o® MW in Adrar. Between 2014 and 2015,
two wind farms with a capacity of 20 MW each arebwdeveloped. Studies will be led to
detect suitable sites to realize the other projdating the period 2016-2030 for a power of

about 1 700 MW.
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2.4.2.SOLAR ENERGY

Fortunately, its solar power capacity is one of thegest on earth. More than
2.000.000 Krfreceives yearly a sunshine exposure equivale26@ KWh/nf.

The sunshine duration on the whole national tewriexceeds the 3000 hours annually
and even reaches 3900 hours on the high plateaubharsahara.
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Figure 2. 2Solar potential in Algeria [85]

Photovoltaic solar energy refers to the energyved from sunlight and transformed
directly into electricity through photovoltaic paselt results from direct photon-to-electron
conversion in a semiconductor. In addition to thibvamtages related to the fact that
photovoltaic systems do need low cost maintenatiie,energy fully meets the needs of
facilities in remote areas where connection togtie is too expensive.

Photovoltaic solar energy is a non-polluting sousEenergy. The modularity of the
photovoltaic solar system allows for innovative aaesthetic use of its components in
architecture.

The energy strategy of Algeria is based on thela#on of the development of solar
energy. There are several ongoing electrificatiamgets in rural areas using solar energy as a
supplement to classical power grid. Photovoltagteys are also successfully used for water
pumping for the development of steppe areas. Amofiregram for Saharanian areas
electrification using photovoltaic systems is cadrbut for the benefit of remote the southern
populations. These programs of solar energy sugply to the population of far villages a
first access to information and communication sipoevided electricity makes possible to
ensure various services.

The exploitation of this solar potential enablestaasomplete our program for rural
electrification; today 95% of the country is cowtiey the domestic grid. Remote areas, far
away from the power grid can only benefit from &ledy supplied by an adequate use of
renewable energy. The government plans launchingraksolar photovoltaic projects with a
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total capacity of 800 MWp by 2020. Other projecithvan annual capacity of 200 MWp are
to be achieved over the 2021-2030 period.

2.4.3.SOLAR THERMAL ENERGY

Solar thermal energy is a technology that conwsotar radiation into thermal energy.
It can be used directly (for example to heat buoid) or indirectly (to produce steam to
power turbo alternators that will in turn generakectric power). By using the heat produced
by solar radiation rather than the radiation itstié solar thermal energy system differs from
other solar energy systems like the photovoltalls.ce

Direct solar radiation is concentrated by a cotliecbn an absorber where it is
transferred into a fluid that is either sprayecedily or drives the heat to a steam generator.
All solar energy systems have a number of elemeantemmon: a collector that concentrates
the heat, a liquid or gas that transfers the heantextraction point, an evaporator, a turbine
and a generator.

More commonly known as « Concentrating Solar PowdCSP) system, the solar
thermal energy technology can meet demand in @#gtR4 hours a day if it is coupled with
a thermal storage system or if production is comdbiwith other energies like natural gas.

Algeria seeks to develop its solar potential, whlne of the most important in the
world, by launching major projects in solar therntilot projects for the construction of two
solar power plants with storage of a total capacftabout 150 MW each, will be launched
during the 2011-2013 period. These will be in addito the hybrid power plant project of
Hassi R’'Mel with a total power capacity of 150 MW¢luding 25 MW in solar.

The solar thermal power plants with a total capgaoit about 1 200 MW are to be
constructed over the period 2016-2020. The 2021B208grams provide for the installation
of an annual capacity of 500 MW until 2023, the® 6O per year until 2030.

2.4.4. GEOTHERMAL ENERGY

The geothermal exploration program in Algeria stéin 1967 and was undertaken by
the national oil company (SONATRACH). In 1982 tHeotrical company SONELGAZ in
association with the Italian company (ENEL) undektthe geothermal recognition studies of
the NE part of the country.

In the first stage, the geothermal studies concemainly the northern-east part of
Algeria. From 1983 and onwards the geothermal vimitbeing continued by the Renewable
Energies Center and the program was extended tohbke north part of the country.

The geothermal development has remained stagnaimigdine last decade. Presently
renewed effort is put into developing large prageeith the establishment of the geothermal
atlas of Algeria.

There are more than 240 thermal springs in Algdiiee geothermal energy in Algeria
is generally of a low enthalpy type [94]. The tdtaat discharge from the main springs and
existing wells is approximately 642 MWt. Three deminal zones have been delineated

according to some geological and thermal consiabersit
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1) The Tlemcenian dolomites in the northwester pbAlgeria

2) Carbonate formations in the northeastern paftigéria

3) The sandstone Albian reservoir in the Saharnatlisof Algeria).

The northeastern part of Algeria is geothermallgyviateresting. Application of gas
geothermometery to northeastern Algerian gasesestgydhat the reservoir temperature is

around 198 °C.
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Figure 2. 3Main geothermal areas [95]
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2.4.5.BIOMASS ENERGY

The biomass potentially offers great promise, vth Mtoe per years coming from
forests and 1.33 Mtoe per year coming from agncaltand urban wastes; however this
potential is not enhanced and consumed yet. Arpiadiry survey showed the feasibility of
production of electricity by modals of 2MW that caeach a peak of 6MW, from the
discharge of Oued Smar in Algiers. The study irdezg the drainage of the site.

2.4.6.HYDROPOWER

Restricted rainfall, high levels of evaporation aaick evacuation to the sea are
barriers to the uptake of hydropower. However, @@ sites have been recorded, primarily
in the North. More than 50 dams are currently ojp@nal and the combined capacity of the
largest 13 dams is roughly 269 MW.

2.5.STRUCTURE OF THE NATIONAL POWER GENERATION IN
MW

The renewable energy program is defined throudieréifit phases:

v Installation of a total power capacity of 110 MW 2913 ;

<

Installed power capacity to reach 650 MW by 2015 ;

v Installed power capacity to reach about 2600 MW2620 and a possibility of export of
2000 MW;

v' An additional capacity of about 12000MW is expectedbe installed by 2030 and a
possibility of export up to 10 000 MW.
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Figure 2. 4Contribution of renewable energies for power gatien in TWh [96]
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2.6.ELECTRICITY PRODUCTION BY SOURCE IN ALGERIA

The SONELGAZ is the state-owned electricity and dstream gas utility. Over 90%
of the electricity production is based on natutas,gvith the balance from fuel oil/diesel and
hydropower. To keep up with demand growth, 8-10 GMhew power generating capacity
are expected to be built by 2015, about 70% bypeddent power producers. Electricity
tariffs are low in Algeria: around 6 US cents/kWir fesidential customers, and circa 3 US
cents/kWh for industrial users. This is due to lowernal prices for natural gas: it is
estimated that industrial and power producers gvb 1 USD/Mbtu, while current export
prices are over 8 USD/Mbtu. The government’s objedts to adjust domestic energy prices
to international levels, but this process is likiye slow.
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Figure 2. 5Energy consumption by sources 2009 [96]
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Figure 2. 6Perspectives of the energy consumption [96]

2.7.LEGISLATIVE AND REGULATORY TEXTS

Three principal reasons plead in favor of renewalnlergies development in Algeria
[97]:

v' They constitute a solution economically viable tovyide energy services to the rural
isolated populations in particular in the GreattBareas,




Chapter 2 ia

v' They allow a sustainable development because af ithexhaustible character, and of
their limited impact on the environment and conttéto the safeguarding of our fossil
resources,

v' The monetization of these energy resources can balye positive repercussions as
regards of regional balance and jobs creation.

Algeria has decidedly chosen sustainable developageits energy strategy, the legal
and regulatory framework adopted during the paatsyenderscores our strong commitment.
| can quote between others:

e 99-09 act of July 28th, 1999, related to energicieificy;

» The law relative to the electricity and to the paldistribution of gas, promulgated in
February, § 2002, liberalized the sector of electricity by pjvg to competition the
production and the marketing of electricity.

This law which takes in to account the protectidrih@ environment, envisages the
integration of renewable energies in the energyohithe country. It opened in other side, the
way to the promulgation of other inciting measuias favor of renewable energies.
Advantageous premiums are granted to the prodwéetectricity produced from renewable
sources. The purpose of the promulgation of this i the implementation of a national
policy of control of the energy based on the ralamse of energy, the development of the
renewable energies and the reduction of the negafects of the energy system on the
environment.

v' A decree, on diversification of electricity prodiact costs, was enacted the 25th of March
2004.

The incentive premiums of this decree shall attrpdvate investors to implement
integrated solar combined cycle plants in Algeria.

v' Another law, the law on renewable energies witlia framework of the sustainable
development promulgated in August, 14th 2004, makessible to institute economic
incentives founded on the environmental benefittloé electricity produced from
renewable sources.

This law will constitute a basis for lawful instremts aiming at the encouragement of
the development of the renewable energies in #greironmental and ecological dimensions.

The national power consumption will grow obvioudiie that of all the countries in
the process of development and certainly much mtyongly than it is thought, taking into
account of the most recent forecasts on our ecangrowth and especially industrial which
are specified at the horizon.
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2.8.EXISTING PROJECTS

2.8.1.RENEWABLE ENERGY DEVELOPMENT PROGRAM

The renewable energy development program of Algssfedules a massive increase
in the energy production from the renewable enexgyrces until 2030. According to the
Ministry of Energy and Mines, this program will Beranged in four major phases:

v Installed power capacity of 110 MW in 2013
v' Expansion of installed power capacity up to 650 My\2015

v' At 2020 and yet another phase of capacity developnavailable capacity for demostic
needs is expected to be about 2,6 MW, whereas ematMW are supposed to be ready
for export

v In the year 2030 available capacities for domestieds are envisioned to grow up to 12
MW. Export-ready capacities are scheduled to beitabd MW.

2.8.2.PROJECTS IN THE PLANNING PHASE OR UNDER IMPLEMENTAT ION

v' Hassi R'MEL CSP (concentrating solar power), operatbener & NEAL, total capacity:
150 MW, operating since june 2011

v" AlSol, CSP solar Tower, total capacity: 3 MW, undenstruction
v" Wind farm of Adrar, operator: Sonelgaz, total cagyad0 MW

v Electrification of 16 villages with individual PVitk, operator: Sonelgaz and CEEG
(engineering company for electricity and gas),ltoégacity: 5 MW

v Fabrication of PV modules, operator: Sonelgaz/ BauEclairage, total production
capacity: 116 MWp/ year, January 2014

2.8.3.ENERGY EFFICIENCY PROGRAM

The energy efficiency program is big step for Algapowards an eco-friendly energy
policy, showing that an ecologically sensitive o$@lready the existing energy resources are
just as important as developing new sources ofogtgtion. The announced goal is to provide
the same service as usual, but with less energyghusied in its process. Planned provisions to
facilitate the desired energy efficiency includerthal insulation in domestic households, an
extensive use of energy-saving lamps, efficientlipuighting by using sodium vapor lamps,
and the promotion of liquid petroleum gas (LPG)faal. Furthermore, public commercial
vehicles are planned to run with natural gas in02@zr the moment, a research pilot has
been launched in Algeria to test the feasibilitytlos vision. At 2020, all major cities in
Algeria are planned to follow this lead. Last bat least a rather ambitious plan is to develop
air conditioning technology running with solar povadthough this idea is only at the outset
and only exists in form of preliminary researchcain be considered to be one of the most
changing reforms regarding the high usage of aiditmns during summer months.
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2.9.DEVELOPMENT OF MICRO-GRIDS IN REMOTE LOCATIONS

The economic and social development in Algeriahm last years has been in need of
continues increasing in demand of electricity, esgly in the isolated countryside [98]. The
two major approaches to delivering electricity émnote areas such as a village are isolated
solar home systems (SHS) and village microgridso(&hown as minigrids). In deciding what
energy system is optimal to power a rural villaties number of homes on the system will
dictate which system is better. You may have ta difsyour old Economics 101 text book
on marginal cost, because the main tradeoff is &etmthe marginal cost of distribution and
the cost of installing a solar system in a house.
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Figure 2. 7Rural electrification by photovoltaic solar enef§8]

2.10.CONCLUSION
v' Renewable Energy potential in Algeria is not cortglieestimated but it is considerable
v' The program of renewable energy is still at thetphase
v' Today the renewable energies represent only 0,d2%ee@lectrical consumption

v' Weaknesses: Infrastructure, Equipment, Know-How




Part 2: Energy Production
System Modeling

CHAPTER 3: Modeling of Photovoltaic System
CHAPTER 4: Modeling of Wind Conversion System

“Do not go where the path may lead. Go where there is no path and leave a trail”
Ralph Waldo Emerson (1803-1882)



CHAPTER 3: Modeling and
simulation of Wind Energy
Conversion

The use of wind energy is increasing these lastsyddne power generated by the wind varies
greatly throughout the day; it depends on the poawailable in the wind and has the same
variation. This chapter deals with the modeling ahd control of wind turbine generation
systems by bond graph approach for integration ower systems studies. The modeling of
the wind phenomenon, the turbine mechanical syataithe electrical machine, along with
the corresponding converter and electrical grid described. This chapter presents an
intelligent control method for the maximum poweinptracking (MPPT).
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3.1.INTRODUCTION

Renewable energy sources have a key role to pleéheiglobal energy mixture as a mean
of reducing the impact of energy production on eliexchange. Wind has been used as a
traditional energy source for centuries and isl stimmonly used in many developing
countries. As a result of the modern technologaeelopments, the wind turbines have
improved considerably in the recent decades [99hdWhas become an attractive energy
source, especially in parts of the world where dnaission infrastructure is not fully
developed. Many countries are pursuing the optich@wind energy conversion systems; in
an effort to minimize their dependence on fossddzhnon-renewable fuels [100].

Wind energy is the most developed of all renewallergy technologies with more than
200GW of globally installed capacity in 2011. Arsdg of wind farm maintenance costs
show that up to 40% of the outlay is related toxpeeted component failures that lead to
costly unscheduled amendments. Wind farm operaéoes constantly looking for new
technological developments in monitoring condittbat can contribute to the minimization
of wind turbine maintenance expenditure. Early tfaetection through monitoring condition
can help prevent major break downs as well as faignily decrease the associated costs.
Moreover it enables the optimization of maintenasdeedules, reduces down time, increases
as set availability and enhances safety and opesdtreliability. Faults in the braking system
are of particularly concern since they can resuttatastrophic failure of the wind turbine.

New wind turbine technology integrates power elmatrs and control systems, making it
possible for wind power generation to participateéhe control of active and reactive power.
Nowadays most of the installed variable speed wgederators are based on the doubly-fed
induction generator (DFIG) [101] but new types ohavgenerators based on permanent
magnet synchronous generators (PMSG) [102] arectegbdo gain market popularity in the
next years.

There are two common types of power interfaces éetmthe PMSG and the grid. The
first is a back-to-back converter connected to ghniel. This configuration has a lot of
switches, which cause more losses and voltage sstresaddition to the presence of
electromagnetic interference. The second is a eioiige rectifier, a boost converter and an
inverter connected to the grid. This configurati®simple, less expensive, robust and rigid.

In this work, we focus on the conversion of windoirelectrical energy on the use of
bond graph method for modeling and simulationntegrates modeling of multidisciplinary
systems like electrical, mechanical and magnetmda well-established graphical method
for modeling dynamical systems.

3.2.PRESENTATION OF THE GLOBAL SYSTEM

Figure (3.1) shows the global scheme of a renewatdggy source connected to a load
[102]. The selected wind generator employs a peemiamagnet synchronous generator
directly coupled to the wind turbine and connectedthe electric grid through a power
conditioning system (PCS) [103]. The stator winginf the PMSG are connected to the PCS,
which is composed of a three-phase rectifier bridgeDC-DC converter and a DC-AC
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switching power inverter. The power electronics\ater can be considered as an amplifier
composed of three pairs of electronic switches (®pdGBT, etc.). Each pair composing a
commutation cell.

Wing Permanent Magnet Three-Phase Diode- Boost DC-DC Three-Phase Three-Level Electric Utility Grid
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Figure 3. 1Process description [103]

The filter may take several shapes and sizes, #@mple LR filter, which consists only
of an inductance in series with a resistance, twoee complicated LC one, as represented in
figure (3.1). Each filter configuration has its owharacteristics and is used for specific
requirements or analysis from the point of vievstability and harmonics analysis.

3.3.BOND GRAPH APPROACH

Bond graph is an explicit graphical tool for captgrthe structures among the physical
systems and representing the mass an energy nebased on the exchange of power [100].
Some authors [105] - [106] have extended the baaghgconcept to represent phenomena
such as chemical kinetics and to extract causaletsaghd control structures from the bond
graph networks.

One of the advantages of bond graph method isnibdels of various systems belonging
to different engineering domains can be expressatjla set of only nine elements: inertial
elements (1), capacitive elements (C), resistieenants (R), effort sources (Se), flow sources
(Sf), transformer elements (TF), gyrator eleme@¥)( O—junctions (0-J) and 1- junctions (1-
J). I, C, and R elements are passive elementstmert the supplied energy into stored or
dissipated energy. Se and Sf elements are actweeelts supplying power to the system. TF,
GY, 0-J and 1-J are junction elements that conhéCt R, Se and Sf effectively creating the
structure of the bond graph model [107] - [108].

Bond graph models are ideally suited for modelingoalinear system. A bond graph
model does not assume any linearity constrainte Mmodel hides the complexity of
nonlinearity from the user of the model. Once thedeter defines the nonlinear relationship
in the model, it is the job of the underlying bogchph software to solve the model. The
whole process is transparent to the user of theemod

Bond graph models are ideally suited for modelingoalinear system. A bond graph
model does not assume any linearity constrainte Mmodel hides the complexity of
nonlinearity from the user of the model. Once thedaeter defines the nonlinear relationship
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in the model, it is the job of the underlying boghph software to solve the model. The
whole process is transparent to the user of theeimod

1-port element is the most basic of the bond gelpments. This element has a single
port for energy exchange with its environment. €heill be a constitutive equation depicting
the relationship between the co-variables of teeneht bond.

The only constraint on the constitutive equatiothat the energy should be conserved as
per the underlying physical law of bond graph miodelTwo different relationships between
the co-variables (effort and flow) are depictedphiaally in figure (3.2-a) and (3.2-b). The
bond graph model for this relationship is depidigdL-port elements in figure (3.2-c).

€14 e 4
X,
o l
) fy f,
X—
A\ v
(&) Linear relationship (b) Nonlinear relationship
€] €2
N 1.” : D, N 1.” s Dy
N f2

(c)1-port resistor

Figure 3. 2Relationship between flow and effort for 1-podistor elements [103]

The constitutive relationship for the 1-port resistlements are given in equations (3.1)
and (3.2).1t can be seen that the model for boikali and nonlinear behavior look-alike, with
the constitutive relationship hiding the differendeis the job of the solver software to
simulate the model differently.

e =af, (3.1)

&, = (f,) (3.2)
@ =X always

where,q@g =X_ iff,< C (3.3)
@=X, iff,>0

Bond graph provides a simple approach for modetiogplex systems, which allows
both a structural and a behavioral system analy€i8]. From the FDI point of view, the
causal properties of bond graph models are usddtesmine the origin of a fault. In the bond
graph diagnosis, it is important to have a bonglgraodel that includes all the parameters
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that are related to the faults under analysis.

The word bond graph of our system is present umréd3.3).

Wind N PMSG Rectifier || BOOST | vsi || Line || Transformer —» Grid
Turbine Converter filter

Figure 3. 3Word bond graph of WECS [103]
3.4.BOND GRAPH MODELING

3.4.1.WIND BOND GRAPH MODELING

Wind speed estimation is highly important so aslétermine the electric power to be
supplied from wind power or wind [110]. It maintaia direct relation to the torque over the
turbine axis and therefore it may also have somextleffect on the power output of the wind
turbine generation system (WTGS) hence its evalutiust be taken into account to properly
simulate the WTGS dynamics.

Wind speed varies from one location to another als® fluctuates over time. The
evolution of the wind speed according to time isdeled by a bond graph model starting
from the data of measurement for a given site. dorgext of theoretical modeling; the profile
of wind must satisfy 2 criteria: the duration oé throfile must be limited to reduce the time of
simulation and the profile of wind must be repréaBwe of the characteristics layer
(intensity, variability, statistical distribution...)

The wind speed can thus be modeled as a scalaidarwhich evolves in time (figure
3.4)

£1(t)

AR

SE—p 1 ———p o —p 5 Vv

Figure 3. 4Bond graph model of wind speed

V =f(t) (3.4)
In this study, we represented the speed wind ewoluif the deterministic way, by a sum
of several harmonics as indicates the bond graptehfollowing (figure 3.5):
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Figure 3. 5Bond graph model of wind speed of the deterministy by a sum of several
harmonics

Vyina (1) =V, (14> A sin(w, 1)) (3.5)
Vo is a value of wind velocity; Ais amplitude of harmonic; ws frequency of harmonic.

Figure (3.6) presents a wind profile reflecting #techastiquity. It is a profile filtered
and adapted to our studied wind system which Fssvadynamics [111].
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3.4.2.WIND TURBINE BOND GRAPH MODELING

The power of the wind turbine electrical generatgystems can be expressed as the
kinetic power available in the stream of air muidgd by a CP factor called power coefficient.
It mainly depends on the relation between the ayespeed of the air across the area covered
by the wind wheel and its angular speed and gewmetraracteristics of the turbine
(including the instantaneous blade pitch angleigandtion) (figure 3.7).

Wind Energy I Mechanical Energy I Electrical Energy

A

[ )

t Control

System

Figure 3. 7Wind turbine

The objective of this section is to model the wopeherator. The structure of selected
wind mill has already been the subject of sevetadlies [112] - [114] which resulted in
developing the test bench in order to validatedtetrol developed strategies. The modeled
wind turbine has variable speed, a three bladezbotal axis and a rated power of 4.8 MW.
Its parameters are summarized in Table 3.1.

Table 3. 1List of turbine parameters

Description Value
Rotor radius 57.5m
Rotor viscous damping 7.11 kg/s
Generator damping 45.6 kgls
Rotor inertia 55 x 106 kg
Generator inertia 390 kg nf
Drive train damping 775.49 kgl/s
Drive train stffness 2.7 x 109 kg/s
Drive train dficiency 0.97
Gearbox ratio 95

Figure (3.8) presents its bond graph model.
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Figure 3. 8Bond graph model of wind turbine
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3.4.3.PERMANENT MAGNET SYNCHRONOUS GENERATOR

The PMSG has been considered as a system whichsrpaksible to produce electricity
from the mechanical energy obtained from the wih#l5]. The selected WTGS employs a
permanent magnet synchronous generator (PMSG) edupiectly to the wind turbine. To
obtain the mathematical model of the PMSG, a fepoliyeses have been made [116] - [117]:
Permeability of the fully laminated cores is assdrn be infinite. Saturation, iron winding

losses, as well as, slot effects are neglectedy (hrdar magnetic materials are considered.
Under these assumptions [118]
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Figure 3. 9Bond graph model of PMSG

The figure (3.9) represents the bond graph model pérmanent magnet synchronous
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generator. Rotor speed and the moment of inertea modeled by |, Stator and rotor
resistances together with other frictions are mediddy R, The capacitors and mechanical
structures are modeled by C, electromechanicakfiramation is modeled by GY and the
electric source by SE. Figures (3.10) and (3.1bwshthe power versus rotor speed of the
turbine at various wind speeds and the torque gensor speed of the turbine at various wind
speeds respectively [119].
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Figure 3. 10Power versus rotor speed of the turbine at vanaond speeds
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Figure 3. 11Torque versus rotor speed of the turbine at vanemd speeds

3.4.4. POWER CONDITIONING SYSTEM (PCS)

The power conditioning system (PCS) used for cotmmgcenewable energy sources to
the distribution utility grid must generate a higinality electric power, being at the same time
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flexible, efficient and reliable. This device h&g benefit of being simple, robust, cheap, and
needing no control system. On the Three-phase-taved DC-AC voltage source inverter
(VSI) using IGBTs is employed for connecting to tjred [120]. As the power rating of the
inverter is intermediate to small, the output vgdtacontrol of the VSI can be achieved
through pulse width modulation (PWM) techniquesisTgower inverter topology is proposed
above others because it generates a more sinusoittaut voltage waveform than
conventional structures without increasing the ahitg frequency. Its harmonic
performance, efficiency and reliability are bettdran conventional two-level inverter
topologies. The connection to the utility grid isde through a step-up transformer and a low
pass filter, which reduces the high-frequency disnce on the distribution grid.

Since the VSI needs a fixed DC-link in order taalla decoupled control of both active
and reactive powers exchange with the electric, guid additional interface between the
PMSG and the DC side of the VSI is required. F& purpose, a DC-DC boost converter is
used to connect the output of the full-wave reetifbridge to the DC bus of the power
inverter. This two-stage AC-DC energy conversiostemn offers an additional degree of
freedom in the operation of the system when contpamgh conventional one-stage
configurations, permitting a pursuit of various troh objectives simultaneously with the
WECS system operation.

3.4.5. DC-DC CONVERTER

A large number of dc-dc converter circuits are knawat can increase or decrease the
magnitude of the dc voltage and/or invert its gofar

V, _| — SV

Figure 3. 12Circuit of boost-up chopper

The standard unidirectional topology of the DC-Ddb&t converter or chopper in figure
(3.12) consist of a switching-mode power devicetaimmng two semiconductor switches (a
rectifier diode and a power transistor with its regponding anti-parallel diode) and two
energy storage devices (an inductor and a smootiapgcitor) for producing an output DC
voltage at a level greater than its input DC vadtag

This converter acts as an interface between thavhule rectifier bridge and the Voltage
Source Inverter by employing pulse-width modulat{®wWM) control techniques. The bond
graph model of the chopper is in figure (3.13).
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Ve Switch + Diode

Figure 3. 13Bond graph model of boost-up chopper

3.4.6.VOLTAGE SOURCE INVERTER

The three-phase three-level voltage source invgneposed corresponds to a DC-AC
switching power inverter using IGBTs operated tigloginusoidal PWM [121]. As the high-
frequency harmonics produced by the inverter asltred the PWM control techniques
employed are mostly filtered by the sinusoidal Ifieer, the VSI can be seen as an ideal
sinusoidal voltage source, which is depicted inrfgg(3.14).

Voltage source inverter Transformer Utility System
Vinvs 4, R L ™ |,
—r— WWY ,‘,mk Tl
: : 7 L "M PCC
1 Ideal | Vinw i i R, M/ L ¢ | o
: 5 \ Y M
Vinvei 5 i R s g Ve
——MWW— '

Figure 3. 14Equivalent circuit diagram of the grid-connectedlV

This inverter is considered ideal and shunt-coretedio the network through an
inductance Ls, accounting for the equivalent leakaigthe step-up coupling transformer and
a series resistance Rs, representing the transfermending resistance and VSI
semiconductors conduction losses. The magnetinigciance of the step-up transformer can
also be taken into consideration through a mutgaivalent inductance M.

The bond graph model of a three phase invertelbbaa addressed in several research
papers [122]-[125]. Each presented model has diftercharacteristics and is used for
different applications.

They share the particularity of using an electremigtch (MTF) for modeling the three
commutation cells of the converter, taking into@aat phase-neutral voltages. Here, the three
phase three-level voltage source inverter is madelgh three electronic switches (k1, k2,
k3), using the phase—phase voltages.
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Figure 3. 15Bond graph model of the grid-connected VSI

The proposed model is more general since it idvali both unbalanced and balanced
modes. The bond graph model of the three-phase-tbvel voltage source inverter proposed
Is given in figure (3.15).)

3.5.BOND GRAPH CONTROL STRATEGY

The bond graph control scheme for the three-phas#cgnnected wind energy
conversion system is depicted in figure (3.16). Pheposed algorithm was validated by
means of simulations performed with the Symbolsedodwo different situations, the former
assuming the presence of the proposed controlmyaitel the latter its absence. In both cases
the output power was evaluated in order to perfasubsequent comparison.
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Figure 3. 16Bond graph model of system with MPPT
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The figures (3.17) and (3.18) show results of sanah with and without speed control.

The power of the former is obviously better.

3.6.SIMULATION RESULTS
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Figure 3. 17Mechanical speed with speed control
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Figure 3. 18Mechanical speed without speed control

Figure (3.19), Shows the active power injectad the net. This one is following the
imposed reference power (set as maximum). In fig8r20), the reactive power also follows
its reference (set as zero in our model). That meha unity power factor is successfully
obtained.
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Figure 3. 19Active power
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Figure 3. 20Reactive power

In order to investigate the effectiveness of th@ppsed models and control algorithms of
the three-phase grid-connected, time-discrete dymammulations were implemented using
Symbols environment.
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(a) Wind turbine generator output power with aeggpower control mode
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Figure 3. 21Simulation results for active power control mode

Simulations depicted in figure (3.21) show the casgih only active power exchange
with the utility grid, for a typical 400W three-ldlad horizontal-axis wind turbine generator
connected to a 380 V electric system. The wind gp@agies in steps every 1 s as described in
the figure, producing proportional changes in theximum power drawn from the wind
energy conversion systems with a settling timelwioat 0.6 s. As can be observed, the bond
graph method proves to be accurate in following MfeP of the wind energy conversion
systems, for an optimum duty cycle perturbationp site accordance with the chopper
dynamics.

Simulations of figure (3.22) show the case withvecand reactive power exchange with
the utility grid, i.e. the active power control meod activated all the time while the voltage
control mode is activated at t=0.6 s. As can beolesl, all the active power generated by the
wind turbine generator is injected into the electygrid, except losses. These losses are
increased with the injection of reactive power,stag a slightly lower exchange of active
power than the previous simulation case. The ifgaadf reactive power allows continuously
controlling the magnitude of the instantaneousag#tat the power conditioning system at the
set reference voltage.
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Figure 3. 22Simulation results for active power control mode &oltage control mode

In the case with no BG-MPPT algorithm, the DC-DQwerters are operated at fixed
duty cycles and the power output is shown in reghdd line. As can be easily derived from
figure (3.23), during the wind speed changes, #eegator output tracks the corresponding
maximum power very successfully with just smallageslin the dynamic response. In the case
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of operating the WECS with no MPP control, i.eaatear fixed voltage and consequently
fixed rotor speed, the output power drawn from whed turbine generator is almost 20 %
lower.
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Figure 3. 23Simulation results of the proposed BG-MPPT aldponit

3.7.CONCLUSION

The objective of this chapter is to show that t@dgraph rest on solid mathematical
bases which make it possible to consider applination a large scale, in particular in
modeling. If the resolution of complicated probleahways requires and will still require very
a long time, much of work and a wide range of kremgle in statistics, treatment of the
signal, automatic,... it is not doubtful that thend graph can reduce considerably the task of
the engineers by allowing an effective and gerggpjaroach nonlinear problems

In this chapter, we developed a model of the wiystesn starting from the modeling of
each principal component of the system: wind, titbite, voltage source inverter and the
synchronous generator with permanent magnet. Azedan is elaborate under Symbols
software. The obtained simulation results demotestii@e robustness of the control device
whose objective is to maximize energy captured ftboemmwind turbine for each wind speed
and the control of the active power and reactive iojected into the grid via converters.




CHAPTER 4: Modeling and
simulation of photovoltaic system

This chapter explores its potential by undertakthg analysis, modeling and design of a
photovoltaic system, application in water pumpidgother point developed in this work
presents the optimization of a photovoltaic (PVjer@umping system using maximum power
point tracking technique (MPPT). The presented MREdhnique is used in photovoltaic
water pumping system in order to increasing it&ciefiicy. A buck-boost chopper allows an
adaptation interface between the panel and theebatthecked by a tracking mechanism
known as the MPPT (Maximum Power Point Tracking).new algorithm is presented to
control a maximum power point tracker MPPT throwlbond graph. From the chemical
reactions in the batteries to the control lawslod power electronics structures, a bond graph
model is proposed for every single part of theesystThe model is used in simulations and
the results compared to actual measurements. Thadelms used in simulations and the
results compared to actual measurements, showiraganracy of nearly 99%.
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4.1. INTRODUCTION

Considering the preoccupation with an exhaustioth@fknown world reserves (oil, coal,
gas, etc), the economic crises (blaze of the prcasl), the accidents of the nuclear power
stations such as those of Three Mile Island (thé& U®79) of Chernobyl (the USSR, 1986)
or of Fukushima (the Japon,11 March 2011), the ggation with a pollution, the need
unceasingly growing in energy, all these prospeeitsforced the interest of general public
towards renewable energies, in particular the pladtaic energy, which is essential like one
of the sources of the renewable energies most grogj125].

Photovoltaic PV systems provides a viable meangaiver generation for applications
like powering residential appliances, telecommuiice, refrigeration, water pumping
(particularly in agricultural irrigation). Photovalc-power generation is reliable, involves no
moving parts, and operation and maintenance castsvery low. These systems operate
silently and create no atmospheric pollution. Thaity major handicap is that they have a
high capital cost [126]. However with the continsalecrease of the cost of solar cells, there
is an increasing interest in photovoltaic (PV) eystapplications.

Today, the use of photovoltaic energy for the watemping is an incipient technology
characterized by costs gradually in fall. Sinceftte# installations at the end of the Seventies,
the systems of solar pumping had a great partarptbjects of solar energy application and
they belong nowadays to the most significant apgbas of photovoltaic energy. This can be
mainly allotted to the fact that it is not econoalig feasible to connect such distant sites to
the electrical supply network [127].

A pumping solar system constitutes following prpadi elements: photovoltaic panels
with their accessories, the electric engine of@rithe pump, and the system of distribution
including the drain and storage.

An overall explanation about how the photovoltaiatev pumping system works was
reviewed. A sit was mentioned before the systemtlwasgyeneral models: AC and DC. Since
the PV system has been invented most of the rdsssattad focused on the DC motors or
direct-couple photovoltaic and their functions [L28

It is in this context that we proposed in our poed works to apply the bond graph
approach [129], [130] in the field of renewable rgyye where it induces a universal spirit,
founded on the analogy and the duality, which matkgsssible to establish the object model,
not only starting from the physical observationt biso starting from a purely functional
definition. The model is a tool of knowledge remmsition, but also a tool for synthesis of
control laws.

4.2. PROPOSEDSYSTEM

Figure (4.1) show a stand-alone photovoltaic céméd system utilized to provide
energy for residences sited at remote locatiomdrdan grid distribution lines. These systems
are composed of a single array of photovoltaic [saneplemented in series and/or parallel
connection depending on the power of the systemleAdsing buck-boost DC/DC converters
with bond graph MPPT for PV array to extract theximaum available power from them. The
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battery which is of lead-acid type is used to stbeeenergy, to regulate the DC-Bus voltage
through a reversible current DC/DC converter andupply the load in the stand-alone case
when low solar radiation conditions.

Battery
DC
DC
Buck-Boost Grid
DC S DC . | [
pc| T AC Hiltre _'1 ‘9
3 DC- Bus

MPPT _

—\ Data =

. acquisition )
[ Supervisory Controller ]¢_I_. quistt ﬁi 3 £

House load

Figure 4. 1Proposed configuration

The energy produced for PV source is transferreth fthe DC-Bus to the house load
through a DC/AC inverter controlled and filtered ag LC filter, while the excess power
feeds the utility grid. Based on the data acqoisit(Temperature, Irradiance, DC-Bus
voltage...etc) the Supervisory Controller send themmands to the different converters in
order to optimize and control the energy.

4.3. PHOTOVOLTAIC SYSTEM MODELING

The modeling and simulation of photovoltaic systeave made a great transition and
form an important part of power generation in tpigsent age. PV systems’ modeling
however is quite complex. In literature, severampatational methods are proposed by
several researchers [121] - [133] for modeling diféerent components of stand-alone PV
systems. Although some of these methods are imgagctomplicated and require high
computational effort, and some of these modeling lraited to simulation of photovoltaic
module characteristics. Other methods are basedofiware simulation using readymade
programs like PSpice, Matlab-Simulink and Labviéw84] - [136].

Automatic data acquisition systems are currentlgdu®r both monitoring the system
performance and control of its operation. The ot&diinformation can be used to evaluate
the plant efficiency during long periods and to ime future systems in terms of
performance and reliability. These systems are cbase the use of micro-controller and
microprocessor for PV applications [137]. Artificimtelligence techniques are becoming
useful as alternate approaches to conventionahiggbs or as components of integrated
systems. These methods used to model PV arraysstimate the maximum power point
tracker and to predict the produced energy fromdystem [138]. Recently, interest was
given to the modeling and simulation of the whok $stem based on bond graph [139],

[141].
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4.3.1. PHOTOVOLTAIC GENERATOR MODELING

Several models of solar cell exist to calculatertekectric characteristics [142] - [145].
To improve the accuracy, model parameters suchrrasliance correction factor and
Temperature coefficient of a series resistancede@ussed in [146]. All these models have
the disadvantage that required parameters are wgisped in standard data sheets. A
Photovoltaic system directly converts sunlight imiectricity. The basic device of a PV
system is the photovoltaic cell; they may be graumeform panels or arrays [147], [148].
This model is the most classical one found in fterdture [149] and involves: a current
generator for modeling the incident luminous fluwo diodes for the cell polarization
phenomena, and two resistors for the losses (figue For the bond graph representation,
the PV generator is then modeled by a flow soufce I5 in parallel with two resistors R
and Rpz the whole followed by a serial resistance Rs [15052]. The PV diode bond graph
representation is a non-linear resistaeR(figure 4.3).
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Figure 4. 2Equivalent electrical circuit of a cell
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Figure 4. 3PV Bond graph model with tow diodes

Table 4. 1Parameters of the PV module BP Solar SX 150S

Electrical Characteristics Value

Maximum Power (Ra,) 150W
\oltage at Pmax (M) 34.5V
Current at Ray (Imp) 4.35A
Open-circuit voltage (M) 43.5V
Short-circuit current ¢}) 4.75A

0.065 + 0.015%IC
-160 + 20 mV/PC

Temperature coefficient ofl
Temperature coefficient of ¥

Power temperature coefficient

-0.5 + 0.05°@/

NOCT

47 + 2C
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BP Solar SX 150S PV module is chosen for our appba. The module is made of 72
multi-crystalline silicon solar cells in series gmavides 150W of nominal maximum power.
Table 1 shows its electrical specification.

In order to characterize the solar cell, we usedniodel presented to provide the values
of the tension V, of the current | and of the gated power produces P.

1:35

: : T=75°C
{1000 W/m?

: : i — 000 W/m?
L e L S e

i =700 W/m?

i —G00 W/m®

Current (A)
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0 0.15 0.3 0.45 0.6
Voltage (V)

Figure 4. 4(1-V) characteristic for various illuminations
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Figure 4. 5(P-V) characteristic for various illuminations
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Figure 4. 6 (I-V) characteristic for the various temperatures

If the temperature of the cell increases, the plotoent ), also increases, this is due
mainly to the reduction in the forbidden band dispar of material. This increase is about
0.1% by °C the forward current of the junction gases also, but much more quickly and
involving a reduction in the open circuit tensidnabout 2mV by cell. The reduction in the
provided power is estimated at approximately 0.598® for a module.

4.3.2. ELECTRICAL ENERGY CONVERTER MODELING

A buck-boost converter provides an output voltadgectv can be controlled above and
below the input voltage level. The output voltagdapty is opposite to that of the input
voltage.

Figure (4.7) shows the circuit diagram of a buckdioconverter. This converter either
steps up or steps down the input DC voltage fedhftbe diode rectifier. The converter
consists of a DC input voltage sourcg Mductor L, controlled switch K, filter capacit@
and diode D.

i K D o

f—”ao_*_/ * i H *_DF;

3

10 : ol

Figure 4. 7Equivalent circuit of a buck-boost converter

According to the above circuit, we obtain the dwyima equation of the buck-boost
converter as follow:
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Ca_to:_dlo(l_d)(lL _|0)

L%I—tL=—dvi +(1-d)v. (4.1)

i =di,

Where d is the duty ratio of the power switch k;amd \ are the input and output
voltage; i, io and | are the input, output and inductance current,eesgely. The bond graph
model of the buck-boost is thus given by the figir&).

R:Rdiode Se:vg

I [ f

Se:v, :f.-”ll i MTF: K \';L;Io “ 1l 7.0 \:’: -1
VL Ve IC
I:L c:c

Figure 4. 8Bond graph model equivalent circuit of buck-boostverter

Reversible current DC/DC converter: to ensure tharge and the discharge of the
storage battery, the current must be reversibkhabthe energy transfer would be in the two
directions, from the DC-Bus to the battery and wessa. For that a Reversible current
DC/DC converter is necessary, it's realized by @aog a boost chopper and a buck we as
shown in figure (4.9).

. Boost Buck
bhat | A~~~ : :‘:}"‘. leh
P ey i L T —p—--0
| Ly oK |
| ' .
Viat | II‘1'1/ i ' Ve
1 Pl :
: S
| i il 1 ||
¥ - o : OF

Figure 4. 9Equivalent circuit of a the reversible current DC/converter

The control of the switches land k is simultaneous with a complementary duty cycles
db and 1 - db, the reversible current DC/DC comreshown in figure (4.9) is described the
equation (4.2), as:

Oi,, 1

ot :E(deDC _Vbat) (4.2)
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Figure 4. 10Bond graph model of equivalent circuit of a theemsible current DC/DC
converter

4.3.3. BATTERY MODELING

It is characterized by a representation with nesadiciated electrodes. The mechanism of
operation of this accumulator is particular: Itteesn an exchange of ions lithium inserted in
the porous electrodes without formation of new paid, which implies a weak modification
structural of the accumulator [153] - [154]. Eadbcrode can thus be regarded as a lithium
tank modeled by a capacity C. The free energy DGADBS of this reaction of exchange
transformed into electric power determines theitanbetween electrodes, but number X of
moles of electrons exchanged per mole of lithiumasknown a priori and can be fractional.

The equations of the reaction are as follows:

CathodefH |+x.Li* +x.e” - [ Li,H] 3)
Anodex.Li - x.Li"+xe 4.
Total: x.Li +[H] - [LiH] 2

We call x.Li,, the total quantity of lithium at the beginningthre negative electrode. At
the moment t, xli is the quantity of lithium in tip®sitive electrode (cathode), whereas the
quantity of lithium in the other electrode (anode) Li., —X.Li . We can then use only one
capacity which simply will take care and dischasgeording to the quantity from lithium
transferred from one electrode to the other and thill elaborate the global model with not
dissociated electrodes, i.e. with only one viregivalent electrode [155].

The global model is represented by the figure (4.W& finds in the heart of the model,
the ideal electrochemical conversion representedahbyelement TF and the various
phenomena of the double layer of activation andsjpart of matter which are also described
in a similar way, which gives an effective genetttaracter on this model. We notes the
representation of the diffusion, also called rehgy by a R-C ensemble implying a slow
return to balance under the effect of the integraldients of lithium concentration in the
electrolyte and the electrodes. We also note tmel$dowards the thermal part of the model
which is not presented here [156].
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Figure 4. 11Bond graph model of a lithium battery

4.3.3.1. INFLUENCE TEMPERATURE ON THE STORAGE CAPACITY

The battery temperature enormously influences #tegatior of the characteristic basic
operation of the storage system and in particutatsostorage capacity.

Capacity (Ah)

550

500 N : L S—— — N—
450 \\: |l —330°k |
R j L —310°K |

400 [

350

300
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L s RS S S s S ;
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Current (A)

Figure 4. 12Influence temperature on the storage capacity
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Figure (4.12) shows that the increase in the teatper is accompanied by an increase
moderated with that of the batteries storage céypaci

If this temperature drops up to the value T=40 ttén the capacity is close to 440 Ah
for a minimum. It can reach values maximum of 4%€Ca value which approaches the 500
Ah. We consider that the manufacturers of thestetyaélements took account of the various
climates where this equipment would be installedrter to have best performances, under
operation.

2.50

Battery voltage (V)

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 11

State of discharge

Figure 4. 13Impact of temperature

4.3.3.2. INFLUENCE TEMPERATURE ON THE STATE OF THE BATTERIES

The mode of load (or discharge) is used to expttesselationship between the rated
capacity of a battery and the charging current{scharge).
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Figure 4. 14Influence temperature on the batteries load
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Figure 4. 15Influence temperature on the batteries discharge

Figures (4.14) and (4.15) represent the statead kccording to the capacity, either in
load and or in discharge. In the loading casetéhwerature and the state of discharge follow
the same evolution. On the other hand in the césbeodischarge, the temperature while
decreasing is accompanied by a discharge statehwigceases. These states can lead within
the framework of the batteries maintenance, witkt ballowed by their state for the studied
site and a better optimization.

4.3.3.3. INFLUENCE TIME

To study the influence of time, one seeks to apgrasith a close management in real
time, state of the battery load, which in its tigrdetermining for the effective exploitation of
the storage system.
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— T=1.0h
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Capacity (Ah)

Figure 4. 16Influence time on the state of the battery

In the loading case, plus the duration of timeeases, the batteries load state is below 1.
In the case of the discharge, plus the time durasicsignificant. It is noted that the state of
discharge reaches its maximum value for a longtauraischarge.
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4.3.3.4. THE INTERNAL RESISTANCE

Figure (4.17) represents the evolution of interealstance for our accumulator
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Figure 4. 17Resistance of the battery (load, discharge)

The internal resistance of the battery thus dependbe load state. Its value becomes all
the more significant when the full load is reachiedreasoning with constant current, there
will all the more be losses that the full load &ached and that the output in load of the

accumulator would

be thus weaker in this zone (eégu17, load).

4.4. BOND GRAPH MPPT

In the literatures, many MPPT techniques have leposed to achieve the goal for
solar and wind energy conversion systems, includivegvoltage feedback method (VFM),
power feedback method (PFM), perturb and observéhade (POM), and incremental
conductance method (ICM) [157] - [162]. They aresdzh on load line adjustment under
varying atmospheric and load conditions.

—®—— Dbc/pC pc/pc [
Converter |- -| Converter
F h
Current Current
»| BG-MPPT BG-MPPT |
Voltage Control Control Voltage
DC/AC
Converter

Figure 4. 18Connection of PV modules in a distributed BG-MR#ibtovoltaic

This work proposes maximum photovoltaic power tragi MPPT) for the photovoltaic
(PV) array using the bond graph approach (BG-MPHimge the PV array has low
conversion efficiency, and the output power of P¥ap depends on the operation
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environments, such as various solar radiation, renment temperature, and weather
conditions. Maximum charging power can be incredaseabattery using a MPPT algorithm.

The energy conversion of the absorbed solar ligid eell temperature is directly
transferred to the semiconductor, but electricignduction has anomalous diffusion
phenomena in inhomogeneous material. BG-MPPT cavige a dynamic graphical model to
describe non-linear characteristics. For a smalles®V conversion system, the proposed
method is validated by simulation with differenteog@tion environments
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Figure 4. 19Bond graph controller

The bond graph control requires that variable usedkscribing the control rules has to
be expressed in elements of bond graph (elemenrtami] C) with bond graph junction (O, 1
and TF) [140]. In this work, the bond graph contPPT method has two input variables,
namely AP(k) andAU(K), at a sampling instant k. The output variaklaU(k+1), which is
voltage's increase of PV array at next samplintainisk+1. The variabldP(k) and AU(K)
are expressed as follows:

AP(k) = P(K- R k=) (4.6)
AU(k)=U(k)-U(k-1) 4.9)

Where P(k) and U(k) are the power and voltage ofa®@dy, respectively. SaP(k) and
AU(K) are zero at the maximum power point of a PNAyar

In figure (4.19), e25, SE1 and e6 are respectit_hﬁyconverter switching duty ratio, the
demanded cell voltage and the actual cell voltagaé™ MPPT cycle, where j = k, k+1.
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The MPPT controller calculates the new cell voltage point based on the converter
switching duty ratios and the measured cell vosagethe past and at present. The lead
compensator (e27) forces the cell voltage to foltbee demanded cell voltage signal. In the
practical design of the control software, the thodd ¢, which is a small positive number
close to zero, is used to determine whether the Kid&Pbeen reached and e26 is used as a
positive increment in the demanded cell voltagee Variable’ j can be defined as:

0l = e+eg+ g -¢ (4.8)
52 = e,- 6, (4.9)
533 = e,+(6+ g+ ¢ -9% (4.10)

When [61 | >¢, the MPPT controller can be simplified as:
SE (k+1) =SE( B+ e20p 8¢ 3 (4.11)
SE,(k+ 1) + SE( B ,§ 3¢ (4.12)
SE, (k+1)= SE( - e2@ 8-¢ 3 (4.13)

When |61 | <el, the MPPT controller can be simplified as:
SE (k+1)=SE( B+ e2@ 3¢ (4.14)
SE (k+1)=SE ( B ,p 24¢ : (4.15)
SE (k+1)=SE( R- €205 2-¢ (4.16)

The flowchart of our proposed MPPT controller isgent in the following figure
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Figure 4. 20Flowchart of BG-MPPT controller
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Modeling is to build the bond graph model into fudtware. In our case we have chosen
the SYMBOLS (SYstem Modeling by BOnd graph Languamged Simulation) that is
powerful for research. SYMBOLS is object orienteerarchical hybrid modeling, simulation
and control analysis software. It allows users @ate models using bond graph, block-
diagram and equation models. Differential causaiind algebraic loops are solved out using
its powerful symbolic solution engine.

The proposed algorithm was validated by means ratilgitions performed with the
Symbols code in two different situations, the forrmesuming the presence of the proposed
control system and the latter its absence. In lmatbes the module output power was
evaluated in order to perform a subsequent congrari3uring the tests, the PV module was
submitted to constant temperature and solar radiaionditions.

In the former test the DC/DC converter was conrtettetween the module and the
load without controller; in this case the PV modulas connected to generic impedance.
Under these conditions, the output power is alwags than 135 W. In the latter test the same
conditions were maintained, but the MPPT controk waoperly inserted. In this case the
output power is always greater than 135 W, as easekn in figure (4.21).
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Figure 4. 210utput power with/without MPPT

According to the results, the voltage across thedexerator when operating with
MPPT is stable. This is contrary to the case afrecfioning without MPPT; the PV generator
is operating at its maximum power, and MPPT coutingate the optimal tension quickly.
Also, we find a huge error at the outset becausestilar generator was initially in open
circuit while the initial release of MPPT was nil.

In the programming method, program is a set of camds that every line of its
commands is called statement. Any command lingagnam includes combination of logical
and mathematical operation. Some of the symbolstare/n in next figure
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Figure 4. 22The symbols of bond graph programming

A prototype MPPT system (figure 4.23) has been ldgesl using the described method

and tested in the laboratory.

Figure 4. 23Prototype bond graph MPPT system

4.5. BOND GRAPH MODELING OF PHOTOVOLTAIC PUMPING

SYSTEM

Algeria has one of the fastest growing economied\finca. However, its remotely
isolated rural areas pose problems to rural enemgnagement and development.
Development of renewable energy sources, therefi@asea vast potential in Algeria. Thus, for
rural applications, various established models [163ing techniques [164], and optimization
methods [165] of photovoltaic water pumping systéPWPS) have been reported in the
literature. Solar energy, with excellent sun shifiever 2000 h per year, is paramount for
these applications. Photovoltaic water pumpingesyst are particularly suitable for water
supply in remote areas where no electricity supplavailable. The pumped water can be
used in many applications such as domestic usegrwat irrigation and village water

supplies.
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For stand-alone solar water pumping systems, thasebeen a significant amount of
research performed. A model was developed for sitmg solar-PV water pumping systems
[166], and this reference also includes an excelimrature review of past research on solar
water pumping systems.

Other researches published in photovoltaic watenging were interested essentially
either in water pump modeling and control [167]169] or in overall system modeling and
simulation [170] so as to bring a contribution ke study of the behaviors of the photovoltaic
generators and converters used to feed an asyrmigonachine actuating a centrifugal pump
[171].

The mathematical models of the inverter and theompimp set are described in a great
number of research papers. Thus, we can quote [12J3]. These models describe the
characteristic of each component of the pumpingystem as the inverter, the motor or the
pump. But these models do not give a direct rafatiqp between the operating electrical
power of the pumping subsystem and the water fee of the pump. In this chapter, we use
a graphical (bond graph) model which directly lirtke output water flow rate versus the
input operating electric power and total head.

The main objective of the present work is to depedayeneral method for the evaluation
of the long term performance of a photovoltaic pmeewater pumping system with
maximum power point tracker. In the present woHe variations in system performance
resulting from solar source variations have be&artanto consideration to establish a model
for the complete system. Also, a bond graph mosedeveloped for each component to
simulate the performance of the different composiehthe PV pumping system.

In this context, emphasis is given in the preséutlysin order first to simulate the
operational modes of a typical PVPS and secondlypriavide an analysis based on
experimental measurements, concerning the flow rwale rotation speed of motor, the
voltage and the current of the PV generator.

4.5.1. SYSTEM DESCRIPTION

The use of solar energy for the water pumping isiqdarly well adapted to the rural
zones where water is cruelly lacking. The incregjslamand for water in these zones makes
that a paramount interest is related to the ustekolar modules like energy source to the
power packs. A pumping system can be distinguisteedrding to its electric motor type and
water storage equipment. Most systems are eith@peed with a DC current motor or a
synchronous one.

The structure studied in this work is given by fig4.24). It is composed of an array of
photovoltaic panels, implemented in series andapalfel connection depending on the power
of the system. The Buck-Boost DC/DC converters lnsed graph MPPT for PV array to
extract the maximum available power from them. Batery which is of Lead-Acid type is
used to store the energy, to regulate the DC-Bitage through a reversible current DC/DC
converter and to supply the motor-pump when lovars@diation conditions.
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Figure 4. 24Pumping photovoltaic system

4.5.2. EXPERIMENTAL STUDY

To study the climate of an area, several data ecessary like humidity, the sun, snow
and others. The knowledge of these factors is requecause it affects the human activities
and their consumption of production and energyrattices in particular. Setif is located at
north East of Algeria, more precision, to 5.30 Héstgitude) and 35.92 of north (latitude).
The altitude of this city changes between 895m2a65in; average altitude is approximately
1080 m, it is approximately 110 kilometers from #®a. It is located in a zone characterized
by cold winter with the average temperatures ar@&f@land of relative humidity testing 63%
and hot summer with the average temperatures ajppatedy of 40°C and can reach 46°C
and more, with a relative humidity around 38%. Thedel of Capderou [174], used for the
atlas of Algeria, models the distribution of theedt, diffuse and total radiation throughout
the year with small errors [175].

The PVP sizing model is done through the followstgps: determination of total head,
determination of hydraulic energy, determination edéctrical energy, determination of
available solar energy and finally, determinatidrlectric peak power. The hydraulic energy
per day (Wh/day) is calculated with the formukg; =% =C,.Q.H; Where: H is the
total head (m)p is the water density (1000 kgling is the acceleration due to gravity
(9,81m/8) and Q, the amount of water pumped per day/day) [176]. By considering:

p.g _ 1000 kg.n® (9.81 nts ) ]
= = £ 2.725 kg.s.h.i
" 3600 3600 s.H g (4.17)

The hydraulic energy becomes;, = C,.Q.H;, in our study, the required daily flow will
be 11ni per day.Q=11n? /day

The total head His H; =Hg+H+H_,+H,, HS: static head, difference between the

surface of the water and the deepest point to wiiehwvater must be pumped; H represents
the drawdown, the difference between the staticthadlynamic level of water; dHdynamic
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head represents the losses through the pipelinesiftular losses (in a specific component)

In our studyHr=103mso E, = C,.Q.H, = (2.725).(11).(103) 3087.425\. Thus, the
average daily load is 3087.425 watt-hours. At 108sv(nominal operating voltage of the
motor), this is equivalent to 29.4 ampere-hoursya @he maximum radiation is lower in the
month of December 4.36 hours or 4,36 kWH/mnd water requirements are a maximum
11ntf/day. Assuming losses of 20% due to the temperatmdedust, the theoretical sizing of
our system will be:

E 3087.425
W, = H— = =885.15 _
P 1(1-losse3  4.36(0.8) W (4.18)

T: The pumping time required to meet the daily watszds.

As it has been determined that the operating pitite field would be around 103 volts
due to the characteristics of the inverter, thédfwill consist of 3 panels in series. The
generator power is 885.15 Wp, the current will bewt 8.7 A. The choice of panel type will
determine the number of parallel panels. So, it take two modules in parallel because the
maximum intensity of the module is 4.35 A.

Table 4. 2Sijzing of pumping system

Hydraulic energy| Irradiance | Losses | Power | Voltage | Current | Configuration
(Wh) (Hours) % (W) V) (A) S*P
3087.425 4.5 20 885.1% 103 8.7 2*3

The field will have a power of 900 Wp and will castof 06 panels of 150Wp.

Permanent magnet

synchronous machine

bl e = - o vew rwwrra

Figure 4. 25Experimental setup

Figure (4.26) to (4.28) show the important chanasties of the experimental PV
pumping system. The maximum pump flow (2.549 Iidhbal efficiency (35 %) and PV
current (8.593A) are obtained in the midday (figut€7.2). For a constant ambient
temperature (25°C), the optimal flow rate is obedirfor irradiance equal to 1000 W/m
corresponding to a global efficiency equal to 35t8&, terminal voltage of PV generator with
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MPPT (1200V) (figure 4.28). These results will b&ed, in the next section, to validate the

simulations made using the proposed bond graph Iimode

Tek Amrét

M|1000ms A|Ch2_f 16A

2N.m

5.00A

Ch2
Ch4

Figure 4. 26Rotation speed (curve 1; 90radBiv -1000ms/Div), resistance torque (curve 2;

2 N.m/Div-1000ms/Div)

v
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4
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IIII'IIII'IIIIFIIII

1.00A
5.00A

Ch2
Ch4

Figure 4. 27Water flow (curve 1; 2L/Div -1000ms/Div), PV geag&wr output current (curve

2; 3.35A/Div-1000ms/Div)
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4.5.3. SIMULATION RESULTS

4.5.3.1.ALGORITHM OF THE COUPLING WITH BG-MPPT

The algorithm used in the MPPT simulations is descr by the code below.

Begin

1: Write (MS, PMSM, PC, 1)

% To introduce the parameters characteristic of ¢istem: module solar, permanent magnet
synchronous motor, pump centrifuge, inverter)

2: Read (X, po, a0, delta_alpha)

Py~ IV

g <0

delta _alpha- |

Xo < [1V; W

% Read the initial conditions of the vectar=Xl V ], po=IV, a¢=0, 4a=h
3:Read (E, T)

% Read the illumination E and the temperature T

4: o, « 0y +Aa

5 vm e P | < (@1-a)lP

(1-a)
P IV
X, < [hV; W
% To solve the preceding equation by bond graplnaaet
6: Ao ~ o, +a,

Ap « P+
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7: while (<€) do
8: If (E > 1000) then
A, < 0oy
Pm < P
Q-0
H - 6 - Ce.Q- GIF
% To determine the height of splashinthefpump

9: If (H>Hg) then
% Determination of the flow of fhemp Q
H - Hg+AH
H « C ¥ - Cx0.Q- GO
10: % To determine the quantity of pechwater

tn
q, - 2Dj Q Odt

ty

Else

11. Q-0

12: Return step 10
End if

Else
13: To associate the initial condition
14: Return step 3
End if
Else
15: If (Ap < 0)then
Aa

A0 —
16 : >

17 : Ay « 04
Po <P
0; « 0g —Aa
18: If (Aa <0) then
Op < Qg
Po <P
0, — 0y +Aa
19: Return step 5
End if
Else
20: If Aa < 0)then
21: 04« Oy
Po <~ P
0; « 0y —Aa
End if
22: Return step 7
End if

End while
End.
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The flow chart is illustrated by figure 4.29.

Begin
To introduce the parameters characteristic of the system: module solar, permanent
magnet synchronous motor, pump centrifuge, inverter)

Write (MS, PMSM. PC. I)

Read (Xy, po, oo, Acx)
P=IV.a,=0,Aa =h,x,=[I.V.0]

¥
Read the illumination E and the temperature T

v

a; = op + Aa

-
+
r

To solve the following equation by bond graph method X;= [IV ]I, p)=IV
Vp
(1-c)

;Im = (1— a)Jp

!

Calculate: Ao= as+ ag
Ap =p1 + po

Vm =

Non

Acl<e

e
Associate the initial Non / >

E=1000
condition ‘_\
e

ﬁ' Om = Oy

Determining the gain of the chopper (k) by the following equation —l '
y— %_ g = O3, Po = P, W= - A

T v
Determine the height of the pump by the model H @

H=C -0 -C,w0-C,-0°

g = 01, Po = Pa, 01 = Ug+ At

Non
H>Hg v |
=l/‘{es Q=0
— — - End
Determine the pump flow Q by equalizing the following
equationH =C,- o -C, 0. Q0 -C,-0°:H = He + AH
[« Determine the quantity of pumped water
| t,
gt = 2-[0 -a
t:

Figure 4. 29Flow chart of the coupling with BG-MPPT algorithm
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4.5.3.2.MPPT COUPLING SIMULATIONS

A prototype MPPT system has been developed usiagotnd graph method and
tested in the laboratory. This method is basedssimesearch of the point of maximum power
by permanently adapting the photovoltaic genertdhe load of course by the intermediary
of a Buck-Boost DC-DC converter whose cyclic rasidaken as being a parameter of control
since it is necessary to follow in a continuous e optimum of power [177]. The use of a
converter DC-DC offered the advantage of increasension in front of the reduction in its
current (to maintain the conservation of powetsbutput).

The idea suggested is used to act on the duty afcthe chopper to ensure the
adaptation. To elaborate an algorithm of reseaftheomaximum power by taking account of
these variations, the gradient of the entry pogerdp/da is regarded as signal of variation

e. In optimal operation the variationmust tend to be cancelled so that the extremebean
reached. The research of the MPP is made by teemetiary of the\a steps carried on the
duty cyclea.

Research starts with a step of rather lafge variation until the first exceed of
maximum power point (change of sigm/Aa ).The continuous process then by reversing the
direction of variation ofAa with amplitudeAa, = Aa, / 2 until changes sign of. The sign of
Aa is reversed and the step of variation becondes, =Aa,/2. Research continues
untilAa,, =0. The last value corresponding to the maximum paWen is used for controlled

of the chopper. The process of research is thgpstband restarts only in case or a variation
of irradiance is detected. The optimization of siystem is determined by the resolution of a
nonlinear system of equation (4.19) by taking tbeydycle as a parameter.

Ip =lcc—1, {exp(%) - 1}

Vm =R.Im+ K,.®

K,.Im=Aw’
(4.19
With:
Vm=Vp/(1-a) 4.2
Im =(1-a).Ip @.21)
From where, electric power is:
p=Vmim (4.20

With an aim of testing the continuation of the nmaxim power ensured by the MPPT
during the change of the climatic conditions, ang®in irradiance is applied to the system
varying from 500 W/rAwith 800 W/nf for a period of 4 s, as shown in figure (4.30).
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Figure 4. 30Curve of irradiance

The choice of a parabolic change in irradianceoissidered to better represent the
reality of the phenomenon. In practice, the vaoiaiof irradiance are done rather in a gradual
way.

The simulation results of the pumping solar systeith MPPT are shown on the
figure 4.31.

We represent the evolutions according to the timeotation speed, of the couples
electromagnetic and resistant, the water flow, tatel manometric height.
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Figure 4. 31Simulation of the pumping system with MPPT
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According to these results, we notice that the paomput water after having reached
a certain range speed, this flow is at least lommared to that obtained during the food by
network. This is due mainly to the power limit dfet solar generator and to the order
voltage/frequency law which requires more careetgutate this report. Moreover, this report
considered for weak tensions is not the same asigleal for strong tensions.

Thus, the choice of a simple profit between thaitamand the frequency are only one
control motor simplification.

According to the figure (4.31.b), the electromagnéorque is fluctuating; this is
caused by commutations on the tension invertel Eave by the order law which imposes the
switching times. With regard to the maximum powemp tracking, we noted that this last
functions correctly; the results deferred hereragt®w this operation.

The following table shows the simulation values axgerimental measurements of
the parameters studied for different illumination.

Table 4. 3Comparative study between simulation and experiaienéasurements

Simulation Experimental SimulationExperimental Simulation Experimental

400 2.125 2.111 157.25 165.7 540 535
500 2.405 2.399 188.42 186.5 610 605
600 2.538 2.512 219.85 218.2 680 678
700 2.543 2.517 251.22 248.5 750 748
800 2.548 2.555 271.03 275 800 810
900 2.548 2.555 275.39 275 805 810
1000 2.556 2.555 277.15 275 810 810
70
60
~ 50
z
Z 40
c #
3 30 gp——1
]
c 20
10
0
0 200 400 600 800 1000
Power (W)

=—4—Simulation =—M=—Experimental

Figure 4. 32Simulated and measured laboratory for system &eqyas a function of power
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Figure 4. 34Simulated and measured laboratory of flow watex &sction of illumination

Figure (4.32) presents simulated data and labgratneasurements for system
frequency as a function of PV power. As can be seehis figure, the model predicts the
system frequency accurately over the most freqopetating range (one-quarter to full load).
At low input PV power of less than one-quarter ltteed, the model over estimates the system
frequency by a maximum deviation of 1.5 percent.

Simulated and measured flow water as a functioaystem frequency are shown in
Figure 4.33. Good agreement is observed over tiheplate range of operations between
measured and simulated flow water. However, at #lex water, the pump may rotate but
the input power is not sufficient to overcome tb&ak pumping head; the water column may
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rise up to a certain height but not to the surfdbeasured and simulated frequencies at which
water starts reaching the surface were found t@3snd 33.7Hz, respectively, with a 2
percent deviation. Figure (4.33) also shows theéesysoperating point if connected to the
public grid where frequency is fixed at 60Hz appnoately. As can be seen in this figure, the
model accurately predicts system performance az60H

Figure (4.34) shows simulated data and laboratoggsurements of flow water as a
function of illumination (w/m). Maximizing power forces the pump to provide watem
175 (W/nf). The amount earned during a half-day is 8.29Hmn

As a result of the comparison between the expetiaheand the simulation and in
order to confirm the established bond graph moddIthe obtained simulations, we belonged
to experimental measurements of the output powéation speed and water flow. The curves
obtained are identical to simulations. We can amhel that there is a similarity and
concordance.

4.5.3.2.1. TESTOF ACCURACY

With an aim of knowing the limits of operation dfiet pumping system, a new
irradiance profile shown in figure (4.35) is coresied.
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Figure 4. 35Fall of irradiance

The benchmark of the pumping solar system for aeraiwn with this irradiance
profile is illustrated by the diagrams of the figubelow. The latter defer the respective
evolutions number of rotation speed, torques, wébev, terminal voltage of the PV, the
current and the power output by the PV, and thdiptien error of the optimal tension.
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Figure 4. 36Performances test

According to the diagrams of figures 4.36 (a) arBb4c), we note that the system had
a shorter response time since the irradiance &lailaas significant. But, as soon as this
irradiance starts to decrease the rotation speetages by decreasing the water flow at the
same time. At a certain time, the pump will notaide any more to convey water although
the photovoltaic generator functions with its masimof power.

According to the diagram figure 4.36 (g), the MPIRAS been able to make function
the generator with its maximum power, but in spitdhat the pump could not output water
when the irradiance decreased. We can rectifyditigtion by using other control laws for
the synchronous motor.

4.5.3.3.CHARACTERISTIC PERFORMANCE AND SPEED OF THE PUMPING SYSTEM
The system performance is defined by:

E. _ pgQH,
P, EN.N,S

(4.23)

n ppv

Q: The amount of water and is given by the follogwielationship:
0 Bi<E,

Q=1 -b+,/b*+ 4a E- ¢ G B> B (4.24)

2a

Et =250W/nf; a, b and ¢ are constants.
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Figure (4.37) illustrates the shape of the yielthick is 100% for technical MPPT
idealized cons by the direct coupling is charazegtiby low efficiency, especially for low
values of illumination. But from E = 900W/nand the values of performance will be close,

this approximation shows good fit between the mptamp and generator for the direct
coupling of a strong illumination.
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Figure 4. 37Efficiency of photovoltaic pumping system

Figure (4.38) represents the gait speeds, thetduameling with MPPT technology
according to the illumination. In the case of tleigled system begins to deliver water at an
illuminance of 280W/rh thus maximizing power to force the pump supplyimater from
175Winf.
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Figure 4. 38Quantities of water according to illumination
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4.6. CONCLUSION

A unified method for modeling of photovoltaic sysi® using bond graph energy-flow
modeling. This modeling technique has been develdpesimulation of photovoltaic system
using MS1 environment. By using the bond graph &dism it is possible to combine linear
and nonlinear circuits. Our study brought on thalysis of the photovoltaic systems intended
for the insulated dwelling. Generally, this studploght the element necessary for the setting
in devotement: it is likely to improve very quickind with the help of an optimal cost the
productivity and living conditions of the dwellirgeographically dispersed.

In this study, a bond graph model is developecepryasent the different components
of a photovoltaic water pumping system. This methogly offers interesting solutions in
terms of system analysis and reveals systemati@llynecessary functions needed for
modeling, simulation, optimization, estimation, @mnsioning, supervision, robustness testing
or control laws development.




Part 3: Energy Production
System Diagnosis

CHAPTER 5: Fault Detection and Isolation in Wind Energy Conversion System
CHAPTER 6: Fault Detection and Isolation in Photovoltaic System

“We can‘t solve problems by using the same kind of thinking we used when we created them”
Albert Einstein (1879-1955)



CHAPTER 5: Fault Detection and
Isolation in Wind Energy Conversion
System

In this chapter the problem of fault detection imdvenergy conversion (WEC) is addressed.
One of the original points is that this work is thee of a new the fault detection and isolation
method (FDI). The proposed method avoids the eaptor of all the combinations for its

application to the diagnostic of this system operatThe causal paths are used to generate
the analytical redundancy relations (ARR) at eacmputation step based on the constitutive
and structural junction relations. This is showrraiigh an algorithm for monitoring the

system by sensors placements on the correspondimg graph model. The performance of

the developed algorithm is evaluated on a modal@mmercial sized 4.8 MW wind turbine.
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5.1.INTRODUCTION

Modern complex conversion systems are deployeawir@nments where reliability and
safety are of primary importance, which in turnisdbr effective and sophisticated fault
detection and isolation (FDI) algorithms. FDI metkocan be broadly classified into two
categories, namely, data driven approach and mxstedd approach [178]. There is a method
of fault diagnosis, which is based underlying suaes and behavior of a system. Models
serve as knowledge representation of a large amufustructural, functional and behavioral
information and their relationship. This knowledgpresentation is used to create complex
cause-effect reasoning to detect fault. There am@ major types of model-based fault
diagnosis broadly: quantitative and qualitativeqjL7

The problem of model-based fault diagnosis in wintbhines has just been recently
addressed [180] mainly motivated because of impoeaof this technology for generating
electricity is gained in many countries. So fawising the literature, methods ranging from
Kalman filters [181], observers [182] or parity aetjons [183] have been already suggested
as possible model-based techniques for fault disignaf wind turbines. Model-based fault
detection methods rely on the concept of analytiedlundancy. The simplest analytical
redundancy schema consists in comparing measurenoérd system with corresponding
analytically computed values that in turn are cotagdrom measurements of other variables
and/or from previous measurements of the sameblarial' he resulting differences are called
residuals and are assumed to be indicative ofdanlthe system. Under ideal conditions,
residuals are zero in the absence of faults anezeromwhen a fault is present.

Although engineering processes are inherently noeat, the application of FDI to
nonlinear system continues to apply linear methbdsed on the assumption that the
disturbance caused by the fault is within a snmedion of the designed operating condition.
Using an approximate linear model derived from alinear model of the process, various
algorithms have been proposed to obtain analytiedlindancies, such as parity relations
[184], [185], Kalman filters [186], [187] and parater estimation [188], [189]. Excellent
reviews on FDI can be found in [190] — [192].

The goal of the model-based fault diagnosis isettect and localize faulty components in
a system. Hence, the model used should incorpstaietural information about the system
and bond graph is such are presentation. In thigk,we bond graph algorithm for fault
detection and isolation in a WECS equipped witlearm@anent magnet synchronous generator
(PMSQG) is introduced. The proposed algorithm ®&sda on analyzing the observed fault
signatures on-line and matching them with ttheoretical ones obtained using structural
analysis. The advantages of the proposed techwigereother techniques are that it has more
flexibility and less complexity since it is fullyoffiware. Also, it has a very fast and accurate
detection capability during wind speed variationekheads to a good control performance of
the overall system.

In this chapter, a bond graph algorithm for faultettion and isolation in a WECS
equipped with a permanent magnet synchronous gene(@MSG) is introduced. The
proposed algorithm is based on analyzing tbserved fault signatures on-line and
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matching them with the theoretical ones obtaingidg structural analysis. The advantages
of the proposed technique over other techniquesttat it has more flexibility and less
complexity since it is fully software. Also, it hasvery fast and accurate detection capability
during wind speed variation which leads to a gomat| performance of the overall system.

The method described herein is based on bond gaapa multidisciplinary tool for
modeling, analysis, and ARR generation; all of \mhéce required to monitor a process. First
of all, some necessary substitutions are appliedthen bond graph model in preferred
differential causality to construct what we calfd@ diagnostic bond graph model. Inputs to
a diagnostic bond graph model are the externalkcssuaind the sensor measurements, and its
outputs are the residuals.

The innovative interest of the presented work cgiesh assigning detectors on junction
nodes of bond graph without explicitly generatihg ARRs. The original idea consists on
analyzing the placement combination, which is atyjrvector, in order to obtain the lines of
the signature table, which is in turn a set of bineectors.

5.2.FAULT DETECTION AND ISOLATION

Fault detection is a well studied area in manyidisees by the very nature that FD is
essential to safe operations. The companion proldédault isolation (FI) also has been
studied and is a much more difficult problem.

Simply stated, a fault is a malfunction of the systbecause of some unexpected change.
The malfunction disturbs normal operation and ithecked may further deteriorate the
system’s performance. While a fault is considered-normal behavior, in contrast, a failure
is when a process is unable to perform its requuedtions. Generally, a fault is minor when
compared to a failure, but most failures tend éonstrom ignored or undetected faults.

The first step of the FDI procedure consists toegaet® a subset of equations called
Analytical Redundancy Relations (ARRs) which exprése difference between the model
behavior and the actual reference given by dataiged by the sensor [193]. ARRs are static
or dynamic constraints which link the time evolatiof known variables when the system
operates according to its normal operation modBIRA have to be sensitive to faults and in
sensitive to perturbations.

The residual represents the difference betweersamaged value and a measured one,
which should be zero during normal operation, bugé in the presence of faults.

In practice, there is a distinction between theeckin of fast-acting, possibly safety-
critical faults, and faults which are non-safetytical and slower to develop, for example due
to wear. The former are most likely to be detedbydstate-estimation and instantaneous
comparison of prediction with measurement, while katter are detected using parameter
estimation techniques which require a certain timedow and excitation of the system.
Probability analysis can be used to judge, fromrésedual values, when a fault or change has
taken place. This work is concerned primarily wdtttection of fast-acting faults, detected via
state estimation.
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Isolation, in the literature, means diagnosis efféulty component. If faults are allowed
to occur simultaneously, then for a diagnosiseast as many independent residual functions
as faults considered are required. In practices, utsually assumed that only one fault occurs
at a time, which facilitates more robust fault diagis.

5.3.BOND GRAPH DIAGONSIS OF PROCESS

5.3.1.TECHNICAL SPECIFICATIONS FOR SENSORS PLACEMENT

The quality and efficiency of a diagnosis systerpetels closely on the availability and
relevance of the information it can retrieve frame diagnosed plant. The sensors distributed
on the system are the source of the fault inforomatPrevious diagnosis work has been done
on the hypothesis of the sensors placed reasoiallgvance. In reality, the number or cost
of sensors available will be limited and this wilf course, places restrictions on the
resolution of data. As a result, it would be neaegsn practice to optimize the number and
location of sensors for a given problem. The isstidetermining the optimum number of
sensors for a particular application, together wiithir best possible locations, has received
considerable attention recently [103].

The goal of these sections is to provide an optseakor placement method on the bond
graph model in order to make all components moaitie.

Let given a bond graph model obtained from physpmalcess. We suppose that the
sensors are not placed yet on the bond graph model.

Let x and y the boolean variables to express the potentiabseplacement on the
junction nodes such as:

« =4 1 ifthe " sensoris placed on tffe"D" (5.1)
10 otherwise

v, :{ 1 ifthe " sensor is placed on tiej1" (5.2
! 0 otherwise

No number of “0” junctions, N1lnumber of “1” junctionsi number of bonds around the
i “0” junction (i = 1, Ny), m number of bonds around tH&{1” junction (j = 1, N), In the
following, “f’and “e” denote flow and effort vectprespectively

Equations of the1“0” junction are:

E af, =0 _| 1 ifthe half-arrow is toward junctix 5.3
= q= i (5.3
k=1 0 otherwise

€ = &, where X 1A 1

Equations of the'}“1” junction are:

1 if the half-arrow is toward juncii (5.3

mj
2.af=0
f|:1_ ¢ 0 otherwise

[ R

A
where k 1,m 1

* The known variables are represented in the bongdhghyy the measured variables
given by effort (De) and flow (Df) detectors, argtinput variables which can be a
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constant source of effort and flow Se, S f or a ulakd source of effort and flow
MSe, MSf. The set of known variables K is then otsd:

Let us define now, two sets of variables:

K =MSel] MSfO Dell Df0J u (5.5)
» X the set of the unknown variables. The unknownraides are the power variables
(flow and effort) which label the bonds. The vectércontaining all the power
variables is:

X (1) ={e, (1), 1,()} O{e, (1), f,(t} .. { e, (1), f, (t} (5.6)
Where n is the number of bond graph R, C and | etgs The set of constraints can be
decomposed into four sub sets according to the goaoh methodology.

. The behavioral constraints: gather the sets of bagge and differential
constraints, and describe the physical phenomenheonond graph elements.
. The structural constraints: those constraints adependent from the metric

notions and represent the laws of power and meti@servation on the system and are
deduced from the junctions 0 and 1 on the bondrgnapdel.
. The measurement constraints: describe the availaldasurement on the
system. They express the manner the sensors transfame state variables of the
process into output signals which can be usedystesn control and diagnosis. The
sensor output represents the power variable conforoall the inputs and outputs of
the junction.
. The differentiation constraints: those constraares not directly related to the
physical system, thus they do not appear explicitithe bond graph model. They are
used to calculate the derivative of the known é$fand flows.

Based on causal properties of the bond graph muagetihe unknown variables can be

calculated using covering causal paths.

For the “0” and the “1” junction, the unknown vdria (based on fixed causality) is
calculated as flows [194]:

fe =g [S{(l_ x)(&:)* % De}}

& =é(1— x)o2(f,)+xDg oo = LR (5.7)
R~ Pk [(1 yJ)( ) } :
{ _(1 yl)(pR, (eRJ ty avecF LN (5.9
@, =[5 ([k)J’ % Dﬂ avec k= 1.N (5.9
fl_k =(1—Zk)(g_k (q_k)+ z Df

The residuals are designed to be sensitive tolatfet comes from a specific sensor and
as insensitive as possible to all the others sefasdis. This residual will permit us to treat not
only with single faults but also with multiple asuinultaneous faults.

The residuals are designed to be sensitive tolatfet comes from a specific sensor and
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as insensitive as possible to all the others sdasdis. This residual will permit us to treat not
only with single faults but also with multiple asgnultaneous faults.

The input-output relationship of the system afteing incorporated with a normal
operation model can be described approximatelplésifs,

K=F(X) (5.10)

X is the fault vector with each input xi represagta measure of the fault level for fault
(x1: fault in Df1, x2: fault in Del3, ...). K is thetate variable residual vector, with each input
representing a particular state-variable residgéX) is a nonlinear function defining the
relationship between different faults at differvels and the state variable residuals k.

Fault diagnosis, which entails the determinationhef kind and location of the detected
fault from a list of possibilities, needs to use ttesulting K (known) to find the causes X
(unknowns).

The nonlinear equation (5.1) cannot get uniquetgols for X for a given K if m<n
and may result in inconsistencles M, but it would not lose any generality to assume
m=n. If F(x)is known, multiple simultaneous fault diagnosisdimees easy. However, it is
very difficult, if not impossible, to fin&(x). To simplify equation (5.1), the first two itemf o
Maclaurin’s series can be used to linearize thdimear equation.

Fault detection is a process of binary decisions Tan estimate positive or negative for
the presence of a fault. This response is givea Hgcision criterion generally defined in an
algorithm. The state detection, binary result ef detection process can be written in general

_J] 1 if the criteria of decision is vdktec
Fb _{ 0 otherwise (5.11)

The state of detection depends on one or more Eaeasn These parameters should then
be adjusted according to measurement conditionssilply as properties of the target
roughness or defects sought.

Two cases for the actual presence of a fault assiple:

PE= 0 if the signal does not correspondhtfault (5.12
1 if the signal corresponds to a fault '

Depending on the value of the state detection ,(fmty combinations are possible. Both
errors are possible error detection and false al&aise alarm is the erroneous detection of a
fault. It may lead to the substitution of a pieed intact, constituting an undue cost to the
manufacturing process or revision of the device.

In this work we propose the application of simpgheesholding algorithm. It gives a
positive response to detection if, for at least aneasuring point(n;,n), the value

s(n ,n )the modulus of the signal is greater than the detethreshold fixed either

det(DC):{l om0 ). | s(n.pfe D (5.13

0 otherwise
DC is an adjustment of the decision criterion.dh de set for each set of measurement
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conditions, while remaining the same for all asses#s conducted under the same
conditions. For our application DC=0.22 unite.

It may be possible to adjust the detection threshalsed on the fault. The amplitude of
the signal depends on the fault size. It is possibl a consider that small faults are not
harmful to the system. Its threshold value depemtdshe measurement conditions and the
minimum fault size.

The algorithm developed in this section estimakesdetection state det= 0 or det = 1
from any figure corresponding to a PF=0 or PF=lisTddgorithm relies on a detection
threshold DC whose value must be determined fon sat of measurement conditions. The
optimal threshold value is chosen by covering akgible threshold values and calculating
their statistically representative set of images.

Sensitivity is the number of correct detections suead @p divided by the total number

of correct detections possible on a statisticalljicgent number of samples, or
Np _N
r]CD + nSD n

Se= €0 PE= PF (if the signal corresponds faut) (5.19
PE
The sensitivity is thus equal to the rate of cdrigtection and quantifies the ability of

the detection process to respond correctly whePthes 1.

Specificity is the number of non-correct detectiomsasured divided by the total number
of non-correct detections possible, on a statibyisafficient number of samples, or

S = Mveo = Mheo PEF= PF (if the signal does notrespond to a faul (5.19
r]NCD + nC nPI(:J

Precision is the total number of states detectmmsistent with the hypothesis assessed
divided by the total number of samples, or

r]CD + rlNCD

Npr, + Npg
For our application, the equations in jumts are given by:
Jonction @
§=6 &= §
fl - fs - fso =0
for = fo= @[ s[(1- %) €.+ % Dg] | (5.17)
1 -
& =6 =_(1-x)a." t.+ xDe
Jonction @
€ =6,6= 86
f7 - f31_ f2020
feo = fa = @[ S[ (1 %) &2+ % De]] (5.18)
1 -
&2 == (1= %)@, t.* %De
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Figure 5. 1Bond graph model with sensors placement
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Jonction @

€s= & &= &
f62_ f63_ f64:0

411
fu="Tfu=@, l|:g|:(1_ Xs) €.t XsD%ﬂ
e,=&,= 1- x)@, {,+ 2 De
Jonction Q

C6 = G &= &
f65_ f66_ f67:0

L1 1 5.20
fio = fs, = @ 1{;[(1— Xo) €Lt % De‘]} (5:20)

e.=¢,= 1- )@, f.+ ¥ Dg
Jonction @

€6 =€ €= &
1:71_ f72_ 1:3620

a1
fo=fn=4, l|:g|:(1_ XlO) 8.t XloDesﬂ

e,=e,= 1- %)@, f,* % De
Jonction @

€1 = &0 Gos™ &0
f80 - f103_ f84: 0

411 5.22
fL3 = f84 /i ! |:g|:(1_ X11)6 S X11De4} ( )

€= &~ 5(1_ )fl)q_a I3+ %1 D%
Jonction @

€s~ Q€77 G5
flS - flS_ f17: 0
4|1
fL4 = f18 =4, l|:g|:(1_ Xlz) €.t X12D67ﬂ

€4~ 6= 5(1_ )fz)qq_4 I4+ %, De
Jonction @

&s = &2 €20~ &

f120 - fss_ leO: 0

a1
fs=Tfes=05 l{g[(l_ X13) S X13Dezﬂ

es=6.= 1- %)@, fs+ 7 Dg

(5.19)

(5.21)

(5.23)

(5.24)
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Jonction @
€, =63 &= G
f32 - f33_ f5: 0

fos = fos = @3 S[(1- %;) €5+ % Dg] (5.25)

1 _
€3 = %S:E(l_ Xs)(”csl £s+ xDg
Jonction @p
€7 = €g 4= G
fi;—fig— f5,=0

fes= f1s = CDCSI:SI:(]'_ X4) €cst X% DQO:I:I (5.26)

€, = & =§(1- %)@ Tt % D

Jonction @,

€5 = 0 €5= &

fos= foe= F35=0

fos = f20 = @ S[(1- %) @+ % Dgy]] (5.27)

1 -
€5 = € :g(l_ xs)%sl £s+ % Dg,
Jonction @,

€00~ G0 &7 G
flOO_ f19_ 1:37:0

foo = fo= @[ s[(1- %) & .+ % Dg,]] (5.28)

1 _
€4 = Q9:g(1_ )%)¢c4l s+ % D8,

Jonction Qs

€01~ G €= €
floo= fou—= fee=0

fou = F0 = @[ S[ (1~ %) &+ % Dgy] ] (5.29)

€w = & =§(1- %)% Tout % Dg;
Jonction @4
€02 = &3 G~ 65 I5102_ f23_ f39: 0
fo = fs =@, [S[(1- %) & + % De,] | (5.30)
€ = € =§(1- %)@, £+ % De,
Jonction Tk
& = M &y
{fgo =m fe

(5.31)
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Jonction Tk

{em =me, (5.32)
f91 = m2 f87

Jonction Tk

{ea =me, (5-33)
f94 = m3 f8

Jonction Tk

{eg =m g (5.34)
f95 = m4 f9

Jonction Tk

1
€, =—6,
rflg (5.35)

my
Jonction Tk
{els =M,
f16 = m6 f15
Jonction TR
{el =meg,
f44 =m, f1

f14 f17

(5.36)

(5.37)

Jonction 1

&, 6o~ €,=0

f52 = f40’ f38: f40

=G = %1[(1_ yl) fat ¥ Dfl:l
far = a0 = (1= Y1) b "€+ ViDFy
Jonction %

(5.38)

&~6,~ =0

fo =1, fas=1,,

€ = 8= Phol (1= %) foo*t ¥, DF]
fro = f2,= (1= V,) %, "€yt ¥, D,

(5.39)

Jonction %

&s;-€,- =0

fos = f1o f,= T,

€ = 62 = ol (1~ W) Tt ¥ D]
frs = f1o = (1= ;) ks gt Y5Dfy

(5.40)
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Jonction }
€5~ €, §,=0
fog = fo0 For= F oy
€ = €4 = Bl (1= ) fos* Y. DF] (5.41)
fra = f2u = (1_ y4) ¢R4_leR4+ y,Df,
Jonction }
e—€,= 0
f,=fq
€ = € = ol (1~ %) oo™ % Df] (5.42)
fs = 4= (1= Ys) s €rst ¥sDfs
Jonction 3
€6 €4~ §s=0
fia= fog fas= fas
€re = 8 = Pl (1~ %) foet % DE] (5.43)
frs = Tos = (1 ¥5) s rst ¥ Dfs
Jonction %

f4 = f42' f2: f42’ f41: f42

€+t6,-6- etzzo

544
€ =6 = ¢Rc[(1_ )6) ch+ Y Df7] ( )
ch = f2 = (1_ y7)¢Rc_leRc+ Y, Df7

Jonction %

f1:-; = f120’ f27: f120 f 121 f 120
€3t € €7 6y~ 0 (5.45)
€w = €7 = Gl (1~ %) fut % DE] '

few= T2 = (1_ YS) ¢Rw_1eRW+ Y, Dfy
Jonction }

f27 = f7l’ f43: f7]! f11: f 71

€;+6;~ §~ 6,= 0

€ = 81 = o (17 %) ot % DF (5.46)
fre = f11= (1= Vo) e ‘€re* YoDfo

Jonction 1o
€0~ €5~ §,=0
flo= fao Fog= o
Crr = G = %7[(1_ y10) fert Yo Dfyg (5.47)
frer = F26 = (1= Vi) @7 "€rr+ YaoDfio
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Jonction 1;
G5~ 6o &1 0
fes = fsv f29= fSl (5 48)
€s = €~ ¢R8|:(1_ y11) fR8+ Y Df11 '
fRS = fzg = (1_ yn) ¢R8_1eR8+ Y11Df11
Jonction 1,
€~ G &= 0
f41 = f82’ fso: fsz (5 49)
€ro = &= ¢)R9|:(1_ YLz) fR9+ Y12 Df12 '
ng = fso = (1_ Y12)¢R9_1eR9+ Y12Df12
Jonction GY
{ fo = (1/1,)ey (5.50)
fos=(1/1,)e,,
Jonction GY%
1
f60 = r_eee
g (5.51)
1
fss =—€
2
Jonction GY4
1
fzs = r_e73
S (5.52)
_1
f73 =—€x
3
Jonction GY,
1
flOO =—€,
4
5.53
1 (5.53)
f74 - r_eloo
4
Jonction G¥
1
f101 =—€5
5
5.54
B (5.54)
f76 - r_e101
5
Jonction G¥%
1
f102 =—€,
6
5.55
R (5:55)
f79 =—€
s
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5.3.2. ANALYTICAL REDUNDANCY RELATIONS GENERATION

The Analytical Redundancy Relations ARRs are symbelquations representing
constraints between different known process vagmb{parameters, measurements and
sources). ARR are obtained from the behavioral maodethe system through different
procedures of the unknown variables elimination.

From equations of junctions we generate the folmnanalytical redundancy relation:
ARR, =[ @[ (1~ ¥,) frrt Y DF ] )
ARR, = @x,[ (1~ ¥,) frot y DI ]|
ARR, =[ @as[ (1~ y3) frgt y DI 4]
ARR, =< (1) 0es ezt @ (1= ¥) F st y Y Hcp D #<(1-x o' xDe }—cp B
ARR; = (1 ¥;) Gy *ers~ V5Dt @ of (T X) et X,De] |
ARR :é(l— X,) @, fot xDe =@ (1= y) f gt y D
ARR; =@z, [ (1~ %,) &,+ % De]]
ARR, = 0,,[ (1= y,) fagt y I J+m m Of
ARR, =s(1- %)@, f, + x8D93+(pRC[( oy oot y7Df]+ S€
ARR,, = r,.I, D*el( - y)0nteem @' $(F X et %Dg|-[ 4 Yoo & xD§
ARRy, = 3p.,(1- X)) e+ @ x,Det[ § & %o T+ xDe
ARRy, = @, [ (1~ ¥,) fry + Y Df 4| —5(1- xg)chS .+ x De+ mpDf. (5.56)

ARR13:ﬁD}2+(pLs [:;[(1 X )eLs+X De]} 1 1_ XA)(pcSlf x pef rsD*eE bf

p-m,
+(1- Vg ) @ "€ * Vs Df

ARR,, = 5(1- %) 0. f.+ x,De,~ 9.{( ¥ X) et x,Dgf

ARR,; = 5( 1= %) @, o+ XoDes+ @ (F vy fogt yng]

ARRys =39, [ (1= %o) €.+ %oDg]+( ¥ Yo' @t ( t Jo " £+ xDet y,Di
ARR,; = 5(1~ %)@, ,+ X oDe+ @ (F x) e )%DQ;I

ARRy; = S(1- X,) 5 fia* %, Dect @ (F ¥i foit VaPf o~ x}o f + x D,

1
ARRlQ = (1 X6) (pC4 lfC4+ X pe12+(1 yl()(p R7 R7 lpf 10 (p L3|: [( 1_ X )% € L-é- X 1pe]j|

ARR,, = (1~ %,) @, f ,+ x,,De,—@ 4[{ (F x) et anq;]

AR 21_(pR8|:(1_ yll)fR8+ylpf 1ﬂ_ = ) it x,De 7 5( T X])l(p 43 x,Pe
ARR,, = S(l— X7)(p0w_1f0w+ X7Dela_(1_ yl])(p R8 eRs yuDfir @ L4|: ﬁ{( kS X1)3 et X13De}]

0l
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ARR,; = S( 1- X:L4)(pL5fL5+ X,,D€;— 5{ T Xla)(p Lafiat xDet @ Cv[( E X) &t % DQ}

1 *
ARR,, :I’_ Df,+Sf +(pR9|:(l_ ylz) frot Y, Pf 12] _[S(l_ X 1)(P £ st x e g
3

m. |1 _ 1 _
ARR,; :(pRQDf12+r_5|:g(1_X8)(pCrlf otx pe 4 __S(p L51 (l_ X 1) e s lee;

6
ARR,; =8(1- %)@, o, + X;Deg—- § £ )9 it x.,Det o [( 2 ¥ e+ %De)

Now, we will study, the combinatorial problematicsensor placement. We have shown
that to each sensor position, a binary variabld)@an be associated. The optimal solution is
then a binary vector in which “1” value indicatést a sensor has to be placed.

From junctions equations we obtains ARRs and aaegrth binary variables,y, and

we finds the final structure of the system to bpesuised. The question which arises then,
can we supervise the global model of system witknty tree sensors? And which would be
the combination which ensures this property?

FOr [ ¥ % ¥ X %X Ve Yo XoXY XoX Y XX ¥ X X Y X % ¥ % ¥]5 11101110101111111:
111111]
The results of this placement are representetidgystem of equations (5.57).

ARR, = ¢_,Df, + 1 (Df | +Df?)
I

5
ARR, = @,,Df ,—m De€,
ARR, =-r,Df, +Sf + . Df

ARR4 = m7(pc1Df1 - gpc:lDel"' () R4Df2+ Se-@ R4Df‘

ARRS :% Dél ~Qc; Del_(pRSDf5+ St
2
ARR, =3p.,De, + Se
ARR, = - Df ,+Df; -D€,
ARR, = De + Df, + @, Df, _E(le De,+@.De,
S
ARR, =2 pf: -2 pf,-m pé,,
ml 1
ARR,, = Dfg—-rsp, De,
ARR,, =Se- . Dg,

ARR;, = mlDéB_(pRGng ()5
ARRls = ms(Df2+ Del)_ 3, D%

ARR14 = De*1+ Sf- m, DQ2+ Pcs D?:

ARR,; = Se- @, Df ,— De,

ARR16 = DflO —SP ;5 Dee - De.I.Z

100
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Table 5. 1Signature matrix of the failures
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ARR,, = Dle_(pL
The matrix of corresponding signature of the fatuis represented by the table (5.1).

ARR,,
ARR,,
ARR,,
ARR,,

Ls
L5
L4
L3
L2
L1
Cw
Cs
Cr
C5
C4
C3
Cc2
Ci1
Rw
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It is noticed that the structures of the residuesdéferent and the signatures of faults are
not different (R, Ly and G) and no-null. Thus components,R; and G are detectable but
not isolable then not monitoring. What takes usglto saying that the total system is not
monitoring.

FOr [Y,Y, YoV XY XY Y XX Y X XY X XY % %Y X XV % %],=[11110111011011011C
101101]

The results of this placement are representeddgytbtem of equations (5.58).
ARRl =mmg Dez+ (pRlDfl
ARR, = m,D€ - @g,Df,
ARR, = @..Df ,.—m De,
* 1
ARR4 = (p01De1 +r_(pR7Df1 + 5(meel"' o R4Df.

2
1 .
ARR; = g(pCr 1fCr ~@rDf 5

ARR, = Sf+ Df; —sp,,De,
ARR, = Sf + @, Df,
ARRS = Vsa+ Dé, ~Prsa Df7_ 9 Isaf

Isa*
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ARRlZ =Sf+ Del_(pRGDfQ_g(pLZDel
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The matrix of corresponding signature of the fatuis represented by the table (5.2).
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Table 5. 2Signature matrix of the failures
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The matrix of corresponding signature of the faturs represented by the table (5.2). It
is noticed that the structures of the residueddferent and the signatures of the defects are
also different and no-null. Then all the componeate detectable and isolable thus
monitoring with nineteen sensors only.

5.4.ANALYSIS TOOLS AND SIMULATION PROCEDURE

Software SYMBOLS (SYstem Modeling by Bond graph g@aage and Simulation),
created by Indian Institute of Technology, ConsutkaHighTech, is a software of simulation
modeling and control of various systems for scfenéipplications variety and of engineer. A
SYMBOLS is object oriented hierarchical hybrid mixlg, simulation and control analysis
software. It allows users to create models usingdbgraph, block-diagram and equation
models. Large number of advanced sub-models c&@lgolsules is available for different
engineering and modeling domains. It automaticalgrives completely reduced system
equations. Differential causalities and algebrampk are solved using its powerful symbolic
solution engine. Non-linearity and user code camtegrated in single editing IDE. It creates
high-level C language code and allows any extecnde embedding. The simulator module
has both online and post-display facilities. Evieahdlers and online event notification and
variation of parameters are key features of thisaaded simulator. It has a well-developed
controls module that automatically transforms stgi@ce modules from graph or blocks
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diagram models and converts them to analog oralityensfer functions. Most control charts
and high-level control analysis can be performedthis section, we will give the results
obtained from the developed method for one or mseresor faults.

5.4.1.SINGLE FAULT

For the faults detection of our system we use ttezqulent Analytical Redundancy
Relations (ARRs). We create the faults on monitpriomponents with this software fault
here is considered in the total absence or theatiewi of the nominal value given out by the
component to monitor.

The numeric values of components are not considerdy their presence or absences in
the relation are taken in account with evaluatermtthe operators (+, -). It is the qualitative
approach for bond graph monitoring.

5.4.1.1.SENSITIVITY OF DETECTOR DF1

In the first time, we create a fault between trsant t= 4 h and t= 6 h in the first sensor
(DF1). The default on the wind turbine depends eigfig on the environment. For example,
for the wind sites-often in mountain-snow, or falffforanches can cause damage.

1.00

(R Ee— {— AAR1T ——ARR2 — ARR10 ARR18 == ARR19 |-

0.60
SN SNSRI SOOI, SUUUON.. AU S

0.20

0.00

Residues response

-0.02

-0.04

-0.06

-0.08

-1.00

Time (h)
Figure 5. 2Sensitivity of detector Df1

In figure (5.2) we present five residuals, the ual on R1 is characterized by the
presence of the detector Dfl in the analytical nelduncy relation ARR1. We note that the
residual ARRL1 is sensitive to the failures whiclfeeff R1, but residuals ARR2, ARR10,
ARR18 and ARR19 are equals to zero.
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5.4.1.2.SENSITIVITY OF DETECTOR DE13

We create a fault between the instant t= 4 h arélli=n the thirteenth sensor (DE13). A
stator winding fault in the generator was simulatadhe test rig by simultaneously shorting
3 coils installed on the stator of the generatohew the connection state of the coils was
changed periodically, the torque and rotationaledpsignals were collected from the
generator shaft. The time-waveforms of the sigastsshown in figure (5.3).
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0.40

0.20

0.00

Residues response

-0.02

-0.04

-0.08

Time (h)

Figure 5. 3Sensitivity of detector Del3

The figure (5.3) shows the response of the residites noted that residue ARR18
present a short change compared to its initiaé dtatween t1=4h and t2=6.5h but turns over
in their initial state from t=10h and same thing ARR19, but other residues ARR1, ARR2
and ARR10 remain invariant.

If we refers to the signature of the Irc componginen to table (5.2) we notes that this
result is in conformity with what is envisaged;. ithat in the event of failure of the Irc
component the residues ARR18 and ARR19 will arsitiga.

5.4.2.MULTIPLE FAULTS

5.4.2.1.SENSITIVITY OF DETECTORS DF1 AND DE13

We create tow fault, the first fault between thetamt t= 4 h and t= 9 h in the first sensor
(DF1) and the second fault between the instant trahd t= 9 h in the thirteenth sensor
(DE13). The fault at the first sensor (DF1) islsidcurred when the fault at thirteenth sensor
(DE13) has been introduced.
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Figure 5. 4Sensitivity of detectors Df1 and Del3

Figure (5.4) shows the five residuals (ARR1, ARRRR10, ARR18 and ARR19)
where after the initialization, they have a constaalue until t=4 h. There, all the residuals
retain their initial values and only the residu®R1 that corresponds at the first sensor stays
to the new value.

At time t=7 h, where the second fault has beenredtdhe residuals that corresponds to
the thirteenth sensor (ARR18 and ARR19) change fin@rinitial value. It stays at the new
value until t= 9h but the other two residuals (ARl ARR10) retain their initial value. The
first residual (ARR1), which corresponds to thetfisensor where the first fault still occurs,
has not been affected by the new fault.

5.4.3.SIMULTANEOUS FAULTS

We illustrate the case where more than one facltaroat the same time on the system or
briefly the simultaneous faults. We have applied faults: one on the first sensor (DF1) and
one on the thirteenth sensor (DE13) at the samettid h (=4 h until t= 6 h).

In figure (5.5), we give the five residuals (ARRIRR2, ARR10, ARR18 and ARR19)
and we can see that their values are equal to startrvalue until t=4 h where the two faults
occur on the system. At that time, only the redidisaociated to the first sensor (ARR1) and
this residuals correspond to the thirteenth sefdsRR18 and ARR19) change from his initial
value and stays to their new value until t=6 h; ¢tieer two residuals (ARR2 and ARR10)
retain their initials values.
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Figure 5. 5Sensitivity of detectors Df1 and Del3

5.5.CONCLUSION

The diagnostic strategy and the form in which kremgle is available conditioned the
method used to design the monitoring algorithm. okdng to the type of knowledge, the
criterion of classification of the monitoring methalistinguishes between two types of
approaches: methods with or without model. Our roution relates to the methods
containing model. The results found here are pramégresting because the simulation of
faults in quite precise moments were confirmedHey simulation software starting from the
sensitivity of the indicators installed.

The generation of the analytical redundancy retatioy the bond graph approach shows
some interesting characteristics:

» They are simple to include/understand, since tloesespond to relations and variables
which are posted by the model bond graph imagehef ghysical process, these
relations are deduced directly from the graphicesgntation.

* They can be generated in form symbolic system husg adapted to a data-processing
implementation.
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CHAPTER 6: Fault Detection and
Isolation in Photovoltaic System

The use of renewable energy is growing signifigaattound the world. In front of the

growing demand for electricity essentially for themote and deserted locations needs.
Photovoltaic systems, especially water pumpingegyst begin to find great applications.
Unfortunately these systems have encountered a erupfbproblems even nowadays: a
problem of maintenance. Therefore, we have condwetgtudy with an aim to design a tool
for the diagnosis and repair, which uses the mathayyy of case-based reasoning, in order to

ensure proper operation and ease of maintenanegegiies.
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6.1.INTRODUCTION

The fast evolution of the renewable energy soudcemg the two last decades had as
consequence the installation of many systems iwitrdd. The disadvantage of the latter is
the high cost of installation. The good dimensignof a PV installation is very important
initially for the optimization of its size and itst. Then, it is important to continuously
follow and control the performances of this PV atisition. Electrical faults and the aging of
PV modules cause a malfunction of the photovoltgstem. Several research laboratories
were interested about the renewable energy so{t6&%, [196] and various techniques were
developed either for dimensioning, the regulatiomave a maximum of power [197], or for
the fault detection [198] - [201]. The monitoringdathe control of the performances of
system state and their produced powers are theehighportance to evaluate them
continuously, to monitor the evolution of their abities, and to detect the faults. In this
chapter, we present a technique which contribubeshé detection of the faults and to
monitoring the degradation of the performances BVasystem.

In recent years we have found in the literaturetaof methods of faults diagnosis of

PV panels [202] - [206]. K-H. Chao and al. [2@@f a software package called “PSIM”
for the fault detection. This software package oy makes it possible to diagnose the
fault but also to give the characteristic ves of I(V) and P(V) at variable surface
temperatures of PV panels. Another techniqueeben developed by Y. Yagi and al [204]
called "Learning method" to diagnose faults on pahels, this technique uses criteria of
database and then analyzes the data obtdined the photovoltaic system and determes
if the installation functions correctly. Thessteria are updated monthly for each site
location of PV panels. Moreover, this method alsakes it possible to check if the PV panels
are shaded.

In recent years, the impact of partial shading lee ghotovoltaic array performance
has been widely discussed [207] - [211]. With agitsl photovoltaic module it is difficult to
study the effects of partial shading since thedfitdsting is costly, time consuming and
depends heavily on the prevailing weather condstidthioreover, it is difficult to maintain the
same shade under varying numbers of shaded and iflulininated cells throughout the
experiment. However it is convenient to carry dut simulation study with the help of a
computer model. In most of the studies [212] - [[R1®e effect of partial shading in reducing
the output power of the photovoltaic has been dised. But little attention has been paid to
the power dissipated by the shaded cells affe¢hiagarray life and utilization of the array for
the worst shaded case.

The investigation into mismatch problems of PV gsraan be traced back to as early
as late eighties when Bishop [220] proposed a gel@weeping method to draw the current-
voltage (I-V) curve of a PV array with shaded ceBince then, studies on mismatch of PV
arrays, in particular those caused by partial sttadiave become active. Shortly later, Abete
et al. [221] applied Bishop’s method to study tlehdviour of a mismatched PV array in
presence of bypass diodes. We note that both Bif2@2@ and Abete et al. [221] avoided
solving nonlinear implicit equations governing P&l circuits by sweeping the diode voltage
to obtain the corresponding I-V curves of PV cels the other hand, the Newton-Raphson
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method, a widely applied iterative numerical metlfmdsolving nonlinear equations, was not
used for the analysis of PV array networks un@ work of Quaschning and Hanitsch [222],
subsequent to which Kawamura et al. [223], Alonsoédia et al. [224] and Wang and Hsu
[225] also adopted the Newton-Raphson method falyamg mismatched PV arrays.

6.2. FAULT DIAGNOSIS OF PHOTOVOLTAIC PANELS

The default on the photovoltaic panels dependscesdpeon the environment. For
example, for the isolated sites-often in mountaiavs, or falls of branches can cause damage.

Urban installations can be touched by projectil@fie lightning can also deteriorate
the installations. Connections and the weldingmeactors can also be degraded with time.

Another very frequent phenomenon was the causeuchndeterioration on the first
generation of photovoltaic panels: Hot Spot [22819]. This phenomenon appears when a
shade comes to cover one or more cells of the p@had shade can for example, come from
an electric pole near the panel or a dead sheetwdumes to be stuck to the panel. This cell
then does not produce electricity anymore and behlke a receiver. The cells composing a
panel are all connected in series and when a oel diot produce electricity any more, the
current produced by the others which crossbs cell converted into heat. This
phenomenon creates important rises in temperathiehvirequently involve the deterioration
of the cell.

To remove this problem, the manufacturers placédedin parallel all the 18 cells,
therefore two diodes for a standard panel of 3&.c€hese By-pass diodes derive the current
of the line from cells having the shade.

6.3.PROBLEM STATEMENT

Several conditions impair the performance of P\aysr including partial shading,
module soiling, inverter failure, and mismatch daerariation in manufacturing or aging of
PV modules. In general, faults result in a chargstie pattern in which the faulty module (s)
form a cluster in |-V space, while the rest of stkeng in which the fault occurs forms another
cluster, and the remaining un affected modulefhéndther strings form a third cluster. This
paper focuses on the detection of ground and aitsfa

6.3.1.GROUND FAULT

A ground fault occurs when a PV array develops @intantional low-resistance path
to ground, such as when wire insulation is compseahj leaving it in contact with adjacent
conductors. This shorts one or more modules irriagstleaving the rest of the modules to
make up the difference in voltage.

Some modules are shorted and operate at a highentwand much lower voltage
than their MPP, while the rest of the string opesait a higher voltage and lower current than
their MPP.
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6.3.2.ARC FAULT

An arc fault is the unintended flow of current thgh air or another dielectric. Arc
faults are generally divided into two categoriesviess and parallel arcs. A series arc occurs
when a short break is created in a conductor, sagciwvhen a connect or pulls a part due to
aging or thermal stress. A parallel arc occurs wiaenconductors of widely differing voltage
are placed near one another, for instance whemsuation on a cable running over a steel
frame is compromised. The current through a seniess generally limited by the circuit with
which it is in series, while a parallel arc candietically consume as much power as a source
is able to supply.

Several models exist which attempt to describebtigavior of an electric arc. One
extremely simple approach is the Cassie model, lwhescribes an arc as a time-varying
conductance with constant steady-state voltage Mdnyg model takes a similar approach but
assigns an arc constant steady-state power dissipdhe Habedank model [230] consists of
Cassie and Mayr arcs in series with one another.

6.4. TECHNICAL SPECIFICATIONS FOR SENSORSPLACEMENT

We assume that the faults are not multiple and afegt only components. Let given
a bond graph model obtained from physical prockgsré 6.1), these figure present the bond
graph model simplified of the experimental stegyfe 4.23) . We suppose that the sensors
are not placed yet on the bond graph model. Farapplication, the equations in junctions
are given by:

For O junction:

€=6.= ¢ .= £
[l\‘/‘lsf— f-f-1,=0 (6.9
For 1; junction:
f, =1, f,=f
&~ &~ =0

e =@ | (1- %) &+ yDf] (6.2)

me :(1_ yl)ﬂ;;es"' y Df,
For & junction:
&=6.6= € .6= §
[fe_ 7 lsg™ 9:0 (6-3)
For 1, junction:
f9 = flO' f9 = fll
&6~ =0
&, = %, (1_ yz) ot ¥, sz]
o, =(1-¥2) R 80+ ¥, DF,

(6.4)

For Q; junction:
[614 =€:,§,7 .87 [ 6.5)

11 12 13 14
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Photovoltaic panels

\5 o 'C']:il‘i;S [l'st_?"ii'e"g'ﬁili‘}'é 5

permanent magnet synchronous moto

Figure 6. 1Bond graph model with sensors placement

For 13 junction:

f14 = f15’ f14: f16

€, 85— =0

€, =P, (17 %) fs+ YD,
fRs72 = (1_ y3) (0;::72e15 + y3 DfS

(6.7)
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For @ junction:

[en =6,.6,= &

fig+ fi,—f=0
For 1, junction:

f20 = f18' fZO: f19’ f20: f 21

fLC :(1_21)44_;1%"' %Dtl

For @ junction:

For @ junction:

[% = 63,807 6 %7 &

20~ 'o23 24 25~
For T junction:

[%5 = 1,65
f26 = I"1' f 25

For Is junction:

[ fao = Toor Fao= Ton Fap= o f o=
€t €t €, Gt %2:0

For TR, junction:

For I junction:

foo = a1, 3= Ty

€, -6, €,=0

o ~ Pre (1__3/4) Bty Dfs:l
fRSS2 = (1_ y4) B, G0 Y, Dfs

(6.8)

(6.9)

(6.10)

(6)11

(6.12)

(6.13)

(6.14)

(6.15)

(6.16)
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For G junction:
€4 = %3"%4 &
f
% ES ) 8+ % D¢ | (6.17)
1
& _§(1— &)%dc_ f,+ % Dg

dc”
For 1; junction:

f36 = 1:35’ f36: f37’ f36: f 3¢ 6.18
[%5_%6_ S %8:0 ( ' )
For @ junction:

€9 = 65,80~ Q;o

f38 f39+ f40
@ _[S{(1-%) &+ xDg | (6.19)

( X) @ tot %Dg
For Jg junction:

fo =T o T

S0 T G 2=

Cra = PR I:(l_ ys) Bt ¥s Dfe:l (6.20)
foo =(1-Vs) €+ ¥ D,

f_j_\f—j_\

For TF; junction:

[643 = 1164 (6.21)
42 = r4' 43
For 1y junction:
f43=.|:4471:43= f45’f43= f46f43= f47f4§ f 4 622
[_e4s+e44+ 65t €6+ €17 6~0 (6.22)
For TKs junction:
[es = 1564 (6.23)
f =r 5 f50
For TKs junction:
[e48 = 1,8, (6.24)
47 = r‘6' f48

For @ junction:

[%1: 65187 & (6.25)

_f45_ st 51:O
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For Oy junction:
[954: €0,8,= &

foo = foo=fas=
For 1, junction:

foe = foa Foe=
€3~ &5 &6~
G, = (0%1[(1_ y6) Bt ¥ Df7:|
me = (1_ YG) (0';311%5 + v, Df,

f55

For 1, junction:
f57 = f24’ f57: f58
SR T 8:0
& . (1_ %) Lty Dfs:l
fRD4 :(1_ y7)¢;;314ea7+ y, Dfg
For Q1 junction:
[%f €185 &
56 61 62:O
For Q2 junction:
[%8= € .85= &
0

ot Too— To7=
For 13 junction:
[f59 = oo oo™ F oy
€~ &t §,=0
For 14 junction:

f64 = f62’ f64: f63

€&~ 63— €,=0
&, = th, (1- %) £t ¥ Df)
fRDz —(1 YB)(pR;zess"' ¥; Df

For 15 junction:
f68 = f67’ f68: f69
&7~ &g~ §=0
& :(0%5[( %) fist Yo Dflo:l

1

fre = (1 ¥6) . 8e + % Dfyg
For Q3 junction:

[ee &s.€,= 6
=0

f64 65 73~

(6.26)

(6.27)

(6.28)

(6.29)

(6.30)

(6.31)

(6.32)

(6.33)

(6.34)
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For 0,4 junction:

[% B %= 5 635
For L6 junction:

fos = foss fos= Tas 5.36

[eas_eee_ §,=0 (6.36)

For 17 junction:

| (6.37)
fRDz = (1_ y10) ¢;§313 €4+ YiDfyy
For Lgjunction:

7= fro f= 14
€,-€,~6,=0

& =, (1_ }411) f, + y,Df,
fRDe :(1_ yll)(o%aen"' ¥;, Df,

(6.38)

For 19 junction:

fr= frafre= fonfoe= oot o= fof o7 f o 6.39
[976_677_ €s~ 6o~ §~ =0 (6.39)

For 1, junction:
f81_ f83’f81 f85

e(3 +
e, :%[( ) t,+ 2 Dt,] (6.40)

86~ &=
[(1-2) fas+ 7 Df] (6.41)
)¢ 6+ 7, Df;

For 1, junction:
f88’ f79: f89’ f79: f 91

~ &
@,[(1-2) fo+ z Df] (6.42)

lfsozfse,fso f87,f80 f o
+
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For GY; junction:

[eg5fn1-fgz
€, =M.

For GY; junction:

[995 =m, .,
&, =M. T
For GY;3 junction:

[ 8: r.rg't.l.OO
elOOZ rnS'fQS

For 1, junction:

fo3 = foo, fog= fou

€~ B3~ &4=0

€r, %R, [(1‘ Yio) fos+ Y12Df171
fr, = (1_ Y12)¢’§,1993+ Y12 Df17

For 13 junction:

foe = fosi fos= fo7

€5~ 6 &, =0

& =% [(1_ YLs) fost ylSDf18:|
fRs - (1_ y13)¢)F_¢'ﬁle96+ Y15 Dfig

For 14 junction:

foo = Fags Foo= T100

€5~ €9~ o= 0

& ~ % I:(l_ M—i) f99-" y14Df19:|

ch = (1_ y14)¢R:e99+ Y14 Dy
For Qs junction:

Co 994 801~ Goq

f +fy, O
e TS %) €+ % De} |
1

&, =g (1= %) 4 fot xDe
For Qs junction:

e.l.02 e37 QOZ qo5
f —f ot g

EPRE (e %oz+>&D§]

&, —é(l- %) o+ %Deg

(6.43)

(6.44)

(6.45)

(6.47)

(6.48)

(6.49)

(6.50)

(6.51)
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For Q7 junction:
el e_LOO’QOSf eme

106
%][DS 1- %) 65+ % Dg |
1
&, ——(1 %) fos* %Dg,
For Qg junction:

e.l. e.l.07 qu qll

111 f 107
=@ S (1~ %) g0+ % De} |
1
eca. —5(1- x,)%a. fa* % Deg
For Oy junction:
€14 = €08, 814~ Q15
—fi15= f1gat 10570
fe, =¢bb,][3{(1‘ %) Gu+ % De} |
1 B}
&, =5(17%) 4, fua* %Day

For Gy junction:

G e109 ,eus et

119~ 1097

coc S (1~ %) €5+ % De} |
1

ecc. —5(1— )i))(pcc. f118"' XgDQz

For Lsjunction:

fo= Fiun fio= fous

€117 Q17 G157 0

eLa. :¢f_a. [(1_ 76) fot % szo:l

1:La, =(1_26)¢f_jQ12+ % szo

For L junction:

fi16 = f11s T126= T117

€15~ 16~ §17=0

& =4 [(1-3) fis+ 7 Dby
be, = (1_ 27)@_: €16t % Db,y

For L7 junction:

119 f120_ f121

f,
% [(1 %) fot stfz:I

fo
€1
e,
fi, Z) 4, Gzt % Dby

(6.52)

(6.53)

(6.54)

(6.55)

(6.56)

(6.57)

(6.58)
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For &3 junction:

[8122 €21:62= €13 %26 €, (6.59)

f113 + f117+ f121 122

From equations of junctions we generate the folgrnalytical redundancy relation:
ARR :De-g, [(1- y) f,+ yDf]- Dg=0

ARR :Dg-@, [(1- ¥) f+ ¥ Df]- Dg=0

ARR :Dg-g, [(1- y) f,,+ ¥ Df]- D=0

ARR :- f)q3+ Se-q_[(1- 2 4+ zDf-& [(1- ¥ & yDf=0

ARR (1~ 7)o+ 2Df-@, | §(1- ¥ e+ xOf=

ARR :r—13 De-a,.[(1- ¥) f* MD‘Z]‘é(l‘ )&t~ %De=0

ARR 1% Df-@ | {(1- ¥) e+ xD|+a | f1- k& xO9-(1- )@ .

+(1_ y4)¢£5152%2+ y,Df=0
ARR -@ | (1- %) e+ xDg|+(1- Y. &+ yDRfa | {$1- X.g xB¢

+(1_ YS)%slﬁeM"' ¥; Dfg=0

AR'% [ Dﬁ:‘4+ D%__ S?__ Sa} [( 5)/ 41ﬁ' 5y qf__ 1_ _lc 3
l'e
-x,De =

ARR, =Sera [(1- 9 &+ 20f-a,[(1- ¥ & yOf+g(t- )& & D
+xDeg, =0

ARR, -Se+q [(1- ) &+ zDf-a [(1- ) 4 yDi- *Dﬁé(l— M
+xDg, =0

ARR, :Des @, [(1- ¥) L+ %Df]- Dg=0
ARR; : D*QG_ & [(1_ 36) fet % DE.(;I - [*)qg: 0 (6.60)
ARR4 : D*%_ .. [(1_ Xo) f74+ Yo Df1;| - E)qg: 0

ARR; : Dgg- 3 [(1_ 3{1) bt W Df12:|_ Deg0
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ARR, @ [(1- 3) fo+ 2Df]-@ [(1- 9 &+ 3Df]- Der 1~ Y@ & ¥ D

1
+Se+ r-1:77"'I f78+_¢{2 [(1_ 24) fet Z4Df15:|=0

ARR, @ [(1- 2) fo+ 2Df]+@ [(1- 9 i+ 2DfJ+ De nfl- Y@ & wD
+35¢ + I"f77+% f78_¢f_2 [(1_ 24) bt Z4Df15:|=0

ARR, -q [(1- 3) fo+ 2 Dfg|+@, [(1- 2 f+ 2 Dfj+ Der 1~ Y& & I
+1 feta, [(1- f86+ z,Df |+ y,,Df ¢+ SeF 0

ARR, _WQB[ f96+ Vi3 DflS b|: )9 &t % D%]_ rél_ ml g £ Q? 0
Rl

ARR, %, [(1 ) Gat ylZDfl7 -, [ 1_ )9) Goit &D§J_ rﬁl_ Ml g z0OFO
%,

ARR, T [( ) fot Y4 Dfyg -, )Q €os" >8D§]‘ rél_ Ml g zDOfO

(

ARR, - [ {(1- %) g+ x Dgt]-(1- Mj g+ ZDf DfO
ARR, - [ {(1- ¥) .+ xDg|-(1- J4' g+ zDf DIO
ARR, - | {(1- ¥) g+ xDg |-(1- 34" g+ #Df DIO

ARR; =q [(1-3) fp,+ Zeszo]_é(l_ & Tt xDet Seo
ARRq 1—¢[6 [(1_ Z‘/) fist 2 Dfuil_é(l_ )g%bl f.it xDet+ Se0

ARR; :_W_é [(1_ %) f0t %szzj_é(l_ )9%_: f.st % Det Se0l

We can now simulate the normal production (witholefect) of a photovoltaic
installation according to the manufacturer datatled solar irradiation and the outside
temperature. In the following case (figure 6.2§ will find the temperature, the luminous
flow, the short-circuit current, the open circuititage, and the power delivered by the panels.
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Figure 6. 2Characteristics of installation without faults

In figure 6.2, the highest curve corresponds to ribemal functioning meaning “not
default”, then the following curve corresponds panel in default.
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Figure 6. 3Powers with various mode of failure
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The default on the photovoltaic panels depends cespe on the environment. For
example, for the isolated sites often in mounta@ovg or branches falls can cause damage.
We create a fault between the instant t1=4 s antid2 The generated ARRS reaction is very
fast see figures (6.4) and (6.5). The numeric eslof components are not considered, only
their presence or absence in the relation are takeount with evaluation term the operators
(+, -). It is the qualitative approach for bondgranonitoring.

The deviation of the relations ARR2 and ARR3 irsttime is normal (constant value).
We see that residuals ARR1 and ARR4 are sensigeen( the presence of De2 in this
relation).

| m— ARR1 ARR2 m— ARR3 m— ARRA |
0.75
0.50
0.25
0.00
0.25
0.50
-0.75
-1.00
-2.00
0 2 4 6 8 10 12 14
Time, s

Figure 6. 4Sensitivity of the detector De2

2.00 - = - '
| = ARR1 ARR2 = ARR3 w=== ARR4 |

1.00
0.75 \
0.50

N

-0.50 \

.75 \

0 2 4 6 8 10 12 14
Time, s

Figure 6. 5Sensitivity of the detector Df2
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The figure (6.4) shows the response of the ressduglis noted that residual ARR3
presents a short change compared to its inititgé Stetween t1=4.1s and t2=10s but turns over
in their initial state from t=10s and other residuaRR1, ARR2 and ARR4 remain invariant.

The results obtained are very promising, but it Midae necessary to carry out many
measurements by the different climatic conditionsvarious sites to be able to conclude on
the relevance of our methodology. That would alsabée us to fix a threshold corresponding
to the number of variables not belonging to theezohnormal functioning above which it is
considered that the installation has indeed a dtefau

6.5.CONCLUSION

The diagnostic strategy and the form in which krexlgle is available conditioned the
method used to design the monitoring algorithm. okding to the type of knowledge, the
criterion of classification of the monitoring methdalistinguishes between two types of
approaches: methods with or without model. Our roution relates to the methods
containing model.

We used only one tool for modeling, the generatiohsthe indicators of failures
(residuals), the analysis of the monitorépiland the sensors placement in order to
satisfy the technical specifications for the morirtg.

The photovoltaic system modeling constitutes ackeabject always for topicality seen
that the complexity of these systems is more andemmreasing, adoption of a common
modeling tool to several disciplines represent ssetin the search for a good solution on
design level. Moreover, this methodology offerseresting solutions in terms of system
analysis and reveals systematically all necessangtions to answer that an objective of
modeling, simulation, estimation, dimensioning, ewsion, robustness study or synthesis of
control laws. Unfortunately, the application ofslapproach in the renewable energy field had
crossed important steps but did not deepened te &lathese advantages.
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General Conclusion

The main conclusions and originalities for thissiBeare listed here (in order of
appearance in the thesis):

* Environmentally friendly and sustainable alternatignergy systems will
play more important roles in the future electri@typply.

« Dynamic models have been developed for the follgwirariable speed wind
energy conversion systems, photovoltaic power gdioer systems, power electronic
interfacing devices, battery. These dynamic modsdssuitable for both detailed fast
transient and large time scale performance evalatudies. They can be used to
expedite the research processes in the relatethatitee energy areas, such as system
control, performance optimization studies and dosim

* A novel Maximum Power Point Tracker (MPPT) algomth(BG-MPPT),
which solves some problems within the standardralgos with tracking the MPP
during rapid changes in the weather conditiongraposed. The algorithm initially
locates the global MPP by sweeping (scanning) titage-current characteristic of
the PV module.

» Control of the pumping photovoltaic systems is stigated. MPPT-BG
controller using bond graph is designed. The viglidf the proposed control schemes
over a large operating range was verified througtukations and experimental.

* A new procedure for automatic detection of maintéin PV systems have
been developed. The fault detection procedure haee verified in real conditions of
work of a grid connected PV system. The resultgiobtl were the expected in all
cases and faults present in the PV system weretddtby using this method.

Future Works

The attempts made in this thesis to contributeh® improvement of modeling, MPPT
technique and diagnostics of energy productionesydjphotovoltaic and wind energy) have
far from finished the task in these subjects. Thegee topics found to be unanswered or left
for further studies.
v Improvements on the equations used to determingpdtemeters of the nonlinear PV
generator model, lik®-diodeshould be made in order to increase the accuratyeof
model.

v" Implementing the proposed algorithm in a real nGordroller-based wind system,
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v" Applied to mobile-based PV systems which need M&PT relatively due to
movements,

v' Although the PV panels used for experimental tesftsthe diagnostic methods
presented here contain 72 cells and 4 bypass diedesh can be considered as a
small-scale representation of a photovoltaic areajyll-scale residential PV system
should be also considered for field testing.

v' As has been previously mentioned, the models aagndstic functions used in this
work consider crystalline silicone PV cells. It wdlbe an interesting topic to test

their validity on amorphous silicone cells.

v" And advanced analysis of process and measureme@snio a PV power electronic
device.
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Fact Sheets

We give in this appendix the characteristics ofedént devices that were used in the
simulation and in the development of the test bench

Table A.1. Parameters of PMSG

Number of poles 4

Rated speed 157 rad/s
Nominal power 600 W
Nominal current 4.18 A
Nominal voltage 90V
Armature resistance 0.425
Magnetic flux linkage 0.433 wb
Stator inductance 4 mH
Rated torque 40 Nm

Table A.2. Parameters of boost

Power 2kVA
IGBT Switching 5KHz
Carrier frequency 10 kHz
Frequency reference signals 50 Hz
Efficiency 0.95
Ratio 0.8

Table A.3. Parameters of VSI

Grid voltage 220V
DC link voltage 750V
Current 16A
Switching frequency 8kHz
Grid frequency 50Hz
Converter side inductor in LCL-filter 2.5mH
Grid side inductor in LCL-filter 2mH
Capacitor in LCL-filter LF

Table A.4. Parameters of storage battery

Nominal voltage 12v
Maximum charging voltage 13.7V
Limited voltage 141V
Minimal tension of discharge 12V
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Maximum tension of discharge 11.2v
Rated capacity 100A/h
Coefficient of discharge 0.0001
x.Li+ amount in the cathode of the battery 0.2 mole
LixH amount in the cathode of the battery 0.2 mole
x.Li+ amount in the anode of the battery 0.2 mole
LixH amount in the anode of the battery 0.2 mole
Battery capacity (chemical C) 0.4 mole
Capacity of the double layer of the battery 0.0Qlem
Diffusion resistance (relaxation) Q)
Diffusion capacity C (relaxation) 0.000104 mole

Table A.5. Parameters of centrifugal pump

Mechanical power absorbed 521 W
Nominal manometric height 14.11m
Flow after trimming 2.591/s
Nominal speed 314 rd/s
Input radius of the wheel 0.042 m
Output radius of the wheel 0.051m
Input width of dawn 0.01m
Output width of dawn 0.01m
Output angle of dawn 0.5235rd
Geometric Lift height 7.430 m
Constant pressure drop of the pipe 1223216.3
Number of blades 7
Volumetric efficiency 0.95
Thickness 0.003 m
Specific speed 21 Trs/min

Table A.6. Parameters of hydraulic system

Depth of the well 45 m

Pipe diameter 4cm
Roughness Index 0.015 mm
Singular head loss modulus 13.642
Temperature 25 °C
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Abstract: In this thesis, a contribution to modeling and faldtection and isolation ¢f
energy production system (photovoltaic and windesys) is proposed. Firstly an overview is
given on the world energy demand, electricity comgtion and their development trend|in
the near future, secondly this work deals withrtiwdeling of photovoltaic and wind turbine
generation systems by bond graph approach forriatieg in power systems studies. The
modeling of the photovoltaic generator, the wineémdmenon, the turbine mechanical sysfem
and the electrical machine, along with the corragpmy converter and electrical grid |is
described. In the third part, we show a new metloggofor fault detection and isolation pf
PV and wind systems, based mainly on optimal placgnof sensors. This supposes the
possibility to build a dynamic model of the systém using the bond graph tool, and the
existence of a degradation model in order to ptetiduture health state. The choice of bond
graph is motivated by the fact that it is well sditfor modeling physical systems whe¢re
several types of energies are involved.

Key-words: Modeling, Diagnosis, Photovoltaic, Wind Energy Cersion,

Production Energy System.

ablaill) A8l L) alai e 5 Uadldl e o€l dadaill 8 daalue 7 5 a5 ,kY) s 6 jpaddal)
oladl s el yeSl @il il o alladl Callal) e dale dadd apiy Liad Wl 2l ) Al g Ay gua 5 S
il i g A gun g e Al g Aadail e r3lat my Jaal) 138 gl Ll gec A Jiiaal) 8 dpail
Al g s Sl o ge dadas A8 Aadail il o el Gass Sl sl slel el 5 2L
@ G diaill e e i ) L AboeSl) AT Sl sl (Sl pllaiy bl 8 Al i
Labod a8 ozl )l A8 5 40 gun g 5eSl Aalai) 8 alje s Uadll e aSU ajas dpngia Lin 58] (A ¢ )
o ¢ Sl an ol Bl aladil aUaill Sl 23 sad ol ApilSa) G iy 108, ladinl) 5 el JiY) aa gl e
e il A88a e Sl an N LR o) s adlall, Jiteall (A alaall Al gl ol (e 558 zisad asas
B (e o) gl Bac L @ il A 5l adaill dada) Lalas

A8 ) Al oyl i 5 55 A a5 AL (apaiill dadall sl GlllS

Résumeé:Dans cette these, une contribution a la modélisatia détection et isolaticn
de défauts dan le systeme de production d'énesgstefne photovoltaique et éolien) st
proposé. Tout d'abord un apercu sur la demandeialendi'énergie, la consommatipn
d'électricité et de leur tendance de développeeams un avenir proche est donné, d'autre
part ce travail traite de la modélisation d'un éyst photovoltaique et d'un systéme éolien par
une approche graphique. La modélisation du générate
photovoltaique, le phénoméne de vent, le systenvamgiue de la turbine etla machine
électriqgue, en méme temps que le convertisseuegmondant est décrite. Dans la troisieme
partie, nous montrons une nouvelle méthodologie ptau détection et localisation de
défauts des systemes photovoltaiques et éolienseebarincipalement surle placempnt
optimal de capteurs. Cela suppose la possibilitécdestruire un modéle dynamique [du
systéme en utilisant I'outil bond graph, et I'exigie d'un modéle de dégradation afin| de
prédire son état de futur. Le choix de I'approcbadograph est motivée par le fait qu'il st
bien adapté ala modélisation de systémes phys@uphisieurs types d'énergies sont
impliqués.

Mots-clés: Modélisation, Diagnostic, Photovoltaique, Conversiae ['‘énergig
Eolienne, Systeme de production d'énergie.



