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ABSTRACT

ABSTRACT

A MicroGrid is typically a small power system, whiconsists of several microsources
and energy storage units, providing heat and etégtto local loads. The MicroGrid
has the capability to island and operate autonomdusm the main utility network.
MicroGrids potentially enable a greater integratminsmall-scale renewable energy
sources. The objective of this thesis is to deval@gingle-phase microsource interface
with energy storage unit embedded into the intexfémn integrated energy storage unit
avoids the necessity of a separate stand-along\emstorage unit in the MicroGrid.
Thus the ‘plug-and-play’ functionality of the Mid&sid can be improved. A collection
of power electronic converter based microsourcél stbrage units connected to form
a MicroGrid is a complex system. Development ofhssample controllers, which
decouple the effect of sub-unit while achieving tlesired ‘plug-and-play’ capabilities,
is a complex but important challenge.

A photovoltaic panel was considered as the micnasoand a battery bank was used as
the energy storage unit. The proposed microsourtface consists of three power
electronic converters. A photovoltaic panel is @oted to a unidirectional dc-dc
converter and its output is connected to the igpahe single-phase inverter which can
be connected to the MicroGrid. Energy storage meoted to the dc-link,which is the
input of the single-phase inverter, through a bectional dc-dc converter.

A simulation model of a photovoltaic panel was deped in the EMTDC/PSCAD
software. The limitations of the model and a metbodeduce these limitations are
discussed. For the experimental validation of tmeppsed system, an adjustable-
voltage-regulator hardware photovoltaic emulators waesigned. The characteristic
curves of the hardware emulator are compared \widke obtained from the simulation
model.

A controller was designed for the unidirectionatdic converter to keep the output
voltage of the photovoltaic panel at a given rafeee Similarly the controller of the bi-
directional dc-dc converter was designed to keep dbtrlink voltage approximately
constant. The behaviour of the dc-dc converterschwvhre connected to microsource
and energy storage unit, around the steady statevarst-case scenarios was analysed,
simulated and experimentally validated. Simulatiand experimental results are
compared.

A current controller, based on instantaneous medscurrent, was implemented. This
was designed to achieve good dynamic stiffness camdmand tracking properties.

Furthermore a smooth grid connection method withald of the current controller is

presented. The ability of the inverter to contha tictive and reactive power output was
also analysed and verified with the aid of the $ation model and experimental set-up.
Results corresponding to current controller, gra@hreection and power control are

presented.

The integrated system was simulated in EMTDC/PSCARe system response to the
variations in the microsource and inverter outpotver variations was analysed. A
smooth start-up method is shown which reducesrthesh current. Simulation results
corresponding to different case studies and stattansient are also included.
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CHAPTER 1

INTRODUCTION

1.1 INTRODUCTION

Electricity is an essential component in modernetgcand the demand for electricity
is increasing rapidly. At the same time traditioeakrgy resources used for electricity
generation, such as fossil fuels, are reducingthEurenvironmental effects caused by
the conventional power stations are causing gldbbate.

The investigation of alternative energy sourcesciwiare more environmental friendly,
or developing methods to use existing energy ressumore effectively are a top
priority of leading engineers in the world. A numloé renewable energy sources such
as photovoltaics, wind, hydro and tidal exist aslafively) environmentally benign
methods to generate electricity. The challengesosnding renewable energy sources
however are their cost competitiveness, dependencgnvironmental conditions and

technical barriers.

In conventional power plants, overall energy cosiar efficiency is poor due to waste
heat. Recently it has been suggested to operagraers with smaller capacity from
fossil fuels and to use the heat generated for loeating purposes. Such systems are

known as Combined Heat and Power (CHP) plants.

Integration of renewable energy sources and CHRmtplanto a utility network
introduces a new set of challenges. Demand-supjlichimg is a problem when the
output power of renewable sources depends on thigoamental conditions. These
sources typically would be connected to a weakridigion network which in turn
introduces power quality issues within the netwd#ditionally the direction of power
flow may be in the opposite direction to convensibpower flow, thus new protection

schemes may be required.
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The MicroGrid concept is a solution which has beeggested to use alternative energy
sources effectively while enabling increased amewftrenewables to connect to the
utility network. A typical MicroGrid contains seargeneration units which are known
as microsources. Further a MicroGrid could be cotetk to the utility network to
export or to import power. It makes use of two @apts. Firstly net power flow to or
from the main utility network is controlled, imprioig the apparent behaviour of local
microsources. Secondly the MicroGrid may islandrfithe main network, continuing to
supply power to loads during network disturbandasth these concepts should ‘add
value’. Figure 1-1 presents the structure of actigMicroGrid.

Sewage Tank
‘—»T
Utility l 933 i Flywheel
Grid HH Heat storage
Interface = PVpanel Load [
i BT,
y il
T Wind T Battery
——— ) turbine Storage
Central Controller Supercapactor
storage =
: 888
Microsource and
storage coordination '“js
Protection system ’l l Electrical Loadl Fuel
coordination CHP Cell

Figure 1-1: Structure of a typical MicroGrid

The advantages provided by a MicroGrid thus inclusie of renewable energy sources,
use of waste heat during generation, and improedédbility of power. However the
implementation of MicroGrid introduces many chafjes such as lack of proven

technology and cost.

1.2 AIM OF THE THESIS

Even though the capacity of most of the microsaircennected to real-world
MicroGrids are several tens of kilowatts or more¢rasources with smaller capacity
also could be integrated. The microsource interfaoceld be single-phase when the
capacity is less than several kilowatts. Such uwibslld be typical for home-based

micro-generation.
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In June 2008 the review of micro-generation for th€ government’s Department of
Business Enterprise and Regulator Reform (DBERRiclemled that the UK has the
potential for: “micro-generation technologies [tmntribute up to 30 MtCO2 reduction
by 2030, equivalent to a 5% cut in total 2006 UK ZZ@missions.” [1]. This is

“equivalent to removing the emissions from all He&oods Vehicles and Buses from
UK roads” [1]. The majority of this micro-generatiovould be variable frequency
generators or DC sources. Thus power electroniwvarters are required to integrate
them to the utility network. Furthermore considgrithe power rating of these
generators and their location, these micro-germratinits would be connected as

single-phase ac Voltage Source Inverters (VSIS).

Therefore there is a very high probability of aessity for integration of single-phase
microsources into a MicroGrid. However, there isyvitle research being undertaken

in the development of single-phase microsourcefextes for MicroGrids.

Further some form of energy storage unit is essefr the stable operation of a

MicroGrid. In most of the real-world MicroGrids thenergy storage unit is a separate
unit. The capacity of this storage unit needs t@imgyressively increased as more and
more microsources are connected to the MicroGritlelVan energy storage unit is a
separate unit, upgrading it would be expensivethisdcost would have to be carried by
the utility (or Microgrid operator) who in turn wizbipass it on to all generators and/or
customers. If the microsource is integrated with gtorage unit itself, a separate energy
storage unit would not be necessary. This woulderthk upgrade process easier and

financially beneficial. This is an underlying coptef the CERTS MicroGrid [2].

This thesis describes the development of a singéesg@ power electronic based
microsource interface with embedded energy stofagea MicroGrid. Figure 1-2
presents the proposed microsource interface. Ttegrated energy storage provides
two benefits. Dynamics incorporated with microseucould be decoupled from the
utility network by providing power from the storagmit. As a result, high power
quality could be realised. Also integrated storageuld remove the necessity of
separate energy storage units in a MicroGrid. Micrd management would be easier
and cheaper.
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Figure 1-2: Proposed microsource interface

The controllers associated with the power electratwnverters in this thesis are
designed based on dynamic stiffness properties @mdmand tracking properties
allowing straight-forward controllers to be usedatthieve superior performance. Thus
power electronic converters will withstand disturb@s better. Further simple
controllers can be used in the system thus theeim@htation can be realised easily.
The goal is to achieve a grid connection technidqioat is simple but allows

microsources to be integrated smoothly into thevok.

1.3 OVERVIEW OF THE THESIS

The thesis consists of ten chapters. Initial chapteview the literature to obtain the
state of art of individual components required tfog proposed microsource interface.
Later chapters present the design, implementati@hrasults of the proposed system.

Finally the conclusions are presented in last @rapt

Chapter 2 includes a review of MicroGrids. The definitiondastructure of a typical
MicroGrid are presented. The benefits, featuresisswks of MicroGrids are discussed.
The state of real-world MicroGrids across the glabsummarised. Finally microsource

control techniques are discussed.

Photovotlaics is selected as the microsource tibyvitre proposed system and a review
of photovoltaic panel modelling is included @hapter 3. The basics of photovoltaic
panels are introduced briefly. Widely used eleatrimodels of photovoltaic cells are
presented. A method to extract parameters in teetredal model from manufacturer

datasheets is presented. A review of maximum pgaeert tracking methods and grid
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connected photovoltaic system configurations ase discussed briefly at the end of the

chapter.

Three power electronic converters are used in thpgsed model: a unidirectional dc-
dc converter, a bi-directional dc-dc converter argingle-phase inverter. The principles
of operation of the selected converter topologies @esented irlChapter 4. State

feedback block diagrams of the converters are ddriv

Chapter 5 presents the development of a simulation modelaahdrdware emulator of
a photovoltaic panel. A well-behaved simulation elodf a photovoltaic panel with
known limitations is developed in EMTDC/PSCAD sddin®. A simple and inexpensive
photovoltaic panel emulator is designed and implaee which is used for the
experimental validation of the proposed system.

Three converters are designed, simulated, develapddmplemented. The open loop

simulation and experimental results of the converéee presented @hapter 6.

The controller of the unidirectional dc-dc convertennected to the photovoltaic panel
ensures the photovoltaic panel is operating atnt@&mum power point. The input
voltage to the single-phase inverter, which is @spnted as dc-link voltage, is kept
constant by the controller of the bi-directionatdicconverterChapter 7 presents the
design and implementation of closed loop contrslfer dc-dc converters. Furthermore
the behaviour of the dc-dc converters and theitrotiars when operated together under
different conditions are analysed. Simulation arpleeimental results are presented for
all case studies.

The single-phase inverter uses two control loops.imner loop controls the output
current of the inverter and the outer loop synclz@sthe inverter with the MicroGrid.
Chapter 8 presents the simulation and experimental resultghe inverter current

controller and grid connection when inverter ispdigal by a laboratory power supply.

The behaviour of the proposed Microsource interfigcpresented irChapter 9. All
three converters are connected together. The pedpmscrosource interface behaviour

under load variations and microsource output poveeiations is discussed. A starting
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method for the system is also presented. Simulaésults of the proposed microsource

interface are presented.

Chapter 10 contains a detailed discussion of the system betiaand conclusions are
made comparing the simulation and experimentalltesith the theoretical analysis.

Finally potential future work is discussed.

A Literature review on lead acid batteries is imgd in Appendix A. Appendix B

contains the MATLAB code used to find the idealiagtor of the photovoltaic panel.
Screen captures of the simulation model of the g@lataic panel is also included.
Appendix C contains the detailed open loop tesilte®f the simulation model and the
prototypes of the power electronic converters. @iletrs for the dc-dc converters are
developed individually before testing dc-dc coneerbperation together. Simulation
and experimental results obtained when developiongtrallers individually are

presented in Appendix D.
The key challenge within this research is the sgsténtegration — taking a series of

relatively well-known systems but getting them torkv together using appropriate

control and suitable analysis to ensure that gaedadl performance is achieved.

38



CHAPTER2 LITERATUREREVIEW ONMICROGRID

CHAPTER 2

LITERATURE REVIEW ON MICROGRIDS

2.1 INTRODUCTION

In this chapter the definition of a MicroGrid argktstructure of a typical MicroGrid are
explained. Further a brief introduction to the camgnts of a MicroGrid is given. The
benefits, features and issues are also discussetbtypes and real world MicroGrids
around the world are summarised. Further some @fptioposed microsource control

techniques are presented.

2.2 DEFINITION OF A MICROGRID

The definition and typical composition of a MicraGrare both not standardised and
still evolving. According to R.H. Lasseter “The Ma&rid concept assumes a cluster of
loads and microsources operating as a single daitl® system that provides both
power and heat to its local area” [3]. Alternatival “Microgrid is a small grid in which
distributed generators and electric loads are plaogether and controlled efficiently in
an integrated manner” according to Toshihisa Fustaiband Ryuichi Yokoyama [4].
Chris Marnay and Ryan Firestone define it as “A todler grouping of energy
(including electricity) sources and sinks that enmected to the macrogrid but can
function independent of it” [5]. Alternatively “A MroGrid (MG) can be defined as an
LV network (e.g., a small urban area, a shoppingese or and industrial park) plus its
loads and several small modular generation systnsected to it, providing both
power and heat to local loads [combined heat andepo/CHP)]” according to
J.A.Lopes, C.L. Moreira and A.G. Madureira [6].

A MicroGrid is thus a power network which is comgiarely lower in total generation
capacity compared with a conventional power systiéntypically consists of loads,

several small generation units and possibly storagg some degree of intelligent
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control. Critically, a MicroGrid is designed to lsapable of operating either in grid-
connected mode or islanded mode. In addition totetal loads, heat loads are also
often connected to this small power system. A Manid typically only consists of part

of a distribution network, and the distance betwleands and generation units are close.

2.3 COMPONENTSOF A TYPICAL MICROGRID

The structure of a typical MicroGrid is presentadrigure 2-1. The main components
of a MicroGrid are generation units, loads, enesfjgrage, the actual distribution
network, the protection system, the control sysaeieh the grid interface unit.
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Figure 2-1: Structure of a typical MicroGrid

2.3.1 Generation units

The capacity of generation units connected to ad@cid is relatively small in capacity
compared with conventional power stations, and they are known as microsources
[3]. In most cases, the upper limit of the capacitya microsource is below 500kW.
Renewable energy sources such as photovoltaics (AR turbines and hydro power
plants are proposed and used in various pilot MBcids [3,6-9]. The output power of
renewable sources is subjected to environmentaditons, and this introduces
availability constraints which creates problemsnatching demand to supply when the
MicroGrid is not connected to the remaining utilitgtwork. Dispatchable microsources
which have been proposed for use in a MicroGrid fagd cells, microturbines and
diesel generators [10-12]. These are ‘dispatchdi#eause in theory the fuel source is
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readily available without significant supply comsitits. However if heat generated from
the microsources such as microturbines and fossll denerators are used for heating
purposes (i.e. in Combined Heat and Power (CHRjtplahen a constraint is imposed

requiring reasonable economic use of such heat.

2.3.2 Loads

In some prototypes the loads are classified ascaritand non-critical loads [3].
Continuous power to the critical loads is ensufgeineration-demand mismatch during
islanded operation mode may results in disconneaifonon-critical loads. Authors in
[3,13] have proposed to use separate feeders ifaratrand non-critical loads which
makes the disconnection process easier. Load®ctathto a typical MicroGrid are not
only electrical loads but also heating loads. Astioeed above, heating loads are
linked to the MicroGrid both by direct heat loadsdaby CHP plants. The potential

interactions between loads and generation souecthas relatively complex.

2.3.3 Distribution network

The typical MicroGrids implemented so far are opsstaat low voltages. Operating
votlage of CERTS, Tokyo Gas, CESI and Kythnos Manid are 4380V, 200V, 400V
and 400V respectively [3,14-18]. High voltage trarssion lines are avoided due to the
fact that the distance between loads and microssusctypically short. The MicroGrid
is interfaced to the utility network at a higheitage, in the UK this may be through a

11kV/400V distribution transformer or similar.

2.3.4 Energy storage

Most microsources are connected to the MicroGnidubh power electronic converters
and the generators connected are small in capathys the inertia of generation units
and the energy stored in generation elements Hrereiery small or zero [3,6,19-20].
Significantly the energy stored in the boiler afaventional central generating station,
is eliminated in most microsources. As a resultrbii@rid would be able to withstand
substantial power fluctuation transients only wiHficulty. Stability during such
transients is realised through the energy storage connected to a MicroGrid. Most of

the real-world MicroGrids have used batteries asdiorage method while some have
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used flywheels and ultracapacitors along with tredtebies [11-13,17-18,21-22].
Authors in [23] have studied the possibility of ogeon of a MicroGrid with a flywheel
as the only storage method. Energy storage coulkeither centralised where the total
storage capacity is in a single unit or distributdtere the total capacity is distributed
across the MicroGrid in several units. With disitdéd energy storage, incremental

expansion of storage is less costly.

2.3.5 Controllersin aMicroGrid

The control system of a MicroGrid typically consisif two layers. At the top layer, the
controller is responsible for the stable operatibthe MicroGrid and coordinates with
the individual units such as microsources, loadsmotection system. Local controllers
are then used at the lower layer in microsour@eg]d and the grid connection interface.
Optical fibre lines, power line communication awddl area networks can be used as

the communication methods to realise the contigpliirements of the MicroGrid.

2.3.6 Protection system

The protection system should ensure the stableatperof both MicroGrid and utility
network. Any fault within the MicroGrid should bealt with internally and the utility
should not view the fault [2-3,10,20,24-26]. In ead a fault in the utility network, the
MicroGrid may be disconnected from the utility tosare stable operation within the
MicroGrid [2-3,10,20,24-26].

2.3.7 Grid interface

The grid interface is responsible for the connectiad disconnection of the MicroGrid
from the utility network. The utility voltage and itdoGrid voltage need to be
synchronised before connecting the MicroGrid to titidity and this synchronisation
process is realised by the grid interface unit. WheroGrid also has to isolate from the
utility in case of a fault or any maintenance reeuoient. The grid interface thus has to
coordinate with the protection system to identiftyoge faults which result in
disconnection of MicroGrid from the utility, and stube capable of instigating a forced
disconnection to achieve maintenance. Mechanicdlsemiconductor based switches

have been proposed for use as the grid interfadgtels\27]. A mechanical switch

42



CHAPTER2 LITERATUREREVIEW ONMICROGRID

would be relatively cheaper however the operatietayd is higher. Asynchronous

interconnection switch based on back to back cderes also proposed [28].

2.4 BENEFITS, FEATURES AND ISSUES RELATED TO A
TYPICAL MICROGRID

In principal, a MicroGrid structure is beneficialrfboth utilities and customers. In grid
connected mode, power could be imported from thigyuto meet the demand if
required. At least the critical loads could be pmdefrom local microsources when
operating autonomously. Thus from consumer poini@iv, reliability of power supply
is improved in a MicroGrid [16,20]. Further, excggneration could be exported to the

utility network. There is however a cost premiumtfus.

It has also been argued that energy resources eamdre effectively used in a
MicroGrid. As mentioned earlier, CHP based micrases provide heat to the heat
loads which improve the system energy efficiengnigicantly [16,29-30]. Another

benefit of the MicroGrid system is the possibilby connecting smaller generation
plants especially renewable energy sources intanéteork. In the Aichi MicroGrid,

methane gas required for the operation of a fuéboel microturbine is generated from
garbage, wood and plastic waste [11]. The key issubat by allowing local voltage
management as a by-product of the control neededei@te a MicroGrid, more and
more ‘difficult’ microgeneration can be connectdnt would otherwise be possible.
Overall resource management is thus potentiallyttebe with a MicroGrid. A

comparatively smaller distance between loads amtergéon units also reduces the

transmission losses.

The ‘plug-and-play’ functionality of a MicroGrid ehld in principal enable it to be
possible to connect any microsource at any poirthefMicroGrid without altering the
system configuration significantly [3,16,19]. Thgesneration units could be added in or

removed quickly with minimal maintenance or ingtfin costs.

Another key feature of a typical MicroGrid is thegp-to-peer control technique. With
this technique, microsources are controlled frormieal quantities which remove the

necessity of communication between microsourcekl [H&wever, there are MicroGrid
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prototypes based on master-slave based control nitpeds with advanced

communication methods.

Even though the MicroGrid can be an attractive tsmhy) the implementation of real

MicroGrids is hampered by the technological basriand cost involved. The energy
storage units are essential for the stable operatia MicroGrid. The capital required

for the energy storage and associated power efectconverters is significant, and this
is not required in a conventional system. In pNbtroGrids, energy storage is often

realised from new methods such as flywheels andaapacitors. These methods are
not only expensive but also introduce health arfiétgassues. Advanced technology is
used to forecast generation, predict demand andmconcate between the central
controller and microsources. Whether it is posstolerealise these features in real
MicroGrids at a reasonable price is questionaba@imoment. However much of this
is dependent on the low cost and ready availatofitglternatives such as fossil fuel for

large conventional power generation stations.

2.5 MICROGRID STRUCTURESACROSSTHE WORLD

Research projects and pilot MicroGrids have begiiemented around the world to test
different configurations and to identify practichfficulties. America, Japan and Europe
are leading in the evaluation and development ofrderids. The following sub-
sections present details of major real world abddatory based MicroGrids.

2.5.1 MicroGridsin America

Figure 2-2(a) presents the structure of the CERT&d®rid in America [3,31]. In this
structure separate feeders are used for criticghlna@m-critical loads. Non-critical loads
are disconnected when generation is less than dkrach the MicroGrid is operating
isolated from the utility network. The central catier is known as the energy manager
which coordinates the protection units, micrososiraed utility interconnection of the
MicroGrid. The total generation capacity of the MiGrid is 120 kW, all CHP plant
[11]. The generation units are connected to therdGeid through power electronic
converters. All the microsources adopt the droap-tontrol method which controls the

active and reactive power based on the frequendyvaltage respectively. A battery
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bank is connected to the dc-link of the inverteeath microsource. The MicroGrid is
interfaced to the utilities at 13.2kV [31].

The Mad River Park MicroGrid was developed by NerthPower Systems in 2004 and
its structure is presented in Figure 2-2(b) [31-33Je microsources used in this system
are wind turbines, microturbines, photovoltaic systand fossil fuel based generators.
The total generation is more than 350kW [31-32]isT¥icroGrid provides electricity

for residential houses, industries and companies.

A hydro power plant based MicroGrid is presentedFigure 2-2(c). This system does
not contain any external energy storage units [BJ-Figure 2-2(d) presents the
MicroGrid proposed by General Electric Company 38137]. The microsources
connected to the grid are wind turbines, photowmlttuel cells and a conventional
generator in this case. Heat generated from theertional generator is used in a water
treatment plant and residential heating loads. ddrdral manager communicates with
all the units within the MicroGrid which optimiséise system performance in terms of
cost, environmental benefits, etc. Dispatch con@od pricing are also another
responsibility of the central controller. Each etamnhconnected to the MicroGrid has a

local controller which controls the frequency amitage of the system.
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Figure 2-2: Structures of some selected MicroGnd&merica
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2.5.2 MicroGridsin Japan

The Aichi project, the Kyoto project and the Hadie project (in Aomori) are some
MicroGrid demonstration projects in Japan [4,123138]. Japanese MicroGrids are
mainly focused on generation costs, environmentdces, diversified generation

methods and rural electrification [21]. Figure 23ows the system block diagram of

four MicroGrids implemented in Japan [10-14,22,31].

All MicroGrids use some form of renewable energwrse; either photovoltaics or
wind. The capacity of photovoltaics in the Aichi dvbGrid is 330 kW [4,11]. Further,
in the Aichi MicroGrid, different types of fuel delare used as microsources. Gas
engines are used in all four MicroGrids. In the Hlaohe MicroGrid, gas released from
a digestion chamber is used to operate the gasenffi2]. Heat generated from the gas
engine and a separate steam boiler are used tateptie digestion chamber which
minimises the energy wastage. In order to operhe&e ricroturbine and Molten
Carbonate fuel cell (MCFC), methane is producechgigiarbage, wood and plastic
waste in the Aichi MicroGrid [11]. Heat generatgdm the gas engines is used for
water heating and cooling water and air-conditignin the Shimizu, Tokyo gas and
Aichi MicroGrids [11,13,22].

Batteries are used as the primary energy storagjgoché all four MicroGrids in Figure
2-3, however in Shimizu’s MicroGrid ultracapacit@e also used [4,13,22,31]. In the
Tokyo Gas MicroGrid, loads are classified as shad;asensitive and very sensitive
[13,18]. Separate feeders are allocated for eapk tyf load. Energy to the very
sensitive loads is guaranteed through the conmeofibwo battery banks.

The controller of these MicroGrids monitors the tirea forecast to estimate the daily
generation and is updated in shorter periods a$ Wgl2]. Load demand is also
estimated. Optimisation methods are used in theatipa planning by considering all
the cost involved and environmental effects. Inigi@nded mode of operation, battery
storage is used to control the frequency during tthesients as the inertia of the

generators is small.
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Figure 2-3: Structures of some selected MicroGnd¥apan

2.5.3 MicroGridsin Europe

The European Union has funded several projectssadfarope, linked to the research
studies carried out under various ‘Framework’ redegortfolios. Pilot MicroGrid
systems have been implemented in Greece, Spaitygagr Denmark and Germany
[7,10,23,39-41]. Figure 2-4 presents some of these.

In Milan, the CESI MicroGrid has been implementéyure 2-4(a) [17,31]. Renewable
energy sources such as photovoltaics and wind aes, uwhile fuel cells and
microturbines are also connected. Energy storag®ngprised of batteries and a fast
acting flywheel. Controllable loads are conneciedhie system. The CESI MicroGrid
voltage rating is 400V and it is connected to thktyiat 23kV through a transformer.
An optical fibore network, Wi-Fi and power-line coramication are used as the

communication methods.
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The structure of the MicroGrid test set-up devetbpe Germany, which is known as

Demotec, is presented in Figure 2-4(b) [7,31,42gsBl generator sets and renewable

energy sources in the form of wind and photovo#taice connected to the MicroGrid.

The energy storage method is batteries. Battenyd wiirbine and load simulators are

also connected to the system. Most of the micnassuand loads are monitored and

controlled through a Local Area Network.

The MicroGrid developed by the Labein Researchtlristin Spain has total generation

capacity of 170kwW and is based on PV arrays, wimbdines, microturbines and diesel

generators [31,43]. As shown in Figure 2-4(c), ¢htgpes of energy storage namely

batteries, ultracapacitors and a flywheel are usdtiis MicroGrid. The MicroGrid is

connected to the utility via 1250kVA transforme34 .

The Kythnos MicroGrid in Greece is a ‘real-world’idvbGrid project. This system is

powered by a 11 kW photovoltaic panel and a 5kVésdl generator. Battery energy

storage is used and storage is centralised. Figutél) shows the structure of the
Kythnos MicroGrid [15,31,44,45]. The operating agée of the system is 400V.
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Figure 2-4: Structures of some selected MicroGndsurope
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2.6 MICROSOURCE INTEGRATION TO A MICROGRID

2.6.1 Microsourceinterface

Many microsources (such as fuel cells and PV pampetduce dc voltage. Further, the
remainder (wind turbines and microturbines) mosfigrate at variable frequency. Thus
power electronic converters (PEC) must be usedtezdonnect the microsources to the
MicroGrid. Figure 2-5 presents the generalised lldéagram for a microsource
[3,6,46-48]. Power electronic converter topologies Section-A depend on the
microsource. When considering a photovoltaic arthg, power electronic converter
may be a dc-dc converter while it could be a cdiatiote rectifier for a wind turbine.
However Section-B is common to every microsourcgpidally microsources are
connected to a MicroGrid using an inverter throwagfilter which removes the high
frequency harmonics. Inverters could be eitherlsipipase or three-phase. However
when considering the real-world and research bab&droGrids, three-phase

microsource interfaces have so far been favoured.

Voltage Source Inverter

r\‘} Filter

Power

Microsource Electronic
Converter

ngiT é MicroGrid

_|

Section - A Section - B

Figure 2-5: Simplified model of a microsource ifdee

A microsource interface embedded with energy swrisgalso proposed [46]. This
method would probably help to realise the plug-play functionality of a MicroGrid
as the total capacity of energy storage would meseease with additional microsources.
The CERTS MicroGrid in America adopts this methad Figure 2-6(a) [46].
Alternatively energy storage could be integratedthe dc-link through a power
electronic converter, typically a bi-directionalne@rter, in the method shown in Figure
2-6(b). This method would be expensive (in term$afdware) when compared with
method in Figure 2-6(a). However, integration oemgy storage through a power
electronic converter increases the degree of cliatbitity in the system, allowing

longer term savings in terms of overall systencedficy.
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Figure 2-6: Microsource interface with energy sgeranit integrated

2.6.2 Microsour ce controller

Inverters connected to the MicroGrid could be calfed in two methods. In the first
method, the microsources could operate at a patiset of active and reactive power
references [6,49]. This method arguably works reably well in the grid connected
mode since any short fall or excess could be tdt@n the utility network. However,
local voltage control is not achieved. More impotha the MicroGrid would not
operate to control frequency and voltage when yisges is isolated from the utility due
to generation-demand mismatch. Thus a set refel@tosee and reactive power method

is not suitable for use as the only control metbbohicrosources in a MicroGrid.

Droop line control is the presently favoured cohtexhnique, which can be used to
control each inverter independently [3,6,49-50]tHis method, frequency and voltage
are given as references. The frequency is varidd wutput active power and the
voltage is varied with reactive power. This methedrks well with both utility
connected and islanded operating modes. Figurep®gents a typical droop line
characteristic used for the inverters’ control.
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(a) Active power — frequency control (b) Reactpmver — voltage control

Figure 2-7: Active and reactive power control shigrosource
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Figure 2-8 shows the use of above mentioned twdralomechniques to control
microsources in a MicroGrid with a master-slave tmuntechnique [6,49]. A
microsource with a droop line controller acts aes tmaster’ while microsources
operating with power references act as the slad®shown in Figure 2-8 one or more
microsources may operate with droop line contrchteque. In [7,23], a flywheel
energy storage unit is used as the Master contrafféch controls the frequency and
voltage of the MicroGrid. A communication networkthin the MicroGrid is essential
to realise the master-slave control technique sinseaequired to provide the active and

reactive power references.

|

Central Controller Ii
Central Controller Ii
Droop
Characteristics

A4k £ V[T

Droop
Characteristics
|
. I | I
[\" : Droop |
L= : Characteristics

N\ JTL
(a) Single-master operation (b) Multi-masteermgion

Figure 2-8: Microsource control with Master-slawantol

The CERTS MicroGrid uses a droop-line control tegha for all the microsources thus
no separate communication technique is requiredvdset the microsources [3,30]. In
order to make sure the microsources can respohefiasigh, i.e. in order to decouple
the slow response of the actual energy sources fr@minverter response, energy
storage units are connected to the dc-link of tiverter. Plug-and-play functionality is

easily achievable with this method. Figure 2-9 ems the controller of the

microsources used in CERTS MicroGrid [3,30].

2.7 SUMMARY

A typical MicroGrid structure has been presented datails of the components of a
MicroGrid have been discussed. A MicroGrid is ptidly attractive from the customer
and utility point of view due to improved power ¢jtiaand potentially an increase in

the potential for the integration of low-carbon gmtion. Further, there is increased
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scope to use resources effectively to improve theradl system efficiency.

Implementation of real world MicroGrids is held kaby the need of advanced

technology and costs involved. Pilot projects haeen implemented across the globe to

evaluate different microsources, energy storagehodst and control techniques. A

droop-line control technique is mainly used to cointhe microsources. Microsources

in some pilot MicroGrids have adopted both droowlicontrol and power reference

control.
P vs. f Droop P Calculation i
\ :
Y - P : Active power
Signal Dynamic Voltage <—1—
Generator Controller Calculation (< Q: Reactive power
\ ’
Vivs. Q e
Droop Calculation |
v E.. - ———- ~ Vgrid (t)
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= E(t) \__ Filter __, Lo () ‘

Figure 2-9: Microsource controller used in CERTSMGrid without master-slave

control

A single-phase microsource interface is proposetigthesis. Since microsources with

energy storage units enable them to realise plagpday functionality, energy storage

is integrated to the microsource interface. Furthéhe proposed microsource interface

would integrate the energy storage through a p@hestronic converter.
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CHAPTER 3

REVIEW OF PHOTOVOLTAIC PANEL MODELLING

3.1 INTRODUCTION

This chapter presents a detailed review of photaimI(PV) panel modelling which
includes the basic physics, modelling and govermiggations of a photovoltaic panel.
Maximum power point tracking methods are also dised and different photovoltaic

systems are reviewed.

Photovoltaics is a renewable energy source wittelprgspects. According to the Solar
Generation 1V 2007 report, the total electricityrdnd in Europe could be realised if
photovoltaic panels are placed on 0.71% of the afe&urope [51]. Reduction of

manufacturing costs as well as government gramtgntives and legislation are driving
the photovoltaic market [52-53]. The cumulative acity of photovoltaics around the
globe reached 9162 MW peak at the end of 2006 [bH¢ benefits of photovoltaic

systems include a reduction of green house gassemist the point of use, rural

electrification and employment opportunities [51%8]. For decades, cost
competiveness was the major factor which overshadothese benefits. However at
present most off-grid photovoltaic systems are @oshpetitive with the alternatives
[51]. The price margin between distributed grid mected photovoltaic electricity and

conventional electricity generation are reducirgj f&1].

3.2 BASICSOF PHOTOVOLTAICS

A photovoltaic cell converts sunlight into elecitycand each generates a few watts of
electricity [51]. A photovoltaic panel or module ascollection of cells and typically
cells are connected in series to increases thaibugitage and the output power [51].
The output power of a panel varies from 40 W to 80(66,57]. In most applications, a

number of panels are connected in series or phtaliecrease the output power. Such a
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system is known as a photovoltaic array [56-57]e Plerformance of a photovoltaic
panel is presented under special conditions knavBtandard Test Conditions (STC).
A panel is said to be tested under standard teslittons, if a) the panel is tested at
25°C, b) the incident irradiance is 1000V¥/and c) the air mass (AM) is 1.5 [58]. Air
Mass represents the angle between the sun lightemth as shown in Figure 3-1 [59].
On the earth’s surface the air mass varies battitpically around 1.5 thus this value is

selected for the standard test conditions [59].

o
Atmosphere

Sun

Air mass =1
AM1

S S Sea level

Figure 3-1: Air mass depending on the sunlight path

3.2.1 Typesof cell

The major cell types are crystalline silicon anah thim cells. At present the highest
market share belongs to crystalline silicon cellsioclv are manufactured from very
small slices of silicon wafers [51]. These areHartdivided into two categories: mono
and multi crystalline cells. The efficiency of aystalline cell is around 14-17% while
the efficiency of a module is around 12-15% [51,53he commercial thin film cells
are based on amorphous silicon (a-Si), copper mdiliselenide (CIS, CIGS) and
cadmium telluride (CdTe) [51]. These photosensitheterials are coated on a low cost
material such as glass or plastic. Efficiencyton tfilm based cells varies between 6
and 11% [51,56-57]. Thin film panels are cheapantltrystalline silicon panels.
However to generate the same output power, morefilh panels are required when

compared with crystalline silicon panels.
The efficiency of concentrator cells is about 3084][ This cell type generates more
electrical power from fewer cells. A disadvantadehis method is that electricity is

only produced from direct sunlight. Heat generatm expensive concentrating optics
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are challenges for concentrator cells. Bifacial tpholtaic cells generate electricity
from the back side as well as the front side ofaélk [60]. Typically the front side is

oriented directly to the light and the back sideeyates power from the light reflected
from surroundings. Efficiency of a bifacial cellilcreased by 5 to 20% comparing with

conventional cell, without increasing the cost gigantly [60-61].

3.2.2 Characteristic curves of a photovoltaic cell

The characteristic curves of a photovoltaic cel ahown in Figure 3-2 [62-64]. The
voltage-current relationship is highly non-lineandaas a result the voltage-power
relationship is also non-linear. The maximum powsedelivered at a particular voltage
and the corresponding operating point on the clewnigtic curve is known as the

Maximum Power Point (MPP).
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Figure 3-2: Characteristic curves of a photovoltalt

3.2.3 Electrical modéels of a photovoltaic cell

Figure 3-3 presents some of the electrical modeés ghotovoltaic cell which could be
found in literature [58,62,65-77]. The simplest rabdontains a current source and a
diode which is connected anti-parallel to the aurreource. The model presented in
Figure 3-3(b) contains a resistor in series atahgut which represents the electrical
losses of the cell [58,65-68]. A more complex maxwitains a resistor in parallel to the
current source and a resistor in series with thgpuiuas shown in Figure 3-3(c)
[58,62,66,69-75]. The model shown in Figure 3-3{@isists of two anti-parallel diodes
[58]. Characteristics of each diode are slightlffedent, thus better curve fitting could

be achieved with this model.
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Figure 3-3: Electrical models of a photovoltaid cel

Equation 3-1 gives the characteristic equation gshatovoltaic cell for the model
shown in Figure 3-3 (b) wherg,l lph, Isas Vpv, Rs @and M represent the PV panel current,
the photocurrent, the diode saturation currentP¥igpanel voltage, the series resistance
and the thermal voltage respectively [58,66-68]e Thermal voltage is related to the
ideality factor (A), the Boltzmann constant (k)e ttemperature (T) and the charge of an
electron (g) as given in Equation 3-2 [58,66]. Titleality factor is a constant which

depends on the material of the cell and typicallyaries between one and two [58-59].

va + IpvRs .
Loy =lon —lea| €XQ ——— | —1 Equation 3-1
Vt
V, :A—ZT Equation 3-2

Most of the parameters required for models present&igure 3-3(a) and Figure 3-3(b)
can be found from datasheets while remaining paemhean found by performing
mathematical calculations. As the complexity of thedel increases, extracting

parameters for the model becomes difficult.

3.2.4 Dependent parameters of a photovoltaic panel

The output power of a photovoltaic panel dependshenenvironmental temperature
and the irradiance incident on the panel [62-64,F&ure 3-4 highlights the affect of
temperature and irradiance on the characteristieesuof SM110-24P photovoltaic
panel [79]. Irradiance affects the short circuitreat as well as the open circuit voltage.
However, the effect on the short circuit currentnigre significant than that on the open

circuit voltage. The output power at the maximumwgp point increases as the
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irradiance increases. Temperature affects the openit voltage of the panel and the

open circuit voltage decreases due to an increasgriperature.

Equation 3-3 and Equation 3-4 present the reldtipnef temperature and irradiance
with the short circuit current and the open ciraattage [58,80] . @ lse, T, Voc, Alsc
and AV represent the irradiance, the short circuit currédre temperature, the open
circuit voltage, the temperature coefficient of tkbort circuit current and the
temperature coefficient of the open circuit voltagspectively. Constants with an
additional letter ‘s’ correspond to the valuestahdard test conditions.
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©
w
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nt (A)
nt (A)
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400 W/m? 60°C
1 1
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~

PSS
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o

Module Currei
Module Curre

Module Voltage (V) Module Voltage (V)

(a) Irradiance (b) Temperature

Figure 3-4: Effect of environmental conditions draracteristic curves

Isc :%[ISCS+AI sc(T _Ts)] Equation 3-3

as

I .
V. =V, +AV, (T-T,)+V, In[l J Equation 3-4
3.2.5 Extracting values for unknown parameters of the characteristic

equation from the datasheet of a panel

The photocurrent, the diode saturation current, dbees resistance and the ideality
factor in the characteristic equation (Equation) &t unknown quantities. They vary
from panel to panel and according to environmetcaaditions. These parameters could
be extracted by considering the open circuit comalitthe short circuit condition and

properties at maximum power point.

57



CHAPTER3 REVIEW OFPHOTOVOLTAICPANEL MODELLING

The panel under short circuit and open circuit diois are presented in Figure 3-5
[58]. Under the short circuit condition, currenbvling through the diode could be
neglected when compared with the output currenér@fiore the photocurrent could be
approximated to the short circuit current as giveRquation 3-5. The output current of
the panel is zero during the open circuit conditihius the photocurrent flows through
the diode. Therefore the diode saturation curreatccbe obtained as given in Equation

3-6 which is derived from Equation 3-1.

= | Equation 3-5

Equation 3-6

RS Ipv = Isc RS Ipv =0

Iph <4) va =0 Iph <4> va =V

Id Id

(a) Short circuit (b) Open circuit

Figure 3-5: Photovoltaic cell under open circuid @hort circuit test condition

The ideality factor and the series resistance adllacould be calculated considering the
properties at MPP [58,72]. At the MPP, the derixatof the power with respect to

voltage should be equal to zero as in EquationBgiation 3-8 could be obtained from
Equation 3-7. PV panel voltage and current at MR presented bywp and lpp.

dP dv, I dl
pv — ( pv PV) MPP¢ +1ypp =0 Equation 3-7
dv,, dv,, o
MPP MPP
di,, | i
4+_MPP_— Equation 3-8
dVPV MPP Viee

The series resistance of the panel could be writielerms of maximum power point

quantities as in Equation 3-9 which is derived fritv@ characteristic equation. Equation
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3-10 gives the derivative of current with respextvbltage at the maximum power

point.

\% I Vv \% ,
R,=—1Inq|1- M2 {ex;{ °°j —1} ——MPP Equation 3-9
| vpp Iph Vv, | vep
| ex VMPP + IMPPRS
sat Vt .
=- Equation 3-10

MPP Vt {1_,_ R\jl sat ex[{VMPP "\'/l MPPRS ﬂ
t t

Figure 3-6 presents the algorithm which could bedu® obtain the ideality factor and
the series resistance based on Equation 3-8, Bguat® and Equation 3-10 [58,72]. In

pv

this method, the ideality factor is swept acrosaraye of values and the correct ideality

I . .
+—MPP 1 Then the series resistance
VMPP

dl
factor corresponds to the minimum deV J
@MPP

pv

is calculated based on Equation 3-9.

Define k and q Ly e ol Endly ] mitalieA |—
 Wosalis Vonps Ly

¥

Calculate V., Rs and dI/dV

Calculate Error

A~ Final Plot Error vs. A
—NO e YES—»| &
Rsvs. A

Figure 3-6: Algorithm used to find ideality factand the series resistance

Y

3.3 MAXIMUM POWER POINT TRACKING METHODS

The characteristic curve of a photovoltaic panevghthat the panel should operate at
the MPP to extract the maximum available power. iWaxn Power Point Tracker
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(MPPT) is the device used to track the maximum pqeaént. Different MPPT methods

can be found in the literature with distinct feaias well as inherent disadvantages.

Almost all the PV panels are connected through poelectronic converters. A
converter is associated with a controller and th&roller makes sure that the converter
is operating at a given reference voltage. In@amloltaic system, MPPT generates the

reference voltage applied to the controller of¢beverter.

The simplest MPPT generates a predefined voltafprerece which is the voltage at
maximum power point corresponding to a particutari®nmental condition [81]. This

would be the cheapest MPPT as it neither requingssansor nor needs to perform
complex calculations. The voltage reference dodschange dynamically. Thus the
panel would not operate at the MPP all the timeiclviis the main drawback of this

method.

The voltage at the maximum power point is approx@iyaequal to 70-80% of the open
circuit voltage while the current at the maximunweo point is approximately equal to
90% of the short circuit current [81-86]. There 8@PTs built based on these two
factors and such a MPPT requires either a curesmgas or a voltage sensor. A voltage
sensor is typically cheaper than a current serismetore a MPPT based on the open
circuit voltage would be cheaper than a MPPT basethe short circuit current. The
open circuit voltage and the short circuit currarg measured periodically in respective
MPPT methods. This process disrupts the continpouser flow. Authors in [82] have
indicated that some systems proposed a pilot@elidasure the open circuit voltage for
MPPTs based on open circuit voltage. Both of thdB&Ts are better than the previous

method as dynamic tracking is available.

The perturbation and observation method based drackary the reference voltage
signal applied to the controller of the convertgré small fraction and observe the
variation in the output power of the panel [62,&.87-89]. Depending on the output
power change, the controller perturbs the referemoktage signal positively or

negatively at the next sampling time as given ibl@&-1 [82].
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Table 3-1: Voltage reference step change in theigeEtion and observation method

Perturbation Output power Next perturbation
Positive Increase Positive
Positive Decrease Negative
Negative Increase Negative
Negative Decrease Positive

The incremental conductance method is another wideéd MPPT technique. In this
method the incremental conductance is compared tvéhconductance value at each
sampling instance and then perturbs the referealtage applied to the controller [81-

84,87,90-91]. Figure 3-7 presents the algorithmduse incremental conductance
method [82].

A4
(Increase V,ef)

(Decrease V,ea

\
Increase V¢
; Yy

(Decrease Vier)

Figure 3-7: Algorithm used in MPPTs based on In@etal conductance method

The accuracy of these two MPPT methods (‘pertunbatand observation’ and
Incremental conductance) increases as step chartge reference decreases. However
the speed of convergence of the MPPTs decreashe aame time. Furthermore these
MPPT methods need to perform complex calculatidhas the controller requires
relatively sophisticated (and costly) hardware.uirent sensor and a voltage sensor are
required for these MPPTs. Thus the cost of the MBRficreased further.
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A current sweep technique which sweeps the chaistatecurve periodically and
calculates the maximum power point from measuredeatiis also discussed in [82].
MPPTs are also designed based on the fuzzy logitralotechnique and neural
networks [82,92].

The selection of a suitable MPPT method dependsewrral factors. MPPTs used in
space applications are focused on generating a$ msicelectricity as possible and
implementation cost is neglected [82]. However iosimother cases, implementation
cost is very important. Electrical vehicles powelsdphotovoltaic panels tend to use
MPPTs with a higher rate of convergence [82].

3.4 POWER ELECTRONIC INTERFACES FOR  GRID
CONNECTED PHOTOVOLTAIC SYSTEMS

Photovoltaic panels generate a dc output voltdges tonnection to the utility network
Is not straight-forward. Power electronic convestare used to convert dc voltage into
ac voltage. Different power electronic interfacetimoels are available in the literature.
However the suitability of a method depends on dpplication, the capacity of the
system and available capital. The power electroni@rface may contain either a single

converter or multiple converters.

The systems presented in Figure 3-8 contain aesipglver electronic converter. A PV
panel is connected to an inverter in the systemvehin Figure 3-8(a) and the isolation
transformer is used for step up purposes [70,8983jumber of panels are connected
in series and parallel in the systems presente#ignre 3-8(b) and Figure 3-8(c)
[70,90,93-100]. Such systems could be connectedhéo grid with or without a
transformer. The controller of a PV system withiragke converter is responsible for
grid connection and maximum power point tracking-g®,94]. Implementation and
maintenance cost is less due to less number of @oemps in the system.
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BN 00 by DO b
HRNE I 90 B 90 9
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Figure 3-8: Grid connected PV systems with a sipgl\eer electronic converter

Multiple power electronic converter based PV systeare shown in Figure 3-9 and
these interfaces comprise dc-dc converters andrterge[86,93-94,96-97,100-105].
These systems could be integrated to the grid reithéh or without a transformer.
Further panels could be connected in series oilpar@ypically the controller of the
inverter is responsible for grid connection and powontrol [76,86,94,102,105]. A DC-
DC converter connected to the panel steps up tltageo and the controller of the
converter makes sure that the panel is operatingeatMPP [76,86,94,102-103,105].
The system shown in Figure 3-9(e) has a dc-dc cateweer panel. Each dc-dc
converter may contain a separate controller and MEterefore such a system ensures
that each panel is operating at the maximum powert j97,103]. Energy loss due to
partial shading of panels could be reduced byahisngement [103]. These systems are

complex and require higher capital costs.

ERNERNE o NIRNEIRNE:

(a) (b)

mr_%}‘@ mr—__—%@

(© (d)

S Lo

O]
Figure 3-9: Grid connected PV systems with multjpdever electronic converters
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3.5 SUMMARY

As a renewable energy source photovoltaics has greapects. However the output
power of a photovoltaic cell depends on the irmadea and the temperature. The
electrical model consisting of a series resistosakected for the development of the
simulation model as the required parameters coeldxtracted from the data available
in the datasheet. With the aid of the equatioretirg) irradiance and temperature to the
parameters in the electrical model, output powethef simulation model could be

varied appropriately.

The proposed microsource interface unit should dggalble of integrating an energy
storage unit. Thus a single stage power electronterface is not suitable for this
application. Therefore a two stage power electraoaverter is selected. A dc-dc
converter is connected to the output of the phdtaiw panel which steps-up the
voltage. The associated controller would ensureptireel is operating at the maximum
power point. The single-phase inverter would contiee dc voltage into ac voltage.
The controller of the inverter is responsible fardgconnection and output power

control.
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CHAPTER 4

REVIEW OF POWER ELECTRONIC CONVERTERS

4.1 INTRODUCTION

The block diagram of the proposed microsource fateris shown in Figure 4-1. The
system consists of three power electronic convertermely a unidirectional dc-dc
converter, a bi-directional dc-dc converter andhgls-phase inverter. The principles of
operation and modelling of these converters aréa@gx in the chapter.

Inverter

4y
Filter Load Grid

DC-DC Converter

Photovoltaic

pee] Bi-directional de- =

dc converter —

Section A Batt |_{
I attery }—]

Figure 4-1: Proposed microsource interface

Section B

4.2 DC-DC CONVERTER

The dc-dc converter is connected to the photowwlanel and the converter steps up
the output voltage of the photovoltaic panel. Thentmller associated with the

converter ensures that the photovoltaic panel é&aimg at the maximum power point.

4.2.1 Principle of operation of the modified forward dc-dc converter

The schematic diagram of the modified forward dezdoverter is presented in Figure
4-2 [106-107]. Fewer components results in redutm$es. The high frequency
transformer provides the voltage step-up and iewmlaihus this topology was selected
as the unidirectional dc-dc converter. The convestenprises two switches; &nd $
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which are operated simultaneously. Energy is texnsfl to the right hand side of the
transformer when the switches are turned on. Energyored in the inductor and the
current flowing through the inductor increases agpnately linearly. Diode Pacts as

a freewheeling path during the off-state of thetswas. Energy stored in the inductor is
released and the current flowing through the inglutihearly decreases. The output
current of the converter is equal to the averageeat flowing through the inductor.

Figure 4-3 shows voltages at different nodes amdents flowing through different

paths of the converter. The diodesdhd D provide a path for the magnetising current
to flow during the off-state of the switches. Egoat4-1 presents the relationship
between the input and the output voltage of theveder in the steady state where N

and D are the turns-ratio of the transformer duedduty ratio respectively.

Vdc
V.

n

=ND Equation 4-1

Iin (t) L

.o D3 ( Y Y'Y ] Ling (t) Licad (t)
S]) D; X Pt

I1:N
Ly P Vina (D) l
Vin (1) i Ve ()

T Cot Vir (I)T % H g D, & Cp2/’\

| 4D,

Figure 4-2: Schematic diagram of the modified famvdc-dc converter

5152 '/ [ ] [ ] [ 1
» VinA

4
vind (t) (NVm - Vdc)

A J

'Vdc _____

lind (t) T/\/\/\/
o 1 1 1

Figure 4-3: Principle of operation of the modifiesward dc-dc converter
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4.2.2 Modelling of modified forward dc-dc converter

An electrical model of the converter is required foe design of a controller. The
converter has two equivalent circuits for the aatesiand off-state of the switches. Thus
an averaged model is obtained which would be nogali. A linear system can be
obtained by developing an operating point models Bection illustrates the averaged

and operating point model of the converter [108].

Figure 4-4 presents equivalent circuits of the eoter during on-state and off-state of
the switches. Ris the internal resistance of the inductor. Equra#-2 to Equation 4-4

are obtained by applying Kirchhoff's voltage andrent laws to on-state equivalent
circuit. Similarly Equation 4-5 to Equation 4-7 aetained by considering the off-state

equivalent circuit.

L
i (1) dpr () L Ry i (1) ioaa (©) i () : Ry i () ioaa (1)
> > —] L/\/\/\,—>——> — — I—’\/\/\,—»—+
[} ° Vind (t) Vind (t)
vin ()| 7= Con } H { Co  |Vae(® vin(®)] =Cpi Co ™ | Vae(®)
(a) On state (b) Off state

Figure 4-4: Equivalent circuit of the modified faavd dc-dc converter

Cm% =i, (t) = Ni, 4 (t) Equation 4-2
b W = NV, (1) = R i (1) = Vg (1) Equation 4-3
b2 dvglct(t) =g (1) =1 10aa(t) Equation 4-4

Cn dvgt(t) =i (1) Equation 4-5

L, % = =R i (1) = vy (D) Equation 4-6
02 dvglct(t) =g (1) =i 1paa(t) Equation 4-7
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Equation 4-8 is obtained by averaging Equationah@ Equation 4-5 over a switching
cycle. Averaged values of the variables are reptedsein brackets. Similarly by

averaging over a switching cycle for Equation 48 &quation 4-6, Equation 4-9 is
obtained. Finally Equation 4-10 is obtained by agerg Equation 4-4 and Equation 4-7
over a switching cycle. A state feedback block dhag of the converter based on the

averaged state equations is shown in Figure 4-8.avieraged dc-dc converter model is

non-linear.
1 d<vdt(t)> (i (1)) = Nd () i g (1)) Equation 4-8
L, d{ ‘"ddt(t» = NA(t)(V, (1)) = R (i1ng (1)) = (Vo (1)) Equation 4-9
Cy d<v;°l ®) = (i1na (1) = (i 1020 (D)) Equation 4-10

< 1 d(t)>

{1 (t))
v
t - <Vm(t>> + <Vdc(t)>
4 ?@ ®_>Clj -

]

Figure 4-5: State feedback block diagram of theifrextiforward dc-dc converter based

on averaged state equations

A Taylor series expansion was applied to the awatagjate equations. By neglecting
the higher order terms, abov&drder, a linear set of equations were derivedangn
Equation 4-11 to Equation 4-13.

dlv.
Ca <V§1(t)> = (i (1)) = NA®) (i g () = F{(ii, (0),0(), (g ()
of of of
=1 :_Nl'do B :_NDO
i ()], odm),, " ina (),
C (v, (1) = Aliy (1)) = NIgoAd() = ND A g (1) Equation 4-11
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d<| ind (t)>
P dt

L = NA()(V;, (1)) = R, (i (1) = (Ve (0) = A0, (Vi () (i () (Ve (0))}

of
P a<Vdc (t)> op

of

of of
= ND, _ =
a<| ind (t)> op

=NV.
o(dyl, " a(va ()],

LA m;(t)) = NV,,,Ad(t) + ND AV, (1)) = R A(i g (1) = AV, (1))
Equation 4-12

CPZ <V;(;(t)> < ind (t)> < Ioad(t)> = h{<| ind (t)>! <| Ioad(t)>}
oh | _, oh | __
a<| ind (t)> op a<| Ioad(t)> op
CpZA <Vino(t)> = A<| ind (t)> - A<| load (t)> Equation 4-13

By applying the Laplace transformation to the opegapoint time domain equations,
Equation 4-14 to Equation 4-16 are obtained. Theedeedback block diagram of the

converter based on operating point equations septed in Figure 4-6.

C48AV,, () =Al;, (5) = NI, ;, , AD(E) —ND Al (5) Equation 4-14

L SAl4 6) = NV, ,AD(S) + ND AV, () =R Al () —AV,. (5) Equation 4-15

C8AV () = Al §) —Al 4 6) Equation 4-16
+
M,,‘(S) ! 46)
AI wa(®) AV, ()
w5 -»»l»c@»»l LE T

Figure 4-6: State feedback block diagram of theifrextiforward dc-dc converter based
on the operating point state equations
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4.3 BI-DIRECTIONAL DC-DC CONVERTER

Energy transfer in both directions in dc systenasraalised through bi-directional dc-dc
converter topologies. Bi-directional dc-dc convesteonsist of two operating modes
and each operating mode contains set of switches.

4.3.1 Principle of operation

The schematic diagram of the bi-directional dc-dowerter selected for this system is
presented in Figure 4-7 [109-110]. This topologysvgalected because a) it has fewer
components on the low-voltage side, b) the fulége on the high voltage side removes
the necessity of voltage dividing capacitorggly corresponds to the high voltage end
while V| (t) correspond to the low voltage end. Step-up stagh-down are the two
operating modes of the converter. The convertecasprised of six diodes and
switches. The high frequency transformer provides mecessary voltage step-up or
step-down depending on the operating mode. Fige#8esdmmarises the principle of

operation of the converter in each mode.

“Ran OF

L
> rvw—]p Lina
vdc (I) - Cph It;-h
P E—
Vind

U g An o

V(1)
Ds QME} D

Figure 4-7: Schematic diagram of the bi-directiashaldc converter

Energy is transferred to the low voltage side wtien converter is operating in step-
down mode. In this mode switcheg &hd @ are completely turned off. Switches @

Q4 are operated by a PWM signal. As shown in FiguB¢aj, the switches are operated
in pairs: Q and Q being one pair, Qand Q the other. When a switch pair is turned on,
energy is transferred to the low voltage side ef ¢bnverter thus the current flowing
through the secondary auxiliary inductoy is linearly increased. The direction of the
current flowing through the high-voltage side wimgliof the transformer alternates

while the current flowing through low-voltage sig@ndings conducts alternatively.
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During the off-state of the switches, current flogithrough the inductor linearly
decreases and diodes in the low-voltage side wisdstare the current flowing through

the inductor.

In the step-up mode, energy is transferred to ihle Yoltage side from the low voltage
side. In this mode, switches @ Q, are completely turned off. The switches&pd Q@
are operated as shown in Figure 4-8(b). Energyoi®d in the inductor when bothsQ
and Q are turned on. Therefore the current flowing thotige inductor increases and
the low voltage side windings share the currenwithgy through the inductor. Energy is
transferred to the high voltage side when eithepQ; is turned off. Current flowing
though the high voltage side winding is transfetaethe load through either diode pairs
D; and D or D; and 3.

Q1,Q:(0) 1 “—\ — Qs 1] ]
R 1 T o .
v A Vina (1)
Vin () * | > [& -V, j“
Ve b——————— I N >
Vina (1)
> A
Vdc
vlrh (t) >
SV Lo _ Ve b - J—l

Iind (t) I/\/\/ Ii"d * >

N
B

Itrl] (t)PI\ ’-\J/‘ Itrll (t) I\‘/]
Lz (t)I
—

(a) Step-down mode (b) Step-up mode

\
\]

'
\/

|

Figure 4-8: Principle of operation of the bi-diectal dc-dc converter
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Equation 4-17 and Equation 4-18 represent theioektip between the voltage at the
high-voltage side and voltage at low-voltage sileteady state during the step-down
and step-up modes respectively. The duty ratiolghoel less than 0.5 for the step-down
mode while it should be greater than 0.5 for stepriode. N and D are the turns-ratio

of the transformer and the duty ratio respectively.

Vi = 2D Step-down mode Equation 4-17
V., N
vV .

de — N Step-up mode Equation 4-18
vV, 2(1-D)

4.3.2 Modélling of bi-directional dc-dc converter

In the same way as for the dc-dc converter, artredatmodel for the bi-directional dc-
dc converter must be developed in order to dedigncontroller. Electrical models
should be developed for both operating modes. Again averaged model was
developed from two equivalent circuits and an opeggpoint model was derived from

the non-linear averaged model.

4.3.2.1 Step-up mode

Figure 4-9 shows the equivalent circuits of thevester during on and off states for the
step-up mode. Equation 4-19 and Equation 4-20 hraired by applying Kirchhoff's
voltage and current laws to on-state equivalentudir Similarly Equation 4-21 and

Equation 4-22 are obtained for the off-state.

g () L, g (1) Ly
— m RP Tind ('[) 7 Rp ling (t)
Vdce (t) ~_~ Cph Vind (t) T VL (t) Ve (t)I T Cph H T VL (t)
(a) On-state (b) Off-state

Figure 4-9: Equivalent circuits of the bi-directadrc-dc converter in step-up mode

L diind (t) —

P Ryl (1) = v (1) Equation 4-19
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. dvglct(t) i () Equation 4-20

l—p dlmd (t) =-R ||nd (t) _VL(t) +Vdc—(t) Equation 4-21
dt N

" dvéct(t) - (t) +i, (1) Equation 4-22

Equation 4-23 can be obtained by averaging Equatid® and Equation 4-21 over a
switching cycle. Similarly Equation 4-24 can beabéed by averaging Equation 4-20
and Equation 4-22. Based on Equation 4-23 and kEnuat-24, the averaged state

feedback block diagram of the converter for the@4te mode is shown in Figure 4-10.

L, d<i"g‘t(t)> =~V (0) =Ry ins (V) +M Equation 4-23
Cph d<VdC(t)> - _ d'(t)<| ind (t)> + <| y (t)> Equation 4-24
dt N
<vL< ) J : >

a(t) _. I F md I E— é _> <vﬁc(t_>’

Figure 4-10: State feedback block diagram of thdit@ctional dc-dc converter in step-

up mode based on the averaged state equations

The operating point state equations were obtaisetyuhe Taylor series and neglecting
higher order terms. Operating point state equationthe time domain are given in
Equation 4-25 and Equation 4-26 while Equation 4a8d Equation 4-28 represent the
operating point state equations which were obtaitgd applying the Laplace
transformation. Figure 4-11 shows the operatingnjpsiate feedback block diagram of

the converter during step-up mode.

d<| ind (t)>
P dt

d
L = (Vi) =Ry (g (1) + M (i, ), (Viog 0). (v (). O}
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of - n of __ of _D, of | _ Vo
3(i g (1)) N Palv (1) - (V4 (1)) o N 6d’(t)|op N
LA {ig () = =BV, (1) ~ R Al () + 22 A, (1)
N Equation 4-25
+ Yaeo gy ()
N
d d'(t)(i.
Cor <V;°t(t)> == (txl'w'“d O 1, 0) = o )00, 1,0
ag __D 09 | __lio ag _
8i (V)] N ad(t), N o, ()], B
Cord (Ve (1) = —%’A(i (D) —I‘”ﬁAd'(t) NO) Equation 4-26

D! \/ .
L Sl ) = ~AV, ) =R, Al () + -2 AV, @) +~2AD'()  Equation 4-27

D! I :
ConSAV,. () = —WOAI ing ) — ﬁ""A D'(s) +Al, () Equation 4-28

i I- Aligs) |
AD(_S)-> @:»@ A11ﬂ®_,@_>_>@_(>)

Figure 4-11: State feedback block diagram of thdit@ctional dc-dc converter in step-

AV, (s)

up mode based on operating point state equations

4.3.2.2 Step-down mode

Figure 4-12 presents on-state and off-state ecenva&ircuits of the converter during the
step-down mode. Equation 4-29 and Equation 4-30 avgained by applying
Kirchhoff's voltage and current laws to the on-staquivalent circuit and similarly
Equation 4-31 and Equation 4-32 are obtained censig the off-state. The
corresponding equations are averaged over a swictycle to obtain the averaged
state equations which are given in Equation 4-3@ Bquation 4-34. The non-linear

74



CHAPTER4 REVIEW OFPOWERELECTRONICCONVERTERS

state feedback block diagram of the converter lier dtep-down mode is presented in
Figure 4-13.

i (1) L,
—— [ Y Y'Y ] Rp iind (t)
Vde (t)] T Co T Cpn Vind (1) T v ()
(a) On state (b) Off state

Figure 4-12: Equivalent circuits of the bi-directad dc-dc converter in step-down mode

L diind (t) - Vdc(t)

P N Roiing () =V (D) Equation 4-29
dv,.(t) _. ing (D) _

oh # =iy, (1) ‘dT Equation 4-30

L, % =Rl () —v (1) Equation 4-31
dv, (t) . .

Con (d;t( ) =i, (1) Equation 4-32

A{iing (1)) _ A(O)(Vae(t)) _
P dt N

d Vdc(t) .
ph% =iy (1)~

L

R, (ina (1) = (v, (1) Equation 4-33

d(t)(i 1 (1))

N
l )
L) J

(Vl.(t» (
i | : t
ol e

Figure 4-13: State feedback block diagram of thdit@ctional dc-dc converter in step-

C Equation 4-34

i

@

down mode based on averaged state equations
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As before operating point state equations wereiddaby applying Taylor series and
neglecting higher order terms to the averaged staigations. Equation 4-35 and
Equation 4-36 are the operating point time domauagons while Equation 4-37 and
Equation 4-38 are obtained by applying Laplacesf@mation. Figure 4-14 presents

the operating point state feedback block diagrarthefconverter during the step-down

mode.
dig d(t)(V e . .
L, HoaO)  AOWO) i) (v, 0) = HA0, (Vu0). 1 (0 v, 0
of | =Vdco of =Do of __ of __
od(t),, N o(ve ), N Ain®), " o)
WA (t)) © A(Vgo (1)) = R A(i g (1)) = A(v, (1)) Equation 4-35
d d
Cph <V;Ct(t)> - <|H(t)> (t)<|\|;1d( )> {<I (t)> d(t) < . (t)>}
dg -1 09 | _ _liowo ag __b,
o(i, ()], - ad(t)[, N 8i (V)] N
CphA<vd:(t)> Aiy (1) - Vinco Ad(t) - (imd () Equation 4-36
L SOl 4(s)= %AD(s) + «(8)—R,Al(s)-2v, (s) Equation 4-37
ChAV, (s)= Al (s)- I"‘ﬁAD(s) - %Al (s Equation 4-38

AV, (s)

AlL(s)

H
B L vai) I 3

Figure 4-14: State feedback block diagram of thdit@ctional converter in step-down

~

mode based on the operating point state equations
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4.4 SINGLE-PHASE INVERTER

The full-bridge single-phase inverter is used ttegmate renewable energy sources
widely in literature. Since typical input dc vol&ag considered to be stiff, the inverter
is also known as a voltage source inverter. Simag@ulse width modulation (PWM)
can be used as the switching technique. PWM witipalar voltage switching was
selected ahead of bipolar voltage switching duhéoreduction in harmonics achieved
[108].

The relationship between the fundamental compoménthe instantaneous output
voltage (@ ,f) of the single-phase inverter with the modulatimdex (m) and the
input dc voltage (V) is presented in Equation 4-39 [108]. The maximmodulation
index is unity. Thus the maximum peak output vadtégyequal to dc voltage source. In
UK, the distribution voltage is subjected to a 108tiation [111]. Thus the input dc
voltage should be capable of producing a smoothefeamn even at 110% of the
nominal voltage. This is the criterion used to setke input voltage of the single-phase

inverter.

€ 1 (t) =m_.\V,. sin(ZTrft) Equation 4-39

4.4.1 Single-phase inverter grid interface methods

The output voltage of an inverter is square wavih warying duty ratio. Therefore the
output of the inverter needs to couple througHhterfto the grid. This coupling method
also helps to control the output power flow frone timverter. Figure 4-15 presents
several coupling methods used to connect an inviertthe grid. The simplest method is
to use an inductor, which filters the output cutrémom the inverter [3,23]. By
controlling the magnitude and phase difference betwthe voltages at the ends of the
inductor, reactive power and active power from itheerter can be controlled. An LC
filter could also be used in Figure 4-15(c), whiefps to shape the output voltage [47].
Figure 4-15 (d) shows an LCL filter as the couplimgthod [30,112]. The coupling
method shapes the voltage better than coupling witly an inductor. Active and
reactive power flow could be controlled in this @ as well. This method is more

expensive than other methods due to higher nunfmrmponents.
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S\SGrid = = | A~ é\)Grid

v, ™M
—I—I é\)Grid —_ T ’ + Grid

Figure 4-15: Coupling methods used to connect aariar to a grid

4.4.2 Sizing the coupling inductor and modelling of single-phase inverter

with coupling inductor

A single-phase inverter coupled through an induist@elected in this application due to
its simplicity and low cost. The phase angle of Wo#tages between the ends of the
inductor was set to 10° at full power. The inducemwas calculated to ensure this
criterion [30]. Equation 4-40 presents the appr@ted inductance of the inductor
where Ly, Envims, Vinvems, f, Pmax @nd & correspond to inductance, magnitude of
voltages at the ends of the inductor, frequencyimam active power and phase angle
between the voltages at the ends of the inductor.

~ EINVrmsVINVrms Sin6
P 21fP, .,

Equation 4-40

A single-phase inverter connected to a grid throagioupling inductor is presented in
Figure 4-16. Equation 4-41 can be obtained by apgliirchhoff's voltage law and by
applying the Laplace transformation Equation 4-42obtained. The single phase
inverter output voltage and the input dc voltage @lated as in Equation 4-43 where
m, is the amplitude modulation ratio. Equation 4-44again derived by applying the
Laplace transformation. The state feedback bloelgrdim of the inverter connected to
the grid through a coupling inductor is presente#figure 4-17 based on Equation 4-42
and Equation 4-44.
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S] SS
Gl_'( D] G3_‘[ D3
L, R
A

M /\/\P/\, inv(t)
T env(t) T vinv(t)

GZ —|[ D2 G4 —|[ D4 B(T)
Sz S4

Figure 4-16: Single-phase inverter connected t iough a coupling inductor

— Va ;: Cin b

showing definition of variables

L, di”(“j‘; (t) = ey (1) = Ry (£) = Vi (t) Equation 4-41
LSl (8) = Eyy (8) ~ Ryl iy (8) = Vi (8) Equation 4-42
ey ()= m, Vv, sin(wt) =V, V. (t) Equation 4-43
E (s) =V,.V, (s) Equation 4-44
Viny (8)
Iinv (S)
Vc (S) — Vdc

Figure 4-17: State feedback block diagram of trstesy

4.4.3 Sizing theinput capacitance of the single-phase inverter

The dc-link capacitance should be selected in sualay that the voltage ripple at the
dc-link is small. Figure 4-18(a) shows the blockgiam of the single-phase inverter.
The variation of inverter input current, inverteutput current and inverter output
voltage with time are plotted and shown in Figur&84b) assuming the output voltage
and current are in-phase. The average intput cuifig is also shown in Figure

4-18(b). The excess charge), should be supplied by the capacitor.
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Equation 4-45 gives the instantaneous output paivére inverter while Equation 4-46
gives instantaneous input power to the invertersufsing a lossless inverter, the
inverter input current can be written as in Equa#e47 with the aid of Equation 4-45
and Equation 4-46.

vinv(t) o
Time
. Ly
ldc(t) iin(t) [ Y Y'Y ] i[Nv(t) ile(t) P
ny Time
Vi T Cin vinv(t) T
= iin(t) ) AQ -
1 /|/I [K / \\\ Idc(t)
A N // N
/]', Tl N Time
1 2
Figure 4-18: Inverter output current and princiipleut current
Pac = VinvimeN 28IN(27Ft )l e v/ 25iN(2710E ) Equation 4-45
Pac = Vaclin (1) Equation 4-46

iin (t) - 2VINVrmsI INVrms Sin2 (2T[ft)

Equation 4-47
Vdc

Average input current {J) and the instantaneous intput currep(t)i cross-over point

can be calculated by making the input current eqodl. (see Equation 4-48). The
average output and input power of the inverter lmarwritten as in Equation 4-49 and
Equation 4-50 respectively. Then Equation 4-48 banreduced to Equation 4-51

assuming the inverter is lossless.and T can be calculated from Equation 4-51.

2
Idc (t) - 2VINVrmsI invrms SN (2T[ﬁ:) Equation 4-48

Vdc
Pac = Vinvrms! invems Equation 4-49
I:)in = VdcI dc Equation 4-50
2sin?(2rft) =1 Equation 4-51
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The excess chargAQ) can be calculated from Equation 4-52. Finally #ize of the
capacitor could be calculated from Equation 4-58cblaon the required voltage ripple

and amount of excess charge.
2VINVrmsIINVrms F HJ .
AQ= o [sin?(2rtt)dt-1,,(T, - T,) Equation 4-52
dc T

- AQ Equation 4-53

Cin AV
Vdc[ dc J
Vdc

4.4.4 Phase L ocked L oop for synchronization of grid voltage

In order to connect the inverter to the grid, thepat voltage of the inverter must be
synchronised with the grid voltage. A Phase Lockedp (PLL) is typically the device

which is used to generate a signal in-phase with\giitage.

Figure 4-19 shows the block diagram of a Digitab$th Locked Loop (DPLL) which
consists of three main blocks [113-114]. The phaetector is used to extract the phase
difference between the measured sigfgldf and PLL generated signdlsg,g. In this

application, an EXOR logic gate based phase detectsed. The average output of the
phase detector,) is proportional to the phase errdg)(between the grid signal and

Voltage Controlled Oscillator (VCO) output signaéé Equation 4-54). The constant K
depends on the output limits of the EXOR outpugiaen in Equation 4-55 wheregl:
and U,. are the supply voltage levels of the EXOR gatee Dltput of the phase
detector is a square signal with variable dutyoratiius a low pass filter is used to
extract the average of the phase error. A trarfafestion of first order low pass filter
[F(s)] is presented in Equation 4-56, Is the gain of the filter. The time constants of
the filter aret; andt,. The VCO produces a signal whose frequency vdmesrly
based on the output of the low pass filtey.is the centre frequency ang I§ the gain
of the VCO. The governing equation of the VCO isegi in Equation 4-57, and
Equation 4-58 is obtained by applying the Laplae@sformationfsync is the phase of
the VCO output.

81



CHAPTER4 REVIEW OFPOWERELECTRONICCONVERTERS

Varip, egrid .. Vsync, esym:
— > Digital Phase Us | Analogue Low Ur | Voltage Controlled -
» Detector (PD) " | pass filter (LPF) "| Oscillator (VCO) -
Figure 4-19: Block diagram of the Digital Phase ked Loop
U,(t)=k 8.(t) Equation 4-54
K, = Year “Ysar Equation 4-55
T
+
Hs) =K, L+t Equation 4-56
1+st,
wsync(t) =w, +K,u,(t) Equation 4-57
Ko .
Byncl(s) = —2 U, (9) Equation 4-58

The block diagram of the DPLL in s-domain is preésednin Figure 4-20 based on
Equation 4-54, Equation 4-56 and Equation 4-58. rEttegtionship between the phase of
the grid signal and VCO output is given in Equatib9. The natural frequency and
damping ratio is governed by the Equation 4-60 Bgdation 4-61% and o, are the

damping ratio and natural frequency of the system.

PD LPF vCO

OGrID Ogyne
K . sync
" Ky E(s) S

Figure 4-20: Mathematical model of the Digital Rh&scked Loop

+
0,,.(9 KoKdKaﬁfzj
ST
e = ! Equation 4-59
eGRID(S) SZ + 1+K0KdT2 S+ KOKd
Tl +T2 Tl +T2
w, = KoKy Equation 4-60
T, +7,
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§ = wn[Tz + " 1K ] Equation 4-61
d

(o]

Lock range A ), pull-in range Awp) and hold rangeAwn) are important parameters
of a PLL. The PLL would lock to reference signathé frequency is within lock range
[114-115]. The definition of the hold range, is tlhequency range in which the PLL
would be able to complete phase tracking [113]. kine reference frequency is above
lock range and below pull-in range, the PLL woudlntk to’ after a slow process. The
relationship of these parameters with the natuedjency and damping ratio of the

control loop are given in Equation 4-62, Equatie®3and Equation 4-64.

K K .
Aw, = d2 ol! Equation 4-62
Aw, =TEW, Equation 4-63
Aw, :%JEQ)HKOKC, Equation 4-64
4.5 SUMMARY

The principle of operation of switch mode dc-dc wemer topologies is presented. The
averaged and operating point model of the modidiedic converter is developed. In the
case of the bi-directional dc-dc converter; avedaged operating point models for both
step-up and step-down mode were developed. Basettheomodels, state feedback
block diagrams for the converters were created.

A full-bridge single-phase inverter model was usawl a sinusoidal pulse width
modulation technique was adopted. PWM with unipalaitage switching produces
lower harmonics compared with bipolar voltage skiitg thus the former was used. In
the literature, several inverter grid connectiochteéques are proposed. For this
application, the inverter is coupled to the gridotigh an inductor. A state feedback
block diagram for the instantaneous current cortdesl be developed. Synchronisation
is essential for the grid connection of an inverfedigital Phase Locked Loop is used

for this.
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CHAPTER 5

SIMULATION MODEL OF PHOTOVOLTAIC PANEL AND

DESIGN OF HARDWARE PHOTOVOLTAIC EMULATOR

5.1 INTRODUCTION

In this analysis, a photovoltaic panel is consideas the microsource in order to
demonstrate the behaviour of the proposed microsomterface. The development of
the microsource interface consists of three stagewalytical, simulation and
experimental. This chapter presents the developroérda well behaved simulation
model and hardware emulator of a photovoltaic padelsimulation model was
developed with known limits and reasonable accur&xyr the experimental work,
neither a real photovoltaic panel nor commerciatpholtaic emulator was available.

Therefore a photovoltaic emulator was designed.

5.2 MODELLING OF PHOTOVOLTAIC PANEL IN
PSCAD/EMTDC SOFTWARE

A photovoltaic cell model presented in Figure 5-dswised for the simulation purposes.
This model comprises a current source, an antHpardiode and a series resistor.
Equation 5-1 gives the characteristic equatiorhisf photovoltaic cell model wherg,|
lon, lsas Vpv, Rs and M correspond to PV cell current, photocurrent, disdéuration
current, PV cell voltage, series resistance andrthkvoltage respectively. The thermal
voltage is related to the ideality factor (A), Baitann’s constant (k), temperature (T)

and charge of an electron (g) as given in Equdi@n

va + IpvRs .
oy = 1on =l €X v -1 Equation 5-1
t
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B: I
NV >

Iph Vv

Figure 5-1: Photovoltaic cell model used to develmpulation model
V,=—— Equation 5-2

5.2.1 Obtaining the parametersfor the model

An SM110-24P photovoltaic panel was selected fa $tudy and Table 5-1 presents

the summary of the panel data [79].

Table 5-1: Summary of data of the SM110-24P phdtaimpanel

Parameter Value
Peak power (power at MPP at STGph 110w
Voltage at MPP at STC \p) 35.0V
Current at MPP at STCy(}p) 3.15V
Open circuit voltage at STC (Y 435V
Short circuit current at STC() 3.45V
Temperature coefficient for short-circuit currenty) 1.4 mA/°C
Temperature coefficient for open-circuit voltages() -152 mv/°C
Number of cells in series 72

The photocurrent is related to the irradiance amdperature as given in Equation 5-3
and by rearranging the terms it can be written@sakon 5-4. The relationship between
temperature and open circuit voltage is given bydfign 5-5, and Equation 5-6 is
obtained by rearranging the terms. Thermal voltadech is given in Equation 5-2, can
be rewritten as in Equation 5-7. Table 5-2 preséhés constants in Equation 5-4,
Equation 5-6 and Equation 5-7 corresponding to 8$M110-24P panel. Diode

saturation current is a function of photocurrepiro circuit voltage and thermal voltage

as given in Equation 5-8.
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G

|y = G—a[l e AL (T-T.)] Equation 5-3
—_ (I SCS B AI SCTS) AI SC — 1
Iy =G, + =T | =G, [K, +K,T] Equation 5-4
Gas Gas
V,, =V, +AV, (T-T,)+V, In( |I sc ] Equation 5-5

oc

V,, = (V, —AV, T.)+AV, T+V, In[ |I sc J

SCs

| :
V. =K;+K,T+V, In(I = ] Equation 5-6
V, :% =K,T Equation 5-7
Iph .
l = Equation 5-8

Table 5-2: Values of the constants required forpthetovoltaic panel model

Parameter Value
K1 [A/Wm™] 3.42x10°
K, [A/°CWm™?] 1.40x10°
Ks[V] 47.3
K4[V/°C] -0.152
Ks[V/°C] 1.53x10"

The ideality factor of the photovoltaic panel wascalated based on the algorithm
presented in Figure 5-2 and the corresponding MABlode is presented in Appendix

B. Typically the ideality factor lies between onedatwo therefore the value of the

|
+-—MPP1 and the
MPP

dl
ideality factor was swept from 0.5 to 2.5. The eahf [deV]

pv

@MPP

series resistance of the cell was plotted with @espo ideality factor and is shown in
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. . o | L .
Figure 5-3. The minimum of —~ ] +-—MPP | occurs when the ideality factor is
pv @MPP MPP

equal to 1.775 which corresponds to the idealittdiaof the SM110-24P panel. The

corresponding series resistance is 0.0021

Define k and g e e T e e
¥l o L

4>{ Calculate V., Rs and dlI/dV |
Calculate Error

5 Fial Plot Error vs. A
L—NO i YES—» &
R vs. A

Figure 5-2: Flow chart used to calculate the idgddictor

E ' 0.02
2
& i L T e e s e TRt B
= |
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: 0.005
3 |
=) 0 - i 0 1 I 1 1 i I i
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003 . . . il
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= B : ;  I— ]
;m‘ o S 1
LR - ------------ g :
| | | I I I e
05 1 15 2 25 %.77 1771 1772 1.773 1774 1775 1776 1777 1.778 1779 178
Ideality Factor Ideality Factor
(a) Whole swept range (b) €lap of operating point

Figure 5-3: Variations of absolute difference aades resistance with ideality factor

5.2.2 PSCAD/EMTDC simulation model

Figure 5-4 shows the block diagram of the simufatinodel which was developed
using the PSCAD/EMTDC software. The photovoltainglais represented by a

87



CHAPTERS SMULATION MODEL OF APV PANEL ANDDESIGN OFPV EMULATOR

controllable voltage source. The heart of the adlar is the characteristic equation
given in Equation 5-1 which commands the voltage¢hef source based on the output

current.

Temperature (T) and irradiancej@re the inputs to the panel model which are tged

calculate the photocurrent, open circuit voltagd #rermal voltage based on Equation
5-4, Equation 5-6 and Equation 5-7 respectivelyerTkhe diode saturation current is
calculated from Equation 5-8. Thermal voltage amdiel saturation current are also fed
to the characteristic equation block. Appendix Bgents the screen captures of the

simulation model of the photovoltaic panel.

G ) — Photocurrent

» (Tow) T—L
'» .

Characteristic
Equation

Diode Saturation
current (Lsy)

|

|

|

| .

| Open circuit
i voltage (V)
|

|

|

|

|

Yvyy

\d

Thermal Voltage

V9) Controller

Figure 5-4: Block diagram of the simulation modkthe photovoltaic panel

5.2.3 Simulation results and limits of the photovoltaic panel model

The photovoltaic panel simulation model was conegdb a variable resistive load as
shown in Figure 5-5. The load resistance was deetkdéinearly from 78 to 1Q in
steps of 0.Q. The duration, solution time step and channel glep of the simulation

were set to 10s, QuS and 2jis respectively.

\E:

- 2/ Variable
p¥ resistor, R

Figure 5-5: Test set-up used to test the simulatfdhe photovoltaic panel
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Variation of photovoltaic voltage against photoaadt current is presented in Figure
5-6(a). Load resistance, PV current and PV voltaggr the failure point against time is
plotted and shown in Figure 5-6(b). It is cleartttie photovoltaic panel model fails at
a certain voltage and the corresponding load eesistis 11.0.

@ XY Plot - Main : Graphs =
= Resistance
11.40
11.30
= 11.20 A
11.10 A
11.00 A
10.80
10.80 -

X Coordinate Y Coordinate
= Vpv oy

R [ohm]

3

3.50 o
3.00 -
2.50

38.0
36.0 -

| >
5 200 - = Al
Lz, = 30
. 1.50 - ]
o
= 1.00- £
5.0
050 - 40
000 = T 32 i
-0.50 - £ ! } ! ; —~— & 10l
A0 0 10 20 30 40 50 Sl
Aperture 4 L4 Width 5.0 o B3750 63800 63850 63900 63950 64000 64050 B4100
Vo [V] Postion - Time [s] .
(a) Iy vs. Vp, (b) R, I,y and V,, near the failure point

Figure 5-6: Simulation results of the photovoltaanel model

By rearranging the characteristic equation of thetpvoltaic panel, Equation 5-1 and
considering the number of cells in series (N), ves ©btain Equation 5-9. If the

irradiance and the temperature are kept constaar, photovoltaic current, open circuit
voltage, thermal voltage and diode saturation ciirage constants. Thus the model of

the photovoltaic panel could be reduced to bloegdim shown in Figure 5-7.

¢

5T pv

" 1, +1_, -1
i»va=Nthn[wJ—NRI > — v
I B

sat

Figure 5-7: Simplified simulation model at constarddiance and temperature

l ph + Isat Ipv .
V,, =NV,In T = NI, R Equation 5-9

sat sat
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| =—X Equation 5-10

Combining Equation 5-9 and Equation 5-10,

+ I sat va NvaRs .
- Equation 5-11

|
V,, =NV, In| = -
| IR R

sat sat

In simulations, the new voltage is calculated basethe value of the earlier time step.

Therefore Equation 5-11 could be represented @giation as given in Equation 5-12.

Iph +Isat van I\IRszvn .
Vo = NViIn -—— |- ’ Equation 5-12
’ Isat RIsat R

Vo = G(va,n)where

[, +1 \Y NR V Equation 5-13
G(van): NVt |n ph sat _ " pvn | s’ pv,n q

' lsat Rlsat R

NV NR .

G’(va) =- : -—= Equation 5-14
R(l ph + Isat)_vpv R

If ‘G’(vax <1, then the iteration would converge to rogf, Y116]. Therefore from

Equation 5-14, it is possible to find the inequagitven in Equation 5-15.

RNV,

— Equati -1
(R—NRS) quation 5-15

va < R(I ph + Isat)_

The convergence limit and the output voltage ohatpvoltaic panel with respect to the

load resistance are presented in Figure 5-8.dieir that the convergence voltage limit
is less than the actual voltage of the photovolpginel when the load resistance goes
below approximately 1X). The cross-over point load resistance coincide$ wie

failure point load resistance of the simulation lod
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ald

40 -
—_ a0 ﬁf_‘-
Eﬁ "] ?I
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o ]
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-20
1] 1 2 3 4 3 G 7 g | 10 LN 12 13 14

Resistance [ohin]

— Conwvergenece limit (Voonw) —— Photowoltaic panel woltage (Vo)

Figure 5-8: Variation of convergence limitdW,) and photovoltaic panel voltage £y

with load resistance (R)

5.2.4 Extending the limits of the smulation model

The simulation model fails close to the maximum powoint. Therefore it is desirable
to extend the stable region of the PV cell modiekhé convergence limit could be
increased at low voltages, the model would be stalhl is possible to reduce the
limitations by adding an inductor in series withe thioltage source. The simplified

photovoltaic panel model with the inclusion of itlr is shown in Figure 5-9.

5 pv

v I,+1,-1,
[ > |V =NV, h{phltp]—NRSI T Vp R

sat

Figure 5-9: Simplified model with the inductor ierges with the voltage source

5.2.4.1 Modelling of the inductor

The current flowing through the inductor which mvgrned by Equation 5-16 has to be
represented in iterative format. Figure 5-10 sheoles simplified circuit diagram and

voltage across the inductor.
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Vi
Sl VL“%H 0
R IS
(t-av) t VTime

Figure 5-10: Simplified circuit diagram and thetagle across the inductor

The voltage across the inductor can be describedh d&quation 5-16 and can be

approximated to Equation 5-18.

v =4 Equation 5-16
T dt
Y,
di = [ YL gt
Jar=]

1t)-1(t-At) = j%d(t)

t-At
Consider the waveform of voltage across the indudfoAt is small, then A can be
approximated as
t
A= [V dt=V (t-at)at
t-At
Therefore,

Vv, (t-At)at

1(t)-1(t-at)= -

Equation 5-17

It is possible to write
Vv, (t-at)=E(t-at)- v, (t - At)
V, (t-at)=E(t - At)- RI(t - At) Equation 5-18

Merging Equation 5-17 and Equation 5-18, Equation 5v&8 obtained. It is possible to

represent as an iteration as given in Equation 5-20.

1(t) = 1(t —At)+%[E(t - At)-Ri(t - At)] Equation 5-19
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—(E.-RI,) Equation 5-20

Now iterative equation for the current could be legabto the Equation 5-9 and

Equation 5-21 is obtained.

— 1 At
— ph sat
VPv,n+l - NVt ln{ I __|:I pv.n +T(va,n —-RI pv,n ):l}

sat

Equation 5-21
- NR{I ovn ¥

It is possible to express Equation 5-21 in the faimV ., :G(vayn) as given in

Equation 5-22. Applying the condition for iteratjahis possible to find an inequality
given in Equation 5-23,

G(va,n): NV, In{lphl_ l'sar _i|:| ovin +%(va’n -RI ovin )}}

sat sat

Equation 5-22
At
_ NRSP o +T(vpv,n ;1 )}
L

V., <_(|ph - |pv)+ RI,, . LNV,

— Equation 5-23
At L - NR At)

Figure 5-11 shows the analytical results with adugtor in series at different
inductances. The blue curve represents variatichePV cell output voltage with the
load resistance while the other three curves reptethe convergence limits for
different values of inductance. Figure 5-12 shoes toltage and current of PV panel

near the failure point.

According to the theoretical analysis, the conveogelimits for 10mH, 1mH, 1QMH
and 1QH are 3.5, 5.7Q, 8Q and 11.2) respectively. Comparing with results shown
in Figure 5-12, the simulation model fails at 29 5.1 Q, 7.3 Q and 9.5Q for
inductances of 10mH, 1mH, 108 and 1@H. Thus the simulation model fails near the

points predicted by the theoretical analysis.
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Figure 5-11: Variation of convergence limit withatbresistance for different inductor

values and output voltage of the photovoltaic p&vgl) with load resistance
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Figure 5-12: Failure point of the simulation modéthe photovoltaic panel for
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5.2.5 Comparison of characteristic curves

The characteristic curves of the SM110-24P wererdehed from the manufacturer’s
datasheet. Figure 5-13 compares the mapped chastacteurve from the datasheet (in
green) and characteristic curve obtained from timeulgtion model (in blue) for
different irradiance values. At 400W/ntharacteristic curve data points obtained from
the datasheet is not very accurate. Thus simulatiodel characteristic curve is slightly

different from the characteristic curve mapped fittie datasheet but can be considered

reasonable.
¥ Coordinate Y Coordinate ¥ Coordinate Y Coordinate
-y I = -y I =
= pvdatasheset Ipvcatashesct = Ypvdatasheet Ipvdatashest
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Figure 5-13: Comparison of characteristic curve®58C for different irradiance

conditions
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5.3 DESIGN OF PHOTOVOLTAIC (PV) EMULATOR

In order to complete research on the photovoltgstesn, a photovoltaic panel or
module is necessary. The cost of a photovoltaiep@nsignificant compared with the
rest of the components required for the systemnkvieé were possible to spend money
to buy the required photovoltaic panel, anotherwtheck will be producing the
necessary environmental conditions especially dengig the weather in Manchester.
Some researchers have used artificial lamps aslteamative to the sun-light [78].
Different environmental conditions could be achk\®y varying the intensity of the
lamps. This is a feasible solution; however it wasa lot of energy due to the poor

efficiency of a photovoltaic panel.

For research purposes the most attractive solwionld be to have a photovoltaic
emulator with reasonable accuracy. There are Seadvantages associated with a PV
emulator. It is comparatively cheaper than a siryilaated real PV panel. Variable
environmental conditions could be replicated easiith comparatively lower energy
loss. Finally the PV emulator could be tuned tdicepe characteristics of different PV
panels in a short time. Therefore the PV emulataid be used for different research
activities. This section presents the developmehts photovoltaic emulator which is

based on linear voltage regulators.

The typical application diagram of TL783 variableltage regulator is presented in
Figure 5-14 [117]. The voltage across the resiRpis kept typically around 1.25 V.
The value of the output voltage is determined lgyresistance of resistop Bs given in
Equation 5-24. Current flowing through the commamntinal (hps) is negligible
compared with the current flowing through resist®sand R, therefore the output

voltage of the adjustable voltage regulator cowdpproximated to Equation 5-25.

V= 125(1+%J +1 R, Equation 5-24
1
R, :
V=12 1+R— Equation 5-25
1
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ouT

——— Linear voltage regulator
A A
ADJ 1.25V R,

Vi, Iaps
=

Figure 5-14: Typical application diagram of an atifiole linear voltage regulator

VOLII

The idea behind the design of this PV emulatooiseplace the variable resistor;, R
with external circuitry. The external circuitry widusense the output current of the
regulator. This current is fed to a controller whiepresents the characteristic equation
of a photovoltaic panel. The output of the con&oljives the necessary voltage of the
panel corresponding to the output current.

Table 5-3 presents the main data of the commondyd wljustable voltage regulator
[117-119]. The rated current and the maximum inmliage are the main parameters to
be considered in selection. It is possible to iasesthe current carrying capability by
connecting number of regulators in parallel. Theximam output voltage should be
more than the open circuit voltage of the photaiolpanel. A typical voltage regulator
produces about 2 V drop across the output and ipotinals. Therefore the maximum
input voltage of the voltage regulator should beximam output voltage plus the
voltage drop across the input and output terminals.

Table 5-3: Important parameters of typical adjustabltage regulators

Parameter Value
LM317 LM338 TL783
Output voltage range [V] 1.2 to 37 1.2to0 32 12325
Continuous current [A] 1.5 5 0.7
Reference voltage [V] 1.25 1.24 1.27
Maximum input voltage [V] 40 40 125

The feasibility of the method of controlling adjalste voltage regulator via an external

circuit was tested with the aid of the simple alegic circuit presented in Figure 5-15.
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The sinusoidal signal was generated from a laboradignal generator and is fed to a
non-inverting summing amplifier. Figure 5-16 shaWws output voltage and the voltage
at the ADJ terminal for 100 Hz and 10 kHz sinusbgignal. According to the results, it

is possible to use an adjustable voltage reguleitbrexternal control circuit.

Linear Voltage Regulator
A Ve ADJ R, 1
o—F
1 e v,
Vv
Ra

Figure 5-15: Feasibility testing of adjustable agk regulator for the application of PV

Emulator
—_— sa%x:l 2nsfii e, 1:23;:1 200s/tio
'l Y s
- 0V -0V
|- Rui.£C1) 4.58U Freq(C1) 99.34433Hz. Avg (C2) '5.99498V 2. 000ns) [ R-Rs(C1) 4.5% Freq(C1) 9.842520kHz. Avg (C2) '5.96110V 120, ous|
Edge 53 Stopped 63 Edge T
(|, 2009/10/07 13:09:58) Auto 0.13V PU_FEA_1 2009/10,07 13:10:11 (1, 20091007 13:19:53) Auto 0.13V PU_FEA_1b 2009/10/07 13:20:06
Time (2ms/div) Time (20us/div)
Y-axix [Top: Regulator output voltage (2V/div), Boin: Voltage at ADJ terminal]
(a) Frequency = 100Hz (b) Frequency = 10kHz

Figure 5-16: Response of the adjustable voltagelasg to the signals applied from the

signal generator

5.3.1 Design of Photovoltaic Emulator with TL783 Adjustable Linear
Voltage Regulator

Figure 5-17 presents the block diagram of the &alpls voltage regulator based
photovoltaic emulator. A hall-effect current tranedr is used to measure the current.

The control circuit replicates the characteristii&ion of a photovoltaic panel. The
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control signal applied to the ADJ terminal of thdjustable voltage regulator ensures

that the correct voltage is applied for correspogdiurrent.

IN

Linear Voltage ouT A Ii"
Regulator "
A
—————————————— ADJ R,
|
: Characteristic + I
| Equation C D |
Vin I A | Rload § V])v

I 1.25] |
| I
| Current Transducer | |
| Transfer function |
| I
« ___ _Conwoller

Figure 5-17: Block diagram of the PV Emulator

Equation 5-1 is the characteristic equation of atgboltaic panel taking output current
of the panel as the dependent variable. By swapbegariables, the output voltage of
a PV panel is made to be the dependent variableaasidming zero series resistance,

Equation 5-26 results.

| =y +1
Vo, = NV, |n(mJ Equation 5-26

sat

Since 14 <<(l,n—1,), it is possible to approximate further with

Then from Equation 5-26,

|, —1
Ve, = NV, |n(¥j

sat

Vpy = NVI{|I’1(| ph — | Pv)_ln(lsat)ll
Vey = NV In(l 3, = 1oy )= NV, In(l ) Equation 5-27

The approximated output voltage of the photovolfaoel is given in Equation 5-27.

However, the voltage drop across the resistof) @hould be compensated in the
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controller. Therefore the output of the controlbeuld be written as in Equation 5-28.

Figure 5-18 presents the block diagram of the PMlatar based on Equation 5-28.

Vi = NV, xIn(l, = 1oy )= NV, xIn(l ) - 125 Equation 5-28

IN | Linear Voltage ouT n Ip:

Rgulator -
A~~~ " —-—"F—"T"™—"T7""™"7""™—"7"™"7""77 77777 A
e e e S el s ~ ADJ R,

Natural logarithmic +
Amplifier

—
n

NVidn(lsar)

Rload g VP ¥

Simplified Characteristic Equation

Transfer function of | _
the Current sensor

———————— — ] ——

L Controller

Figure 5-18: Block diagram of the photovoltaic eatal with simplified characteristic

eqguation of the photovoltaic panel

5.3.1.1 Transfer function of the current transducer

Figure 5-19 presents the characteristic curve efdirrent transducer HY20 and the
relationship is mathematically given according tqu&tion 5-29 [120]. The maximum
current (bn) of the current transducer is 20A. The inverseheftransfer function of the
current transducer is implemented in the contrptiegrefore output current of the linear

voltage regulator is available.

Ver [VI4
4 ___________________________

»1[A]

Ipy

Figure 5-19: Characteristic curve of the curreahsducer

Ve =—XI Equation 5-29
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CHAPTERS

5.3.1.2 Natural logarithmic amplifier

Equation 5-28 is comprised of logarithmic termseréfore an analogue logarithmic
amplifier is necessary. The schematic diagram tfgarithmic amplifier is shown in
Figure 5-20 [121]. The relationship between theutrgmd the output of the amplifier is

given by Equation 5-30 and it could be approximateHquation 5-31 assuming% IS

equal to one.
700 kQ 3kQ
LM 394 LM 394
ANV ANN— +15V
f 1 33pF
220 pF == L 2kQ T
100 kQ = «
En—AA———P 15.7 kQ
N :] ey . K vz
¥ LF 412
LF 412 % Eour 1kQ = =

Figure 5-20: Schematic diagram of a logarithmic kfinep

KT 7 :
Eour = —FX167XIn(@ E,Nj Equation 5-30
Eour = —%Tx 167xIn(E,, ) Equation 5-31

If (I oh ~ 1 pv):EIN , then Equation 5-28 can be written as in Equaii@2 with the aid of

Equation 5-2. Then Equation 5-31 and Equation $&82be merged, which is shown in
Equation 5-33. The block diagram of the photovol&inulator based on Equation 5-33

and current transducer transfer function is shawiigure 5-21.

167| q

V,, =- fg{—kl x167xIn(E,, )} - NV, In(l,)- 125 Equation 5-32

—A—N7 Eour — NV, In(l,)- 125 Equation 5-33
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Figure 5-21: Block diagram of the photovoltaic eatat based on Equation 5-33 and

current transducer transfer function

The thermal voltage (¥ and diode saturation currentfl depend on temperature and
irradiance. In this design, the effect of tempamtis neglected and as a result the
thermal voltage can be treated as a constant. Hawehe diode saturation current
should be adjusted accordingly to the irradiancangk. Equation 5-33 can be
simplified to Equation 5-35 wheny\s defined as in Equation 5-34. Thep &An be

changed manually according to irradiance variations

V, =NV, In(l_, )+ 125 Equation 5-34

V:AN

ref _167 ouT ~ Va

Equation 5-35

Analysing the characteristic curve of the photoaiglipanel, it is clear that the variation
of the output current at low voltages is effectyehsignificant and close to the
photovoltaic current gh). The current transducer is not accurate enougheasure the
variations at low voltages. Further at low voltagies input to the natural logarithmic
amplifier is very small and consists of a consib&raamount of noise. Therefore the
emulator does not behave properly at low voltage.additional block is added to the
PV emulator to overcome this problem as shown gufe 5-22. In this improved
model, the characteristic curve is divided into twagions. At high voltages the
emulator follows the characteristic equation wiildow voltages emulator behaves as a
constant current controller. The change-over veltegselected such a way that the

characteristic curve controller is not disturbed.
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Figure 5-22: Photovoltaic emulator with additiooatuitry which behaves properly at

low voltages

However, emulator model shown in Figure 5-22 takesphotocurrent as the reference
for the current controller. This does not performell experimentally; therefore the

system was slightly changed as shown in Figure.3r2this model a separate reference
is used for the current controller and this is ldssn the photovoltaic current. The
current reference is approximately equal to theerircorresponding to the controller

change-over voltage.

IN | Linear Voltage | OUT p lpv
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R
; S ]
| w—» PI controller —» —( )
| = Current Controller | +A |
s dresdoartatoded ol sl ol i [
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|||
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: L ‘ Equatioi N ]l | %ﬁgix:fcr Iil‘ J' :
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N s o e ol et s s pt s Bt B A B e e e e B s e e — p—

Figure 5-23: Final model of the photovoltaic emaiat

5.3.1.3 Results of the photovoltaic emulator

SM110-24P photovoltaic panel was emulated from dbpistable voltage regulator
based photovoltaic emulator. Table 5-4 presentg#ies theoretically calculated and
experimentally used for the photovoltaic emulator different irradiance conditions
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based on the supply voltage applied to the coeirollhe deviations of theoretical and

experimental values are very small.
Figure 5-24 presents the characteristic curvesirddairom the simulation model and
the photovoltaic emulator for the different irraati@ settings. According to the results,

it is clear that the photovoltaic emulator follothe characteristic curve.

Table 5-4: Theoretical and experimental gains disethe photovoltaic emulator

Parameter 400W/m | 600W/nf | 800W/nf | 1000W/mi
lph Theoretical 1.38 2.07 2.76 3.45
Experimental 1.30 2.05 2.70 3.40
Va Theoretical 41.2 39.9 38.9 38.2
Experimental 40.5 38.5 38.5 38.8
l ph- Experimental 1.26 2.00 2.70 3.35
AN/16.7 Theoretical 7.76 7.76 7.76 7.76
Experimental 7.76 7.76 7.76 7.76
forearea |4 = = = = S
35 — -
3 I 4
5 e i
(] — ]
1.5
i =
bl | =l Y
1 -y
SEaEn
05 | §\
i\
]

25 27 29 31 33 35 a7 39 41 43

voltage [V] |

‘—l—400_5\m ——400_EXFI 600_Sim 600_EXP| —%— 800_Sim —s— 800_EXP| —— 1000_Sim —WOOO_EXP\‘

Figure 5-24: Comparison of characteristic curvesioled from simulation model and

photovoltaic emulator
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5.3.2 Development of photovoltaic emulator capable to emulate five panels

The emulator was extended to emulate five photaimftanels which could be operated
in parallel. Therefore output power could be inesexh Figure 5-25 presents the block
diagram of the PV emulator which extended to fin@tpvoltaic panels. The selection
switch after current sensor enables to select theber of panels in parallel. Figure
5-26 shows the results obtained from the photowokanulator at different irradiance
values compared with the characteristic curve abthifrom the simulation model.
According the results it is clear that all the pdarfellow the characteristic curves. A

picture of the developed photovoltaic emulatorrissented in Figure 5-27.
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R
: | I ADJ ? L
] e s m\ ) PI controller 7‘ > { O :
| — = Current Controller I j |
-
\ |
+
Vin _ e SOt |
’_' 16.7 _ | Ricad<> V.
|
|
I
|
I
|

]|

1|1
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AN Natural logarithmic P

Ll Amplifier NVin(Ig) | | |1.25 | CT transfer)
| | I function I

I

] | LI S L3

R + . ‘ Characteristic | |Noof panels| | 4 |

T Equation J Ne—— =

Figure 5-25: Photovoltaic emulator capable of etmudgfive photovoltaic panels

5.4 SUMMARY

The simulation model of the photovoltaic panel igveloped based on the
environmental conditions of irradiance and tempeggatin order to avoid the numerical
failures, it is necessary to insert an inductorseries with the controllable voltage
source. A well-behaved photovoltaic panel modehvailable. An adjustable voltage
regulator based photovoltaic emulator was desigmagp/emented and tested. The
characteristic curves of the hardware emulatorovedl the curves obtained from the
simulation model with reasonable accuracy. Thelsipgotovoltaic panel was extended

to a five panel photovoltaic emulator with a singatroller.
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Figure 5-26: Comparison of photovoltaic panels ltssaf simulation model and

photovoltaic emulator

Figure 5-27: Picture of the photovoltaic emulator
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CHAPTER 6

DESIGN AND TESTING OF POWER ELECTRONIC

CONVERTERS

6.1 INTRODUCTION

The proposed microsource interface contains thoeeep electronic converters. This
chapter presents the design of three convertegsunidirectional dc-dc converter, the
bi-directional dc-dc converter and the single-phemserter. The designed converters
were modelled and simulated using the EMTDC/PSCAiware. The prototypes of
each converter were implemented and were controlisthg dSPACE real time

software. Simulation and experimental results &e imcluded in this chapter.

6.2 DC-DC CONVERTER

Figure 6-1 shows the schematic diagram of the nemtiforward dc-dc converter
topology. The switches (Qand Q) are turned on simultaneously and the energy is
transferred to the secondary winding of the tramsé& during the on-state of the
switches. Stored energy in the inductor is releasdbe load during the turn-off period
though the diode b Design requirements of the modified forward dcedaverter are

given in Table 6-1.

- Lp
Li Qi Ds MM Ling lioad
A G _IE I D| I H

- 1:N * Vind

V. o Vd4 K D C, ~ Vdc
b ;:CP] T Vpr %H’ T Vse i »
Q
ol

Figure 6-1: Schematic diagram of the modified farvdc-dc converter
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Table 6-1: Design requirements of the modified fardvdc-dc converter

Parameter Value
Input voltage[V] 35
Output voltage [V] 360
Rated power [W] 200
Switching frequency [kHz] 40

The relationship between the input voltage and dbigput voltage of the modified

forward dc-dc converter is given in Equation 6-1ewéhN and D are the turns-ratio of
the transformer and the duty ratio respectivelyudgn 6-1 is used to calculate the
turns-ratio of the transformer. Equation 6-2 isamd by considering the voltage
across the inductor and the current flowing throtlghinductor during the off-state of
switches. Inductance is calculated from Equati¢h Akng and T are the current ripple

of the inductor current and the period of the skitg signal. For this topology the

average inductor current is equal to the outpud marent.

¢ =ND Equation 6-1
Vin
L, = Vd°(i__ D), Equation 6-2
Iind

Figure 6-2(a) presents the input current and theentiflowing through the primary of
the transformer. The excess charg®) is stored in the input capacitor during the off
state of the switches and it is related to the tigourent, the duty ratio and the period as
in Equation 6-3. Then the capacitance of the inapgacitor can be calculated from
Equation 6-4 which is based on Equation 6-3 andrthet voltage rippleAVi,). Figure
6-2(b) shows the output current of the convertat #re current flowing through the
inductor. The amount of charge stored in the outayacitor depends on the inductor
current ripple and the period of switching signalia Equation 6-5. Considering the
charge to be stored in the capacitaQf) and the output voltage rippl&Vqc), the
capacitance of the output capacitor is calculatech fEquation 6-6. Table 6-2 highlights
the details of passive components of the converddrulated using Equation 6-1 to

Equation 6-6.
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AQl = Iin (1_ D)Ts

Aiind

Equation 6-3

Equation 6-4

Equation 6-5

Equation 6-6

Iind,avg = Iout

T
V|n in
Vin
A T
AQ, = e
__ AQ,
p2
Vdc AVdc
Vdc
Current [A] Current [A]
A
T, AQ
— 1
AQ,
Time [;]

(a) Input capacitor

TimeTs]

(b) Output capacitor

Figure 6-2: Charge stored in the capacitors ohtbedified forward dc-dc converter

Table 6-2: Passive component data of the modibeddrd dc-dc converter

Parameter Values
Turns ratio of the transformer 26
Inductance of inductor [mH] 14.9
Capacitance of the high voltage side capacitor [uF] 220
Capacitance of the low voltage side capacitor [LF] 3300

All the semiconductor devices were selected basedhe maximum peak current

flowing through the device, rms current flowingdhgh the device and the maximum

reverse bias voltage across the devices. Approgimat factor of two was given as a

safety margin.

A screen-capture of the modified forward dc-dc @ter simulation model is shown in

Appendix C. The losses of the semiconductor devégesthe inductor are included in
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the simulation model based on the values obtainmu the datasheets and measured

from the prototype.

Electrical isolation between dSPACE outputs ane gaitve IC is achieved by means of
an optocoupler. The IR2113 gate driver IC was usedrive the MOSFETS in the
prototype. The input voltage, the input current déimel output voltage were measured
and captured into the dSPACE system. All the messents were filtered by a first
order analogue hardware filter with 5 kHz bandwitgfore feeding them into the
dSPACE system. An emergency switch was connectesgriies with the supply. An
automatic protection system activates the emergswitgh although it can be operated

manually as well. Further protection via fusesrsvjled.

6.2.1 Open loop testing of the modified forward dc-dc converter

A 35V voltage source was connected to the inputaaB8@ resistor was connected to
the output of the modified forward dc-dc converter the open loop testing. The
duration, step size and channel plot step of thmilsition were set to 0.5s, @ and
1us respectively. A laboratory power supply (SM20®8@s connected to the modified
forward dc-dc converter for the prototype testifitpe cable connected between the
modified forward dc-dc converter and the power $ypgsulted in a 0.7V drop thus the
voltage at the input of the converter was 34.3\k dhty ratio was set to 0.4 and 0.5 for
the simulation model and prototype testing respeliti A higher duty ratio was
required for prototype to compensate the turn olaydef the switches. Table 6-3

summarises the experimental results.

Table 6-3: Summary of experimental results of tloelifired forward dc-dc converter

Parameter Value
Output voltage of the converter [V] 351.3
Output current of the converter [mA] 0.425
Input current of the converter [A] 5.48
Input power [W] 188
Output power [W] 150
Efficiency of power conversion of the converter [%] 79.8
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The results of the modified forward dc-dc converee presented in Figure 6-3 to
Figure 6-6. Figure 6-3 presents the pulse width utedtbn signal applied to the
modified forward dc-dc converter. In the simulatiorodel, a triangular wave was
compared with a reference value to generate the BWjial. A reference value was fed
into the PWM generation block in dSPACE to generdte PWM signal for the

prototype.
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Gy Green (1V/div)]; X axis: Time (Simulations: 20pis/dExperiment: 5us/div)
Figure 6-3: PWM signal applied to the modified fanal dc-dc converter

Figure 6-4 presents the input voltage and the ieputent of the modified forward dc-
dc converter. Averaged input current is also preeskalong with the input current of
the converter in the simulation results. Averageutncurrent is plotted by sending the
measured current through a low pass filter. Theraiory power supply current limit
was set to 7A. Initially the input capacitor is mbiarged thus the input voltage dips and
the input current is at its maximum. However a higitush current is visible in the

simulation model since there is no current limitethe voltage source.
The effect of inrush current is visible in the auttpoltage and the output current (see

Figure 6-5). The output voltage of the prototypeetalonger time to reach the steady

state when compared that with the simulation model.
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Figure 6-5: Output voltage and output current eftiodified forward dc-dc converter

The voltage across the inductor and the currenwifig through the inductor are

presented in Figure 6-6. Current increases whewadtiage is positive and the reverse
happens when voltage is negative. The inductoeatinipple is about 80% and 60% for
the simulation model and the prototype respectivEhe voltage across the inductor has
oscillations during the turn-on period. This is dbe parasitic components of the high

frequency transformer.

Detailed results of the modified forward dc-dc certer are included in Appendix C.
Figure 6-7 presents the screen capture of the meshguantities plotted in the dSPACE
real time interface software. The measurementspbotted with time as well as the

instantaneous values displayed.
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Figure 6-6: Voltage across the inductor and curflemting through the inductor of the

modified forward dc-dc converter
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Figure 6-7: Screen capture of measurements plottd8PACE

6.3 BI-DIRECTIONAL DC-DC CONVERTER

The schematic diagram of the selected bi-directiadmdc converter topology is
presented in Figure 6-8 and the design requiremehtshe bi-directional dc-dc
converter are given in Table 6-4. Switches Q,, Qs and Q are operated during the
step-down mode while switches @d @ are operated during the step-up mode.

Table 6-4: Design requirements of the bi-directiatadc converter

Parameter Values
Voltage at high voltage side gMV] 360
Minimum voltage at low voltage side, W] 36
Rated power, P [W] 200
Switching frequency sfkHz] 20
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Figure 6-8: Schematic diagram of the bi-directiashaldc converter

Vdc (t)

Values for the passive components were calculatedidering the step-down mode of
the bi-directional dc-dc converter. The relatiopshétween voltage at high-voltage side
and low-voltage side voltages is given by the Eigua-7 where D and N are the duty
ratio and the turns-ratio of the transformer resipely. Equation 6-7 is used to
calculate the turns-ratio of the converter. Theuctdnce of the inductor in the bi-
directional dc-dc converter can be calculated filequation 6-8 which is derived by
considering the voltage across the inductor ancttineent flowing through the inductor
during the on-state of the switchesg, and Ali,q are turn-on period of the switch and
current ripple of the inductor current.

Vi 2D Equation 6-7

V., N

L,= Vee -V, Lon Equation 6-8
N Al

The capacitance of the high voltage side capac#aarbe calculated by considering the
currents {onv and | (see Figure 6-8) and Figure 6-9 shows the ideal and K
waveforms. The average current @f,J should be equal to the input current to the
converter (l). Equation 6-9 represents the amount of chardgesti@uld be stored in the
capacitor AQ) during steady state. Using Equation 6-10, theac#ance of the high
voltage side capacitor could be calculated withatigeof high voltage side rippl&V o)

and the charge which should be stored in the capaci
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AQ= M Equation 6-9
oH = A Equation 6-10
(Avch
Vdc
Vdc
Current i
(A) / eom (1) /

Li (E)
AQ

o

Time (s)

Figure 6-9: Input and output current through thghhside capacitor node of the bi-

directional dc-dc converter

Table 6-5 shows corresponding component valueslled¢s! from above Equation 6-7
to Equation 6-10.

Table 6-5: Details of the passive components obtkairectional dc-dc converter

Parameter Values
Turns ratio of the transformer 6
Inductance of inductor [uH] 303
Capacitance of the high voltage side capacitor [LF] 500

All the semiconductor devices were selected basedhe maximum peak current
flowing through the devices, rms current flowingaigh the devices and the maximum
reverse bias voltage which appears on the deviggsroximately a factor of two was

used as a safety margin.

During step-up mode, switches (@) and (Q, Q) operate as pairs and are turned on
alternatively. Switches £and @ are also turned on alternatively during step-ugleno
However the PWM signal is generated by comparindcareference value with a

triangular wave which produces continuous on amdighal. The logic circuitry shown
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in Figure 6-10 is used to extract the correct gsitpal to each switch from the
continuous PWM signal. The behaviour of the logicuwtry is illustrated in Figure

6-11.

Logic ‘1’
N Qi Qs Qs
J SET Q l|>
PWM—
K CLR Q ml — Qz, Q; ~ Qa
L/ -

Figure 6-10: Logic circuit used to extract gatensigrom PWM signal

A
Logic High

Y Ti=me
P | |1 |1 [ 1 |
Time
Q T—V [ ] [ 1] [ 1.,
Time
Qe | I 1 [ 1 | &
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Figure 6-11: Behaviour of the gate signal extraot®d in the bi-directional dc-dc

converter

A screen capture of the simulation model is inctude Appendix C. In the prototype,
the PWM signal generated by the dSPACE real-tinfievaoe is sent through an optical
isolator for protection purposes. The PWM signakhen fed to the logic circuitry
presented in Figure 6-10 to generate gate sigoaacth switch. An IR2113 gate driver
IC was used to drive the MOSFET switches. The atrflewing from the low-voltage
side, the voltage of the low-voltage side and tbikage at the high-voltage side of the
converter are measured and fed into the dPSACE tiead interface. All the
measurements are filtered by a first order low asdogue hardware filter with 5 kHz
bandwidth. The bi-directional dc-dc converter audtioally shuts down during a fault if
the measurements exceed their upper limit. Furtbermhe emergency switches can be

operated manually and fuses are placed at apptepasitions.
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The gate signals applied during step-down and gpepiode are presented in Figure
6-12 and Figure 6-13 respectively. The duty rapplied to the PWM generator in
simulation model and in prototype was different.u$hhe turn-on and the turn-off
periods were different. However the logic circuipgrforms according to the theoretical

analysis.
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Figure 6-12: Gate signals during step-down modd@bi-directional dc-dc converter
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Figure 6-13: Gate signal applied during step-up enaichi-directional dc-dc converter

6.3.1 Open loop testing of bi-directional dc-dc converter

6.3.1.1 Step-up mode

The test set-up for the step-up mode testing ofhihéirectional dc-dc converter is

presented in Figure 6-14. A laboratory power sughbmbda Gen 300-5) was used to
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test the prototype. The voltage of the power supyhg set to 47.6V and the current
limit was set to 3.7A. A negative temperature deeffit resistor was connected in
series with the inductor to reduce the inrush eurrdhe inrush current limiter
experienced a 2.5V drop in steady state. Thergf@eource voltage was set to 45V in
the simulation model. A load resistor of &@as connected at the high voltage side of
the converter. The duty ratio was set to 0.72 an@ @or the simulation model and
prototype. The duty ratio is slightly increasedhe prototype to compensate delays in

the gate drive.

Q [ .
< XD GIJ: " ()

Vo ® Vae (9

Con =

7
=
g
g

V. (t)
i (1) L

Qz}_
H} D¢ } Dy G, J:} D,

Figure 6-14: Test set-up used to test the operafidime step-up mode of the bi-

directional dc-dc converter

The duration, solution time step and channel gk ©f the simulation were set to 0.3s,
1us and 1s respectively. A summary of experimental resuktspgesented in Table 6-6.
Figure 6-15 to Figure 6-17 show the results of lthdirectional dc-dc converter with

simulation and experimental results on the left aglit hand side.

Table 6-6: Summary of experimental results of tirelitectional dc-dc converter at

step-up mode

Parameter Value
Voltage at high voltage end of the converter [V] 335
Current delivered to the load [mA] 424
Voltage supply output current [A] 3.55
Input power to the converter[W] 159
Output power from the converter[W] 150
Efficiency of power conversion of the converter [%)] 94.3
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The voltage at the low voltage end of the bi-dimwl dc-dc converter and the supply

current are presented in Figure 6-15. The inrugheati limiter is not included in the

simulation model thus a high inrush current is eigmeed. Initially the voltage supply

delivers maximum output current, and then decayshé steady state value in the

prototype. Figure 6-16 shows the high side voltagd current flowing through the

load. The prototype takes longer time to settleabse of the operation of inrush current

limiter.
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Figure 6-16: Load voltage and load current of thditectional converter (step-up
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The voltage at the ends of the inductor and theeatiflowing through the inductor are
presented in Figure 6-17. Inductor ripple is apprately 30% for both simulation
model and prototype.
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Figure 6-17: Voltage across the ends of the induartad current flowing through the

inductor of the bi-directional dc-dc converter fstg mode)

Further results of the step-up mode testing of lihkdirectional dc-dc converter are
included in Appendix C. Figure 6-18 presents a estreapture of the measured
waveforms of the bi-directional converter duringgstup mode which appears in
dSPACE real time software interface. The voltageth&f high voltage side, battery
voltage and current flowing into the battery areaswered.

.-2-1012345873. -2-1012345578.-2-1012345678

Time [s] Time [s] Time [s]
Figure 6-18: Screen capture of the measured wawsfof the bi-directional converter
(step-up mode) plotted in dSPACE
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6.3.1.2 Step-down mode

The test set-up for the step-down mode testindnefhi-directional dc-dc converter is
presented in Figure 6-19. The high voltage side w@mected to a 360 V voltage
supply. A Xntrex XHR 600-1.7 laboratory power sypplas used to test the prototype
and the current limit was set to 0.45A. A ®@5esistor was connected as the load and a
47uF smoothing capacitor was connected in paralleh wotd resistor. The operating
point duty ratio was set to 0.4. The duration, g8otutime step and channel plot step of
the simulation were set to 0.3s, @85and s respectively. Table 6-7 presents the
summary of experimental results. Results of theveder are presented in Figure 6-20
to Figure 6-22.
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Figure 6-19: Test set-up used to test the operafidine step-down mode of the bi-
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Table 6-7: Summary of results of the bi-directiodaldc converter during step-down

mode

Parameter Values
Voltage at the low voltage end of the converter [V] 46.7
Current delivered to the load [A] 2.92
Current delivered from the voltage source [mA] 407
Input power [W] 147
Output power [W] 136
Efficiency of power conversion of the converter [%)] 92.5

Figure 6-20 presents the input voltage and thesatifftown into the bi-directional dc-dc

converter on the high voltage side. In the simatatnodel, a high side capacitor does
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not filter the current; therefore this measuremeas fed through a low pass filter to
determine an average value. Initially the high agét side capacitor in the prototype is
not charged; therefore inrush current is experiénieghe prototype. The inrush current

is limited by the power supply current limit.

o J i cH3 100.0U/diuu/ .. Nore
300
200 A
100

0

e [v]

=in

1.00

0.80 . .
0.860 ’

0.40

0.20

0.00

lin [A]

= linavy

0.40

linawy [A]

0.00
e £C3) 286.980V Avg (C9) 315.112mA

0000 0050 0100 0150 0.200 0250 0300 Stopped 4 Edge EN
| 2009/10,20 10:30:32) single  20.00V BIC_OL_SD_1d 20091020 10:31:22

(a) Simulation (b) Experiment
Y axis :Vy - Pink (100V/div), {, — Maroon (Simulation: 0.2A/div, Experiment: 0.1na®/, 5kHz bandwidth); X
axis: Time (0.05s/div-Simulation, 1s/div-Experiment

Figure 6-20: Input voltage and input current tobireirectional dc-dc converter (step-

down mode)

Figure 6-21 shows the load voltage and the loadeotir The load voltage reaches the
steady state instantaneously in the simulation métlvever, the load voltage of the
prototype takes longer time to reach the steadg sta a result of the inrush current

limiter placed at the low voltage side.
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Figure 6-21: Load voltage and load current of thditectional dc-dc converter (step-

down mode)
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The voltage across the inductor and current flowhrgugh the inductor are shown in
Figure 6-22. The inductor current linearly increadering the on-state of the switches.
Energy stored in the inductor is released to the lduring the off-state thus the current
through the inductor linearly decays. The inducipple current is about 30% and 25%
for the simulation model and the prototype respetti Figure 6-23 presents the screen
capture of measurements plotted in dSPACE userfaci Further results of step-up

mode testing of the bi-directional converter auded in Appendix C.

- 10MS/s  10HsAdiv
= Ying oE z0.0uiv e Normat
204 ¥

BlIEHERliENS

g0 4

o

Yind [v]

= fing
480 ———
4.00

350 - o
.00 -/\/\/\/\/
250 -

2.00 1
1.50 1
1.00 1
0.50 -

lind [A]

Avg (C3) -57.8755my Avg (C9) 2.86898A
Edge
Aute

EX
20.00y BIC_OL_SD_3b 2009,10/20 10:46:51

(a) Simulation (b) Experiment

0.20000 0.20002 020004 020008 020008 020010 B3 J

Y axis :Vi,q — Pink (20V/div), {4 — Maroon (simulation: 0.5A/div, Experiment: 1A/}iX axis: Time (10us/diy
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bi-directional dc-dc converter (step-down mode)
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Figure 6-23: Screen capture of the measured wawsfof the bi-directional dc-dc
converter (step-down mode) plotted in dSPACE

6.4 SINGLE-PHASE INVERTER

A full-bridge single-phase inverter is used in theoposed system. Pulse Width
Modulation (PWM) with a unipolar voltage switchingchnique was adapted since it
produces fewer harmonics compared to PWM with kipebltage switching technique.

Table 6-8 presents the requirements of the inverter
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Table 6-8: Design requirements of the single-pliagerter

Parameter Value
Power rating [W] 200
DC voltage [V] 360
Switching frequency [kHz] 10

A screen capture of the single-phase inverter sitrari models is presented in
Appendix C. Dead time was not introduced into theusation model and the PWM
signal was generated by comparing a sinusoidal waite a triangular wave.
Furthermore the frequency of fundamental componttet,modulation index and the
load resistance can be adjusted manually. Apprigpn@altages and currents were
measured in the simulation model. The durationytswi time step and channel plot

step of the simulation were set to 0.5s, 1us arsdr8spectively.
A FSAM20SHG60A three-phase inverter module was wsedhe single-phase inverter
hardware. The inverter module has an integrateel di@te circuitry which is driven by

external logic signals. Table 6-9 presents thersam of data of the module.

Table 6-9: Summary of data of the FSAM20SHGE0A itetemodule

Parameter Value
Power rating [W] 1500
DC voltage [V] 600
Switching frequency [kHz] 15

In the prototype, 3us dead time was introducetieagate signals which were generated
by the dSPACE real-time software to prevent dc-khiort-circuit. Electrical isolation
between dSPACE outputs and the inverter module aaseved by means of
optocouplers. The optocoupler introduces a lusydelagic signals applied to the
inverter module are inverted inside the module keefmeing applied to the gate drive.
Turn-on and turn-off switching of the logic signapplied to the gates of a ‘leg’ are
shown in Figure 6-24. The total dead time equaks 4u
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Figure 6-24: Gate signals applied to an arm okthgle-phase inverter module

The coupling inductor of inverter is selected toeinthe power transfer capability as
presented in Chapter 4. Equation 6-11 presentsefaionship between inductance of
the inductor with voltage at the ends of the inducphase angle, active power and
frequency. The inductor selected for this applaratis 54.8mH which is capable of
transferring 600W when the phase angle betweenvtiitages at the ends of the
inductor. The dc-link capacitance was selected dbase the theory presented in the
Chapter 4.4.3. The inverter rated power is 200W #n&d capacitor was selected to
achieve a voltage ripple of 1.5V. Therefore a l#5@apacitor was connected across
the dc-link.

L = E iwims Y invims SN
P ALY

max

Equation 6-11

Behaviour of the inverter under no load (open dijauas tested initially. Then inverter
operation under a resistive load was tested. Stnlaand experimental results

corresponding to these two test cases are inclmdédpendix C.

The inverter was connected to series inductive rasdtive load as shown in Figure
6-25. The input voltage is set to 360 V and the laoge modulation ratio is set to one.
The load resistance and the inductance areCB&Ad 54.8 mH respectively. A Xantrex
XHR 600-1.7 laboratory power supply was used as dbevoltage source for the
inverter.
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Figure 6-25: Single-phase inverter connected &@ri@s inductive and resistive load

Table 6-10 summarises the experimental resultshefsingle-phase inverter. Figure
6-26 to Figure 6-29 present the simulation and expntal results. Figure 6-26 shows

the voltage at the centre of each ‘leg’ and th@uuvoltage of the inverter.

Table 6-10: Summary of experimental results ofdingle-phase inverter
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Parameter Values
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Figure 6-26: Voltage at the centre of each armiawerter output voltage
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The voltage across the resistive load and the rufi@ving through the resistive load is
presented in Figure 6-27. In order to measuredhd Voltage a 1x oscilloscope probe
was connected to a resistive voltage divider witBrauation equal to 201. Figure 6-28
presents the load voltage and the load currentfeveswitching cycles.
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(a) Simulation (b) Experiment
Y axis :Viny — Green (200V/div), kv — Blue (simulation: 0.5A/div, experiment: 1A/diW;axis: Time (5ms/div)
Figure 6-27: Voltage across the load and currentifig through the load
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Y axis : Vijnv — Green (100V/div-Simulation, 200V/div-Experiment),, — Blue (simulations: 0.5A/div,
experiment: 1A/div); X axis: Time (20us/div)
Figure 6-28: Load voltage and load current over $@itching cycles

The input current, the input voltage and the iretedutput current are shown in Figure
6-29. The input current is partially filtered inettprototype. A screen capture of the
measured waveforms of the inverter which appeathendSPACE real time interface

software is shown in Figure 6-30.
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Figure 6-29: Input voltage, input current and otifpurrent of the inverter
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Figure 6-30: Screen capture of the measured qigentit the single-phase inverter
plotted in dSPACE

6.5 SUMMARY

All three converter topologies were modelled amdusated using the EMTDC/PSCAD
software. Hardware prototypes of them were implasen The prototypes were
controlled using the dSPACE real time controllefftwgare. Automatic protection
systems and emergency protection systems wereirafgdemented. Input and output

guantities of the converters are measured anchfedhe dSPACE system. A first order
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analogue-hardware filter with 5 kHz bandwidth wiescpd before signals acquired into
dSPACE interface.

The efficiency of the unidirectional dc-dc converie around 80% while the bi-

directional converter efficiency is around 90%. Doethe parasitic effects, noise is
visible in the turn-on and turn-off transients. Hower, it does not affect the operation of
converters. The single-phase inverter efficiencabsut 90% at 75% of full load. It

behaves appropriately with inductive load. Thustld converters are performing as
expected.
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CHAPTER 7

AUTOMATIC DC-LINK VOLTAGE CONTROL

/.1 INTRODUCTION

As shown in Figure 7-1, the proposed system isddwyiinto two sections based on the
system operation. Section-A consists of the miaios® a photovoltaic panel in this
case, and an energy storage unit which is batterage. The grid connected inverter
forms Section-B. The output of Section-A should egpto Section-B as a stiff dc
voltage source. In other words: the output of teeti®n-A, which is the dc-link voltage,
should remain as constant as possible irrespeofivather load or PV panel output

power variations.

Inverter

4y
Filter Load Grid

DC-DC Converter

Photovoltaic

el Bi-directional de- =

dc converter =

Section A Battery |_{ }_/

Figure 7-1: Proposed microsource interface

Section B

The main goal of this chapter is to present theabelur of the Section-A under load

and for output power variations in the photovolfa@mnel. The structure of the controller
used, the design criteria and the gains selecteddch converter are briefly discussed.
Then ‘section-A’ behaviour is discussed with a sege load connected to across the
dc-link. The system behaviour around the steadye standitions and worst-case

conditions are analysed to ensure that the dciirdcting as a stiff dc voltage source.
All the studies were carried out using the simolatnodel and verified by the hardware

prototype. Simulation and experimental resultsiackided for all the case studies.
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7.2 CONTROLLER OF THE MODIFIED FORWARD DC-DC
CONVERTER

The controller of the modified forward dc-dc corteermakes sure that the photovoltaic
panel is operating at the maximum power point. Thwetroller consists of two control
loops as shown in Figure 7-2. The inner voltage leonsures that PV panel is operating
at the reference voltage generated by the outgx. [Bloe reference voltage is generated
by the MPPT which is the outer loop of the conanll

DC-DC Converter
Ip\ Iload

| =
Tvpv Vi Ve T Ricad

7y Resistive
Photovoltaic Load
Y v -y
panel
MPPT —> O —| Controller
+

PWM
Generator

Figure 7-2: Controller of the modified forward dc-converter

The inner voltage control loop was designed basethe operating point model of the
dc-dc converter. Gains for the controller are gelédyy considering the dynamic
stiffness properties of the system. The design ge®cof the controller is briefly
explained in the following paragraphs however AmerD presents the details of the

controller design and modified forward dc-dc comeebehaviour with the controller.

The simplified state feedback block diagram of ¢oeatroller of the modified forward
dc-dc converter is shown in Figure 7-3. The dynastiifness of the controller with a
proportional controller (Dg and a PI controller (D) are given in Equation 7-1 and
Equation 7-2 respectively.

Alp(s)

.
AVi'(5) + 1 + 1 T AVils)
S R e g J
B +

Figure 7-3: Simplified state feedback block diagminthe controller of the modified

a

S+a

-

forward dc-dc converter
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DS, : Blp(s) = {Cpls+ aG*‘} Equation 7-1
AV, (s) s+a
AN aG,5+Ky) on 7.
DS, : AV, () = {CplSWLW Equation 7-2

Table 7-1 presents the gains selected for the @tetrThe eigenvalues of the controller

are 4.82 kHz, 8.62 Hz and 2.45 Hz. The gains welected in such a way that a fast
response is achieved. In order to achieve a wéiltheld and smooth response, real roots
for the characteristic equation were selected.gdies corresponding to the gains of the
controller were separated by approximately a factdour.

Table 7-1: Gains selected for the Pl controllethef modified forward dc-dc converter

Parameter Value
Ga 0.25
Ksa 3.00

The voltage at the maximum power point is approxatyaequal to 71-80% of the open
circuit voltage of the photovoltaic panel [81-84]his characteristic is used in this
analysis. The goal of this research is to exantiee(taster) dynamics of the converter
rather than the (relatively slow) behaviour of amPcontroller. Therefore 80% of the
open circuit voltage is fed as the reference tarther controller of the dc-dc converter
as is done in some ‘cheap and cheerful’ MPPT loops.

/.3CONTROLLER OF THE BI-DIRECTIONAL DC-DC
CONVERTER

The function of the controller of the bi-directidri-dc converter is to keep the dc-link
voltage constant irrespective of variations in @ittoad or PV panel output power. The

controller should be operated during step-up aep-dbwn modes.

The controller of the bi-directional dc-dc convertensists of two loops as shown in

Figure 7-4. The inner loop controls the averageudhar current flowing through the
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inductor while the outer loop control the voltage the high-voltage side of the

converter. It is assumed that the inner current isdaster than the outer voltage loop.

Bi-directional
Iy converter
—u—’_l
= \Y
Batt de
# ery—_: TVL Rload
r —_—
Low pass

filter

Vieret L,O_, Outer Voltage Até) Inner Current | PwM
. ? loop Loop "I Generator

Figure 7-4: Controller of the bi-directional dc-clonverter

The controllers are designed based on the opernatimy model of the converter. Gains
for the inner current loop and the outer voltageplare selected based on the dynamic
stiffness properties of the system. The followirsgggraphs explain the design process
of the controller briefly. Details of controller sign are included in Appendix D.
Further simulation and experimental results of domtroller are also presented in
Appendix D.

Simplified state feedback block diagrams of theemaurrent loop and outer voltage
loop are presented in Figure 7-5 and Figure 7-6iakgn 7-3 and Equation 7-4 present
the dynamic stiffness of the inner current looghef controller of the bi-directional dc-
dc converter with a proportional controller ({3 and a Pl controller (Dg). Similarly
dynamic stiffness of the controller of the outedtage of the bi-directional dc-dc
converter is given in Equation 7-5 (B with a proportional controller) and Equation
7-6 (DS pi- with a PI controller).

\
\/
\

Al (s) + . ]+ v X 1 ] ALG)
—(3 Ksa N —>@—>@—> L S >

- /_ \ P
G, R,

Figure 7-5: Simplified state feedback block diagmirthe inner current loop of the bi-

Y

A

directional dc-dc converter

133



CHAPTERY AUTOMATICDC-LINK VOLTAGECONTROL

DS, Vo (s) (L,s+R,+G,) Equation 7-3
’ Al ind (S)
DS, : 2o () L s+R,+G, + s Equation 7-4
’ AI ind (S) S
Alp(s)
AV (s) > - T+ o T AVads)
L i | o [ — | _ >
* ] /'— + ph 5
o Kp .

s+a

Figure 7-6: Simplified state feedback block diagminthe outer voltage loop of the bi-

directional dc-dc converter

akK
DS, Al (9 :{C S+ p} Equation 7-5

Equation 7-6

Table 7-2 presents the gains selected for the @iters. Eigenvalues of the inner control
loops lie at 471 Hz and 133Hz. Eigenvalues cornegjpg to the outer voltage loops lie
at 4.72 kHz, 64.8 Hz and 16.9 Hz. Eigenvaluesesponding to the gains of the
controllers were separated by approximately a famtdéour. The gains were selected to
achieve fast response. Further to achieve welhddfiand smooth response, real roots
were selected for the characteristic equation.Heureigenvalues of inner current loop

and outer voltage loop are separated by approxiynfatetor of ten.

Table 7-2: Gains selected for the inner currenp land outer voltage loop

Parameter Value
Ga 0.75
Ksa 750
Kp 0.01
Ki 0.03
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The photovoltaic panel and energy storage wereeaxied to form a structure similar to
Section-A. Manual operation of the converters vestetd. Simulation and experimental
results are again included in Appendix D. The felltg sub-sections present the
automatic voltage control of dc-link in responsddad and photovoltaic panel output

variations.

7.4 AUTOMATIC CONTROL OF THE BI-DIRECTIONAL DC-DC
CONVERTER

The function of the controller of the bi-directidmiz-dc converter is to keep the dc-link
voltage constant. The bi-directional dc-dc conwvedbould switch between its two
operating modes automatically depending on the &vatlPV output power variations.

The mode selection of the bi-directional dc-dc @oter is based on hysteresis control
technique as shown in Figure 7-7. Hysteresis cbmtes chosen since it is fast and
achieves predictable upper and lower boundaries. mhthodology avoids unnecessary
switching between modes. For each mode, two retergaltage levels were defined. If
the dc-link voltage exceeds the step-down turnedarence (Mcsdop, the bi-directional
dc-dc converter operates in the step-down modé thatidc-link voltage drops below
the step-down turn-off reference Mo value. Similarly the step-up mode is turned on
if the dc-link voltage drops below the step-up tom reference (Msuwop. The bi-
directional dc-dc converter continues to operatstéap-up mode till the dc-link voltage
rises above the step-up turn-off reference.{¥n. A voltage gap AV) is introduced
between turn-on and turn-off levels. However thiitglio keep the dc-link within the
limits depends on the state of charge of the batterthe analysis, it is assumed that

battery is not fully charged or discharged.

7.5 AUTOMATIC CONTROL OF THE DC-LINK VOLTAGE

Figure 7-8 presents the test set-up used to antdgsautomatic voltage control dc-link.
The nominal dc-link reference voltage was kept@\8 The step-up turn-on and turn-
off references were set to 340V and 375V respdgtid5V and 380V were the step-
down turn-off and turn-on reference voltages respely. The following sub-sections

contain the simulation and experimental resultsdifferent scenarios. Current into the
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low-voltage (battery) end of the bi-directional dic-converter is considered as positive
while negative current indicates that the curreritawing out from the low-voltage end

as indicated in Figure 7-8.

Ve (1)

Viesdon [T A ;—A ;/ ————————— Step-down turn-on
Viesuoff F——======—f— e e B Step-up turn-off

V desdoft

Vdcsuon

|
|
|
|
|
: Time
Step down mode |
|
ONpF————————— - :
|
| |
OFF : , Time
Step up mode | :
|
ON '

OFF Time

Figure 7-7: Hysteresis control technique used tdrobthe operating modes of the bi-

directional dc-dc converter

DC-DC Converter
Loy Ligad

TVPV — Vdc T RIaad

Photovoltaic
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pane Bi-directional dc-

= dc converter

I
Battery

—>VL

Figure 7-8: Test set-up used to analyse the betawioSection-A of the proposed

microsource interface

7.5.1 Step-down mode turn-on transient of the bi-directional dc-dc

converter

The system behaviour during the step-down modeduartransient is discussed in this
section. The dc-link voltage increases in respoosedecrease in load or an increase in
PV output. When the dc-link voltage exceeds the-dt@vn turn-on reference, energy
should be transferred into the battery and thardcdoltage is restored to the nominal

reference voltage.
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In order to observe the step-down mode turn-onstesu, a decrease in load is
considered. The PV panel (emulator) output cornedpcto 1000W/rh irradiance at
25°C. A resistive load of 128Dwas connected to the dc-link. The dc-link voltage
stabilized at its nominal reference voltage witle thi-directional dc-dc converter
operating in step-up mode. Then the load resistamae gradually increased from
12302 to 170@ where the rate of increase was ®2fer second in the simulation

model.

Figure 7-9 to Figure 7-13 present the results efdysstem during the step-down mode
turn-on transient. Figure 7-9 highlights the vaoiatof dc-link voltage and load current.
As the load decreases, load voltage increasesoadclurrent decreases. Once the dc-
link voltage reached the step-down turn-on refegernbe dc-link voltage is restored
back to nominal reference value. Negative currentihg from the low-voltage end of
the bi-directional converter, Figure 7-10, validatbe operation of converter in step-
down mode. Load resistance variation was carrigdnmanually for the experimental
set-up and is not completely identical to the maitechange of load resistance in the
simulation model. Thus the complete turn-off peraidthe bi-directional converter is
different for simulation and experimental resuRgyure 7-11 presents the photovoltaic
panel voltage and current which indicates that @imltaic panel voltage is not affected
by the dc-link dynamics.
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Figure 7-9: DC-link voltage and load current (Autttin step-down mode turn-on

transient)
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Figure 7-10: Voltage at the low-voltage end of binelirectional dc-dc converter and the
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Figure 7-11: Photovoltaic panel voltage and cur(@atomatic step-down mode turn-
on transient) — (a) Simulation (left), (b) Expermhéright)

The behaviour of the controller of the bi-directabulc-dc converter is shown in Figure
7-12. Step-down mode was turned on when the dcvintage exceeded 380V. The dc-
link reaches it nominal reference voltage in ldemtone second. The average current
flowing through the inductor of the bi-directiondt¢-dc converter starts to follow the
current reference as soon as the step-down madenisd on. Figure 7-13 presents the
behaviour of the controller of the modified forwatd-dc converter. The controller of
the modified forward dc-dc converter adjusts intsacway that the photovoltaic panel
voltage remains constant during the transient. Jiemmts in the dc-link have not
significantly affected the PV panel voltage. Gatével delay in the prototype is
responsible for the duty ratio difference in th@exmental results when compared with

simulation results. This is visible in all the ceageesented in this chapter.
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Figure 7-12: Behaviour of the step-down mode cdletrof the bi-directional dc-dc

converter (Automatic step-down turn-on transient)

139



CHAPTERY AUTOMATICDC-LINK VOLTAGECONTROL

= Ydcinref - dcin 370

37.00 4
S s “ T | '
S‘ 3500 4 360 | “I ‘ f | | | I Il
_-O— 35.50 4 355 4 |||l {1 ]I ‘. |
(‘5 34.50 4 3435 4
] il LT
3 - 0 ] l”!.'!” | I
c a0y
q) 33004 =
S 33.0
q) 10.00 11.00 1200 13.00 14.00 1500 16.00 17.00 1800
[t 220 .15 10 035 00 05 10 15 20 25 30 35 40 45 50 55 60
)
ad Red: Reference; Green;,V Red: Reference; Green;,V
LT ™ i ]
"5' 0.50 4 05
- m——— R TR A D TR YOS FHAT Y
-~ -0.50 4 05
8 -1.00 1
1504 1o
E 200 15
= 250 4 —— 20
9 -3.00 4 25 4 y | |
- -3.50
c amd =30 T |
8 10.00 11.00 12.00 13.00 14.00 15.00 16.00 17.00 18.00 35 ' i i ' ' ' i ' ' i i '
<20 <153 -10 03 00 03 10 13 20 235 30 35 40 43 50 35 40
0. Blue: Proportional, Green: Integrator; Red: PI

Blue: Proportional, Green: Integrator; Red: PI

=m0C DR 040

0600 0.55

0.550

0.0
0.500

045

0450 1 H\'W i | M |\'\|"‘|'H | H‘\ I

0400 040

Duty ratio

0.350

03s

1000 11.00 12.00 13.00 14.00 15.00 16.00 17.00 18.00
220 -15 10 035 00 03 10 15 X0 235 30 35 40 435 50 33 60

Time [s] Time [s]
(a) Simulation (b) Experimental
Figure 7-13: Behaviour of the controller of the nfiedl forward dc-dc converter

(Automatic step-down mode turn-on transient)

7.5.2 Step-up mode turn-on transient of the bi-directional converter

The bi-directional dc-dc converter should switchstep-up mode automatically when
the dc-link voltage drops below the step-up turmr@fierence. The dc-link voltage starts
to drop from the nominal value as a result of aréase in load or a drop of output
power from the PV panel. A voltage drop due torammease in load is considered in this
test. The PV output corresponds to 1000Wimadiance at 25°C. A resistive load of
17002 was connected across the dc-link. The bi-direefiolc-dc converter operates in
the step-down mode while keeping the dc-link vadtagits nominal reference. The load
resistance was gradually decreased to @180d in the simulation mode rate was equal
to 1502 per second. Figure 7-14 to Figure 7-18 presensithalation and experimental

results during the step-up mode turn-on transient.
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The dc-link voltage starts to drop when the loadte@ases as shown in Figure 7-14. The
bi-directional dc-dc converter switches to the aippmode when the dc-link voltage
drops below the step-up turn-on reference. RefgrtmnFigure 7-15, current flowing
from the low-voltage end of the bi-directional dec-donverter is positive which
indicates that energy is transferred from the batféhe controller of bi-directional dc-
dc converter confirms the turn-on of the step-uplenat 340V, referring to Figure 7-16.
The voltage differences at the low-voltage endhef bi-directional dc-dc converter are
responsible for the duty ratio difference in thendiation and experimental results
which is visible in most of the cases presentetthi;chapter. According to Figure 7-17
and Figure 7-18, the controller of the modifiedward dc-dc converter output slightly

adjusts during the transient however the photoiofianel voltage is not affected.
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Figure 7-16: Behaviour of the step-up mode coreralf the bi-directional dc-dc

converter (Automatic step-up mode turn-on trangient
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7.5.3 Automatic operation of step-down mode turn-off transient of the bi-

directional converter

Either an increase in load or a decrease in PVubutprresponds to drop in dc-link
voltage which could turn-off the step-down modeeTrmer reason was selected to
observe the behaviour of the system during the dteyn mode turn-off transient. Here
PV panel emulator output corresponds to 1000¥4t25°C. A resistive load of 1700
was connected as the load. The bi-directional dcattverter operates in step-down
mode with the dc-link voltage stable at 360V. Tbhad resistance was decreased to

1182 gradually where the rate was Ibper second in the simulation model.

The transient behaviour of the system during tee-siown mode turn-off is presented
in Figure 7-19 to Figure 7-23. Figure 7-19 presdhts dc-link voltage and the load
current variation with time. As the load increagbs, dc-link voltage starts to drop and
simultaneously the current flowing into the battdecreases to zero as shown in Figure
7-20. The bi-directional dc-dc converter switchesstep-up mode when the dc-link
voltage crosses the step-up turn-on reference. Béteviour of the controllers is
presented in Figure 7-21 and Figure 7-22. The datio applied to the modified
forward dc-dc converter is slightly adjusted to @owomise the dc-link voltage
variations. As the load increases, the duty rappliad to the bi-directional dc-dc
converter reduces. When the dc-link voltage crogisesstep-down turn-off reference
(345V), the duty ratio becomes zero which indicatesstep-down mode is turned off.
Considering Figure 7-23 it is possible to staté tha dynamics of the dc-link does not

affect the photovoltaic panel outputs.
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Figure 7-19: DC-link voltage and load current (Amgtic step-down mode turn-off
transient) — (a) Simulation (left), (b) Experiménght)
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Figure 7-21: Behaviour of the controller of the nfiedl forward dc-dc converter
(Automatic step-down mode turn-off transient)
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Figure 7-22: Behaviour of the step-down mode cdletrof the bi-directional dc-dc

converter (Automatic step-down mode turn-off trans)
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7.5.4 Automatic turn-off of step-up mode transient of the bi-directional dc-

dc converter

Step-up mode would turn off with either an increasPV output or a decrease in load.
This section analyses the transient behaviour dugiep-up mode turn-off considering a
decrease in load. The PV panel emulator outpuiesponds to 1000W/rand 25°C.

Initially the load resistance was set to 1230hich would ensure that the bi-directional
dc-dc converter is operating in step-up mode withdc-link voltage at 360V. The load

resistance was increased to 1@0f§radually.

The behaviour of the system during the step-up ntade-off transient is shown in
Figure 7-24 to Figure 7-28. A decrease in curraivdred from the battery is visible
from Figure 7-24 and simultaneously a dc-link vgéiancrease is shown in Figure 7-25.
Before step-up mode turns off, current delivereminfrthe battery is saturated to a
minimum which corresponds to the minimum duty ra@mce the dc-link voltage cross
the reference voltage, current delivered from thé&tey becomes zero. Figure 7-26
shows the undisturbed photovoltaic panel voltagd earrent during the transient.
Figure 7-27 presents the behaviour of the controtié the bi-directional dc-dc
converter. As the dc-link voltage increases, thaia@ duty ratio decreases and the duty
ratio settles to its minimum. When the dc-link @aglé crosses the step-up mode turn-off
reference (375V), current flowing from the bi-ditiecal dc-dc converter becomes zero.
This indicates the turn off operation of the bieditional converter. As shown in Figure
7-28, the duty ratio applied to the modified fordiac-dc converter is slightly adjusted

to compensate the dc-link voltage variations.
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Figure 7-27: Behaviour of the step-up mode coreralf the bi-directional dc-dc

converter (Automatic step-up mode turn-off trangien
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Figure 7-28: Behaviour of the controller of the niiedl forward dc-dc converter

(Automatic step-up mode turn-off transient)

7.5.5 Worst-case scenario experienced by the step-up mode of the bi-

directional dc-dc converter

In case of a sudden disconnection of the photowoftanel, the energy storage unit

should provide the total load power requirementdioradequate time interval. The dc-

link voltage should not experience a significanitage drop during the transient.

Otherwise the power output to the MicroGrid woule dhsturbed. The PV emulator

output again was set to correspond to 1000%4n25°C. A resistive load of 12@0was

connected across the dc-link. The bi-directionalddcconverter operated in step-up

mode while keeping the dc-link voltage at nomingflerence in response to the PV

output and load. The PV panel was disconnected fre@rsystem instantaneously and

the transient was captured.
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After the disconnection of PV panel, the outputrent of the PV panel becomes zero as
shown Figure 7-29 and the output voltage of thecBWesponds to open circuit voltage.
The current delivered by the battery is increasedr®mwn in Figure 7-30 in response to
the loss of power from the PV panel. A small dropdc-link voltage is visible during
the transient according Figure 7-31 which showsdtéink voltage and load current
variation. The controller behaviour of the modifiedward dc-dc converter is shown on
Figure 7-32. The integrator of the controller sates to its maximum as the input
voltage of the converter becomes the open circoltage of the PV panel after the
disconnection of the PV output power.

1kS/s

. S 1540
Ydcin CHIL 1.0000/div _—n Normal

40 4
30 1

Win [v]

20
10

= |dlcin
4.0 ==

3.0 H

2.0

lin [4]

B

0.0
20 40 | 8O0 &0 100 120

(3}2882212/03 12:5‘;:51) g:?s 1.%0“ PUBDC_SUa_WC_3b 2009,12/03 13:06:51
(a) Simulation (b) Experiment
Y axis: Vi, — Light blue (10V/div), , — Dark blue (1A/div), For experimental resultsit'sscope channel bandwidth =
5kHz,; X axis: Time (1s/div)

Figure 7-29: Photovoltaic panel voltage and cur(8tep-up mode worst-case)
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Figure 7-30: Voltage at the low-voltage end of birglirectional dc-dc converter and the

battery current (step-up mode worst-case)
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Figure 7-32: Behaviour of the controller of the rifiedl forward dc-dc converter (step-

up mode worst-case)
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Figure 7-33 shows the behaviour of the controlfethe bi-directional dc-dc converter.
The dc-link experiences approximately 20V drop wgrthe loss output power from the
PV panel. However, dc-link voltage is restoredhe hominal reference value within
one second. The outer control loop and averagecindaurrent of the simulation model
and experimental results match each other. Therdifice in duty ratio is due to the

difference in voltage at low voltage end of thaellsectional dc-dc converter.

7.5.6 Worst-case scenario experienced by the step-down mode of the bi-

directional dc-dc converter

Total power generated by the photovoltaic panelukhde diverted to the battery
storage in response to a complete loss of loadudh situations the dc-link voltage is
subjected to a potentially very severe rise. Howete rise should be controlled
otherwise the protection system would shut down d¢bmplete system. A load of
1642) was connected to the dc-link. The photovoltaic ghaoutput was set to
correspond to 1000W/rirradiance at 25°C. The system controllers keepde-link
voltage at the nominal voltage reference with thelitectional dc-dc converter
operating in step-down mode. When the system rebsteady state, the load was taken

off instantaneously and the transient behaviour ceggured.

Figure 7-34 to Figure 7-38 presents the systembetnaduring the transient. The load
current drops to zero and the current flowing ib&dtery increases simultaneously as
shown in Figure 7-34 and Figure 7-35. As shown igufe 7-36, the photovoltaic

voltage or current is not affected significantheawduring the worst case scenario.

Figure 7-37 shows the controller behaviour of tiveikectional dc-dc converter. The
dc-link experiences about 20V overshoot during tifaasient before returning to its
nominal reference voltage. The duty ratio diffeeenbetween simulation and
experimental results is due to the voltage diffeeeat the low-voltage end of the bi-
directional dc-dc converter resulting from the eliince between the real battery and its
simplified simulation representation. Figure 7-3®ws the behaviour of the controller
of the modified forward dc-dc converter. A negligilvariation in duty ratio is visible in

the controller during the transient.
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Figure 7-33: Behaviour of the step-up mode coreralf the bi-directional dc-dc

converter (step-up mode worst-case)
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Figure 7-34: DC-link voltage (M) and load current (Step-down mode worst-case)
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Figure 7-35: Voltage at the low-voltage end of birelirectional dc-dc converter and the
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Figure 7-36: Photovoltaic panel voltage and cur(8tep-down mode worst-case)
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Figure 7-37: Behaviour of the step-down mode cdletrof the bi-directional dc-dc

converter (Step-down mode worst-case)
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Figure 7-38: Behaviour of the controller of the nfiedl forward dc-dc converter (Step-

down mode worst-case)

7.6 SUMMARY

A control scheme for bi-directional dc-dc convemaode selection is introduced which
is based on hysteresis control. The system comgriai photovoltaic panel emulator,
converters and energy storage was tested with altars operating automatically. A
resistive load was connected to the dc-link. Thdirdc voltage was subjected to
variations due to PV panel output and load vanmetiwith time. Load variation around
the operating power range was carried out to olesdre dc-link behaviour. In such
situations, the bi-directional dc-dc converter sivtdd between modes appropriately
while keeping the dc-link voltage with the givemiis. The dynamics of the dc-link did
not affect the PV panel output voltage which istoainvariable of the modified forward

dc-dc converter. Two worst-case scenarios werdestud complete loss of PV output
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power or load. Even in these situations, the dcvdioltage only varied within the limits.
Thus it is possible to state that with the proposeditroller, a stiff dc-link could be
obtained. Further the controller of the modifiedwiard dc-dc converter hardly was

affected by the dynamics of the dc-link voltage.
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CHAPTER 8

GRID CONNECTION OF SINGLE-PHASE INVERTER

8.1 INTRODUCTION

Figure 8-1 illustrates the controller of the singlease inverter. The controller consists
of an inner current loop and the reference for ithier current loop is generated by the
active and reactive power references. This chagersents the design and
implementation of the inner current loop and godrmection of the inverter. Analysis in
the chapter assumes that the inverter is powerea &tyff voltage source. Simulation
and experimental results corresponding to innerectirloop behaviour and grid

connection of the inverter are included.

- ™M™
v Fil Load AV
Vil == ilter oa Grid
A

5 5 Prcf

Sinusoidal Current  f— Current Reference |e——

PWM Controller [« Generator 4—Q
ref

Figure 8-1: Proposed controller for the single-ghiaserter

8.2 DEVELOPMENT OF INNER CURRENT LOOP FOR THE
INVERTER

8.2.1 Design of current controller

A single-phase inverter connected to a resistiaal Ithrough an inductive coupler is
shown in Figure 8-2. The state feedback block diagof the system is presented in

Figure 8-3 which is based on governing Equationa®d Equation 8-2.
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LpS|INV G = Enwv e - Rpl INV ©® - Viw ©® Equation 8-1
Env 6 =V Ve 6 Equation 8-2
Ly

—m ’\i?\, I[N.V; (1)

v

Ve () = ? Emnvv (1) Viny (1) ? Rioad

Figure 8-2: Single-phase inverter connected taiaseesistive and inductive load

Vinv ()

Ivv (s)

-

Ve (s) — Ve

Figure 8-3: State feedback block diagram of thglsiphase inverter

Figure 8-4 illustrates the inner current loop of 8ingle-phase inverter which is based
on a simple PI controller. The voltage across tiasl lis a disturbance and is decoupled
in the controller. The dc supply voltage in the gibgl system may vary with time. Thus
the effect of the dc supply voltage is eliminatadthe controller using the measured
voltage. Assuming perfect decoupling, the simplifblock diagram of the controller is

presented in Figure 8-5.
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Iy’ (s) Ve (s) +

.
Env (s)

\
S

<
%
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Figure 8-4: Current controller for the single-phaseerter using instantaneous voltage

and current measurements
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Figure 8-5: Simplified current controller for thegle-phase inverter

The dynamic stiffness of the system with a propoid controller (D$ and a PI

controller (D$)) is given in Equation 8-3 and Equation 8-4 regpebt. It is assumed

that disturbance input (/) is not decoupled when deriving the dynamic stiffs

equations. Further the command tracking (CT) respoof the system with a PI

controller is given in Equation 8-5.

b, ; Yo © :_(Lps+ Ra]

- L ©) s+a

Vi 6O aR,s+akK,
DSPI . | INV = _[LPS"'ﬁ]
INV (S) s+a

CT IINV (S) — RaSz + (aRa + Ka)S+aKa
lw® L s*+als’ +aRs+akK,

Equation 8-3

Equation 8-4

Equation 8-5

The controller dynamic stiffness and command traglperformance were analysed for

a set of PI controller gains. A representative dangppresented in Table 8-1.

Table 8-1: PI controller gains for the current colér for selected cases

3

Ra Ka Eigenvalues (Hz)
Case | 400 600000 3200, 1300, 322
Case I 360 465000 3450, 1000, 273
Case lll 320 360000 3660, 929, 236
Case IV 280 270000 3840, 779, 201
Case V 240 200000 4000, 635, 175
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Figure 8-6 shows the dynamic stiffness of the auroentroller. The inductance of the
inductor determines the dynamic stiffness at higdgdencies. The controller gains
could be used to improve the dynamic stiffness @rigs of the system at low and mid
frequencies. As the values of the gains for thetrollar increases, dynamic stiffness

increases. Thus higher gains yield better dynatiffoess properties.

Legend
Red: Case |
Blue: Case Il
] Green: Case lll
G,
Yellow: Case IV
38l Black: Case V
=
> >
Z| 2
<=
<=

Frequency [HZz]

Figure 8-6: Dynamic stiffness response of the curcentroller for the selected cases

The command tracking response of the system iepted in Figure 8-7 over a 10Hz to
10kHz frequency range. The system operating frecués 50Hz thus the frequency
response of the system around operating frequen@joited and presented in Figure
8-8. At 50Hz for the selected cases, a maximum pl&fse shift is introduced by the
controller. At low frequencies the transfer funatiof could be approximated to that in
Equation 8-6. The magnitude of the imaginary parhie numerator is higher than that
of denominator. This is the reason for the smaltiieg phase angle. The phase shift
increases as the controller gains increase. Thusrigains are desirable considering the
phase shift of system. However the magnitude @éntneases as the gains decreases.

Therefore a degree of trade-off exists in gaincdie.

lw © _ (@R, +K,)s+aK,
I'w © aR,s+ak,

Equation 8-6

As a result, gains for the case Il were selectedie current controller as a reasonable

compromise.
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Figure 8-7: Command tracking response of the cugentroller for the selected cases
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Figure 8-8: Command tracking response of the cticqentroller around 50Hz for the

selected cases
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8.2.2 Testing of current controller with resistive load and laboratory power
supply
The inverter was connected to a resistive load3ff Q as shown in Figure 8-9. A

laboratory power supply was used as the dc sounddhee output voltage of the source

was set to 360 V.

L
g g I W
Ve (t) == T Emnvv (1) Viny (1) T Rioad

Figure 8-9: Test set-up used for the current cdietrof the inverter testing

The rms value of the reference current was givstep from 0.5A to 0.7A. Figure 8-10
presents the output voltage and current wavefoiftiseoinverter. The output current of
the inverter almost instantaneously changes tontne reference current. The load

voltage is adjusted automatically at the same time.
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Figure 8-10: Inverter output current and voltagess the resistor

The transient response of the current controlleprissented in Figure 8-11. The
reference was given a step at just before t = $elfbnds and t = 0.0 seconds in the
simulation model and experimental set-up respdgtivEhe measured current almost
instantaneously adjusts to the new reference. Titegrator of the PI controller

dominates over the proportional controller. Thedlealtage, which is the disturbance
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input decoupling term, is larger compared with Biecontroller output and inductor
internal resistance @R decoupling term. Thus controller is dominated thg load
voltage. Measured voltage and current in the erpartal set-up are superimposed with
noise which has affected the controller, when caegbavith controller results of the

simulation model.
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Figure 8-11: Behaviour of the current controlletra step change current reference
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8.3 GRID CONNECTION OF SINGLE-PHASE INVERTER

Figure 8-12 shows the controller block diagram loé inverter which is to be grid

connected. In order to interface the inverter ®dhd, it is essential to synchronise the
two systems. In the proposed system, this is aeliawsing a Phase Locked Loop
(PLL). Grid voltage is fed into the PLL. A synchised sinusoidal signal is produced
using the output of the PLL and this signal is usedenerate the current reference to

the inner current controller.

The current controller reference needs two inputelvare magnitude and phase. Phase
is introduced with respect to grid voltage, allogvithe reactive power to be controlled.
Current magnitude clearly controls real power, @it there is (weak) cross-coupling
between the two controllers. In the following seettons, the magnitude and phase are
provided in two different ways. In the first methadagnitude and phase are manually
controlled. In the second method, magnitude andelaaie calculated from the active
and reactive power manual inputs with the aid of gnid voltage. These two methods

are shown in Figure 8-12.
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Figure 8-12: Detailed controller of the single-phasverter

8.3.1 Grid connection with current reference

A resistive load of 29Q was connected as the load. The system voltagdd¥rins

thus the load consumes 200W. The magnitude of theemt reference was set to
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0.43Arms. Thus the inverter should supply maximuwoat the steady-state. The rms

current reference is increased at a rate of 0.8AZshieve a smooth grid connection.

8.3.1.1 With zero phase shift

Figure 8-13 to Figure 8-17 presents simulation exgpkerimental results of the system.
The inverter is connected to the grid at t = 2103 &= 0.0s in the simulation model and
prototype respectively. According to Figure 8-13drter reference current gradually
increases after the grid connection which is fodavioy the inverter output current. Grid

current decreases since the load current is canstan
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Figure 8-13: Current reference and currents flowtirgugh inverter, load and grid
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Figure 8-14 and Figure 8-15 present the voltagéstla@ inverter output current during
and after the grid connection respectively. Inwedetput current gradually increases
after the connection. Load voltage is not distor¢dhe point of connection or after.
This proves that smooth grid connection is possith this current control technique.
Noise superimposed on the inverter output currenteduced once the system has

reached the steady state.
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Figure 8-14: Load voltage and inverter output aured the point of grid connection
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Figure 8-15: Load voltage and inverter output aotredter grid connection
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Figure 8-16 shows the load voltage (scaled by efaaf 0.004) along with the inverter
output current. The phase shift between the lodihge and the inverter output current

is zero which indicates that only active poweransferred.

pen = Vibadse = lirvy 15
. o A A A A A
S MRV ATE AV AT A
< 050
= Wl AL A AN
000
E IRV Vi i i
0501
= NVIRVIEVIRVIERY
g -1.00 4 U U \j U U
15
o A HD= 3 301 302 303 304 305 306 307 308 308 31
o 4.000 4020 4040 4 060 4,080 4100 . .
Blue: 0.004x\saq Green: e Blue: 0.004x\6ag, Green: e
1 5 Vinadss = liny 15
10
A m—ra )
Z 0.5
= 00 //
- 0.0
2 non \ \
50 -0.50 3
X -10 /
<t -1.00
o 15
o 50~ 11 111 112 113 114
o 3.000 3010 3020 3030 3040 . .
Blue: 0.004x\oe Green: ke Blue: 0.004x\,ae, Green: hvp
. . oad .
15 = Wioadsc = finy 15
= 050 - 03
‘g 000 00 / “(\
o 05
X 10
<t 100 4
o 15
o 180 304 305 306 307 308
o 5500 5510 5520 5530 5540

Blue: 0.004x\bag Green: hyp Blue: 0.004x\bas Green: ke

Time [s] Time [s]
(a) Simulation (b) Experiment
Figure 8-16: Scaled load voltage and inverter dutpurent at the steady state after grid

connection

The behaviour of the current controller after grishnection is presented in Figure 8-17.
The inverter output current follows the referenoerent. The load voltage is fed to the
controller as disturbance input decoupling and dmuhates over the Pl controller
output. The PI controller outputs of the prototyyare additional noise compared with
the simulation model PI controller outputs. Howetbke controller signal applied to the

pulse width modulator is similar in magnitude farthp simulation model and prototype.
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Figure 8-17: Behaviour of current controller of theerter

8.3.1.2 With phase shift

A 20° phase shift was added to the current referevith respect to the load voltage.
Figure 8-18 to Figure 8-24 shows the simulation exgerimental results. The inverter
current reference is shown in Figure 8-18. Figui®©&resents the load voltage (scaled
by a factor of 0.004) and the inverter current i@fiee in the steady state. The inverter
current reference lags behind the load voltage. fiteese difference is approximately
1ms which is equal to 20°. According to Figure 8tR6 inverter current reference and

the output current are in-phase thus correct pblaifieis maintained.
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Figure 8-18: Inverter current reference
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Figure 8-19: Scaled load voltage and inverter cumreference
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Figure 8-20: Inverter current reference and investgput current

The behaviour of the inner current controller of thverter is shown in Figure 8-21.
Inverter current follows the reference current canch Again the disturbance input
decoupling term, which is the load voltage, domesahe controller signal. PI controller
outputs of the prototype are comparatively noisg do superimposed noise in the

current measurement.
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Figure 8-21: Behaviour of the current controlldeathe grid connection

Figure 8-22 presents the currents flowing througgh inverter, the load and the grid.
The load current is constant since the grid voltasgeonstant. Inverter output current
increases to follow the inverter current referenke.a result the current contribution
from the grid reduces. Inverter, grid and load agéis along with inverter output current
at the point of connection are plotted in Figurd38-The inverter smoothly connects to
the grid thus the voltages do not experience afegcefFigure 8-24 presents the inverter

output current and voltages at the steady state @¢ grid connection.
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Figure 8-22: Current flowing through the grid, lcad inverter
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Figure 8-23: Load voltage and inverter output autred the point of grid connection
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Figure 8-24: Load voltage and inverter output aotredter grid connection

8.3.2 Grid connection with power references

The current reference can be generated from aatidereactive power references with
the aid of the RMS voltage according to Equation &d Equation 8-8. The following
sub-section presents the simulation and experiheesults of the inverter grid

connection using power references.

}(PZ + 2 ’
| mag = \/E'ef—Qref Equation 8-7

\%

INVrms

= tan‘l(%j Equation 8-8

In the simulation model, the FFT block and the hamimo extractor in PSCAD are used
to find the magnitude and phase of the fundameaaiponent of voltage and inverter
output current. Thereby the active and reactive ggoautputs are calculated. In the
experimental set up, active power is calculated dxeraging the product of
instantaneous inverter output current and loadagelt Apparent power is calculated by
multiplying the RMS inverter output current and RMfad voltage. With the aid of

active and apparent power, reactive power is caled|
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A load resistor of 290Q, which corresponds to 200W at 240Vrms, was comukeas the
load. Initially the load was fully powered by thady Then inverter was connected to
the grid with a positive non-zero active power refece and a zero reactive power
reference. A step change in reference was not lissteéad the references were ramped
at rate of 100W/s and 100VAr/s.

8.3.2.1 With reactive power reference set to zero

An inverter grid connection with 100W active poweference and zero reactive power
reference was tested. Figure 8-25 to Figure 8-3dsgmts the simulation and
experimental results of the system. The inverteoisnected to the grid at 1.0s and 0.0

seconds in the simulation model and prototype cssdy.

Figure 8-25 presents the active power referencettamdalculated active power output
of the inverter. The current controller introdueesmall magnitude error at 50Hz which
is the reason for the difference in calculated gidrence active power. According to
Figure 8-26, phase difference between inverter wutpirrent and load voltage (load
voltage is scaled by a factor of 0.001 in Figur63-is zero which shows that only

active power is transferred by the inverter.
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Figure 8-25: Reference and calculated active paiververter

The magnitude of the current reference increases EBgure 8-27) in response to
increase in active power reference. In responsthdocurrent command, the inverter
output gradually increases and reaches the steatd®y\alue. Load current was constant
during the transient. Therefore the grid currenduces. Experimental results are

superimposed with noise, thus magnitudes are patlglvisible.
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Figure 8-26: Scaled load voltage and inverter dutparent after the grid connection
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Figure 8-27: Inverter current reference and cusréntving through the inverter, load

and grid
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Voltages and the inverter output current of thetesysduring and after the grid
connection are shown in Figure 8-28 and Figure 8e2pectively. Load voltage is not
distorted when the inverter started to export epantp the load and the grid. Smooth
grid connection is achieved.
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Figure 8-28: Voltages and inverter output curranirdy the grid connection
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Figure 8-29: Voltages and inverter output currdtgrayrid connection
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The behaviour of the current controller of inverierpresented in Figure 8-30. The
inverter follows the reference current command. Gtwetrol signal applied to the pulse
width modulator is dominated by the load voltageidd in the experimental current
measurement does not affect the controller outguifgcantly. Figure 8-31 presents the
reference and calculated reactive power of thertave In the prototype, error is due to

the noise superimposed on the voltage and curr@asumrements which affects the

respective calculated rms quantities.
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Figure 8-30: Behaviour of the controller of thereunt controller
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Figure 8-31: Reference and calculated reactive powe

8.3.2.2 With reactive power reference

In this sub-section, the ability to export bothiaetand reactive power is studied.
Initially the inverter was grid connected with acéve power reference at zero and the
active power reference at 100W. Once the systeoheshthe steady state, the reactive
power reference was set to 30VAr. Figure 8-32 uka 8-38 presents the simulation
and experimental results obtained when a reactoxep reference was increased to
60VAr from 30VAr. The reference change occurs 8t@s and t=0.0s in the simulation
model and prototype respectively. The output acipeever of the inverter is not
changed during the transient (see Figure 8-32).réaetive power output of the inverter
is increased to compliment the power referencehasvis in Figure 8-33. The current
controller introduces a magnitude error which i teason for small error in active and
reactive power. As a result of the reactive povedenence increase, the magnitude of
the current reference was slightly increased (sger& 8-34). In the experimental
results inverter current increase is not cleartdugiperimposed noise, however the grid

current increases, validating this since the laadent is kept constant.
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Figure 8-32: Reference and calculated active paagation of inverter
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Figure 8-33: Reference and calculated reactive poasation of the inverter
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Variation of voltages and the inverter output cotr@uring the reactive power increase
and in steady state are shown in Figure 8-35 agdr&i8-36 respectively. A slight

increase in magnitude of inverter output currenisgble.
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Figure 8-35: Voltages and inverter output curreriha increase of reactive power

reference
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Figure 8-36: Voltages and current after the in@eazghe reactive power reference
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The behaviour of the current controller in steathtes after the reference increase is
shown in Figure 8-37. The controller ensures thatihverter output current follows the

reference current. The controller output is dongdaty the load voltage which reduces
effect of noisy PI controller output. Figure 8-38w/s the inverter output current and
the load voltage (scaled by a factor of 0.004)eher output current lags behind the
load voltage and the phase difference is arounichd @pproximately 32.4°). Therefore

current reference produces the correct phase 3hifts reactive power output is equal

to the reference.
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Figure 8-37: Behaviour of the current controller
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Figure 8-38: Scaled load voltage and inverter dutpurent after the increase of current

reference

8.4 SUMMARY

The controller of the single-phase inverter cossisttwo loops. The inner control loop
controls the output current of the inverter and dliger control loop synchronises the
inverter to the grid. In this section it is assuntbdt a stiff dc voltage source is
supplying power to the inverter. Thus a voltagerseus connected to the input of the

inverter.

A fast current controller was designed based onanya stiffness properties and

command tracking properties.

Smooth grid connection is achieved using the pregasirrent controller. A reference
sinusoidal signal was synchronised with the grillage. Initially magnitude and phase
of the current reference is given manually. Thetivacand reactive power references
are used to calculate the magnitude and phasesafutrent reference. The simulation
results are verified by experimental results. The gonnected inverter was transferring

active and reactive power corresponding to respectferences.
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CHAPTER 9

BEHAVIOUR OF PROPOSED MICROSOURCE

INTERFACE

9.1 INTRODUCTION

A block diagram of the proposed microsource intefes presented in Figure 9-1. The
previous chapters presented the development afdheerters and associate individual
controllers. Further the proposed system was dividgo two sections and the
behaviour of the parts was analysed separatelyl €&mnected inverter operation was
analysed assuming that the inverter is powered $tyffadc voltage source. Also it was
shown that when the microsource, energy storagé amil dc-dc converters are
designed to operate collectively, a stiff dc votaguld be achieved in the dc-link.

This chapter analyses the behaviour of the completeem using the simulation models
which have been validated against hardware (septé&h@ and 8). The system should
withstand load variations as well as microsourcgpaiupower variations. Therefore the
microsource output power was varied while keepheg dutput power reference of the
inverter constant. Similarly the inverter outputwao reference was varied while
keeping the microsource output power constant. Bitiom results are presented for
each case. Finally a starting method for the pregasicrosource interface is presented.

DC-DC Converter Inverter Inv

oril
DC link y
= n Viny
Tva VinT _ Tvdc _ Lioad TV%
‘ Load

Photovoltaic

pane Bi-directional dc-

dc converter =

I
- {—{ }J Battery

Vie—

\ B

Figure 9-1: Proposed Microsource interface
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9.2SYSTEM RESPONSE TO MICROSOURCE POWER
VARIATIONS

The output power of a photovoltaic panel dependghenirradiance incident on the
panel and its temperature. The integrated enemyagt unit in the proposed system
should decouple the dynamics of the microsourcee iRverter should provide the
power according to the references at least urdilcéntral controller of the MicroGrid
responds to the change in microsource availableepaith a new reference command
for the inverter interface. The central controlemsures the stable operation of the
MicroGrid and it coordinates with the microsoure@sl loads within the MicroGrid (see
section 2.3.5 of Chapter 2). This sub-section prssdhe system response to

microsource output power variations.

The initial output power of the PV panel correspoim 800W/r irradiance and 25°C
temperature. The active and reactive power refeeneere set to 100W and OVAr
respectively. At t = 4 seconds, irradiance wasdased to 1000W/frand decreased to
600W/nf in two separate case studies. As a response tmt¢hease and decrease of
irradiance, the output power of the PV panel insesaand decreases respectively.
Figure 9-2 to Figure 9-8 present simulation resatigesponding to these two cases.
The system start-up transient response is visibferb t = 2.5 seconds in some of the
results. However the step change is applied afiersystem reached the steady state.

Thus the start-up does not affect the system bebavi

Figure 9-2 presents the output voltage and theubuiprrent of the photovoltaic panel.
In response to irradiance increase, the outputentirof the photovoltaic panel was
increased. The voltage at maximum power point was mcreased. Conversely the
output voltage of the photovoltaic panel was desgdaas the voltage of the maximum
power point decreased in response to irradiancesdse.

The behaviour of the controller of the modifiedward dc-dc converter is shown in
Figure 9-3. In both cases, the controller respamdseference changes quickly and
restores the input voltage of the modified forweeddc converter to the reference. The

duty ratio of the modified forward dc-dc conventeas appropriately adjusted.
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Figure 9-3: Behaviour of the controller of the nfextl forward dc-dc converter
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The dc-link voltage variation during the step changirradiance is shown in Figure 9-4
while Figure 9-5 presents the battery voltage aatteby current. The battery was
discharging before the step change in irradiane®(b t = 4s) which is indicated by the
positive battery current. The increase in irradeatso increases the output power from
the PV panel thus the dc-link voltage was increadéwn the controller of the bi-
directional dc-dc converter responds and reducesdéttery discharge current. Finally
the dc-link voltage settles to reference voltagéctviis 360V. On the other hand dc-link
voltage drops when irradiance is decreased. Batiemgnt was increased to restore the
dc-link voltage to the nominal value. Thus the colfeér of the bi-directional dc-dc

converter ensures that the dc-link voltage vanmtiare within the limits.
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Figure 9-4: Variation of dc-link voltage
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Figure 9-5: Battery voltage and battery current
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Figure 9-6 shows the inverter output current arditiverter output voltage just before
and after the transients. The inverter outputs weteaffected by the variations of the

microsource output power.
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Figure 9-6: Inverter output current and voltage

Figure 9-7 presents the behaviour of the step-ugentmntroller of the bi-directional
dc-dc converter. For these two cases, the controfierates in the step-up mode before
the step change in irradiance. The controller restdhe dc-link voltage within one
second after the irradiance changes were applidteitest cases. The inner current loop
effectively controls the output current of the bat The outer voltage control loop
provides a new battery current reference when rdciaries from the reference. The
inner current loop ensures that the battery cunefdllowing the reference current. In
order to reduce the battery current, the duty niatreduced in the case corresponding to
increase in irradiance. On the other hand the datip is increased to enable higher

current to flow when irradiance is decreased.

Steady state behaviour of the current controllghefsingle-phase inverter after the step
change in irradiance is presented in Figure 9-& dlrrent controller ensures that the
current reference was followed. Thus the MicroGsidot disturbed by the microsource

output power variations.

188



CHAPTER9

BEHAVIOUR OFPROPOSEOMICROSOURCHNTERFACE

Pl (Inner) outputs Average hq [A] Pl (outer) outputs Ve [V]

Duty ratio

- Href
3660 4 S

3640 4

36210

3600 4

35610

35610 4

354.0

3520 -

200 250 300 350 400 450 S00 550 BOO S0 70O TS0 800

Blue: Reference, Green: Measured

= BOCoU_pro = BOCOU_int = B0Cou_Pl

0150 4
0125 4
0100 4

0075 4

0.050
0025 4
0.000 4
0025 4

-0.0s0 -

200 250 300 350 400 450 500 550 600 650 700 TS0 800

Blue: Proportional, Green: Integrator, Red: PI

= A0CU_Iret -
1.60 — =

200 250 300 350 400 450 S00 550 BOQD 650 YOO 7S50 800

Blue: Reference, Green: Measured

= Hret
3620

361.0
3600
3580
3580
3570
3560
3550
3540

3530

200 250 300 350 400 450 500 550 600 650 700 7S50 800

Blue: Reference, Green: Measured

= BOCou_pro = BOCOu_irt = BDCou P

0.200 4
0475 4
0150 4
01254
0400 4
0075 4

0.050
0025 4
0.000

-0.025 <

200 250 300 350 400 450 500 550 600 650 700 7S50 800

Blue: Proportional, Green: Integrator, Red: PI

= BDCy_ref

= |Lavg

1.90

180
170
160
150
140
130
120
1.10
1.00

200 250 300 350 400 450 500 550 600 650 700 7S50 &00

Blue: Reference, Green: Measured

150 =GP = BOCI_int = BDCiU_Fl 150 = BDCLPD = BDCiu_int = BDCiu_Fl
160 1 160
140 A 140 A
120 120 A
100 10.0 A
804 80 4
604 604
40 4 204
204 204
0.0 0.0
20 20

200 250 300 350 400 450 500 550 600 650 700 7S50 &00

200 250 300 350 400 450 500 550 600 650 700 750 800

Blue: Proportional, Green: Integrator, Red: Pl Blue: Proportional, Green: Integrator, Red: Pl

=DR_SL

0.280 4
0270 4
0.260
0250 4
0240 4
0.230
0220 4
0210 4
0200 4
01804

200 250 300 350 400 450 500 550 eB00 BS0 F00 VS0 800

(a) Increase in irradiance

= DR_SU

02815

02810

0.2805

02800

02798

02790

02785

02780

Time [s]
(b) Decrease in irmacha

Figure 9-7: Behaviour of the step-up mode contralfehe bi-directional dc-dc

converter
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Figure 9-8: Behaviour of the current controlletlod single-phase inverter

9.3 RESPONSE OF THE SYSTEM TO OUTPUT POWER

REFERENCE VARIATIONS

Similar to microsource output power variations, tmécrosource interface should

respond to power reference changes applied ton¥erter in a robust manner with

minimal disturbances. In other words the energyas® should respond appropriately

by storing excess energy or providing energy toecoa shortage. The proposed

microsource interface response to active and reagtwer variations is presented in

the following sections.
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9.3.1 Active power reference change

The behaviour of the microsource interface in respoto active power reference
variations, while reactive power reference is kephstant, is presented in this sub-
section. In response to an increase in active pawtsrence, the battery should
discharge more or charge less depending on opgratiode prior to the reference
change. Similarly the battery should discharge ¢essharge more in response to active

power reference decrease.

The PV panel output power corresponds to 1000%itradiance and 25°C temperature.
Initial active and reactive power references wetet@ 100W and OVAr. Two scenarios
were simulated. The active power reference wasasad to 125W in one case while in
other case the active power reference was redocédW. The power reference change
was applied at a rate of 100 W/s at t = 4 secoAdain the system start-up transient
response is visible before t = 2.5 seconds in somehe results. The active power

reference change was applied only after systenheshihe steady state.

Figure 9-9 to Figure 9-19 present the simulaticgults of the system corresponding to
the active power reference change. Figure 9-9 ptesbe variation of inverter current

reference when active power reference variation wasduced. The magnitude of the
current was increased and decreased when activerp@aference was increased and
decreased respectively. In Figure 9-10 load vol{agaled by a factor of 0.004) and the
inverter output current, during the steady staterahe reference variations, are plotted
together. In both cases, load voltage is in-pha#é ¥he inverter output current.

Therefore only active power is transferred.
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Figure 9-9: Inverter current reference
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Figure 9-10: Scaled load voltage and inverter dutpurent

Figure 9-11 presents power references along wélcéhculated output power values. In
both cases, calculated active power output is aqpiedely equal to the active power

reference. According to the frequency responsé@icommand tracking of the current
controller (see Chapter 8), a magnitude and phase is introduced at 50Hz which is

the reason for the error in calculated power afereace power. However, the error is
slightly higher than the amount which was predicaédhe design stage of the current
controller for the inverter. This is due to facathransformer leakage inductance was

not taken into consideration during the controllsign. Reactive power output is

almost zero.
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Figure 9-11: Active and reactive power output & thverter
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Figure 9-12 presents inverter output current, gudent and load current. As the active
power reference is increased, the magnitude ofitkierter output current is also

increased. Since the load current is constant, guident is reduced. Conversely the
inverter output current dropped when the active groveference is decreased. As a

result the grid current is increased and load ctiigeconstant.

= Jiry

- iy

S TR Atk st I
= 111010 e
B e TR T
R
< =il WWM ________________________________ Hmnmnnnu
i HHIHU”HH

Time [s]

(a) Increase in active power

Time [s]

(b) Decrease in agiower

Figure 9-12: Inverter output current, grid currand load current

The variation of the dc-link voltage is presentedrigure 9-13, and Figure 9-14 shows
the battery voltage and battery current. The dk-linltage dropped when the active
power reference was increased since the output pofM@V panel was not increased
simultaneously. Thus battery discharge current imaseased to restore the dc-link
voltage to nominal value. For the “decrease” cdbe, dc-link voltage increased in

response to the decrease in the active power nefergefore being restored back to its
nominal value. Battery current changed from positiv negative which indicates that

the bi-directional dc-dc converter operating mokdanged from step-up to step-down.
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Figure 9-13: Variation of dc-link voltage
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Figure 9-14: Battery voltage and battery current

The behaviour of the controller of the bi-directiic-dc converter is shown in Figure

9-15 and Figure 9-16. For the active power increesse, the bi-directional dc-dc

converter only operates in step-up mode. In respooghe dc-link voltage error, the

outer control loop of the step-up mode controlteréased the battery current reference.

Finally the duty ratio is increased to increase llad¢tery current. In response to the

decrease in power output, the battery dischargescumwas reduced as the dc-link

voltage increased. The step-up mode of bi-direatialt-dc converter was turned off

when the dc-link voltage crossed the step-up tdifmeference (375V). For the decrease

in active power case, the bi-directional dc-dc @ster step-down mode was turned on

once the step-down turn-on reference (380V) wasse. Within 1s the dc-link voltage

was restored to nominal.
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Figure 9-15: Behaviour of the step-up mode coreralf the bi-directional dc-dc

converter
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Figure 9-16: Behaviour of the step-down mode cdletrof the bi-directional dc-dc

converter
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The response of the current controller of the sijlase inverter is shown in Figure

9-17. The inverter output current follows the refare current; however a slight error

between the two is visible. The PV panel voltagecoment is not affected by the

inverter output active power variations (see FigQr&8). Figure 9-19 presents the

behaviour of the controller of the modified forwadd-dc converter. The controller

automatically adjusts the duty ratio of this coneeto match the dc-link voltage to the

required panel voltage.
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Figure 9-17: Behaviour of the current controlletlod inverter

197



CHAPTER9 BEHAVIOUR OFPROPOSEOMICROSOURCHNTERFACE

= icin = veicin
400 40.0
350 350
30.0 4 30.0 4
250 4 25.0 1
E 20.0 4 20.0 4
E 15.0 4 150 4
> 10.0 10.0 4
504 5.0+
0o 0.0
2.00 3.00 4.00 5.00 6.00 700 §.00 2.00 3.00 400 500 6.00 .00 .00
= |dcin = |icin
0 - 3.50
3.00 300
2.0 4 250
— 2.00 200
$ 1.50 1.50
E 1.00 1.00 +
0.50 050
0.00 0.00
2.00 3.00 4.00 5.00 .00 7.00 3.00 200 3.00 4.00 5.00 500 7.00 3.00
Time [s] Time [s]
(a) Increase in active power (b) Decrease in agiower
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Figure 9-19: Behaviour of the controller of the nfiedl forward dc-dc converter
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9.3.2 Reactive power change

The proposed system behaviour in response to veaptiwer reference variations is
analysed in this section. The controllers of thedda@onverters should not be affected
by the reactive power reference. The PV panel ayipwer corresponds to 1000W/m
and 25°C. Initially the inverter output active amctive power references were set to
100W and 30VAr. Two scenarios were considered. fBEagetive power reference was
increased to 50VAr in one case while it was de@@as 10VAr in the other case.

Reactive power was increased or decreased at afrh@®VAr/s at t = 4 seconds.

Figure 9-20 to Figure 9-25 present the simulatiesults corresponding to the two
cases. Figure 9-20 shows the load voltage (scafed factor of 0.004) and inverter
output current for the steady state case afterdfegence change. The phase difference
was 1.5ms (27°) and 0.3ms (5.4°) for two cases hvhjproximately equals with the

theoretical phase differences (26.6° and 5.71°)Hercases.
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Figure 9-20: Scaled load voltage and inverter autpurent

The magnitude of inverter output current was sliglimcreased when the reference
increased while the opposite happens when theereferdecreased (see Figure 9-21).
Figure 9-22 presents the variation of the dc-lirMtage which is constant at the
nominal reference of 360V. Therefore the dc-linkage was not significantly affected

by the reactive power reference change

199



CHAPTER9 BEHAVIOUR OFPROPOSEDMICROSOURCHNTERFACE

100 et e i
0.75
050
0.50
~—
< a5 025
— :
— 0.00 - 000
3]
= -0.25 025
5 -0.50
— o7s ] -0.50
-1.00 - 075
380 3.80 4.00 410 4.20 430 440 4.50 4.60 3.80 3.80 4.00 4.10 4.20 4.30 4.40 4.50 4.60
- iy ™ irry
1.00 —— 075 ——
0.75
0.50
0.50
'_'< 0.25 025
—_— 0.00 4 0.00
> -0.25 -
=z 025
— -0.50
-0.75 -0.50
-1.00 - -0.75 -
3.80 390 4.00 4.10 420 4.30 4.40 450 4.60 3.80 3.80 400 410 420 430 4.40 450 160
100 7 075
0.75
0.50
0.50
'q—:| 025 4 Bz
—_ 0.00 4 0.00
2 025 4 025
2 050
a4 -0.50
-1.00 075 -
380 380 400 410 420 430 440 450 460 380 380 400 440 420 430 440 450 460
= [acload - |acload
50 150 ——
1.00 1.00 4
— 0.50 0.50
'q—:' 0.00 A 000 4
ko]
S sl 050 -
T am -1.00 |
-1.504 -1.50 -
3.80 3.90 4.00 410 4.20 4.30 4.40 4.50 480 330 390 400 410 420 430 440 450 460
Time [s] Time [s]
(a) Increase in reactive power (b) Decrease ictineapower

Figure 9-21: Inverter output current referenceener output current, grid current and

load current
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Figure 9-22: Variation of dc-link voltage
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As a result the battery voltage or battery curmamt not affected which is shown in
Figure 9-23. Figure 9-24 shows the output voltage current of the PV panel. Similar
to the battery output quantities, photovoltaic pangput quantities are also not affected
by the reactive power references change.
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Figure 9-23: Battery voltage and battery current
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Figure 9-24: Photovoltaic panel voltage and current
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According to Figure 9-25, the calculated reactiwvsver follows the reference. Again
the calculated power differs slightly from the refiece. At 50Hz, the command tracking
response of the current controller introduces amtade and phase error which is
reason for this difference (see Chapter 8). Theresralso affected by the fact that the
leakage inductance of the transformer is not iretlith the controller design.

= Pref = Peal = Pref = Poal
120 — 120 =

100 100

80
a0

60

E 50 40 4
I_>. 0 20
£
a- 0 o
o -20 -
200 | a0 | 400 | &80 e00 | 700 80D 200 | 300 | 400 | SO0 600 700 800
Red: Reference, Green: Calculated Red: Reference, Green: Calculated
= Qref = Qcal = Qref = Qcal
=T 40.0 —
L 350
:E: ; 300
l:! 250
< 401 ! 200
=, 30 150
> 20 4 10.0 1
C)E’ 104 50
a 0.0
208 30 280 359 308 =50 200 200 | 300 | 400 | 500 | s00 | 700 | @00
Red: Reference, Green: Calculated Red: Reference, Green: Calculated
Time [s] Time [s]
(a) Increase in reactive power (b) Decrease iatingapower

Figure 9-25: Active and reactive power outputshef inverter

9.4 START-UP PROCEDURE

When the proposed system is initially started,dbdink voltage is zero. Thus it is not
possible to integrate the microsource interfacén¢éoMicroGrid directly at this point. A

suitable starting method is required and this eaatixplains the start-up process used.

It is necessary to charge the dc-link capacitorghr nominal voltage before the
connection of the inverter to the MicroGrid. Thare three ways to charge the dc-link
capacitors: using the PV panel, using the battedywsing the grid. Capacitors could be
charged through the diodes of the inverter usirgrggnfrom the MicroGrid; however

an inrush current limiter is required to avoid temage to the inverter. Similarly there
is a possibility for inrush current when chargingni the battery. Charging the

capacitors using PV output power would yield leastsh currents since the short
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circuit current of the PV panel is limited. Overoffiag should be avoided irrespective

of the charging method. Otherwise the protectistesy would shut down the system.

In the proposed start-up method, dc-link capaciteese charged from the PV panel
output power. The bi-directional dc-dc converted anverter were turned off at the
start. In addition the circuit breaker, which isbiatween the inverter and MicroGrid,
was also turned off. The dc-link capacitors werarghd to 360V. The circuit breaker in
between the inverter and the MicroGrid was closbémthe dc-link voltage exceeded
350V. This avoids the inrush current which woulowflfrom the MicroGrid to dc-link
capacitors through the diodes of the inverter.h&t same time the bi-directional dc-dc
converter and the inverter were also turned ono#gitive active power reference was
applied to the inverter at a 100W/s rate. This wa@move any current spikes at the
grid connection.

Figure 9-26 to Figure 9-30 shows the simulationultesduring the start-up of the

proposed system. Figure 9-26 shows the outputg®ltand current of the photovoltaic
panel. The controller of the modified forward dcabmverter keeps the input voltage of
the converter, which is the PV panel voltage, camisthrough out the process.
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Figure 9-26: Photovoltaic panel voltage and current

The dc-link voltage is shown in Figure 9-27 whidhrts to increase smoothly at the

beginning and crosses the 350V line at around t7=s@cond. The voltage started to

203



CHAPTER9 BEHAVIOUR OFPROPOSEOMICROSOURCHNTERFACE

drop just after t= 0.8 second until t = 1.8 secortien dc-link voltage again increased
and stabilised at 360V. Figure 9-28 presents theefyavoltage and battery current
during the start-up of the microsource interfacatt®y current was zero initially since
the bi-directional dc-dc converter was turned dthe battery started to discharge
current at around t = 0.7 second since the bi-timeal dc-dc converter was turned on
when the dc-link voltage crossed 350V. Positiverentr indicates that the battery is
discharging. After t = 0.8 second, dc-link voltageoss the step-down turn-on
reference, thus the operating mode of the bi-doeat dc-dc converter changes to step-
down mode. As a result, the battery current beconggmtive. The dc-link voltage
continues drop and at around t = 1.8 second tHakieroltage crosses the step-up turn-
on reference. Thus bi-directional dc-dc convertperates in step-up mode and the
battery current becomes positive.
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Figure 9-28: Battery voltage and current
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The inverter output current reference, inverterpattcurrent, grid current and load
current are shown in Figure 9-29. At around t = 6etond, the inverter current
reference starts to increase followed by the imresttput current. Initially the load is
fully powered from the grid. The current contribditey the grid decreases after t = 0.7
second. Load current is constant over the periodsis not disturbed by the inverter

grid connection.
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Figure 9-30 presents the inverter output voltagie, ¥pltage and inverter output current
at the grid connection point. Just before t = @3osd the inverter was connected to the
MicroGrid. The inverter output voltage starts tdlde the grid voltage. The inverter
output current was zero before the grid connectitowever the current before t = 0.7

second is insignificant. Grid voltage (in bluekguals to load voltage thus not visible.
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Figure 9-30: Inverter load current and load voltage

9.5 SUMMARY

This chapter presents the behaviour of the propggsttm when integrated. System
response to load variations and microsource oytputer variations were discussed.

Finally a start-up method was presented.

According to the simulation results, the controtbéithe bi-directional dc-dc converter,
which controls the energy in and out from the rgitkept the dc-link voltage constant
in response to irradiance changes and microsouutpu power variations. Thus
inverter output power was not affected during nsowrce output power variations.
Similarly the microsource was not affected by theerter output power variations.
Thus the controllers decoupled the dynamics ofltla&l variations and microsource

output power variations.
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Since the dc-link voltage is zero at the startegnation of inverter to the grid is not
possible at this point. In the proposed start-uphiod dc-link capacitors were charged
using the PV panel output power to a minimum be@perating the inverter and the bi-
directional dc-dc converter. The inverter was thetegrated to the MicroGrid

smoothly. Further the dc-link voltage was kept vifte pre-defined limits.
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CHAPTER 10

DISCUSSION AND CONCLUSIONS

10.1 INTRODUCTION

The objective of this thesis was to develop a sipilase microsource interface for a
MicroGrid and investigate the issues surroundirg) ‘#ystem integration’. A key
element of this system is the energy storage umiégrated into the proposed
microsource interface. Therefore the proposed systan improve ‘plug-and-play’

functionality within the MicroGrid.

A review of MicroGrids was presented in Chapterf2his thesis which included the
definition and brief description of major comporenf a typical MicroGrid. A review
on operational real-world MicroGrids was also imgd. Microsource interfacing
methods were also discussed. Chapter 3 presergdzhtiics of photovoltaic (PV) cells.
PV cell electrical models were discussed. Grid eoted PV systems and maximum
power point tracking methods were reviewed briefitychapter 4 the power electronic
converters used in the proposed system were pegseltathematical models were
obtained for the converters which were used laterdésigning the controllers. A
simulation model of a photovoltaic panel was depetband an emulator was designed
and implemented. Chapter 5 included the detaithefPV model and emulator. Open
loop test results of three converters were predent€hapter 6. The system behaviour
with the microsource and energy storage unit opgyatogether was presented in
Chapter 7. In Chapter 8, grid connection of thegleiphase inverter was discussed.
Finally simulation results of the proposed systeeneapresented in Chapter 9.

A summary and discussion of the outcome of the arebe are presented in the
discussion sub-section of this chapter. Then cemmhs of the thesis are presented.
Finally the possible ways to extend this work ameluded in the future work sub-

section.
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10.2 DISCUSSION

10.2.1 Microsource

A photovoltaic panel was selected as the microsour validate the proposed

microsource interface.

10.2.1.1 Simulation model of photovoltaic panel

A photovoltaic panel model was developed in EMTD&IAD software which was
presented in Chapter 5. The model was based och#acteristic equation of a PV
panel and was represented by a controllable vokagece. Appropriate equations were
used to relate irradiance and temperature to thiablas in the characteristic equation.
Thus irradiance and temperature were inputs tontbbelel. However the simulation
model based on the characteristic equation faitledotages below and near the
maximum power point. Numerical instability durirtgetiteration process was the reason
for this failure. An inductor in series with theltage source extended the operating
region of the simulation model of the photovoltp&nel. Again the failure point was

predicted from mathematical analysis and verifisthg the simulation results.

The following are the contributions to knowledgeonfr this modelling of the
photovoltaic panel: a) The reason for failure o gimulation model of photovoltaic
panel developed in EMTDC/PSCAD software is matheaty shown; b) A method
was proposed to extend of safe operating regidgheomodel with known limitations.

10.2.1.2 Photovoltaic emulator

A simple, but reasonably accurate, photovoltaic latou based on an adjustable linear
voltage regulator was designed and implemented hwivas used in the experimental
set-up. The output voltage of the regulator wagrotied by an analogue circuit. The

function of the controller differs depending on thgerating point on the characteristic
curve of the PV panel. At higher voltages, the attpoltage of the linear voltage

regulator was controlled using the characteristjoation of the PV panel. In contrast
the output current of a PV panel is almost constaibw voltages: thus in this region a
current controller was used to keep the outputeriirconstant. Variable resistors were
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used in the controller to change the characteristicves for different irradiance
conditions. However, fast irradiance changes wadfficalt to emulate as several
variable resistors would need to be adjusted sanatiusly. The characteristic curves
obtained from the emulator matched with the cheratic curves obtained from the

simulation model.

The design and implementation method of a simptelaw cost hardware photovoltaic
emulator is a contribution to knowledge from thiswedis. The proposed hardware
emulator will accelerate the initial research medéto photovoltaic systems.

10.2.2 Open loop testing of power electronic converters

The photovoltaic panel was connected to the dcdm&ugh a modified forward dc-dc
converter and the energy storage unit was conndtireadigh a bi-directional dc-dc

converter. The system was connected to the grid giagle-phase inverter.

The power conversion efficiency of the bi-direcabndc-dc converter was
approximately 90%. The experimental results of Hi@lirectional dc-dc converter
matched with the theoretical waveforms and simoitatesults. The effects of parasitic
components were not significant. An inrush currigmiter was required at the low
voltage end of the bi-directional dc-dc convertelimit the battery discharge current at

the start.

Efficiency of the modified forward dc-dc convergdficiency was found to be 75-80%.
The modified forward dc-dc converter is derivednirbuck dc-dc converter. Thus the
transformer turns-ratio was comparatively large. ésesult, the voltage across the
secondary winding of the transformer was more tiaace the dc-link voltage. Thus the
effect of parasitic components was significant. illmons were experienced during
turn-on transient of the switch (a MOSFET in thése). Further, a larger inductor was
required since the current flowing through the ictdu is small and the voltage across
the inductor is large. The equivalent circuit of thi-directional dc-dc converter during
step-up mode is similar to a boost derived dc-doveder. Thus a boost derived dc-dc

converter would have been better than a modifieddod converter, which would have
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reduced the parasitic effects and improved thecieficy of the unidirectional dc-dc

converter.

A full-bridge single-phase inverter was used tovayhthe dc voltage into ac voltage.
The inverter was coupled to the grid through amatdr. The open loop control results
of the inverter validated the proper operation bé tinverter. Power conversion

efficiency of the inverter is over 90%.

Following are the contributions to knowledge frohe ttesting of switch-mode power
electronic converters: a) It has been confirmed ihahis system that approximately
90% power conversion efficiency can be achievedh watppropriately selected
topologies. b) Appropriate selection of topologigisould be undertaken to avoid
introducing parasitic effects which are difficudtéliminate after the implementation.

10.2.3 Closed loop controllers of converters

The controllers were developed for all three cotersr Dynamic stiffness properties
and command tracking properties were used to désegnontrollers

10.2.3.1 Modified forward dc-dc converter

The function of the controller of the modified faawd dc-dc converter is to keep the
input voltage of the converter at the maximum pop@nt (MPP). In this analysis, the
photovoltaic panel emulator was operated at nonfif@DWi/nf irradiance at 25°C. The
voltage at MPP corresponds to 35V which was thereeice to the controller of the
modified forward dc-dc converter. According to tkemulation and experimental
results, the controller kept the input voltage ¢ansat that reference. Further, dc-link
voltage transients due to load variations did ffilgica the input voltage of the modified

forward dc-dc converter.

10.2.3.2 Bi-directional dc-dc converter

The controller of the bi-directional dc-dc converie responsible for keeping the dc-
link voltage approximately constant within pre-aef limits. An operating model of

the bi-directional dc-dc converter is used to deglie controller. Operating modes of
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the bi-directional dc-dc converter are selectedth®y controller based on the dc-link
voltage. A hysteresis control technique was adafiealvoid unnecessary oscillations
between modes. Simulation and experimental resalisated that the converter was

switching between the modes at pre-defined voltages

10.2.3.3 Single-phase inverter

A fast inner-loop current controller was designeasdd on the required dynamic
stiffness properties and the command tracking ptgse Further, in the controller, load
voltage was fed back to the controller as a distncle input decoupling signal. This
further increased the dynamic stiffness of the esystThe designed controller was
implemented in the simulation model and the sinmdatesults matched with the

experimental results.

The following are contributions to knowledge frolmetdesign of the controllers: a)
State feedback block diagram based controller desam be used to allow improved
performance of the controller (either disturbanopui decoupling or feedforward
control); b) An instantaneous current controllehieh is used to control the output
current of the inverter can be integrated with tedimagnitude and phase error.

10.2.4 Automatic dc-link voltage control

The dc-link should represent a stiff voltage soumcethe proposed system. The
photovoltaic panel, energy storage unit and dceswerters were connected together to
evaluate the behaviour of the dc-link voltage. 8istve load was connected to the dc-
link. The dc-link voltage was held to be effectiwvedonstant for the load variations.
Even for complete power loss from the photovoli@@nel or complete load removal,
the dc-link voltage was kept with the proposed t&nihus the controllers ensured that
a stiff dc-link voltage is achieved. Such minortegle variations can be compensated by

dc-link voltage feedforward control to the inverter

The contributions to knowledge of this work areAa)energy storage unit can be used
to produce a stiff dc voltage source to the invert® The dynamic stiffness based
controller allows the decoupling of the dynamicghed microsource and load, thus stiff

dc-link and undisturbed microsource operation caadthieved.
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10.2.5 Grid connection of single-phaseinverter

The controller of the single-phase inverter is oesible for the synchronisation of the
inverter with grid, the connection of inverter teetgrid and output power flow control.
A phased-locked loop was used to generate a somissignal in-phase with the load
voltage, and this signal was used to generate theerdt reference to the current
controller. The magnitude and the phase with rdsfiedoad voltage of the current
reference were calculated from the power refereramed measured load voltage.
According to the simulation results, the invertetivkered the active and reactive power
according to the given reference values with oniganerrors. The results were also
validated by the experimental results. Current radieid grid connection removed the
necessity to match the magnitude of the voltageefzamns. Smooth grid connection
was achieved and distortions were not visible enltad voltage.

The contributions to knowledge are: a) Smooth godnection can be achieved from
the current controlled grid connection; b) withstlsontrol method, it is only necessary
to generate a sinusoidal signal in-phase with tte ¢pltage with current controlled
grid connection. Voltage magnitude and phase magcisi not required. This simplifies

the grid connection process.

10.2.6 Proposed system behaviour

Simulation results of the proposed microsourceriate were presented in Chapter 9.
The system was tested under different load andaswerrce conditions. An energy
storage unit decoupled the dynamics of the micnaso@nd inverter output power
variations. Furthermore, a stiff dc voltage soutcethe inverter was achieved. As a
result, the inverter output power was not affedigdhe microsource dynamics and the
PV panel was not affected by inverter output powarations. Therefore the proposed

system functioned properly under different condisio

The inverter cannot integrate to the MicroGrid atazseconds when the microsource
unit is first switched on, as the dc-link voltagezero. In the proposed start-up method,
the dc-link capacitors were charged from the PV epapsutput power. Once the
minimum dc-link voltage achieved, both the invertsrd the bi-directional dc-dc

converter are allowed to operate. This avoidedirthesh current flow either from the
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battery or MicroGrid through the diodes of the iree According to the simulation

results smooth grid connection is possible usiegafoposed start-up method.

The contributions to knowledge from the proposddriace are: a) Energy storage unit
can be used to decouple the dynamics of the miaroscand variations in the power
output of the inverter; b) A complex system cancbatrolled from simple controllers

with the aid of appropriate controller design. Tiasults in an implementation which is
easier to design and will be potentially cheapgi start-up problem occurs when the
energy storage unit is connected to the dc-linkubh a bi-directional dc-dc converter.
This is not an issue when energy storage unit riectly connected to the dc-link.

However, it is possible to overcome this problem.

10.3 CONCLUSIONS

The proposed microsource interface was simulatedexperimentally validated. The
following conclusions are reached from the proposeicrosource interface

development.

A simulation model of a photovoltaic panel was deped with known limitations. The
failure point of the simulation model can be cadtetl mathematically, thus a
simulation system failure due to PV panel operatman be easily indentified
beforehand. Further a simple and low cost adjustéibkar voltage regulator based
photovoltaic emulator was designed which can bed useaccelerate the testing of

laboratory PV systems.

The controllers of modified forward dc-dc converésmisured that the maximum power
from the PV panel was delivered and PV panel ofsratas not disturbed by the load
variations connected at the output of the modiffedvard dc-dc converter. The

controller of the bi-directional dc-dc convertepkéhe dc-link voltage constant within a
tight range even in worst-case scenarios whilehdisging and charging the battery
appropriately. A very quick but simple PI basedrent controller was developed to
control the inverter output current using the in&aeous inverter output current and
load voltage. A smooth grid connection was actdeard the required output power

was delivered.
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The simulation model of the proposed system comeided the predicted results. The
inverter delivered the active and reactive poweresponding to the reference. The
controller of the bi-directional dc-dc convertessared that the dc-link voltage was kept
within the tight limits specified irrespective dig microsource and inverter output
conditions. The controller of the modified forwadd-dc converter, which controls the
microsource output power, ensured that it was isttidbed by the system behaviour. A
start-up method was proposed which ensured smoxth ogpnnection and smooth

operation of all converters. The proposed starthgithod reduced the inrush current
flowing from the various power sources. This redldde required protection

components.

Finally it is possible to conclude that proposeanwmsource interface embedded with
energy storage unit decoupled the dynamics of tieeosource and can help to ensure

the proper operation of a MicroGrid.

10.4 FUTURE WORK

The proposed microsource interface presented sntigisis and associated components

could be improved. Thereby a better microsourceriate could be achieved.

Either a P-Q power reference control or a droop-tiontrol method could be used to
control the output power of a microsource. The eyspresented in thesis uses a P-Q
control technique which requires power referencemnf the central MicroGrid
controller. Droop-line controller operates based tba inverter terminal quantities
which would not require communication between cdntontroller of the MicroGrid
and microsource. Thus the system could be made mbrest by using the droop-line

control method.
It would be desirable to improve the behaviourlw turrent controller of the single-

phase inverter. Even though the error cannot beemarb, it could be minimised. Thus
further research could be carried out to improeliéhaviour of the current controller.
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The controller in this thesis does not consider stege of the battery. System mal-
function during a fully charged or discharged battstate could be removed by

enhancing the controller to take the state of titéeby into account.

It would be highly desirable to test with a reahehto investigate the operation of the
proposed system which would prove the system behawith real components. In this

thesis, a static voltage maximum power point trackes incorporated with the

photovoltaic panel. It would be interesting to exaenthe effects of having a slow
dynamic MPPT with the controller of the proposesdteyn.

The ability to use the proposed controller withestmicrosources could also be tested.
The proposed microsource interface could be prap@sethe standard microsource
interface if the proposed structure and controlesah could be made to incorporate

other types of microsources as well.

In this research an analogue electronic contratkes used in the photovoltaic emulator.
It would be more user-friendly if a digital contienl is used instead of the analogue
controller. Then the output of the photovoltaic @anould be varied based on pre-
defined environmental conditions. Further the cbiristics of the emulator could be
compared with those of a real panel. This woulg heldevelop the transient behaviour
of the emulator.

216



REFERENCES

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

REFERENCES

“The growth potential for Microgeneration in §and, Wales and Scotland,”
Element Energy Limited, 2008, pp. 136,
http://www.berr.gov.uk/files/file46003.pdf last &ssed on 2010-04-09.

R. Lasseter, A. Akhil, C. Marnay, J. StephedsDagle, R. Guttromson, A.S.
Meliopoulous, R. Yinger, and J. Et@/hite Paper on Integration of Distributed
Energy Resources The CERTS MicroGrid Concept - Agpes Consortium for
Electric Reliability Technology Solutions, 2002.

R.H. Lasseter, “MicroGrids,TEEE Power Engineering Society Winter Meeting
2002, pp. 305-308, Vol. 1.

T. Funabashi and R. Yokoyama, “Microgrid fieldst experiences in Japan,”
IEEE Power Engineering Society General Meet@@06, p. 2 pp.

C. Marnay and R. Firestone, “An Emerging Pagadifor Meeting Building
Electricity and Heat Requirements Efficiently andthwAppropriate Energy
Quality,” European Council for an Energy Efficent Economy 2@ummer
Study La Colle sur Loup, France: 2007.

J.A.P. Lopes, C.L. Moreira, and A.G. MadureifBgefining control strategies for
MicroGrids islanded operation|EEE Transactions on Power Systemsol. 21,
2006, pp. 916-924.

M. Barnes, A. Dimeas, A. Engler, C. Fitzer, Natziargyriou, C. Jones, S.
Papathanassiou, and M. Vandenbergh, “MicroGrid tatooy Facilities,”
International Conference on Future Power Syste2085, pp. 1-6.

S. Bando, H. Asano, T. Tokumoto, T.A.T.T. Tsdka and T.A.O.T. Ogata,
“Optimal Operation Planning of a Photovoltaic-Cogeation-Battery Hybrid
System,” International Conference on Power System Technol&pwerCon
2006, pp. 1-8.

C.L. Moreira, F.O. Resende, and J.A.P. Lopéssifig Low Voltage MicroGrids
for Service RestorationJEEE Transactions on Power Systemsol. 22, 2007,
pp. 395-403.

N. Hatziargyriou, H. Asano, R. Iravani, andAQV.C. Marnay, “Microgrids,”

217



REFERENCES

Power and Energy Magazine, IEEKoI. 5, 2007, pp. 78-94.

[11] B. Kroposki, R. Lasseter, T. Ise, S. Morozuri, Papatlianassiou, and N.
Hatziargyriou, “Making microgrids work,JEEE Power and Energy Magazine
vol. 6, 2008, pp. 40-53.

[12] Y. Kojima, M. Koshio, S. Nakamura, H.A.M.H. Mpma, Y.A.F.Y. Fujioka, and
T.A.G.T. Goda, “A Demonstration Project in HachieoMicrogrid with Private
Distribution Line,” IEEE International Conference on System of Systems
Engineering, SOSR007, pp. 1-6.

[13] A. Yokoyama, “Overview of Microgrid R&D in Jam,” Symposium on
MicroGrids, University of California, San Diego: 2009.

[14] S. Tagami, Y. Sasaki, T. Tsukada, T. Tokumatolchimura, Y. Watanabe, H.
Asano, and S. Bando, “Development and evaluatiormafrogrids islanded
operation method with demand side contrdlgth Power Systems Computation
Conference Glasgow, Scotland: 2008, p. 7.

[15] N. Hatziargyriou, “The More Microgrids Projett SMART ELECTRICITY
NETWORKS, Demonstration of smart distribution nekveolutions, Contractors
meeting Brussels: 2009.

[16] R.H. Lasseter and P. Paigi, “Microgrid: a ceptual solution, IEEE 35th Annual
Power Electronics Specialists Conference, PEEID4, pp. 4285-4290, Vol.6.

[17] A. Invernizzi, “Technologies to innovate dibution network with DG,”
Workshop on Electricity Transmission and DistribatiTechnology and R&D
Paris 2004:
http://www.iea.org/work/2004/distribution/preseimdat/invernizzi.pdf last
access on 2010.02.11, .

[18] T. Tsukada, T. Tokumoto, T. Ogata, and S. TieigdDEMONSTRATION OF
MICROGRID THROUGH THE ACTIVITIES
TOWARD HOLONIC ENERGY SYSTEMS,6th International Conference on
Indoor Air Quality, Ventilation & Energy Conservati in Buildings - IAQVEC
Sendai, Japan, 2007:
http://www.inive.org/members_area/medias/pdf/INnN&EAQVEC2007%5CTsu
kada.pdf accessed on 2010.02.11, .

[19] Y. Zoka, H. Sasaki, N. Yorino, K.A.K.K. Kawaleg and C.C.A.L.C.C. Liu, “An
interaction problem of distributed generators ilsta in a MicroGrid,”

Proceedings of the IEEE International Conference &tectric Ultility

218



REFERENCES

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

Deregulation, Restructuring and Power Technologi{@RPT) H. Sasaki, Ed.,
2004, pp. 795-799 Vol.2.

B. Lasseter, “Microgrids [distributed power rggation],” IEEE Power
Engineering Society Winter Meetiri2p01, pp. 146-149, Vol.1.

T. Funabashi, “Efficient operation of distriled energy resources in microgrid,”
IEEE International Conference on Sustainable EneFgghnologies Singapore,
2008: http://www.ieee-icset.org/keynotes/Keynotedhesss Funabashi.pdf last
accessed on 2010.02.11, .

A. Denda, “Shimizu’s Microgrid Research Actieis,” Symposium on
Microgrids, Canada, 2006:
http://der.Ibl.gov/new_site/2006microgrids_filegida/Presentation_6_Atsushi_d
enda.pdf access on 2010.02.11, .

C.E. Jones, C. Fitzer, and M. Barnes, “In\gzgion of Microgrids, The 3rd IET
International Conference on Power Electronics, Maels and Drives2006, pp.
510-514.

H. Al-Nasseri, M.A. Redfern, and R. O'Gormé&Rrotecting micro-grid systems
containing solid-state converter generatidnfernational Conference on Future
Power System2005, p. 5 pp.

H. Nikkhajoei and R.H. Lasseter, “Microgrid d®ection,” IEEE Power
Engineering Society General Meetjiri&p07, pp. 1-6.

N. Jayawarna, C. Jones, M. Barnes, and N.A.JeNkins, “Operating MicroGrid
Energy Storage Control during Network Fault&EE International Conference
on System of Systems Engineering, S@8&7, pp. 1-7.

M. Barnes, “An Evaluation of Microgrid Strueces and their Relative Merits,”
IET Power Conventiqr2007, pp. 1-34.

M. Barnes and P. Binduhewa, “Asynchronousrcianection of a microgrid,”
CIRED Seminar SmartGrids for Distribution, IET-CIRE2008, pp. 1-4.

A. Amorim, A.L. Cardoso, J. Oyarzabal, and NVAN. Melo, “Analysis of the
Connection of a Microturbine to a Low Voltage Gtithiternational Conference
on Future Power Systen2005, pp. 1-5.

P. Piagi and R.H. Lasseter, “Autonomous cdntfomicrogrids,” IEEE Power
Engineering Society General Meetjri&p06, p. 8 pp.

M. Barnes, J. Kondoh, H. Asano, J. OyarzaBalyentakaramanan, R. Lasseter,

N. Hatziargyriou, and T. Green, “Real-World Micro - An Overview,”IEEE

219



REFERENCES

International Conference on System of Systems Eedirg, SoOSE2007, pp. 1-8.

[32] J. Lynch, “Update on Mad River MicroGrid Projg¢ Consortium for Electric
Reliability Technology Solutions Berkeley, Sympusion Microgrids U.C.
Berkeley Faculty Club, Heyns Room: 2005.

[33] Resource Dynamics Corporatio@haracterization of Microgrids in the United
States - Final Whitepapg005.

[34] F. Katiraei, C. Abbey, S. Tang, and M. Gauthi#lanned islanding on rural
feeders — utility perspectivelEEE Power and Energy Society General Meeting
- Conversion and Delivery of Electrical Energy ret21st Century2008, pp. 1-
6.

[35] R. Fulton and C. Abbey, “Planned Islanding &6 MVA IPP for BC Hydro
System Reliability, First International Conference on the IntegratiohRE and
DERIntegration of Renewable Energy Sources and ribiged Energy
Resources2004, p. 9.

[36] P. Agrawal, “Overview of DOE Microgrid Activgs,” Symposium on
Microgrids, Québec, Canada: 2006.

[37] C. Marnay, “Overview of Microgrid R&D in the 8., Symposium on
Microgrids, Nagoya, Japan: 2007.

[38] T. Tanabe, Y. Ueda, T. Funabashi, S. Numatayl&rino, and E. Shimoda, “An
active network control method using distributedrggeesources in microgrids,”
13th Power Electronics and Motion Control ConferenEPE-PEMGC 2008, pp.
2478-2480.

[39] A.L. Dimeas and N.D. Hatziargyriou, “Operatimi a Multiagent System for
Microgrid Control,” IEEE Transactions on Power Systemgol. 20, 2005, pp.
1447-1455.

[40] A.L. Dimeas and N.D. Hatziargyriou, “A MAS ditecture for microgrids
control,” Proceedings of the 13th International Conferencéraalligent Systems
Application to Power Systeni?005, p. 5 pp.

[41] M. Prodanovic and T.C. Green, “High-Quality viRw Generation Through
Distributed Control of a Power Park MicrogridEEE Transactions on Industrial
Electronics vol. 53, 2006, pp. 1471-1482.

[42] “Laboratory Grid for Distributed Generation,” Accessed through
http://www.iset.uni-kassel.de/abt/FB-A/demotecHrldemotec.pdf on 2010-02-
12.

220



REFERENCES

[43]

[44]
[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

E. Zabala, “ANALYSIS OF THE MICROGRID AT THE HCHNOLOGY
PARK OF BIZKAIA,” 2nd International Conference on Integration of
Renewable and Distributed Energy Resourdgapa, CA: 2006.

J.E. Nielsen, “MORE Microgrids - Demonstratisites,” Dec. 2008.

S.J. Chatzivasiliadis, N.D. Hatziargyriou, aAd.. Dimeas, “Development of an
agent based intelligent control system for micrdgyti IEEE Power and Energy
Society General Meeting - Conversion and Deliver§lectrical Energy in the
21st Century,2008, pp. 1-6.

G. Venkataramanan and M. lllindala, “Microggiénd sensitive loadsPower
Engineering Society Winter Meetiri2002, pp. 315-322, Vol.1.

L. Yunwei, D.M. Vilathgamuwa, and L. Poh ChgriDesign, analysis, and real-
time testing of a controller for multibus microgsgstem,”|EEE Transactions on
Power Electronics vol. 19, 2004, pp. 1195-1204.

N. Pogaku, M. Prodanovic, and T.C. Green, “Mig, Analysis and Testing of
Autonomous Operation of an Inverter-Based MicrogriEEE Transactions on
Power Electronics vol. 22, 2007, pp. 613-625.

J.A. Pecas Lopes, C.L. Moreira, A.G. MadurgifaO.A.R.F.O. Resende,
X.A.W.X. Wu, N.A.J.N. Jayawarna, Y.A.Z.Y. Zhang,ANJ.N. Jenkins, F.A.K.F.
Kanellos, and N.A.H.N. Hatziargyriou, “Control Stgies for MicroGrids
Emergency Operation,International Conference on Future Power Systems
2005, pp. 1-6.

Y. Zhao and L. Guo, “Dynamical Simulation o&loratory MicroGrid,”Asia-
Pacific Power and Energy Engineering ConferenceR BEC 2009, pp. 1-5.
European Photovoltaic Industry Association &iectenpeaceSolar Generation
v — 2007 Accessed from
http://www.greenpeace.org/raw/content/internatifpraks/reports/solar-
generation-iv.pdf on 2010.02.23, 2007.

S. DavidsonNational Survey Report of PV Power Applicationsthe United
Kingdom 2006 Department for Business Enterprise and RegulaRejorm,
Accessed through http://www.iea-pvpsuk.org.uk/resesiresources.shtml#status
on 2010.02.24, 2007.

S. DavidsonNational Survey Report of PV Power Applicationsthe United
Kingdom 2007 Department for Business Enterprise and RegulaRejorm,

Accessed through http://www.iea-pvpsuk.org.uk/resesiresources.shtml#status

221



REFERENCES

[54]

[55]

[56]

[57]

[58]

[59]
[60]

[61]

[62]

[63]

[64]

[65]

on 2010.02.24, 2008.

European Photovoltaic Industry Association &@réenpeacesolar Generation V

- 2008 Accessed through http://www.epia.org/publicatiepga-
publications.html on 2010.02.24, 2008.

“Photovoltaic  modules,” Accesed from pvresources.com  website:
http://www.pvresources.com/en/module.php on 2012402

International Energy AgencyiRENDS IN PHOTOVOLTAIC APPLICATIONS
Survey report of selected IEA countries betweer? 188 2005 Accessed via
http://www.iea-pvps.org/products/repl_15.htm on@02.24, 2006.

International Energy AgencyiRENDS IN PHOTOVOLTAIC APPLICATIONS
Survey report of selected IEA countries betweer? 188 2008 Accessed via
http://www.iea-pvps.org/products/repl_18.htm on@®02.24, 2009.

Weidong Xiao, W. Dunford, and A. Capel, “A relvmodeling method for
photovoltaic cells,TEEE 35th Annual Power Electronics Specialists @ogriice,
PESC 2004, pp. 1950-1956, Vol.3.

T. Markvart,Solar Electricity John wiley & Sons, LTD, 2003.

Sanyo Energy corp., HIT Double Brochurge Accessed through
http://us.sanyo.com/HIT-Power-Double/HIT-Double-@ifal-Photovoltaic-

Module on 2010.02.24, 2009.

“Solar trackers and concentrators®ccessed from pvsources.com website:
http://www.pvresources.com/en/concentrator.php @h0202.24

Chihchiang Hua and Chihming Shen, “Control@E/DC converters for solar
energy system with maximum power tracking3td International Conference on
Industrial Electronics, Control and InstrumentatjidiCON 1997, pp. 827-832,
Vol.2.

W. Swiegers and J. Enslin, “An integrated maxim power point tracker for
photovoltaic panels,” Proceedings of IEEE International Symposium on
Industrial Electronics, ISIE1998, pp. 40-44 vol.1.

J. Enslin, M. Wolf, D. Snyman, and W. Swiegefttegrated photovoltaic
maximum power point tracking convertedEEE Transactions on Industrial
Electronics, vol. 44, 1997, pp. 769-773.

M. Ayres, D. Wait, M. Weiderholt, and Truong L“Pholtovoltaic cell model for
the International Space StatiorGbnference Record of the Twenty-Eighth IEEE
Photovoltaic Specialists Conferen@900, pp. 1301-1303.

222



REFERENCES

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

Weidong Xiao, M. Lind, W. Dunford, and A. Cdp&Real-Time Identification of
Optimal Operating Points in Photovoltaic Power 8yst,”IEEE Transactions on
Industrial Electronics, vol. 53, 2006, pp. 1017-1026.

Y. Yusof, S. Sayuti, M. Abdul Latif, and M. W&, “Modeling and simulation of
maximum power point tracker for photovoltaic sysfeRroceedings of National
Power and Energy Conference, PEC26004, pp. 88-93.

E. Matagne, R. Chenni, and R. El Bachtiri, pAotovoltaic cell model based on
nominal data only,International Conference on Power Engineering, Epyeand
Electrical Drives, POWEREN&O007, pp. 562-565.

F. Albuquerque, A. Moraes, G. Guimaraes, Snhtaza, and A. Vaz,
“Optimization of a photovoltaic system connected dlectric power grid,”
IEEE/PES Transmission and Distribution Conferencel é&xposition: Latin
America, 2004, pp. 645-650.

[I-Song Kim, Myung-Bok Kim, and Myung-Joong ¥n, “New Maximum Power
Point Tracker Using Sliding-Mode Observer for Estion of Solar Array
Current in the Grid-Connected Photovoltaic SystetEEE Transactions on
Industrial Electronics, vol. 53, 2006, pp. 1027-1035.

Petronio Vieira Junior, Pedro Ilvan G. Palh&anis Marcelo B. da Silva, Miguel
P. do Nascimento, Alex Ramos Costa, Pedro S. Farfélho, and Jose Gilson
Siqueira, “Applied Digital Control for Localizationf the Maximum Power of
Photovoltaic Generators28th Annual International Telecommunications Energy
Conference, INTELEC006, pp. 1-6.

D. Sera, R. Teodorescu, and P. Rodriguez, plawel model based on datasheet
values,”IEEE International Symposium on Industrial Electics ISIE 2007, pp.
2392-2396.

D. Dondi, D. Brunelli, L. Benini, P. Pavan, Aertacchini, and L. Larcher,
“Photovoltaic cell modeling for solar energy powersensor networks,2nd
International Workshop on Advances in Sensors atefface, IWASI2007, pp.
1-6.

T. Elshatter, M. Elhagry, E. Abou-Elzahab, ahdElkousy, “Fuzzy modeling of
photovoltaic panel equivalent circuitConference Record of the Twenty-Eighth
IEEE Photovoltaic Specialists Conferen2600, pp. 1656-1659.

M. Wanzeller, R. Alves, J. da Fonseca Neta] . Fonseca, “Current control

loop for tracking of maximum power point suppliedr fphotovoltaic array,”

223



REFERENCES

[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

IEEE Transactions on Instrumentation and Measuramenol. 53, 2004, pp.
1304-1310.

S. Kjaer, J. Pedersen, and F. Blaabjerg, ‘Aene of single-phase grid-connected
inverters for photovoltaic modules,”IEEE Transactions on Industry
Applications, vol. 41, 2005, pp. 1292-1306.

A. Kajihara and A. Harakawa, “Model of photdtaic cell circuits under partial
shading,”|IEEE International Conference on Industrial Tecltowy, ICIT, 2005,
pp. 866-870.

C. Prapanavarat, M. Barnes, and N. Jenkimg/é$tigation of the performance of
a photovoltaic AC module,IEE Proceedings- Generation, Transmission and
Distribution, vol. 149, 2002, pp. 472-478.

“Shell SM110-24P photovoltaic solar module atdteet,”
http://www.powerupco.com/panels/shell/Shell%20SM24B.pdf last accessed
on 2010.02.24

L. Castaner and S. SilvestMpdeliing Photovoltaic Systems using PSPi#hn
wiley & Sons, LTD, 2002.

A. Tarig and J. Asghar, “Development of an Aga Maximum Power Point
Tracker for Photovoltaic Panelliiternational Conference on Power Electronics
and Drives Systems, PED&05, pp. 251-255.

T. Esram and P. Chapman, “Comparison of Phaitaic Array Maximum Power
Point Tracking TechniqueslEEE Transactions on Energy Conversionpl. 22,
2007, pp. 439-449.

Abu Tarig and M. Jamil Asghar, “Development aficrocontroller-based
maximum power point tracker for a photovoltaic gdnéEEEPower India
Conference,2006, p. 5 pp.

D. Sera, T. Kerekes, R. Teodorescu, and F.alig&ag, “Improved MPPT
Algorithms for Rapidly Changing Environmental Camatis,” 12th International
Power Electronics and Motion Control Conference BEHPEMC 2006, pp. 1614-
1619.

D. Snyman, “Centralized PV generation and déedized battery storage for cost
effective electrification of rural areas,Proceedings of 3rd AFRICON
Conference, AFRICONL992, pp. 235-239.

S. Yuvarajan and Shanguang Xu, “Photo-volfaever converter with a simple

maximum-power-point-tracker Proceedings of the International Symposium on

224



REFERENCES

[87]

[88]

[89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

Circuits and Systems, ISCAZ®03, pp. 111-399-111-402, Vol.3.

Chihchiang Hua and Chihming Shen, “Study ofxmmaum power tracking
techniques and control of DC/DC converters for pholtaic power system,”
29th Annual IEEE Power Electronics Specialists @osrfice, PESC Record.
1998, pp. 86-93 vol.1.

E. Koutroulis, K. Kalaitzakis, and N. Voulgari “Development of a
microcontroller-based, photovoltaic maximum powesinp tracking control
system,”IEEE Transactions on Power Electronicsiol. 16, 2001, pp. 46-54.

M. Mather, M. Malengret, and J. Le Claire, W low cost, efficient PV-grid
interface for rural electrification,Eighth International Conference on Power
Electronics and Variable Speed Drives, (IEE ConfblP No. 475) 2000, pp.
136-139.

M. Ciobotaru, R. Teodorescu, and F. Blaabjé@pntrol of single-stage single-
phase PV inverter,” European Conference on Power Electronics and
Applications, 2005, pp. 10 pp.-P.10.

Tae-Yeop Kim, Ho-Gyun Ahn, Seung Kyu Park, afmun-Kyun Lee, “A novel
maximum power point tracking control for photovadtgpower system under
rapidly changing solar radiationProceedings of IEEE International Symposium
on Industrial Electronics, ISIE2001, pp. 1011-1014 vol.2.

N. Khaehintung, C. Kangsajian, P. Sirisuk, aandKunakorn, “Grid-connected
Photovoltaic System with Maximum Power Point Tragkusing Self-Organizing
Fuzzy Logic Controller,”International Conference on Power Electronics and
Drives Systems, PED3005, pp. 517-521.

F. Chan and H. Calleja, “Reliability: A New Apach in Design of Inverters for
PV Systems,’10th IEEE International Power Electronics Congre2§06, pp. 1-
6.

J.M. Chang, W.N. Chang, and S.J. Chung, “Sfmlase grid-connected PV
system using three-arm rectifier-invertefPEE Transactions on Aerospace and
Electronic Systemsyvol. 42, 2006, pp. 211-219.

M. Nikraz, H. Dehbonei, and C. Curtin, “Diglitaontrol of a voltage source
inverter in photovoltaic applications/[EEE 35th Annual Power Electronics
Specialists Conference, PESID04, pp. 3266-3271 Vol.5.

J. Myrzik and M. Calais, “String and module@ggrated inverters for single-phase

grid connected photovoltaic systems - a revielEE Bologna Power Tech

225



REFERENCES

Conference Proceeding2003, p. 8 pp. Vol.2.

[97] G. Walker and P. Sernia, “Cascaded DC-DC cdrye connection of
photovoltaic modules,[JEEE Transactions on Power Electronicsol. 19, 2004,
pp. 1130-1139.

[98] Yang Chen and K. Smedley, “A cost-effectivengte-stage inverter with
maximum power point tracking/EEE Transactions on Power Electronicsjol.
19, 2004, pp. 1289-1294.

[99] R. Gonzalez, J. Lopez, P. Sanchis, and L. Maxy “Transformerless Inverter for
Single-Phase Photovoltaic SystemdEE Transactions on Power Electronics,
vol. 22, 2007, pp. 693-697.

[100] C. Meza, D. Biel, J. Negroni, and F. Guinjpa@onsiderations on the control
design of DC-link based inverters in grid-connecfgubtovoltaic systems,”
Proceedings of IEEE International Symposium on @iscand Systems, ISCAS
2006, pp. 4 pp.-5070.

[101] Xiaofeng Sun, Weiyang Wu, Xin Li, and Qinglidhao, “A research on
photovoltaic energy controlling system with maximyower point tracking,”
Proceedings of the Power Conversion Conference, ®S&ka 2002, pp. 822-
826 vol.2.

[102] C. Meza, D. Biel, J. Negroni, and F. GuinjpdBoost-buck inverter variable
structure control for grid-connected photovoltaistems with sensorless MPPT,”
Proceedings of the IEEE International Symposiumlmadustrial Electronics,
ISIE, 2005, pp. 657-662 vol. 2.

[103] E. Roman, R. Alonso, P. lbanez, S. Elorduitapetxe, and D. Goitia,
“Intelligent PV Module for Grid-Connected PV Syst®EEE Transactions on
Industrial Electronics, vol. 53, 2006, pp. 1066-1073.

[104] N. Khaehintung, P. Sirisuk, and A. Kunakof&grid-connected Photovoltaic
System with Maximum Power Point Tracking using Sat§anizing Fuzzy Logic
Controller,”IEEE Region 10 TENCQNO0OS5, pp. 1-4.

[105] J. Alfonso-Gil, F. Gimeno-Sales, S. SeguiléhiS. Orts, J. Calvo, and V. Fuster,
“New optimization in photovoltaic installations Wwitenergy balance with the
three-phase utility,”Proceedings of the IEEE International Symposium on
Industrial Electronics, ISIE2005, pp. 981-987 vol. 3.

[106] K. Billings, Switchmode Power Supply HandbpdkcGraw-Hill, 2nd Edition,
1999.

226



REFERENCES

[107] A.l. Pressman, K. Billings, and T. Moregwitching Power Supply Design
McGraw-Hill, 3rd Edition, 2009.

[108] N. Mohan, T.M. Undeland, and W.P. RobbiRewer Electronics: Converters,
Applications and Desigrdohn wiley & Sons, LTD, 1995.

[109] T. Mishima and E. Hiraki, “A Dual Voltage Pew System by
Battery/Supercapacitors Hybrid ConfigurationBEE 36th Power Electronics
Specialists Conference, PESIDO5, pp. 1845-1850.

[110] M. Cacciato, F. Caricchi, F. Giuhlii, and &antini, “A critical evaluation and
design of bi-directional DC/DC converters for supapacitors interfacing in fuel
cell applications,”Conference Record of the IEEE 39th IAS Annual Mgeti
Industry Applications Conferenc2004, pp. 1127-1133 vol.2.

[111] Energy Networks AssociationEngineering Recommendations G83/1 -
Recommendation for the connection of small-scaleeelsied generators (up to
16A per phase) in parallel with public low-voltadestribution networksEnergy
Networks Association, 2003.

[112] N. Pogaku, M. Prodanovic, and T.C. Greenyélirtier-based microgrids: Small-
signal modelling and testingThe 3rd IET International Conference on Power
Electronics, Machines and Drive2006, pp. 499-504.

[113] R.E. BestPhase-Locked Loops: Design, Simulation, and Apptiog McGraw-
Hill, 1999.

[114] Philips Semiconductors, “HEF4046B datashePtilips Semiconductors, 1995,
pp. 16, http://www.datasheetcatalog.org/datashieépp/HEF4046.pdf last
accessed on 2010.03.05.

[115] “AN 177 - An overview of the phase-locked poo(PLL),” Philips
Semiconductors, 1988, pp. 6, http:/kitsrus.comgdE77.pdf last accessed on
2010.03.05.

[116] A. Hood, “Convergence of Fixed-Point IteraticError Analysis,”http://www-
solar.mcs.st-and.ac.uk/~lan/MT2003/Numerical/nodetid, 01.02.2000: last
accessed on 19.04.2010, .

[117] Texas Intruments, “TL783 HIGH-VOLTAGE ADJUSBAE REGULATOR
datasheet,” 2008, pp. 20, http://focus.ti.comAitsymlink/tI783.pdf last accessed
on 2010.03.07.

[118] Texas Intruments, “LM317 3-TERMINAL ADJUSTAHL REGULATOR
datasheet,” Texas Intruments, 2008, pp. 23,

227



REFERENCES

http://focus.ti.com/lit/ds/symlink/Im317.pdf last@ssed on 2010.03.07.

[119] National Semiconductor, “LM138/LM338 5-Amp Atable Regulators
datasheet,” National Semiconductor, 1998, pp. 16,
http://www.national.com/ds/LM/LM138.pdf last accedson 2010.03.07.

[120] LEM, “LEM Current Transducers HY 5..25-P dstieet,” LEM, , pp. 2,
http://www.lem.com/docs/products/hy_e.pdf last aseel on 2010.03.07.

[121] National Semiconductor, “Theory and Applicas of Logarithmic Amplifiers -
Application note 311,” National Semiconductor, 1991pp. 6,
http://www.national.com/an/AN/AN-311.pdf last acsed on 2010.03.07.

228



LIST OFPUBLICATIONS

L1ST OF PUBLICATIONS

Conference papers

[1] P. Binduhewa, A. Renfrew, and M. Barnes, “MiGrd power electronics interface
for photovoltaics,” 4th IET Conference on Power Electronics, Machines a
Drives, PEMD 20082008, pp. 260-264.

[2] P. Binduhewa, A. Renfrew, and M. Barnes, “Uttnpacitor energy storage for
MicroGrid micro-generation,4th IET Conference on Power Electronics, Machines
and Drives, PEMD2008, pp. 270-274.

[3] P. Binduhewa, M. Barnes, and A. Renfrew, “Stadmicrosource interface for a
MicroGrid,” CIRED Seminar on SmartGrids for Distribution, IETRED, 2008,
pp. 1-4.

229



APPENDIXA REVIEW OFLEAD ACID BATTERIES

APPENDIX A

REVIEW OF LEAD ACID BATTERIES

A.1INTRODUCTION

Unlike the large generators used in conventionalgrosystems, microsources store
very little energy internally. Therefore some foofenergy storage must be integrated
into a MicroGrid in order to provide additional pekvduring transients. Pilot
MicroGrids across the globe have used batteri¢éigoalpacitors and flywheels as their
storage methods [A1-A6]. This appendix providegwdaw on lead acid batteries since
this technology is most suited to longer term eynesgpply/absorption necessary for
MicroGrids.

A.2 PRINCIPLE OF OPERATION

In a battery, energy is stored in the form of chmhenergy [A7]. Chemical energy is
converted into electrical energy during dischargemgd the reverse occurs in the
charging mode. Figure A-1 shows the structure tdaa acid battery [A7]. There are
two electrodes which are immersed in an electrolptdead oxide electrode is the
positive terminal while a lead electrode is theitpas terminal. Sulphuric acid in water

acts as the electrolyte.

| =

PbO,
Pb

H,SO, H,0O

Figure A-1: Structure of a lead-acid battery
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Equation A-1 presents the chemical reaction whicdtuos during charging and
discharging of such a battery [A8, A9].

Charging —

Pb+2H,S0, +PbO, <~  PbSQ, +2H,0+PbSQ, Equation A-1

~ Discharging

The battery starts to discharge when a load suctesstor is connected across the
terminals of a battery as shown Figure A-2(a). A& nhegative electrode, lead reacts
with sulphuric acid and produces lead sulphate, hydrogen ions and two electrons.
At the same time at the positive electrode leadi@xeacts with sulphuric acid, two
hydrogen ions and electrons. As a result lead sidphnd water are produce at the

positive electrode. Electrons travel through thiemal circuit path.

The battery starts to store energy when a powerceas connected across the terminals
of the battery as shown in Figure A-2(b). At thgaitve electrode, lead is formed from

lead sulphate reacting with two electrons. At tlusitive electrode, lead sulphate is

converted to lead oxide and two electrons are sekkaSulphuric acid is formed in the

process.

e
—> A - ||

1+ | I u

Pb

PbO,
PbO,
Pb

H,SO4 H,O H,SO, H,O

(a) Discharging (b) Charging
Figure A-2: Structure of a Lead acid battery [A8]

Equation A-2 presents the chemical reactions ah edectrode during charging and
discharging process.
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Negativeslectrode
charge

Pb = Pb*+2

discharge
har

charge
Pb* +SO7 ~ PbSQ,

discharge

" Equation A-2
PositiveElectrode

charge
PbO, +4H* +22 = Pb™ +2H,0

discharge
charge

Pb* +SO;” - PbSQ,

discharge

The voltage of a lead acid cell is around 2 voXg][ In commercial lead acid batteries
a number of cells are connected is series to iser@altage. Lead acid batteries with
voltages of 12V, 24V and 48V can be found in market

A.3 CAPACITY

The capacity of a battery describes the amountnefgy stored in the battery. It is
usually expressed in ampere-hours and is calcullayethtegrating current delivered
with respect to time as in Equation A-3 [A10]. Ahatively capacity is represented in

Watt-hours according to Equation A-4 [A10].

t
Ca = '[ 1(t)dt Equation A-3
0

t
Cun = J. E(t)i(t)dt Equation A-4
0

The remaining stored energy depends on the ami@emperature and the amount of
energy discharged from the battery. Typically rategbacity provided in datasheets
corresponds to a battery at 20°C. The capacity ludttery increases with temperature.
An increase of temperature to increase the caphaiya negative effect on the lifetime
of the battery. Every 10°C temperature increaseldvoesult in decrease of lifetime by
half. Commercial lead acid battery capacities tgihycvary from 0.5Ah to 210Ah [A8].
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A.4 CHARACTERISTICS

A.4.1 Discharging

The discharge characteristics of a typical lead aeittery are presented in Figure A-3
and depend on the rate of discharge [A8, A10]. Usumattery discharge current is
represented as a multiple of rated discharge cursdich is denoted by letter ‘C.
Battery terminal voltage decreases as the battaryssto discharge. If the battery is
discharged below the voltage specified by the meatufer, known as deep discharge,
the lifetime of the battery would be negativelyeated.

For 6V For12V¥
Battery  Battery
6.5 — 13.0

6.0 — 12.0

5.5 11.0

50 | — 10.0

Terminal Voltage

45 — 9.0

40 — 8.0

1 2 4 6 810 20 40 60 2 4 & 810 20
[ Minutes " Hours ———

Discharge Time

Figure A-3: Discharge characteristics

A.4.2 Open circuit voltage

The open circuit voltage of a battery is a functidrenergy remaining in the battery and
the temperature [A8, A10]. The variation of opercait voltage of the battery with

remaining energy is presented in Figure A-4 [Al1dhder loaded conditions battery
voltage may drop below the open circuit voltagewéweer the voltage will rise again

when the load is removed.
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Open-circuit voltage [V]

e ST e

| I
10 20 30 40 50 60 70 80 90 100

Percentage of rated capacity stored in a battery

Figure A-4: Variation of open circuit voltage wigmergy storage in a battery

A.4.3 Internal resistance

The lower the internal resistance of a battery,Higier the discharge rates which can
be achieved [A10]. This is not a constant and ddpesn the state of charge of the
battery. It increases as the temperature decre@ddss. the value is different for

charging and discharging cycles. Redesigning hatigometry to decrease internal
resistance is possible, but not without negatiadfgcting other battery properties (like

lifetime).

A.4.4 Battery life

Battery life is dependent on the discharge levedrothe cycles it is used. In an
application where the battery is discharged forrmaalk percentage, the number of
charge/discharge cycles which can be achievedytsehi On the other hand the number
of charge/discharge cycles is minimal if the batter fully discharged and charged

every cycle. Operating temperature also affectdiihéime of a battery.

A.4.5 Sdf-discharge

A battery undergoes self-discharge when it is mouse. The rate of self-discharge
depends on the temperature of the battery and rpatlischarge is higher as the
temperature increases [A8, A10]. Therefore it igpamant to recharge the battery

regularly to avoid complete discharge of the batter
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A.5 CHARGING TECHNIQUES

The desirable performance and the life time of #eba depend on the charging
technique. Several charging methods are adoptddddracid batteries namely constant
voltage, constant current, taper charging and bowstging.

The output voltage of the battery is kept constarthe constant voltage method and
this is also known as float charging [A8, A10]. $hmethod is used for many
applications. Figure A-5 shows the voltage anddineent waveforms of battery under
constant voltage charge. Initially the battery gakehigher current which is limited by
the maximum output current of the power source.imuthis stage the power source
may not be constant voltage. Then current flowintp ithe battery is reduced and a
constant voltage is applied to the battery. Initharging current determines the time
taken to for the battery voltage to be constanter@iischarged batteries may not be

able to charge using this method.

— : Voltage
// —— : Current
I -

S -~ —

Battery voltage
and current

» Time

Figure A-5: Voltage and current variation of a battduring constant voltage charging

In the constant current charging technique, thegihg current controlled [A8, A10].
This method is useful for charging batteries whielve not been used for long periods.
Since the voltage is uncontrolled, this method & suitable for general usage.
Charging batteries in parallel using constant aurodarging is not suitable as current
distribution cannot be controlled [A8, A10]. Ovearhing should be avoided by
measuring the voltage or limiting charge time. tdey to keep the battery fully charged,
the battery can be charged at a very small ratenThis known as trickle charging
[A10].
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Taper charging is an inexpensive method used fargihg a battery. The variation of
charging current and voltage are presented in Eigu6 and the reason for the name
‘taper charging’ can be deduced by looking at tharacteristic curves [A8, A10]. In
this method, current is controlled by the exterealstor connected to the battery.

A

(&)

%0 N

= g — : Voltage
S g —— : Current
Z\ Q

&2

< S

m

» Time

Figure A-6: Variation of voltage and current duricitarging

A.6 MODELLING OF BATTERIES

Electrical models of batteries are important to drai computer based simulations.
Over the years different battery models have bempgsed from simple to more
detailed [A12-A18]. More accurate representatiohs dattery can be obtained from
more complex models. However unnecessary complskibyild be avoided — the most

suitable model should therefore be chosen.

The simplest form of representation is an ideatag# source in series with impedance
as shown in Figure A-7 [A6,A12,A19-A20]. The voltagf the ideal voltage source is
equal to the open circuit voltage of the batteryolvhis dependent on its state of charge.
Impedance is represented by a resistor which repteghe internal resistance [A6].
Internal resistance is not a constant. This modelsdot represent the characteristics
explicitly as the variables do not represent theceéxalues over the characteristic curve.
In [19], an extended model is presented where niternal resistance varies with the

state of charge.

R
’\/\/\I metcry 4

jp— TVOC T Vhattcry I

p» Time

Figure A-7: Simplest battery equivalent circuit
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The Thevenin equivalent battery model is preseimegigure A-8 which comprises a
voltage source, two resistors and a capacitor A2, A18-A19]. A voltage source
(Voc) represents the open circuit voltage of the batidrile the internal resistance of
the battery is represented by the resisti@r Fhe capacitance,Gepresents the effect of
the larger initial current one gets from a batté&gcording to [A19], contact resistance
between the electrolyte and plate is representedhbyresistor R The resistor in
parallel to voltage sourcepRrepresent the self discharge of the battery. &imtib
earlier models, the components of this model ase dependent on the history and
operating conditions of the battery [A18]. In soroases the parallel resistor and
capacitor are neglected and then the model is moitable for short term discharge
applications [A18]. The resistances are differeort dharging and discharging mode.
The model presented in Figure A-9 enables the tisemarate resistor values with the
aid of ideal diodes.

Ry,
Rbs Ibatlery T

— » Time
Co

— /
—— Voc gRbp Vbattery Vbancry —J

» Time
Figure A-8: Thevenin’s equivalent circuit of a leaijt
b
1l
I
Rbsc Rbd
——A\\V\N—
Rbsd
R —\\\
p— Vv § b R, .
* ’ ° Vbattery

Figure A-9: Modified thevinin’s equivalent circwf a battery

Figure A-10 represents the model presented in [A16}. In this model a capacitor is
used instead of a voltage source. The resistarredlgddo the capacitor again represents
the self discharge of a battery. An extension o ith presented in [A9] which uses two

separate resistor values for charging and disahggiodes.
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Ry,
Ry Pyl
NN —
Il
Ch

Cbp;: V()c § Rbp Vb ,
attery

Figure A-10: Lead-acid battery electrical model

A.7 SELECTION OF BATTERIES

The selection of batteries depends on several actgpe of battery, voltage, load

current, load current profile, duty cycle, temparatrequirements, charge —discharge
cycle, safety and reliability, and cost. The capyadf the storage is an important

parameter thus the designer should calculate tlomssary ampere-hours for the
application. The maximum charging and maximum disgimg currents are also need to
calculate and the datasheets of a battery prokiglentaximum charging and discharging
currents of a battery. The voltage rating of thédpg also needs to be considered. The
battery voltage varies between limits at fully ded level and discharged level. The

discharge level should be select appropriately.

A.8 SUMMARY

In this chapter, the principles of operation okad acid battery are reviewed. Further
the major characteristics are introduced. Constatige, constant current and trickle
charging are main charging techniques used to eharbattery. In the literature it is
possible to find wide variety of electrical modéds a lead acid battery. The simplest
model is the fixed voltage source which does notigie any transient characteristics.
Complex models may be more accurate however thenegels to perform specific tests
to find out the required parameters. For this stadypltage source model was selected
based on the simplicity.
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APPENDIX B

SIMULATION MODEL OF THE PHOTOVOLTAIC PANEL

Figure B-1 presents the MATLAB code used to find itleality factor the photovoltaic

panel. The results shown in Chapter 5 are base¢hi®ode.

Editor - D:\Prabath\PhD Research\Photovoltaic Panels\ideality Factor\SmM110_24P.m

File Edit Text Go Cel Tools Debug Desktop Window Help Nax
N H ' Bo (S deadf | 28 BRE DB | stk AOB &0
Z | BigiB| -[1o [+ | +[11 [x |&<|0

d8ss  olo: O
Ei= clear all;

3

4 % Find ideality factor

5

5] ¥ Model no: 5M 110-24F

7 % Brand: ZShell

=]

=) % Data

10

fiflied N = 72: % No of cells in. series

12 — Prpp = 110; % Power at MPP in W

13 — Vmpp = 35.0; % Voltage at MFP in V

14 — Tmwpp = 3.15; % Current at MPP in A&

15 = Woco = 43.5; % Open-circuit wotlage in V

AfE= Isc = 3.45:; % Short-circuit current in 4

17

18 - k = 1.38%10"-23: % EBoltzmwann's contant

19 — T = 298 % Temperature in K at 25C =
AT g = 1.6%107-19 % Charge of electron =
21

22 — WVocpe = Voo /N: % Open circuit woltage per cell in W

23 — Vwpppc = Vmpp/N: % Votlage at MPP per cell in ¥

A Iph = Isc: % Photocurrent in A

5

BEei= 1= 0y

i

268 — for L =1:0.005:2

BEH = i=i+l:

30 — Bii)=A4; o
A = Vt=Aa*k*T/cq; % Thermal Voltage

= Izat = Iph/(exp(Vocpe/Ve)-1): % Saturation current

3t = Rs = (Vt/Impp) *log((Iph+Isat-Impp)/Isat) - (Vmpppc/ Impp): % Series resistance

34 — ¥(i)=Rs: =
= W= —((Isat/Vt) *exp [ (Vopppo+Inpp*Rs) VL) 1/ (14 (Isat*Rs/ VL) Yexp [ (Vopppo+Impp*Rs) AVE) ) ;2

36 % dI/fdWV @ MPP

37 - Zii)= abs(W+Impp/Vmpppc): % |dL/dV + I/V| @ MEP -
38 - end

39

40 — subplot(z,1,1):plot(B,X) % |dI/dV + I/V| B MPP with ideality factor

41 — subplot(Z2,1,2):;plot({B,¥) % BE=s with idesality factor

| script In 28 Cal

Figure B-1: MATLAB code used to find the idealitgctor
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Simulation model of the photovoltaic emulator corted to a resistor is shown in

Figure B-2. The inputs the photovoltaic emulata aradiance and temperature. Figure

B-3 and Figure B-4 presents the simulation modebplobtovoltaic panel with and

without the inductor in series with the controllalbltage source. The output current of

the voltage source is fed back to the controlldrotBcurrent, open circuit voltage,

thermal voltage and diode saturation current aleutzed from the inputs according to

the equations presented in Chapter 5. Then thectesistic equation is implemented.

PY model connected to a resistive load

I
Ga=Irradiance - V/E]}

T=Temperature — D

o — 5
3 P Array i L
1000.0 o Sfr— a :

o

258.0

Figure B-2: Screen capture of the simulation mad¢he photovoltaic panel

Calculate photocurrent {lph)

Calculate saturation current{lsat)

Calculate the controllable voltage

Multiplication by 0.072: to convert voltage to kY and no of cells=72

N

Rt 0.0021 :l

Calculate open circuit voltane per cell (¥ociM)

0.001

Controlled voltage source

I
—

Y_positive

ac_cell

Woo_cell 72 WO

I

+

Vi

Y_negative

Figure B-3: Screen capture of the simulation mad¢he photovoltaic panel purely

based on the characteristic curve
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Calculate photocurrent {Iph) Calculate saturation current{lsat)

Calculate the controllable voltage
multiplication by 0.072: to convert voltage to kv and no of cells=72

N

Rt 0.0021 :|

Calculate open circuit voltage per cell {oc/N) Controlled valtage source

DELP\*] Iov V_po‘snwe
g
* b m
T2 voe s My
aEN
Y_negative

Figure B-4: Screen capture of the simulation mad¢he photovoltaic panel with

inductor in series with voltage source
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APPENDIX C

DETAILED RESULTS OF OPEN LOOP TESTING OF

POWER ELECTRONIC CONVERTERS

C.1 INTRODUCTION

This appendix presents the detailed results ofptheer electronic converters used in
the proposed when tested under open loop condifioa.results presented in Chapter 6

are omitted.

C.2 DC-DC CONVERTER

Figure C-1 shows the schematic diagram of the nestiforward dc-dc converter
topology. The switches (Qand Q) are turned on simultaneously and the energy is
transferred to the secondary winding of the tramsér during the on-state of the
switches. Stored energy in the inductor is releasdbe load during the turn-off period
though the diode b

- Lp
lin Q| E: Tina Lioad
A G _I': A D I r
L .1 : N. Vina
- v =
V. d4 I D e ™ de
in ’\Cpl T \/pr 3”’ T Vv 4 p2
Q:
]

Figure C-1: Schematic diagram of the modified faidvdc-dc converter

A screen capture of the simulation model of the ified forward dc-dc converter is
shown in Figure C-2. The Pulse Width Modulation (®YVsignal is generated by
comparing a triangular signal with a dc referengea.
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Enables to setthe inputvoltage, the duty ratio (DR) and the load
resistance manually.

Meaurements Cantrollers Fyhd
DC-DC converter
= [4E [uE [ub [4E [4F ono| veno| Mmool _[uE  [ub :
R SE[AE Ao i e s s %
inge v vEe  vils v vdio —2000 e oS Ritad DR
E 7: & == |z E e Rload DR DR A T
e lload = Fa o 0.001 [ Wiriput g.compar
350 35 04 | e Wi ator

Pulse Width Modulator

de-de Gonverter

0.0149 [H

E
inhut

A

[4r] noee

s

=

lind

1.5 [ohm
2

[4n] oz

vdgo

lload

—
Rload

Figure C-2: Screen capture of the simulation mod#he modified forward dc-dc

converter

C.2.1 Detailed results of open loop testing

The voltage across the primary and the secondarglimg of the transformer are shown

in Figure C-3. As a result of the stray inductaaod capacitance of transformer, high

frequency oscillations are visible in voltagests turn on transient. The magnetising

current is fed into the supply through the diodasrdy the turn off period. Thus the

voltage across the primary and secondary becongzgine.

= \pr
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CHz  500U/div
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10MS/s  10ushtin
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- \se
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L
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Livg. (C2) -4.34898Y Avg (C3) -5.12821mY

" D002 | 080004 | 080006
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" 080008

080010 Eige Gz

Stopped 430 E
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IC_0L_Sb 2009/10,22 16:21:55

(b) Experiment

Light green (200V/div-

Simulation, 500V/div-Experimental) ; X axis: Time (1€/div)
Figure C-3: Voltage across the primary and the is#ary of the transformer of the

modified forward dc-dc converter
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Figure C-4 shows the voltage across the diog@rid the current flowing through the
inductor. Diode @ acts as a freewheeling path for the inductor ctirdeiring off state

of the switches. Thus the voltage across the di@demes zero and the inductor current

starts to decay.
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Figure C-4: Voltage across the diodgddd the current flowing through the inductor of

the modified forward dc-dc c