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ABSTRACT

Renewable energy based distributed generators (Pl@g)a dominant role in electricity
production, with the increase in the global warmibgstributed generation based on wind,
solar energy, biomass, mini-hydro along with usduef cells and microturbines will give
significant momentum in near future. Advantagese lilenvironmental friendliness,
expandability and flexibility have made distributegeneration, powered by various
renewable and nonconventional microsources, aacéite option for configuring modern
electrical grids. A microgrid consists of clustefr loads and distributed generators that
operate as a single controllable system. As argiated energy delivery system microgrid
can operate in parallel with or isolated from thairmpower grid. The microgrid concept
introduces the reduction of multiple reverse cosmers in an individual AC or DC grid and
also facilitates connections to variable renewak® and DC sources and loads to power
systems. The interconnection of DGs to the utditid through power electronic converters
has risen concerned about safe operation and porteaf equipment’s. To the customer the
microgrid can be designed to meet their specialirements; such as, enhancement of local
reliability, reduction of feeder losses, local agles support, increased efficiency through use
of waste heat, correction of voltage sag or uniatgible power supplyin the present work
the performance of hybrid AC/DC microgrid systenaralyzed in the grid tied mode. Here
photovoltaic system, wind turbine generator andelpatare used for the development of
microgrid. Also control mechanisms are implemented the converters to properly co-
ordinate the AC sub-grid to DC sub-grid. The reswdte obtained from the MATLAB/
SIMULINK environment.
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CHAPTER 1
INTRODUCTION TO MICROGRID

1.1. Introduction
1.1.1. General information regarding microgrid

As electric distribution technology steps into tiext century, many trends are becoming
noticeable that will change the requirements ofrgyealelivery. These modifications are
being driven from both the demand side where higimergy availability and efficiency are
desired and from the supply side where the intemradf distributed generation and peak-

shaving technologies must be accommodated [1].
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Fig 1.1. Microgrid power system




Power systems currently undergo considerable changperating requirements mainly
as a result of deregulation and due to an incrgasmount of distributed energy resources
(DER). In many cases DERs include different tecbgigs that allow generation in small
scale (microsources) and some of them take advamtagenewable energy resources (RES)
such as solar, wind or hydro energy. Having micuoses close to the load has the advantage
of reducing transmission losses as well as prengntetwork congestions. Moreover, the
possibility of having a power supply interruptioh end-customers connected to a low
voltage (LV) distribution grid (in Europe 230 V aimdthe USA 110 V) is diminished since
adjacent microsources, controllable loads and gnstgrage systems can operate in the
islanded mode in case of severe system disturbanddss is identified nowadays as a
microgrid. Figure 1.1 depicts a typical microgriche distinctive microgrid has the similar
size as a low voltage distribution feeder and wvalle exceed a capacity of 1 MVA and a
geographic span of 1 km. Generally more than 90%wfvoltage domestic customers are
supplied by underground cable when the rest islmgppy overhead lines. The microgrid
often psupplies both electricity and heat to thetammers by means of combined heat and
power plants (CHP), gas turbines, fuel cells, pholtaic (PV) systems, wind turbines, etc.
The energy storage systems usually include badtene flywheels [2].The storing device in
the microgrid is equivalent to the rotating resesféarge generators in the conventional grid
which ensures the balance between energy generatidnconsumption especially during
rapid changes in load or generation [3].

From the customer point of view, microgrids delivieoth thermal and electricity
requirements and in addition improve local relidgpilreduce emissions, improve power
excellence by supportive voltage and reducing geltdips and potentially lower costs of
energy supply. From the utility viewpoint, applicat of distributed energy sources can
potentially reduce the demand for distribution émraghsmission facilities. Clearly, distributed
generation located close to loads will reduce flomwsransmission and distribution circuits
with two important effects: loss reduction and iépito potentially substitute for network
assets. In addition, the presence of generatisedm demand could increase service quality
seen by end customers. Microgrids can offer netveaport during the time of stress by
relieving congestions and aiding restoration afeits. The development of microgrids can
contribute to the reduction of emissions and thiegation of climate changes. This is due to
the availability and developing technologies fostdbuted generation units are based on

renewable sources and micro sources that are ¢barad by very low emissiorj4].




There are various advantages offered by microgridsnd-consumers, utilities and
society, such as: improved energy efficiency, mined overall energy consumption,
reduced greenhouse gases and pollutant emissiopspued service quality and reliability,
cost efficient electricity infrastructure replacamg].

Technical challenges linked with the operation aodtrols of microgrids are immense.
Ensuring stable operation during network disturleanamaintaining stability and power
quality in the islanding mode of operation neces$sf the improvement of sophisticated
control strategies for microgrid’s inverters in erdo provide stable frequency and voltage in
the presence of arbitrarily varying loads [4]. Ight of these, the microgrid concept has
stimulated many researchers and attracted thetiatieaf governmental organizations in
Europe, USA and Japan. Nevertheless, there areugateéchnical issues associated with the
integration and operation of microgrids.

1.1.2. Technical challengesin microgrid

Protection system is one of the major challengesnicrogrid which must react to both
main grid and microgrid faults. The protection systshould cut off the microgrid from the
main grid as rapidly as necessary to protect treragrid loads for the first case and for the
second case the protection system should isol&esiinallest part of the microgrid when
clears the fault [30]. A segmentation of microgii@, a design of multiple islands or sub-
microgrids must be supported by microsource andl loantrollers. In these conditions
problems related to selectivity (false, unnecessdpping) and sensitivity (undetected faults
or delayed tripping) of protection system may arisilainly, there are two main issues
concerning the protection of microgrids, firstétated to a number of installed DER units in
the microgrid and second is related to an avaitghdf a sufficient level of short-circuit
current in the islanded operating mode of microgiitte this level may substantially drop
down after a disconnection from a stiff main grid.[30] the authors have made short-circuit
current calculations for radial feeders with DERI atudied that short-circuit currents which
are used in over-current (OC) protection relaysedédpon a connection point of and a feed-in
power from DER. The directions and amplitudes afrshircuit currents will vary because of
these conditions. In reality the operating condiiaf microgrid are persistently varying
because of the intermittent microsources (wind swidr) and periodic load variation. Also
the network topology can be changed frequently aiens to minimize loss or to achieve
other economic or operational targets. In addigontrollable islands of different size and

content can be formed as a result of faults inrtfen grid or inside microgrid. In such




situations a loss of relay coordination may hapaed generic OC protection with a single
setting group may become insufficient, i.e. it withit guarantee a selective operation for all
possible faults. Hence, it is vital to ensure heitings chosen for OC protection relays take
into account a grid topology and changes in locatiype and amount of generation.
Otherwise, unwanted operation or failure may octuuing necessary condition. To deal with
bi-directional power flows and low short-circuitroent levels in microgrids dominated by
microsources with power electronic interfaces a pestection philosophy is essential, where
setting parameters of relays must be checked/ugpgei@odically to make sure that they are

still appropriate.
1.2. Literaturereview

The popularity of distributed generation systemgriswing faster from last few years
because of their higher operating efficiency and &mission levels. Distributed generators
make use of several microsources for their operdii@ photovoltaic cells, batteries, micro
turbines and fuel cells. During peak load hours Péwide peak generation when the energy
cost is high and stand by generation during systerages. Microgrid is built up by
combining cluster of loads and parallel distribuggsheration systems in a certain local area.
Microgrids have large power capacity and more adritexibility which accomplishes the
reliability of the system as well as the requiretn@npower quality. Operation of microgrid
needs implementation of high performance powerrobr@ind voltage regulation algorithm

[1]-[5].

To realize the emerging potential of distributeche@tion, a system approach i.e.
microgrid is proposed which considers generatiosh @ssociated loads as a subsystem. This
approach involves local control of distributed gatien and hence reduces the need for
central dispatch. During disturbances by islandjegeration and loads, local reliability can
be higher in microgrid than the whole power systdihis application makes the system
efficiency double. The current implementation otrogrid incorporates sources with loads,
permits for intentional islanding and use availabkeste heat of power generation systems

[6].

Microgrid operates as a single controllable systdnth offers both power and heat to its
local area. This concept offers a new prototypeHeroperation of distributed generation. To
the utility microgrid can be regarded as a coraia cell of power system. In case of faults
in microgrid, the main utility should be isolatetbrh the distribution section as fast as




necessary to protect loads. The isolation dependsustomer’s load on the microgrid. Sag
compensation can be used in some cases with @molatim the distribution system to protect

the critical loads [2].

The microgrid concept lowers the cost and improties reliability of small scale
distributed generators. The main purpose of thigept is to accelerate the recognition of the
advantage offered by small scale distributed geoesdike ability to supply waste heat
during the time of need. From a grid point of viawicrogrid is an attractive option as it
recognizes that the nation’s distribution systeraxtensive, old and will change very slowly.
This concept permits high penetration of distribntgeneration without requiring redesign of

the distribution system itself [7].

The microgrid concept acts as solution to the mobbf integrating large amount of
micro generation without interrupting the utilityetwork’s operation. The microgrid or
distribution network subsystem will create lessuble to the utility network than the
conventional micro generation if there is proped antelligent coordination of micro
generation and loads. In case of disturbances enntain network, microgrid could
potentially disconnect and continue to operateviddially, which helps in improving power

quality to the consumer [8].

With advancement in DGs and microgrids there isetimment of various essential
power conditioning interfaces and their associaiuatrol for tying multiple microsources to
the microgrid, and then tying the microgrids to thaditional power systems. Microgrid
operation becomes highly flexible, with such intengection and can be operated freely in
the grid connected or islanded mode of operati@thBmnicrosource can be operated like a
current source with maximum power transferred ®oghd for the former case. The islanded
mode of operation with more balancing requiremeftsupply-demand would be triggered
when the main grid is not comparatively larger srsimply disconnected due to the
occurrence of a fault. Without a strong grid anfira system voltage, each microsource
must now regulate its own terminal voltage withim allowed range, determined by its
internally generated reference. The microsource #ppears as a controlled voltage source,
whose output should rightfully share the load desnasith the other sources. The sharing
should preferably be in proportion to their powatings, so as not to overstress any

individual entity [9].




The installation of distributed generators involteshnical studies of two major fields.
First one is the dealing with the influences inalibg distributed generators without making
large modifications to the control strategy of centronal distribution system and the other
one is generating a new concept for utilizatiordistributed generators. The concept of the
microgrid follows the later approach. There inclsidgeveral advantages with the installation
of microgrid. Efficiently microgrid can integratestributed energy resources with loads.
Microgrid considered as a ‘grid friendly entity”&does not give undesirable influence to the
connecting distribution network i.e. operation pglof distribution grid does not have to be
modified. It can also operate independently in dbeurrence of any fault. In case of large
disturbances there is possibility of imbalance @@y and demand as microgrid does not
have large central generator. Also microgrid ineshdifferent DERs. Even if energy balance
is being maintained there continues undesirablglatsan [10].

For each component of the microgrid, a peer-to-peer plug-and-play model is used to
improve the reliability of the system. The conceppeer-to-peer guarantees that with loss of
any component or generator, microgrid can contiitsieoperation. Plug-and-play feature
implies that without re-engineering the controlsirat can be placed at any point on the

electrical system thereby helps to reduce the pibisigis of engineering errors [11].

The economy of a country mainly depends upon éstet energy supply which should
be secure and with high quality. The necessityustamer’s for power quality and energy
supply is fulfilled by distributed energy supplyhd distribution system mainly includes
renewable energy resources, storage systems saalb@wer generating systems and these
are normally installed close to the customer’'s pses1 The benefits of the DERs include
power quality with better supply, higher reliabjliand high efficiency of energy by
utilization of waste heat. It is an attractive optifrom the environmental considerations as
there is generation of little pollution. Also itlpse the electric utility by reducing congestion
on the grid, reducing need for new generation aadsmission and services like voltage
support and demand response. Microgrid is an iatedrsystem. The integration of the
DERs connected to microgrid is critical. Also thaseadditional problem regarding the

control and grouping and control of DERs in ancadint and reliable manner [12].

Integration of wind turbines and photovoltaic syssewith grid leads to grid instability.
One of the solutions to this problem can be acliidwe the implementation of microgrid.
Even though there are several advantages assowdtechicrogrid operation, there are high

transmission line losses. In a microgrid there saeeral units which can be utilized in a




house or country. In a house renewable energy reseand storage devices are connected to
DC bus with different converter topology from whi@C loads can get power supply.
Inverters are implemented for power transfer betw@€ and DC buses. Common and
sensitive loads are connected to AC bus havingmifit coupling points. During fault in the
utility grid microgrid operates in islanded modeinl any case renewable source can’t supply
enough power and state of charge of storage deareckow microgrid disconnects common

loads and supply power to the sensitive loads [13].

Renewable energy resources are integrated withogrcr to reduce the emission of €O
and consumption of fuel. The renewable resourcesary fluctuant in nature, and also the
production and consumption of these sources arg difficult. Therefore new renewable

energy generators should be designed having mexibility and controllability [14].

In conventional AC power systems AC voltage sousceonverted into DC power using
an AC/DC inverter to supply DC loads. AC/DC/AC centers are also used in industrial
drives to control motor speed. Because of the enwuiental issues associated with
conventional power plant renewable resources aneemed as distributed generators or ac
microgrids. Also more and more DC loads like ligimitting diode lights and electric
vehicles are connected to AC power systems to saeegy and reduce carbon dioxide
(CO,)emission. Long distance high voltage transmisssona longer necessary when power
can be supplied by local renewable power sourc€s.sfurces in a DC grid have to be

converted into DC and AC loads connected into D@ gsing DC/AC inverters [15].

DC systems use power electronic based convertec®ngert AC sources to DC and
distribute the power using DC lines. DC distribatimecomes attractive for an industrial park
with heavy motor controlled loads and sensitivetetsic loads. The fast response capability
of these power electronic converters help in prioygichighly reliable power supply and also
facilitate effective filtering against disturbancdfhe employment of power electronic based
converters help to suppress two main challengescedsed with DC systems as reliable
conversion from AC/DC/AC and interruption of DC pamt under normal as well as fault
condition [16]. Over a conventional AC grid systddC grid has the advantage that power
supply connected with the DC grid can be operataxperatively because DC load voltage
are controlled. The DC grid system operates indsedane mode in the case of the abnormal
or fault situations of AC utility line, in which éhgenerated power is supplied to the loads

connected with the DC grid. Changes in the gengratsver and the load consumed power




can be compensated asdump of power in the DC gird. The system cost bss$ reduce

because of the requirement of only one AC grid ected inverter [17].

Therefore the efficiency is reduced due to mulgstaonversions in an AC or a DC grid.
So to reduce the process of multiple DC/AC/DC or/BC/AC conversions in an individual
AC or DC grid, hybrid AC/DC microgrid is proposedhich also helps in reducing the

energy loss due to reverse conversion [15].

Mostly renewable power plants are implemented nalrareas which are far away from
the main grid network and there is possibility ofak transmission line connection. The
microgrid (MG) concept provides an effective saatfor such weak systems. The operation
can be smoothened by the hybrid generation tecgredavhile minimizing the disturbances
due to intermittent nature of energy from PV anddvgeneration. Also there is possibility of

power exchange with the main grid when excess/agerbccurs in the microgrid [18].

Distributed generation is gaining more popularitgchuse of their advantages like
environmental friendliness, expandability and aaaillity without making any alternation to
the existing transmission and distribution grid. ddm sources depend upon environmental
and climatic conditions hence make them unconttgdlaBecause of this problem microgrid
concept comes into feature which cluster multiplstribbuted energy resources having
different operating principles. In grid tied modestdbuted green sources operates like
controlled current source with surplus energy cletathby the mains to other distant loads.
There is need of continuous tuning of source ogtptich can be achieved with or without
external communication links. In case of any matfions grid tied mode is proved less

reliable as this leads to instability [19].
1.3. Motivation of project work

The microgrid concept acts as a solution to theindrum of integrating large amounts of
micro generation without disrupting the operatidntiee utility network. With intelligent
coordination of loads and micro-generation, thetridiistion network subsystem (or
'microgrid’) would be less troublesome to the wytilinetwork, than conventional
microgeneration. The net microgrid could even pievancillary services such as local
voltage control. In case of disturbances on thein network, microgrids could
potentially disconnect and continue to operatgasately. This operation improves power
quality to the customer. From the grid’'s petmn, the benefit of a microgrid is that
it can be considered as a controlled entityhin the power system that can be




functioned as a single aggregated load. Custonvars get benefits from a microgrid
because it is designed and operated to riest local needs for heat and power as
well as provide uninterruptible power, enharioeal reliability, reduce feeder losses,
and support local voltages/correct voltage. sag addition to generating technologies,
microgrid also includes storage, load conamd heat recovery equipment. The ability of
the microgrid to operate when connected to thd gs well as smooth transition to and

from the island mode is another importamcfion.
1.4. Objective of thethesis

The mainobjective of this thesis is the development of a hybrid wgerd which will
reduce the process of multiple reverse conversams®ciated with individual AC and DC

grid by the combination of

% AC and DC sub-grid
+«+ Photovoltaic (PV) system and

+« Wind turbine generator

In order to analyze the operation of microgrid sgstoth the modeling and controlling
of the system are important issues. Hence theaoatnd modeling (to be discussed detail
in Chapter 4) are also the part of thiesttwork. As a part of the thesis work the
overall system is simulated using MATLAB emriment. In simulation work the system

is modeled using different state equations.
1.5. Thesis organization

The thesis has been organized into six chaptetbowing the chapter on introduction,

the rest of the thesis is outlind as follows.

Chapter 2 explains detailed modeling of PV arrathwhe implantation of maximum
power point tracking. Also the battery model isistal.

Chapter 3 represents explains the modeling of tieeatl DFIG system in detail. In this
chapter the detail explanation is made usihgck diagrams and different algebraic

equations.

In chapter 4 the overall configuration of the hybmnicrogrid system was implemented.
Along with the operation of the grid and modelingdacontrol of the used converters are

described.




Chapter 5 presents all the simulation results whatk found using MATLAB/
SIMULINK environment.

Chapter 6 provides comprehensive summary and csinalsi of the work undertaken in
this thesis and also acknowledge about thieird work. The references taken for the

purpose of research work are also the part ofcthepter.
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CHAPTER 2
PHOTOVOLTAIC SYSTEM AND BATTERY

2.1. Photovoltaic system

The photoelectric effect was first noted by Frepblysicist Edmund Becquerel in 18:
He proposed that certain materials have propertprotlucing small amounts of elect
current when exposed to sunlight. In 1905, Albeniskin explained the nature of light a
the photoelectric effect which has become the barsiciple for photovoltaic technology.
1954 the first photovoltaic module was built by IBedboratories

A photovoltaic system makes use of one or morer galaes to convert solar energy in
electricity. It consists of various components whimclude the photovoltaic module
mechanical and electrical connections and mountiagd means of regulating and

modifying the electrical outpt
2.1.1. Photovoltaic arrangements

2.1.1.1. Photovoltaic cell

n-type
sihicnn
junction

p-type
sihcon

Vel
T

"hale”

s
!

Fig 2.1. Basic structure of PV cell

phctcns* elactron
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The basic ingredients of PV cells are semiconductaterials, such as silicon. For solar
cells, a thin semiconductor wafer creates edectric field, on one side positive and
negative on the other. When light energy hits thlarscell, electrons are knocked loose from
the atoms in the semiconductor material. When etattconductors are connected to the
positive and negative sides an electrical cirisuformed and electrons are captured in the
form of an electric current that is, electyci This electricity is used to power a load. A

PV cell can either be circular or square in corcdiom.
2.1.1.2. Photovoltaic module

Because of the low voltage generation in a PV @ltbund 0.5V), several PV cells are
connected in series (for high voltage) and in palrélor high current) to form a PV module
for desired output. In case of partial or totaldihg, and at night there may be requirement of
separate diodes to avoid reverse currents Theuptipns of mono-crystalline silicon cells
may have adequate reverse current characteristidstteese are not necessary. There is
wastage of power because of reverse currents vdmiebts to overheating of shaded cells. At
higher temperatures solar cells provide less efficy and installers aim to offer good
ventilation behind solar panel. Usually there d@8@or 72 cells in general PV modules. The
modules consist of transparent front side, encapstilPV cell and back side. The front side
is usually made up of low-iron and tempered glaatenmal. The efficiency of a PV module is
less than a PV cell. This is because of some ifadias reflected by the glass cover and
frame shadowing etc.

2.1.1.3. Photovoltaic array

A photovoltaic array (PV system) is an interconiwtbf modules which in turn is made
up of many PV cells in series or parallel. The popreduced by single module is not enough
to meet the requirements of commercial applicatisnamodules are connected to form array
to supply the load. In an array the connectionhaf tnodules is same as that of cells in a
module. The modules in a PV array are usually istnected in series to obtain the desired
voltages; the individual modules are then conneictgxhrallel to allow the system to produce
more current. In urban uses, generally the arragsreunted on a rooftop. PV array output

can directly feed to a DC motor in agricultural bgetions.

12
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Fig 2.2. Photovoltaic system
2.1.2. Working of PV cell

The basic principle behind the operation of a PVisghotoelectric effect. In this effect
electron gets ejected from the conduction band st of the absorption of sunlight of a
certain wavelength by the matter (metallic or noetatlic solids, liquids or gases). So, in a
photovoltaic cell, when sunlight hits its surfaseme portion of the solar energy is absorbed
in the semiconductor material.

Electrons Holes

Fig 2.3. Working of PV cell

The electron from valence band jumps to the conolmdiand when absorbed energy is
greater than the band gap energy of the semicomduBy these hole-electrons pairs are
created in the illuminated region of the semicomnducThe electrons created in the
conduction band are now free to move. These freetrens are enforced to move in a

particular direction by the action of electric fiepresent in the PV cells. These electrons
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flowing comprise current and can be drawn for exdeuse by connecting a metal plate on

top and bottom of PV cell. This current and theagé produces required power.
2.1.3. Moddling of PV panel

The photovoltaic system can generate direct curedsttricity without environmental
impact when is exposed to sunlight. The basic mgldlock of PV arrays is the solar cell,
which is basically a p-n junction that directly eents light energy into electricity. The
output characteristic of PV module depends on #ietemperature, solar irradiation, and
output voltage of the module. The figure shows éhaivalent circuit of a PV array with a
load [20].

" G) 5 v Rp% V., Load

Fig 2.4. Equivalent circuit of a solar cell

Usually the equivalent circuit of a general PV magmnsists of a photocurrent, a diode, a
parallel resistor which expresses a leakage cyresmt a series resistor which describes an
internal resistance to the current flow. The vadtagrrent characteristic equation of a solar

cell is given as
IpV = IPH - IS [exp (Q(va + IpVRS)/kTCA) - 1] - (va + IpVRS)/RP (2-1)

The photocurrent mainly depends on the cell's wagkiemperature and solar irradiation,

which is explained as

Ipy = [Is¢ + Ki(T¢ — Trer)]A/1000 (2.2)
The saturation current of the cell varies with ¢eé temperature, which is represented as
Is = Irs(Tc/Trer)>exp [qEG(1/Trer — 1/Tc)/KA] (2.3)

The shunt resistand®, of the cell is inversely related with shunt lea&amyirrent to the
ground. Usually efficiency of PV array is insengtto variation ilRp and the shunt-leakage

resistance can be assumed to approach infinity owitHeakage current to ground.

14



Alternatively a small variation in series resistaRg will significantly affect output power of
the PV cell. The appropriate model of PV solar egth suitable complexity is shown in
Fig.2.4. Equation (2.1) can be modified to be

Ipv = Ipg — Is[exp (q(Vpy + LhyRs)/KTcA) — 1] (2.4)

There is no series loss and no leakage to grounahfadeal PV cell, i.eRg = 0 andRp = oo.

So equation (2.1) can be rewritten as
Ipv = Ipy — Ig[exp (quv/kTCA) —1] (2.5)

A PV array is a group of several PV modules whioh @lectrically connected in series
and parallel circuits to generate the requiredentrand voltage. So the current and voltage

equation of the array witNp parallel and\g series cells can be represented as
Ipv = Nplpy — Npls[exp (q(Vpy/Ns + Irs/Np) /KTcA) — 1] — (NpVpy/Ns + Irs)/Rp (2.6)

The efficiency of a PV cell is sensitive to smdihage in series resistance but insensitive
to variation in shunt resistance. The role of sernesistance is very important for a PV
module and the shunt resistance is approached tofibgy which can also be assumed as
open. The mathematical equation of the model caddseribed by considering series and

parallel resistance as

Iy = Nplpy — Nplg[exp (q(Vpy/Ns + [,yRs/Np) /KTcA) — 1] (2.7)
The equation (2.7) can be simplified as

Iy = Nplpy — Npls[exp (Clev/NschA) —1] (2.8)

The open-circuit voltag€,:. and short-circuit curre§. are the two most important
parameters used which describes the cell electpealormance. The above mentioned
equations are implicit and nonlinear; hence, raseasy to arrive at an analytical solution for
the specific temperature and irradiance. Normially> Ig, so by neglecting the small diode
and ground-leakage currents under zero-terminatage] the short-circuit current is

approximately equal to the photocurrent, i.e.

Ipy = Isc (2.9)

The open-circuit voltage parameter is obtaineddsuming the zero output current. With
the given open-circuit voltage at reference tentpeeaand ignoring the shunt-leakage

current, the reverse saturation current can bei@thas

15



Irs = Isc/[exp (qVoc/NskATe) — 1]

Additionally, the maximum power can be stated as

Pmax = VmaxImax = YVoclsc

(2.10)

(2.11)

The parameters used for the modeling of photowoftanel are shown in the table 2.1 [16].

Symbol Value
Voc 403V
q 1.602 x 1071°C
k 1.38 x 10723 K
A 1.50
Isc 3.27 A
K; 1.7x 1073
Tref 301.18K
Irs 2.0793 x 107% A
Tc 350K
A 0-1500 W/m?
Np 40
I\ 900
Eg 1.1eV

Table 2.1. Parameters for photovoltaic panel
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2.2. Maximum power point tracking

As an electronic system maximum power point trackBtPPT) functions the
photovoltaic (PV) modules in a way that allows ¢ modules to produce all the power
they are capable of. It is not a mechanical tragksgstem which moves physically the
modules to make them point more directly at the. ssince MPPT is a fully electronic
system, it varies the module’s operating point lsat the modules will be able to deliver
maximum available power. As the outputs of PV systee dependent on the temperature,
irradiation, and the load characteristic MPPT card®diver the output voltage perfectly. For
this reason MPPT is required to be implementinthenPV system to maximize the PV array

output voltage.

2.2.1. Necessity of maximum power point tracking

TI

Pmax

Vmp

Fig 2.5. MPP characteristic

In the power versus voltage curve of a PV modudeglexists a single maxima of power,
i.e. there exists a peak power corresponding toadicplar voltage and current. The
efficiency of the solar PV module is low about 138tnce the module efficiency is low it is
desirable to operate the module at the peak powiet po that the maximum power can
be delivered to the load under varying terapge and irradiation conditions. This
maximized power helps to improve the use of tharsBV module. A maximum power
point tracker (MPPT) extracts maximum powesnf the PV module and transfers that

power to the load. As an interfacing device DC/converter transfers this maximum
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power from the solar PV module to the load. By diag the duty cycle, the load impedance
is varied and matched at the point of {wak power with the source so as to

transfer the maximum power.
2.2.2. Algorithmsfor tracking of maximum power point

There are different algorithms which help to trdlok peak power point of the solar PV

module automatically. The algorithms can be writien
a. Perturb and observe
b. Incremental conductance
c. Parasitic capacitance
d. Voltage based peak power tracking
e. Current Based peak power tracking
2.2.2.1. Perturb and observe

In this algorithm a slight perturbation is introgédcin the system. The power of the
module changes due to this perturbation. If the ggawcreases due to the perturbation then
the perturbation is continued in that direction. &lpower attains its peak point, the next
instant power decreases and so also the pertunbatieerses. During the steady state
condition the algorithm oscillates around the ppalkt. The perturbation size is kept very
small to keep the power variation small. It is eksad that there is some power loss
because of this perturbation and also it fais track the power under fast varying
atmospheric conditions. But still this algorithmviery popular and simple [22], [23].

20
150 )
— — K—\ h
() } _ |
= — N
o //// \\\
50 e N
G d 1 1 1 1 1 1 1 \
0 2 4 6 8 10 12 14 16

Voltage(V)

Fig 2.6. Perturb and observe algorithm
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In the present work this algorithm is chosen. FegRr7 represents the flow chart of the
algorithm. The algorithm observes output powerhef array and perturbs the power based on
increment of the array voltage. The algorithm ammbusly increments or decrements the

reference voltage based on the value of the prepower sample.

Read V(k)
& I(k) from
panel

P(k)=V(k)*1(k)

Delay P(k) &
V(k) by k-1
instant
P(k-1),V(K-1)

v

AP = P(k)—- P(k—1)
AV =V(K) - V(k-1)

Vref = Vref +AV|| Viet = Vief ~AV || Viet = Vet ~AV | |Vref = Vret *AV

k=k+1

go to
start

Fig 2.7. Flowchart Perturb and observe algorithm

Here a reference voltadle,r is set corresponding to the peak power point ofntioglule.
The value of current and voltage can be obtained fthe solar PV module. From the
measured voltage and current power is calculatée. vialue of voltage and power laf"
instant are stored. Then values @+ 1)™ instant are measured again and power is
calculated from the measured values. The power \asithge aik + 1)™ instant are
subtracted with the values fraa¥ instant. If we observe the power voltage curvehef t

solar PV module we see that in the right hand sidee where the voltage is almost constant
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the slope of power voltage is negat\ﬂ? < 0) where as in the left hand side the slope is
dv

positive(dp/dV > 0). Depending on the sign @fP[P(k + 1) — P(k)] anddV[V(k+ 1) —
V(k)] after subtraction the algorithm decides whetheintwease or to reduce the reference

voltage.

The P&O method is claimed to have slow dynamicaasp and high steady state error.
In fact, the dynamic response is low when a snmaifeément value and a low sampling rate
are employed. To decrease the steady state emomirements are essential because the
P&O always makes the operating point oscillate tieamMPP, but never at the MPP exactly.
When the increment is lower, the system will beselato the array MPP. In case of greater
increment, the algorithm will work faster, but teeeady state error will be increased. The
small increments tend to make the algorithm moablstand accurate when the operating
conditions of the PV array change. In case of larggements the algorithm becomes
confused since the response of the converter ¢ laoltage or current variations will cause

oscillations, overshoot and the settling time @f tonverter itself confuse the algorithm [24].
2.2.2.2. Incremental conductance

The incremental conductance method can overwhebnptioblems of tracking peak

power under fast varying atmospheric condition [223].

20
==/,
150+ \ ay <1,
50, /// \ -
y//,//
2 4 6 8 10 12 14 16

Voltage(V)
Fig 2.8. Incremental conductance algorithm
The algorithm uses the equation
P=VxI (2.12)

(Where P=power of the module, V= voltage of the miedl= current of the module);
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Differentiating with respect talV

dP/le =1+ dI/dV (2.13)
The algorithm works depending on this equation.

At peak power point

dP/ 4y =0 (2.14)

Wav=" (2.15)
If the operating point is to the right of the poveairve then we have

dP/ 4y <0 (2.16)

i/ <Yy (2.17)
If operating point is to the left of the power carthen we have

dP/ 4y >0 (2.18)

i/ >y (2.19)
The algorithm works using equations (2.15), (2.&7§2.18).

When the incremental conductance decides that tRBTvhas reached the MPP, it stops

perturbing the operating point. If this conditios mot achieved, MPPT operating point

direction can be computed usiﬁb/dv and—I/V relation. This relationship is derived from

the fact that when the MPPT is to the right of khieP dl)/GW Is negative and positive when

it is to the left of the MPP. This algorithm hasbgts over perturb and observe in that it can
determine when the MPPT has reached the MPP, vpeeterb and observe oscillates around
the MPP. Also, this algorithm can track rapidly re&sing and decreasing irradiance
conditions with higher accuracy than perturb angeoke. The drawback of this algorithm is

that there is increased complexity when comparqebtturb and observe.
2.2.2.3. Parasitic capacitances

The improvement of the incremental conductance sletad the method of parasitic
capacitance which considers the parasitic capamtaaf the solar cells. This method makes
use of the switching ripple of the MPPT which haipgerturb the array. The average ripple
in the PV array voltage and power, generated tly switching frequency are measured
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using a series of filters and multipliers antthen used to calculate the array
conductance. Then the algorithm decides the dmectif movement of MPPT operating
point. There is one disadvantage in this algoritimat the parasitic capacitance in each
module is very small, and can perform well in laR)é arrays where several PV modules are
connected in parallel. There is sizable input cdapain the DC-DC converter which filters
out small ripple in the array power. This capaciteay cover the overall effects of the

parasitic capacitance of the PV array [23].
2.2.2.4. Voltage control maximum power point tracker

The maximum power point (MPP) of a PV module isuassd to lie about 0.75 times the
open circuit voltage of the module. Hence a refegaroltage can be generated by calculating
the open circuit voltage and then the feed forwaadtage control scheme can be
implemented to bring the solar PV module voltagagh® point of maximum power. The
difficulty associated with this technique is thlagte is variation of open circuit voltage with
the temperature. As there is increase in temperdiacause of the change in open circuit
voltage of the module, module’s open circuit isdexkto be calculated frequently. In this
process the load must be disconnected from the imaduneasure open circuit voltage. So

the power during that instant cannot be utilizes] [2
2.2.2.5. Current control maximum power point tracker

The module’s peak power lies at the point whichal®ut 0.9 times the short circuit
current of the module. The module has to be shartited to measure this point. After that
module current is adjusted to the value by using turrent mode control which is
approximately 0.9 times the short circuit curréntthis case a high power resistor is required
which can sustain the short-circuit current. Thasthe problem with this algorithm. The
module has to be short circuited to measure the shouit current as it goes on varying with

the changes in irradiation level [25].
2.3. Battery

In our modern society the role of batteries is ingnat as energy carriers, because of its
presence in devices for everyday use. At the erttieo®d' century the demand for batteries
rapidly increased due to the large interest in g% devices. Today, the battery industry
comes under the category of large-scale industigiwproduces several million batteries per
month. Improving the energy capacity is one majevetbpment issue, however, for
consumer products, safety is probably consideredalgg important today. With the
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introduction of hybrid electric vehicles into thearket there is technological development in
the battery field which leads to reduction of fuelhsumption and gas emissions. Battery

development is a major task for both industry acebl@mic research.
2.3.1. Moddling of battery

The battery is modeled as a nonlinear voltage sowmtwose output voltage depends not
only on the current but also on the battery stdteharge (SOC), which is a nonlinear

function of the current and time [26]. Fig 2épresents a basic model of battery.

Two parameters to represent state of a batterterminal voltage and state of charge can

be written as:

Vo = Vo + Rpip, =Ko fl T Axexp (Bfipdo) (2:20)
S0C = 100(1 + lbdt) 221
Internal resistance I patt
W— "4
Controlled
\A voltage source Vi
batt
(AR _kﬁibdtn +Aexp(-Bit) it I

Fig 2.9. Model of battery

The original Shepherd model has a non-linear tegualke toK This term

Q- f dt’

represents a non-linear voltage that changes Wwehatplitude of the current and the actual
charge of the battery. So when there is completehdrge of battery and no flow of current,
the voltage of the battery will be nearly zero. #®n as a current circulates again, the
voltage falls abruptly. This model yields accunasults and also represents the behaviour of

the battery.
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2.4. Summary

This chapter summarizes the modeling of solar paméh the implementation of
maximum power point tracking algorithm. Various MPRlgorithms are introduced for the
study of PV array to track maximum power under masi solar irradiation and temperature

conditions. Also the model of battery is explaimedetail for the modeling of microgrid.
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CHAPTER 3
DOUBLY FED INDUCTION GENERATOR

3.1. Wind turbines

With the use of power of the wind, wind turbinesquice electricity to drive an electrical
generator. Usually wind passes over the bladesrgéng lift and exerting a turning force.
Inside the nacelle the rotating blades turn a ghaft goes into a gearbox. The gearbox helps
in increasing the rotational speed for the openatb the generator and utilizes magnetic
fields to convert the rotational energy into eleetr energy. Then the output electrical power
goes to a transformer, which converts the eletyric the appropriate voltage for the power

collection system. A wind turbine extracts kinegitergy from the swept area of the blades.

The power contained in the wind is given by theekimenergy of the flowing air mass
per unit time [28]. The equation for the power @méd in the wind can then be written as

Py = % (air mass per unit time)(V,,)?

1

=3 (pAVOO)(VOO)Z

=%pAVoo3 (3.1)

Although Eq. (3.1) describes the availability ofwsw in the wind, power transferred to
the wind turbine rotor is reduced by the power ficieht C,,.

P .
C — wind turbine (32)
p Pair

A maximum value o€, is defined by the Betz limit, which states thatidine can never

extract more than 59.3% of the power from an a@ash. In reality, wind turbine rotors have

maximumcC,, values in the range 25-45%.
Pwind turbine = Cp X Pajr (3.3)
It is also conventional to define a tip speed ratas

) = OR (3.4)
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3.2. DFIG system

The doubly fed induction machine is the most widetachine in these days. The
induction machine can be used as a generator arnmbtough demand in the direction of
motor is less because of its mechanical wear atshiperings but they have gained their
prominence for generator application in wind andewvgower plant because of its obvious
adoptability capacity and nature of tractabilityhi§ section describes the detail analysis of

overall DFIG system along with back to back PWMtagé source converters.
3.2.1. Mathematical modeling of induction gener ator

DFIG is a wound rotor type induction machine, i&ter consists of stator frame, stator
core, poly phase (3-phase) distributed winding, énd covers, bearing etc. The stator core is
stack of cylindrical steel laminations which aret&d along their inner periphery for housing
the 3-phase winding. Its rotor consists of slotshie outer periphery to house the windings
like stator. The machine works on the principleetéctromagnetic Induction and the energy
transfer takes place by means of transfer actiam.tl® machine can represent as a
transformer which is rotatory in action not station This section explains the basic
mathematical modeling of DFIG. In this section thachine modeling is explained by taking

two phase parameters into consideration.
3.2.1.1. Modeling of DFIG in synchronously rotating frame

Fig 3.1 and 3.2 demonstrates the equivalent cidiagram of an induction machine. The
machine is signified as a two phase machine infidpise.

lqs L=Ls-Lm L =Li—Lny qr
e VW—C>_‘”‘——‘”'—() JW\, -~
Rs wﬁ;‘“ds (e —® )?L
,.
L

\% A

qs ?\'qs g " ar Vqr
v v
O O

Fig 3.1. Dynamic d-g equivalent circuit of DFIG4gis circuit)
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ds ls~ s tm L =Li—Lm ldr
WM~ —— N (O—W——g
Rs ‘De}“qs (00—, )2 qr Rr
S L
v m A v
ds ?Lds g dr dr
v v
o o

Fig 3.2. Dynamic d-q equivalent circuit of DFIG #&alis circuit)

Equations for the stator circuit can be written as

, d

vgs = Rgigs + p Ags (3.5)
. d

Vgs = RSlas + dt }\(Sis (3-6)

In d-g frame Eq. (3.5) and (3.6) can be written] [29

. d
Vgs = Rsigs + o Ags + (welgs) (3.7)

. d
Vgs = Rglgs + at Adas — (melqs) (3.8)

Where all the variables are in synchronously rotaframe. The bracketed terms indicate
the back emf or speed emf or counter emf due tadtaion of axes as in the case of DC
machines. When the angular speeqd is zero, the speed e.m.f due to d and q axiens z
and the equations changes to stationary form. df ribtor is blocked or not moving, i.e.

w, = 0, the machine equations can be written as
, d
Vgr = Rplgr + p Agr T (@eAgr) (3.9)

. d
Var = Relgr + € Aar — ((Dexqr) (3.10)

Let the rotor rotates at an angular speedthen the d-q axes fixed on the rotor

fictitiously will move at a relative speefw, — w,) to the synchronously rotating frame.

By replacing (w. — w;) in place of w, the d-q frame rotor equations can be written as

. d
Vgr = Ryigr + o Agr + (We—wy) Agr (3.11)




. d
Var = Relgr + € Adar — (we_wr)}\qr (3.12)

The flux linkage expressions in terms of currem e written from Fig 3.1 and 3.2 as

follows:
Ags = Lysigs + Lm(iqs + iqr)

= Linigs + Lmiqr (3.13)
Aas = Lqsigs + L (igs + igr)

= Lyigs + Linlgr (3.14)
Agr = Larigr + Lin(igs + igr)

= Lyigr + Linigs (3.15)

Mar = Lypigr + Lm(ids + idr)

= Lridr + Lmids (316)
qu = Lm(iqS + iqr) (3.17)
Adm = Lm(ids + idr) (318)

Eq. (3.5) to (3.18) describes the complete eladtmeodeling of DFIG. Whereas Eq. (3.19)

express the relations of mechanical parametershvdre essential part of the modeling.

The electrical speed, cannot be treated as constant in the above eqsatibrtan be

connected to the torque as

Te =T, +]%2 4 Boy, =T, + 2] + 2Bow, (3.19)

3.2.1.2. Dynamic modeling of DFI G in state space equations

The dynamic modeling in state space form is necgdsacarried out simulation using
different tools such as MATLAB. The basic sate gpfmrm helps to analyze the system in

transient condition.

In the DFIG system the state variables are nornallyents, fluxes etc. In the following
section the state space equations for the DFIGyimchsonously rotating frame has been

derived with flux linkages as the state variabkesthe machine and power system parameters

are nearly always given in ohms or percent or péraf base impedance, it is appropriate to
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express the voltage and flux linkage equationgims of reactances rather than inductances.

The above stated voltage and flux equations caewerked as follows:

. 1d
Vgs = Rgligs + —

Vas = Rgigs +

. 1d
Var = erqr +—=—v

Var = Reigr +

andr -

We

1d .
opdt Vs o Vas

qr

(3.20)

(3.21)

(3.22)

(3.23)

Equations related to flux linkage i.e. Eq. (3.13)18) can be written in terms of reactances as

follows:

l~|Jqs = Xlsiqs + Xm(iqs + iqlr)

Was = Xjsigs + Xm(gs +iar)

qur = Xlriqr + Xm(iqs + iqr)

Var = Xirlar + Xm(igs + iar)

Vam = Xm(iqs + iqr)

Vim = Xm(igs + 1ar)

(3.24)
(3.25)

(3.26)

(3.27)

(3.28)

(3.29)

Where reactanceX, X, X;,,) are found by multiplying base frequeney with inductances

(Llsl Llr' Lm)-

From eq. (3.24)-(3.29) we can find the expressiongurrents in terms of flux linkages and

also the mutual flux linkages(m, U4m ) are found using current expressions.

The equations are given as follows [29].

i _ qu_wqm

as X1s

i _ qur_lpqm

qar X1r

id — lbds_q’dm
S X1s

i — lIJdr_Ll’dm

dr Xir

(3.30)

(3.31)

(3.32)

(3.33)
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Substituting equations (3.30)-(3.33) in (3.28)-@3.%e get

4 S _“qu \Vqr_‘*l[qm
= Xm{— +
Vqm m{ X1s Xor }

e = — e — N ————
qu X1s 45 Xjs qu + X1r qu X1ir qu
Xm Xm X X
- _ p— _- — —_
qu + X1s qu + X1ir qu X1s qu + X1s qu

Xm o Xm) _ Xm Xm
= Ygm (1 + X1s + xlr) ~ X Vas + X, Var

oy (XlSXr+XmX1r+XmX15) _ X—m\lf + X_m\l,
qm X1sX1r Xis A5 Xqr AT

— X Xler+XmX1r+XmX15 — X_m + om
Yam?m =3 Vs Var
a X15X1r¥m Xis 95 Xyr 4

X X X
am X,  Xps TGS ' X tar

Xeq Xeq
e = — _|_ —
qu X1s qu X1ir qu

— Xeq Xeq
qu X1s qu X1r \Vqr

Similarly we can find the value af,  as follows

— Xeq Xeq
Vam ~ X1s Vs X1y Var

3.34)

3.35)

Substituting the current equations from (3.30)-83.B1 voltage equations (3.20)-(3.23) we

will get,
_&( _ ) 1 dvgs | oe
Vas T Xis Yas ~ Vgm +u)b dt +u)b Yas

Rg 1 dygs We
Vds = X_ls (Wgs — Wam) + ——ds _ _qus

wp dt Wp
vV, = &( — ) id\uqr + ((De—(Dr)
X Var = Yam op dt op Var
_ Rg 1 d‘Vdr (we—wy)
Var = 3 (War = Vgm) + o at  op Var

The state variables can be expressed using the aagmations as follows

T Yo
ac b Vas T 5 Vas T x,, \Was T Yam

(3.36)

(3.37)

(3.38)

(3.39)

(3.40)
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d e S
% = Op {Vqs + Z_bqu o XR_ls (st o de)} (341)

d\V r ( e r) Ry
& = b {Vqr - m@bw Var — (\Vqr qu)} (3-42)
d r ( e r) r
Var - g, {Vdr + wmbw v _XR_H(Wdr _de)} (3.43)

The state space matrix can be written as follows

- _)TS _& 0 0 )TS 0
s Wy ~ 5
LIJ.qS W, _& 0 0 Wes 1 00O Vs 0 &
Was|_| @ X, Wes|,[0 10 0fve| | O X, wqm}
LIJ. . 0 0 _ Rr _ W, — 0 LIqu 0010 Vqr & _LIJdm
A Xy W W, ] [0 00 1]vy]| |Xu
War 0 0 LT R 0
L o‘)b x | L 1r |
(3.44)

The electromotive torque is developed by the imtéwa of air-gap flux and the rotor
mmf. At synchronous speed the rotor cannot move and result there is no question of
induced emf as well as the current, hence theeerg torque, but at any speed other than
synchronous speed the machine will experience &vwguich is the case of motor, where as
in case of generator electrical torque in termsnethanical is provided by means of prime

mover which is wind in this case.

The torque can be represented in terms of fluxaljy@s and currents as

- Eg (}\dsiqs - }\qsids)

3P .. P
= EELm(lqsldr - 1dslqr)

3P . .
Y (Adrlqr - Aqudr) (3)4

Equation (3.45) can be written in terms of stateades as follows

3 P 1 .
Te 2 2 wp (lljds qs lIqulds)
3 P 1 .
22 wp (“'Jdrlqr l~|Jq1rldr) (3.46)

Equation (3.40)-(3.46) describe the complete DFIGdeht in state space form,

wherey s, Ygs, Ugr, Pgr are the state variables.




Symbol Value
Prom 50 kW
Vhom 400V

R; 0.00706 pu

Lg 0.171 pu

R, 0.005 pu

L, 0.156 pu

L 2.9 pu

| 3.1s

n, 6
Vdc_nom 800V

Py 45 kKW

Table 3.1. Parameters for DFIG
The parameters used for the modeling of inductemegator are shown in the table 3.1 [16].

3.3. Summary

This chapter explains the basic introduction ofdviarbine. Also the detailed modeling
of the doubly fed induction generator (DFIG) systsnanalyzed which plays a vital role in

the modeling and control structure of hybrid micrdg
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CHAPTER 4
AC/DC MICROGRID

The concept of microgrid is considered as a caotlacdf loads and microsources which

functions as a single controllable system that joles both power and heat to its local area.

This idea offers a new paradigm for the definitafrthe distributed generation operation. To
the utility the microgrid can be thought of as atcolled cell of the power system. For
example this cell could be measured as a singleattis able load, which can reply in
seconds to meet the requirements of the transmissgistem. To the customer the microgrid
can be planned to meet their special requirements) as, enhancement of local reliability,
reduction of feeder losses, local voltages suppnodeased efficiency through use waste
heat, voltage sag correction [3]. The main purpokehis concept is to accelerate the
recognition of the advantage offered by small sch#tributed generators like ability to
supply waste heat during the time of need [4]. Thierogrid or distribution network
subsystem will create less trouble to the utilitetwork than the conventional
microgeneration if there is proper and intelligeabrdination of micro generation and loads
[5]. Microgrid considered as a ‘grid friendly egtitand does not give undesirable influences
to the connecting distribution network i.e. oparatpolicy of distribution grid does not have
to be modified [7].

4.1.Configuration of the hybrid microgrid

AC/DC

AC Microgrid Power Flow DC Microgrid
AC Bus Coordinator DC Bus
. DFIG Boost S~ | «_ solar
Wind — n,/n, lbc/od irradiation
Speed = 1 I T Leeg PV
J E3 J C Temperatur
| T o T J’_ v <+—Temperature
AC/DC/AC 1 Bidirectional AC/DC
Main Converter
Utility ,
Grid Breaker DC/DC Battery
n,/n, J’_ Bidirectional
Jl%} converter
AC Tr T
@ 2 Bidirectional AC/DC DC Load
Back-up Converter

Fig 4.1. A hybrid AC/DC microgrid system
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The configuration of the hybrid system is showrfigure 1 where various AC and DC
sources and loads are connected to the corresgpAdirand DC networks. The AC and DC
links are linked together through two transformarsl two four quadrant operating three-
phase converters. The AC bus of the hybrid griteb to the utility grid.

Figure 4.2 describes the hybrid system configunatitnich consists of AC and DC grid.
The AC and DC grids have their corresponding sajricads and energy storage elements,
and are interconnected by a three phase conv&herAC bus is connected to the utility grid

through a transformer and circuit breaker.

o
a

irradiation +[v
PV ¢

D
pv 1 1
Solar \/ t
STJ

<
o
]
"
nﬁ
—
—1
peo1da

Temperature —>

DFIG

Wind — . ST, ST, ST, (
Speed — - I : R J J J

J | T J Transformer ! ] TS C

AC/DC/AC | — ™ B

: ki
ST“ ST6 STz
Utility .
Grid Main Converter

Breaker

peot oV

Fig 4.2. Representation of hybrid microgrid

In the proposed system, PV arrays are connectgtbC bus through boost converter to
simulate DC sources. A DFIG wind generation sysiermonnected to AC bus to simulate
AC sources. A battery with bidirectional DC/DC center is connected to DC bus as energy
storage. A variable DC and AC load are connectethéor DC and AC buses to simulate
various loads.

PV modules are connected in series and parallelsddar radiation level and ambient
temperature changes the output power of the salaelpalters. A capacitdt,, is added to
the PV terminal in order to suppress high frequemggles of the PV output voltage. The
bidirectional DC/DC converter is designed to mamtde stable DC bus voltage through
charging or discharging the battery when the systperates in the autonomous operation
mode. The three converters (boost converter, manverter, and bidirectional converter)

share a common DC bus. A wind generation systensisisnof doubly fed induction
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generator (DFIG) with back to back AC/DC/AC PWM gerter connected between the rotor
through slip rings and AC bus. The AC and DC bumescoupled through a three phase
transformer and a main bidirectional power flow wemer to exchange power between DC
and AC sides. The transformer helps to step up@eoltage of the main converter to utility

voltage level and to isolate AC and DC grids.

Symbol Value
Cpv 110 pF
Ly 2.5 mH
Cq 4700 pF
L, 0.43 mH
R, 0.3 ohm

C, 60 pF

L; 3 mH
R; 0.1 ohm

f 50 Hz

fs 10 kHz
Vy4 400V
VAC_rms 400V

Table 4.1. Component parameters for the hybrid grid

The parameters used for the modeling of hybrid gredshow in the table 4.1 [16].




4.2.0Operation of grid
The hybrid grid performs its operation in two mades
4.2.1. Grid tied mode

In this mode the main converter is to provide €dbC bus voltage, and required reactive
power to exchange power between AC and DC busesinMian power can be obtained by
controlling the boost converter and wind turbinengyators. When output power of DC
sources is greater than DC loads the converteraaciaverter and in this situation power
flows from DC to AC side. When generation of tgtaler is less than the total load at DC
side, the converter injects power from AC to DCesiflhe converter helps to inject power to
the utility grid in case the total power generatisrgreater than the total load in the hybrid
grid,. Otherwise hybrid receives power from thditytgrid. The role of battery converter is
not important in system operation as power is lzadrby utility grid.

4.2.2. Autonomous mode

The battery plays very important role for both powalance and voltage stability. DC
bus voltage is maintained stable by battery coevent boost converter. The main converter
is controlled to provide stable and high quality BGs voltage.

4.3.Modeling and control of converters

In the present work five types of converters aredutor the proper coordination with
utility grid which will be helpful for uninterrupte and high quality power to AC and DC
loads under variable solar radiation and wind speleeh grid operates in grid tied mode. The
control algorithms are described in the followiregtson.
4.3.1. Modeling and control of boost converter

The main objective of the boost converter is takrdne maximum power point of the PV
array by regulating the solar panel terminal vadtaging the power voltage characteristic
curve.

For the boost converter the input output equateamsbe written as
diy

va - VT = Lla + Rlil (41)
. dVpy

Ipy — i1 = Cpy— (4.2)

Vr =Vq(1-dy) (4.3)
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P&0 MPPT

(g—.—.—# e 4%@

Fig 4.3. Control block diagram of boost converter

With the implementation of P&O algorithm a referen@lue i.eVy, is calculated which
mainly depends upon solar irradiation and tempegadfi PV array [32]. Here for the boost
converter dual loop control is proposed [33]. Hire control objective is to provide a high
quality DC voltage with good dynamic response. dhter voltage loop helps in tracking of
reference voltage with zero steady state errorimner current loop help in improvisation of

dynamic response.
4.3.2. Modeling and control of main converter

The role of the main converter is to exchange pdvetween AC and DC bus. The key
purpose of main converter is to maintain a stablibk voltage in grid tied mode. When
the converter operates in grid tied mode, it hasuggply a given active and reactive power.
Here PQ control scheme is used for the control@hraonverter. The PQ control is achieved
using a current controlled voltage source. Two ®titwllers are used for real and reactive
power control. When resource conditions or loadacd@s change, the DC bus voltage is
setteled to constant through PI regulation. Thed®Pkroller is set as the instantaneous active

currentiyy, reference and the instantaneous reactive cuiggnteference is determined by

reactive power compensation command.

The model of the converter can be represented i@ A&brdinate as

4 ia ia Vsa Vea
L, a(iB) + R, (ig) = (VSB) — <VCB) (4.4)
ic ic Vsc Vee

The above equation can be written in the d-q coattdi as

i ldm _ _Rz (L)L2> (ldm> VSd _ VCd
LZ dt (iqm) o (—(JL)LZ —Rz iqm + (Vsq) (ch) (45)
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Where (ia,ig, ic) and (vca, Vep, Vee) are three phase current and voltages of the main
converter. Three phase voltage of AC bus voltage m@presented by the notations
as(vsa, Vsp, Vsc)- The variablegigm, iqm), (Ved, Veq), (Vsa, Vsq) are d-q coordinates of three

phase currents, voltages of main converter anégelof AC bus respectively.

reactive power
command

Fig 4.4. Control block diagram of main converter

In case of sudden DC load drop, there is powergsigit DC side and the main converter
is controlled to transfer power from DC to AC sidéhe active power absorbed by the
capacitorCy leads to rising of DC-link voltagé;. The negative error caused by the increase
of V4 produces a higher active current referetjge through PI control. A higher positive
referenceiy,, will force active current referendg,, to increase through the inner current

control loop. Therefore the power surplus of the @fd can be transferred to the AC side.

Also a sudden increase of DC load causes the pshvetage and/q drop at the DC grid.
The main converter is controlled to supply powemifrthe AC to DC side. The positive
voltage error caused by, drop makes the magnitudeigf, increase through the PI control.
Since igy, andiyare both negative, the magnitude igf, is increased through the inner

current control loop. Hence power is transferreanfrAC grid to the DC side.
4.3.3. Modeling and control of DFIG

The section 3.2.1 explains the detailed modelin@©BIG. The state space equations are
considered for induction machine modeling. The peters and specifications of the DFIG
are given in table 3.1. Flux linkages are usedhasstate variables in the model. Here two

back to back converters are used in the rotor itirche main purpose of the machine-side
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converter is to control the active and reactive @ofy controlling the d-g components of
rotor current, while the grid-side converter colgrthe dc-link voltage and ensures the
operation at unity power factor by making the re@cpower drawn by the system from the

utility grid to zero.

Two back to back converters are connected to ttee wircuit is shown in Fig 4.5. The
firing pulses are given to the devices (IGBTs) gsiWM techniques. Two converters are

linked to each other by means of dc-link capacitor.

3-phase supply

Fig. 4.5. Overall DFIG system

Basically converter 1 controls the grid parametshereas the converter 2 serves for
machine. The converters use six IGBTSs (for thregsplbridge type) as the controlled device.
The PWM technique uses the controlled voltagew’, V. .The triangular career waves are
being compared with sinusoidal reference waves nsure pulses for the devices. The
modulation indices are different for the both camees which are determined by the equation

(4.6) & (4.7).

VacV3
VS V C
Vr:iS;:mzzji=>5=imnzn\/2§ 4.7)

39



4.3.3.1. Modeling and control of grid side converter

When the voltages in the grid changes due to @iffeunbalance conditions, it makes an
effect on the dc link voltage. The relation betwetator voltage and the DC link voltage is
represented by the equation (4.6) & (4.7).

Fig 4.6. Schematic diagram of grid side converter

Since the machine is grid connected the grid vel@gywell as the stator voltage is same,
there exists a relation between the grid voltagd @€ link voltage. The main objective of
the grid side converter is to maintain DC link @agié constant for the necessary action. The

voltage oriented vector control method is approddbesolve this problem.

The detail mathematical modeling of grid side cotereis given below. The control
strategies are made following the mathematical tmoglend it is shown in Fig. 4.7. The
PWM converter is current regulated with the diraxts current is used to regulate the DC
link voltage whereas the quadrature axis currentpoment is used to regulate the reactive
power. The reactive power demand is set to zerengure the unit power factor operation

[35]. Fig. 4.6 shows the schematic diagram of the gjde converter.

The voltage balance across the line is given by (E®), where R and L are the line
resistance and reactance respectively. With theotiseq theory the three phase quantities
are transferred to the two phase quantities.

Va iy 4 iy Vy!
V| = Rib| + L |in| + [V (4.8)
Ve ic ic V!
For the grid side converter the mathematical modedan be represented as
. dig .
vq = Rig + LE — weLig + vy 4.9

.
Vg = Rig + L=% — weLig + vg (4.10)




Wherevy, andvgy, are the two phase voltages found frem vy, v using d-q

theory. Since the DC link voltage needs ® donstant and the power factor of the
overall system sets to be unity, the referenceesére to be set consequently.

The d and q reference voltages are found from th€411) and (4.12).

Vg = Vg — igR + igweL — vy (4.11)
Vg = Vg — igR+ igweL — vy, (4.12)
. | i
* dc
Vdc I; ’ Vd V;
KN o
1 Va to PWM >
abc
* ! v:
id
] abc to dq labe
Iy 16,

voltage angle|
calculation

Bchoke

abc

abc to dq

Transformer

E

3 Phase
supply

Fig 4.7. Control block diagram of grid side coneert

The control scheme utilizes current control loopsi§ and iy with theiy demand being
derived from the dc-link voltage error through standard PI controller. The demand
determines the displacement factor on the grid efdee choke. Th&, demand is set to zero
to guarantee unit power factor. There are two $dfmp the control design, i.e. inner current
loop and outer voltage loop to provide neagsseontrol action. Line resistance and
reactance decide the plant for the current looperedss DC link capacitor is taken as the
plant for the voltage loop. The plants for the eatrloop and the voltage loop are given in
Eq. (4.13) and (4.14) respectively.

F(s) = 4O = 1® _ _1 (4.13)

vqr(s) Vq/(s) Ls+R
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_ Vge(s) _ 3my
G(s) = iq(s)  2vzCs (4.14)

The active and reactive power is controlladependently using the vector control
strategy. Aligning the d-axis of the referenframe along the stator voltage position
is found by Eq. (4.15)yq =0, since the amplitude of supply voltagec@nstant the
active power and reactive power are contiioliedependently by means @f and ig

respectively following Eq. (4.16) and (4.17).

tan 0, = -2 (4.15)
Vd
3 . .
P, = > (led + Vqlq) (4.16)
3 . .
Qs =5 (Vaiq + Vgia) (4.17)

4.3.3.2. Modeling and control of machine side converter

The control strategy made for the machine side edav is shown in Fig.4.8. The main
purpose of the machine side converter is to mairitee rotor speed constant irrespective of
the wind speed and also the control strategg been implemented to control the
active power and reactive power flow of theachine using the rotor current
components. The active power flow is controllesbtighiy,. and the reactive power flow is
controlled throughy,. To ensure unit power factor operation like gridesconverter the
reactive power demand is also set to zero here.nfdtbematical modeling of the machine
side converter is given in the following equati¢8s].

Since the stator is connected to the utility gnidl dhe influence of stator resistance is
small, the stator magnetizing currerit, can be considered as constant. Under voltage
orientation the relationship between the torque thiedd-q axis voltages, currents and fluxes
can be written as follows. Neglecting leakage otdaces the stator flux Equations can be

written as
Ags = 0 (4.18)
Ags = Lgigs + Linigr

= (Lis + Lm)iqS + Linigr

= Lysigs + (igs + iqr)Lm = Liim (4.19)
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(0 =6} )[Ligs +Leigy] (8. -8
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dq
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o . igRr abc To Grid
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Fig 4.8. Control block diagram of machine side cater

The rotor voltage equations can be written fromefeations (4.20) and (4.21).
. d (L% . . .
Vgr = Rplgr + p (L_s im + GLrlqr) + (we — Wy)OoL gy
: d . .
= Ryigr + o (O + O'Lrlqr) + (we — wy)oLig, = R,
= Ryigr + oL, 1qr + (we — wy)0oL gy

= R, ig; + oL, dldr

L%, . .
- ((*)e - (*)r) (L_s Im + O-Lrlqr)

(4.22)

(4.23)

The reference valug;. and Vg, are given in Eq. (4.24) and (4.25) which are bdmgnd

from Eq. (4.22) and (4.23).

Vdr - Vdr + 1dr ((1) (Dr) [lqu + Lm qs]

(4.24)




Var = Vé{r + iquI‘ — (0 — wp)[igrLy + Ligs] (4.25)

Wherevy, andvg, are found from the current errors procegsinrough standard Pl
controllers. The reference curreit. can be found either from the referencequer
given by Eq. (4.27) or form the speed errors (fug purpose of speed control) through

standard PI controllers. Similany. is found from the reactive power errors. The spsedi

reactive power is controlled using the current carnbops.

The electromagnetic torque can be represented as
3P . .
Te = 332 (Adslqs - 7\qslds)
3P .
=733 (}‘dsqu)

3P Lm . )
- 22}\‘15( L, ldr

Plmn, .
— E__Aqsldr (4.26)

T 22 Lg

The value otj, is found using Eq. (4.26)

= TeXLg
dr AgsXLm

(4.27)

Where Tg — Pmech—Ploss

Wr
Poss = mechanical losses + electrical losses(Pcys + Pour)

Mechanical losses include friction and windalpsses whereas electrical losses
include stator copper loss and rotor copper losBkes.maximum mechanical power can be
extracted from the wind is proportional to the cudfethe rotor speed. The plant for the
current loop is decided by the line resistanceraadtance, whereas dc link capacitor is taken
as the plant for the voltage loop. The plants far turrent loop and the voltage loop are

given in Eq. (4.28) and (4.29) respectively.

igr(S) _ igr(S) _ 1
Vg (S) vqT/(S) oLr+Ry

F(S) = (4.28)

3PL, _ K
4LsAgs(Js+B)  (s+B)

G(S) = — (4.29)
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4.3.4. Modeling and control of battery

The battery converter is a bidirectional DC/DC ocenter and the main purpose of the

battery converter is to give assurance of stabldibliCvoltage.

Fig 4.9. Control block diagram of battery

The boost converter injects currdp€l — d,) to the DC link. The inverter and the DC

loads draw currerit,. andig. from the DC link respectively.

The battery converter can be modeled as

Vp — Vb = Ly 52 + Raiy 4.30)
Vp = Vy - ds (4.31)
i (1= dy) = fac — lge — ipdg = Cq 52 (4.32)
4.4, Summary

This chapter explains the configuration of the Igylonicrogrid. Two modes of operation
for the function of microgrid are also discussetsoAthe modeling and control schemes for

the used converters are analyzed in the aboveosecti
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CHAPTER 5
RESULT AND DISCUSSION

A hybrid microgrid whose parameters are given iblda4.1 is simulated using
MATLAB/SIMULINK environment. The operation is caed out for the grid connected
mode. Along with the hybrid microgrid, the perfommea of the doubly fed induction
generator, photovoltaic system is analyzed. Thardaladiation, cell temperature and wind
speed are also taken into consideration for theystd hybrid microgrid. The performance

analysis is done using simulated results whicH@rad using MATLAB.

5.1. Simulation of PV array

Figure (5.1)-(5.6) represents |-V, P-V, P-lI chagaistics with variation in temperature
and solar irradiation. The nonlinear nature of R s noticeable as shown in the figures,
i.e., the output current and power of PV cell depen the cell's terminal operating voltage

and temperature, and solar irradiation as well.

Figures (5.1) and (5.2) verify that with increase@ll’'s working temperature, the current
output of PV module increases, whereas the maxirpomer output reduces. Since the
increase in the output current is much less thanddtrease in the voltage, the total power

decreases at high temperatures.

—T=55degC

150 —T=60degC

—T=70degC

g. —T=80degC

—T=90degC

< 100 =
=
g
S

O 50r .

OO 50 100 150 200 250 300 350 400

Voltage (Volt)

Fig 5.1. I-V output characteristics of PV array éifferent temperatures
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Fig 5.3. P-1 output characteristics of PV arrayddferent temperatures
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Fig 5.4. I-V output characteristics of PV array €tifferent irradiance levels
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Fig 5.5. P-V characteristics of PV array for diffat irradiance levels
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Fig 5.6. P-1 characteristics of PV array for diffat irradiance levels

Figures (5.4) and (5.5) show that with increassadér irradiation, the current output of
PV module increases and also the maximum outpuepolihe reason behind it is the open-
circuit voltage is logarithmically dependent on 8@ar irradiance, however the short-circuit

current is directly proportional to the radianteinsity.
5.2. Simulation of doubly fed induction generator

The response of wind speed, three phase stat@geodnd three phase rotor voltage are
shown in the figures (5.7) - (5.9). Here the vabievind speed varies between 1.0 to 1.05 pu
which is necessary for the study of the performasfcdoubly fed induction generator. The

phase to phase stator voltage is set to 300V whehearotor voltage value is 150V.
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5.3. Simulation results of hybrid grid

The various characteristics of the hybrid micrognd represented by the figures (5.10) —
(5.25). Here the microgrid operates in the grid treode. In this mode, the main converter
operates in the PQ mode and power is balanced doyutility grid. The battery is fully
charged. AC bus voltage is maintained by the ytdiid and DC bus voltage is maintained

by the main converter.

Figure (5.10) shows the curve of solar irradiatevel which value is set as 950 W/sq.m
from 0.0s to 0.1s, increases linearly to 1300 Witsgfrom 0.1s to 0.2s, remains constant
from 0.3s to 0.4s, decreases to 950 W/sq.m andskingb value until 1s. Figures (5.11) —
(5.13) signify output voltage, current and powethwiespect to the solar irradiation signal.
The output power of PV panel varies 11.25 kW tok¥B, which closely follows the solar

irradiation when the ambient temperature is fixed.
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Fig 5.10. Irradiation signal of the PV array
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Fig 5.11. Output voltage of PV array
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Figure (5.14) shows the gate pulse signal whictedsto the switch of boost converter.
The output voltage across DC load is representefighye (5.15) which is settled to around
820V.
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Fig 5.17. Voltage of battery
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Fig 5.22. AC side current of the main converter

The battery characteristics are shown in the figsl16) - (5.18). The state of charge of

battery is set at 85% whereas the battery curreney between -50 to 50A and the value of

battery voltage is nearly 163.5. The output charastics of AC load voltage and current are
represented by the figures (5.19) and (5.20). Pteaphase voltage value of AC load is 300V

and current value is 50A.Figure (5.21) and (5.2®@)vss the voltage and current responses at

the AC side of the main converter when the soldrateon value varies between 950-1300

W/sqg.m with a fixed DC load of 25 kW.
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Figure (5.23) shows the response of the DFIG paugyut which becomes a stable value
32kW due to mechanical inertia. Figure (5.24) an@%g) represents the three phase supply
voltage to the utility grid and three phase PWMeirtgr output voltage respectively.

5.4. Summary

In this chapter simulation results are discusseaflipr Also various characteristics of PV
array, doubly fed induction generator, battery aodverters are studied in this chapter and

the waveforms are traced.
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CHAPTER 6
CONCLUSION AND SCOPE OF FUTURE WORK

6.1. Conclusion

The modeling of hybrid microgrid for power systenonfiguration is done in
MATLAB/SIMULINK environment. The present work mainincludes the grid tied mode of
operation of hybrid grid. The models are develofuedall the converters to maintain stable
system under various loads and resource conditmas also the control mechanism are
studied. MPPT algorithm is used to harness maxinpawer from DC sources and to
coordinate the power exchange between DC and AQ édthough the hybrid grid can
diminish the processes of DC/AC and AC/DC conversim an individual AC or DC grid,
there are many practical problems for the implegmm of the hybrid grid based on the
current AC dominated infrastructure. The efficienafy the total system depends on the
diminution of conversion losses and the increaseafoextra DC link. The hybrid grid can
provide a reliable, high quality and more efficigmwer to consumer. The hybrid grid may
be feasible for small isolated industrial plantghwboth PV systems and wind turbine
generator as the major power supply.
6.2. Scope of futurework
a. The modeling and control can be done for the istddndode of operation.
b. The control mechanism can be developed for a mimtogpntaining unbalanced and

nonlinear loads.
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