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l%gj Introduction

1 INTRODUCTION

As conventional fossil-fuel energy sources dimirasid the world’s environmental concern about
acid deposition and global warming increases, rambévenergy sources (solar, wind, tidal, and
geothermal, etc.) are attracting more attentioal@snative energy sources. Among the renewable
energy sources solar photovoltaic (PV) energy leesn hvidely utilized in small-size applications.
It is also the most promising candidate for redeaned development for large-scale uses as the
fabrication of less-costly photovoltaic devices diees a reality. PV power generation, which
directly converts solar radiation into electricigontains a lot of significant advantages such as
inexhaustible and pollution-free, silent and with notating parts, and size-independent electricity
conversion efficiency. Positive environmental effexf photovoltaic is replacing electricity
generated in more polluting way or providing eletly where none was available before. With
increasing penetration of solar photovoltaic dewjcearious anti-pollution apparatuses can be
operated by solar PV power; for example, waterfijmation by electrochemical processing or
stopping desert expansion by photovoltaic water gogh with tree implantation. From an
operational point of view, a photovoltaic array expnces large variations of its output power
under intermittent weather conditions. Those phesrmanmay cause operational problems at a
central control centre in a power utility, sucheasessive frequency deviations, spinning reserve

increase, etc.

One method to overcome the above problem is tgiate the PV power plant with other power
sources such as diesel backup, fuel cell backugerigabackup, and superconductive magnetic
energy storage (SMES) backup. The diesel backup¥opower is able to make a continuous 24-
hour power supply be possible. However, it has aple of severe drawbacks. Its electricity
efficiency decreases significantly at a low levepower output, and the diesel power generation is
environmentally detrimental as well. The SMES tedbgy is many years from
commercialization, and there is a significant pogrhealth risk associated with the technology

because of its strong magnetic field generation.

Almost all the electricity currently produced iretiCzech Republic (Spain) is generated as part of
a centralised power system designed around lagg# foel or nuclear power stations. This power
system is robust and reliable but the efficiencypofver generation is low, resulting in large
quantities of waste heat. The principal aim of fisject is to investigate an alternative concept:
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the energy production by small scale generatordase proximity to the energy users, integrated

into microgrids.

2 MICROGRID

General definition - a microgrid is an integratettgy system consisting of interconnected loads
and distributed energy resources which as an iatedrsystem can operate in parallel with the grid

or in an intentional island model.

Microgrids is the decentralised electricity generaicombined with production of heat - bear the
promise of substantial environmental benefits, ghtwabout by a higher energy efficiency and by
facilitating the integration of renewable sourcastsas photovoltaic arrays or wind turbines. By
virtue of good match between generation and loackagrids have a low impact on the electricity

network, despite a potentially significant levelgeneration by intermittent energy sources.
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A microgrid is a small-scale power supply netwdrkttis designed to provide power for a small
community, for example a typical housing estatelaied rural communities, to mixed suburban
environments, academic or public communities sughumversities or schools, to commercial

areas, industrial sites and trading estates, oigipah regions.
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Figure 3: Electric power network - microgrid
Advantages and disadvantages of microgrid

The use of renewable energy sources for the gemeraf electricity is seen as one of the
important ways of reducing carbon dioxide emissidibilst some of these sources can produce
large power outputs in single power stations —efcample hydropower or geothermal power. The
majority are relatively small in size. This meangls generators are more conveniently (and
cheaply) connected at lower voltages within therithstion system. It was never envisaged that
this system would be required to support the cammeof generation. A similar situation exists
with combined heat and power (CHP) units which poed both electricity and heat.
Approximately, almost 50% of the primary energy @amption is used to provide heating and hot
water in buildings and the aim of CHP is to suptilis low-grade heat alongside electricity
generation. The advantages of a high overall efficy of energy production which are thus
attained must be offset against the necessity ¢oate smaller units close to the consumer, and the

usually the need to operate a district heatingesygb distribute the heat.
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The term “distributed generation” is used to ddsethese generators (typically small renewables

and CHP but also other on-site electricity genesatoconnected to the distribution system. A

synonymous term also used is “embedded generati@stribing generators embedded within the
distribution system. Connection of generation ii$ thay poses many technical, commercial and
safety issues; all of which must be tackled in orteallow a wide penetration of renewable

generation. In addition to the problems posed Istributed generation, the use of renewable
sources and CHP usually adds more specific issla®d to the actual method of generation used.
An example that can be used to illustrate this tpisirphotovoltaic (PV) generation. There is no

generation at night, which is of course predictdil¢ in addition, the sun can be obscured by
cloud cover on a random basis. A similar situagarsts with CHP which is normally controlled to

supply heat, with electricity production as a bgguct. These phenomena change in all time
scales leading to a constantly changing electoagbut. As a source of electrical energy this has
some disadvantages which, in the present formag ba be addressed by the operators of the
public electricity supply. Consumers have beconmedus electrical power available on demand.
They do not need to structure their load pattdra,dntire responsibility for matching power and

demand is placed upon the utilities which must hevaugh generation available at all times. With
more creative thinking about the way energy is Sagpused and controlled it may be possible to
satisfy the demand for energy but accommodate Itihetugiting resources which are a feature
particularly of renewable energy sources. This m@yossible by ensuring a satisfactory mixture

of sources and loads to enable the demand andystappiatch.

Problems of microgrids

Although examples of networks similar to microgrieisist, there are technical and regulatory
issues that need to be considered before this pores apply on a wider scale. The principal
issue to consider is how closely the energy sufimdyh electricity and heat) within the microgrid

can satisfy the local loads. The answer to thistioe will help decide how the microgrid interacts
with the main utility, and the nature of the corm@t to be determined. Indeed, it may even be
desirable in some circumstances for the microgrile disconnected from the utility, and operate

as “stand-alone”. The issues that must be resdtveermit this type of operation include:

1. Precise energy and power balance within the agrat, on a time scale ranging from
milliseconds to years. Over the short time scdle, gower balance is linked to the question of

control; over longer time scales, one needs toidenghe relationship between energy supply,



l%gj Microgrid

demand and storage. Similar arguments are usedesmrd stand-alone power supplies, for

example, photovoltaic or hybrid systems which powanote equipment or serve isolated rural

communities across the world.

2. The nature of connection with the main utilitigg “grid connection”). An arrangement which
would permit the microgrid operator the choice pei@te in the “grid connected” or “stand alone”
mode is an uncharted territory for conventional powtility engineers, and issues remain both at

the technical and regulatory level.

3. Energy storage. The conventional utility supgbgrates on the principle that power is generated
when it is required. Energy storage introduces\ehoomponent in a utility supply and broadens
the design criteria. On a quantitative level, tlze ©f the energy store is intimately linked to the

energy balance and to the required security oflgympvided by the microgrid.

4. Demand management. The temporal mismatch betgararation and load can be alleviated by
managing the demand. The shifting of load faci#aachieving the energy balance and helps
reduce the size of energy storage. Whilst expeeieexists of demand-side management at
industrial level and lessons can be learned fromcepts such as storage heating, demand
management at the domestic level is attracting nmitelnest in the research community but further

experience is needed before routine applicationerhe commonplace.

5. Seasonal match between generation and load ¥Estatage and demand management can be
effective to achieve energy balance at the diutingg scale. A sufficient energy must be available
from the generators to ensure energy balance ongel time scales if a microgrid powered by
renewable or other intermittent energy sources sisctmicro-CHP is to be capable of stand alone
operation. This can usually be achieved only byvardity of generation methods appropriate to
the load.

Why to use microgrids?

The motivation behind use of microgrids lies in gogential of the microgrid concept to deliver a

significant reduction of C®emissions, for the following reasons:

* The use of both electricity and heat permittedh®ydlose proximity of the generator to the

user, thereby increasing the overall energy efiicye
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» Significant environmental benefits made possiblethy use of low or zero emission

generators including PV arrays and fuel cells etc.
* Low impact on the electricity network, by virtue gbod match between generation and
load, despite a potentially significant level ohgeation by intermittent energy sources

The feature of the microgrid is that it should bedl electricity generation that matches the power
requirements in the microgrid. There are varioysesy of generator that may be considered.
Photovoltaic cells are attractive if the environtnén primarily residential since they may be
incorporated into buildings in an unobtrusive maniMery small scale cogeneration schemes can
be based on gas boilers for central heating andedtienhot water. Possible technologies for this
are fuel cells or Stirling Engine powered genematéor a microgrid including commercial or light
industrial premises then larger cogeneration sckdmased on gas turbines or other prime movers
may become appropriate.

Energy storage will probably be required to accomate the variations of available generation
and power demand. Short term storage of electpoaler will be necessary to help accommodate
the rapid fluctuations of load or generation thaynbe anticipated on a small power network.
Over longer time scales, energy management madebpody storage can be used to make the
most efficient use of photovoltaic generation oe #lectricity produced by micro-CHP. Some

energy storage may be possible in the form of dtmket water or as part of space heating.

2.1 The relationship between the microgrid and a locaglectricity utility

The intention is that the microgrid can be selfisidnt, but for security of supply and flexibility
would almost certainly be connected to the locatteical utility network, or even to adjacent
microgrids. These links may be bi-directional emaplthe import or export of electricity, or,
depending on commercial considerations, it mighkt pe a unidirectional flow of power. From the
point of view of the microgrid the utility conneati might be viewed just as another generator or
load.

This raises the question as to whether or not ticeogrid should be linked to other networks over
a synchronous alternating current (AC) connecfidre advantage of a synchronous link would be
its simplicity, requiring only an electrical intemenection, circuit breakers and probably a
transformer. Lasseter has considered this poggilaihd shown that in principle it should be
possible to run a microgrid with minimal centralntm| of local generation which is able to

operate connected to the utility, or, in the ewveihtoss of the connection, move smoothly into
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stand-alone or island operation with no loss of @ote the microgrid. What is perhaps less clear

is how the synchronous connection would be re-symmibed once the utility was ready to re-

establish the connection.

The alternative approach would be an asynchronamhection using a direct current (DC)
coupled electronic power converter. This might beikectional, enabling import and export of
power or simply device to import power when loadaurces were inadequate. An advantage of
this approach is that it isolates the microgridnirehe utility as regards reactive power, load
balance etc. Only power is exchanged with thetytithe microgrid is entirely responsible for
maintaining the power quality (frequency, voltagel aupplying reactive power and harmonics)

within its area.

With an asynchronous link the microgrid might beusunal in that all its power will be supplied
through electronic inverters. Some generators, sischhotovoltaic cells are intrinsically sources
of DC and hence need inversion to connect themntoA&@ network. Others, for example
microturbines or Stirling engines may generate A@ bre not well suited to operating a
synchronous generator because the frequency istaipiguor variable. Voltage source inverters
with suitable control schemes will be required éorpit stable operation of the network with many
small generators attached. Fortunately advanceswer electronics and digital controllers mean
that sophisticated control strategies are possiltethe cost need not be excessive. Which of these
approaches is more appropriate may well dependh@size of the microgrid. It may also depend
on the regulatory environment governing the intange of power between the microgrid and the
utility.

2.1.1 Internal control of a microgrid

There are many commercial and political issues eorad with control; however the technical

problems of a microgrid must be managed, for the&cept to become a reality. The control of a
microgrid is intimately tied with the energy andwe balance in the microgrid, and the question
of energy storage. There are three main parametéejuency, voltage and power quality - that
must be considered and controlled to acceptabielatds whilst the power and energy balance is

maintained.

2.1.2 Power balance

A power system usually contains no significant ggestorage; the generated and dissipated power
must therefore be constantly kept in balance. pbiser balance must be maintained on a cycle by
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cycle basis if the system is to maintain its fregpe Too much generation and the system

accelerates, too little and it slows; neither gitrais acceptable.

In a microgrid, frequency stability becomes criticherefore control is a major concern. There are
a number of techniques used to restore the powandm®and hence correct the frequency: the use
of load shedding, increase in primary generatioth @tovery of stored energy. All of these are
available within a microgrid, but because the sysiesmall the problem is much more difficult to

manage to the same standard as is normal in &y stystem.

Short term storage of energy is needed to cope théh fluctuations in power demand or
accommodate the sudden loss of some generationicdognd with many small generators will

not be an intrinsically stiff system, unlike a @l interconnected utility. The small generators
will neither store significant energy in their macircal inertia, nor will they necessarily respond
quickly to sudden changes of load. Short term g@mrarobably distributed, with the generators
will permit the inverters to follow the rapidly ahging demand while giving time for the

generators to respond, or extra generation to baght on line or for generators to be closed

down. This same storage could be used to help aocolate the diurnal variation of demand.

There are two related issues, firstly quite smallv@r imbalances will produce large frequency
excursions and secondly they will happen much nouiekly. The first issue may also be an
advantage for a microgrid since small energy staithave significant effects. The second issue
means that stored energy recovery must be faspeeuise. Since the most probable store, in the
near future is likely to be a battery with an irteerthis does not pose an insurmountable problem;
such a system is quite fast enough to ensure atiefyeguency control.

2.1.3 Frequency

Power system operates at 50Hz and there are obadusntages in adopting this frequency,
whether there is to be a synchronous connectiomobrThe frequency limits are laid down by law
and are relatively tight though not to the samaddads as some other power systems. There is
however no reason to adopt these standards and s®axation could be possible (in a non-
synchronous system) if it were advantageous. dloigbtful however, that limits larger than +0.5
Hz could be acceptable. Frequency therefore mustbeolled to within these limits.

The “normal” method of frequency control power gystis by control of the rotational speed of

the synchronous machines supplying the power. Wihiarge interconnected system, with many
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synchronous generators, no single machine can atotite frequency, there being a flow of
“synchronic power” into any machine that is slowadorder to keep it in synchronism. There

needs to be a large power imbalance to alter ttedspnd hence frequency of the system.

The fewer the number of machines, the less stéf giistem and frequency control becomes a
technical issue. Machines in such a system mustbheto respond quickly to load variations in
order to preserve the power balance at all timég means rapid detection of frequency change

and fast, accurate control of load generation,odin.b

Not all renewable generators are synchronous meshiwind turbines are often induction

generators and photovoltaic arrays connect toytsis through inverters. These two require very
different frequency and load control in order ttissactorily operate in a system. Inverters can be
used to control frequency since the inverter fregyecan be controlled independently of load.
However, inverters do not behave as rotational lsyomous generators and require different
philosophies.

2.1.4 Voltage

The system voltage within a large multi generat@tesn is controlled by initially the voltage of

the machines but also by the reactive flow. In gain¢he reactive balance becomes more critical
in a smaller system. For example, all reactive demaust be supplied from one generator in a
single machine system. This is not strictly truat, &dds significantly to cost and control problems

if reactive demand has to be compensated by etdtia plant.

A conventional distribution system is usually adeenetwork, and there is little interconnection.
Voltage drop along feeders becomes an issue, a8l ivary with load and distance along the
feeder. This dictates that any simple microgrid Wéve to be either small to be satisfactory or be

specially designed as an interconnected network.

The voltage and its limits at consumer’s termiras specified by law, but they are reasonably
wide. With proper design, production of the corrgottage should not be an insurmountable

problem.

2.1.5 Power quality

Control of power quality will be the biggest issfer a microgrid. Voltage dips, flickers,

interruptions, harmonics, dc levels, etc. will B more critical in a small system with few

10
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generators. There will need to be a critical agalabf both the effects and consequences of

relaxing and/or enforcing standards in this area.

The distributed generation within the microgrid kebanable better control of power quality. With
electrical storage together with the distributeshagation power quality could be maintained in
much the same way as is achieved by UninterruptecePSupply (UPS) systems. The electronic
inverters can not only supply power at the funda@deinequency, they can also generate reactive
power to supply the needs of reactive loads, capiewnbalanced loads and generate the harmonic
currents needed to supply non-linear loads.

2.1.6 Energy balance

Little significance is usually attached to the agpicof energy balance in a conventional system:
the solution is just to add more fuel over timemdcrogrid which contains a high proportion of
intermittent energy sources - be it renewables s1$cRV or wind or energy sources controlled for
other purposes such as micro- CHP - is not abbiotthis. The energy available to the system is
finite and depends on matters that cannot usualycéntrolled or even predicted with any

certainty.

If such a source is to be used and achieve levetdiability similar to those of conventional pkan
energy storage is essential. It is also clear #mathe diversity of the generation methods in any
system is reduced, the role of energy storage besomore dominant. It therefore appears
desirable that any microgrid should employ morentbae method of generation as well as some
form of energy store.

The diversity of generation methods is particulaniportant if the microgrid is to operate stand
alone. The microgrid must then contain sufficieehgration capacity and type that can supply
adequate amounts of energy with sufficient religbilPhotovoltaic arrays, for example, are a
reliable power source during the summer monthsyTdenbine well with generators such as

micro-CHP which generate most power in winter tovte heat for domestic dwellings.

2.1.7 Energy storage

There is no economic general purpose method fostitrage of electricity per se in the quantities
required for public utility use. There are of caurmethods involving capacitors and super
conducting magnets; both of which are technicatijnplex and with present knowledge, rather

expensive, but nevertheless used in specific siust Because the direct storage of electricity is

11
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not very practical, the storage of energy by othethods, for later use in electricity generation is
employed. These are many and varied, depending tingosituation and the purpose for which the

electricity is to be used.

It is likely that a microgrid will rely on chemicanergy storage in the form of electric batteries.
the simplest of systems this will mean lead acidscavhich are well developed, available,
predictable and robust. For more sophisticated iegidns, redox batteries are becoming
available, and development will continue. In catisituations, where cost is not an issue, the
application of super conducting energy storage e used. Again, continued development is
expected to both reduce costs and to increasebitiéyia Over shorter periods of time, the use

flywheels may be appropriate.

The calculation of battery size (energy), and itererating (power), will depend on the size of the
loads and generators within the microgrid, as aslits topography. As an alternative to storing
energy, the shedding of load is more likely to Iseduin a microgrid, rather than a large scale
public utility, because it is easier to identifyodie loads which are least critical. Where
cogeneration is used, some of this energy storamewell be in the form of heat. This storage
could be in the form of domestic hot water or stiof@ use in space heating. Innovative control
strategies can be developed to make use of thisgggand, if necessary, the plant may be run to

meet the electrical load when there is no demanth&rmal energy.

12
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3 PARTS OF MICROGRIDS
3.1 PVecell

As PV cell manufacturing technologies improve stigadommercial applications of PV power
generation have increased from stand-alone to tydtibnnected generating systems.
Interconnection and operation of a PV power uretrast same as electric utilities have been doing
for the conventional power plants. It requires #pe®V interface, protection schemes, storage
devices, and control mechanisms. Especially bectngs®V power output is directly affected by
the changes of weather (solar intensity, tempegatic.), it becomes considerably complicated to

efficiently control the PV power plant.

Solar cells represent the fundamental power cororensnit of a photovoltaic system. They are
made from semiconductors, and have much in commtnaother solid-state electronic devices,
such as diodes, transistors and integrated cirdads practical operation, solar cells are usually

assembled into modules.

Many different solar cells are now available on tharket, and yet more are under development.
The range of solar cells spans different matenml different structures in the quest to extract
maximum power from the device while keeping thet cosa minimum. Devices with efficiency
exceeding 30% have been demonstrated in the lapgrathe efficiency of commercial devices,
however, is usually less than half this value.

Crystalline silicon cells hold the largest parttlé market. To reduce the cost, these cells are now
often made from multicrystalline material, rathbann from the more expensive single crystals.
Crystalline silicon cell technology is well establed. The modules have along lifetime (20 years
or more) and their best production efficiency ipraaching 18%.

Cheaper (but also less efficient) types of silicells, made in the form of amorphous thin films,
are used to power a variety of consumer products Will be familiar with the solar-powered

watches and calculators, but larger amorphousosiléolar modules are also available.

A variety of compound semiconductors can also bedu® manufacture thin-film cells (for
example, cadmium telluride or copper indium diselep These modules are now beginning to
appear on the market and hold the promise of camdpilow cost with acceptable conversion

efficiencies.

13



l%gj Parts of microgrids

A particular class of high-efficiency solar cellsorh single crystal silicon or compound

semiconductors (for example, gallium arsenide dalium phosphide) is used in specialised
applications, such as to power satellites or intesyswhich operate under high-intensity
concentrated sunlight.

Photovoltaic materials are not restricted to semdcetors. Solar cells are now available which

convert light to electricity by organic modulesthvbest conversion efficiency exceeding 10%.

3.1.1 How solar cells work

The solar cell operation is based on the abilitgerhiconductors to convert sunlight directly into
electricity by exploiting the photovoltaic effe¢h the conversion process, the incident energy of
light creates mobile charged particles in the sendactor which are then separated by the device

structure and produce electrical current.

Figure 4:shows the diagram of silicon cell, the typical sotell in use today. The electrical
current generated in the semiconductor in extrabtedonstants to the front and rear of the cell.
The top contact structure which must allow lightpss through is made in the form of widely-
spaced thin metal strips (usually called “fingen$iat supply current to a large bus bar. The eell i
covered with a thin layer of dielectric materiathe antireflection coating or ACR — to minimize

light reflection from the top surface.

bus bar

M _finger.
) =
) i
7k //_;/?J
y o Ay \
/ s \

/ S \, ARC
Ll o

=
= n:type E‘i"_‘ti’ — _ ——le—Junction

=————— 7 "—~— pack

S contact

Figure 4: The silicon solar cell

Figure 5a) shows the band diagram of the semiconductoriogecinder illumination. Light
generates electron-hole pairs on the both sidéseofunction, in the n-type emitter and in the p-
type base. The generated minority carriers — elastfrom the base and holes from the emitter —

then diffuse to the junction and are swept awayhieyelectric field, thus producing electric current
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across the device. Note how the electric currenthefelectrons and holes reinforce each other

since these particles carry opposite charges. Tingupction therefore separates the carries with
opposite charge, and transforms the generatioemrurbetween the bands into an electric current
across the p-n junction. The |-V characteristicaotolar cell can be obtained by drawing an
equivalent circuit of the device (Figure 6). Thangeation of current by light is represented by a

current generator in parallel with a diode whicpresents the p-n junction. The output current | is

then equal to the difference between the light-geed current,land the diode current.l

fof)
o

Note that, under open circuit when 1=0, all thentigenerated current passes through the diode.

Equation

then gives

Under short circuit (V=0) on the other hand, alktburrent passes through the external load. The

I-V characteristic and its relationship to the adiatharacteristic are shown in Figure 6.

(b) ic
@) Electron n intrinsic p

transport _— ®

0

[

=t —— = — -- — [

/ e

= Py

transport

n-type p-type

Net current / e e
Net current 7,

(c) Dye
molecule

5

Hole Electron
conductor conductor

N
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Figure 5: schematic representation of differentatypf photovoltaic converters. a) Currents in a p-n
junction under illumination (applicable, for exarepto crystalline silicon or gallium arsenide solzlls),
b) the band diagram and operation of p-i-n amorpheilicon solar cells, ¢) energy conversion by a-dy
sensitised photochemical solar cell
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The |-V characteristic contains several importasints. One is the short-circuit curregt which,

as we noted, is simply the light-generated curterithe second is the open-circuit voltagecV

obtained by setting 1=0:

v

A | ) e
i (sciar cell)

Figure 6: equivalent circuit and |-V characteristif a solar cell compared to a diode

It is worthwhile to examine this equation in moegall. Both | and b depend on the structure of
the device. However, it is the value @f + which can vary by many orders of magnitude,
depending on the device geometry and processingdigtarminates the open circuit voltage in

practical devices.

No power is generated under short or open cirdlie maximum power R« produced by the
device is reached at a point on the charactemgigre the product 1V is maximum. This is shown
graphically in Figure 24 where the position of thaximum power point (A) represents the largest

area of the rectangle shown. One usually definegilttfactor by
I:)max :lem = FF VOC ISC
where \{, and |, are the voltage and current at the maximum powgitp
The efficiencyn of a solar cell is defined as the powerHroduced by the cell at the maximum

power point under standard test conditions, dividgdhe power of the radiation incident upon it.
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Most frequent conditions are: irradiance 100mWcetandard reference AM1.5 spectrum, and

temperature 25°C. The use of this standard irragiaalue is particularly convenient since the cell
efficiency in percent is then numerically equathe power output from the cell in mwW/énOther
test conditions are sometimes adopted for cellschvluperate in a different environment, for

example, cells which power satellites and operatleuAMO spectrum.

The I-V characteristic which we have derived f@implified device describes, in fact, rather well

the operation of solar cells in practise if thegoaeters make allowance for the losses which take
place in practical devices.

Gallium arsenide solar cells (Figure 7) are, beeaos their high cost, usually intended for
operation on satellites or in concentration syst&allium arsenide is a direct-gap semiconductor
and most photons of light are absorbed in the tojiter layer. The top “windows” layer prevents

these carries diffusing to the top surface anddkast by surface recombination.

top cantacts

£ +— ARC \
- GaAs emitter Y P-GaAlAs o ==
p—GﬂAS 2m
— ,.GaAs base iAdeN ] =
n-Ga o 5
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a a N\
k-‘_‘_*—-—-
substrate e
"
e == =] =
5]
back contact =

Figure 7: The structure and band diagram of galliamsenide soalr cells

Most thin-film solar cells are made from amorphaugpolycrystalline semiconductors with low
diffusion constant for electrons and holes. To #hé carrier transport, these cells usually
incorporate a lightly doped or intrinsic layer aartpof the junction where most of the light is
absorbed. Electrons and holes which are creatélaisiayer are then pulled apart by the electric

field immediately after their creation, eliminatingrrier diffusion to the junction.

Semiconductors need not form the key element arsmll operation. Working solar cells have
now been manufactured where the charge separadpnssmediated by a molecular dye. In these
devices, the dye layer covers a nanocrystalliraitim oxide electrode which acts as a receptor
for electrons from the photoexcited dye moleculdse nanocrystalline structure of the titanium
oxide particles assists efficient light absorpteren by a very thin dye layer, which is probably

monomolecular. The positive electrode is formedlhple-carrying redox electrolyte.
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3.2 Battery

Another important element of microgrids is the éatt It is necessary in such a system because of
the fluctuating nature of the output delivered g PV arrays. Thus, during the hours of sunshine,
the PV system is directly feeding the load, theesscelectrical energy being stored in the battery.
During the night or during the period of low solaadiation energy is supplied to the load from
the battery.

3.2.1 Introduction (Lead-Acid Battery)

A storage battery is a chemical device reversibligsi action, which stores chemical energy for use
later as electrical energy. The chemical energsedtin electrodes of a battery cell is converted to
electrical energy when the cell is dischargingcEleal energy is applied to the battery during the

operation of charging, so the electric current poas chemical changes in the battery.

The most commonly used storage battery for utiipplications is the lead-acid type. The
fundamental parts of a lead-acid battery cell ave dissimilar electrodes immersed in an
electrolyte, namely

Anode(-) : Spongy lead (Pb)

Cathode(+) : Lead dioxide (PbpO
Electrolyte : Dilute solution of sulfuric acid {BO,)

When a battery cell is connected to a circuit,llibves charge to flow around the circuit. In its
external part, the charge flow is electrons resglin electrical current. Within the cell, the char
flows in the form of ions that are transported frone electrode to the other. The cathode, highly
oxidized lead dioxide, receives electrons from él&ernal circuit on discharge. These electrons
react with the cathode material, which leaves slmaeé free to combine with sulphate ions to form
lead sulphate. Hydrogen ions move in to the cattaakcombine with oxygen to form water. At
the anode, reactions between the anode materiaghargllphate ions result in excessive electrons
that can be donated to the external circuit. Is thay the chemical energy stored in the battery is

converted to electrical energy.

The chemical reaction occurred at the anode is

B s N .
Pb+SC PbSQ + 2e

—
charge

and that at the cathode is
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i§C

i JR I
PbO, +SQ™ +4H" +2e Ono PbSQ +2H,0

arge

Therefore, the net reaction can be expressed asvioll

i§C

0 -
PbQ, + Pb+2H,S0, o 2PbSQ + 2H,0

arge

A battery system is a group of battery cells thgipty DC power at a nominal voltage to an

electrical load. The number of cells connected inesedetermines the nominal voltage of the
battery system, and the capacity of the batteryesyss the basic factor in determining the
discharge rate. The voltage is the force enforcexgheof the electrons coming out of the battery
and the capacity is the number of electrons thateaobtained from the battery. While the voltage
is fixed by cell chemistry, the capacity is varglolepending on the quantity of active materials.
The discharge rate of a battery is given in termaropere-hours (Ah) to a particular discharge
voltage level. For the lead-acid battery, its naahicell voltage is 2V and the nominal discharge
voltage level is 1.75 Vicell, or approximately 8®& of the nominal cell voltage rating. The

equivalent circuit for a battery is shown in Fig&re

ROV
Ryat —AN\N—
NN
+ Il s
11
Coo— Vo ;Rb Cov v

Figure 8: Equivalent circuit for a battery
Rov - Overvoltage resistance
Cov - Overvoltage capacitance
Rpat - internal resistance
Ry - self-discharge resistance
Cy, - battery capacitance
Voc - Open circuit voltage
V - battery voltage

The internal resistance is due to the resistanceleftrolyte and electrode. Self-discharge
resistance is a result of electrolysis of watehigh voltages and slow leakage across the battery
terminals at low voltages. The over-voltage is sated as an RC circuit with a time constant in
the order of minutes. Lead-acid battery systemsarear-term solution to power regulation needs

for electric utilities. However, the technology hssffered from a slow acceptance into power
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markets due to such factors as uncertain retuinv@stment and difficulty in quantifying benefits.
Recently, there is worldwide interest to develderalatives to lead-acid batteries that are able to
produce high performance at low cost. Advancecebatt such as nickel-cadmium, sodium-sulfur
and zinc-bromine are likely to emerge in the needatle.

3.2.2 Nickel-Cadmium Battery

As the nickel-cadmium battery promoters claim upexiority over the lead-acid batteries in spite
of the high capital cost, there are several tweadopt the nickel-cadmium batteries for use in PV
applications. One major reason for that is its @rige and operational reliability. It is undamage

by complete discharge and overcharge.

The active material of the cathode is nickel hydveite graphite and that of the anode is cadmium
sponge, with additives to aid conductivity. The #iggte is a solution of potassium hydroxide
(KOH), including a small amount of lithium hydroedLiOH) to improve capacity. The charge-

discharge reaction may be written as

i§c

. Wi S
2Ni(OH), + Cd ey 2Ni(OH), + Cd(OH),

arge

The nominal voltage of a nickel-cadmium battery ascldarge is 1.2 V. When the battery is
connected to an external load, its voltage falla t@mlue depending on discharge rate and state of
charge. The normal final discharge voltage is 1.0&N. The battery is characterized by a low
self-discharge rate; its capacity drops to abou#®8th a year under open circuit conditions. Its
operating temperature range is between -50 to 6arftCthe battery capacity drops to half of the
nominal capacity at -50 °C.

Nickel-cadmium battery system contains its sigaificfeatures for PV applications. With respect
to charging conditions, the nickel-cadmium batteffers more than 80% charging efficiency, as
high as a lead-acid battery does. It does not isdiften complete discharge or overcharge in
contrast to the lead-acid battery and its annuaht@aance is less costly that that of the lead-acid
battery. At low temperatures there is a need ferléad-acid battery to be kept in a high state of

charge to avoid freezing, which would make it legst effective over the nickel-cadmium battery.

A disadvantage associated with the nickel-cadmiatteby is its memory effect and high capital
cost. Repeated use in the same way causes theyb@ttadjust itself to a certain capacity in

relation to its load. Its cost per ampere-houragacity is considered as another disadvantage for
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wide use although the battery is promoted as aerrative to the lead-acid battery in PV

applications.

3.2.3 Sodium-Sulfur Battery

The sodium-sulfur battery operates at relativelyhhgmperature ranging from 300°C to 380°C in
order to maintain the sodium, sulfur and reactioodpcts in liquid forms and to obtain adequate
electrolyte conductivity. Unlike conventional bajtesystems that consist of solid electrodes and
liquid electrolytes for the reaction medium, thelison-sulfur battery is based on liquid electrodes
and ap-alumina (AbOs) solid electrolyte. The battery uses molten sodamd molten sulfur as
active materials for the anode and the cathodeentisely. Its operation relies on the property of
B-alumina, which combines very low electronic cornduaty with an unusually high ionic
conductivity, especially to sodium ions. The ovecakémical reaction can be written as

2N +3sDﬁcme*N
a o0 S,

arge

The operating discharge voltage characteristics smmewhat lower than those of lead-acid

batteries. The sodium-sulfur battery would stagraund 1.9 V and finish at about 1.4V.

The sodium-sulfur battery possesses several pataavantages for energy storage applications.
It is capable of quick responses to sudden chafiges charge to discharge conditions and vice
versa, as well as sudden changes in load demanchpital cost is projected to be low compared
to other advanced battery systems because theyati@mponent materials are relatively abundant
and inexpensive. A projected installation cost A0&kWh is believed achievable. Energy
efficiency of the sodium-sulfur battery is highaguproximately 80% and it does not self-discharge.
It possesses high volumetric energy density. Thgepied energy density of the battery is about
200Wh/kg compared to 35Wh/kg for lead-acid batterie

There are a number of technical issues includinigrekhbility that must be addressed before the
technology is ready for commercial introduction.cBese sodium and sulfur are hazardous
materials, safety and environmental concerns mestamsidered in its fabrication, operation and

disposal.
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3.2.4 Zinc-Bromine Battery

The zinc-bromine battery is another promising systenPV power applications due to inherent
chemical simplicity, good electrochemical revelgipiof the electrodes and low-cost material. It
is a near-ambient temperature, flowing electroggtstem. Its active materials are stored externally
in anolyte and catholyte reservoirs. Upon chardimg battery, an electrolyte solution of zinc
bromine (ZnBj) is passed through the battery with the aid ofreutator. As dc electricity is
passed through the battery, zinc metal is depositethe anode, and bromine gas is generated at
the cathode and then is carried away with the kEbtmg electrolyte stream. Upon discharge,
circulation of the aqueous zinc bromine electrolyaeries bromine to the cathode of the stack and
current may be withdrawn from the battery. Micrapgs polyethylene separators are used to slow
the direct reaction of the bromine-rich stream wzitic. The overall cell reaction is written as

i§C

0 -
20 (9+8r @ ) 208k (@)

arge

where s, g, and aq denote solid-, gas-, and aqgtstates, respectively. There are several attributes
of the zinc-bromine battery for applications ofud energy storage. The majority of the battery’s
components are made of low-cost, plastic materlaksxpensive construction materials coupled
with low fabrication expenses result in favorab#pital cost projections. It can be assembled in
modular fashion using standard cell stacks, allgwihe user to increase capacity to meet future
requirements. The near-ambient temperature operatoms not require the complex thermal
management necessary in some high-temperaturensysiecan be repeatedly deep discharged
without performance deterioration. Its energy éfficy is not as high as that of the competitors,
roughly 60-70 %.

However, there are a number of key technical issekeged to the reliability and performance of

the battery. The efficiency of the battery systensasmewhat lower than other systems, due to
resistive losses in the separators, electrolytd,edectrodes. The system’s mechanical complexity
creates a good deal of maintenance requiremenlisding pump repair and stack replacement.
Additionally, the safe handling, storage and digpha$ zinc-bromine batteries must be considered

because bromine is a toxic material.

3.2.5 Battery Applications to Power Systems

The future electric power system is estimated taubeertain and potential capacity shortages,

competitive power markets and increasing envirortalgagulations will create further stresses on
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the interconnected power network. The roles of g®rtacilities, especially a battery energy

storage (BES) system as power regulation and en@@yagement are being recognized as a

practical solution to future operating uncertainty.

BES systems have been interesting power utilitiearasption to supply power at peak time to
achieve load levelling. Recently, other dynamicdiis of BES have been identified, such as load
following, spinning reserve, power factor correntidong line stabilization, and voltage and
frequency regulation, etc. The BES system is predliitte become an economically attractive
option for utilities in the future due to those béts coupled with the ability to provide peak

power.

3.3 Full cell

It looks exceptional that fuel cells have not beeilely commercialized for power utility
applications since sulfuric acid fuel cells wereented 150 years ago by an Englishman, William
Grove. The great promise of fuel cells as a meangfficient production of electricity from the
oxidation of a fuel has been recognized again dubéd growing interest in environmental concern

about global warming and decreasing conventionaigp@enerating sources.

The fuel cell is an electrochemical device that eotss the free-energy change of an
electrochemical reaction into electrical energy. $imeplest overall fuel cell reaction is

H, +%O2 - H,O +electricity

The free-energy change of this reaction under st@ahdonditions of temperature and pressure
(25 °C, 1 atm) is 56,32 kCal/mole. The number et&bns transferred in this reaction is 2 and the
reversible potential is 1.229 V. Even if there ware efficiency losses in HO, fuel cells, heat
would still be rejected from a fuel cell. Thus, theoretical efficiency of the fuel cells at 25 i C

83 %.

The performance of a fuel cell that operates atdow intermediate temperatures of 25 - 200 °C is
illustrated in Figure 9. That figure, a typical lcebltage versus current density plot, explains the
important role of electrode kinetics on its perfarmoe. The following relation may represent the
performance equations when the current densitgsdrom zero to the end of the linear region.
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Cell voltage (V)
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Figure 9: Typical plot of cell voltage vs. curredensity for a fuel cell

E; =E;, —blogl; - RI;

Where

Es, = E tblogly,

The low electrocatalytic activity of most electrodeterials for the oxygen electrode reaction
causes the difficulties in attaining high energficedncies and high power densities in low- to
medium-temperature fuel cells. Fuel cell perfornrear@an be increased by increasing cell

temperature and reactant pressure.

The equivalent circuit for a fuel cell is depicted Figure 10. The equivalent steady state DC
resistance is high but the transient impedancews The low transient impedance will make fuel
cell response much faster than any conventionaérgéing system. It should be remembered that
fuel cells will use the same primary fuels as coniomal power generation forms, and fuel cells
must be economically competitive with these conieeral systems. Therefore, fuel cells do not
offer a real energy alternative but contribute tergy savings because of their intrinsic high
efficiency. The reliability of fuel cells for stepgpower generation has been proven in the U.S.
aerospace program. Design reliability (mean timéioire) greater than 95 % has been achieved
consistently under the stringent conditions of spiight. The design reliability required for most
terrestrial uses is lower than those needed favspece applications. However, terrestrial units
require reliability during much longer total opengtperiods. It is expected that the first generati

of commercial fuel cell power generation systemf have an on-stream availability of 90 %.

Ultimately, fuel cell power plants can have on-aineavailability of 98 - 99 %.
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Figure 10: Equivalent circuit of a fuel cell
Eo - open circuit voltage
R;: - charge transfer resistance
C; - cell capacitance
Rr - electrolyte resistance
L+ - equivalent inductance

The high reliability of a fuel cell system will igely result not only from the modularity of the
stacks and stack components, but from their ladkigtily stressed moving parts operating under
extreme conditions. It operates under relativelyigp@ conditions, so it can be designed such that
maintenance is required only at infrequent intexvAl plant could be operated at full power during
periods of routine maintenance by replacing spaoduies. Without spare parts, plants could be
designed so that only partial shutdown will be sseey in the event of failure. Any low-
temperature fuel cell system must take severalgumtessing steps to produce hydrogen that will
be consumed inside the fuel cell stacks. The mibstteve way to produce the hydrogen is by
steam-reforming of hydrocarbon fuels. First, fuekification to avoid poisoning of the steam-
reforming catalyst is required, which is done bydioglesulfurization. This is followed by
reforming and carbon monoxide (CO) shift reactiomeduce any residual CO values to acceptable
levels. The above reactions are endothermic, spriked a net heat input from the fuel used or
from any available heat. High-temperature heateguired for the reforming, typically 750 —
800 °C. Unless this heat can be given directlyigywaste heat from a high-temperature fuel cell,

it must be provided by burning excess fuel.

Fuel cells are known to possess a great numbettrithiaes that make them attractive for the
purpose of power generation. The inherent modylaritheir production contains the feature less
sensitive to size. It enables them to be addedessoely. Fuel cells have high efficiency and
relatively flat efficiency characteristics that neathem useful for part-load operation. Fuel cells
can utilize a variety of fuels such as natural gasl-derived gas, biogas and methanol, and they
are able to respond very fast to load changesrTdwinoise and emissions and negligible water
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requirements allow them much more flexibility itirsg. Because of those benefits, fuel cells have

continuously been under research and developmepitdeheir high initial cost right now.

3.4 Batteries or fuel cells — what is better to use

Both batteries and fuel cells have their own unigoatributions to electric power systems as
discussed above. Those two power sources alsoicamtgreat potential to back up severe PV
power fluctuations under inclement weather condgioln this chapter comparison between
batteries and fuel cells is carried out in detailycfor their PV power backup options, so their

common attributes and different attributes willdiscussed.

3.4.1 Common Attributes

Photovoltaic power outputs vary depending mainlprugolar insolation and cell temperature.
Since control of the ambient weather conditionbegond human beings’ capability, it is almost
impossible for human operators to control the PWeoitself. Thus, a PV power generator may
sometimes experience sharp output power fluctustmming to intermittent weather conditions,
which causes control problems such as load frequemiatrol, generator voltage control and even
system stability analysis. There is, thereforegadifor backup power facilities in the PV power
generation. Batteries and fuel cells are the mkslyl technologies to provide the PV system with
backup power because these two backup power socwoésn some distinct features in common.

Those characteristics are listed below.

» Fast load-response capability: Fuel cells and bet@re able to respond very fast to load
changes because their electricity is generatedhkbynical reactions. A 14.4kW lead-acid
battery running at 600A has maximum load gradi¢r80® A/sec. A phosphoric-acid fuel
cell system can match a demand that varies by mhare half its rated output within 0.1
second. The dynamic response time of a 20kW salidecfuel cell power plant is less than
4 second when a load increases from 1 to 100%,tasdess than 2 msec when a load
decreases from 100 to 1%.

* Modularity in production: Factory assembly of stardicell units provides fuel cell and
battery power plants with short lead-time from plag to installation. This modular
production enables them to be added in discretemments of capacity, which allows better

matching of the power plant capacity to expectexd lgrowth. In contrast, the installation
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of a single large conventional power plant may pomiexcess capacity for several years,
especially if the load growth rate is low.

Highly reliable sources: Due to their multiple deelamodular units and absence of
electromechanical rotating masses, fuel cell angtbyapower plants are more reliable than
any other forms of power generation. Fuel cells expected to attain performance
reliability near 85%. Consequently, a utility thastalls a number of fuel cell or battery
power plants is able to reduce its reserve margpacity while maintaining a constant
level of the system reliability.

Flexibility in site selection (Environmental accabpility): The electrochemical conversion
processes of fuel cells and batteries are verytdgeause they do not have any major
rotating masses. External water requirement for thgeration is, if any, very little while
conventional power plants require massive amoumtatér for system cooling. Therefore,
they can reduce or eliminate water quality problemreated by the conventional plants’
thermal discharges. Air pollutant emission levdlfuel cells and batteries are none or very
little. Emissions of SO2 and N@n the fuel cell power plant are 0.003 Ib/MWh @n@004
Ib/MWh respectively. Those values are projecteco¢oabout 1,000 times smaller than
those of fossil-fuel power plants since fuel cealts not rely on a fuel-burning process.
These environmentally benign characteristics makessible for those power plants to be
located close to load centers in urban and subugb@a It can also reduce energy losses
and costs associated with transmission and disimib@equipment. These siting near load

centers may also reduce the likelihood of systeaukauts.

3.4.2 Different Attributes

Electric current is produced in a storage batteyychemical reactions. The same chemical

reactions take place in a fuel cell, but there idifference between them with respect to fuel

storage. In storage batteries chemical energyoiedtin the positive/negative electrodes of the

batteries. In fuel cells, however, the fuels amrest outside the cells and need to be fed into the

electrodes continuously when the fuel cells arauired to generate electricity. Other detailed

comparison between battery backup and fuel cekigador PV power supplement is made in the

following sections.

Efficiency
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Power generation in fuel cells is not limited by t@arnot Cycle in the view that they directly

convert available chemical free energy to eledtrieaergy rather than going through heat
exchange processes. Thus, it can be said thatcélisl are a more efficient power conversion
technology than the conventional steam-applying ggogenerations. Figure 11 illustrates energy
conversion processes for a conventional power gémeand a fuel cell. Whereas the fuel cell is a
one-step process to generate electricity, the cuioreal power generator has several steps for

electricity generation and each step requires taiceamount of energy loss.

Fuel cell power systems have around 40-60 % effates depending on the type of electrolytes.
For example, the efficiencies of phosphoric-aciel ftells and molten-carbonate fuel cells are 40-
45 % and 50-60 %, respectively. Furthermore, thed ell efficiency is usually independent of

size; small power plants operate as efficientliaage ones.

Battery power systems themselves have high endfigieacies of nearly 80 %, but their overall
system efficiencies from raw fuel (mostly coal arclear) through the batteries to converted ac
power are reduced to below 30 %. This is becausgggrosses take place whenever one energy
form is converted to another. For this calculati@r®5 % of efficiency was assumed for electricity

generation from coal or nuclear power stations.

Conventional power generators Fuel cells

Chemical Chemical
Energy Energy

: +

* Electricity

Mechanical
Motion

Y

Electricity

Figure 11: Comparison of energy conversion procgsse
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3.4.3 Capacity Variation

The capacity of a fuel cell is expressed in wati3, (whilst that of a storage battery is represented
in ampere-hours (Ah) or watt-hours (Wh). A batternyh a rated capacity of 100 Ah at a 10-hr

discharge rate can supply 10 A for 10 hours. Atlthsge rates in excess of 10 A, the battery will
provide less than 100 Ah. At less than 10 A of loisge rates, the battery will provide more that
100 Ah. Thus, in specifying the capacity of a bgiteét is necessary to note the time rate of

discharge.

As the battery discharges, its terminal voltage, pnoduct of the load current and the battery
internal resistance (&), gradually decreases. The fall of the termindtage on discharge is due
to its internal resistance. Whenp,Rs constant at given cell temperature and statkstharge, the
terminal voltage drop is directly proportional teetload current. However, the internal resistance
of a battery varies with its cell temperature atatesof discharge. The resistance increases with
both fall in cell temperature and depth of disclearg

The decrease in battery voltages with increasiaghdirge currents is clearly seen in Figure 12.
13

Battery Voltage [V]

10 | | l 1

0 4 8 12 16 20
Time [hrs]

Figure 12: Voltage characteristics of battery atious discharge rates

There is also a reduction in battery capacity wittreasing rate of discharge. At 1-hr discharge
rate, the available capacity is only 55% of thataoted at 20-hr rate. This is because there is
insufficient time for the stronger acid to replabe weak acid inside the battery as the discharge
proceeds. Capacity variations at different rategistharge can be calculated from the curves in

Figure 12, and is shown in Table 1.
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DISCHARGE RATE MEAN VOLTAGE CURRENT CAPACITY CAPACITY [%
[HR] \J [Al [WH] WH]
20 11.85 2 474 100
10 11.75 3,7 435 92
5 11.55 6.5 375 79
1 11.40 22 251 53

Table 1: Capacity variations of a battery at variots discharge rates

For fuel cell power systems, they have equally lEffitiency at both partial and full loads as can
be seen in Figure 13. The customer’'s demand fatradal energy is not always constant. So for a
power utility to keep adjustment to this changirgnénd, either large base-load power plants must
sometimes operate at part load, or smaller peaumts must be used during periods of high
demand. Either way, efficiency suffers and pollatiacreases. Fuel cell systems have a greater
efficiency at full load and this high efficiencyrstained as load diminishes, so inefficient pegkin
generators may not be needed.

100 F Fuel Cells
= 80 |
)
C .
:g 60 Steam Gas Turbines
20 | ] | ] ] | ] |

20 40 60 80 100
% Rated Output

Figure 13: Equally high efficiency of fuel cellspartial and full loads

3.4.4 Flexibility in Operation

Fuel cells have an advantage over storage batteridhe respect of operational flexibility.
Batteries need several hours to be taken for rgaiwrafter they are fully discharged. During
discharge the batteries’ electrode materials sttt the electrolyte, and the electrode materials
can be recovered during the recharging processt tdue there is a net loss of such materials,
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which may be permanently lost when the battery gbesugh a deep discharge. The limited

storage capacity of the batteries implies that itipossible for them to run beyond several hours.

Fuel cells, on the other hand, do not undergo soaterial changes. The fuel stored outside the
cells can quickly be replenished, so they do not down as long as the fuel can be supplied.
Figure 14 illustrates the energy density of fudlsceompared with lead-acid batteries. The fuel
cells show higher energy density than the battesiesn they operate for more than 2 hours. It
means that fuel cell power systems with relativeiyall weight and volume can produce large
energy outputs. That will provide the operatorgemtral control centers for the flexibility needed
for more efficient utilization of the capital-intsiwe fuel cell power plants. The fuel cell power
plants can also be operated as intermediate pogvearagtion units during months when coal-fired
or nuclear units are under forced outage or on treaamce. Fuel cells use a hydrogen-rich gas to
produce electricity. They can employ any fuel tbat supply this gas, which includes petroleum,
naphtha, natural gas, methanol and biomass. Me8iwm®British thermal unit) gas from coal
gasification or other synthetic fuels may also leeoan acceptable fuel. In addition, where
hydrogen storage is feasible, renewable power ssuwran drive an electrolysis process to produce
hydrogen gas during off-peak periods that will sedi to operate the fuel cells during peak
demands. The usage of storage batteries in anmieletlity industry is expected to increase foeth
purposes of load leveling at peak loads, real-tiraguency control, and stabilizing transmission

lines. When integrated with photovoltaic systerhs, lhatteries are required to do another duty.

140

120 +

100 }
Fuel cells

80 1

Whkg

60 1

40 + Batteries

20 +

0.5 1 2 5 10 20 40 60
Operation time [Hr]

Figure 14: Energy densities for fuel cells and ba#s

It is to suppress the PV power fluctuations duetite changes of solar intensity and cell
temperature. The fact that the PV power outputsnghasharply under inclement weather

conditions makes it hard to decide the capacitthefbattery power plants since their discharging
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rates are not constant. For a lead-acid battery, nttost applicable battery technology for

photovoltaic applications to date, the depth otliisge should not exceed 80% because the deep
discharge cycle reduces its effective lifetime.drder to prevent the deep discharge and to
supplement varying the PV powers generated onnmaié weather days, the battery capacity must
be large. From Figure 15, that shows two diffef@vitpower variations, the dotted curve requires a
larger battery capacity than the other curve. Meeeothe large battery capacity is usually not
fully utilized, but for only several days. Fuel lseintegrated with photovoltaic systems can
provide smoother operation. The fuel cell systemmagable of responding quickly enough to level
the combined power output of the hybrid PV-fuell sgistem in case of severe changes in PV
power output. Such a fast time response capalailibvs a utility to lower its need for on-line
spinning reserve. The flexibility of longer dailperation also makes it possible for the fuel cells
to perform more than the roles of gas-fired powlants. Gas turbines are not economical for a
purpose of load following because their efficiesciecome lower and operating costs get higher

at less than full load conditions.

350

300 +

250 +

200 T

150 +

100 +

PV power output [W

50 1

0

-50

Time [hr]

Figure 15: PV power variations requiring differeoaittery capacities
Environmental Externality

During their life cycle operation, fuel cell powglants produce environmental externalities in the
process of fuel reforming. However, storage batetihemselves do not contain any environmental
impacts even though the battery charging sourceduge various emissions and solid wastes. A
fuel cell power system emits by far less ,SQ0O, and other particulates in the fuel reforming
process compared to conventional fossil fuel pgu@nts. The amount of G@missions from the
fuel cell system is similar to that from convenabrossil-fuel power plants, but the fuel cell
system’s high efficiency ranging from 40 % to 60résults in lower C@ emissions. Batteries

themselves do not produce any emissions during tiparation period even if the power sources
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providing the batteries with charging power usuatyoff-peak time generate several chemical
emissions and solid wastes. The batteries disptameer generation rather than replace it.
Therefore, the batteries’ environmental impactsuhdoe computed based on the base-load fuel
mix used to charge the batteries.

When fuel cell power plants are to be dismantledhatend of their commission, they do not
exhibit any detrimental impacts on environment amul specific hazards are encountered.
Component recovery rather than waste disposakédylito be the issue. In phosphoric-acid fuel
cells, nickel from the fuel reformer catalyst ardtipum from the anode and cathode will require
recovery. For molten-carbonate fuel cells, nickeinf both the electrodes and the reforming
catalysts can be recovered. In solid-oxide fuelscelickel and zirconium-containing ceramic

components are likely to be recovered.

However, for battery power plants a significant amtoof care is required to be taken of their
disposal to prevent toxic materials from spreadangund. All batteries that are commercially
viable or under development for power system appbas contain hazardous and toxic materials
such as lead, cadmium, sodium, sulfur, bromine, &ttce the batteries have no apparent salvage
value and must be treated as hazardous wastessdispf spent batteries is an issue. Recycling
batteries is encouraged rather than placing thesmn landfill. One method favoring recycling of
spent batteries is regulation. Thermal treatmenthfe lead-acid and cadmium-containing batteries
is needed to recover lead and cadmium. Sodium+saitfd zinc-bromine batteries are also required

to be treated before disposal.

3.4.5 Comparing of batteries and fuel cells

Both batteries and fuel cells are able to respaomy ¥ast to system load changes because they
produce electricity by chemical reactions insidenth Their fast load-response capability can
nicely support the sharp PV power variations resuftom ambient weather changes. These two
PV power backup technologies also contain somellexteattributes in common, such as modular
production, high reliability and flexibility in stselection.

However, there are subtle different attributes Ileetw batteries and fuel cells when they are
applied to a PV power backup option. Power germmat fuel cell power plants is not limited by
the Carnot Cycle, so they can achieve high powernvesion efficiency. (Their theoretical
maximum efficiency is 83 %.) Even taking into acobthe losses due to activation overpotential
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and ohmic losses, the fuel cells still have highcieincies from 40 % to 60 %. For example,

efficiencies of PAFCs and MCFCs are 40-45 % and®®0é respectively. Battery power plants,
on the other hand, themselves have high energsieftiy of nearly 80 %, but the overall system
efficiency from raw fuel through the batteries e tonverted AC power is reduced to about 30 %.

A battery’s terminal voltage gradually decreaseshasbattery discharges due to a proportional
decrease of its current. A battery capacity redwels increasing rate of discharge, so its full
capacity cannot be utilized when it dischargesigh mates. On the other hand, fuel cell power
plants have equally high efficiency at both paréiatl full loads. This feature allows the fuel cells
to be able to follow a changing demand withoutrigsefficiency. The limited storage capacity of
batteries indicates that it is impossible for themrun beyond several hours. The batteries when
fully discharged need several hours to be rechargedits use in PV power connections, it is as
hard as forecasting the weather to compute thet €apacity of the batteries. In order to prevent
the batteries’ deep discharge and to supplementatygng PV powers on some inclement weather
days, the battery capacity should be large, butlénge capacity is not fully utilized on shiny day
For fuel cells, they do not contain such an opertii time restriction as long as the fuel can be
supplied. Thus, the fuel cell power plants can glewperational flexibility with the operators in
central control centers by utilizing them efficigntAs intermediate power generation sources, fuel

cell power plants may replace coal fired or nuclaats under forced outage or on maintenance.

Storage batteries possess several benefits in gfegmkng and load leveling for a power system
operation. For those objectives, the batteriextldisge rate is nearly constant at rated value and
their capacity can be fully utilized when desigragatimally. The battery operation seems to be
periodical every day; that is, it charges at sy&eoff-peak and discharges at peak time.
Therefore, the batteries can do a great job fosehpurposes. For the PV power backup the
batteries’ discharge rate is irregular and thelirdapacity may usually not be consumed. So, it is
difficult to design an optimal capacity of the leajt systems for support of the PV power
variations and to economically operate them. Inkteabatteries fuel cell power plants exhibit
diverse operational flexibility for either a PV pewbackup or a support of power system

operation.

Both the battery backup and the fuel cell backup the most likely technologies to provide
backup power for the PV power system in the nearéu
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3.5 Load

The loads existing in microgrids can be of manyegypboth DC and AC (heaters, electrical
motors, etc.). Most of all loads are AC. The sirsplead in real is electrical heater. The heater is

simple resistance controlled by a thermostat. Tthesload can be simulated as:

Where IAC is the AC-current and VAC is the AC-vgigaof the load, respectively Rh is the
resistance of heather, which can be determinatethdyated power Ph_nom and rated voltage

Vh_nom of the heater, as follows:

Vo_con)

P

h_nom

Rh:

3.6 Inverter

As known, the PV arrays produce DC power and in yneases we need for AC loads in
microgrids AC power, DC/AC conversion is requiré@the inverter is a converter where the power
flow is from the DC to the AC side, namely havin@@& voltage, as input, it produces a desired

AC voltage as output. It is shown in Figure 16.

Power

Figure 16: AC/DC inverter

The inverter is characterized by a power depenefficiencyrn. The role of inverter is to keep on
the AC side the voltage constant at the rated gel280 V and to convert the input power Pin into
the output power &g with the best possible efficiency. The efficienoly the inverter is thus

simulated as:

I:)0 VACI AC COS¢ | VACI AC COS¢
DC
I:)in VDC I DC ,7VDC

ut — =

,7:
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Where bc is the current required by the inverter from the §lde (for example from controller) in
order to be able to keep the rated voltage on t@esile (for example on the load)pdis the

input voltage for the inverter delivered by the Bi@e, for example by the controller.
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4 REAL PV SYSTEM ON THE ROOF OF FACULTY OF ELECTRICAL
ENGINEERING

4.1 Parameters of PV array

On the roof of building of Faculty of Electrical neering in Pilsen is installed 20 kWp PV
system which is connected to public grid.

The PV system consists of 192 dark blue monociystakilicon solar cell modules which are
produced by company Isofoton. The specific colorcefls was chosen because of the best
efficiency of these cells in the time when the sgstwas installed. There are used 8 single-phase
DC/AC converters of SunProfi SP 2500. Power congiompf the inverters is covered by solar
system itself and the output is symmetrically plasebuilding supply grid on 230V/400V. The
connection to building grid is directly through setiboard. Own block transformer is not used
because of lowering purchase costs. The array isnted on building roof, situated southbound
and inclined in angle 45°. The fixed inclinationdempromise for full year operation and low

purchase costs.

PV module parameters in producer cataloguav.isofoton.com
Measurement conditions:

- Radiation: 1000 W/ m2

- Temperature: 25°C

Physical:
- Area of cell: 104,4 cfn(cells 103)
- Large SolarModules 1-110 (24V)
- Dimension: 1310 x 654 x 39,5
- Weight (kg): 11,5
- Number of cells in series: 72
- Number of cells in parallel: 1
- NOTC (°C): 47
- Type of cell: Monocrystalline Silicon 103 x3.0

Electrical:

- Nominal voltage (V): 24
Maximum power (Wp+ 10 %): 110
Short circuit current (A): 3,38
Open circuit voltage (V): 43,2
Maximum power current (A): 3,16
Maximum power voltage (V): 34,8

The PV array installed on the roof is shown in Fegl7.
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Figure 18: 8 DC/AC inverters

Whole PV system consists 8 the same parts witrséimee power output. Only one of them has
components for measurement and monitoring. For gtadd evaluation of PV array outputs are
measured some values like irradiation on horizoplahe, generator array plane irradiation,
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ambient temperature in the shade, reference sdesmperature, generator cell temperature,

generator voltage, generator current, generatorepaamd inverter AC power out. All these
parameters are written down to computer file tergvl0 minutes. We can see in this file also
maximum and minimum of all these values for 10 rtentime period. Then we can analyze

measured values and we can compare these paramitersath model of PV array.

4.2 Measurement of real values of daily irradiation

These presented measurements were made while atlteakbperation conditions for photovoltaic

system. That means constant and high level of soéatiance and good weather conditions.

The measurement is done for a day and night, 24sheway by weather station (Vantage Pro -
Davis). This system records many different valuies humidity of air, speed of wind etc. But the

most important to know for model of PV cell are inging irradiation and ambient temperature.

Both these values are recorded in TXT file everyibutes. For this model it is sufficient. We can

see them for one day in Figure 40. In Figure 18hiswn global daily irradiation during 3 days in

summer and in Figure 20 during 3 days in wintewédf compare these graphs, it is clear that, in
general, irradiance during winter time is notalaweér. Also the period of time a day for measured
irradiation in summer is approximately 16 hours luring winter time it is only about

approximately 8 hours a day.
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Figure 19: Daily irradiation in summer — 3 days

In Figure 19 the first 2 days the weather was modthudy and only for some short periods of

time the Sun was shining. The weather was changkd. dt is the reason why the curve of
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irradiation during first 2 days has several pedtkaie imagine average value of this graph in each

moment and compare with graph for third day, we @an see difference in maximum values of
irradiation for each day between sunny day andyelbudy days. Detailed graphs are in Figure
21 and Figure 22. We can also notice that impingiragliance is in a range of 0-1000 W/rfror
easy imagination we can realize how much energyPiecells will be able to produce during
summer time and winter time because global irrazhat one of the main values how is shown in
Figure 40. It is possible to say that surface betwthe curve of impinging irradiation and axis x is

proportional produced energy by PV array. But poedlipower also depends on type of PV cells,
quality of whole PV system etc.
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Figure 20: Daily irradiation in winter — 3 days
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Figure 21: Daily irradiation in summer — 1 day, dlds and occasional sunshine
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Irradiation 14.7.2007
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Figure 22: Dalily irradiation in summer — 1 day, nigssunny day

These measured parameters of irradiation will [zl like input values for mathematical model of

real PV system.
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5 MATHEMATICAL MODELLING AND SIMULATION OF PV ARRAY

5.1 Mathematical model of PV cell

We can substitute PV cell by equivalent electricuwit where is included a power supply and
diode. The power supply produce the currgatwhich depends on impinging radiation. Through
diode flows the currentl The current | which flows to load is differencetleen }, and b and it

is reduced by the resistance \Wwhich represents resistance of cell and conneetiong cells.

O
= E
U

O

Figure 23: Equivalent electric circuit of PV cell

The cell has constant current while the voltagaigantil specific value and after that current go

down steeply to zero — diode is openinggd up. It is shown in Figure 24.

1/R

Figure 24: Typical volt-ampere characteristic of ¥l

If we connect a resistive load R to cell then wogkpoint of cell will be on crossing point volt-
ampere characteristic of cell and load. Volt-ampgharacteristic of a load is a straight line with

slope 1/R. If value of R is too low, the workingipois in area between M and N where cell
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behaves like constant current source. It is morkess short circuit current. But if value of R is

high, the working point is in area between P avdh®re cell behaves like constant voltage source.

It means about a open circuit voltage.

Connection with optimal resistance,,Rmeans that PV cell generates maximum output power
which is given to product of voltageland currentl. Working-point where is the maximum of

power and efficiency is in the flexion of volt-anmpeharacteristic.

In Figure 25, the volt-ampere characteristic ofadell for only a certain ambient irradiation, G
and only a certain cell temperatureid illustrated. The influence of the ambient iiedihn G, and

the cell temperature“®n the cell characteristics in presented in Figife

Irradiance

sC

max

Figure 25: Influence of the ambient irradiation tre cell characteristic

A

I

sC

Cell’s temperature

Figure 26: Influence of the cell temperature on tle# characteristic
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Figure 25 shows that the open circuit voltage iases logarithmically with the ambient
irradiation, while the short circuit current. idimear function of the ambient irradiation. Thecawr
shows in which sense the irradiation and the eefigerature, respectively, increase. The influence
of the cell temperature on the volt-ampere chartie is illustrated in Figure 26. The dominant
effect with increasing cell temperature is the dinéecrease of the open circuit voltage, the cell
being thus less efficient. The short circuit cutrglightly increases with cell temperature.

For practical use, PV cells can be electrical cotetein different ways: series or parallel. Figure
27 and Figure 28 present how the volt-ampere cigvaodified in the case when two identical

cells are connected in series and in parallel.

Two cells

One cell

v

Vv

Figure 27: Volt-ampere characteristic of series neation of identical cells

Two cells

One cell

v

Vv

Figure 28: Volt-ampere characteristic of parall@mection of identical cells
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It is seen that volt-ampere characteristics ofeseinterconnected cells can be found by adding, for

each current, the different voltages of the indraildcells. On the other hand, for parallel celks th
currents of the individual cells must be added athevoltage in order to find the overall volt-

ampere curve.

5.1.1 Parameters of PV cell for normal specification

Standard condition:
Impinging radiation Go= 1000 W/m2
Temperature of celty = 22 °C.

a) Short circuit current“kc o— the maximum current generated by cell with skivauited output,
(Vc=0).

b) Open circuit voltage $%6c o — the maximum voltage of cell with disconnectetbati (Ic=0).

c) Maximum power Bm o— maximum power of cell, dg.o= Vem*l cm [W]

From these parameters we can assign so calledlti@&tor: FF = \(*I /Vsctl sc[-]

The Fill Factor for good cells would be higher titan.

All parameters are valid only for standard condititf impinging radiation Gor temperature of
cell £ change, then open circuit voltage, short circuitrent and flexion of volt-ampere

characteristic change as well.

Parameter change of PV cell by influence of cha@gad t
1) Influence of G

maximum power
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0 : : : : :
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Figure 29: Influence of radiation change G [(W/m@)X] on current and voltage of PV cell

Open circuit voltage goes up logarithmic when ingong radiation goes up but short circuit

current go up linearly.

2) Influence of tc

26 T
U]
24 F

IMaximum power

2t

resistive load

Figure 30: Influence of temperature changf €] on current and voltage of PV cell

When temperature of PV cell goes up then open itiraltage goes down linearly and short

circuit current go up.

5.1.2 Equation describing a behavior of PV cell
a) Equation for computation of PV cell currehdiepending on impress voltag&.U

(it describes waveform of volt-ampere characta)jsti

1© =15 -expve -VE Ivem)  [A]

b) Computation of short circuit current dependimgimpinging radiation @and temperature of

cell T
|5 =C1Garki* (T°-TC) (A
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TC= 273,15 +%, =295,15 [K]

c) Computation of open circuit voltage dependingimapinging radiation Gand temperature of

cell T

VE =VE, +CATC -TF)- exp{—Ga I;SO j/ Ka V]

d) Computation of cell temperature depending oniantllemperature and impinging radiatiog G
T°=t,+27315+C2*Ga [K]

Impinging radiation Ggives a rise to a heating effect of PV cell.

e) Computation of so called the thermal voltagesthelng on temperature of cell:

C C
U =k*T /ev]
Influence of increasing temperatur& iRcreases also voltage“and it means decrease of volt-

ampere characteristic flexion of PV cell and afsodfficiency (smaller maximum powerlp.

Decrease of volt-ampere characteristic causesaass R.

Constant m in fraction denominator of exponentiaiction for computation“c is the
idealizing factor whose size influences flexionvett-ampere characteristic. In model we choose

such m as the flexion of volt-ampere charactesggiets near to reality.

Constant k = 1,381*I# [J/K] is the Boltzmann’s constant.
Constant e = 1,602*1% [C] is the elementary electric charge

Constants ¢ C,, GC3, K3, K4 are specific parameters of PV cell
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5.2 Application of PV cell model in computer program Swving

5.2.1 Controlix

The Controlix editor enables sequential relatiomsnisining logic and analog signals to be
programmed graphically.

input = processing = outputs

Controlix enables the control logic of a proces®é¢osimulated and any type of mathematical or
physical equation, logic and analog relations betweariables and objects to be programmed. It

also enables action on a page content and creaftmmmation effects.

A Controlix object has a series of “global” variablconnected to the circuit. These variables can
be used or repositioned directly by processingtions internal to the Controlix circuit object. In

a circuit, Controlix can use several types of ua@ga: integers, real numbers (single or double) and
texts. Controlix is very well suited for complicdtealculations with variables. It enables long
calculations to be performed by subdividing therto isimple elements. This editor provides you
with the classic operators (addition, subtractianultiplication and division) and also

trigonometric functions (on polynomials, powers ...

5.2.2 Application in Swing
In program Swing — Controlix was made the moddbdfarray. It is shown in Figure 31.

In this model are applied equations which are dlesdrabove. For this model is possible to
change passive input parameters like surface ofPdheell, number of cells in series and number
of parallel cells of PV module, number of PV modula series or parallel in one photovoltaic
array and also open-circuit voltage of one modililee open-circuit voltage we can look for in
producer catalogue. If we don’t change defaultaldds in variable entries on main screen, the

simulation will use these default parameters ferRV system in Pilsen:

Surface of one cell [fh 0,0105
Number of cells in series of PV module [-] 72
Number of parallel cells of PV module [-] 1
Number of PV modules in series [-] 8
Number of parallel PV modules [-] 3
Open-circuit voltage of module [V] 43,2

All these parameters we can look for in respeatatalogue of PV module producers.
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Figure 31: Model of photovoltaic array in Controlix
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How we can see this mathematical model is possibiese almost for all PV modules different

types with different numbers of cell, surface apéerm-circuit voltage.

When the simulation is working we can change valoksmpinging irradiance and ambient
temperature. We have 2 possibilities how to chathgen. The first is to write new value into
variable entry the same way like passive paramatsighe second one is to put a mouse cursor in
mouse-sensitive zone. For impinging irradiance Gnffy there are two sensitive zones — one
increases and second one decreases the value iofingpirradiance. It is the same for ambient
temperature t [°C]. Both values are possible tangedluently during working process.

From actual input parameters are computed outduesaf current, voltage and power of one PV
cell, PV module and whole PV array. Next two outpatiues are temperature of cell and
efficiency. All these parameters depend on imprkssditage on PV cell terminal. It is possible to
see it in Figure 24 — in the working point A in thexion of volt-ampere characteristic where is
maximum efficiency. In most of cases of PV systars use controlled power inverters which
make voltage k& almost constant automatically. This fact is usedniathematical model and |

suppose that voltage is constant.

In Figure 32 we can see the main screen of sinmmgirogram. On upper part of screen we can
change the input parameters and see the actualtop@pameters such as current, voltage and
power of cell, module and array, also efficiencg aamperature of cell. On button of screen are 6
graphs of most important values like impingingdiieance, current and voltage and power of whole
PV array, efficiency and temperature of cell. Theans we can analyse them digestedly. Time
axis scale and all scales of value axes of allliggagve possible to change how we need.

In Figure 33 is a detall of first graph for impingiirradiation. The graph has 8 parts. The first fo
ones are for temperature of 0°C and rest of themtdmperature of 20°C. For each value of
temperature were changed values of impinging iatémh — 200, 400, 700, 1000 W/nTThis is
great for comparison of influence on array currantay voltage, array power, temperature of cell
and so on. In Figure 32 the results are shown. Mewan see current almost doesn’t depend on
ambient temperature. For each the same irradiamtalifferent temperature the current is almost
the same. It is different for voltage. The valuevoftage for same temperature 0°C is lower for
impinging irradiance of 1000 W/nthan for 700 W/ We can notice that voltage for values of
400 W/nf and 1000 W/rh are very similar. The values of array power angelofor the same

impinging irradiance and higher temperature. Thitage doesn’t change its range so much as
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current. Voltage is changed approximately in raaf@ % of voltage nominal value (25/275) but

for current is notably higher. The difference ofl temperature for the same impinging irradiation

is, in this case, almost always 20°C because con€lain equation for computation of cell

temperature is too small and it means constamto€sn’t so big influence on it. The main factor is

ambient temperature.
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Figure 32: Impinging irradiance Gand ambient temperature T are changed always liog®f time
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Figure 33: Detail of impinging irradiance graph Figure 32
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EI time seale (3]
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Figure 34: Impinging irradiance Gis changing 50-1200-50 W/rand ambient temperature t=0°C

In Figure 34 is shown dependence on impinging iataeh. The impinging irradiation was
changed between 50 W/nand 1200 W/rh during first 100 seconds and in the second part of
graph was declined value of impinging irradiatioonfi 1200 W/mto 50 W/nf. That was done for
constant temperature 0°C in the Figure 34 andefmperature of 20°C in Figure 35.

In both cases the impinging irradiation was changkdost constantly whole time. Graphs of
current and power of PV array and temperature agpeoximately the same shape. The shapes of
graphs of array voltage and efficiency are différfieom other ones. If we compare Figure 34 and
Figure 35 we can say that temperature influencée quot voltage of array and efficiency of PV

system. Maximum voltage in both cases is aboutrigipp irradiance of 750-800 W/m

For values of irradiation between 0 and 500 Wirnltage and efficiency grow up quite fast.
Between 500 and 750 indeed grow up but not soafastslope of curve is lower and lower when
irradiation is growing up. If the value of impinginrradiation is higher than maximum for given

temperature, the voltage starts to decline. Moress it is the same for efficiency of cell as well

The maximum voltage for temperature 0°C is abo@ ¥Z8&nd for 20°C it is only about 260 V. If
we compare both graphs of voltage of array we egntlsat with higher temperature are values of
voltage lower. On ambient temperature also dependsfficiency. For the temperature of 0°C is
maximum efficiency about 12,5 % but for the tempae of 20°C is lower and maximum value of

efficiency is about 11,5%.
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If we compare diagrams of current, we can seeth®influence of ambient temperature is almost
zero and the currents are in both cases almossahee. That means that immediate values of

power are similar. More examples you can also ifnappendix.

o . El time scale [5]
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Figure 35: Impinging irradiance @is changing 50-1200-50 W/rand ambient temperature t=20°C

5.2.3 Results from Controlix for various parameters

In this article | made 4 measurements for differ@mbient temperatures of -5°C, 10°C, 25°C and
40°C. During these measurements, the global impggradiance was changed by step value of
50 W/nf. From results it was made 4 graphs (Figure 3&urei 39) for different magnitudes of
efficiency, array power, array current and arrajtage for PV system on the roof of Faculty of

Electrical Engineering in Pilsen with parametensthas system.

In Figure 36 we can see how the maximum point &tiehcy curves is shifted. For ordinary
conditions of weather (in this case only tempegtihe maximum value of efficiency is within
the range of 700 and 800 Winfor lower temperature this value increases. terval between
maximum efficiency and the highest possible valienpinging irradiation efficiency declines but
with not such a big slope. However, between 0 Ysfrd 400 W/ efficiency is changed more.
We also can say that efficiency of PV cell is albmmnstant between 400 Wirand 1200 W/rh

In Figure 37 is possible to see that array powenigmbient temperature linearly dependent. The
slope of the straight line declines with increasamgpient temperature. For ambient temperature of

10°C is the slope approximately 2,1%rit is clear when the ambient temperature is higtre
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slope of curves is lower. For irradiance of 1000m#/(standard condition) and temperature
difference 15°C the PV system produces 113 W maoh éour for temperature of 10°C than for

ambient temperature of 25°C.

. . . . —+— efficiency [%] -5T
Model - efficiency = f (global irradiance)
—+— efficiency [%)] 10T
13 —+— efficiency [%)] 25T
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Figure 36: Simulated efficiency of PV dependenglobal irradiance G for different temperatures

In Figure 38 is shown that current of PV cell doedepend on ambient temperature. All current
curves are almost the same. The differences aignifisant. The current is directly proportional

impinging irradiation for all ordinary ambient teevatures.

In Figure 39 is voltage of PV array dependent abal irradiance Gfor different temperatures.
The voltage goes in range from 200 V to 280 V. BRutordinary day the range of voltage is

smaller. The temperature during day doesn’t chaogauch.
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Figure 37: Power of PV array dependent on globeddliance G for different temperatures
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Figure 38: Current of PV array dependent on globeddiance G, for different temperatures
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Figure 39: Voltage of PV array dependent on glab@diance G, for different temperatures

56



l%gj Comparison of parameters — model aatlgystem

6 COMPARISON OF PARAMETERS — MODEL AND REAL SYSTEM

In this article | compare real measured parameiersal photovoltaic system with values which
were done by mathematical model in computer proggaving. This comparison is for PV array
on the roof of Faculty of Electrical Engineeringdanchose the measurement of one summer day
13.7.2008. According to the shape of global irrad&ain Figure 40 we can estimate that the
weather was partly cloudy whole day. Instantane@lses of irradiance were changed quite a lot

in short periods of time during whole day.
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Figure 40: Dependence of PV array power on ambiemiperature and impinging irradiance - 13.7.2007

In Figure 40 is shown dependence of PV array pawelmbient temperature and impinging
irradiance. Temperature was changed in range o E3fd 26°C during whole day. The shape of
power curve is, more or less, the same with th@eslod global irradiance. Temperature doesn'’t
have such a big influence on power curve, how we sae. Temperature can change only
instantaneous values of power in each instantnoé tbut the shape of power curve will be the

same like for global irradiance.
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For graphs in Figure 41 - Figure 45 | put the neslles of ambient temperature and impinging

irradiation to simulation program of PV array inripels of time every 5 minutes and all output
parameters were recorded. These output valuesawenpared with measured values on PV array

in next graphs like generator voltage, generatareci and generator power.

In Figure 41 - Figure 43 we can see results. Fargn@nd current the graphs are almost the same.
Differences between values are insignificant. Foltage are bigger differences between both
values in the same time but not so much. The vel@gPV array model is without control of
maximum power point tracking (MPPT). In Figure 44 wan notice real efficiency during whole
day. Temperature of cell is in Figure 45. If weio®t ambient temperature was chanced during
whole day in range of 13°C and temperature of icellange of 29°C. Here we can clearly see
influence of impinging irradiation on temperature aell especially in the middle of curve in
Figure 45. Between 10:00 and 18:00 several pea@ksaiceable and their shape is very similar to

global irradiance in Figure 40 in the same peribtinoe.
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Figure 41: comparison of PV array voltages durinday — model and real system — 13.7.2008
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Figure 42: comparison of PV array currents duringlay — model and real system — 13.7.2008
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Figure 43: comparison of PV array powers duringayd model and real system — 13.7.2008
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Figure 44: efficiency of PV array during a day —aebSwing (Controlix) — 13.7.2008
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Figure 45: Temperature of PV cell during a day —delcSwing (Controlix) — 13.7.2008
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In this table are all values used for graphs inuFeégtl - Figure 45 for easier orientation.

. Va la Pa efficiency TC
. Tam Gi Va la Pa
time [C] [\N/mz] M Al W] model model model model model
V] [A] (W] [%] [T]
06:20:00 | 13,96 | 14,79 | 211,77 | 0,03 6,27 213,108 | 0,035 7,479 2,79 14,374

06:30:00 | 14,06 | 23,04 | 239,66 | 0,03 7,22 214,923 | 0,104 22,273 5,33 14,705

06:40:00 | 14,24 | 41,76 | 270,63 | 0,06 | 15,05 | 218,878 | 0,259 56,691 7,48 15,409

06:50:00 | 14,56 | 49,5 | 243,17 | 0,25 | 55,56 220,18 0,324 71,348 7,94 15,946

07:00:00 | 14,84 | 64,8 | 245,82 | 0,39 | 89,18 | 222,977 | 0,451 100,665 8,56 16,654

07:10:00 | 15,17 | 77,41 | 233,08 | 0,59 | 137,43 | 225,051 | 0,557 125,307 8,92 17,337

07:20:00 | 15,55 | 112,26 | 230,57 | 0,95 | 218,28 | 230,758 | 0,847 195,341 9,59 18,694

07:30:00 | 15,95 | 124,76 | 237,75 | 1,03 | 245,22 | 232,341 | 0,951 220,996 9,76 19,444

07:40:00 | 16,23 | 116,25 | 247,71 | 0,9 | 222,71 | 230,712 | 0,882 203,439 9,64 19,486

07:50:00 | 16,47 | 123,2 | 245,24 | 0,98 | 240,19 | 231,561 0,94 217,579 9,73 19,92

08:00:00 | 16,7 | 89,84 | 242,93 | 0,66 | 160,73 | 225,755 | 0,665 150,017 9,2 19,216

08:10:00 | 16,79 | 77,67 | 238,68 | 0,56 | 133,21 | 223,447 | 0,564 126,062 8,95 18,965

08:20:00 | 16,84 | 100,21 | 240,5 | 0,77 | 185,98 | 227,42 0,751 170,708 9,39 19,646

08:30:00 | 16,93 | 115,23 | 241,05 | 0,92 | 221,06 | 229,82 0,875 201,082 9,62 20,156

08:40:00 | 17,05 | 129,49 | 241,54 | 1,05 | 254,48 | 230,454 | 0,994 231,942 9,81 20,676

08:50:00 | 17,19 | 156,51 | 250,03 | 1,28 | 319,33 | 235,709 | 1,217 286,927 10,1 21,572

09:00:00 | 17,37 | 143,34 | 252,14 | 1,13 | 283,79 | 233,666 | 1,109 259,072 9,96 21,382

09:10:00 | 17,46 | 118,7 | 250,61 | 0,89 | 223,88 | 229,841 | 0,906 208,144 9,66 20,784

09:20:00 | 17,37 | 119,96 | 245,62 | 0,93 | 229,48 | 230,139 | 0,916 210,821 9,68 20,73

09:30:00 | 17,51 | 198,14 | 256,33 | 1,63 | 419,01 | 240,636 | 1,562 375,949 10,46 23,057

09:40:00 | 17,71 | 204,95 | 260,44 | 1,66 | 431,06 | 241,221 1,62 390,781 10,51 23,45

09:50:00 | 18,07 | 224,72 | 256,26 | 1,87 | 480,13 | 242,984 | 1,784 433,502 10,63 24,362

10:00:00 | 17,97 | 176,01 | 256,48 | 1,41 | 361,72 | 237,486 | 1,381 327,981 10,27 22,898

10:10:00 | 17,95 | 186,39 | 257,79 | 1,5 | 387,23 | 238,798 | 1,467 350,314 10,36 23,169

10:20:00 | 18,18 | 158,37 | 257,36 | 1,22 | 314,47 | 234,958 | 1,236 290,455 10,11 22,615

10:30:00 | 18,29 | 165,1 | 253,22 | 1,32 | 334,51 | 235,746 | 1,292 304,574 10,17 22,913

10:40:00 | 18,22 | 197,09 | 254,91 | 1,63 | 416,36 | 239,796 | 1,556 373,202 10,74 23,739

10:50:00 | 18,6 | 274,69 | 260,17 | 2,32 | 603,58 | 247,115 | 2,199 543,462 10,9 26,292

11:00:00 | 19,31 | 341,97 | 260,58 | 2,93 | 763,94 | 251,24 2,758 692,923 11,17 28,886

11:10:00 | 19,36 | 368,47 | 262,86 | 3,13 | 823,32 | 252,712 | 2,977 752,4 11,25 29,678

11:20:00 | 19,41 | 217,27 | 261,69 | 1,72 | 450,86 | 240,837 | 1,727 415,975 10,55 25,494

11:30:00 | 19,54 | 277,66 | 258,99 | 2,34 | 604,83 | 246,405 | 2,227 548,761 10,89 27,316

11:40:00 | 19,83 | 300,39 | 256,63 | 2,57 | 655,71 | 247,891 | 2,416 598,831 10,99 28,241

11:50:00 | 20,18 | 504,87 | 261,62 | 4,36 | 1139,52 | 257,023 | 4,108 | 1055,803 11,53 34,317

12:00:00 | 20,28 | 354,26 | 263,05 | 2,97 | 780,72 | 250,982 | 2,863 718,525 11,18 30,2

12:10:00 | 20,37 | 325,05 | 264,77 | 2,65 | 701,08 | 249,08 2,622 653,009 11,07 29,473

12:20:00 | 20,04 | 263,64 | 263,12 | 2,15 | 566,45 | 244,695 | 2,112 516,816 10,81 27,421

12:30:00 | 20,2 | 361,33 | 263,85 | 3,06 | 806,32 | 251,461 2,92 734,385 11,2 30,316

12:40:00 | 20,43 | 375,34 | 263,01 | 3,2 | 840,95 | 251,98 3,037 765,258 11,24 30,938

12:50:00 | 20,19 | 250,79 | 257,19 | 2,06 | 531,72 | 243,385 | 2,007 488,408 10,73 27,212

13:00:00 | 20,01 | 218,95 | 257,55 | 1,79 | 461,36 | 240,325 | 1,743 418,996 10,54 26,222

13:10:00 | 19,84 | 222,88 | 259,73 | 1,81 | 469,94 | 240,991 | 1,775 427,735 10,58 26,081

13:20:00 | 20,18 | 376,89 | 263,6 | 3,19 | 842,59 | 252,318 | 3,049 769,419 11,25 30,733

13:30:00 | 20,95 | 647 269,18 | 5,28 | 1427,57 | 258,133 | 5,285 | 1364,313 11,62 39,066

13:40:00 | 21,32 | 320,73 | 263,52 | 2,57 | 679,24 | 247,815 | 2,588 641,437 11,02 30,3

13:50:00 | 21,02 | 233,46 | 256,8 | 1,93 | 495,51 | 240,871 | 1,866 449,551 10,61 27,558
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14:00:00 | 21,13 | 432,14 | 253,92 | 3,8 | 967,72 | 253,813 | 3,509 890,609 11,36 33,229

14:10:00 | 21,71 | 506,41 | 254,25 | 4,38 | 1116,57 | 255,498 | 4,125 | 1053,969 11,47 35,889

14:20:00 | 21,68 | 394,6 | 259,76 | 3,33 | 864,79 | 251,659 | 3,201 805,46 11,25 32,729

14:30:00 | 21,69 | 392,63 | 257,92 | 3,38 | 869,36 | 251,554 | 3,184 800,973 11,24 32,683

14:40:00 | 21,34 | 192,17 | 252,84 | 1,54 | 389,27 | 236,037 | 1,526 360,164 10,33 26,722

14:50:00 | 20,97 | 229,19 | 255,1 | 1,91 | 488,45 | 240,489 | 1,831 440,247 10,59 27,388

15:00:00 | 21,19 | 322,53 | 258,25 | 2,75 | 709,46 | 248,069 | 2,603 645,683 11,03 30,22

15:10:00 | 21,9 | 426,32 | 263,31 | 3,53 | 932,38 | 252,803 | 3,463 875,566 11,32 33,836

15:20:00 | 22,43 | 461,59 | 259,11 | 3,78 | 990,67 | 253,521 | 3,757 952,487 11,37 35,355

15:30:00 | 22,12 | 233,14 | 255,06 | 1,91 | 487,13 | 239,709 | 1,867 447,44 10,58 28,647

15:40:00 | 22,27 | 531,79 | 252,95 | 4,67 | 1180,89 | 255,473 | 4,337 | 1107,988 11,48 37,16

15:50:00 | 22,84 | 717,69 | 252,58 | 6,31 | 1594,19 | 256,256 | 5,876 | 1505,768 11,56 42,936

16:00:00 | 23,5 | 657,03 | 255,46 | 5,67 | 1447,73 | 255,569 | 5,376 | 1373,997 11,53 41,896

16:10:00 | 23,91 | 625,03 | 255,77 | 5,4 | 1379,93 | 254,992 | 5,113 | 1303,761 11,5 41,41

16:20:00 | 24,19 | 494,51 | 256,51 | 4,14 | 1064,84 | 252,674 | 4,035 | 1019,477 11,36 38,036

16:30:00 | 24,38 | 387,17 | 254,13 | 3,3 | 840,85 | 248,55 3,148 782,466 11,14 35,222

16:40:00 | 24,65 | 514,66 | 255,3 | 4,45 | 1135,14 | 252,689 | 4,203 | 1062,121 11,37 39,062

16:50:00 | 24,8 | 468,65 | 257,55 | 3,98 | 1024,83 | 251,325 | 3,823 960,915 11,3 37,924

17:00:00 | 25,17 | 448,66 | 259,7 | 3,75 | 974,63 | 250,296 | 3,659 915,885 11,25 37,734

17:10:00 | 25,59 | 381,28 | 251,56 | 3,22 | 812,24 | 247,023 | 3,103 766,571 11,08 36,266

17:20:00 | 25,26 | 321,44 | 241,85 | 2,75 | 665,61 | 243,843 | 2,607 635,666 10,9 34,259

17:30:00 | 25,52 | 216,8 | 245,3 | 1,78 | 436,01 | 234,551 | 1,743 408,77 10,39 31,59

17:40:00 | 25,61 | 210,7 | 250,79 | 1,7 | 425,69 | 233,797 | 1,693 395,73 10,35 31,51

17:50:00 | 25,78 | 201,61 | 245,29 | 1,66 | 407,53 | 232,603 | 1,618 376,334 10,29 31,425

18:00:00 | 25,99 | 205,91 | 213,26 | 1,85 | 394,7 | 232,876 | 1,654 385,213 10,31 31,755

18:10:00 | 25,75 | 176,1 | 211,89 | 1,57 | 332,5 | 229,502 | 1,407 322,988 10,11 30,681

18:20:00 | 25,55 | 155,38 | 226,06 | 1,33 | 299,21 | 227,029 | 1,235 280,418 9,95 29,901

18:30:00 | 25,29 | 138,21 | 236,25 | 1,1 | 260,61 | 224,842 | 1,092 245,55 9,79 29,16

18:40:00 | 25,32 | 136,54 | 241,29 | 1,05 | 253,72 | 224,56 1,078 242,107 9,78 29,142

18:50:00 | 25,48 | 119,12 | 240,27 | 0,89 | 213,34 | 221,723 | 0,935 207,262 9,59 28,815

19:00:00 | 25,52 | 96,58 | 238,23 | 0,69 | 165,06 | 217,942 | 0,749 163,171 9,31 28,224

19:10:00 | 25,3 | 81,86 | 2355 | 0,57 | 134,46 | 215,541 | 0,626 134,984 9,09 27,592

19:20:00 | 25,48 | 90,52 | 232,05 | 0,67 | 156,23 | 216,92 0,698 151,507 9,22 28,015

19:30:00 | 25,57 | 65,45 | 227,21 | 0,45 | 101,51 | 212,159 | 0,491 104,263 8,78 27,403

19:40:00 | 25,14 | 54,4 | 226,61 | 0,34 78 210,394 | 0,399 83,88 8,5 26,663

19:50:00 | 24,81 | 49,19 | 256,93 | 0,12 | 27,44 209,66 0,355 74,332 8,33 26,187

20:00:00 | 24,53 | 37,22 | 252,69 | 0,05 | 12,59 | 207,404 | 0,255 52,816 7,82 25,572

20:10:00 | 24,29 | 28,27 | 239,6 | 0,04 9,02 205,673 0,18 36,995 7,21 25,082

20:20:00 | 24,15 | 24,36 | 234,43 | 0,03 6,54 204,932 | 0,147 30,143 6,82 24,832

20:30:00 | 24,04 | 23,7 | 233,03 | 0,03 6,28 204,893 | 0,141 28,947 6,73 24,704

20:40:00 | 23,9 20,6 | 227,57 | 0,03 5,88 204,324 | 0,115 23,536 6,3 24,477
20:50:00 | 23,84 | 14,78 | 204,88 | 0,03 5,36 203,027 | 0,067 13,577 5,06 24,254
21:00:00 | 23,76 | 9,92 | 167,97 | 0,03 5,25 201,951 | 0,026 5,337 2,97 24,038

62



l%gj Conclusion

7 CONCLUSION

The aim of this work was to provide insight into aetling and simulation of a PV system. This

model is possible to use for different types of &vay, the mathematical model (created in PC
program Swing - Controlix) is possible to use feveral types of PV cells and several wirings. |
allowed for only 2 main input parameters — impimginradiation and ambient temperature. It is

also possible to change passive parameters of RY.aDther, like influence of wind (blow of

wind), were omitted because of random action argliery difficult to predict it.

The validation of this mathematical model was penfed through the comparison between the
simulation results and the measurements of reaky®¥em on the roof of Faculty of Electrical

Engineering.

From graphs we can also persuade behaviour ofreliffeypes of PV cells (PV arrays). Basic
physical rules of different PV cells are, more esd, similar. Only shapes of curves could be a
little bit different and shifted.

This mathematical model of PV cells is possibl@ise with combination with other mathematical
models of parts of microgrid (battery, fuel cetgulator, etc.) and simulate whole system like a

island operation or interconnection to electricatiwork.

If we know approximately an average value of impggirradiation where we want to design a
new PV system and a exact type of PV modules, Vieb@iable to say how much electricity the
PV system will generate a year. That means we sama&te economic return of vested capital to

buying of PV system.
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10APPENDIXS

10.1 Appendix A
Time ’E Monitoring program PV Enlargement d_
Dae | 0BOIOODR | (08 Diff.-channnels) p-vy

mare saved in file: CWIPWploadiData-file-15-20080108 £t Time step 10 min

Sub-System1 Sub-System?2 Sub-System3
A1 Plane of PY lrrad | 801,33 WWm2
A1b Temp. Ref Sensor IW °C
A2 Global Iradiance | 368.4 Wim2
A3 PV Module Temp__ | 265 °C
Ad DC Current Array_ |768 A,
A5 DC Valtage | 2673 v
Fower DC 18133 W
AB Ambient Air Temp. g0 °C
D1 Array Power_ 1656.8 Wy
Cycle Time___ 39,0 ms
03 meter reading Im KWWh

0; 15; 12:40:00; 08.01.2008; 1GC20;

1; 404,94, 387,54, 334,63; 7,90; 7,66; 7,31;

2: 863,62; 823,85; 653,60; 32,15; 30,74; 28,6572725,87; 23,37; 287,66; 272,49; 258,32; 7,682:76105;
2040,87; 1941,37; 1640,95;

3;1862,48; 1771,48; 1504,84;

4: 141,36;

5; 39,00;

0; 15; 12:50:00; 08.01.2008; 1GC20;

1; 400,11; 370,42; 185,73; 8,02; 7,91; 7,82;

2:863,62; 777,34; 249,63; 30,48; 28,67; 26,4742827,73; 26,55; 334,80; 270,66; 201,53; 8,151 60703;
2011,35; 1816,58; 10,63;

3; 1824,50; 1648,75; -4,81;

4:162,36;

5; 38,00;

0; 15; 13:00:00; 08.01.2008; 1GC20;

1; 398,74; 307,57; 179,53; 8,02; 7,96; 7,82;

2; 849,54; 594,95; 236,36; 27,58; 23,56; 17,6802:724,76; 20,54; 281,64; 265,09; 248,17; 7,6265]1298;
1983,80; 1401,69; 524,40;

3;1811,84; 1277,87; 464,65;

4, 177,36;

5; 39,00;

PV Enlargement: File format for PE Monitoring Data

0; SysID; Time; Date; Comment;

1; Gh-h; Gh; Gh-l; Tam-h; Tam; Tam-I; Ws-h; Ws; Wd;

2; Gi-h; Gi; Gi-l; Tref-h; Tref; Tref-l; Ta-h; Tala-l; Va-h; Va; Va-l; la-h; la; la-I; Pa-h; Pa; Pa-
3; Pio-h; Pio; Pio-l;

4; Ptu;

5; C-time;
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Annex:
0 Integer # Line Number (=0)

SysID
Time
Date

Word

hh:mm:ss

dd/mm/yyyy

Comment String
(3 Sub-systems, Grid Connected, Installed PowewWif)k

1 Integer # Line Number (=1)

A2 Sensor2

A6 Sensor6

Gh-h
Gh
Gh-l
Tam-h
Tam
Tam-|
Ws-h
Ws
wd

2 Integer # Line Number (=2)

Ala SensorO

Alb Sensorl

A3 Sensor3

A5 Sensorb

A4 Sensor 4

Calculated

Gi-h
Gi
Gi-l
Tref-h
Tref
Tref-l
Ta-h
Ta
Ta-l
Va-h
Va
Va-|
la-h
la
la-l
Pa-h
Pa
Pa-l

3 Integer # Line Number (=3)

D1 Sensor7

Pio-h
Pio
Pio-l

4 Integer # Line Number (=4)

D3 Sensor8

Ptu

5 Integer # Line Number (=5)

Cycle time

C-time ms

W/m2
W/m2
W/m2
°C
°C
°C
m/s
m/s
deg

W/m2
W/m2
W/m2
°C
°C
°C
°C
°C
°C

\Y
\%
Vv
A
A
A
kw
kw
kw

kw
kW
kw

kwh

System Identification Number
Time of Recording
Date of Recording

System ldentification Name e@C30

Total Irradiation on Horizontal PéalMaximum
Total Irradiation on Horital Plane

Total Irradiation on Horizontal P&Minimum

Ambient Temperature in the Shade khaxn
Ambient Temperature inShade

Ambient Temperature in the Shade Rimin

Wind Speed Maximum

Wind Speed

Wind Direction (N=0, S=180)

PV Generator Array Plane IrradiatMaximum;
PV Generator Array Plarsiation
PV Generator Array Plane Irradiatigimimum
Reference Sensor Temperature Maximum
Reference Sensor Temyrerat
Reference Sensor Temperature Minimum
PV Generator Cell Temperature Maximum
PV Generator Cell Tempeeatur
PV Generator Cell Temperature Minimum
PV Generator Voltage Maximum
PV Generator Voltage
PV Generator Voltage Minimum
PV Generator Current Maximum
PV Generator Current
PV Generator Current Minimum
PV Generator Power Maximum
PV Generator Power
PV Generator Power Minimum

Inverter AC Power Out Maximum
Inverter AC Power Out
Inverter AC Power Out Minimum

AC Energy to Utility Grid

Time which is requiredéad-out all values

67



Appendixs

10.2 Appendix B
Random change of impinging irradiation and cortséambient temperature of 20°C

%y Vigo-model of microgrid

ol

) . 1 gell leall = 1.901 A efficiency of cell = 11.67 %
Parameters of photovoltaic module il
cell = 0.
paies Sntace of one coll ] Vbl - Oipeni-elicit vokage of module [V] Peell = 0.856 W Temperature of cell = 39,544
Paramelers of P/
Parameters of PV [self.run) i Number of cellsin senies of PV module |mpinging nadiaree (/2] . 1 module imadule = 1.901 A
e e i | Numbe of paralle] calis of PV rioduls i | esgoow/inz = Umodule = 32.398 V
Pmodule = 61.600 W
:877 !
Humber of PY modules in seriss, AR ] [ ©aa
B MNumber of patallel P madule . S000°C 1 away |pale 5704 A
—— || Upole = 259.187 ¥
_ Pintips | Ppole = 1478.392'W
L i | [ [0 tine st fo]
Impinging iradiance = I (Time) Valtage of array = f (Time] Efficiency of cell = f [Time)
‘ 1500 ‘ 15
& | ] i
‘ f / 125
1000 VR p— N
{ / 24 { d ¥
/ 10
500 &
2 5
P i | E [
0 50 100 150 200 0 50 100 150 200 0 50 100 150 200
Current of amay = f (Time) Pawer of anray = | {Time] Temperature of cell = f (Time)
15 3000
o | =
60
10 2000 \
\ -
¥ kgraf - Ppole=f(cas) " v
5 1000
204
0 eI ol j E ‘ 0
0 B 100 150 200 0 50 100 150 200 i il 100 150 200

Random not too fast change of ambient temperahdeanstant impinging irradiation of 700

W/m?

%) Vigo-modal of microgrid

: . 1 cell feall = 1.874 A efficiency of cell = 12.85 %
Parameters of photovoltaic module R
cell = 0.
e POOS | Suface of one cel [m2] [BZ ] el - Openciicut vokage of moduls [V] Peell—0.944 W Temperature of cell = 9,200 *
atameters of
Parameters of P (selbun) w2 Number ot cells in series of PV moduls Impinging nadiaree [/n2] . 1 module imadule =1.874 A
[ TR i | Mumber of parallel celis of PV maduls (7o | 7o000w/in2 . Umodule = 36.274 V
Pmodule = 67.984 W
187' !
Humber of PY modules in seriss AT [ ,
g MNumber of patallel FY module R T T3 laray |pole - 5.622 A
| Upale = 290,196 ¥
_ Pt | Ppole = 1631 615 W
—
\mpinging kradiance = {Tims] : Voltage of array = f (Time] Efficiency of cell = f [Time)
14
2751
1000
2501 s - I
121 —
500 -
5. -
] T
o ! L
1] 50 10 150 200 ] E 100 150 200 (] 50 100 150 20
Cuntent of amap = f [Time] Pawer of anay = f (Time] Temperature of cell = { (Time)
10 2000 &0
: - P—
[ra 2000 ]
75 1750
40 =
51 15004
ol
25 1250+
1, e,
] 50 100 150 200 0 50 100 150 200 0 50 100 150 200
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10.3 Appendix C

Month summation of luminous exposure [h] — locatiBlzer (Mikulka), measured by gauging
station Mikulka, elevation above sea-level - 36QMEsi¢ni sowty slune&niho svitu v hodinach)

Year | Jan Feb | Mar| May Apr| Jun| Jul Aug Sep Oct Nov cDe
2004 2454 221,2 1935 1194 384 29,1
2005 | 58,2  86,8| 145,1 184,7 256,6 246,2 210 180,%,819168 | 35 24,2
2006 | 70,5 | 81,3| 102,4 153,3 220 264,4 336,5 133,1,925123,3| 49,6 | 53,7
2007 | 455 | 66,4 | 152,7 298,2
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