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Introduction

A Photovoltaic (PV) system contains many different components besides the PV

modules. For successfully planning a PV system it is crucial to understand the function of the

di fferent components and RVesystemscan bd viergsimpleemaj or
consistingof just a PV module and load, as in the direct powering of a water pump motor,
which only needs to operate when the sun shines. However, when for example a whole house
should be powered, the system must be operational day and night. It also may hade to fee

both AC and DC loads, have reserve power and may even include-agbgekerator.

Components of a PV system

A solar cell can convert the energy contained in the solar radiation into electrical energy. Due

to the limited size of the solar cell it onlylde ver s a | i mited amount (
currentvoltage conditions that are not practical for most applicatibomsrder to use solar

electricity for practical devices, which require a particular voltage and/or current for

their operation, a number of solar cells have to be connected together to form a solar

panel, also called a PV module. For large-scale generation of solar electricity solar

panels are connected together into a solar array.

Although, the solar panels are the heart of a PV system, athay components are required

for a working syst em, t hat we already di s«
components are callethe Balance of System (BOS). Which components are required

depends on whether the system is connected to the eledricityr whether it is designed as

a standalone system. The most important components belonging to the BOS are:

AA mounting structurei s used to yx the modules and to o
AEnergy storage is a vital part of standlone systems lsause it assures that the system can

deliver electricity during the night and in periods of bad weather. Uslalitgries are used

as energy storage units.

ADC-DC converters are used to convert the module output, which will have a variable
voltagedepethi ng on t he time of the day and the we
that e. g.can be used to charge a battery or that is used as input an inverter in a grid-

connected system.

Alnverters or DC-AC converters are used in grid connected systems to convert the DC
electricity originating from the PV modules into AC electricity that can be fed into the
electricity grid.

AcCables are used to connect the different components of the PV system with each other

and to the electrical load. It is important to choose cables of sufficient thickness in order

to minimize resistive losses.

Even though not a part of the PV system [ ]
itself, the electric load, i.e. all the electric E
appliances that are connected to it have tc Charge Backun AC Toad
be taken into account during the planning controller generator
phase. Further, it has to be considerec _
whether the loads are AC or DC loads. The ’ﬂ_n'l /u
different components of a PV system are

P Modules Battery Inwerter D koad

schematically presented in Flgere



Figure 5: A schematic of the different components of a PV system.
PV modules
Figure 6 (a) shows a crystalline solar cell. For the moment we wilidenonly modules
that are made from this type of solar cells. A PV module is a larger device in which many
solar cells are connected, as illustrated in Bifh).The names PV module and solar module
are often used interchangeably. solar panel, as illustrated in Fig. 6 (c), consists of
several PV modules that are electrically connected and mounted on a supporting
structure. Finally, a PV array consists of several solar panels. An example of such an
array is shown in Fig6 (d). This array consists ¢ivo strings of two solar panels each, where
string means that these panels are connected in series.
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Figure 6: lllustrating (a) a solar cell, (b) a PV module, (c) a solar panel, and (d) a PV array.
Series and parallel connections in PV modules

If we makea solar module out of an ensemble of solar cells, we can connect the solar cells in
di fferent ways: yrst, we can connectlnahem ir
series connection the voltages add up. For example, if the open circuit voltagf one cell is

equal to 0.6 V, a string of three cells will deliver an open circuit voltage of 1.8 V. For solar
cells with a classical front metal grid series connection can be established by connecting

the bus bars at the front side with the back contact of the neighboring cell, as illustrated

in Fig. 7 (b). For series connected cells, the current does not add up but is determined by the
photocurrent in each solar cdflence, the total current in a string of solar cells is equal to

the current generated by one single solar cell.

Figure Fig. 7 (d) shows the I-V curve of solar cells connected in series. If we connect two

solar cells in series, the voltages add up while the current stays the same. The resulting open
circuit voltage is two times that dfi¢ single cell. If we connect three solar cells in series, the
open circuit voltage becomes three times as large, whereas the current still is that of one
single solar cell.

Secondly, we can connect solar cells in parallel as illustrated in Fig. 7 (c), which shows three
solar cells connected in paralléf.cells are connected in parallel, the voltage is the same

over all solar cells, while the currents of the solar cells add up. If we connect e.g. three




cells in parallel, the current becomes three times as large, while the voltage is the same
as for a single cell, as illustrated in Fig. 7 (d).
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Figure 7: lllustrating (a) a series connection of three solar cells ance@hation of such a
series connection for cells with a classical front metal grid. (c) lllustrating a parallel
connection of three solar cells. (dYIcurves of solar cells connected in series and parallel.

For a total module, therefore the voltage aodrent output can be partially tuned via the
arrangements of the solar cell connections. Figure 8 (a) shows a typical PV module that
contains 36 solar cells connected in seffiea.single junction solar cell would have a short

circuit current of 5 A, and an open circuit voltage of 0.6 V, the total module would have

an output of Vo =36 x 0.6 V =21.6 V and Is:=5 A. However, if two strings of 18 series-
connected cells are connected in parallel, as illustrated in Fig. 8 (b), the output of the
module will be Voc =18 x 0.6 V=108 Vand Iy =2 x5 A =10 A. In general, for the-V
characteristics of a module consisting of m identical cells in series and n identical cells in
parallel the voltage multiplies by a factor m while the current multipliesfagtar n.

Modern PV modules often contain 60 (10 x 6), 72 (9 x 8) or 96 (12 x 8) solar cells that

are usually all connected in series in order to minimize resistive losses.

[a)

Figure 8: lllustrating a PV module consisting (a) of a string of 36 solar oelimected in
series and (b) of two strings of 18 solar cells each that are connected in parallel.



PV module parameters

Il n a nutshell, for a PV module a set of parzc
The most common parameters are the apenit voltage \4, the short circuit currentdand

t he modul ey @ nodufedecet werhavétb distinguish between the aperture area
efyciency and t The aporoute areacis defihieg x5 the area §f the PV-

active parts only. The total module area is given as the aperture area plus the dead area

consisting of the interconnections and the edges of the module. Clearly, the aperture area
efyciency is |l arger than the module efycienc
Determining the efyciRVhnogule&nreds straighdrwaydithan f act o
determining voltage and currern an ideal world with perfectly matched solar cells and

no losses, one would expect that the efficiency and fill factor at both the module and cell

levels to be the same. This is not the case in real life. As mentioned above. The cells are

connected with each other using interconnects that induce resistive losses. Further, there

might be small mismatches in the interconnected cells. For example, if m x n cells is
interconnectedthe cell with the lowest current in a string of m cells in series determines

the module current. Similarly, the string with the lowest voltage in the n strings that are

connected in parallel dictates the module voltage. The reasons for mismatch between
individual cells are inhomogeneities that occur during the production process. Hence, in
practice PV module perform a little less than what one would expect from ideally matched
and interconnected solar <cell s. Thi sand oss i
efyciency aif thenbBudhmdtien adross the inadule is not constant or if the

module is heats up non-uniformly, the module performance reduces even further.

Partial shading and bypass diodes

PV modules have so-called bypass diodes integrated. To understand the reason for using
such diodes, we have to consider modules intlifeatonditions, where they can be partially
shaded, as illustrated in Fig. 9 (a). The shade can be from an object nearby, like a tree, a
chimney or a neighboringuidding. It also can be caused by a leaf that has fallen from a tree.
Partial shading can have significantly consequences for the output of the solar module.

To understand this, we consider the situation in which one solar cell in the module shaded for
a large part shaded. For simplicity, we assume that all six cells are connected inTd@sies.
means that the current generated in the shaded cell is significantly reduced. In a series
connection the current is limited by the cell that generates the lowest current, this cell

thus dictates the maximum current flowing through the module. In Fig. 9 (b) the
theoreticalv. curves of the yve unshaded solar cel
the cells are connected to a constant load R, the voltage across the module is dropping

due to the lower current generated. However, since the five unshaded solar cells are

forced to produce high voltages, they act like a reverse bias source on the shaded solar

cell. The dashed line in Fig. 9 (b) represents the reverseltda put on the shaded cell,
whichisthedv. curve of the yve cell s, reptldence,ed acr
the shaded solar cell does not generate energy, but starts to dissipate energy and heats

up. The temperature can increase to such a critical level, that the encapsulation

material cracks or other materials wear out. Further, high temperatures generally lead

to a decrease of the PV output as well.

These problems occurring from partial shading can be prevented by including bypass

diodes in the module, as illustrated in 9 (c). Diode blocks the current when it is under
negative voltage, but conducts a current when it is under positive volfage. cell is

shaded, no current is flowing through the bypass diodes. However, if one cell is
(partially) shaded, the bypass diode starts to pass current through because of the




biasing from the other cells. As a result current can pow
module can still produce the current equal to that of unshaded single solar cell.

For cells that are connected in parallel, partial shading is less of a problem, because the
currents generated in the others cells do not need to travel through the shaded cell. However,
a module consisting of 36 cells in parallel have very high currents€ali@0 A) combined

with a very low voltage (approx. 0.6 V). This combination would lead to very high resistive
losses in the cables; further an inverter that has only 0.6 V as input will not be very efficient.
Therefore, combining the cells in series asthg bypass diodes is much better an option to

do.
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Figure 9: lllustrating (a) string of six solar cells of which one is partially shaded, which (b)

has dramatic effects on theVicurve of this string. (c) Bypass diodes can solve the problem
of partialshading.

Table 7.1 shows some parameters of PV modules using different PV technologies:

unPower vancis Kaneka  First Solar
X21-345 PowerMax140 U-EA120  F5-392

Technology -5 Cl5 a-5i/nc-5i Cdle
Rated power P TN 345 140 114 925
Rated current lope 1A 6.02 298 2.18 1.94
Rated voltage Vo V] 513 47 55 41.1
Short circuit current [, (A) 6.39 331 26 211
Open circuit voltage Ve (V) 8.2 6l.5 7l 60.5
Dimensions (mxm) 1.56x1.05 16x0.67 12x100 12x060
Max warranty on Prpg {years) 25 25 25 25
Types of PV Systems

Depending on the system configuration, we can distinguish three main types of PV

systems: stand-alone, grid-connected, and hybrid. The basic PV system principles and
elements remain the same. Systems are adapted to meet particular requirements by varying
the type and quantity of the basic elements. A modular system design allows easy expansion,
when power demands change.

a



1. Stand-alone systems

Stand-alone systems rely on solar power only. These systems can consist of the PV
modules and a load only or they can include batteries for energy storage. When using
batteriescharge regulators are included, which switch off the PV modules when
batteries are fully charged, and may switch off the load to prevent the batteries from
being discharged below a certain limit. The batteries must have enough capacity to store
the energy produced during the day to be used at night and duringpefipoor weather.
Figure 1 shows schematically examples of staone systems; (a) a simple DC PV system
without a battery and (b) a large PV system with both DC and AC loads.
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Figurel: Schematic representation of (a) a simple DC PV system to powetex pump

with no energy storage and (b) a complex PV system including batteries, power conditioners,
and both DC and AC loads.

2. Grid-connected systems

Grid-connected PV systems have become

increasingly  popular  for  building === === === ===
integrated applications. As illustrated in ——IHHIHIH
Fig. 2, they are connected to the grid via === === === ===
inverters, which convert the DC power EEE EEE  EEE  EEE
into AC electricity. _L_L L L L NL L LN L
In small systems as they are installed in ! I leesones |
residential homes, the inverter is connected 7

to the distribution baa, from where the rvasbes

PV-generated power is transferred into the e — @
electricity grid or to AC appliances in the Loads
house. These systems do not require

batteries, since they are connected to the

grid, which acts as a buffer into that an Blactsichy grid

oversupply of PV electricitys transported Figure 2: Schematic representation of a

while the grid also supplies the house with  grid-connected PV system.

electricity in times of insufficient PV

power generation.

Large PV fields act as power stations from that all the generated PV electricity is directly
transported to the electricity grid. They can reach peak powers of several hundreds of MW
3. Hybrid systems

Hybrid systems consist of combination of PV modules and a complementary method of
electricity generation such as a diesel, gas or wind generator. A schematic of hybrid
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system isshown in Fig4. In order to optimize the different methods of electricity generation,
hybrid systems typically require more sophisticaszhtrols than standlone or grid
connected PV systems.

For example,in the case of a PV/diesel

: i T T NETNETEE=
system, the diesel engine must be started === === === ===
:Nheln the battery reaches_a glvr(]-:‘n discharge EEE EEE EEE EEE
evel and stopped again when battery EEE Emm EmE &
reaches aradequate state of charge. The T T e
backup generator can be used to recharge | [evsoaue: |
batteries only or to supply the load as well. il = — c
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Figure 4: Schematic representation of a
hybrid PV system that has a diesel
generator as alternative electricity source.
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Maximum power point tracking
In this section we discuss the concept of Maximum power point tracking (MPPT). This
concept is very unique to the yeld of PV Sys
of power electronics to the yel dhissettionppiteot ov o
equally valid for cells, modules, and arrays, although MPPT usually is employed at PV
module/array level. As discussed earlier, the behavior of an illuminated solar cell can be
characterized by anV curve. Interconnecting several solafl€dn series or in parallel
increases the overall voltage and/or current, but does not change the shapévoineel
Therefore, for understanding the concept B —

L o . gher irradiance G
of MPPT, it is sufficient to consider the | JQ=$__———~, W
V curve of a solar cél I-V curve is hiatiar T-\\
dependent on the module temperature and tempmtmr\ \
on the irradiance. For example, an
increasing irradiance leads to an increased \
current and slightly increased voltage, as \
il lustrated i n Fig. e
shows that an increasing temperaturs &a
detrimental effect on the voltage. l
Figure 10: Effect of increased temperature
T or irradiance G on the +V curve.

Current |

Violtage V

Now we take a look at the concept of the operating point, which is the defined as the
particular voltage and current, at that the PV module operates at any given point in

time. For a given irradiance and temperature,dperating point corresponds to a unique (I,

V) pair which lies onto the-V curve.

The power output at thigperating point is givenby P =1* V.

The operating point (I, V) corresponds to a pointlomn powetvoltage (PV) curve, shown in

Fig. below. For generating the highest power output at a giveadianceand temperature,

the operating point should sucorrespond to the maximum dtiie (RV) curve, whichis

called the maximum power point (MPP)a PV module (or array) is directly connected to an
electrical load, the operating point is dictated by that load. For getting the maximal power out
of the module, it thus is imperative force the module to operate at the maximum power
point. The simplest way of forcing the module to operate at the MPP, is either to force the
voltage of the PV module to be that at the MPP (callggh)\or to regulate the current to be
that of the MPP (cadid knpp).



However,the MPP is dependent on the

I LSy AN A ambient conditions. If the irradiance or
T 0 p—— \ - temperature is changed, the 1V and the

MPP P-V characteristics will change as well
= ,/ - = and hence the position of the MPP will
- / 5 shift. Therefore, changes in the I-V

such that the operating point can be
adjusted to be at the MPP after changes

of the ambient conditions.

This process is called Maximum Power

I
I
|
I
/ " - = curve have to be tracked continuously
1
I
I
1
|
1

VoltageV  V__ V. Point Tracking or MPPT. The devices that
Figure 11: A generic +V curve and the perform this process are called MPP
associated # curve. The maximum trackers. We can distinguish between two
power point (MPP) is indicated. categories of MPP tracking:

Alndirect MPP tracking, for examje performed with the Fractional Open Circuit Voltage

method.One of the most common indirect MPPT techniquethds fractional open circuit

voltage method. This methakploits the fact that in a very good approximation thg,Vs

given by 'V mpp= K* Ve

Where k is a constant. For crystalline silicon, k usually takes values in between 0.7 and 0.8.

In generalk of course is dependent on the type of solar cAfischanges in the open circuit

voltage can be easityacked, changes in theny,can beeasily estimateglst by multiplying

with k.

ADirect MPP tracking; now we discuss direct MPP tracking, which is more involved than

indirect MPPT, because current, voltage or power measurements are required. Further, the

system must response more accuyatad faster than in indirect MPPTFor example is

performed with the Perturb and Observe method or the Incremental Conductance

method.

The yr st al gor it h mertarih and Obsere (RRO$ algordhsn, whish t h e

also is known a%hill climbing" algorithm. In this algorithm, perturbation is provided to

the voltage at that the module is currently driven. This perturbation in voltage will lead

to a change in the power output. If an increasing voltage leads to an increasing in

power, the operating point is at a lower voltage than the MPP, and hence further

voltage perturbation towards higher voltages is required to reach the MPP. In contrast,

if an increasing voltage leads to a decreasing power; further perturbation towards lower

voltages is required in order to reach the MPP. Hence, the algorithm will converge

towards the MPP over several perturbations.

Next, we look athe Incremental Conductance Method. The conductance G of an electrical

component :i $=ld¥yned asnce, we have

At the MPP, the slope of the-W curve is 4,

zero, hencedP / dV = 0. —

We can writedP / dV = d(IV) / dV TJ
=1+ Vdl/dVv ——

If the sampling steps are small enough, th&}

approximationd | / d V Fcarebé UsedV Al

We ¢ aa&V/lthe &drémental conductance &V

and 1/V the constanteneous conductance.

These relationships are exploited by the incremental conductance algdéigjune 12shows

a conceptual pow chart. Note that t his bov

instantaneous voltage and current are the observable parameters, the instantaneous voltage is

[ . y A

- i V = Voo
I i, -
Il_r ]t II |I.|-|-|P|'\..
Ll
V

": II'r > II.r|1'||_1|'|.
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also the controllable parametéfs is the voltage value forced on the P\bdule by the

MPPT device. It is the latest approximation of thgp,y For any change of theperating

point, the algorithm compares the instantaneous thghincremental conductance values. If

the incrementatonductance is larger than the negative ofitkeantaeous conductance, the
current operating point is to the left of the MPP; consequentlymist be incremented. In
contrast, if the incremental conductance is lower than the negative of the instantaneous
conductance, the current operating pomtto the left of the MPP and the voltage is
consequently decremented. This process is iterated until the incremental conductance is the
same as the negative instantaneous conductance, in which,gasényp

LR

Al =1e)—He — Ar)
AV =1{t)— Wit — Atl)

Increase
L.'

Cecrease
¥

Maintain
V..
Figure12.A concept ual inecremental ¢doaductance dlgorithme

Photovoltaic Converters

A core technology associated with PV systems ispitwer electronicconverter.An ideal

PV converter should draw the maximum power from the PV panel and supply it to the

load side. In case of grid connected systems, this should be done with the minimum
harmonic content in the current and at a power factor close to unity. For stand-alone
systems the output voltage should also be regulated to the desired value. In this section a

short review ofdifferent topologies often associatasith PV systems is given. The
semiconductoswitches in the following are assumed to be ideal.

DC-DC converters

DC-DC converteraref u |l y | multipl e pDCpgowesistsansfoimad imbon i nv
AC power.The DC input voltage of the inverter often is constant wiilie output voltage of

the modules at MPP is not. Theref@d&GDC converter is used to transform the variable
voltage from the panels into stable voltage usgdhe DCGAC inverter. Additionally, the

MPP Tracker controls the operating point of the modules, but it cannot set it. This also is
done by the DEDC converter. Further, in a staatbne system the MPP voltage of the
modules might differ from that required by the batteries and the load. Alsp &@édCDC
converter is useful. Three topologies are used foflCconverters: buck, boost, and buck
boost converters.

Step-Down (Buck) Converter

Figure 13 (a) illustrates the simplest version of a buck-D@C converter. The
output voltage waveform of such a converter operated with pulse-midthulation (PWM)

is shown in Figl13 (b).
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Figure 13: (a) A basic buck conveytehe wiubhhbuér ady

waveform generated by this converter.
If the switch is on, the input voltage;Vs applied to the load. When the switch is off, the

voltage across the | oad is zero. From the Vo
denotlas\,. From the unyltered voltage, the aver
.]. .T ] |I|||'|

Vs T / wlf)dt f.,r.."i{,-rﬂt-n,. Tl-jj.

The 'different var idgtbhles Toarsidmpymnég itmeFidg scu
term, the duty cycle D, ab = t,n/ Ts and henceV,=D X V4

In generathe output voltage with such a high harmonic content is undesirable, and some
yltering is required.

Figure14 shows a more complex model of L

a stepdown converter that has output +y
ylters included and \
resistive load. Asylter elements an L,
inductor L and a capacitor C are uséte
relation between the input and the output
voltages, as given above is valid in T —Tc v
continuous conduction mode, i.e. when -

the current through the inductor never

reaches zero val lye bdouregpldwis beclocnkt | GadwWer t er w
converter.

-
+

Step-Up (Boost) Converter
In a boost converter, illustrated in Fith, an input DC voltage Ms boosted to a higher DC
voltage \,. By applying the inductor velkecondo al ance acr oss the induc

ll.lll.J.l.ln T :1-{_' lllr_ll:J.,J_-: I:..:I
Using the deynition fromrlowér odtagal (solaycellolage) te we

ynd: Vo /Vq=1/(1-D) the higher voltage (load voltage).

The above relation is valid in the >4 ——
continuous conduction mode. .-

The principle of operation is thanergy AL

stored in the inductor (during the switchis *| © ~ = - I:]
on) is laterreleased against higher voltage * \

V,o. In this way theenergy is transferred - _
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Figure15:A boost converter with ylters.
Buck-Boost Converter

In a buckboost converter the output e,

voltage can beither higher otower than "

the input voltage. The simgkd schematic

of a buckboost converter is depicted in | -

Figure 16. Using inductor volt second ”-' Lo -

balance as 3 L "
= C Load

lllllr,"lr_ ] | II; ”'.'“ I;II _ o

v D Figure 16: A buck-boost converter.

V; 1-D

MPP Tracking

In MPPT algorithms, usually the operating
point of the module is set such that its
power output becomes maximal. However, ' e
the MPPT algorithm itself cannot actually I I

adjust the voltage or current of the — [ e
operating point. For this purpose a DT '
converter ineeded. Figur&7 shows such V, v;
a combination of the unit performintpe —
MPPT and DGEDC converter. As ' ¥
il lustrated in the y_
measures the voltage or the current on the
load side and can vary those by adapting Figure 17: A combination of a unit
the duty cycle of the DDC conerter. In performing an MPPT algorithm and a BC
this illustration, current and voltage on the ~ DC converter

load side are measured, but they also can

be measured on the PV side.

Example

Assume a PV modwule has its MPF at Vpvy = 17 V and
Ignyg — 6 A at a given level of solar irradiance. The module has
fo poseer a load with a resistoonce R = 1002, Calculate the
dacty cycle of the DC-DC comoerter, if a buck-boast commoerter is
tesexd.

The mraxinnom power froem the modude is Pygpp = Vaasre
harp = 102 W If this posver showuld be dissipated at the res-

istor, vy hhaoe to 1ese the relation
Pg — UR/R

and hence find for the voltage at the resistor

ViR = vV Parp Ry — 3194V
Uising Eg_(I7.17).
vV, D
Ve X 1I—D
wath V, = Vg and Vi — Vpy woe find D — 0.65.
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DC-AC converters (inverters)

As nowadays most appliances are designed fostdreard AC grids, for most PV systems a
DC-AC converterns required. As already stated earlier, the temwerter is used both for the
DC-AC converter and theombination of all thecomponents that form the actuabwer
converter.

Figure 18 shows a very simple example of _fa
a so called H-bridge or full-bridge +
inverter. On the left, the DC input is \S, \S.
situated. The load (or in our case the AC s _
output) is situated in Iheeen four v, ] = d‘ .
switches. — _

\S: \S:

Figure 18: A simple representation of an
H-bridge.

During usual operation we can distinguish between three situations:

A. All four switchesopen: No current pows across the | oad
B. S1 and S4 closed, S2 and S3 open: Now a current ipowing to through the load, where +

is connectedo theleft and- is connected to the rigiitand side of the load.

C. Sl and S4 open, S2 and S3 closed: Now a current is powing t
- is connected to the left and + is connected to the-hightl side of the load.

WARNING: It must be assured that S1 and S2 never are open at the same time because this
would lead to shottircuiting. The same is true for $Bd S4

falow-pass ylter consisting of capacitors
and inductors is used, as in Figur® the -
high frequency compor
and hence a very smooth sitirve can be
obtained that complies with the regulations v
for grid-conrected systemsFigure 19:
lllustration of an Hbridge containing a
|l ow pass ylter for
frequency components of the signal.

Figure 20 shows the unylt s PMW output of bridge

out put an dinesignaoutgut.t er ¢ ™ -'MUHWHM .

Figure20: The unyltered PW “ll
Me 3n'~'n-:ul-tage output

i

the sine signal that is obtained with a low
pass ylter.

Note that in Fig.19 diodes are connected in parallel to the switches. The reason for placing
these diodes ighe following: If the switch goes from closed to open very fast, no current can
pow through the inductor anymor e, meaning t
inductor is very high. This induces a voltage given\Wy,quced = L d1/dt

Which is thehigher the faster the current changes. As high induced voltages will damage the
electric circuitry, they must be prevented.
the switch opens. Hence current i seafngwi ng al
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Since this c o-copngated,ave easily cam deterginel tide required DC input
voltage, which must be minimal the peak voltage of the AC voltage. For an effective AC
voltage of 240 V, as used in large parts of the world, the peak vadtage

Vpeak = 1.1 (2)¥2* 240 V = 373 V, where we also took a 10% tolerance into account.

Inverters are selfommutated inverters thajenerate an output with very little harmonic
contentas described above and in Fafl The switches therarefully-controllable such that

pulsewidth modulationbecomes possible. As switches, GTOs (gate-offrrthyristors),

IGBTs (insulateegate bipolartransistors) otMOSFETs (metabxides e mi conduct or
effect transistorsare used

Batteries

In this sedbn we discuss a vital component not only of PV systems but of renewable energy
systems in general. Energy storage is very important at both small and large scales in order to
tackle the intermittency of renewable energy sources. In the case of PV sy#tems,
intermittency of the electricity generation is of two kinds:

first, diurnal puctuations, i.e. the difference
Secondly, t he seasonal pbuctuations, i.e. the dif
winter nonths.

Solar energy application requires a high energy density and a reasonably high power density.
For example, we cannot use capacitors because of their very poor energy density. For short
term to medium term storage, the mostmmon storage technolo@y course is the battery.
Batteries have both the right energy density and paleesity to meet the daily storage
demand in small anchediumsize PV systems.

Batteries are electrochemical devices that convert chemical energy into electrical

energy. Wecan distinguish between primary and secondary batteries.

Primary batteries convert chemical energy to electrical energy irreversibly.

For example, zinc carbon and alkaline batteries are primary batteries.

Secondary batteries or rechargeable batteries, as they are more commonly called,

convert chemical energy to electrical energy reversibly. This means that they can be
recharged when over-potential is used. In other words, excess electrical energy is stored in
these secondary batteries in the form of chamienergy. Typical examples for
rechargeable batteries are lead acid or lithium ion batteries. For PV systems only
secondary batteries are of interest.

Types of batteries

Lithium ion batteries (LIB) and lithiurion polymer batteries, which are often reéetrto as

lithium polymer (LiPo) batteries, have been heavily investigated in recent years. Their high
energy density already has made them the favorite technology forwladht storage
applications for example in mobile telephones.

Leadacid batteries are the oldest and most mature technawgyable. They will be
discussed in detail in this sectidreadacid batteries and LIB, the two main storage options

for PV systems, are similar in the sense thatrthisictrodes undergo chemical conversion
during charging and discharging, which makes their electrodetegenerate with time,

l eading to inevhealblagag t@agei ngndo cofnt rast , re
properties of both batteries and fullls, as illustratedn Fig. 21. Two liquids, a positive
electrolyte and a negativelectrolyte are brought together only separatedh bjembrane,

which only is permeable for protons. Teell thus can be charged and discharged without the
reactantsbeing mixed, which in principle prevents the liquidi®m ageing. The chemical
ener gy i n batteryis stooer in iis@ wlectrolytes, which are stamdwo separate

tanks. Since it is easy to make the talakger, the maximal energy that can be staresuch
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a battery thus is not restricted. Further, the
maximal output power can easily be
increased by increasing tharea of the
membrane, for example by using more
cells at the same time. The major
disadvantages is that suahbattery system
requires additional components suchs
pumps, which makes them more
complicated thaother types of batteries.

/
proton
exchange

membrana
Pump Pump

Figure 21: Schematic redcp o w
that employs vanadium ions.

battery

Figure 22 shows a sketch of a leadtid battery. A typicabattery is composed of several
individual cells, of which each has a nominal cell voltage around 2 V.
In the block assembly, the individual cells share the housing and are interconnected
internally. For example, to get the typical battery voltage of 18i¥/cells are connected in

series. As t he name

suggest s, | ead

acid bat

they use diluted sulphuric acid,80,. Two plates of opposite polarigre inserted in the
electrolyte solution, which act @be eletrodes. The electrodes contain grid shaped lead
carrier and porous active material. This porous aatimaerial has a spondie structure,
which providessufficientsurface area for the electrochemical reacfidre active mass in the
negative electrode lead;while in the positive electrode lead dioxide (Bp@ used.

Through partition Tapered terminal post
conectors l". ¢’

-
o ey
ent plugs ~ T

-
e

Container — |

d
- ]
Sediment space Element rests

Figure 22: Schematic of a leadcid battery.

Battery parameters
Voltage

- Cover
-~

~~"_ Post straps i
1~ _ Plate lugs

il =
.~ Positive plate
"

Envelope
~ separators

+ | external | =
circuit

Positive plate Negative plate

The voltage at that the battery is rated is the nomvioléhge atwhich the battery is supposed
to operate. Theo called solar batteries or lead acid grid plate battaresisually rated at 12

V, 24 Vor48\V.
Capacity

The term capacity refer® the amount of charge that the battery can dektethe rated
voltage. The capacity is directly proportionab the amount of electrode material in the
battery.This explains why a small cell has a lower capaitign a large cell that is based on

the same chemistrgven though the open circuit voltage across the cellbeithe same for

both the cells. Thus, the voltage of the cell is more chemistry based, while the capacity is
more based on the quantity of the active materials used.
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The capacity C is measured in ampkoeirs (Ah). Note that charge usually is measured in

coul omb (C). As the electric current i s deyn
another unit of charge. Since 1 C = 1 As, 1 Ah = 3600 C. For batteries, Ah is the more
convenient uni t because in the ywienedsuredf el e

in watt-hours (Wh). The energy capacity of a battery is simply given by multiplying the rated
battery voltage measured in Volt by the battery capacity measured irhAump,
Ebat = Cpat X V, wWhich results in the battery energy capacity in taburs.

C-rate

A brand new battery with 10 Ah capacity theoreticaliyr deliver 1 A current for 10 hours at
room temperatureOf course, in practice this is seldom the case duseteral factors.
Therefore, the @ate is usedwhich is a measure of the rate of discharge of the battery
relative to its capacity. 't is deyned as ovehtee dsohdrge cupdnte o f
that the battery can sustamver one hour. For example, ar@te of 1 for a 10Ah battery
corresponds to a discharge @nt of 10 A over 1 hour. A €ate of 2 for the same battery
would correspond to a discharge current of 20 A over half an hour. Similarlyaie ©f 0.5
implies a discharge current of 5 A over 2 hours. In general, it can be said thatend® n
correspnds to the battery getting fully discharged in 1/n hours, irrespective of the battery
capacity.

Battery efficiency

For designing PV systems it i's very import a
For storage systems, usually the rotind i pienay fs yisedwhich is given as the ratio of

total storage system input to the total storage system output,

Enut
at = = 100%.

lEi1'|
For example, if 10 kWh is pumped into the storage system during charging, but only 8 kWh
can be retrieved during discharging, the ro
Theroundt r i p efyciency of batteries ecfashthdbe br o
voltaic efyciency, which is the ratio of t
charging voltage,

/ discharge .

y = ——2 100%

“charge

This efyciency covers the fact t hat t he cha
voltage in order to drive the reverse cheah(charging) reaction in the battery.
Secondly, we have the coulombic efyciency (or Fe
ratio of the total charge got out of the battery to the total charge put into the battery over a full
charge cycle,

discharge
e = = R 00%,

charge
Thebattery efyciency then is deyned as the pr

1"11'13":}'..31';.1-: Ql.iinrlmrgu 100%.

Moat = Mv “llc = =7
]K'h.m.;u Qu:lm Ige
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When comparing different storage devices, usually thisrdundi p ef yci ency i s ¢
includes all the effects of the different chemical and electrical no idealities m¢currthe
battery.

Charge controllers

Charge controllers are used in PV systems that use batteries, which are stand-alone
systems in most cases. As we have seen before, itvsry important tacharge and discharge
batteries athe right voltage andurrent levels in order to ensuaelong battery lifetime. A
battery is anelectrochemicaldevice that requires a small oyeotential to becharged.
However, batteries have strict voltage limitwhich are necessary for their optimal
functioning.

Further the amount of current sent to the battery byPh¢ arr ay and the cur
through the batteryhile being discharged have to be within wetle y riraitd for proper
functioning of the battery. We havseen before that lead acid batteries suffer from
overcharge and over-discharge. On the other hand, the PAfray responds dynamically to
ambient conditions lik@radiance, temperature and other factors like shadihgs, directly
coupling the battery to the PV array and the loads is detrimental to the battery lifetime.

Therefore a device is needed that controls

the currentspowing between the battery, HEH EEE DC ) Load

the PV array and the loahd that ensures HEE EER

that the electrical parameters presainthe HEN| EEE

battery are kept wit| | HHENHER ions
given by the battery manufacturefhese HEN EER

tasks are done kycharge controller, that HENH BER

nowadays has several different HEN EER

functionalities, which also depend on the HEN BER| =
manufacturer. A schematic of its location B Modules Charge atteries
in a PV system is shown in Fi@3. controfler

When the sun is shining at peak hours during summer, the generated PV power

excesses the load. The excess energy is sent to the battery. When the battery is fully charged,
and the PV array is still connected to the battery, the battery might overcharge, which can
cause several problems like gas formation, capacity loss or overhdatirgg.the charge
controller plays a vital role by de-coupling the PV array from the battery.

Similarly, during severe winter days at low irradiance, the load exceeds the power generated
by the PV array, such that the battery is heavily discharged-disararging tke battery has

a detrimental effect on the cycle lifetime, d&scussed aboveThe charge controller
prevents the battery from being over-discharged by disconnecting the battery from the

load.

For optimal performanced, he battery voltage has to be wi
controller can help in maintaining an allowed voltage range in order to ensure a healthy
operation. Further, the PV array will have its,¥ at different levels, based on the
temperature andrradiance conditionsHence, the charge controller needs to perform
appropriate voltage regulation to ensure th
while the PV array is operating at the MPP. Modern charge controllers often have an MPP
tracker integrated.

Cables

The overall performance of PV systems also is strongly dependent on the correct choice of
the cables. We therefore will discuss how to choose suitable cables. The cables have to be
chosen such that resistivesg®es are minimal. For estimating these losses, we look at a very
simple system that is illustrated in Fithe system consists of a power source and a load with
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resistance R Also the cables have a _{ ) ]_{ Ruable I_

resistance Rpe, Which also is sketched.
The power loss at the cables is given as —

|+

Pcable = 1 * AV caple, -
wh e r eae @Mhe voltage drop across
the cable, which is given as

AV _ v R cable Figure 24: lllustrating acircuit with a load
cable = " R. + Raable R. and cable resistance e The
Using V = I(RL + Reaple) connections drawn in between the

, _ 42 components are lossless
we y m:age =1"x Rcable P

Hence, as the current doubles, four times as much heat will be dissipated at the cables. It is
now obvious why neadern modules have connected all cells in sekieisus now calculate the
resistance of a cable witbngthL and cross section A. It is clear, thak ifs doubled, Rcable
doubles. In contrast, if A doubleR,..nedecreases to half. The resistatiogs is given by

f 1
R . =op = i
o | l.""l'l. -" "1 o ;"1

wherej i s the speciyc r esilstsantchee ogpercea sicstdosr
conductivity. If both,Land A are given in meters, theirunits agp [ = q O =@®mand |
where S denotes the unit for conductivity, whiclsismens.

PV System Design

There are two main paradigms for designing PV systémst, the system can be designed

such that the generated power and the loads, i.e. the conpomed matchA second way

to design a PV system is to base the design oroeaies. We must distinguish between grid
connected and offrid systems. As we will see, grbnnected systems have very different
demands than offrid systems.

A simple approach for designing off-grid systems: design a simple offrid system, as
depictedin Fig. 25 andpresented here is based on very simple assumptions and does not take
any weathedependent performance changes into account.

Nonethel ill see the major st | | | | | |
onetheless, we will see the major steps BN N | || -
that are necessary for designing a system. | | | | o | | . | | .-
Sucha simple design can be performed in | | Eamamm| | Enenmn | | Eamnm | |-
a six step plan: N (NN NN .
: A | | | | | | NN
1. Determine the total load current and [ [ E—
operational time.
2. Add system losses. el — @

3. Determine the solar irradiation in daily =
equivalent sun hours (ESH). % s @
4. Determine total solar array current -

requirements | I l
5. Determine optimum module rn | n] [n m] (n ”1 "n ”1
arrangement for solar array Botterics

6. Determine  battery size  for

recommended reserviene.

Figure 25: lllustrating a simple offyrid
PV system with AC and DC loads

17



Determine the total load current and operational time

Usual nominal voltages are 12 V or 24 V. When knowing the voltage, the next step is to
express the daily energy requirements of loads in terms of current and average operational
time expressed in Ampeteurs [Ah].

In case of DC loads the daily energy [Wh] requirement is calculated by multiplying the

power rating [W] of an individual appliance with the average daily operational time [h].

Dividing the Wh by the nominal PV system operational voltage, the required Ah of the
appliance is obtained.

Example: A 12 V PV system has two DC appliances A and B requiring 15 and 20 W
respectively. The average operational time per day is 6 hours for device A and 3 hours for
device B. The daily energy requirements of the devices expressed in Ah aratedlas
follows:

Device A: 15 W x 6 h =90 Wh

Device B: 20 W x 3 h = 60 Wh

Total: 90 Wh + 60 Wh = 150 Wh

150 Wh/12 V = 12.5 Ah

In case of AC loads the energy use has to be expressed as a DC energy requirement since PV
modules generate DC electricity. 8DC equivalent of the energy use of an AC load is
determined by dividing the AC |l oad energy
typically can be assumed to be 85%. By dividing the DC energy requirement by the nominal
PV system voltage the Ah ist@gemined.

Example

An AC computer (device C) and TV set (device D) are connected to the PV system. The
computer, which has rated power 40 W, runs 2 hours per day and the TV set with rated power
60 W is 3 hours per day in operation. The daily eneegyirements of the devices expressed

in DC Ah are calculated as follows:

Device C: 40 Wk 2 h = 80 Wh

Device D: 60 Wx 3 h =180 Wh

Total: 80 Wh + 180 Wh = 260 Wh

DC requirement: 260 Wh/0.85 = 306 Wh

306 Wh/12 V = 25.5 Ah

Some components of the PV systamch as charge regulators and batteries require energy to
perform their functions. We denote the use of energy by the system components as system
energy losses. Therefore, the total energy requirements of loads, which were determined in
step 1, are incrasa with 20 to 30% in order to compensate for the system losses.

Example

The total DC requirements of loads plus the system losses (20%) are determined as follows:
(12.5 Ah + 25.5 Ah) x 1.2 = 45.6 Ah

Determine total solar array current requirements

Thecurrent that has to be generated by the solar array is determined by dividing the total DC
energy requirement of the PV system including loads and system losses (calculated in step 2
and expressed in Ah) by the daily equivalent sun hours (determineg iB)ste

Example

The total DC requirements of loads plus the system losses are 45.6 Ah. The daily EHS for the
Netherlands is about 3 hours. The required total current generated by the solar array

is45.6 Ah/3h=152A.

Determine optimum module arrangement for solar array

Usually, PV manufacturers produce modules in a whole series of different output powers. In
the optimum arrangement of modules the required total solar array current (as determined in
step 4) is obtained with the minimum number of moduldsdules can be either connected
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in series or in parallel to form an arraywhen modules are connected in series, the
nominal voltage of the PV system is increased, while the parallel connection of modules
results in a higher current. The required number of modules in parallel is calculated by
dividing the total current required from the solar array (determined in step 4) by the
current generated by module at peak power (rated current in the specification sheet).
The number of modules in series is determined by dividing the nominal PV system
voltage with the nominal module voltage (in the specification sheet under configuration).
The total number of modules is the product of the number of modules required in
parallel and the number required in series.

Example
The required total current generated by the solar array is 15.2 A. We have ShelHSM50
modul es available. The speciycation of these

is 3.15 A. The number of modules in parallel is 15.2 A/ 3.15 A = 4.8 < Sul@edThe
nominal voltage of the PV system is 12V and the nominal module voltage is 12 V. The
required number of modules in series thus is 12 V/ 12 V = 1 module. Therefore, the total
number of modules in the array is 5 x 1 = 5 modules.

Effect of temperature on the solar cell performance

The effect of a module temperature deviating from the 25°C of STC is expressed by the
temperature coefycients that given on the dée
knowing the temperature coefycient

of a certan parameter, its value at a certain temperatyrean be estimated with

d Ve

Voc{Tat: Gerc) = Ve + (STC)(Tas — Torc )

d

3] -

Lic(Tpg, Gsre) = I + T (STC)(Tyy — Tsc)s
f.

|-|-|PP|T_'..L. GF'['L } = F"‘PF' -+ T [STC) T.".! - Tf-'.'_l'l._':'

- Ppp(Ta Gsre)
1(Th, Gstc) = Gore :
I f the efyci ency othgE mpoegventinihe datasheeg it carc be ebtained
by rearranging

ol
M Tag. Gsre) = 7(STC) + - ’I-:ETlelT,I| —25°C). (18.28)

T
An increase in the solar cell temperature will shift thé ¢urve as shown in Fig26. The
slight increase in the short circuit current at higher temperatures is completely outweighed by
the decrease in open circuit voltage. The overall effect is of a general linear decrease in the
maximum achievable power and therefore a decrease inshe sym ef yci ency and
This effect is due to an increase of the intrinsic carrier concentration at higher temperatures
which in turns leads to an increase of the reverse saturation cugremthich represents a
measure of the leakage of carriacsoss the solar cell junctions. The exponential dependence
of I, from the temperature is the main cause of the linear reduction,ofwih the
temperature,
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Vo= (KT/e) In (15/1)

On the other hand, the slight increase in the generated current s @unederate increase in

the photogenerated current resulting from an increased number of thermally generated
carriers. The overall reduction of power at high temperature shows that cold and sunny
climates are the best environment where to place a sclEmnsy

Current [

Voltage V
Figure 26: Effect of a temperature increase on{¥iesblar cell characteristic.

Effect of light intensity on the solar cell performance

Intuitively, performances of a solar cell decrease considerably with decreasing light intensity
incident onthe module with respect to STC. The evaluation of the extent of this reduction is
however less straightforward than for the case of the temperature since solar manufacturer
often do not explicitly provide a inteestiyuct i on
|l evel. By deynition the efyciency is given b
d=(lsc X FF X Vo) / Gpm

Where G is the incoming radiation. The maximum variation of the FF for light intensity
between 1 and 1000 Wfris about 2% for CdTe, 5% for-Bi:H, 22% for polycrystalline

silicon, and 23% fomono-crystalline silicon. The short circuit current of a solar cell is

directly proportional to the incoming radiation,

Isc =A GM

where & is simply a constant o f proportione
efycienuwntteneaan be

= FFAE?T(MGM +InA —Inlp).

From this model the values of.l, Vcand t he efyciencywainbea irr;
determined from the STC as follows

]I'IGM
Vae(25°C, Gay) = Vae STC .
oc M) = Vool ]lnGgrc

G
Iic(25°C, Gpy) = Iic(STC) G;::,

Pyipp(25°C, Gay) = FF Ve (25°C, Gy)c(25°C, Gyy)

Pypp(25°C, Gyy)
EEGC, G — MPP M -
Ul M) ey
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Designing off-grid PV systems

We take a closer look on the design of@fid PV systems (also called staalbne sgtems).
Choosing agood design is more critical for edfrid systems than for grHdonnectedsystems.
The reason for this is thatff-grid systems cannot fall back on the electricity grid, which

increases the requirements on the reliability of thegaff system.

A major component of offrid systems is the storage component, which can store energy in
times when the PV modules geai more electricity than required and it can deliver energy
appliances
A major design parameter for affid systems is the required number of autonomous days,
i.e. the number of days a fully charged storage must be able to deliver energy to the system

to the

until discharged.

electric

when

t he

el ectrioc

Figure 27 (a) shows a schematic of anrgrftl system with all the required components, i.e.

the PV array, a maximum power point tracker (MPPT), a chargeatier (CC), a discharge
controller (DC), a battery bank (BB), an inverter, and the load. The CC prevents the BB from
being overcharged by the PV system, while the DC prevents the battery to be discharged
below the minimal allowed. In the simplest cagey (dis)connect the PV system and load

from the battery by switches. For optimal charging, however, nowadays

often CC with pulsevidth modulation (PWM) are used. By far not all -gfid systems
contain an MPPT, thus it is represented with a dashedHmweever, if
an MPPT is present it usually is delivered in one unit together with the CC. Usually, the DC
and inverter are combined in one battery inverter unit. Especially at larger systems the
inverter currents may become very large. For example, if @ ®4@ad is present for a short
time, this means 100 A on the DC side in a 24 V system. Therefore the battery inverter
usually is directly connected to the BB with thick cables. In very small systems with maximal
powers of several hundreds of Watt, the &@ DC may be combined in one unit.

(a)

] ] / / "
: » | CTEEEE [h;inffge
[} 1 [ [
A|ie s ERE
ML $ vl - b | ¥ -
] ' | Controller Controller

Inverter

[ ] MPPT + cC + DC + Inverter

I l p_’r.

Battery
Bank (BE)
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(b)

charging
= regime
o
E discharging
regime

Figure 27: (a) PV top=(;Iogy ofanofgr i d syst e m.-V duve) andSchemmaticiofy e d |
the battery bak.
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