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Abstract

The deregulation of electric power utilities, advancemerechnology, envi-
ronmental concerns and emerging power markets are leawlingreased inter-
connection of distributed generators to the utility syst&arious new types of
distributed generator systems, such as microturbineswidélls in addition
to the more traditional solar and wind power are creatingifigant new oppor-
tunities for the integration of diverse DG systems to thktutinter connection
of these generators will offer a number of benefits such asawgal reliability,
power quality, efficiency, alleviation of system consttaialong with the en-
vironmental benefits. With these benefits and due to the gigpwiomentum
towards sustainable energy developments, it is expecttctiarge number of
DG systems will be interconnected to the power system in g years.

Unlike centralized power plants, the DG units are directiprected to the
distribution system; most often at the customer end. Thstieg distribution
networks are designed and operated in radial configuratitmumidirectional
power flow from centralized generating station to customgng increase in in-
terconnection of DG to utility networks can lead to revers@er flow violating
fundamental assumption in their design. This creates cexitplin operation
and control of existing distribution networks and offersnyaechnical chal-
lenges for successful introduction of DG systems. Someeofebhnical issues
are islanding of DG, voltage regulation, protection andisits of the network.
Some of the solutions to these problems include designistpodard interface
control for individual DG systems by taking care of theirelise characteris-
tics, finding new ways to/or install and control these DG eys. In this regard
a particularly promising and emerging solution is the migio concept of in-
tegrate large number of distributed generation resourcteetgrid.

The microgrid is a systematic way of operating a section ofvaek, com-
prising sufficient generating resources in grid connectegubtonomous mode
in an efficient, deliberate and controlled way. The micrddras larger power
capacity and more control flexibilities to fulfill the systegiliability and power
quality requirements, in addition to all the inherited atheges of a single DG
system. Along with generation sources microgrid also gia%f storage de-
vices such as flywheels, batteries and super capacitorsofération and con-



trol of microgrid can be very challenging due to diverse eltaristics of DG

systems and storage devices integrated in the microgricaadpresence of
ac and dc loads. Important aspect of the microgrid is theiplessombination

of renewable energy sources with inevitable uncertaintyhéoutput such as
wind and solar with reliable energy sources like fuel cetl amcroturbine sys-
tems along with storage devices. In this regard promisindigoration of the

microgrid is the combination of wind and fuel cell based DGteyn along with

storage device.

In this work solid oxide fuel cell (SOFC) and wind based mgnid sys-
tem along with battery, UC and electrolyzer as energy stodayices has been
implemented. The dynamic models of SOFC, wind, ultra capgtiC), bat-
tery and electrolyzer are presented. The wind system cerexidn this work
employs the permanent magnet synchronous generator (PM®B€& detailed
modeling of the power electronic converters for interfgdine generation and
storage devices considered in the microgrid are also givethis work SOFC,
wind system, UC, battery and dc loads are integrated at canuhadink to
reduces multiple energy conversion losses. The batteryJahdre integrated
at common dc-link through bidirectional dc-dc convertefithe electrolyzer
and dc loads are connected to the dc link through the buckecteninterface.
The modelling of the control schemes to coordinate and nerlag opera-
tion of the DG systems and storage devices in the microgedkso presented
in this work. The presented microgrid model is integratedhi utility net-
work through the 3 phase voltage source inverter along wattessary control
scheme. Matlab/Simulink/SimpowerSystem environmensiedun this work
implementing the microgrid system and study the perforraaidhe same in
grid connected and isolated mode of operation.

The performance of the microgrid in grid connected mode icensg only
wind system with and without storage device is presentediisiwork. The
maximum power point tracking (MPPT) method is employed mwind sys-
tem to extract maximum power under different wind speed ttmms. The
performance results obtained through the simulation shwvoutput power
fluctuation due to variation in the wind speed. The wind gysperformance
has been studied with battery and battery-UC coordinatedatipn. The fre-



guent charge and discharge cycle of battery due to changenih speed is
also shown through the simulation results, which redud¢efithe battery. In
this work the battery instant discharge is controlled bygasiltracapacitor for
varying wind speed by coordinated operation of battery aGd Dump load is
also used to maintain the power balance between generaiibtieanand in this
work. The effectiveness of the coordinated control of UC batlery for wind

system in microgrid is studied through simulation results.

The wind power output variation can be effectively compésgaising the
SOFC along with the ultracapacitor and electrolyser. Thusoagrid with
SOFC, wind system, ultracapacitor and electrolyzer is @mnted in this
work. The electrolyser considered in this work can effesdtiwtilize the wind
power for producing hydrogen during increased wind spedtk Aydrogen is
required for fuel cell operation. The simulation results presented and anal-
ysed to study the performance of the microgrid with abovdigaration. The
simulation results show the effectiveness ultra capaaiteompensating slow
dynamic response of the fuel cell. The ultracapacitor mssapplies the any
increase in load demand while SOFC gradually increase thepdelivery.
The inherent slow dynamic response of the fuel cell can ad¥ereffect the
load. The effective control and coordination of SOFC and @€ supplement
each other and avoid adverse effect on the load. The siranlate also pre-
sented to show the effective utilization of increased wiod@r output during
high wind speed condition to produce hydrogen through edbcer.

The performance of ac/dc microgrid based on SOFC, windacdfpacitor,
battery and electrolyzer is studied in this work. In thisdsttiwo separate DC
loads one at 48V and another 380V is considered apart froradhead at the
grid side. The control schemes are implemented to coomlitineg operation
of energy sources and storage devices to supply the loadkaffic The per-
formance of the microgrid is studied through simulatiorutessboth in grid
connected and islanded mode of operation. Typical caséestade presented
in this research work considering various scenarios ofifggdc and dc loads
in the microgrid. The simulation results presented in treecudies highlight
the changes in SOFC output power due to change in wind speetdd options
to charge the storage devices,load control during lessrgeéoe and charging



of UC by battery. The simulation results show the effectipgeration of UC in

compensating slow response of SOFC while controlling battescharge rate.
The results presented also show the performance of battestypplying mini-

mum load when SOFC is disconnected and also generation obded using
electrolyser during more generation by wind and less loaudiition.

Keywords: Distributed generation;wind system;PMSG;SOFC;ultracipr.
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Chapter 1

INTRODUCTION

1.1 Overview

The need for energy is never ending. This is certainly truelettrical energy, which
is a large part of total global energy consumption. But grain tandem with energy
needs are the concerns about sustainable development anoherental issues, such as
the movement to reduce greenhouse gas emissions. Tradlyi@hectrical power is gen-
erated mainly by using fossils fuels. The effluents from ¢hpewer plants are one of
the major factors for the environmental pollution. Many ctiies formulated policies and
guidelines to reduce greenhouse gas emission [Don et al, 2040li et al. 2015, Ajay et
al. 2014]. The increased awareness towards the global wgrriie environmental safety
norms, time, space and economic constraints are few faagsaciated with construction
of new traditional power plants[Francesco et al. 2011].

To meet the power demand while addressing the issues wdkitiaal power genera-
tion is important.It has became necessary to look for aiere energy resources which are
free from such issues. The renewable based energy res@receatural choice for alter-
native energy resources which are free from environmessalkis and freely available.The
world energy need can be satisfied by wind and solar[Jacadrsdmielucchi 2011]. The
renewal based power generation may include wind, photagRV), geothermal,wave en-
ergy, mini hydro, biomass etc.The non-renewable based pgsvesration may include fuel
cell and microturbine(MT).The potential of these resosaraee utilized well by distributed
generation (DG) which are small scale generation systemexiad near the loads. The
deregulation of power sector is another influencing factbictv bought attention for DG
system[El-Khattam and Salama 2004, Barker and De Mello ROt power electronics

1



has high impact on DG technology development The DG interfeas been become more
flexible and convenient as power electronics system arenath@ The DG system becom-
ing more controllable, efficient and enhancement in peréoroe is possible with power
electronic converts [Bimal 2013].

Along with environmental benefits the DG offers many bendis reliability, utiliza-
tion of local resources, sustainability, reduction in dvading and losses of transmission
and distribution system. Erection of new large power plaais be minimized hence the
new long, bulky and time consuming transmission and distidin line can be reduced. In
many cases the power supply to remote areas becomes expensmpractical. In such
conditions the DG plays very important role.The DG can begilanear the load and can be
operated locally. However the traditional power systenfigomation may experience many
technical, operational and management issues with higatggion of DG system into the
network. The interconnection, voltage rise, protecti@ifety,flicker, power quality and is-
landing are few issues [Pepermansa et al. 2005, Barker aielde 2000, Larsson 2002].
The operational, control, management and protection $sariges with high penetration of
DG system into utility. The economic operation of power pgascheduling of power plant
operation and matching load with fluctuating power from D@&igjor concerns. The size
and placement of DG is crucial for interfacing with utilihlthough renewable resources
are available freely, the prime issue is output power flucdna. The fluctuating power may
affect either load or the grid.

The power fluctuations are mitigated using storage devibestlywheel, superconduc-
tor magnetic coil, battery, ultracapacitor etc are usedn&sgy storage devices[John and
David 2004]. Among these devises the batteries are comnmelgrred because of its
high energy capacity. The wind and PV based system are quitessful in such cases
with storage. The different DG systems compliment eachrdtheupply constant power.
The different DG technology are combined and operated hegétybrid generation system
includes combination of PV , wind, fuel cell, MT and diesehgeator. The hybrid system
leads to reliable and sustainable energy. [Caisheng anugra2008, Gyawali and Ohsawa
2010, Bhende et al. 2011, Colson and Nehrir 2011, GyawaliGimshwa 2010, Nehrir et
al. 2011]. However the output from these sources is flugigatMany studies has shown
that combination of different DG are beneficial. The unprebly and power fluctuations
are still the limitations faced by renewable based DG sysifém renewable based DG sys-
tems can be combined together with diesel generator,midroie or fuel cell to ensure the
continuity of supply. Hence different combinations arelergd with other DG systems to

2



supply reliable power. A new concept of operating differéistributed generation systems
together has came up recently called microgrids.

The different DG are operated together to supply the sedfiatility are called as micro-
grids [Chris et al. (2008)]. The DG system benefits are mazechiwhen they are operated
collectively in microgrids. The microgrid can be of remotees or grid connected. The mi-
crogrid connected to grid have benefits like voltage,fregyeand reactive power support.
However the synchronization, protection and stability theeissues. Along with ac loads
the number of dc loads utilization are increasing and thesed fed with many conversion
stages. The industries like data-centers, communicatidrcammercial building requires
dc power [Daniel and Ambra 2007, Daniel et al. 2008] in largetipn. The nowadays
appliances like LED lighting, BLDC motors, electric veldslare based on dc power. The
dc system has advantages like reduction of conversionstagklosses [David et al. 2013,
Jackson et al. 2013]. The DG like fuel cell,PV and storagegds outputs are dc in nature.
Hence the utilization of dc power directly can leads to iasesd efficiency reduced cost and
size. In order to supply new coming loads based on dc powemibrogrid may required
to have flexibility is supplying both existing ac load and dads. To address the issue with
DG system and to supply sustainable and reliable power gugpqensive research work
and solutions are essential. As renewable based DG systaimst s fluctuating and a
controllable generation with eco friendly feature is nekdio fulfill this condition the fuel
cell can be a one of the better option.

The fuel cell is one of the promising and developing techgglwhich can be com-
bined with other DG like wind and PV to produce better resultbe fuel cell input can
be generated using renewable resources which leads t@emental friendly system. The
combined operation fuel cell with mature renewable tecbgplike wind system is impor-
tant. Hence the wind and fuel cell based microgrid can playortant role in reliable
supply. Due to added benefits the microgrid are increasitg. development of dynamic
model microgrids to study the behavior, control ,operatl@md interconnection aspects are
necessary. Hence the modeling and performance of wind atd&sed microgrid is pre-
sented in this thesis.The control schemes to operate aricbtaricrogrid are given.Wind
power fluctuations are mitigated using storage device. Dhé&cllers are presented use the
wind power by battery or UC or to generate hydrogen as pertpgirement or used by the
battery or ultracapacitor. The control schemes or emplageaditigate the slow dynamic
response of SOFC and battery discharge rate. The contrefrszhare presented to balance
the ac and dc loads.



1.2 DG Technologies

The distributed generation systems comprises differehin@logies like sustainable power
generation like wind, PV, wave, geothermal and nonrenesveddources like fuel cell, mi-

croturbine and internal combustion engines. The wind andafmature and established
technology. The fuel cell and microturbine are getting mianportance and technologi-

cally advancing. The different DG have different charastes and studying the behavior
of these technologies can make system design and analyss Gde major DG technolo-

gies are discussed in the following section.

1.2.1 Wind energy conversion system

Wind based power generation is one of the old and fastestiggoichnology of renew-
able energy. World installed wind power capacity has beessad 318GW by 2014 and
wind market is growing fast. In India the installed capaaftyind power is about 22GW
by 2014. Wind speed is very unpredictable and hence wheitegeavailable has to used
accordingly. The blowing wind encompasses kinetic energly it The kinetic energy in
the blowing wind is converter to rotational power by the windbine blades. The blades
are attached to shaft which acts as prime mover to electyexa¢rator. Wind turbine tech-
nology developed over a period of time with different windhine and generators em-
ployed[Polinder et al. 2013, John and Zafirakis 2011]. Amthegdifferent wind turbines
the horizontal axis, variable speed turbine are very ssfekes he advantages,classification
and control of horizontal axis wind turbine are given be[dwkermann 2012, Mukund
2006]

Fixed speed wind turbines:

In this type, the generator is normally Induction type duéhkr low cost,better environ-
mental durability and superior mechanical durability wiipid wind speed. The generator
is directly connected to grid. It includes the gear systentlvimcreases low speed to higher
speeds of generator side(1000 to1500rpm).The turbinedspemends on size of wind tur-
bine and rotor. As wind turbine size increases the rotatisimeed decreases.The fixed wind
speed turbines are design to optimum efficiency for a pdationind speed. To capture
more energy few turbines have two rotational speeds by exdpfwo generators are two
windings.



Variable speed wind turbines(VSWT):

The variable speed wind turbines are of two types;one igdithiariable speed wind turbine
and variable speed wind turbine. In the limited variableespwind energy conversion sys-
tem (WECS), a resistance bank at the rotor is included fateédncontrol of the speed. The
wound rotor induction generator (WRIG) is used in this tyfmsdirect grid integration.
Capacitor bank are connected near the generator for regiwer compensation.The rotor
resistance is varied by connecting an additional resistaptically controlled by converter
mounted on rotor shaft.This enables the slip control heheegpbwer output can be con-
trolled. The variable speed range depends on size of varraBistor. The variable speed
wind turbine operates in wide speed range unlike fixed spadihes. The energy capture
is enhanced. It requires converters to interface with laati®grid. The variable speed tur-
bine coupled with DFIG or PMSG.The DFIG based system regugear system as speed
is around 1000 to 1500 rpm. The variable speed turbine carsée without gear system
along with PMSG.

Advantages of VSWT

e Captures more energy compared to fixed to speed.

With proper power electronic converter contributes to ifitglof the system by con-
trolling the reactive power.

Less mechanical stress.

With direct drive train system do not require gear box andagzarate at lower speeds.

With reduced size nacelle design is simple.

The major disadvantage of variable speed wind turbine ieased cost and complexity
due to power electronic converters.

Wind turbine control

e Stall control:In stall control the pitch of the angle of the blade is constarhe
blades are fixed to the hub they do not rotate along the axis. tditioine output is
controlled by stall effect. This arrangement is robust ass$ lexpensive. As blades
are fixed aerodynamic power is limited. The turbine do notlpoe rated power even
when sufficient wind speed is available.
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e Active stall control: To produce rated power available in the wind active stalticin
is used.The turbine blades are slightly pitched as per wieed to get the desired
power.The wind system performance is enhanced during higti speeds. The tur-
bine stopping or starting can be achieved easily.Howeveqitires flexible connec-
tion of blades to hub hence mechanical and control compasxiicreases.

e Pitch control: It is similar to active stall. The turbine blades are pitchedbtain
the desired output power.The blade can be turned into orheutvind as per wind
speed.it provides the starting and emergency stopping rodl wirbine. The control
mechanism is complex.

The wind energy conversion system are interfaced with lcgidgupower electronic
converter[Blaabjerg et al. 2004, Ackermann 2012, Mukund&?0 The DFIG and PMSG
are two types of generators used for WECS. Nowdays the dirac PMSG are becom-
ing more prominent[Polinder et al. 2006]. The small and medscale wind turbine are
connected to low voltage or medium voltage system indiMiglua in group. The large
capacity (megawatt range) turbine are connected to higahgeline in groups called wind
farms.The wind system with different configuration is shawfigurel.1.

Wind turbine wind turbine
W -~ W
‘ Gera ‘@—""_e
/ \ / —T—] ' Grid
reactive power ) | AC T | AC
compensation Grid DC T DC
(@) (b)
Wind turbine

PMSG

Figure 1.1: Wind system with (a)Induction generator (b)DFIG (c)PMSG

The PMSG utilization with wind system has increased. The BM8ers many advan-
tages like increase the power capture, reduced noise pnstdad higher efficiency and no
external excitation requirement.The direct drive PMSGeldasind system drawing more
attention due to gearless construction, reduced weigihticesd size of nacelle,more stabil-
ity to the structure. The PMSG based system requires fulk goaver electronic converters
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it is a disadvantage as compared to DFIG. In contrary it plesimore control,operation in
low speed, less maintenance and fast response.

1.2.2 Photovoltaic

Photovoltaic cell is a large semiconductor p-n diode whimhverter sun light into dc volt-
age and current. The number of cells are grouped in seriepanadlel to form arrays for
the desired working power ratings. The PV technology cosewery high initially how-
ever the technological advancement reduced price of PV destically over the decade.
The PV is an unregulated dc power source. It needs poweratecinterface for two main
tasks: one is to convert the generated DC voltage into atdei®&C current for the util-
ity; the other is to control the terminal conditions of the RMdule(s) so as to track the
maximum power point (MPP) for maximizing energy captur&iit and Zhao 2010].

module T AC module | DC T AC

Grid J | Grid
MPPT controller controller
v vl ]

¢ Vg grid Vgid grid

(@) (b)

Figure 1.2: Schematic diagram of PV system (a) directly connected t @@)with dc-link
voltage regulation.

A battery storage system may be present at the dc bus, maialyfonomous and small
installations. Most of the individual range of PV modulegaa from 20W to 100kW The
disadvantages of PV systems are significant area requitsnder to the diffuse nature
of the solar resource, higher installation cost than oth@rtEchnologies, and intermittent
output with a low load factor. [Jhunjunwala et al 2013, Mudu2006] The schematic
diagram PV system connected to grid is shown in Figure 1.2.

1.2.3 Fuel cell

Fuel cells are electrochemical devices which converteesnital energy directly into elec-
trical energy. It is similar to battery but differs as, a bajtstores energy within it and
releases when load connected. The battery needs to begedhar external source or dis-
carded once the stored energy is depleted. In other handi¢ghed!l produces power as
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long as fuel is supplied. The fuel cell do not have any moviags It is zero emission
device with water and heat as by product. In fuel cell the asstibn do not occurs. It con-
sists two electrodes and electrolyte between them. Hydragysupplied to the anode and
oxygen is supplied to the cathode of the fuel cell. The hydnag split into an electron and
a proton as chemical reaction takes place. Each takes aediffpath to the cathode. The
electrons pass through external circuit to produce etattrior a given load. The proton
passes through the electrolyte and both are reunited atathede. The electron, proton,
and oxygen combine to form water as byproduct [ Chris andtS@®03, Hashem and
Caisheng 2009]. Fuel cell can be the one of alternative isoldior difficulties in power
generation by wind and solar based DGs. The Fuel Cell can woparallel with other
distributed generation units. Fuel cells differs from ocemtronal heat engines in that they
produce electricity directly from chemical energy with@ut intermediate conversion into
mechanical power. Fuel cell based power system can be edergparallel with other DG
system unaffected by climatic conditions and is very pramgisechnology in present days
among the alternative energy. The fuel cell produces pos/taray as fuel is supplied. The
types of fuel cell, advantages and disadvantages are dsgbelow[Laughton 2002, Chris
and Scott 2003, Hashem and Caisheng 2009]

Advantages of fuel cells

e Efficient: As fuel cells directly convert fuel and oxidant into elecity through an
electrochemical process, they can achieve high elecgftiaiencies upto 40 to 60 %
[Laughton 2002]. The combined operation of fuel cells witf i gas turbine for
combined heat and power applications (CHP), the systemegftig can reach 70 to
80%.

e Simple in design: The fuel cell are simple in design which helps is achieving
longevity. In fuel cell there are no moving parts (except ttog axillary devices).
It contributes in simplistic manufacturing process andkigoperational time.

e Ultra low emission: Since the output of an ideal fuel cell is pure water, the eioiss
are extremely low. Depending on the type of fuel cell and thd fised the actual
emissions of fuel cells fall well below any current standafrémissions. It emits less
than 1ppm of NOx, 4ppm of CO, and less than 1ppm of reactivarocggases, while
the standards are an order of magnitude greater for NOx, tder® of magnitude
greater for reactive organic gases, and several ordersgifitnde larger for CO.
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e Silent operation: The fuel cell converts energy though a chemical processpas o
posed to a mechanical process like in an internal combustigme, thus the sound
emissions are virtually zero. This is an important advaa&gpecially in on site and
in vehicle applications.

Types of fuel cells

Fuel cells are classified based of the electrolyte used. THutrelyte and materials used
determines the chemical reactions taking place in the fek| the catalyst required and
operating temperature. Depending on the type of fuel cplyating temperature and fuel
required, applications of fuel cell differs. Different fueell are under development and
each has their own advantages,disadvantages and appieafAmong the different types
of fuel cells the most preferred ones along with other typegaven below.

o Alkaline fuel cells (AFCs) uses alkaline solution like potassium hydroxide in wa-
ter as electrolyte. Commonly nickel is used as catalyst. s&hae first fuel cell
and used in space programs. These fuel cells can be categolepending on their
pressure temperature and electrode structures. Have leigtieal efficiency. Gen-
erally requires pure hydrogen and oxygen as they are versits@nto poisoning.
High-temperature AFCs operate at temperatures betweexC10@50C and lower
temperatures Alkaline fuel cells operates arount2® 70C.

e Molten carbonate fuel cells (MCFCs)uses molten mixture of alkali metal carbon-
ates. The electrolyte is usually a binary mixture of lithiarmd potassium, or lithium
and sodium carbonates which is kept in ceramic matrix.Tipgrate at extremely
high temperatures around 6% hence precious metals are not required as catalysts
at the anode and cathode, reducing costs. Best runs counsiywtue to high temper-
ature. MCFCs are used for large stationary power plants &ifél &plication can be
utilized.

e Phosphoric acid fuel cells (PAFCs)se liquid phosphoric acid as an electrolyte.The
phosphoric acid is contained in silicon carbide matrix gsiapillary action. A finely
dispersed platinum catalyst on carbon is used. It is redistapoisoning by carbon
monoxide. It's operating temperature is around 2X80Phosphoric acid fuel cells
were the first commercially available fuel cells and costasnhigh to be economi-
cally competitive. Electrical efficiency is relatively Idvowever the overall efficiency
can reach above 80% if CHP is used. Used in stationary powmrgeon(100kW to
400kW)



e Polymer electrolyte fuel cellsare also know as proton exchange membrane fuel cell
(PEMFCs) are low temperature type and it is a main featurétfciion. PEM uses
water based acidic polymer membrane as electrolyte. Blatibased catalyst are
used on both electrodes. They have operating temperatuaddd00C. It has abil-
ity to deliver high power density at lower temperature. Hemtltey can be made
smaller which reduces overall weight, cost to produce aedifip volume. It has im-
mobilized electrolyte membrane hence the production m®&esimple and in turn
reduces corrosion and longer stack life. It requires puidrétyen. PEM are suit-
able for vehicular and portable applications as they haawifes like quick start up,
low temperature and modular. These fuel cell can also be fasexiationary power
generation.

e SOFCis a high temperature fuel cell and has promising future eBam a negative-
ion conductive electrolyte, SOFCs operate between 600 @® 1G, and convert
chemical energy into electricity at high efficiency, whidmaeach up to 65% .They
have higher system efficiency and higher power density. TOEGare simpler de-
sign compared other fuel cells based on liquid electrolytidization of the exhaust
heat for co-generation application in industries is veryaadageous. The overall ef-
ficiency of an integrated SOFC-with CHP can even reach upto®&5%. SOFC
allows for internal reforming of gaseous fuel inside thd ftedl, hence hydrocarbons
gases (natural gas and methane) can be used directly altm@pydrogen. It is low
start-up system and more thermal stresses occurs due to theghtigh operating tem-
perature.The SOFC has structure of tubular or planar. THeCS®e best suited for
stationary power generation and some cases for transpoftaiel Cell Handbook
(2002), Yamamoto (2000), Caisheng (2006)].

The SOFC has higher cell efficiency because of high temperaperation.Flexibility
in fuel choices. Suitable for Distributed Generation (D@plcation because of its
high conversion efficiency. Integration flexibility withlegr power generating sys-
tems, such as automotive engines or gas turbines of varipes. sSolid oxide fuel
cells can be scaled from kW-size units to MW-size units fogdahigh-power ap-
plications, including industrial and large-scale cengélalctricity generating stations.
They can also be used in vehicles. Solid oxide fuel cells aregoconsidered for a
wide variety of applications, especially in the 5-250 kWesiange in the following
areas: Residential, cogeneration,Small commercial imgigdand Industrial facilities.
However SOFC have large start up time, slow dynamic respimnead change and
high cost.The schematic diagram of fuel cell connecteditbigishown in Figure 1.3.
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Figure 1.3: Block schematic diagram of fuel cell connected to grid.

1.2.4 Internal combustion engines

The electrical power can be generated using internal conaoudC) engines which act as
prime mover to the electrical generator. The IC engines workthe principle of combus-
tion of fuels which gives moment to reciprocating piston.eTlciprocating motion then
converted to rotational power. The IC engines drives theegeor in a distributed genera-
tion[Pandiaraj and Fox 2000]. These engine uses dieseltalajas,propane, or gasoline
as fuel. The Diesel generators are most popular which seetésr in remote areas. These
are reliable, convenient usage,less installation costutao and compact.These IC engines
are used extensively however these system have becomieg®xp due to increased fuel
cost,maintenance, need to be operated with rated load feimman efficiency, requires
continuous supply of fuel and major concern is greenhousegassion.

1.2.5 Microturbine

Microturbine are small scale modified version of gas turbin€he MTG are high speed
devices and power ranges from 25 to 500kW. The DG system aeelalw emission and
feasible for stationary power generation. In most confitjoing, the microturbine is a single
shaft machine with the compressor and turbine mounted osah® shaft as the electric
generator. With a single rotating shaft, gearboxes anccagsd parts are eliminated. Thus,
helping to improve operational reliability and reducingmatacturing costs. The rotational
speeds vary in the range of 50,000 to 120,000 rpm, dependitigecoutput capacity of the
microturbine. This high-frequency output is first rectifeatt then converted to 50 or 60 Hz.
Figure 1.4 shows the interconnection of microturbine gati@n system to grid [Lasseter
2001, Gaonkar et al. 2008, Saha et al. 2009 ].
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Figure 1.4: Schematic diagram of MTG system (a) single shaft MTG syste)ap(it shaft
MTG system.

1.2.6 Other DG systems

Apart from the wind, PV, fuel cell, IC engines and MTG otherhteologies like geother-
mal,wave energy , small hydro, biomass etc are gaining itapoe.

Solar thermal

Solar thermal power plants make use of the thermal part air splectrum. Popular solar
thermal application is household solar water heaters. Tihikght is concentrated by trap-
ping the heat. The sunlight can be concentrated using éliftetevice called solar thermal
collectors. The heat is then used to increase the temperatworking fluid to produce

steam. The sun to heat a working fluid , which drives an engirs¢eam-turbine generator.
Solar thermal systems use solar radiation for a heat engigerterate electricity. Appli-

cations of concentrating solar power are now feasible frdewakilowatts to hundreds of

megawatts. Solar-thermal plants can be operated in planatlegrid or distributed stand-

alone applications.

Small hydro power plants

The location where the rain fall is more and in hilly areas bmgers and seasonal water
flow is available a small hydal power plant can implementedtiveerve local requirement.
For these plants the the reservoir is optional however witstorage the water is not fully
utilized.In such plants the generator runs continuouslfuihload condition. The small
hydro plant ranges upto 10MW and further divide into mini kydnd micro hydro.The
generators used are can be either synchronous or asynonoraehines.The application of
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small hydro plants ranges from single family to small comityiEkanayake 2002, Borges
and Pinto 2008].

Wave energy

Ocean wave energy is a renewable energy source with a latgetf@ that may contribute
to the increasing demand for power worldwide. Almost 75%hw earth is filled with
water, a large proportion of which are the world’s seas arehpns. These oceans contain
a huge amount of energy in the form of ocean waves and tideth Kwetic and potential
energy associated with these traveling water waves cangeied. For a given wave, the
power is approximately proportional to its square of anuplé and to the period. The high
concentration of continuously oscillating water resutt$iigh energy densities, making it
a favorable form of hydro power. Wave power conversion tetdgies involve three main
designs, on-shore or embedded near the harbor, near stobwsaérproximity to the seashore
standing on the sea bed and off-shore in the deep watersaiger$cale deployments, off-
shore installments are found to be more appropriate. Waegggrcan be used to generate
electricity much in the same way as a traditional hydroelegiower plant by constructing
a dam or barrage across a narrow bay. The turbines and gatésstalled at different
points along the barrage, and when there is a differencednosyatic head on both sides
of the dam, the gates open and water flows in, rotating thenestwhich are connected to
generators to generate electrical power [Previsic, M..g28I05)].

Geothermal

Geothermal is energy available as heat emitted from withénetarth, usually in the form
of hot water or steam. Geothermal as a recoverable energunesis very site spe-
cific. Geothermal power plant can range from hundreds kW talleds MW. [Bloomquist
(2002)]. After hydropower and biomass, geothermal enesdige third most exploited en-
ergy source worldwide, with a projected installed capaoft§3.5 GW by 2012. Geother-
mal power can play a fairly significant role in the energy bataof some area of the world.
Geothermal power plants use natural hot water and steamifedonv the earths surface to
rotate turbine generators to produce electricity. Unligssil fuel power plants, no fuel is
burned in these plants. Hence, geothermal power plantsveadtr vapors but produce no
smoky emissions. Geothermal electricity can be used fob#ise load power as well as the
peak load power demand.
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There are three basic designs of geothermal power plahtd velhich extricate hot water
and steam from earths crust, utilize the heat content andréte warm water to the heat
source to extend its life [Barun and McCluer (1993)]. In thedest design, the steam goes
directly to the turbine and then to condenser where it is eardd into water. In the second
approach, the steam and hot water are separated as thehexitetl, and while steam
is used to drive the turbine, the water is sent back to undargt. In the third approach
known as Binary system, the hot water and steam is passatjtheoheat exchanger where
the heat is extracted to heat up a second liquid (organicsflike Iso-butane) in a closed
loop and then is used to drive the turbine. The choice of tipeageh to be used to generate
electricity is determined solely by the type of the resouerel the availability of steam or
water from it.

Biomass

The biomass comprises all organic material from plants] Emd water based vegetation
and all organic wastes. Green plants produce biomass byedony sunlight to sugars
and further to plant material through photosynthesis. Tiergy of sunlight is stored in
chemical bonds and released to produce energy by digestompustion or decomposi-
tion[McKendry 2002]. Biomass comes from a huge variety dfedent sources. These
include especially the energy stored in trees, grass cfopsstry, vegetative coal, urban
wastes, agricultural wastes and forestry wastes. The wodather forms of biomass are
used as fuels for generating electricity and heat. Biomasscally produced, cheap, and
renewable source. With recent development of technoldgies®iomass can be used effi-
ciently with low levels of emissions biomass becoming areative source. The majority
of biomass electricity is generated using a steam cycle evbi@mass material is first con-
verted into steam in a boiler. The resulting steam is thenl tseotate a turbine that is
connected to a generator. Biomass can also be used withacpedduce electricity in an
existing power plant. Cofiring, as it is known, is the mostresroical near-term option for
introducing new biomass electricity generation and lowleesair emissions from coal-fired
power plants [Saifur 2003]. Municipal waste may also be usethany of the new pro-
cesses developed. In terms of resource; biomass is vews, largviding about 15% of the
worlds primary energy. Biomass has a dominant positionHeroor people in the world,
who are dependent on wood fuel for cooking and heating. Iy faplays an important
role in developing countries that have large poorest regiddut it is also important in a
number of industrialized countries, e.g. the United Statdsch obtains 4% of its energy
from biomass, and Sweden with 14% [Hatziargyriou et al. (3P0
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1.3 Storage Technologies

The electrical power is always associated with stored gnémgnost of cases power gener-
ation is from stored energy. The traditional power planwidzdly converts stored chemical
energy into electrical power in difference ways. The hyd®lier plants are uses stored en-
ergy in the form reservoir. These forms of energy transfaionas predictable controllable
and output can be quantifiable.However the electrical p@aemot stored as it is, it has to
be consumed as and when it is produced. The storage systemseat for different appli-
cations like peak load shaving, UPS and ancillary servicéise grid. In case of renewable
based power generation storage is essential and integtal fh@nce storage of electrical
power storage became very important. The storage devieegsad with DG system to
mitigate power fluctuations,excess energy can be storedhwdan avoid the curtailment
renewable resources. The stored energy can be used whearteeaton is less than the
demand. The storage are used for load transient mitigatidqpawer balance[Sergio et al.
2010, John and David 2004, Mukund 2006].

The battery,supercapacitor,compressed air, superctngunagnetic energy storage
(SMES),pumped hydro,flywheel, electric vehicles are sofngarage technologies. The
energy storage system can be classified on different basésstbrage devices are classified
based on supply duration. The short term (in terms of minameissecond) , medium term
(few hours)and long term duration (days). The long termegfjercomprises of biomass, hy-
drogen, large hydro, battery. The medium term storage n@yde hydrogen, compressed
air,pumped hydro,flow batteries, other battery types. Ttraeaapacitors, redox flow cell,
flywheel and SMES can be categorized in short term storageaevTl he classification of
energy storage technologies based type of storage is meal{pamped hydro,compressed
air,flywheel),electrochemical (battery and hydrogergcgbmagnetic (UC and SMES) and
thermal (molten salt and solar pond). Among all the storagygces the battery is universal
choice in most of the DG and other application. The battearesenergy dense devices
and commercially available in difference type and ratidgsother emerging technology in
storage is ultracapacitor which is power dense deviceldeifar short term high power re-
guirement. The combination of battery and UC getting maiendibn due to added benefits
[Sergio et al. 2010, John and David 2004].

1.3.1 Battery

The oldest storage technology is battery and dates batK't@entury. The battery energy
storage system (BESS) is natural choice in most applicstiéior the DG system it is an
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essential device and most essential in standalone appfisailhe battery used to store the
excess power when generation in more and load is less. Thgyecan be released when
generation is less and load is more, for load transientgatitin and to ensure the continuity
of power supply. The battery supports in power balance andtaiaing the dc-link voltage
for many inverter based system. The lead acid, lithium iard¢h), Nickel cadmium/Metal
hydride (NiCd/NiMH),Sodium sulpher (Nas), flow batteri&ric bromide(ZnBr), vana-
dium redox (VRB),Ploysulphate(PSB)a and Zinc-air] (FB® different types of batteries.
The most common types of battery used in electrical apjpdicas the lead acid battery. The
batteries are used to smooth power fluctuations and loadi¢r@mitigations.With renew-
able source the battery also undergoes severe and instahadje cycle which is detriment
to battery life. The battery is best suited for constant lapglications[Sergio et al. 2010,
Mukund 2006].

1.3.2 Ultracapacitor

The Ultracapacitors is also known as electrochemical doidyer capacitor(EDLC) and
supercapacitor. It works in similar way of normal capachat has much higher capac-
itance (in terms of farads) due to its different construttimm capacitor.The energy is
stored by charge separation.The permitivity of dielearid electrode surface area are high
in case of UC. However the ultracapacitor has low voltagegat The UC has high life
cycle, higher efficiency and power density. The UC can disgh@aompletely and leads
to large voltage difference which directly proportional3®C. The ultracapacitor can be
charge very quickly and discharge burst of power instanflye UC is a very high power
device and can supply power for short time duration. Withpprgpower electronic inter-
face UC can operate for wide range of voltages. In renewadded DG power varies very
frequently and ultracapacitor can mitigate the power flattuns effectively. The UC can
be used effectively with other storage devices like baffény battery is high energy dense
device and UC is high power dense device.The battery-UC owatibn can easily accom-
modate instant and large power requirement. The batterylradtapacitor combination is
extensively used nowadays in DG application and electiickes [Sergio et al. 2010, Scott
1993].

1.3.3 Hydrogen storage

The fuel cell requires hydrogen to produce electricity agdrbgen is very clean burning
fuel.Hydrogen do not available naturally and freely. It tale produced from other sources
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of energy hence it often called as energy carrier. It is effitmode to store and transport
energy.Hydrogen can produced directly from fossil fueldrom biomass. It can also be

produced from water electrolysis. Most of the hydrogen adpiced from steam reforming

of natural gas. The natural gas is good fuel and is exhaugistgand becoming more

expensive. As it is fossil fuel produces the greenhousesgddee properties which makes
hydrogen as favorable coming age fuel are

e Itis a most abundant and lightest element.

High energy content per weight.

The combustion of hydrogen do not produce harmful effluents.

Hydrogen has wide flammability range.

Can satisfy transportation, electrical and thermal needs.
e It can be generated from renewables by water electrolysis

With many benefits hydrogen usage as fuel has many issuesegdtkatory guidelines,
lack of infrastructure, high cost of initial building ins&ucture are some of issues. The
leakage may lead to explosion as it has wide explosive milx aiitof all gases. Hydrogen
is odorless and leakage can not be smelled. The flame and gasale are very essen-
tial[Mukund (2006)].

1.3.4 Other storage devices

The flywheel, pumped hydro, compressed air, superconduatiagnetic energy storage
and thermoelectric energy storage are few other storagp@ddmyies.The compressed air
energy (CAE) storage stores the energy in the form of corsprkair. The compressed air
then used to rotate the turbine which acts as the prime mdhetelectrical generator. The
CAE is complex system due to absorption and release of heigg aih is compressed or
expanded.The compressed air technology used in many appfis. In case of grid support
the energy is stored during low demand and released wherdkradnd is high.It also used
with DG applications. The pumped hydro is another storagetelogy where the water is
lifted to higher altitude reservoir from lower water resces during lower power demand.
The stored water is then released to generate power durmghgléed demand. The power
generation during the energy release is similar to hydeitpl@he type of storage are used
in support of grid as well with DG also. The flywheel storesrggen form of rotating mass.
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It has very fast response,infinite number of charge and digehcycles and can have very
high peak power. Flywheel are of different kinds as low spaed high speed system and
has one machine which act as generator cum machine to digchad charge. These are
high power system and employed in transportation and powality improvements. The
energy is stored in the form of magnetic field in case of supedacting magnetic coil. The
system may consists of one or more solenoid.lt is highesepdensities among the storage
devices. It has high efficiency and high dynamic response.tifine different storage have
different characteristics,configuration and differerricof output. The storage device are
selected depending upon application location and avéthabf sources [Sergio et al. 2010].

1.4 DG Interfacing Technologies

Broadly the DG outputs can be of two types. The first one isdteting type which requires
electrical generator (wind, MTG,wave, small hydro etcgBecond one produces power in
the dc power directly (PV and FC). The induction generatpnchronous generator and
power electronic converter interface are used as per r@geint.

1.4.1 Synchronous generators

Synchronous generators are rotating electric machingésctrmwvert mechanical power to
electrical power. Synchronous generators are typicallized by the following DG tech-
nologies: internal combustion engines, gas turbinesr odamal, biomass and geothermal.
Synchronous generators have the advantage, that they camtrelled to provide reactive
power by adjusting their excitation. During short circutssynchronous generator con-
tributes large fault currents for a relatively long timeuRa&urrents four to five times of the
rated current are normal [Krause et al. 1995].

1.4.2 Induction generators

Like synchronous generators, an induction generator igadimg electrical machine that
converts mechanical power into electrical power. Inducgenerators are extensively used
in wind farms and small hydroelectric plants. Induction gi@tor combined with a con-
verter interface is currently becoming common in wind po®&. They are cheap in in-
vestment and need relatively little maintenance work. TrevBack is that they cannot
control voltage level in the grid they are connected to. Talep need reactive power from
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the grid or from shunt capacitances or power electronicdesactive power generators for
magnetization.

1.4.3 Power electronic converters

The power electronic converters (PECs)are integral pabt®fsystems. in grid connected
DG systems frequency and voltage are controlled by grid. é¥&win many DG technolo-
gies the output can not be used directly like variable wirstey, PV and fuel cell. In such
cases PE converter properly condition to suit the load @ ggguirement. With PECs the
frequency, voltage, active and reactive power are coetioMith controlled distortion. The
different converters are used for different DG systems. gdwial power electronic con-
verts are used in wind with DFIG system where the rating ofctheverter is 30% of rated
wind power capacity. In case of PMSG based wind system thedale converter are used.
In case of PV and fuel cell the DC-AC(inverter), DC-DC (bqdsick or buck-boost) are
used. The bidirectional converters (DC-AC-DC), matrix wenters (AC-AC) are also used
in many cases[Blaabjerg et al. 2004, Bimal 2013].

1.5 Microgrid System

The distributed generation is an effective and alternaolation to many issues associated
with traditional power generation. DG offers environméjgzonomical and social benefits.
The DG benefits can be enhanced my operating then both in gnidected mode and as
well islanding mode. The section of grid which has sufficigaheration and controlled
and managed locally is termed as microgrid(MG) [Eklas e2@1.4]. The microgrid dates
back to end ofl9** century and gained importance and commercialization tpkiace
recently. The practical test bed of microgrid are impleredity CERT [Lasseter et al. 2011].
The microgrid consists group of DG systems with storage. iifoeogrid can supply power
to grid in case of low demand. In microgrid the local loadssargplied uninterrupted even
when grid fails. The MG offers many benefits like higher effity,reduction in distribution
system losses and improved power quality.

The microgrid is mix of different DG system with divers chetexistics and different
loads. The integration,control, coordination and manasgens important for operation of
MG. It may consists of single or combination of wind, PV fuellc MTG. The storage
system like battery, UC and hydrogen are common systemsmildregrid can have differ-
ent topologies depending upon network combination, typ@®f, and voltage level. The
microgrid differentiated as low voltage and medium voltagke low voltage MG has low
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voltage loads and group of small generation units. In casdiumevoltage MGs the large
generating units are connected and interface with HV lircefaed both LV and MV grid.
The power electronic converter are extensively used forimam benefits. The storage im-
proves the reliability by supplying stored energy during litww power generation from DG
in case of islanded operation[lvn et al. 2015].

The many DG in microgrid produce power in dc form. The manydloaquires dc
power and are supplied with multiple conversion stages. dheower based loads are
increasing day by day. With the microgrid the dc loads carpbeg with less number
of convert stages and losses can be reduced.The dc systemaj@sdrawbacks as CB
operations are complex. Many existing loads are ac hendgithieetter to supply the both
ac and dc loads. Microgrid can be categorized as ac,dc anithylio have sustainability
and reliability, the renewable energy (wind and PV) souled controllable sources like
fuel cell and MTG are employed together. The energy storagelditional and necessary
component to mitigate the transients and provide backuef&sa et al. 2015 ].

The microgrid test systems are successfully implementeoweder microgrid poses
many technical issues. The renewable makes system outptutdting. The different en-
ergy resources, storage, load management, islandingtapedaalancing of ac and dc load,
interfacing are technical issues. The regulatory and eoambarriers are also comes into
picture. The commercial success of MG depends mainly ore praiability, safety and
convenient operation of the system. Hence the better catibmof DGs, better storage,
operation, coordination and management issues are needcaimdoessed.

1.6 Literature Review

The wind based power generation is a well established téogpnor he wind energy conver-
sion system (WECS) mainly consists of wind turbine, geatesygoptional) and electrical
generator and power electronic converter. The large wirldrias grouped together to from
wind turbine and connected to medium or high voltage lindJémkins 1993] introduction
to the engineering of wind farms and discusses their pdaticmnplications for the distri-
bution system. The wind generation systems are classifipdndiing upon wind turbine
control (pitch control and stall control), and type of gaater used.

The wind turbine are coupled with induction generator, dpfdd induction generator,
synchronous generator or permanent magnet synchronoesag@nto produce electrical
power. The wind turbine and its control strategies with pogtectronic converter schemes
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are presented in [Blaabjerg et al. 2004]. A DFIG wind turbinedel in which the power
converter is simulated as a controlled voltage source)aégg the rotor current to meet the
command of real and reactive power production is report¢denet al. 2006]. A dynamic
model of a gearless VSWT with power electronic interface praposed for computer sim-
ulation study and the model is implemented in transientyaiaprogram, PSCAD/EMTDC
[ Kim and Kim 2007].

Nowadays most WECS system employs the DFIG or PMSG. In regegmts PMSG
gained more importance due to several advantages. Therecish is simple and do not
require gear system. Hence WT construction containing aobge offers several advan-
tages, namely higher overall efficiency and reliabilitglueed weight and less maintenance.
Due to the magnets there is no need for the external maghetizevhich is important espe-
cially in stand-alone wind power applications and also ma&e areas where the grid cannot
easily supply the reactive power required to magnetizentadtion generator [Haque et
al. 2008] . Due to the small resistance losses are smalllbsses are also small, due to
the laminated stator core and the absence of the armatwt&rearhe overall axial length
of the generator is small and correspondingly the nacelteefvind power plant becomes
simpler than with the traditional. The variable speed windbine with PMSG offers many
advantages like higher energy conversion and efficiengyjéhi et al. 2000] The control
issues with small wind turbine is given in [Natalia et al. 3DThe standalone operation
of wind turbine with MPPT capability is presented in [Nishetchl. 2012].The wind power
can be effectively utilized by connecting to utility. Howesthe grid connection of variable
speed wind turbine affects the voltage and power qualityefCand Spooner 2001] The
wind system comprises of maximum power point tracking temin to yield more power
by operating the system at a optimal point.

The MPPT achieved by regulating turbine rotor speed andyysinver converters [Ar-
ifujjaman et al. 2006, Chinchilla et al. 2006, Raza et al. @0Wind system with MPPT
has different control schemes mainly the most of the systamsloys the generator side
controller and grid side converter control. The generatte sonverter controller basically
include the MPPT algorithm which calculates the optimum eois calculated using actual
wind speed measurement or by estimation techniques. Tis®iskass MPPT techniques
are employed which do not require wind speed measuremelné ootor position[Senjyu et
al. 2004, Kelvin and Sayed 2000]. A simple sensorless MPRPpfesented in [Mahmoud et
al. 2012] where the rectifier outputs are used to calculatenopn power and dc-dc boost
converter is controlled accordingly. The Figure 1.5 shoeresatic of wind system with
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MPPT.
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Figure 1.5: Schematic diagram of wind system with MPPT (a) by wind speedsurement
(b)sensorless technigue

The storage systems are used for peak load shaving,UP$nsystering the energy for
later use and mitigation of power fluctuations from renewailsources etc. The energy
storage is integral part of the DG system. The storage deveeequired to store the gen-
erated power, to mitigate the fluctuation and balance poweng variation in availability
of natural resources and also during the load transient. diffexent energy storage like
battery, flywheel supercapacitor technologies and thearfiacing systems are discussed
in [Ribeiro et al. 2001]. The different energy storage sysend configuration for grid
and transportation applications is given in [Sergio et @lL(].The reference [Anurag et al.
2012] shows favorable impact on typical feeder by the s®mdgyices with DG system.
The different storage device, discharge duration with enan analysis is given in [John
and David 2004].

The wind is a volatile resource, to supply the constant paavel to feed the isolated
system, storage units are employed.The battery is most conuhoice for energy stor-
age device. The direct integration of battery and wind sgstath utility is presented in
[Jayasinghe et al. 2011]. The wind system with battery g discussed in [Abedini and
Nikkhajoei 2011, Lu et al. 1995]. The battery is suitablestant power delivery,however
with wind system batteries undergoes deep discharge orobvgge state and experiences
the rapid charge/discharge profile, which results in redymrformance and life. Hence
frequent replacement of batteries may required. To protecbattery from several instant
discharge conditions the UC are employed along with batfiérg UC or also called as dou-
ble layer capacitor are high power dense devices whichetdiigh power for short duration
of time. These devices has very high charging and dischaugynles [Burke 2000]. The
combination of battery and UC has advantage over using otieenf. The battery is energy
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dense device which can supply power for longer period whileddn deliver large burst of
power for short duration of time. The two devices are reqlirerenewable energy based
power generation system. The combined operation and daen&iiodology has been de-
scribed in [Gao et al. 2005]. The wind and ultracapacitor lom@tion is given in [Muyeen
et al. 2009]. The combined use of battery and UC with windesysare shown in[Nishad
et al. 2014, Wei et al. 2010 ]. The capacitors and flow battenglmnation is presented in
[Ali et al. 2013]. Along with battery and UC the other storadgvice are used for energy
storage. The flywheel, pumped hydro, superconducting niegeal, compressed air are
few technologies used with renewable resources. Thesersgstsage is limited with oper-
ational difficulties, multiple conversions stages, intggm etc. The battery is most versatile
device, nowadays with UC its performance is improved. H@véhe batteries are limited
with storage capacity, high weight to energy ratio, maiatexe, release of toxic gases etc.
hence a better storage medium is necessary and to storenf@rlperiods and easy usage.
The schematic of WEC system with storage is shown Figure.1.6
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Figure 1.6: Schematic diagram of wind system (a) with single storagécedi)Multiple stor-
age devices (c)storage directly connected to PCC.

Nowdays the hydrogen energy is gaining more importance. hijideogen can be gen-
erated with different sources and in few industries(praéidncof chlorine,sodium-chlorate,
ethylene) it is a by product and it has been vented or burntweyer to reach sustain-
ability in power generation renewable based hydrogen géioeris preferred. The wind
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and PV are used generate hydrogen using water electrolyzbeswind system with hy-
drogen generation is presented in [ Valenciaga and EvatgeélD10, Rion et al. 2010].
With advancement in fuel cell technology and hydrogen getiear by renewable resources
power generation is becoming more eco friendly.The statuwsater electrolysis and future
anticipation is given in [Alfredo et al. 2012]. The advargagf hydrogen from renewable
resources is discussed in [Seyyed and Chan 2014]

Fuel cell is a electrochemical device which utilizes therogegn as fuel and produces
dc electrical power with heat and water. The basic operainmgiple, types of fuel cell,
advantages of fuel cell are discussed in [Cook 2002, HasmehCaisheng]. The dynamic
and transient analysis of distribution system with SOFQGvsmgin [Kourosh and Ali 2004].
The SOFC in grid connected mode for short time overloadipaciy is given in [Caisheng
and Hashem 2007].The SOFC operation in islanded mode ismesbin [Li et al. 2005 ]
and in grid connected mode in [Li et al. 2007 ].The stabilibalysis of grid connected
SOFC is discussed in [Du W et al. 2012]. The emission redndiipousing the SOFC with
storage and CHP application is shown in [Colson and Nehrit1P0

Combining the different energy sources and operating tegedlong with storage has
the benefits over the operating them individually. The coratlioperation gives the more
sustainability and reliability to generation system.Tiyid system has combination of
fuel cell, wind, PV , microturbine, diesel generator etc. eTdperation of these energy
sources together is complex as each has different chasticteAnother issue with hybrid
system is proper load sharing between them. The hybridsystasisting of wind, fuel cell
(PEM) is proposed in [Igbal 2003]. The power control stras®f a grid-connected hybrid
generation system with versatile power transfer is propas¢Seul-Ki et al. 2008]. The
hybrid system is combination of photovoltaic (PV) arraynditurbine, and battery storage
via a common dc bus.

The DG system consists of energy storage system to competieapower deficiency
during transients due to slow dynamic response of systemd @dther reason for using
energy storage is uncertainty in availability of naturaaerces. The battery and Ultraca-
pacitor are most used for energy storage. The battery hhshigygy density and UC offers
high power density. The UC provides power during transiesrtqa during which high
power is required for short period. The battery suppliespgbwer during the non avail-
ability or insufficient natural resource (wind and solariagidn). To interface the energy
storage to common dc link and control power flow the bidiati DC/DC converter is
used. A schematic block diagram of Hybrid system is showrignie 1.7
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Figure 1.7: Schematic diagram of hybrid system with storage conneciegd-link.

Hybrid wind/ photovoltaic (PV)/fuel cell (FC) alternatiemergy system for stand-alone
applications is proposed in [Caisheng and Hashem 2008]dd PV are the primary
power sources of the system, FC as a backup and a long-teragsteystem. An elec-
trolyzer used to produce hydrogen and a common ac link is aeadect the load. An
overall power management strategy is designed for the gegpsystem to manage power
flows among the different energy sources and the storagenuthie system. The fuel cell
battery and UC combination is used in vehicular applicaigncomparison study of three
topologies of fuel-cellbattery, fuel-cellultracapacjtand fuel-cell battery ultracapacitor for
vehicular application are discussed in [Bauman and Kaze2@®8]. A control method
for bidirectional converter to integrate UC with fuel calpresented in [Samosir and Yatim
2010]. Reference [Khaligh and Li 2010] presents statehetdrt energy-storage topologies
for HEVs and plug-in HEVs (PHEVS). Battery, UC, and FC tedogees are discussed and
compared in this paper. In addition, various hybrid ESSsdbmbine two or more storage
devices are addressed.

In [Gyawali and Ohsawa 2010] the control and operationatetsof fuel cell/electrolyzer
/ultracapacitor (FC/ELZ/UC) unit into a micro hydro powgsgm are given. The storage
tank, electrolyzer, and UC models are presented. The daofttoybrid fuel cell energy-
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storage distributed generation systems under voltagengdigtribution systems is proposed
in [Amin et al. 2010]. The proposed control strategy makdsridyDG system work prop-
erly when a voltage disturbance occurs in distributioneystand it stays connected to the
main grid. The FC/UC hybrid system control is proposed irtljFat al. 2011] for industrial
distribution system in island mode.

In [Wang and Lee 2010] the load-tracking performance of @anreamous hybrid power
generation/energy storage system with two solid-oxidedekts, a diesel engine generator,
a battery , two dc/dc converters, and a dc/ac inverter isemdéd. This paper proposes a
control scheme using the output dc current of the SOFC or dineict magnitude of the
ac load to modulate the hydrogen flow rate of the SOFC gewoeratistem. The SCs as
a fast-dynamic energy storage system and fuel cell withrellgzer and hydrogen tank as
a longterm energy storage system is studied.The strucfuhe @ontrol system is divided
into three levels. Two power-balancing strategies have lpgesented and compared for
the PCU: the grid-following strategy and the source follogvstrategy. For both of them,
the dc-bus voltage and the grid power can be well regulatbd.cbmbination of fuel with
PV,wind and electrolyzer leads to more efficient and envirental friendly DG system .
The different combinations of PV,wind, battery,electady and UC based hybrid system
are discussed with operation, control and management tasipel&aushik 2005, Onar et
al. 2006, Bhende et al. 2011, Osman et al. 2013]

The combined operation of different DG system utilizatiam &e maximized by opera-
tion them in grid connected mode and in islanded mode. Mratscare part of electrical
network, which have local generation and loads and can tgeréslanded mode. Articles
[Hatziargyriou et al. 2007, Ventakaramanan and Marnay Pp€&sents an overview of
research, development and demonstration of microgricept®] The various architectures,
demonstration projects, operational and control primdpfield trial to date, and economic
and regulatory issues are discussed. A review of the mapnackeristics of hybrid sys-
tems that integrates fuel cells and other technologieseaattal microgrids is discussed
in [San Martin et al. 2010].These microgrids combine eneggtems to produce a supe-
rior overall efficiency, compared with their separated agien. This is so, because this
configuration allows compensating the limitations of soe®hhologies in terms of: fuel
flexibility, utilization of waste heat, pollution,etc. RaEnce [Peas Lopes et al. 2006] de-
scribes and evaluates the feasibility of control stratetpée adopted for the operation of a
microgrid when it becomes isolated. The microgrid provitdtessmore flexibility in control
and operation and able to provide reliable, sustainableaatity power. The microgrid op-
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eration control and management strategies are discusfearirMartin et al. 2010, Eduardo
et al. 2014] The different control methods; active power &;|equency control principles
[Seon-Ju et al. 2010], robust hierarchical control systetohamed and Radwan 2011]
are proposed to control, operate and co ordinate the maii@ system and microgrids. A
method for inner controllers of inverter-based distrilobuémergy resources to have a suit-
able response for different dynamics is proposed in [Sad_ehd 2008]. Parallel inverters
in distribution networks were considered to be controllgchbnlinear robust voltage and
current controller.
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Figure 1.8: Schematic diagram of hybrid system with storage connecigdid.
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Figure 1.9: Schematic representation of microgrid.
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The microgrid schematic with multiple inverters is showfigure 1.8. A block schematic
representation of microgrid is shown in Figure 1.9

The dc loads are supplied with many conversion stages. Thesiries like data-centers,
communication and commercial building required dc powarji2l and Ambra 2007, Daniel
et al. 2008]. The nowadays appliances like LED lighting, BL Dhotors, electric vehicles
are based on dc power. The dc system has many advantagesiali 2013, Jackson
et al. 2013]. In order to supply new coming loads based on eepahe microgrid can
have flexibility is supplying both existing ac load and dcdsas well. The different ac-dc
microgrid structures with DG system and storage are predent[Hiroaki et al. 2010, Lie
and Dong 2011, Poh et al. 2013]

A hybrid ac/dc micro grid to reduce the processes of multijgiac/dc or ac/dc/ac con-
versions in an individual ac or dc grid is proposed [ Guerretr@l. 2011]. The hybrid
microgrid consists of both ac and dc networks connectedthegdy multi-bidirectional
converters. AC sources and loads are connected to the aonketlereas dc sources and
loads are tied to the dc network. Energy storage systemsareected to dc or ac links.
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Figure 1.10: Block diagram of hybrid system with single inverters.
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The microgrid schematic with single inverter to interfacel@ads is shown in Figure
1.10

Microgrids are proposed and researched for the good caoneeith dc output type
sources such as photovoltaic (PV) system, fuel cell, andrskary battery. Moreover, if
loads in the system are supplied with dc power, the convefegses from sources to loads
are reduced compared with ac microgrid [Kakigano et al. 20AGow-voltage bipolar-type
dc microgrid, which can supply super high quality power whtree-wire dc distribution line
is claimed in this paper. Droop control strategy, namelyenirfeed forward control strat-
egy, is adopted for a dc grid based multi-terminal non-godnected wind power system
which consists of several wind turbines, high-energy-oamag (HEC) loads, energy stor-
age devices, and a grid-connected port is proposed in [Chalin €009]. A schematic of
ac-dc microgrid is shown in Figure 1.11

@ Utility
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m |DC/DC ||AC/DC | |DC/DC |

DC microgrid
Figure 1.11: Schematic representation of dc microgrid connected to grid

Reference [ Tanaka 2009] presents a method for coordinatedot of a dc power feed-
ing system with using detailed model which considers the tddlispersed generators and
switching operation of the power converter. The proposetrgue controls the dc bus
voltage and the reactive power of ac system by the dc/dc camend the ac/dc converter
which is connected with each dispersed generators, dc loddnéinite bus . Reference
[Kurohane et al. 2011] presents a dc microgrid with renewariergy. The proposed
method is composed of a gearless wind power generationnsystéattery, and dc loads
in a dc distribution system. The battery helps to avoid thewkr-voltages by absorbing
the power of the permanent magnet synchronous generatoGRM8ng line-fault. The
effectiveness of the proposed method is examined in a MATASABulink environment.

In [Kwasinski 2011] quantitative method to evaluate dc migrds availability by iden-
tifying and calculating minimum cut sets occurrence pralitgfor different microgrid
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architectures and converter topologies is presented. i/ issues in dc microgrids

with instantaneous constant-power loads (CPLs) has baekesskd in [Kwasinski and On-
wuchekwa 2011]. dc microgrids typically have distributemver architectures in which

point-of load converters behave as instantaneous CPLisdwdgulating converters located
upstream. In [Kurohanel et al. 2010] an islanding operati@thod of dc smart grid is pre-

sented. The power system consists of photovoltaic, win@igears and controllable loads.
In this paper, the DC bus voltage fluctuations of DC grid ackiced by the photovoltaic,

the wind generators and the controllable loads.

1.7 Motivation

The huge gap between generation and increasing demandyrameéntal issues and eco-
nomical constraints are few factors influencing utilizatod renewable energy resources.The
deregulation of power sector and environmental, econdrmarwé many technical benefits
offered by DG systems motivated the use more renewable l@asermeneration. The
wind and solar based power generation are adapted extgnas/éhe resources are avail-
able abundantly and freely. Albeit all the benefits the reatdes poses major issues as
they are dependent on the nature. The fluctuating outpuspuaey challenges to system
operation.The supplying reliable and quality power aloniwatisfying load and grid re-
quirements. The different DG are combined together to erdndime performance of the
DG system. In order to mitigate the fluctuations the energyagte device are employed.
The microgrids are gaining importance due to added bendditg avith improved DG ex-
ploitation. Most renewable technologies based power g¢ioger and storage are natively
direct current (dc), while the traditional utility infrascture is almost entirely alternating
current (ac). Hence the most power is being converted oneooe mimes from ac to dc
or dc to ac. With storage the conversion stages are increaseel for the same original
power. In converting dc to ac also many topologies are pregpeghere multiple inverters
are used. Few studies are shown the single inverter with comdu-link. The supplying
the dc and ac power with minimum conversion stages is becaermpertant. The renew-
ables and fuel cell based microgrid is promising combimaéie the input for the fuel can
be generated using renewable resources using electrolpfzercombination leads to more
sustainable and environmental friendly system. The useefgy storage devices can be
used to store the energy for later use and to mitigate powetufitions, load transients
and improve the load following performance. The fuel ca&lhewable sources and storage
device based ac/dc microgrid can serve the purposes likengyower generation, smooth
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power delivery, reduced losses,reliable,sustainablejaatity power.

1.8 Author Contributions

e The mathematical modeling of SOFC-wind based microgridhwlit load is imple-
mented in Matlab/Simulink platform.The presented systasdalient feature of con-
necting all sources and storage device to common dc-linle thtee phase inverter
is used to interface microgrid system to grid.The necessanyrol schemes for op-
eration, control and coordination of dc-dc converters arpléemented. The inverter
control schemes for grid and isolated operation are predent

e The performance of the wind system directly connected td, griith battery and
battery-UC combination is presented in this thesis. Thecéffe mitigation of wind
power fluctuations using battery-UC combination is showronithe performance
analysis the limitations of storage devices and the inefficusage of wind power by
adopting dump load to maintain the power balance is showa lilhted dispatchable
capacity of wind system with battery and ultracapacitor borations is given.

e The microgrid comprising of SOFC,wind, electrolyzer and d(resented in this
work. The slow dynamics response of SOFC and its effect orahe is given.
The mitigation of slow dynamic response of SOFC by UC is prest The load
following capability of SOFC with ultracapacitor is presed. The effective mitiga-
tion of wind power fluctuations and its efficient usage by theeteolyzer is shown
through simulation results. The dispatchable capacity iotdv6OFC with UC and
electrolyzer is also presented.

e The ac/dc microgrid consisting of SOFC ,wind electrolybattery and UC is imple-
mented in Matlab/Simulink environment in this work.Thetbay is used for critical
load supply when SOFC is out of service. The hybrid systempmrants are con-
nected to common dc-link to reduce multiple conversionesaglrhe advantage of
using common dc-link for utilizing wind power by differentiosage devices is pre-
sented. The performance of the microgrid when the wind aneGére sharing the
load is presented and the effects of power sharing on the S®@FGrmance is shown
through simulation results.The control and operation @rgy resources and storage
devices to cater the required load for varying wind speedsi@ad change is given.
The ac and dc loads are considered, the effects of these haaxdje on performance
of the microgrid is presented.
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1.9

Chapter 1:

Chapter 2:

Chapter 3:

Chapter 4:

The effective use of ultracapacitor to mitigates the slowmalyic response of the
SOFC and to control the discharge rate of battery as per theregment is presented
in this work. The work focuses on mitigation of wind power fiuations by elec-

trolyzer to generate the hydrogen which can be used as inpftuél cell which leads

to environmental benefits. The microgrid presented in thesis is able to work in

both grid connected mode and islanded mode of operationp&tfermance results
presented also shows that the microgrid can supply religblgtainable and quality
power supply with less loss.

Organization of the Thesis

The general introduction of the DG systems is given in thiapter. The different
wind systems, different storage technology associateulitvitre presented. The fuel
cell technology is reported. The hybrid DG systems withed#ht combination, stor-
age, operation and benefits are presented. The brief literag¢view of hybrid DG
system and microgrids are given in this chapter. The authwtributions and organi-
zation of the thesis is presented.

The mathematical modeling of microgrid components likedwsystem, solid oxide

fuel cell and electrolyzer is given in this chapter. The miodeof energy storage
devices battery and UC is presented. The control schemekfdc boost converter
is given in this chapter. The dc-dc bidirectional convectantrol schemes for ultraca-
pacitor and battery operation is given. The control styategelectrolyzer operation
is presented. The buck converter control for dc loads isrginehis chapter. The in-
verter control for grid connected mode and islanded modeefation is presented.

The wind system connected to grid is presented in this chaphe necessity of stor-
age device to mitigate power fluctuations to supply the @nigtower is presented.
The wind system performance along with the battery storagéven in this chapter.
The performance of wind system with battery and ultracapador different wind
speed and load change are presented. The performance adritiel schemes for
managing and controlling the charging/discharging ofdsgtnd UC is given. The
usage of dump load is given. The dispatchable capacity ofl wystem with battery
and UC is presented in this chapter.

The microgrid system consisting of solid oxide fuel cellndisystem, UC and elec-
trolyzer is presented in this chapter. The performance afaogrid system for dif-
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ferent wind speeds and load variation is discussed for gnithected mode. The ef-
fective mitigation of wind power fluctuation by electrolyze given. The mitigation

of slow dynamic response of SOFC by UC is presented. Thets##edispatchable

capacity of SOFC- wind hybrid system with electrolyzer ard 19 presented in this
chapter.

Chapter 5: The performance of microgrid consisting of SOFC,wind hgtsystem along with
the electrolyzer, battery and UC is presented in this chapie this chapter two
case studies are considered. First one is the system parioefor power sharing
between SOFC and wind, second one is the SOFC is supplyidglahwind power is
utilized either by electrolyzer or by UC and battery as pgumrement. The microgrid
operation for varying wind speed, change in dc and ac loadw&n. The effective
control of dc-link voltage, dc load voltage, inverter vgjéafor islanded mode of
operation is given. The microgrid operation for grid redyomization is presented in
this chapter.

Chapter 6: In this chapter conclusion and scope for future work.
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Chapter 2

MODELING OF SOFC-WIND BASED
MICROGRID SYSTEM

2.1 Introduction

The microgrid is a combination of different energy sourcstsrage devices and loads col-
lectively operating. The different sources have differemiracteristics, loads have differ-
ent requirement.Hence coordinated operation, controlraadagement of the system is
complex. The power output smoothing is important in rendevdlased microgrid. The

different storage and DG systems with different combinetiare used to mitigate power
fluctuations.The evaluation of the system for differentneltic conditions, response of the
controllers and coordinated operation of different congds is required. In [Osman et al.
2013]the operation and control strategies for wind and ¢ellbased hybrid system in iso-
lated mode along with battery and electrolyzer is preseriibd wind system, fuel cell and
diesel generator based hybrid system with electrolyzevisngin [Tomonobu 2005].The

wind power fluctuations are mitigated by diesel generatdrfael cell, the hydrogen gen-
erated by the aqua electrolyzer is used for fuel cell.

The wind power and SOFC based hybrid system with battery kutielyzer as storage
devices for standalone application is reported in [Bher@ €011]. In this wind system is
considered as main source, and slow dynamic response of &0J#/iGigated using battery.
As wind power fluctuates randomly, the battery is subjeateftlictuating charging or dis-
charging cycle and SOFC output also varies randomly to catprired load. A microgrid
based on wind system and battery with ac and dc load is disduisg.ijun et al. 2013]. The
PV and fuel cell produces the dc power, the wind system ougpcnverter to dc power.
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However the dc power is converter to ac to supply ac load arid dater dc loads.

The DG like PV and fuel cell produces dc power. The storagécdsuike battery and
UC also delivers power in dc form. These system are intedfadén loads with different
conversions stages. The loads like LED lighting, battelgcteic vehicles, BLDC based
motor loads, commercial building and datacenters reqiogger in dc form. These loads
are supplied with multiple conversion stages. To avoideélredundant stages the dc micro-
grid can be adapted. A dc microgrid based on wind,PV, battedygas turbine of a campus
is presented in [Liang and Mohammad 2014].The control dfmeramerits and demerits of
using dc microgrid is given.The dc microgrid consisting & Rwvind, fuel cell,battery and
dc loads is presented in [Yu-Kai et al. 2013 ]. The fuzzy basmuatrollers are used for
energy management.

Nowadays the dc loads are increasing however the ac loanlseésl to supplied along
with dc loads. The ac/dc microgrid can suffice the requirenAesmart hybrid ac/dc micro-
grid is presented in [Kyohei et al. 2010]. The system coasitvind system, battery, dc/ac
loads and a diesel generator.A hybrid ac/dc microgrid isgmeed in [Xiong et al. 2011].
The energy resources with ac output are connected to acritheesources with dc output
are connected to dc bus. The ac loads are connected to acidsitagd dc loads are to dc
subgrids. The ac and dc subgrids are interfaced througrebttnal inverters. The energy
management and operational modeling of hybrid ac/dc midiagdiscussed in [Tommaso
and Paolo 2014].An operational model with system and ddeicd is presented.

In this chapter the modeling of microgrid components win@FE and storage de-
vices is given. The microgrid is implemented using Matlami8ink package. The con-
troller schematic for converters of SOFC ,wind, storagaeasyloads and inverter are pre-
sented.The wind system uses the PMSG, diode rectifier witPMé&ontroller for boost
converter. The boost converter is utilized to interfaceSE-C to dc-link. The battery and
UC are connected to common dc-link by bidirectional dc-deveoters.The buck convert-
ers are used to feed electrolyzer and dc loads. By conndtingesources, storage devices
and dc loads to common dc-link the the utilization of powenirdifferent devices may
be an easy task and the switching between devices can beasigentent. The multiple
conversion can be reduced. A three phase voltage souragan(&Sl) is used to interface
dc-link to ac load. The different control schematic of irteeicontrol are given. The control
schemes for grid connected and islanded operation of micragpresented.
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2.2 Modeling of Microgrid
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Figure 2.1: Block diagram of microgrid.

The schematic diagram of Wind-SOFC based microgrid is shiovagure 2.1.The micro-
grid model consist of solid oxide fuel cell, wind turbinetteay,UC and electrolyzer. The
wind turbine is coupled with PMSG. The battery and UC are wsedtorage devices are
interfaced with dc-link through bidirectional dc-dc cornes. The dc loads are connected to
common dc-link. The dc loads are connected to common dctirdugh buck converter.
An electrolyze is used generate hydrogen from wind powee. U@ plays major role in mit-
igating slow dynamic response of SOFC and controlling Ibatlescharge rate. It instantly
supplies the power for any increase in the load.The batigoplges minimum load when
SOFC is disconnected and UC controls instant dischargettdrigaA three phase voltage
source inverter is used for interfacing the dc-link with aads. The microgrid system can
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be operated in grid and islanded mode. To ensure propertapedd of the system efficient
control schemes need to be employed. The different situatises in microgrid operation
which are need to be anticipated. Wind power varies as wirdaparies, the SOFC volt-
age drops as load current increases , the terminal voltag€ @ind battery decreases as the
power consumed from them. The wind power variation need lb@ifed by the battery,UC
or electrolyzer. Different storage devices activated #iedint timing as per the situation.
The transition between devices need to be smooth. The Keditage has to be maintained
well within the limits. The voltage and frequency are to bantaned constant at inverter
side. The microgrid consist of different components andhéeve different characteristics.
The modeling of microgrid is crucial for design and studyisihecessary to have dynamic
model of system components to plan, design and study therayst

2.2.1 Wind system modeling

Wind generation system consist of wind turbine which cots/éne kinetic energy in
wind into mechanical power.The turbine is coupled with pa@ment magnet synchronous
generator which converts turbine mechanical power intctetal power. The PMSG output
is rectified using uncontrolled diode rectifier and a boosivetter is used to connect the
system to common dc-link. The boost converter is contralldg MPPT technique.

Wind turbine

Electrical output

PMSG
Figure 2.2: Schematic diagram of wind system.

2.2.1.1 Wind turbine

The turbine consists of aerodynamically designed bladeshadonnected to hub. The
kinetic energy in the blowing wind is converted in to rotgtimechanical power by the
turbine. The kinetic energy in air of mass and speed/,, can be written as [Ackermann
2012, Mukund 2006]

E, = %mvj (2.1)

The mass of air passing through a given ar@a speed/, for time periodt,is

m = pAV,t (2.2)
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The wind power from equation 2.1 and 2.2.

1
P= §pAV§ (2.3)
The mechanical power capture by the wind turbine can beemritis [Slootweg et al.
2003] )

Py = 5pAVIC,(\, ) (2.4)

wherep= air density(kd),A is area swept by the rotor,V is the wind speed(m/s) apd C
power coefficient of the wind turbine.
The torque produced by wind turbine is given by
P, 1 swi,
wherew,, is the angular velocity of wind turbine rotor.
The tip-speed ratibis given in terms of rotor speed and wind speed as

_ Ruwy,

A 2.6
v (2.6)
where R is wind turbine rotor radius in meterg=rotor speed in rad/s.
116 _21
Cy (A, B) =0.5176 ( SV 0.48 — 5) e N (2.7)

Where\; = [ ! 0:035]_1

A+0.083 ~ B3+1
Power
IEI—'—) calculation —L
Wind
speed

IE— Acalculation [— Cj, calculation

Generator | |
speed

Torque | T
calculation >

Figure 2.3: Wind turbine model.

The schematic of wind turbine simulink implementation gsabove expressions is
shown in Figure 2.3.
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2.2.1.2 Permanent magnet synchronous generator
The PMSG model is analyzed in the single phase assumingrée phases are balanced.

The machine single phase model is shown in Figure 2.4

R
M

EI_
]
O(—w<—)

Figure 2.4: Equivalent circuit of PMSG.

The stator resistancé() is the resistance of the winding and it is relatively smaéhe
synchronous inductancé () of the machine is inductance of the winding and is comprises
air gap inductance,slot leakage inductance and the endrtdactance. The back electro-
motive force(emf)£; is produced by the flux linkage in the stator winding from tiotg
magnetic field of the machine. Th¢ is stator terminal voltage.

The induced emfK;) is given as [Polinder et al. (2006)]

Ef = kpmAmwe (2.8)

Where:
k,m= magnetic strength),,=permanent magnet flux linkage=electrical rotor angular
speed. The’; can also be expressed as

_ P s
Ef—kpm)\mzwm—vs 1R Lsdt (2.9)

the electrical rotor speed is related with mechanical repared as

We = gwm (2.10)

The terminal stator voltage of the PMSG can be presented as

. ds P
V., = i R, + LSE + kpmAmiwm (2.11)

The rate of change of total flux linking with each other statording (\,) is presented
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as

A\, di, P

— = Ls— — 2.12
dt s dt +kpm)\m2wm ( )

Substituting equation 2.12 into 2.11, the terminal voltageation of PMSG can be

expressed as

d)\s
=i, R,+ — 2.13
V,=1i,R, + 7 ( )

Assuming zero sequence quantities are not present andrgpigrks transformation the
expression 2.13 can be written in d-g frame [Borowy and Salanil997)]. The machine
model voltage equation in d-q rotating frame where d-axisxex to the permanent magnet
rotor flux direction are written as [Monica et al. 2006, Luitaret al. 2013]

Vi = VsaaVsqs s = lsd + Jisg (2.14)
Vg = Ryisg + dgid — Wimsg (2.15)
Vsqg = Rsisg + % — WmAsd (2.16)
Asd = Lsglsg + Am (2.17)

Asq = Lidisg (2.18)

Putting equation 2.17 and 2.18 in 2.15 and 2.16 respectively

digq

Vsd = Rs'l.sd + Lsd% = meSq'l.Sq (219)
. disq .
Vsqg = Rgigq + qud—t = W Lsdlsd + WmAm (2.20)

In generating mode the power flows in reverse mode. Hencedhecenversion need
to be considered in the generator model.As a result thegelbd PMSG in d-q frame can
be written as

disd

Vgd = — (Rsisd + LSdW) + Wmquisq (221)
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Tdt

The electrical torqué€l(,) can be expressed as follows

dig )
Vsqg = — (Rsisq + L ! q) - mesdzsd + wm)\m (222)

T, = 15]9 (Asdisd - )\sqisd> (223)
Substituting 2.17 & 2.18 in 2.23 the torque can be preserged a
T. = 1.5p (Amisq + (Lsa — Lsq)isaisq) (2.24)

By considering the PMSG is non salient, the air gap is unifamd d-g inductances are
same. Hence the torque equation can be expressed as

T, = 1.5pAmisg (2.25)

The wind turbine and PMSG parameters are referred from [ €tal 2010].

Maximum Power Point Tracking

Maximum power can be extracted from turbine when turbineates at optimunt’,.
Hence it is necessary to adjust the rotor speed at optith{iMahmoud et al. 2012 ].

3
Popi = 0.5pAC, ope (“TI”R) (2.26)
opt
= Ko?
where 5
R
Kopt = 0'5pACp_Opt ()\—) (227)
opt
Wropt = %vw = KUy (2.28)

The generator side converter can be controlled to extraxirmen power from wind. It
is necessary to adjust the rotor speedl gtto extract maximum power. The control scheme
consists of uncontrolled rectifier followed by dc-dc boastwerter. The control scheme has
to adjust duty ratio of boost converter to achieve the maxrimpower. The generator speed
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can be estimated by using the output voltée ) and current/,. r) of the rectifier. The
generator speed,PMSG parameter and voltage and currebeaaven as

o = 2(Vaern + 2R lucr) (2.29)

! 60 <¥Km - gLsIdc_R)

The reference power can be estimated as

pr = K3 (2.30)

g opt

From the reference power the reference current can be atddhs

I} Fy (2.31)
de — Vdc .
The error between the reference current and the measuneshtused to generate con-
trol signal.

2.2.2 Solid oxide fuel cell

Fuel cell is a electrochemical device which utilizes theroggn as fuel and produces dc
electrical power with byproduct as heat and water. The cbalmeaction between fuel
and oxidant lead to the flow of electrons through the closediitibetween electrodes.The
anode and cathode electrodes which are dipped in ele@solyThe process of flow of
electron remains as long as fuel and oxidant are providedaduel cell. The fuel cells
are extremely efficient, simple, have virtually no emissiand they run silent. Currently
different types of fuel cells are being widely explored farious applications.

One of the most promising fuel cell technologies is the sokidle fuel cell in power pro-
duction, due to its solid state design, internal reformihgaseous fuels, high temperature
operation (1000C) in addition to its high efficiency [Kaushik 2005]. The nuenb of cells
are connected in series to form a stack and get the desirpdtqudwer. The schematic of
internal structure of fuel cell is shown in Figure 2.5. Theibaperating principle, types of
fuel cell, advantages of fuel cell are discussed in [Cook2200hris and Scott 2003, Fuel
Cell Handbook 2002, Hashem and Caisheng 2009]. To desige]afeand evaluate the
performance of the fuel cell based power system the dynarodeivof fuel cell is required.

43



Load
Fuelin Oxidant in
—L’ Positive lon (J_
H, S 050,
H,0
; Negative lon H0
Depleted fuel and (J— | Depleted fuel and
produced gas out produced gas out
Anode Electrolyte
Cathode
(lon Conductor)

Figure 2.5: Schematic diagram of SOFC.

Transient model considering the temperature dynamicsesegnted in [Hall and Col-
claser 1999] and a fuel cell stack model with power electr@ainverter interface is de-
veloped in [Padulls et al. 2000]. An analytical model forlexaion of fuel cell efficiency
is developed in [Thorstensen 2001]. The types of fuel antlfeferming processes are
given. A thermodynamic model of tubular SOFC with interrefbrmer is proposed. The
reference [Zhu and Tomsovic 2002] presents the dynamic hafd8OFC with control
strategies. The combined operation and control of SOFC-MPeesented considering the
systemin stand alone mode. The dynamic model of SOFC caigidbe thermal and elec-
trochemical properties along with the ohmic, activatiod aoncentration losses is given in
[Kourosh and Ali 2004]. A physically based dynamic model wbular SOFC using the
material conservation, electrochemical , temperatured#ffutsion equations is proposed in
[Caisheng and Hashem 2007]. The model emphasizes on thedilielectrical character-
istic. The dynamic model of fuel cell are developed considgdifferent parameters as per
study requirement.

For mathematical model of solid oxide fuel cell the follogilmitations are considered
[Padulls et al. 2000]

e Fuel cell is supplied with hydrogen and oxygen

¢ Ideal gases are considered, their chemical and physicpépres are not affected by
pressure.

e Nernst equation is applicable.
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The pressure drop across the electrode channels is négligib

Fuel cell temperature is constant

The ratio of pressure between the inside and outside of dutretle channels is suf-
ficient to consider choked flow.

Ohmic, activation, and concentration losses are considere

The fuel cell is a electrochemical device with no moving pgeherates electricity by
electrochemical reaction. It quite modular and reliableicke Fuel cell uses hydrogen
as fuel and oxygen as oxidant from air for chemical reacfiba.water and heat are by
products of the fuel cell. The fuel cell has higher efficiemeycomparison with internal
combustion engines.The electrochemical reaction ocouleisolid oxide fuel cell is given
below

anode (2.32)
Hy + O® — Hy0 + 2¢”
cathode (2.33)

1
502 + 2e — 02_
overallreaction (2.34)

1
H2 + 502 — HQO
An choked orifice can be represented by following relation
W kvar (2.35)

Where,

e \W=mass flow rate (Kg/s)

K = valve constant (depending upon area of orifice)

P, = upstream pressure

M = Fluid molar mass

The utilization factor () is defined as the ratio of amount of fuel that reacts to the
amount of fuel injected.
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_ myHj
my Hy"

(2.36)
Where,

e U;=Utilization factor

e mHj= Hydrogen which reacts with oxygen

e mH"= Hydrogen which enters anode

From the utilization factor definition the equation 2.35 t&nwritten as

Wan
Pan

= Ko/ (1 = Up) M, + Uy Mo (2.37)
Where,

e Wan=mass flow through the anode valve (kg/s)

e K,,=the anode valve constagtkmolkg/(atms)

My, = molecular masses of hydrogen (kg/kmol)

Mpy,0 = molecular masses of water

P,,,=the pressure inside the anode channel (atm)

By considering the molar flow of any gas through valve to bepprtional to partial
pressure inside the channel, the following relations catdakiced [Padulls et al. (2000)].

= =k 2.38
PH2 /MH2 Hy ( )
dH50 o Kan

Puo NI = kn,o (2.39)
Where,

e g, & qm,0 - molar flows of hydrogen and water respectively.

e Py, & Pp,o : the partial pressures of hydrogen and water respectatmhy)(

e K ,,:anode valve constant

o Ky, & Kp,0: valve molar constant for hydrogen and water respectively.
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From above equations the following expression can be deduce

ij - K,, [(1 — Up) /My, + Uf\/MHzo] (2.40)

The partial pressures calculations From the ideal gas law the partial pressure of

hydrogen can be given as [Padulls et al. (2000)],
P,V = npg, RT (2.41)

Where,

e V1, =volume of the anode channel

e ny,= hydrogen moles in the channel

e R=universal gas constant

e T=operating temperature of the fuel cell stack

From equation 2.41

nH2RT

Py, = v (2.42)
by taking the derivative of equation2.42
d d (ng,RT
E (PH2> - % ( ‘/an ) (243)
qH2RT
=" 2.44
v (2.44)

Wheregy, is the time derivative ofi, and it represents the molar flow (kmol'$ of
hydrogen.

The The hydrogen molar flow is further divided into three parid as input, output and
reacted flow and is represented as

d RT
EPHQ v (CIH;" — Qugw — C.IH;) (2.45)

Whereg;;»= input molar flow rate of hydrogenyg.. =input molar flow rate of hydro-
gen andyy;= molar hydrogen flow rate that reacts in the channel in (ksol/

From the electrochemical relationships the molar flow ofrbgen that reacts is given
as
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Nyl
qmy = % =2K —rl (2.46)

Where,

e Ny=number of cells connected in series in the stack
e F=Faradays constant(C/kmol)

e |=fuel cell stack current (A)

e K,.=modeling constant which is given as follows

No
K, =20 2.47

From equations 2.45 and 2.46, the time derivative of hydnqugetial pressure can be

given as

d RT

7 (Pr,) = v <CJH;'L — qugw — 2Kr1> (2.48)

Replacing the output flow by equation 2.38, the expressiompéaatial pressure of hy-

drogen can be expressed by taking the Laplace transformsimbek followed by isolation
of hydrogen partial pressure.

o 1/KH2

P, —
H> 14+ 7m,8

(amyr — 257 (2.49)

Where K'i;,=Valve molar constant of hydroge# ;;,=Hydrogen flow response timé,=
constant];. = Fuel cell current andy,= system pole associated with hydrogen flow and
given as

1%
= — 2.50
T = R RT (2.50)
In similar way the partial pressure oxygen and water can ligenras

Py, — /o, <q0m _ 2K,J) (2.51)

> 1470,8 \ 2

1/Ky,o0
Pi,o = ——2— (2K, I 2.52
H>0 1+ TH,08 ( ) ( )

Where, K, and Ky, are valve molar constant for oxygen and water respectively.
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The fuel cell voltage is very small, around 1.2 V. Due to lovipu voltage the number
of fuel cell are connected in series to get the required poaterg. There are many factors
contributes to losses in the fuel cell.

The expression for stack output voltafg,.. of a fuel cell can be obtained applying
Nernsts equation and also taking into account the voltaggelsuch as the ohmic, activa-
tion and mass transportation (concentration) losses.

The fuel cell stack voltage can be written as
V:stak - nEO - Vact - ‘/con - ‘/ohm (253)

Where n is number of cells connected in seriEg,is the standard electrode potential in
(V),V, is the activation loss in (V)V.,, is the concentration loss in (VY. is the ohmic
loss within the fuel cell in (V).

RT
J N i
0+ 2Flog

PH2P012/2

E =
Py, 0O

—rl (2.54)

WherePy,, Py, Polz/ 2 and Py, O are the partial pressures of hydrogen oxygen and water
respectively. E=fuel cell output voltagé,=open cell voltage (based on the Gibbs free en-
ergy) R= gas constant, r=ohmic losses of the stack, |= fuestaek current. The schematic
SOFC simulink model is shown in Figure 2.6. The SOFC pararsete referred from the
[Zhu and Tomsovic (2002)]

in
a4 H2
ki q:l
r i -
l fc 02 +
——— 2K U g 212/ 1+ T s —>‘1/rH0
1,""” H, 1/ Keo /Ko,
I+, s 1+7,,s || 1470
Vfc

N,(E, +RT)26(n B, 22 /B,  )-C

Figure 2.6: Simulink implementation of SOFC model.

49



Storage devices

The electrical power is most predominant form of power asit be efficiently converted
into other forms. However it can not be stored easily in Bdbst of electrical power is
consumed as it is generated which can be regulated. The ableetbased power generation
faces difficulties as load and generation both varies. Térage devices are integral part of
renewable sources to supply the constant power. The stdesiees are necessary to ensure
the continuity of the power supply. The most common storagdce is the battery.To
supply the burst of power for short period the UC are used.bgteery and UC can serves
the power requirement satisfactorily. In recent days thérdyen is also used for energy
storage which can store for long periods.

2.2.3 Ultracapacitor

The ultracapacitor is an electrochemical device whichest@nergy in the form of elec-
trostatic charge. The UC has large capacitance value rgrigpm Farad to thousand of
Farads and are used where burst of power required for shatioln. Ultracapacitor stores
energy in a polarized liquid layer at the interface betweeoralucting ionic electrolyte and
a conducting electrode.The electrodes have high surfaeg porous material having pores
of nanometer size. The surface of UC is much higher than thmacapacitor. The basic
schematic of ultracapacitor construction is shown in Fegii7.

0
current %OO 880 porous electrode
collector [ k)

XA

separator

W/ 0
electrolyte §)@ -

Figure 2.7: UC basic construction.

The basic operating principle , construction, design aseidleed in [Burke 2000, Namis-
nyk 2003]. The double layer capacitor technology and cirmodels are presented in [
Spyker and Nelms 2000 , Nelms et al. 2003]. The UC model iseptesl by classical
equivalent circuit using capacitance and resistance engiv [Onar et al. 2006, Uzunoglu
and Alam 2006, product giude 2009].
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ESR T
= C § EPR V uc

Figure 2.8: Equivalent circuit UC.

AY/

The UC model is presented by classical equivalent circuiigusapacitance and re-
sistance as shown in Figure 2.8.In the figure C is capacifdb8® and EPR represents
the equivalent series and parallel resistances. The edetyered by the ultracapacitor is
given as in 2.55

Eyc = %C (V2 =V}) (2.55)

Where £y is the energy delivered by the U@; and V; are initial and final value of
terminal voltages of UC respectively and C is capacitartoe C comes in small voltage
range hence to have required capacitance voltage the UCmamected in series and parallel
combination.By taking a particular rating of capacitornfrehe data sheet and taking the
number of ultracapacitors in series} and parallel{,) the total capacitance and resistance
are calculated as

Resr

RUC_total = Ny (256)
P
C

Cuc_total = npn_ (257)

S

2.2.4 Battery

Battery is most commonly used storage device in most of tipdicgtions. It stores the

energy in electrochemical form. There are two types of bateprimary and secondary.
The primary battery types are non reversible and discarded fully discharged. The sec-
ondary batteries also known as rechargeable batteriegewhemical reaction is reversible.
The battery can be recharged many times. It may range frootidraof ampere-hour to

hundreds.The lead acid batteries are regularly used inmpap@ication. The schematic of
basic construction of battery is shown in Figure 2.9.Thel laeid battery consists of two
electrodes, one is anode and other one is cathode. The Acétter in positive plate cath-

ode is made of lead dioxidebO-. The negative plate anode is made up of |€adlhe elec-
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trolyte is sulphuric acid. Depending upon the process (ghgror discharging) the cathode
can serve as anode or vice-versa. The battery capacityrssegted in Ampere-hours(Ah).
The battery capacity is not constant, varies according vodngckly it is discharged.

anode - O O-— +cathode

H,S0,@q)
<«}— electrolyte

Figure 2.9: Basic construction of battery.

The different battery models have been presented in litexafl he battery mathematical
and equivalent circuit model are presented in [Gu, H. 19%&a@dra and Salami 1992,
Salami et al 1992 ]. A new dynamic model of battery is presgme[Ceramic 2000].
The battery model based on mathematical and circuit omeapproach in given [Li and
Kr (2011)]. Thevenin battery model is simple one and is repnéed with capacitance and
resistance consisting of controlled voltage source iresesith constant resistance.

The Thevanin equivalent circuit diagram [Salameh et al. 219® battery is shown in
Fig.2.10

Rbat
Riy —VV\V\N—
——AWW— o
|(
Vo— A
Cy

0

Figure 2.10: Equivalent circuit diagram of battery.

The C, is the capacitanc&, is the resistance anf;, is the internal resistance.The
equivalent capacitandg, is given as

B kw - Ah * 3600 % 1000

Cy = 2.58
’ 0.5 (V;)%ma:p - ‘/:)Zcmzn) ( )
WherekW - h=battery rating}/2 _=maximum voltage (V)/2 . =minimum voltage (V)
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2.2.5 Electrolyzer

The electrolyzer is electrochemical device which convelgstrical energy into chemical
energy which produces hydrogen. Hydrogen can be producesalsr electrolysis.The
water electrolysis can be carried out with different elelgtzers like alkaline and acidic.

H2 H2 OZ 02

Cathode Cathode

O O O
OO % QOO 0O
O .
g@ o % % Diaphragm
(ON) O O

Figure 2.11: Schematic of electrolyzer operation.

As the water molecule is composed of hydrogen and oxygenstibie decomposed by
passing direct electric current (dc) through electrodparsged by a electrolyte (KOH) with
good ionic conductivity. The water is poor ionic conductenbe the conductive electrolyte
is used, so that reaction can take place at acceptable gdltag half and overall reaction
are given as follows.

Anode hal freaction : (2.59)
20H — %Og + HyO + 2¢e~

Cathode hal freaction : (2.60)
2H,0 +2¢~ — Hy +20H™

Overall reaction : (2.61)

1
HgO-F — H2§OQ

The empirical relation between current and voltage of teeteblyzer is given by 2.62
[Gyawali and Ohsawa 2010].

rl+ry,T o t3 I,
+ TIE + UllOg (1 + <t1 + ? + ﬁ) <Z)) (262)

Where,v..;; = voltage dropu, = thermodynamic cell voltage, T = temperature (%),
= current density 4 /m?), A= cell electrode arean®), r1, r, = ohmic resistance parame-

Veell = U
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ter, t1, 1o, t3 andu;= over voltage parameters. n= number of cells. V=voltagessthe
electrolyzer.

According to Faradays law the rate of hydrogen producedrectly proportional to
current passing through it. The molar hydrogen productiae can be is given as [Onar et

al. 2006]
o nFnIe
Y
Whereny, = hydrogen produced (mol/s)r = Faraday efficiency, n = number of elec-
trolyzer cells in series, F=Faraday constdptrelectrolyzer current.

(2.63)

The ratio between actual and theoretical maximum hydrogedyzed in electrolyzer
is known as the Faradays efficiency and ca be written as

ng = 96.66(96.6/15—75.5/12) (2.64)

The hydrogen produced from electrolyzer is stored in a g®otank. The hydrogen
stored is either in the form of liquid or in compressed gas piessure in hydrogen storage
tank is given as

Ny, RT,
Mp, Vs

Where,P,& P,; are tank pressure and initial tank pressure respectivelyampression
factor, Ny,= hydrogen sent to tank (mol/s), R= Universal gas constGnttemperature,
Mpy,= Molar mass of hydrogen (kg/kmol). The electrolyzer parerseare referred from
[Gyawali and Ohsawa 2010]. The simulink implementationlet&olyzer is given in Fig-
ure 2.12

Py~ Pyi=7

(2.65)

(] [0

{u)

Figure 2.12: Simulink implementation of electrolyzer.
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2.3 Power Electronic Converters

The power electronic converters are integral part of DGesystThe converters facilitates
the operation, control and coordination of different degitogether. The main converters
are boost,buck-boost,buck and inverter. To increase aredse and regulate the output
voltage boost or buck converter are required. To facilitaeebidirectional flow of power
dc-dc buck-boost converters are used. To convert the dcyoltge the inverter is used.

2.3.1 Boost converter

The boost converters are use to step up voltage to highdrdedeor regulation of output
voltage. The SOFC produces the lower voltage and it decsesstad increase. A boost
converter is necessary to regulate and increase the infiagedo higher voltage level.The
step up converter mainly regulates the dc-link voltages & class of converter consists of at
least two semiconductor device and at least one storagest¢fndujar et. al. 2008, Choe
et al. 2007]. The filters are used to reduce output voltagdeipl he schematic diagram of
boost converter is shown in Figure 2.14.

P . c| OP Q1
Q; >
o} o}
Boost converter carrier wave

(a) (b)

Figure 2.13: Schematic diagram of (a) boost converter (b)controller.

For the time period DT when switch is on, the inductor voltagb be given as [Daniel
2010, Ned et al. 2003]
o dy dip Vi

The change in the inductor current is given as

V,.DT
L
The switch is open for (1-D)T time period.Assuming the otitypltagé’;, is constant, the

voltage across inductor can be written as

(D) = (2.67)
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dig, d,  Vi—VW

Vi=V,—-VW= LE OTE = i (268)
Change in the inductor when switch is open is given as

, Ve—Vo)(1 = D)T

(D)o = & OE ) (2.69)
The net change in inductor current must be zero, from equat®7 & 2.69
(ANip)e + (Aig)ep =0 (2.70)
Vs

Vo = D (2.71)

Equation 2.71 represents the output voltage as a functitmealuty cycle. The equiva-
lent resistance of load can be given as

V2

R= %t 2.72
Prated ( )
The duty ratio is
Vi
D=1--" 2.73
‘/out ( )
The inductor current is given as
Vi
Ip=—-"—— 2.74
L= T DR (2.74)
From specified input current ripple ( 20%) and switching trelscy (/).
Nip,  D(1—D)*R 5D(1 — D)?R
= = L>— 7 2.75
I fiL S/ (2.79)

The small signal model of boost converter [Akshay]

. b o xd(s Yo * Ui (S

=D —(sC+3) *Lmj‘ J (B, | xvals) - @78)
W) | sk LDl g | sE D )
il [1-D —(C+g)] L] =D —(sC+ )
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- 2.78
d(s) (LC)s®+ £s+ (1 - D)? (2.78)
voltage loop transfer function

i(s)  (Vo)s+2)(1—D)Iy

ir(s)  Cs++ (2.79)

V geret 9) .
¥ et (5)

<<
o
Yo

H,(s)

Figure 2.14: Schematic digram of control system.

2.3.2 Buck converter

The buck converter are use to step down the voltage. The@hetr, dc load and dump

loads are fed by the buck converter. The bidirectional cdeveacts as buck converter
during the charging of UC/battery.

o—| 0 Vdcref
1 L Ve | P ] Q
delink | 1| output ] B
0 Cm~ [
|
0 0 carrier wave

(a) (b)

Figure 2.15: Schematic diagram of (a) buck converter(b)controller sahe

The circuit operates in two conditions when switch is on afid Bhe switch is oper-
ated by switching pulses. When the switch is on,diode isrsevbiased and conducts the
inductor in forward direction.During this the positive tage builds across the inductor and
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increases gradually[Xu et al. 2004.].The modeling buckveater as follows [Daniel 2010,
Ned et al. 2003].
Output voltage and current during on period is given as

Vi =Vi—Vy (2.80)
. 1
L
Change in the inductor current can be derived as
di
Vi =Vy—Vo=L— (2.82)
dt
diL Vg — ‘/0
L 2.83
dt L ( )

Assuming ideal conditions, change in the inductor currertirne duration can be given as

di, N Nig

@ A DT (2.84)

from 2.83 and 2.84

DT (2.85)

When the switch is off diode will be forward biased. Curreiit fhow through diode. The
voltage across the inductor is given as

V=W (2.86)

Vi, = —Vp =L (2.87)

diL —‘/0 AZL A7/L
dd L At (1-D)T (2.88)
Nij, = _TVO@ - D)T (2.89)

For steady state operation, change in inductor currentes@eer period of time. Hence
from equations 2.85 & 2.89
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Va—Vo
L

(DT) + (‘TVO) (1-D)T =0 (2.90)

Equation 2.90 can be reduced to
Vo = DV, (2.91)

Small signal model can be deduced similar to the boost ctewvdrhe output voltage to
to duty ratio is given as

VoS Vi

= - (2.92)
d(s)  LC{s*+ [(55) + (za)]}
The inductor can be calculated as
(1-D)
L> 2.
=7 R (2.93)
The capacitance to reduce output voltage ripple can beletéclias
_(1-D)
C= LI (2.94)
Where AV
0
E— 2.95
v (2.95)

The bidirectional converter boost and buck mode operatocontrolled separately.The
buck operation of bidirectional converter and buck coreredf electrolyzer are operated
using current mode control scheme. The dc load buck comgeate operated using voltage
mode control. The dc loads are consider as resistances. drtimlter parameters are
chosen from procedures given in Akshay, Deepak and Mari@sé, Zaisheng 2006], trail

and error methods and fine tuned for required performance.

2.3.3 \oltage source inverter

The voltage source inverter (VSI) are used to converter @eepto ac and act as interface
between the dc-link and ac link. The inverter consists ofpgwer electronic switches.The
schematic of three phase VSl is shown in Figure 2.16. Thetewes of typical three phase
six switch PWM voltage source inverter. The VSI convertsgberer from the dc voltage
source to three phase ac outputs. Pulse width modulatibmitpees are used control the
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voltage source inverter output. In SPWM three balancedssiidal control voltages are
compared with the same triangular voltages. The triangubareform is at a switching
frequency, which is generally much higher than the frequariche control voltages and
is called as carrier frequency. The three phase sinusoatdfa signals with the same
frequency are used to modulate the duty ratios of switchimnggs for the switches.The
resistive and inductive elements are used for ac load reptason.

O
A _| Sl —”ﬁ}s:g _|'§}S5 L y
L vepb— = = o
VdC /\C 0 \ I YY) VSC\ .
Sa Sb Sc « C 11 J_
Y
fassifags fads T
O Va|Vb[Ve

Figure 2.16: Schematic diagram of control system.

Power flow analysis is used on the simplified circuit, wheweithpedance represents
the combined filter and transformer inductance. The actideraactive power flows from
the converter are controlled by magnitude and phase of theecter output voltages relative
with grid parameters. The active power flow is controlled byying the phase difference
and reactive power flow is by varying the magnitude of investéput. The phase difference
and amplitude are varied with reference to constant grithgel. The control of modulation
index controls amplitude, and synchronization and phag&eamontrol of modulating sine
wave controls the phase variation. The real and reactiveepoelivered to the utility is
given by following relations.

P EZV Cos(0 — 8) — %ZCOS(@Z) (2.96)
Q= EZV Sin(©y — ) — Egsm(@z) (2.97)
Where:
Z=vVR*+ 72 (2.98)
0, — mn—l(XLR) (2.99)

To operate an inverter, mainly two kinds of control can bepted: the active and
reactive power control scheme (PQ control), when the ievestoperated to meet a given
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real and reactive power set point and the control of actiwego@nd voltage (PV control),
when the inverter is controlled to supply the load with fixailres of voltage and frequency.

2.3.3.1 Active power and reactive power control

The PQ or active and reactive control scheme is used withgmithected systems. The
voltage and frequency references are supported by the @vidC filter is connected at
the terminals of inverter to minimize the harmonics. Theeschtic of inverter is shown in
Figure 2.16. In this scheme real and reactive powers injdate the grid are completely
depend on the amplitude and angle of the sending-end valtagee.The dc bus voltage is
mainly determined by the inverter ac output voltage and thitage drop across the filter.
A lower bound on the dc bus voltage can be determined fromalt@fing relation (2.100)
at a unity power factor[Ned et al. 2003].

V3
S5V > V VAL + 3L L) (2.100)

Where:

(Vaeu)=Line-line RMS voltage on the inverter sid€, ;)=Filter inductance(/,.)=Maximum
possible RMS Value of the ac load current, ma=Modulatiorxnaf the inverter.

The three phase voltages can be written as

‘/ca?‘(zsa - Sb - Sc) (2101)
Ve (-5, 425, 5.)
V;zc%(sa - Sb + 23(’)

The three phase current can be given as

dbca . .

% — e = ~(Re/Lo)ica + (vsa = Vea) / Le (2.102)
di.. ) .

Ut b = ~(Ref Lo + (v — v) e

K

CZZ;C = e = _(Rc/Lc)iCC + (USC - UCC)/LC
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The total instantaneous power in the three phase systenecaritten as
p(t) = Vaiaq + v — bip + Vel (2.103)
The active power can be represented in synchronous frame as

3
P = i(ngid + Vigiy) (2.104)

The reactive power can be represented in synchronous frame a
3 _ :
Q= §(ngzd + Vyaiq) (2.105)

When the reference frame is synchronized with voltage, thigeaand reactive power can
be written as

pP= g(vgdid) (2.106)
3 :
Q= 5 (Vaiy) (2.107)

Thed andq axis components is synchronous frame with decoupling tam@given as

»

g = Ruig + ch + Vi — wiei, (2.108)
d, |

Uqg = Rc’Lq + Lc% + ‘/;q - (A)Lcld (2109)

In the PQ control, the real and reactive power exchangedthlgrid are variables con-
trolled by the inverter, since they have to meet the refexgrmver. The PQ control will
fail on an isolated grid due to the absence of a voltage neéereln order to have a faster
response the active and reactive power channels of the@emae decoupled. In particular,
a Park transformation of the inverter output currents arthges from the physical a-b-c
reference frame to the stationary d-q reference frame alkmamake use of the correla-
tion existing between active power and direct current camepé(i,) and between reactive
power and quadrature current compongpt [Gaonkar et al. 2008]. The current are given
to Pl controllers which produces the voltage set poigts andv,,, .. These voltage refer-
ences are properly compensated to get voltage referen@eslu, in the dg frame. The,
andu, then converted into a-b-c form which will be given to PWM geater. The PLL pro-
vides angel reference which is required to abc-dq and das@teersion and to synchronize
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with grid. The schematic implementation of PQ control sceesrshown in Figure 2.17.

Pref—) + H |dref
+
p —> - > Pl

lg

Q ref |
—_— > 4+ gref

Q —> -

Figure 2.17: PQ control scheme

2.3.3.2 \oltage and frequency control

The islanded mode operation of microgrid has different mequent. The absence of grid
the output voltage and frequency need to be maintainedaot{§&aonkar et al. (2008)].The
frequency of the system can be controlled by controllingahwlitude and frequency of
control signal to the inverter.The schematic of controtsysis shown in Figure 2.18.

\Y dref m | dref "
d _ m

control
signals
e

\%

qef

Ve—] -

PLL

Figure 2.18: v/f control scheme

The Inverter supplies the load at fixed frequency and voliagasing the park transfor-
mation the direct and quadrature reference voltage () and (/,,.s) can be calculated. An
internal voltage signal at required frequency can be useptt@rate the reference signal.
The voltage at inverter inverter terminal can be written as
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Va ‘/al Ia d ]a
Vil = |V l| +R|L,| + LCE I (2.110)
Ve Vel Ic Ic

Where R, is resistancel., is inductance of the filter and,,/,,/, are load currents. The
d-g-axis load voltage can written as

di

Vi=Vy+igR. + Lcd—td — wLi, (2.111)
/ . dlq .
V,=Vy+i,R.+ LCE —wl.i4 (2.112)

The voltagesd/; andV, are used as control signals to generate the PWM pulses. The

voltage and current loops parameters are obtained as gitba [Caisheng 2006, Hashem
and Caisheng 2009]

The LC filter is used to minimize high frequency componerits.Tutoff frequency of
LC circuit is given by [Milan and Timothy 2003 , Wang et al. Z)Gamul and Fernando

2007, Khaled et al. 2007] .

- 2V LC
The current and voltage ripple can be chosen as 10%- 15%euf cafrrent and power
for inductor and capacitance calculations.

e (2.113)

Nipmae = INip, X Vge X L X f (2.114)

- %prrated
S 2xTwx fx V2

C

(2.115)

2.4 Conclusion

The dynamic model are built to study the microgrid perforoerin this chapter the model-
ing of wind,solid oxide fuel cell along with battery, ulttagacitor, electrolyzer is given.The
modeling of power electronic converters are presented wotfitrol schemes. The Mat-
lab/simulik model has been implemented using the thealeéiquations. The microgrid
model presented can be used to study the performance ingected and islanded mode
operation.The system uses a common dc-link to interfaceoatiponents. Hence multiple
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stages can be reduced and utilization of wind power amotigrdiit device is convenient.
The model presented has feature of mitigating SOFC slowrdesaand battery discharge
rate control using ultracapacitor. The wind power is usechtarge the UC, battery and to
generate hydrogen. The dc and ac loads both are considerix fstudy.
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Chapter 3

PERFORMANCE STUDY OF
MICROGIRD WITH WIND AND
STORAGE SYSTEMS

3.1 Introduction

The wind based power generation is increasing fast and nmatenare wind based power
generation systems are integrating into electrical systeme technology has evolved sig-
nificantly and well developed over period of time. The windtgyn produces fluctuating
power due to random wind speed variations depending upamatatonditions. The fluc-
tuating wind power may cause adverse effect on the connegttdm [Larsson 2002]. In
grid connected systems the deficit power can be met by gricereoin stand alone mode
it is difficult to supply the load with wind system alone. Totigate the fluctuating power
generation and supply the constant power the energy stoiagees are employed along
with wind system.

To smooth wind power output the storage system are adopteel stbrage devices like
battery, UC, compressed air, flywheel, pumped storage eteraployed to store the wind
power[Sergio et al. 2010]. Among the storage devices thtyais most common choice
due to high energy density [Abedini and Nikkhajoei 2011, Gaet al. 2011].The battery is
not suitable for fluctuating loads as it has operating litiotss like, deep and instantaneous
discharge issues which affects life of the battery. It hg kveight to energy ratio, releases
toxic gases.For better life of battery its discharge raedrie be controlled or maintained
constant [Anthony et al. 2013].
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Another significant storage device which can overcome fewbeacks of battery is ultra-
capacitor which has high power density and can deliver fatatg power instantly [Abbey
and Geza 2007, Gamini et al. 2013].However UC is not suitédyléong duration power
requirement. The battery and UC combination can provideebseblution to address the
drawbacks of each device in supplying varying generatiahlaad. The combination of
battery and UC which can support each other as instant p@geirement is supplied by
the UC and long duration power requirement is supplied btebafAli et al. 2013]. The
combined operation of battery and UC to support each otheoep and efficient control
scheme is necessary. The UC has to compensate the deficit foovtke time duration,
from time instant the power requirement is increased tittdyg reaches the desired power
level gradually. The coordinated control operation of éigttUC combination has to control
discharge rate of battery as ultracapacitor suffices thaeinement by releasing the power
instantly for any load change and decreases as the battesr jracreases.

In this chapter the performance of wind system connectedidorgthout and with stor-
age is presented. The wind based power generation modeldarannected mode has been
implemented.The PMSG is adapted with uncontrolled rectifecomprehensive analysis
of wind system with battery, battery-UC combination andwiit storage in grid connected
mode is given. The performance of the wind system withouag®in grid connected mode
is presented with Matlab/Simulink simulation results. Blgstem performance for inverter
output, PCC voltage and frequency presented for variatiovind speed and change in load
are discussed.

The wind system with storage in grid connected mode is ptedan subsequent sec-
tions considering the two cases. The performance of wintesysvith battery presented
for different wind speeds, load variations, charging arstldarging of the battery. For case
study two wind system connected to grid with battery anchalipacitor is considered. The
performance analysis is given for UC-battery coordinaaod control to supply the load
for varying wind speed, control of battery discharge rate @imarging/discharging of bat-
tery and UC. The control schemes are presented and dumpslcadsidered for both case
studies. An effective control scheme is presented to opéhat battery -UC combination
to make wind system dispatchable to overcome the storageeddimitations. The perfor-
mance of system is presented with simulation results fontine system operation in grid
connected mode.
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3.2 Microgrid with Wind System

Wind turbine

1
:

Battary

Figure 3.1: Microgrid with wind system.
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The Figure 3.1 shows the schematic diagram of wind systememtad to grid with battery
and UC. The system consist of wind turbine coupled with PM3e PMSG output is
rectified by uncontrolled rectifier. The rectifier is conregtto dc-link through a boost con-
verter. The battery and UC are connected to dc-link by dcidicdetional converter.Due
to presence of storage device and associated convertecditgkccan be controlled inde-
pendently. The dump load is connected through buck convee3 phase VSI used to
connect the system to grid. Wind system performance isetifdr two different cases. For
case 1 the wind system connected to grid with battery anddse @ the battery and UC
combination is considered. For system performance the speegd change is considered
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as step change, minimum wind speed (below cut in speed) isQth@ rated wind speed
and maximum wind speed is 11.5 m/s. The storage device saéirggcalculated consider
maximum power requirement and single units are consideneithé study.

3.3 Control Schemes for Wind System with Storage

The control scheme is shown in Figure 3.2(a). The batteghdige is initiated based on the
two criteria one is, the loadH,.,) is more than wind power generate#,,.;) and battery
state of charge (soc) is greater than the lower thresho(By,. ;). Once these two
conditions are met, depending on error from comparing diagel reference and measured
voltage, the battery reference curreff.(,.r) is generated from outer PI controller. The
error between,,, .., and battery currentl(,,) is used by inner Pl controller to generate
control signal for boost mode of operation.

The charging of battery is carried out if load is less thanvtived power generated and
soc of battery is less theRB,,..ry_ ¢ this condition is set to whenever the wind power is
excess than the load. By setting paraméiey). rr ¢ the battery charging can be initiated
(Bsoe < Bsoern.v) OF stopped B,o. > Bsocrrnu) - The dump load is utilized when the
load is less the wind power generated and battery is fullyggdB,,. >= Bsocrr.).- The
The difference between load curreit,(,;) and current from wind systend (;,.4) IS given
to PI controller to generate the control signal to buck co@reof dump load or buck mode
of operation of bidirectional converter of battery.
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Figure 3.2: Control schemes of wind system (a)with battery (b)withdmgtand UC

The control schematic for controlling the battery and UCrdatated operation is shown
Figure 3.2(b). The UC discharge is initiated when the loBg.{) is greater than sum of
wind power ¢,;.q) and battery powe¥,,;..), UC voltage and battery state of charge (soc)
are above lower threshold limit{. > Viery 1 & Bsoe > Bsoern.1).-Once these con-
ditions are met, depending on error from comparing dc veltegerence and measured
voltage, the UC reference curredi¢...r) is generated from outer loop Pl controller. The
error betweeny ..., and UC currentf;¢) is used by inner PI controller to generate con-
trol signal for boost mode of operation. Whéh,; + Puina < P , battery and UC are
in within the discharge level the UC instantly starts diggirey to deliver required power.
The battery starts discharging or increases power delslewyly and power increases grad-
ually.The Pl parameters of UC and battery are chosen sutthh&C instantly discharges
required power and decreases slowly as battery gradualigases its power delivery. The
UC discharges till the battery reaches the required power. U discharge thé’, ., is
multiplied by the constant while comparing with the sum of wind and battery power

71



(Pyat + Puina < Ploaa * k). This is to avoid the UC toggling between discharging and id
mode when battery power nearly equal to required power. A halue is taken as 0.95
or 0.9. For simulation time considered the storage devigdshat go below the lower
threshold limit of battery and UOA,. < V7.1 & Bsoe < Bsoerr.1) @S Storage unit size
considered for the study. Hence to verify the charging apgatand UC the upper threshold
limits are used to set device in charging or idle mode. WherctinditionsP,,.q < Puind
andV,. < V,.rn.u regardless of battery threshold limits the ultracapaatarts charging
as UC given the first priority. The battery charging is catioeit when the conditionB,,,. <
Boern v @andVy,,. > V. 1y . The excess powelr,;,.q - Pioqaq) 1S dissipated through dump
load when both battery and UC are at their maximum storage(i8),. >= Bs,..rnv and
Ve >= Vern v)-
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Figure 3.3: Flow charts of control schemes (a)with battery (b)with dgtiand UC.
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The flow chart for wind system with battery control schemelengented is shown in
Figure 3.3(a). The flow chart for UC-battery coordinatiom @ontrol scheme is shown in
Figure 3.3(b).

3.4 Results and Discussion

The Performance of the wind system connected to grid witbtmrage is discussed in sec-
tion 3.4.1. The performance of the system for variation imavspeed, change in load
are shown through simulation results. The simulation patars are as follows- dc-link
voltage-450V, grid voltage-220V, two resistive loads o¥bland 45kW are considered for
study. The performance of the wind system with battery isg@méed by simulation results
in section 3.4.2.The simulation parameters as followsimcyoltage 750V, grid voltage-
380V,active power-5kw and 45kW, reactive power-0.5kVAd @n5kVAr. The response of
battery and associated controller to deliver the requiredep when wind power is less
than the required load is shown. The charging of the battemhe low load conditions
is given.The condition when no wind power and battery dmioet (B,,. < 20%) is not
considered for study. It assumed that the battery poweffigigmtly available. The perfor-
mance of wind system with battery and ultracapacitor in gadnected mode is presented
in 3.4.3 section. The coordination and control operatiobaifery-UC combination to sup-
ply the required load with battery protection against theupbdischarging is given. The
simulation parameters are as follows dc-link voltage 7%0M voltage-380V,active power-
5kw and 45kW, reactive power-0.5kVAr and 4.5kVAr, UC-120kvdttery-200Ah,350V.

3.4.1 Wind system without storage
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Figure 3.4: (a) wind speed (b)dc-link power (c)dc-link voltage

The wind speed is varied from 5m/s to 11.5m/s in steps of lirégexy 2s interval for the

duration of 0-18s. The wind speed is decreased from 11.®pssif 1m/s at 2s interval for
the 18-27s as shown in Figure 3.4(a). The Figure 3.4(b) shiogvgenerated wind power
at dc-link. As the wind speed increases the power generabed Wwind system at dc-link

increases and decreases as wind speed decreases. Thiedudthge is shown in Figure

3.4(c) and voltage is maintained constant. The transiearise noticed in dc-link power

(Figure 3.4(b)) and voltage (Figure 3.4(c)) for change indwépeed (2,4,6...26s) or load (5,
15, 17, 21 and 23s). Any variations at inverter side or in wspded affects both dc-link
voltage and inverter output. However the transients sedibevn quickly.
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Figure 3.5: PCC parameters (a)active power (b)reactive power (c)rritage (d)frequency

The ac grid side parameter are shown in Figure 3.5. The F§j6fa) shows the active
power variations at PCC. As wind power varies the invertevgroalso varies. During the
time 0-4s the connected load is 5kW and the wind power gesetiiatless than the SkW.
Hence the grid supplies the deficit power. At 4s the wind pawereased and load is less,
the excess wind power is injected into grid. At 5s load iséased to 45kW maintained till
10s. During this time interval the wind power is less thanrdwired load hence the deficit
power is supplied by the grid. At 10s the load power is reduoegkW, as wind power is
more than the load, excess wind power injected into the gid5s again load increased to
45kW, the load sharing between inverter and grid can be sefeigure 3.5(a). Figure 3.5(b)
shows the reactive power variations at pcc. The rms voltadg®C& in shown in Figure
3.5(c). The rms voltage varies for inverter output variasi@and load change.Frequency of
the system is shown in Figure 3.5(d)
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3.4.2 Wind system with battery

The dc-link power voltage and battery soc are shown in Figuée The Figure 3.6(a)
shows the power variations of wind, battery and dump loadtially inverter output is
set to 45kW and wind speed to 5m/s. The wind speed is varied &do 7, 9 and 11.5
m/s at time 2, 4 and 6s respectively. As wind power incredsegbwer delivered from
battery decreases. At 6s generated wind power is higherttieatoad hence the excess
power is dissipated into dump load.As wind speed is decdefisen 11s the wind power
also decreases hence required deficit power is suppliedebyattery.At 18s wind speed is
set to 1m/s (below the cut in speed). The load requiremeneishy battery alone at the
time duration. At 21s the wind speed is increased from 1l+hisSmmediately the battery
stops discharging and dump load is activated due to excess pawer than the load. At
23s the wind speed is changed from 11.5 to 1m/s as the windrpgsveeration stops the
battery supplies the required load. The response is to aeathe instant discharge ability
of battery and associated controller.

The battery charging and transition between charging twhdigjing and between dump
load is shown 3.6(b). At 27s the inverter output is set to 5IKA31s the wind speed is
increased from 1 to 5m/s. As the wind power is less than the tloa battery is supplying
the deficit load.At 33s the wind speed is increased to 9méshéttery starts charging with
excessive wind power as load is less than the generatiorbgth@ wind speed is setto 11.5
m/s. The battery upper threshold is set to 75 at 37s instémglyattery stops charging and
dump load is activated. At 39s the battery is set to chargamaga 41s the inverter output
is increased to 45 kW while battery is charging with excessdwiower. At 43s the wind
speed is reduced to 9 m/s as wind power decreased the bdtiamges from charging to
discharging mode. From the results it is observed that thteryaand associated controller
are capable of supplying the required load instantly. Thedients can be observed in
dc-link power when the loads are varied(7,9,16,25,45stwbkettles down quickly.
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Figure 3.6: dc-link parameter with battery (a)wind and battery shariing load (b)battery
charging (c)battery state of charge (d)dc-link voltage

Figure 3.6(c) shows the dc-link voltage variations. Thagrants can be noticed during
wind speed change and load change. The transients settiegtadually when wind power
is more than the load and dump load is activated. The tratssgaitle down fast during
wind speed change, load change and for battery chargingreBpense of batterysoc for
discharging (0-6s,11-21s,23-33s,43-57s) and chargiBg3{3,39-43s,57-60s) is shown in
Figure 3.6(d).

The inverter,load and grid active and reactive power witk voitage at PCC is shown in
Figure 3.7. The active power sharing between inverter, ématgrid is shown in Figure3.7(a).
The inverter output is varied as follows 0-27s 45kW, and fidfs 5kW. The load active
power is set for 5kW for 0-7s ,11-16s and from 25s to rest ofithe period.A 45kW active
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load is maintained for 7-9s and 16-25s time duration. The filaration when the load is
5kW the excess power from the inverter is fed to grid.

50[ T ‘l“ |\

40

N 7 |
:,_: 30+ inverter grid -
§ 20- f
% 10- 'Ofd .
s  of I ]
1% 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 45
time (s)
(@)
C 1 I I \ I I
<>E ‘ Ioad ‘
S L \ _
5 — |
% wmmnwwwwwj R i i
S 0 y g T T BB e
5 T |
g —5 ' inverter : e : ‘ y
I
e _1 | | | | | | | | | g”d | | ‘ | | | | | | | |
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 45
time(s)
(b)

8 20 22 24 26 28 30 32 34 36 38 40 42 45
time ()

()

Figure 3.7: (a) active power (b)reactive power (c) rms voltage

The Figure 3.7(b) shows the reactive power variations. Therter output reactive
power is set to zero hence the reactive power requirement fhe load is met by the
grid.The 104 reactive power is considered for the study, for 5kW activegrothe 500VAr
and for 45kW the 4.5kVAr is set.The transients can be obskfiorenverter output and load
change. The rms voltage is shown in Figure 3.7(c). The dipewbltage cab be seen for
increase in the load and inverter output reduction.Thestesms occurred and settles down
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fast when load or inverter outputs were varied.

3.4.3 Wind system with battery and ultracapacitor
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Figure 3.8: Wind speed
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The wind speed pattern is shown in Figure 3.8. The dc-linlapaters;dc-link power,

voltage,battery soc UC terminal voltage are shown in 3.3 power variations at dc-link

is shown in Figure 3.9(a). Initially the inverter output &t $0 45kW , wind speed to 5m/s,
the battery is supplying the deficit load. At 2s the wind speddcreased to 9m/s as wind
power is increased the power delivered by the battery has theereased. At 4s the wind
speed is set to 11.5 m/s as generated wind power increaseas higgther than the required
load hence the battery stops discharging and excess powssipated through the dump
load.

At 10s the wind speed is reduced from 11.5 to 9m/s as wind pmwkcreased instantly
the UC delivers the required power meanwhile the batterggatly starts discharging. Fur-
ther the wind speed is reduced to 7, 5 and O at 12,14 and 16Gsctasgly. From the figure it
can be observed that as wind power decreases the UC instihithgrs power proportion-
ally and battery power increases gradually. At 20s the wpekd changed from O m/s to
11.5 m/s as wind power is more than the required the battepsstischarging and excess
power is delivered to dump load. At 24s the wind speed is redd@iom 11.5m/s to 0 m/s
as wind power becomes least instantly the UC starts disitizgatg supply required load
meanwhile battery starts increasing gradually and reattteesequired power level. The
coordinated operation and control of battery and UC can leethAt 6,8,14,15 and 27s
the transients were occurred due to change in the load atémsde.
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In the Figure 3.9(b) at 35s the load has been changed due thhahiransients appears
which will triggers the UC discharges momentarily as UC Heégge condition is set on
(Proad > Pyar + Puing)- However as transients settles down the UC stops discitardit
37s the battery and UC are set to charging mode. At 38s thespiedd changed from 0 to
5m/s and at 40s it is increased to 9m/s.During the time théotekis met by both wind and
battery. Even charging conditions are set for battery andd$@xcess wind power is not
available the battery still discharges and UC is in idle mdidee inverter output can be set
as per the requirement and it is set is set to 5kW at 42s. Asmaadiuced,the wind power is
higher than the required load and UC and battery are set &mgoig mode. Hence UC starts
charging as first priority is given to it. At 46s the UC chagondition reset to idle mode.
As UC stops charging and wind power is excess than the loadhentrately the battery
starts charging.At 50s the battery also reset to idle modeénthe dump load is activated
to dissipate the excess power.At 54s battery again set tgiogamode. The UC starts
charging at 56s as its charging is activated at that times&leenditions are set to evaluate
the charging of battery/UC from varying wind power and tiaaos between the storage
devices.Which can be seen in figure for time duration 42-B8&8s the inverter output is
set to 45kW during the time UC is in charging and battery ie islode. Immediately the
UC changes its state to discharging mode and battery alde dtscharging gradually. The
UC terminal voltage variation and threshold limit change sinown in Figure 3.9(c). The
battery% of soc response and threshold limit set/reset are showrgin&i3.9(d).

Figure 3.9(e) the dc-link voltage variations. The voltagmsients can be noticed dur-
ing the time instants when wind, load and inverter powersvareed and are settles down
immediately. The voltage rise are seen during the dump lotida¢ion and during transi-
tion from UC to battery or battery to UC while charging andsthéransients settles down
gradually.

The active and reactive power variations of inverter, load grid with rms voltage and
THD at PCC are shown in Figure 3.10. The Figure 3.10(a) shiogvadtive power variations
of inverter, load and grid. Inverter output is varies asdat 0-42s,58-70s P=45kW, from
42-58s active power P=5kW. The inverter reactive power wiuigp set to zero. The load
variations are as follows 0-6s,8-13s,15s-27s,35-49s and £8-70s P=5kW,Q=500VAr.
During the time interval 6-8s,13-15s,27-35s and 49-535R¥Aand Q=4.5kVAr. For the
time durations when the inverter active power is 45kw and isdess, the excess power is
fed to grid. During time intervals when inverter power is 5l load is high, the required
power is supplied by the grid. The Figure 3.10(b) shows reagower sharing between
inverter, load and grid. The inverter reactive power is ggbzence load reactive power
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demand is met by grid.
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The Figure 3.10(c) shows the rms voltage of PCC. The voltggeah observed during
the load increase (5 to45kW) and inverter output reducd&t¢ 5kW). The rest of the time
duration the voltage is at required level (380V). The ingedutput voltage and current THD
are shown in Figures 3.10(d) and 3.10(e). The THD’s are wiskandard limits.

3.5 Conclusion

The performance of the wind system connected to grid witlstatage and with battery
and battery-ultracapacitor combinations are shown thraiigulation results in this study.
The wind system directly connected to grid without storagepsies fluctuating power to
grid which is not desirable.The wind power fluctuations etffdoad and the grid imported/
exported power. It is the simplest method and less complégrms of control strategies
concerned. From the performance of system it is observedtiieaoutput needs to be
smoothened and hence the storage system is required. THesystem performance with
battery and battery-UC combination is studied.The windesyswith battery effectively
smoothen output power and supplies constant power. Howleedrattery undergoes severe
discharging cycles which not desirable for battery perfamoe. The ultracapacitor-battery
combination effectively smoothen wind power fluctuatiokeng with battery instant dis-
charging and rate of discharges is controlled by doing sd#itery performance can be
improved. The dump load is employed in both cases which isffmient way of wind
power utilization. The performances of control schemesleyagl for control and coordi-
nation of battery and UC-battery combination is satisfacto
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Chapter 4

PERFORMANCE OF WIND-SOFC
BASED MICROGRID WITH UC AND
ELECTROLYZER

4.1 Introduction

The different energy resources are combined together igatétthe power fluctuation of
renewable energy resources. The combinations leads toadhgystem in which energy
resources support one another to supply the load. The elifferombinations like wind-
PV, wind-PV-storage, wind-diesel-PV with storage are pmes The power fluctuations
from wind systems can be effectively dealt with storage cviBatteries are commonly
used, however these undergoes random and uneven dischtggaevhich severely affects
the battery life. In order to control discharge profile theradapacitors are utilized. The
battery-UC combination effectively delivers the load regonent within the storage capac-
ity limitations. The dispatch capability of wind with stgais limited. A alternate solution
is required to utilize wind power better. Few studies havenbeeported the combination
of wind-diesel with battery and UC [Chad et al. 2010, Mahaoeet al. 2013] for isolated
mode of operation. The combination is reliable though itas @conomical and environ-
mentally friendly due to usage of fossil fuels. The versatibmbination of Wind-PV with
storage has been studied extensively. Few studies presdr@ecombined operation of
wind-PV combination with different aspects [Chianget &1Q, Rupesh and Vivek 2015,
Rajan and Arul 2015].
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The wind-PV combination addresses the few drawbacks ofvalle resource like power
fluctuations effectively however these are limited by sgereapacity and state of charge. A
necessity arise for an environmental friendly energy resowhich can supply power unin-
terrupted. This requirement can be fulfilled by the fuel.calfuel cell is a electrochemical
device which converter hydrogen energy into electricitywio harmful effluents. Among
different types fuel cell the solid oxide fuel cell is welligd for stationary power genera-
tion. The input for the fuel cell is hydrogen and it can be gatexl with different sources.
However to meet the eco friendly requirement the renewadbedh hydrogen generation is
preferred. The wind energy can be used to generate the hslifogm electrolyzer. The
wind based hydrogen is reported in [Rion et al. 2010].

The hydrogen generation from renewable and its storage hag benefits [Seyyed and
Chan 2014]. The fuel cell requirement is hydrogen and it cagénerated from renew-
able resources. Hence the combination of Fuel cell and ranlewesources with hydro-
gen generation can lead to effective solution for enviromtalefriendly power generation.
The possible combination of fuel cell with PV-wind and etebtzer has been presented
in [Kaushik 2005]. The hybrid system with Wind, PV,FC andotielyzers are presented
in[Onar et al. 2006, Narender and Vivek 2007, Seul-Ki et @0& Seyyed and Chan 2011
]. The SOFC is well suited for constant load applicationse Bits slow dynamic response
fuel cell require time to respond for sudden load variatiohBe transient load variations
are detrimental to fuel cell life. Hence in order to mitightad transient effect and slow dy-
namic response an energy storage device is required to cwa@eduring transient period.
The battery and ultracapacitors are used for such apmitsthlireza et al. 2007 , Caisheng
and Hashem 2007]. The UC has capability C to discharge btimiwer instantly and it
can be used for mitigation of SOFC slow dynamic responsecoh#ination of renewable
resources with fuel cell ,storage device and electrolyaaread to eco friendly reliable and
sustainable power generation. The combination of wind-SQ¥ with electrolyzer shows
the significant potential for clean power generation.

In this chapter the performance of the hybrid system cangisif wind system, solid
oxide fuel cell, UC and electrolyzer has been given. The S@sponse and mitigation of
slow dynamic response by UC is presented. The utilizatiowiofl to generate hydrogen
and charge ultracapacitor is reported. Initially the res@oof SOFC-wind system without
UC and electrolyzer is presented. The inverter output Wahg the of active and reactive
power references is shown. The response of SOFC,UC,winempand electrolyzer for
different wind speeds and inverter active power changeeatithlink is presented.The load
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variations, inverter output, grid power and voltage resgsrare given in this work.

4.2 Wind-SOFC based Microgrid with UC and Electrolyzer
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Figure 4.1: Schematic diagram of Wind-SOFC based hybrid system

The schematic block diagram of wind-SOFC based hybrid systeshown in Figure 4.1.
The system consists of a wind generation system and sol@kdxiel cell as energy re-
sources, UC as storage as well source and electrolyzer tbobggn generation.The wind
turbine is coupled with PMSG,its output is rectified by a umtcolled rectifier. The dc
output from the rectifies is then given to boost converteriaisdcontrolled by MPPT con-
troller.The SOFC is interfaced with dc-link through a boostverter to match the voltage
requirement. The UC is connected to common dc-link througldimectional converter so
that it can be discharge required power and charged usind pomwer.An electrolyzer is
connected to dc-link by buck converter which will generdite hydrogen by electrolysis of
water.A three phase VSI is used to connect the dc-link wiith grhe wind power is contin-
uously used by the electrolyzer or the for the ultracapaciarging. A control schematic
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is employed to control the SOFC-UC coordination to mitigéie slow dynamic response
of the fuel cell. The control schematic is shown in Figurg(d)2
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Figure 4.2: (a)control schematic (b) flow chart
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The flowchart for control scheme implemented is shown in FEgi2(b). The UC
starts discharging when the conditioRs,, * £ > Psorc andV,,. > V. ry 1 are satisfied.
The reference dc-link voltage and measured voltage are amdpo get the UC reference
current (yc..r) from the outer Pl controller. Thel{c..;) and UC current f;¢) are
compared and the error is given to the inner Pl controllecvigienerates control signal to
boost mode of operation of UC converter. The UC instantlgasés the required power and
slowly decreases the power delivered as SOFC power gemeiatireases gradually. The
similar two loop control scheme has been used to control SB#St converter.The UC
charging by wind power is carried out whéf). < V.7 1, or Vo < Viery g are set. The
electrolyzer is turned on whenever the wind power is aviland UC is in idle mode.

4.3 Results and Discussion

The performance of the wind-SOFC microgrid with UC and etdgrer is presented. The
different wind speeds, variations in load, change in irereoutput are considered for the
study. The combined and complimenting operation of SOFCkas@Gverter output change
is shown. The performance of control schemes for above tiondiis given. The utilization
of wind power to generate the hydrogen by electrolyzer isgmeed. The dc-link voltage,
power variations at dc-link, charging of UC are detailedtiaily the performance SOFC-
wind combination without ultracapacitor and electrolyizepresented. The inverter active
and reactive power outputs following the reference powgrésented along with dc-link
power response for the same.

4.3.1 Wind-SOFC system without storage

The performance of the microgrid without UC and electrohjipeshown Figures 4.3 At 2s

the inverter power output is increased from 25kW to 85 kWhnirtbe Figure 4.3(a) it can

be seen that when power reference to inverter is changedC3éKes time to reach the
required power output due to its slow dynamic response.rgtthie time in the presence of
wind system the fluctuating power output adversely affdetsSOFC power delivery. Due
to wind power fluctuation, the dc-link voltage is also varesl is seen in Figure 4.3(b). It
can be observed from the Figure 4.3(c) that the output poidedybrid system fluctuate
due to slow dynamic response of SOFC. Hence in order to suggigtant power to the

grid in the presence of wind system with SOFC, the mitigatbslow dynamic response
of SOFC is necessary.
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Figure 4.3: The Wind-SOFC based hybrid system response without UC aadrelyzer (a)
dc-link power (b)dc-link voltage (c) inverter active power

4.3.2 Microgrid with ultracapcitor and electrolyzer

The Wind-SOFC based microgrid load following performargeshown in Figure 4.4 The
inverter output power following the reference valugs.(&Q),.r) is shownin Figure 4.4(a).
The inverter active power referencg.(;) is increased from 10kW in steps of 10kW every
2s from 2-16s time duration. From 18s the inverter.¢) has been decreased. The reactive
power reference), ., is set to zero. From the figure it can be seen that inverterubutp
follows the active and reactive power references. The U@eksl proportional power at
every instant when inverter power increased as shown inr&igu(b). The SOFC power
gradually increases and UC power decreases accordingdylaftpe transients can be seen
in dc-link and inverter power (at 5,9,13,21s) due to loachgeawhich settles down quickly.
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Figure 4.5: Wind speed variations

The wind speed pattern considered for the study is showngar€i4.5 The Figure
4.6 shows the power variation at common dc-link with UC aret&blyzer. Initially the
inverter output power reference is set for 10kW. At time Zsitiverter power reference is
changed to 90kW. The wind speed is varied from 5m/s to 11.5mrfee time interval 0 to
12s and decreased from 11.5 m/s to 5 m/s during the time p&4idd 24s in step of 1m/s.
The fuel cell takes time to reach the required power leveltdugdow dynamic response,
during the time UC supplies the deficit power instantly asised-igure 4.6(a) Also it can
be observed that the power consumption of the electrolyages according to the wind
power generation which minimizes the frequent variatiofuel cell power.
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Figure 4.6: dc-link power variations when (a) load increased (b)UC gimay by wind power
(c)UC transition from charging to discharging mode.

The wind speed is increased from 5m/s to 11.5m/s in the timatidu 26 to 30s. At 32s
the UC is set to charging mode by changing Yhery v. From 34s the wind speed varied
in steps of 2m/s at every 2s. As wind speed varied, the powsgrgeed by wind system
varies, accordingly the UC power consumption varies. Thakloonverter controller is able
to track the wind power variations and charges UC as seenrd-#g6(b), the electrolyzer
stops consuming power at 32s as UC charging starts. Thedsgu6(a)and (b) shows
the quick response of controllers in supplying the instaawegr by UC and tracking the
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wind power generation and effective utilization by UC orottelyzer. At 46s the UC set
to idle mode while wind speed is at rated value. From 46s totlb@svind speed is kept
at 11.5m/s in order see the dc-link power response for vanisiin the load change while
inverter output is decreased to 10kW at 51s. At 68s the UGsgtdrging mode again and
it follows the wind power. At 73s UC changes its mode from girag to discharging when
the inverter output is increased to 90kW.

The UC terminal voltage response and dc-link voltage vianatare shown in Figure 4.7.
The Figure 4.7(a) shows the ultracapacitor terminal velteagyiations along with threshold
limit.Initially the V.. is set to 360V and,,. 1 s to 300V. From 3s the UC starts discharging
as inverter output is increased, terminal voltage of UC lagreasing and stops at 27s.At
32s theV,.ry v is set 380 as th&,. < V,.ry v the UC starts charging. The UC charges
for time duration 32-46s as the UC is reset to idle mode at 46shlanging thé/,,. 74 s
to 300V. At 68s the UC is set to charging mode again and keegicttauntil the inverter
output is changed at 73s. When inverter output is incredseddntroller changes UC
charging mode to discharging instantly.
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Figure 4.7: (a)UC terminal voltage (b) dc-link voltage

The dc-link voltage response is shown in Figure 4.7(b). Tdleage is maintained con-
stant at all time except for inverter output change. At 5kdtlverter output reduced 10kW,
during time instant the dc-link voltage rises and settle Widavnominal value. When the
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inverter output increased from 10kW to 90kW at 3 and 73s thieage dip can be observed
eventually the dc-link voltage reaches to nominal. Smaksient are occurred when ever
the UC changes to charging/discharging or load is changed.
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Figure 4.8: (a)hydrogen produced (b)storage tank pressure

The hydrogen generation from electrolyzer and pressuiiati@rs of storage tank is
shown in Figure 4.8. The hydrogen produced from electralyzehown in Figure 4.8(a)
and pressure variation is shown in Figure 4.8(b). As windeovaries the hydrogen pro-
duction also varies. Whenever the wind power is used to ehtirg UC the electrolyzer
stops (32-46s and 68-73s). The pressure of hydrogen sttaagencreases as hydrogen
guantity increases.
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Figure 4.9: At PCC (a)active power (b)reactive power (c)rms voltage

The active and reactive of inverter, load and grid along wiitis voltage response at
PCC is shown in Figure 4.9. Figure 4.9(a) show the active psaring between inverter,
grid and load at common coupling point. Initially the conteecload is 10kW and it is
increased/decreased in steps of 25kw, 45kW and 90kW as simofigure. The inverter
outputis set 10kw for the time duration 0-3s and 51-73s.mherter output in maintained at
90kW during 3-51s and 73-90s. When inverter and load arel ¢gt8s,15-21s,33-375s,49-
51s and 73-90s) the grid power is zero. When inverter ougphigher than the load (3-
13s,21-33s and 37-49s )the excess power is fed to grid. Wiverter power is less than the
load power (51-59s) the deficit power is supplied by the gFide reactive power response
is shown in 4.9(b). The load reactive is considers are 1,554d 9kVAr and it is met
by the grid as inverter reactive power is set to zero. Theréighows the reactive power
variation of inverter, load and grid. The transients arenstgring the change in inverter
output at 3, 51 and 73s also for change in load.

Figure 4.9(c) shows the rms voltage at point of common cogplThe voltage remains
constant during change in wind speed and switching of UC ectellyzer. The inverter
voltage is constant for any changes at dc-link voltage. Tdieage rise can be seen when
inverter output is more than the load and dip in voltage whenldad in more than the
inverter output. However the voltage is maintained welhwitthe rated value.
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Figures 4.10 show the total harmonic distortion of invevigtage and current at point
of common coupling. The voltage and current THD are 1.82%20d@% respectively as
shown in Figures 4.10(a) and 4.10(b) which are within thempesible limit of the standard.

4.4 Conclusion

The performance of Wind-SOFC base microgrid with electzetyand ultracapacitor is
presented in this chapter. The control schemes are emptoyeeohtrol power electronic
converter works satisfactorily in mitigating the slow dyma response of SOFC by using
ultracapacitor. The UC effectively performance and redsasquired power instantly when
the load has been increased. The controller associateceleittrolyzer converter is able
to track the wind power variations and used by the electeslya generate hydrogen. The
wind power fluctuations are effectively suppressed by edgcter and also used for charg-
ing of UC. The common dc-link facilitates the integrationaif devices into one single
point and by which the wind power can be used by electrolyz¢h® UC with minimum
conversion stages. The system do not employ any dump loaceheimd power is used
efficiently. The system is dispatchable, reliable and effiti
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Chapter 5

PERFORMANCE STUDY OF
MICROGRID WITH DC LOAD

5.1 Introduction

The combination of DG systems effectively mitigate the povliectuations with energy
storage systems. The fuel cell and renewable sources widlhoggn generation gives
promising results in achieving green power generation wisiceliable and sustainable.The
effective utilization is limited if they are operated ontygrid connected or isolated mode.
To exploit maximum benefits it can be operated in both gridnested mode as well is-
landed mode. The part of grid which is supplied by the DG effitly regardless of grid
availability forms the microgrid [Chris et al. 2008]. Theerogrid provides the more flex-
ibility in control and operation and able to provide reli@bsustainable and quality power.
The microgrid operation control and management strategediscussed in [San Martin et
al. 2010, Eduardo et al. 2014].

The dc load are increasing nowdays. The dc loads are suppiiednany conversion
stages. The industries like data-centers, communicatidrcammercial building required
dc power [Daniel and Ambra 2007, Daniel et al. 2008]. The iapmgks like LED lighting,
BLDC motors, electric vehicles are based on dc power. Thgstes has many advantages
like reduced conversion stages, reduced losses and ldsElefiel cell,rectified output of
wind system and battery outputs are in dc form. Hence usimgepim dc form can be more
advantageous [David et al. 2013, Jackson et al. 2013]. leracdsupply new coming loads
based on dc power, the microgrid may have flexibility is sy both existing ac load and
dc loads as well. The different ac-dc microgrid structurégs WG system and storage are
presented in [Hiroaki et al. 2010, Lie and Dong 2011, Xiongle2011, Poh et al. 2013]
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In this chapter the performance of ac/dc microgrid is presstn The SOFC and wind
system with PMSG are considered as energy resources. Theaghacitor and battery are
considered for storage system along with electrolyzer teegee hydrogen. All the energy
resources, storage devices, electrolyzer and dc loadeanected to common dc-link. The
both ac and dc loads are considered. The dc load of 48V and &8R9Otbnsidered for study.
The ac loads are fed by 3-phase VSI which also interface withThe performances is
studied for the both grid connected and islanded mode.THe&CSfOnsidered as main source
in its absence the minimum loads are supplied by the batidrg. UC is used to mitigate
the slow dynamic response of SOFC as well control dischatgeaf battery. The wind
power is used charge ultracapacitor,battery and to genbgatrogen. In case of the wind
power unavailability and UC goes below lower limit, battgrgwer is used to charge the
UC. For the wind power utilization, two cases are consideneel is when wind power is
used to supply the load with SOFC in grid connected mode. darsgcase the wind power
is used charge the energy storage device or for the elezénodynd SOFC supplies load.The
performance is studied for islanded mode of operation. Tharanicrogrid schematic block
diagram is shown in Figure 5.1.

Boost converter

VS| Filter
| | LY
L | A
SOFC ] SOFC
Qrc | c T 7”;} L L L 1
Wind turbine Boost converter Vvdc :
| Iwind Controller AC Load
1
< |CT | ’_*_‘_F | +
r<|Controller p =
ref Qe
PMSG  Rectifier vt Ve BUCk Convert
uc Bidirectional converter dr  lder uck ~onverter SW1
L OO
AN i
TN R T C Electrolyzer
L b c J_ Querr T
T Qiuc - Qauc T ;
A
i lwina ez ! Battery luc OO0 V\/V
: + + + + SW2  pump load
Controlier ‘_(_ Buck Converter 380V load
RN
; L
Bsoc Ve Pioad Prc Puind QT Cr<
H I Vdc 7Load /|-\
— T 48V load
| e 7Y !
i Do T | i
T Q:«hat 7| Q4bal CT T L c J_
Vel oc 1L Qsload T
Battery Bidirectional converter
Buck Converter

Figure 5.1: Block diagram of ac/dc microgrid.
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5.2 The Microgrid Control Schemes

The control schemes are employed to control and coordihatditferent energy resources,
storage devices and load. The UC has to discharges wherath@és been increased. The
battery discharges when the fuel cell is disconnected wseches the minimum load and in
case UC needs to be charged using battery. The wind powegdshyselectrolyzer, battery
and UC or dissipated by dump load. The control has to proadednd smooth transition
between these devices for effective wind power usage anatamaing the dc-link voltage
within limits. A simple islanding detection scheme has badapted in this work. In grid
connected mode the the microgrid uses both dc and ac loadpantional power reference
for inverter output need to be set by which total load (dc andanbined) do not exceeds
the rated capacity. In islanded mode a proper load contr@ree is necessary to balance
the dc and ac load within the capacity.However in this stirdyexplicitly the load control
is not considered as it may comprise many combinations. €hgnchronization is not
considered specifically. The load variations are consdlare minimum load and maximum
load in case of islanded operation.
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Figure 5.2: (a)Control scheme of ultracapacitor (b)Flow chart

The ultracapacitor control scheme is shown shown Figurép.2The UC will dis-
charge under following conditions;(a) when the sudden Isapplied as SOFC gradually
increases the power (b) when the SOFC is disconnected ttegyplas to supply the critical
load and battery discharge rate need to be controlled avdh@) the SOFC is reconnected
while battery stops discharging. For third condition witht/C action, the SOFC can grad-
ually increases power while the battery decreases the pasligery. However in our study
the ultracapacitor discharging condition is consideretieWthe condition®,,.; > Psorc
(for load sharing thé,,.q > PinatPsorc ) andV,. > Vi, are met uc starts discharg-
ing instantly. Thel,. ., andV,. are compared and error is given to outer Pl controller to
generate the reference curreft{ ,.;). The error between reference current and UC cur-
rent ([;¢) is used to generate the control signal. The control signased to generate gate
pulses for boost mode of operation of UC bidirectional cotere Ultracapacitor instantly
discharges when SOFC is disconnected and battery alss discharging slowly. The UC
discharging is initiated instantly when the SOFC recoreeend battery stops discharg-
ing(for load sharing case the battery discharge mode isortidered).

The UC charging is carried out when thg. < V.71 1., Pioad >= Psorc andV.ry v
are set to charging mode. The UC can be charged using windrpelaen the above con-
dition is met (in case of load sharing the ultracapacitorging is initiated whenP,,;,,; >
Poaq)- In case the UC is below the lower threshold valGe x5 ;, and wind power is not
available, at this condition if the battery soc is well withihe B,,.. < Bs...7x_1, the battery
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power is utilized for charging of the UC.The flow chart forrattapacitor control scheme is
shown in Figure 5.2(b).

5.2.1 Battery control scheme

Battery control schematic is shown if Figure 5.3(a). Theadrgtis discharged under two
conditions. The first condition is when the SOFC is discotew:cThe error betweel,. .. s
andV;. is used to generateki,, .., from outer Pl controller. The battery curref, and
Ivairer is compared and error given to inner PI controller to gemerabntrol signal which
then used generate gate pulses. The PI values are selectedhsii the battery power
gradually increases.

For second condition when the UC charge is below the lowestiold limitV,. 4 1,
and wind power is zero. To control the quantity of power dakd from battery depending
upon battery SOC and battery capacity the battery powerearefe need to be set. The
Ivat refuc 1S calculated from the battery power referen@g, .., andV,.. The reference
current is passed through the rate limiter which contragiging or falling rate of reference
current. The reference battery current is compared wittebyaturrentl,,; and error is given
to PI controller to generate control signal.
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Figure 5.3: (a) Battery control scheme (b) Flow chart

The charging of the battery is carried when tBg,. ry_;, below the lower threshold
limit or the B,,.rx_ IS set for charging mode, UC is in idle mode or discharginge Th
wind current/,,;,q is compared with,,; and error is given to Pl controller. The controller
generates the control signal for buck mode of operationdiféxitional converter.The flow
chart for the battery control scheme is shown Figure 5.3(b)

5.2.2 Dump load and electrolyzer control scheme
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Figure 5.4: (a)Electrolyzer control scheme(b)Flow chart

The electrolyzer and dump load control scheme is shown iarEi§.4. The electrolyzer
is activated when the battery and UC are within charged ¢@mdB,,. >= B,,.r7.v and
Ve >= Vyoruu. In case the electrolyzer is disconnected while the badad/UC are

charged condition to maintain the power balance the dungibactivated to dissipate the
wind power.
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Figure 5.5: Microgrid islanding detection and load control scheme.

A islanding detection is adapted for system where the veltud frequency are used
to detect the loss of grid [Gaonkar et al. 2008]. The load mganment scheme is shown
in Figure 5.5. Depending on the dc load connected, the ievedtput reference can be
set (Prefmaz=100kW-F,.). When the SOFC is disconnected the minimum load (20kW)is
supplied by the battery and all other loads are disconnettechse of islanding operation
the ac loads are managed depending on the how much dc loathisated. A priority based
load management can be used. Depending on how much poweitileslde to ac load. The
load shedding algorithm is not considered explicitly in stiedy. The control schemes for
load sharing by SOFC and wind is not discussed separatetycdinditions for UC ,battery
and electrolyzer control remains same with few modification

5.3 Results and Discussion

The microgrid performance study is presented in this seclibie two scenarios are consid-
ered. For case one the wind and SOFC share the load in gricectathmode is presented.
The UC, battery, SOFC and electrolyzer power variationaesented using simulations
results. The dc load voltage and power response (48V and)3@0yiven. The inverter
power output and load change are studied. The differentliaeds i.e the load is less than
wind power, load is almost equal to wind power and load moaa tthan the wind power
considered.

104



In the second scenario the SOFC supplies connected load iaddpawer is used to
charge the battery/UC or to generate hydrogen in islandetkroboperation. The battery
supplies the minimum (20kW together ac and dc) when the SQRdfisconnected. The
UC performance for the mitigation of slow dynamic response eontrolling the battery
discharge rate is presented.

5.3.1 Microgrid performance in grid connected mode

SO 77— T T T T T T T T T T T T ]
40f- wind power dumpload electrolyzer total power( SOFC power N
-~ 30- power |
< 20’?_' / \_l ] /
—_ 10 —
% 0 { L__lyi*;ﬁ-—- nvk~’——/ —4'/ L—‘
< -10- .
-20- <—battery 1< UC power N
_ N o N N N I N SO SO M
300 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 50
time (s)
(@)
10 I L N L I I I I
90- ( oA :
80+ total power .
s 5738: ‘ SOFC power -
250 — .
5 401 wind power .
230 | £ UC power |
8 20— | 3 | .
10— -
0
L battery” A dump load” i
o V77| electolyzerpower TR \
50 52 54 56 58 60 62 64 66 68 70 72 74 76 78 8(0) 82 84 86 88 90 92 94 96 98 100 104 108
time (s
(b)

Figure 5.6: (a) dc-link power when the load is less than or equal to winagigyo(b)dc-link
power when load is more than the wind power.

The dc—link power response is shown is Figure 5.6. The pmdace system when load is
less than or equal to wind power is shown Figure 5.6(a).ditihe load is kept at 20kW
(10kW ac and 10kW dc) The wind speed is varied from 6-11m/sraashtained till 18s.

The total load is shared by the wind and SOFC, as wind poweeases the SOFC power
delivery decreases. When wind is higher than the load (freirlfe excess wind power
utilized by UC, battery,electrolyzer or by the dump load@s). At 18s the wind power
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decreased at this instant the UC is charging, as load isHasswind power UC continued
to charge. At 20s the wind power further reduced which istleas the load hence UC starts
discharging instantly and SOFC gradually increases itsgp@dw 45s the load is increased
to 45kW (20kW dc 25kW ac). The wind speed is varied (incredsma 0-11.5m/s and
decreased to Om/s in steps) as wind power is varied the SOiRG,and UC share the load
as UC releases the required power proportionally. From Z®soas wind power varies the
SOFC undergoes fluctuations which varies from zero to logdirement.

The system response when the load is higher than the windrgeveiown in Figure
5.6(b). At 52s the load power increased to 95kW (50kW dc arkdMi&c) at this time the
UC is discharging as load is increased the UC compensatetjured power and SOFC
continued to increase the power and UC decreases accordifgim 52- 108s the wind
power varied as the SOFC power also varies accordingly. Memamny increases in SOFC
power takes place gradually. In this case the SOFC fluctietteden maximum to half of
the maximum load as wind supplies the rest of the load. The $baring sets the SOFC
into fluctuations which is not desirable.
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Figure 5.7: (a) dc load (48V and 380V) (b)48V dc load voltage (c)380V dadeoltage (d)dc-
link voltage.

The dc load, load voltage and dc-link voltage response is/sho Figure 5.8 The dc
load variations is shown 5.8(a). The dc load voltage 48V a8@\V3are shown in figure
5.8(b) and 5.8(c) respectively. The transients can be wbdarhen there is load change,
however these settle down quickly. A momentary dip in vadtagn be seen in 380V load
voltage when the load in increased. The dc-link voltage@swhi Figure 5.7(d) The voltage
rise can be seen wind power is more than load. The transiantseen whenever the UC
discharges or wind power varies.
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Figure 5.8: (a)active (b) reactive power (c),,s at PCC of microgrid

The active and reactive power sharing between the invegtat,and load with rms
voltage at PCC is shown in 5.8. The inverter, grid and loadv@giower variations is
shown in Figure 5.8(a). The reactive power variations issshn Figure 5.8(b). The
inverter reactive power is set to zero in grid connected niwhee the load reactive power
is compensated by grid. The rms voltage at PCC is shown inr&igi8(c).The voltage is
maintain constant for all conditions except small dip intage can be seen when the load
IS increased.

5.3.2 The microgrid performance in islanded mode.

In this section the microgrid operation in islanded modevem Initially the microgrid
is connected to main grid. At 2s the grid voltage is set zerodacate the loss of grid. A
programmable three phase voltage source is used for thiopelr
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Figure 5.9: The dc-link power variations (a)UC discharge and batteeyging (b)UC charging,
transition between storage devices and electrolyzer

The dc-link response for dc load increase is shown in Figla@h. Initially the the wind
speed is at 6m/s and electrolyzer in on. At 2s the grid is diseoted and inverter starts
supplying load in islanded mode. At 4s 380V dc load is incedde 70kW. Immediately the
UC starts discharging to supplying the required load as S@&GQually increases the power
delivery. At 6s the 48V dc load increase to 1kW to 10kW indtattte UC responds to load
change increases the UC power delivered. The wind speediedvizom 5s.The wind
speed from from 6 to 11.5m/s (increase/decrease) for evenA& the wind power varies
the electrolyzer power also varies. At 11s the battery igseharging mode, the battery
starts charging with varying wind power.At 25s the battarget to idle mode immediately
electrolyzer starts consuming the wind power.

At 11s and 25s wind power is at maximum and its utilizatiomigichanged between
electrolyzer and battery, the transients can be observeld-imk and settles down fast.
However at 33s when wind power is minimum (6m/s) the batterget to charging mode
and the transients are not significant. Around 33.4 the Ufssischarges as SOFC reached
the required power level. The Figure 5.9(b) shows the ttimmsof battery charging to UC
charging. At 41s the UC set to charging, as first priority Megito UC it starts charging
and battery enters to idle mode. As the wind varies UC powes@mptions varies.
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Figure 5.10: (a)Battery supplying load (b)SOFC reconnected.

From 51s the wind power reaches to maximum(11.5 m/s), UCasyihg, battery is also
in charging mode.The Figure 5.10(a) shows the UC, battedyedectrolyzer response to
SOFC disconnection. At 54s the SOFC disconnected, ingtdn&lUC takes transition from
charging to discharging mode, battery starts dischardowly and gradually increases the
power and electrolyzer starts consuming the wind power229 the battery reaches the
load requirement and UC stops discharging and starts c¢ltargiing the wind power as
it its charging mode is in set mode.The electrolyzer becoitlles At 75s the UC stops
charging and electrolyzer becomes active.At 77s the SOF€c@nected to dc-link hence
the UC Starts discharging and battery changes its disciargode to charging. (In the
study the SOFC start up case is not considered.)As SOFC pogrease the UC decreases
and stops at around 99s. The wind is keep varying accordmbdttery charging varies.At
91s the battery is set to idle mode hence as UC is still digihguithe electrolyzer starts
generating hydrogen.At 101s the wind power is at minimumbtiery is set to charging
mode again.
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Figure 5.11: The dc-link power response when(a)ac load is increased (b)xhharging by
battery power

The system response for increase in ac load is shown Figltég).At 107s the ac load
is increased from 10kW to 80kW. Immediately the UC startshtBsging, transients can be
seen in battery power battery as it is in charging, howewrsients settles down fast. The
SOFC power gradually increase accordingly UC power deesaét 119s the battery is
set idle mode when the wind power is minimum. The wind spegud karying (between
6m/s to 11.5 m/s) at every 2s. At time 128s & 130s the batteryoseharging and idle
mode during which the transients can be observed in dc-An&und 134.3s the UC stops
discharging as SOFC reached the load demand. The ac loacresaded to 10 kW at 140s
and wind speed decreased to minimum at 146s. At 149s thebetiaitiated to charge the
UC as wind power is zero. The UC starts charging graduallyjnfbattery. Battery power
increases slowly as shown in Figure 5.11(b). At 162s the UQosklle mode hence the
both battery and UC enters to idle mode.From 164s the wintlistaeasing and reaches to
maximum value by 166s. At 168s the microgrid is reconnecigplit hence large transients
can be observed at that time.
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Figure 5.12: dc-load and voltage variations.(a) 48V and 380V load vianiat (b)380V load
voltage (c)48V load voltage.
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The Figure 5.12 shows the dc load and voltage response. T0\ [88d is increased
at 4s and 48V load is increased at 6s the response of the |@adyehs shown in Figure
5.12(a). The load change effects are seen in the load volep®nses. When the load
(380V) is increased dip in the voltage can be seen in Figurg(b).At 6s transient occurs
and settle down fast. However the voltage is maintained @v.28 54s the both 380 and 48
V loads are set to minimum (10 kW and 1kW respectively), msboth load voltages can
be observed. The 48V load voltage is shown in Figure 5.12(c)
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Figure 5.13: (a) UC terminal voltage (b)battery state of charge (c)dk-lioltage variations.

The ultracapacitor terminal voltage response is showngnréi5.13(a). As the UC dis-
charges the terminal voltage decreases (4-33s,54-72-99,2s,107-134.3s). The threshold
limit used to control charging mode is also shown in the figlitee controller able manage
properly when UC is set to charging mode when it is dischargiie UC keep discharging
even when thé/;;c ¢ IS set to charging mode (18-26s ,54-72.3s,..).The Figurd(b)
shows the battery state of charge along with upper thredimltdtWhen battery charges
the SOC increases (11-25s,33-41,77-91,101-119s and 3@§-and decreases when bat-
tery discharges(54-77s and 150-162s). As control scheesg®onds properly the battery
discharges even when the it set to charging mode by sette@$bc v 7y is set to 100.
The dc-link voltage is shown in Figure 5.13(c).The trantsemme occurred when the load in
changed, dip in the voltage can be observed when the loadresaised and spike in the volt-
age when the load in reduced. A large spike can be observed thkeac load in reduced
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to minimum(140s) and when the system in reconnected to f68y).

’\90\\\H\H\\\\HH\\\\\\H\H\\\\H\H\\H\\\\HHHHHHHHHH\HH\HHHHHH\
;80*' . . . B . B . . L . L . L
8 ]
£ 50- , ]
239 inverter load _ §
0 HaL : : : grid ]
22 | {
5 10 l
m_]_%\\\HH\\\\\H\\H\\\H\\H\\\H\\\HH\\\\HHH\\\\H\HHHHHHHHHHHHH\
0 10 20 30 40 5 60 70 8 90 100 110 120 130 140 150 160 170
time (s)
(a)
<>(8 E O R A R Y Y O Y O Y Y O O O I e e | A A O Y O
< 7
- 6 ]
: 3 . B
] g |nv$ner lofd grid i
21 .
g0
9:%7H\HHHHHHHHHHHHHHH\HHHHH\HHHH\HHHHHHHHHHHHHH T
0 10 20 30 40 505 60 70 80 90 100 110 120 130 140 150 160 170
time (s)
(b)

Figure 5.14: Inverter (a)active power (b)reactive power

The active power response of inverter, load and grid is showigure 5.14(a). Initially
inverter supplies required load and grid active power i® z&t 2s the variations in active
power can be seen in figure as system switches to islanding.mdad.07s the load active is
increased to 80 kW and inverter efficiently supplies the ldashand. The load is decreased
to minimum (10kW) at 140s. The large variation occurred a@sl@hen the system is
reconnected to grid. Similarly the reactive response isvehia Figure 5.14(b). Inverter
effectively delivers the load reactive power demand. Th&tians can be seen when when
system disconnected (2s) or reconnected (168s) to grid.
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Figure 5.15: Inverter (a) rms voltage (b)frequency

The rms voltage of inverter is shown in Figure 5.15(a). Thikage variation occurred
when the microgrid switches between grid connected tod&d(2s and 168s). A momen-
tary dip in voltage can be observed when the ac load is ineddd®4s) and rise at 140 when
load is reduced.However the inverter output voltage is taaied at 380V.The frequency
response of inverter is shown in Figure 5.15(b). The freques maintained constant ex-
cept for the instant when the system switches between grglainded mode (2s and 168s)
and when load is varied (104s and 140s). The variations aadl amd settles to nominal
value quickly.The wind speed variations is shown in Figue5
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Figure 5.16: wind speed variations

The inverter % THD is shown in Figure 5.17.The voltage % THDEhefinverter is 1.69%
and is shown in Figure 5.17(a) and is current % THD is 1.32%vsha Figure 5.17(b). The
voltage and current THD values within permissible limits
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5.4 Conclusion

The performance of the microgrid is presented in this clragthe microgrid is operated
in both grid connected and islanded mode. The performanalysis of microgrid in grid
connected mode while SOFC and wind share the load is givea.SOFC performance is
affected due to change in wind speed as SOFC power variassingdg. The storage devices
charging is limited. Storage devices can be changed whelo#iikeis less than the wind
power generated. The SOFC power variation is drastic whad i® less than or equal to
wind power. In grid connected mode ac loads can be supplgatdeess of connected dc
load. However the inverter output need to limited to ratedeaf SOFC considering the
dc load. The performance of controller employed for cordrad coordination of energy re-
sources, storage devices and load is satisfactory. The@gridroperation in islanded mode
is presented in this chapter. The wind power is utilized lgylihttery, UC and electrolyzer
as per condition and SOFC alone caters load effectively. Wihd power fluctuations are
effectively mitigated using electrolyzer and storage wisiow dynamic response of SOFC
and battery discharge is controlled by UC effectively. Thédry is able to supply the min-
imum load when the SOFC is disconnected from dc-link. UC ginagris carried out by
using battery power when wind power is zero.
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Chapter 6

CONCLUSION AND SCOPE FOR
FUTURE WORK

6.1 Conclusions

The Fuel cell and renewable based DG system has significgarience and potential to
supply reliable and sustainable power and enhancinglaligion system performance. The
microgrid is upcoming and adaptive technology which semhrescustomer requirement
well. The microgrids compliances with grid interfacing vég@ment.Hence the presented
microgrid system effectively aids in supplying reliablestinable, green and cost effec-
tive power. The present traditional power system structior@o adapt to new microgrid
technology easily without posing many challenges.An esitenresearch, analysis, under-
standing and to draw effective solutions is crucial. Toizgilmicrogrid to maximum and to
work along with existing system the proper operation, adra&nd management is essential.
In this thesis the wind and SOFC based microgrid is preseaitedy with battery,UC and
electrolyzer. The microgrid consists both ac and dc loadsaperated in both grid and
islanded mode. The control strategies are employed to tgerantrol, coordinated and
manage the resources and storage devices appropriateyJChs used for mitigation of
slow dynamic response of SOFC and battery discharge rateotoihe battery has been
utilized for minimum load supply. The electrolyzer useswhed power to generate the hy-
drogen for later use by SOFC. The study conducted by auttpyegented in the following
section.

e The dynamic model of microgrid based on SOFC and wind syst&srbkeen imple-
mented.The battery, UC and electrolyzer are considerea émergy storage.The dy-
namic model of each components are employed to implememitr@grid system.
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The interfacing converters and control scheme are preseitee UC considered for
mitigation of slow dynamic of SOFC, load transients anddygttontrol. The ac and
dc load are considered and microgrid operated in both gnuhected and islanded
mode. The wind system uses the PMSG with diode rectifier andtlmmnverter com-
bination. It reduces the controller complexities and reduswitches and switching
losses. A single VSI is used to supply the ac loads and dc lassisonnected to
dc-link with appropriate converter.Hence the converstageas and losses can be re-
duced.The microgrid is suitable for study of different ciiaths, behavior of different
component for different situations. The system can be usedihd range of wind
speed and loads.

The wind system performance with storage and without seoragresented. The
instant discharge of battery for varying wind is given. Tlatéry instant discharge
is effectively controlled by the UC. The control scheme of &i@l battery combined
operation and coordination is effective.

The performance of wind-SOFC system long with UC and eléaev is studied.
The SOFC slow response and its effect on load is presentezllo@l following ca-
pability of SOFC-UC is given. The combination effectivelypply the load demand
with varying wind power. The slow dynamic response of SOF@isgated using
ultracapacitor. The wind power is utilized for charging o ldnd to generate hydro-
gen. The wind power fluctuations effectively suppressedguslC or electrolyzer.
The hydrogen generated from wind power can be used for SORCeIsystem leads
to environmental friendly.

A effective configuration of microgrid is given. The SOFCndibased system with
battery, UC and electrolyzer combination fulfills many riegments successfully.
The combined supply of ac and dc loads is well suited for fifppower supply. The
UC serves the short term duration storage and instant paugglirement.The bat-
tery is considered for the minimum critical load supply iseaf SOFC failure.The
battery also fulfills the medium time duration storage regmient. The electrolyzer
to generate hydrogen from wind power suffices the long teorage requirement,
sustainability and mitigation of wind power fluctuationsheTUC very effectively
mitigates the slow dynamic response of SOFC and dischatgeofdahe battery. A
UC sulffices the two requirement.

The system performance for SOFC-wind sharing the load anddverse affect of
SOFC power fluctuations is studied. The UC successfullygaiiéis fluctuations.The
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6.2

storage of wind power in the UC, battery or in form of hydrogelimited when such
combination is used.

The ac and dc loads are used. The management of ac and dcdqadperly carried
out.The load control and and supplying minimum load duri@fF§ out of service
is effective. The inverter output set by taking into accotim@ dc and is properly
managed.A priority based load control scheme can be efedgtemployed.

The dc-link voltage, dc load voltage and inverter voltagd &equency is is main-
tained at nominal values for both grid connected and isldndede.The total har-
monic distortion is well within the standard limit.

The simulation results shown the combination of SOFC-wirith WC,battery and
electrolyzer can lead to reliable and sustainable micdogri

Scope for Future Work

The presented research work can extended to:

The accurate electrolyzer models can be used. The comprsdanotor dynamics
and power consumption by auxiliary system can be considerestudy.The control
scheme and study of the system with using generated hydimgérel cell can be
added advantage.

The realistic wind speed variations can be used to evalbatetcrogridsystem per-
formance.

The detailed dc load models like electric vehicle, battargtors and lighting loads
can be used study the for system performance.

The protection aspect, better islanding detection teclen@nd smooth resynchro-
nization methods can be considered.

The PV system can be integrated to presented microgrid. Th& lslso can be a
better option with fuel cell along with temperature dynasnithe CHP applications
can be explored.

The advance and soft computing technique like fuzzy, neuraither combination
can implemented for controllers.
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Appendix

Wind turbine parameters

Rated power 55kW
Radius 7.5m
Wind speed range 6-12m/s
Turbine speed 28.9479.3 RPM

Cymaz 0.4412
Inertia Kilo Volt
A 5.66

PMSG parameters

Rated power 55-kW
Voltage and frequency 250-V, 26-Hz
Ry 0.042

Ld=Lqg 8.5 mH

No of poles (P) 40

Flux/pole 1.8Wb
Inertia 1.5kg — m?

Converter control parameters

Pl controller
K, |0.01
K; |01
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SOFC parameters

Rated power 100kw
Absolute temperature (T) 1273 K
Universal gas constant (R) 8314 J/(kmol K)
Faradays constant (F) 96487 C/mol
Ideal standard potential (£ 1.18V

Number of cells in series in the stack{N| 400

Constant <) 0.996x10~¢
Maximum fuel utilization (/,,,4.) 0.9

Minimum fuel utilization (/,,.;,) 0.8

Optimal fuel utilization (U, ,;,) 0.85

Valve molar constant for hydrogen/((,)

8.43 x10_,kmol/(s atom)

Valve molar constant for watef(;,o )

2.81x10_4kmol/(s atom)

Valve molar constant for oxygerk{, )

2.52x10_4kmol/(s atom)

Response time for hydrogen flow{, )

26.1s

Response time for water flow,0) 78.3s
Response time for oxygen flowd,) 2.91s
Ohmic loss (r) 0.12642
Electrical response timdY) 0.8s
Ratio of hydrogen to oxygen o) 1

SOFC converter control parameters

PI controller

\oltage loop

K,=15K;1.2

Current loop

K,=0.02;10
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Electrolyzer parameters

Rated power 50kW

n 270

T 800C

Uy 1.21V

r 8.05x 107°Qm?
ry -2.5x107"Qm?2C
U, 0.185V

ty 1.002A-tm?2C
ty 8.424 A 'm?*C
t3 247.3A"'m*C

Electrolyzer converter control parameters

Pl controller
K, |01
K; |1

Ultracapacitor parameters

Rated power 120kW

Capacitance 180F

No. of UC in series | 5

No of UC in parallel| 10(BMODO0094 P0O75 B02,94F, 75 V, ESR=131n)

UC converter control parameters

PI controller
Voltage loop| K,=11,K; 0.00001
Current loop| K,=0.001k,0.01
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Battery parameters

Rated power 200VA
\oltage 350V

Battery converter control parameters

Pl controller

Pl controller
\oltage loop| K,=1,K; 1.2
Current loop| K,=0.01K,10

dc load and control parameters

380V | 10kW and 60kW
Pl | K,=0.001F; 0.08
380V | 1kW and 9kw
Pl | K,=0.1K;0.1
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Grid and Inverter parameters

Grid parameters 380V,60Hz
Filter 0.2mH,uF
dc-link voltage r 750V

Grid connected mode

d axis

Inverter voltage loop controller £,=0.001/; 0.1

Inverter current loop controlle

r K,=1,K; 500

g axis

Inverter voltage loop controller £,=0.001/; 0.1

Inverter current loop controlle

r K,=9,K; 0.001

Islanded mode

d axis

Inverter voltage loop controller £,=0.01/; 500

Inverter current loop controlle

r K,=0.15J; 1

g axis

Inverter voltage loop controller K,=1,K; 100

Inverter current loop controlle

r K,=1K; 1
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