Sun geometry

Because of the Earth’s orbit and rotation, the position of the sun relative to a
solar array 1s constantly changing. Designers use several geometrical techniques
o design an array thar will caprure the most solar enerpgy possible. The location
of the sun is specified by two angles which vary both daily and annually.




Figure 2.16 The sun's altitude |5
shown in blue while its azimuth is
represented by green
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The sunpath diagram 15 composed of:

azimuth angles, represented on the crcumference of the diagram;
alotude angles, represented by concentric circles;

sunpath lines from east to west for ditferent dates i the year;
time of day lines crossing the sunpath lines;

location information that refers ro latitude.




BT Winter arc

Figure 2.19 Sunpath diagram of Sydney has been used to find the precise locaton of the
sun on 1 Decamber al 10am. 1 Decambar i highlighted on the right of the crele, this line is




The position of a solar module 15 referred o as its orientation. This orientation
of the solar array 15 very impaortant as it aftects the amounr of sunlight hirnng
the array and hence the amount of power produced. The orientation generally
includes the direction the solar module 1s facing (i.e. due south) and the tilt
angle, which is the angle between the base of the solar module and the
horzontal. The amount of sunlight hitting the array also varies with the time
of day because of the sun’s movement across the sky,
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Figura 2.21 If ihe samea
collector is laid hosizontally
on the Earth's surface at the
same lime as in the image
above, the collector only
caplunes 9 rays
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Figure 2.22 A solar array
hornzantal ta the ground will
recaiva the most radiation at
sodar noon when the sun is
cirectly owarhead
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Box 2.5 Magnetic declination

When installing a photovoltaic system it is important to consider the magnetic declination of a location {also
known as magnetic variation). Magnetic declination is the difference between true north (the direction of
the north pole) and magnetic north {the direction in which a compass will point). A solar systam should face
true north or true south and so the magnetic declination angle of the location shoukd be considarad,

In New Orleans magnetic declination is approximately 0° and so the compass would point to true north.
In Seatile, however, the magnetic declination angle is approximately 17" east, so when the compass points
to 172 east it is in fact facing true north or true narth is 17° weast, A PY systam in Seattle should be installed
facing 197° east (or 163° wast) s0 as to face true south.

True north
b Magnetic north

Magnetic variation

5l

West East

Figure 2.23 Magnetic declination is the bearing between true
north and mageetic norh

Source: Global Sustanabie Enargy Solutions

Figure 2.24 In Seattle magnetic north is
(IS alway*s 17#east of rue north g
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Box 2.2 Solar radiation terminclogy

Peak sun hours {(PSH): Daily irradiation is
commonly raferred to as daily PSH {or full sun
hours), The number of PSH for the day is the
number of hours for which power at the rate of
1kWim* would give an equivalent amount of
anergy to the total energy for that day. The terms
peak sunlight hours and peak sunshine hours
may alsa be used.

Irradiation: The total quantity of radiant soclar
energy per unit area received over a given
period, &g daily, monthly or annually.

Insolation: Another term for irradiation. The
amount of solar radiation incident on a surface
over a penod of tima. Peak sun hours (KWh/m?/
day) are a measurement of daily insolation.

Irradiance: The solar radiation incident on &
surface at any particular point in time measured
in W/ime,

Irrad g
=— Sur's path during the day
% “
& # \
1 B :
.".'! '=\a

l." ."

) L
| - \ Hrur of
| Theday

700 pm 1000 am 20pm S30pm

Figura 2.6 Paak sun hours are very useful in system yiald
cabculations {see Chapter 9); ong PSH represents 1 howr

of radiation at 1kW/m?. Because the sun doas not shina
congistently all day the number of paak sun hours will always
b less than the numbaer of Rours In a day

Source: Global Sustainable Enengy Solutions




Example

If sunlight is reg¢eived at an irradiance of 1000W/m? for 2 hours, B00Wm? for 1.5 hours and 200W/m® for
1 haur, the total radiation received that day is 3.1PSH:

1000W/m* = 2 hours + BDOWM = 1.5 hours + 2000W/m? = 1 hour = 3100W/nviday

3100W/m#/day + 1000Wim’/day = 3.1PSH




The effect of the Earth’s atmosphere
on solar radiation

¢ Radiatnon 1s reflected off the :il:m:_asphcrc: hack into Space.
o  Radiation s reflected off clouds in the stratosphere,
* The Earth' surface itself reflects sunlight.

The average portion of sunhght reflected trom the Earth (the Earths albedo) 15
30 per cent. Polar regions have very high albedo as the ice and snow reflect
most sunlighe, while ocean areas have a low albedo because dark seawarter
absorbs a lot of sunlight.
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Figure 2.9 From the surface of the Earh, air
mass is direClly rakated 1o the altitede of e sun
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Semiconductor devices

Solar cells are made from semiconducting marerials. Semiconductors are matenals
that conduct electriciey under certain conditions, so they are neither insulators
nor conductors, The most common semiconductor material is silicon. To improve
its conductivity, it s often combined with other elements iy a process known as
doping. Semiconductors are used frequently in elecrromics, including PV cells,
hght-emittung diodes (LEDs) and microchips such as those used in computers.




Dye-sensitized solar cells

Dyve solar cells are stll technologically immature. At the atomic level they
operate very differently from other solar cells and do nor use silicon. Dye solar
cells use atanium dioxade (also used in toothpaste) and coloured dyes; they can
be manufactured at a much lower cost than other solar cells and work better in
low light. Dye solar cells are transparent and can be produced in many different
colours, making them ideal for architecrural applications as windows. Dve
solar cells also have potential in military applications as they can be made in
camouflage patterns.

Figure 3.10 Dve solar cells ara available
in a range of attractive colours and are
traneparent so 1hey can be integrated mnio
tha facada of 8 building
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Sliver cells

Sliver cells were developed ar the Australian National University and are very
thin monocrystalline silicon solar cells. Thev are unique as silicon cells because
they are bifacial {they can absorb light from both directions). Sliver technology
has achieved cell efficiencies of over 19 per cent and module efhiciencies of 13.8
per cent. The technology is in its early stages of commercialization but shows
a lot of potential for applications in building-integrated photovoltaics,

Figure 3.12 Sliver ce
are also transparent a
flaxibla

Source: Ausiralian Nalnon;l
\




Ill-Y Semiconductors

-V or extrinsic semiconductor solar cells use an element from group 11 of the
periodic table and an element from group V (as opposed to silicon which 15 a
group IV element), such as gallium arsenide which s commonly used in space
grade solar cells. These solar cells are commonly muln-junction so they are in
tact many lavers of solar cells, which will collect different colours of visible light.
They also frequently use advanced solar concentrator technology to maximize
incoming solar radiation. Extrinsic semiconductor multi-juncrion solar cells are
the most efficient and most expensive technology on the market. The highest
recorded laboratory efficiency is 41.6 per cent and is held by Spectrolab Inc in
the LS. Due to their high cost, HI-V semiconductor cells are normally used for
space applications such as satellites or other big-budger, high-performance, solar-
powered devices such as solar planes and solar racing cars (see Figure 3.13).

NS




Solar concentrators

Solar concentrators are used to mcrease the intensity of light hiting the cell so
that 1t will generate more electricity (the output power produced by a solar cell
is dependent on the mrensity of lighe hirning thar cell). There are many different
kinds of solar concentrators availlable for a variety of apphcations, bat the most
commaon are lenses or reflective troughs used o focus light.




Box 3.1 Solar cell efficiency

Efficiency is a unitless measurement used to indicate how well a8 device changes one form of energy (i.e.
heat, movement, electricity etc.) into another. Efficiency is mentioned a great deal in connection with solar
calls, so it is important to understand what is meant by it and what it actually entails in relation to the
opearation of the cell. Many different forms of efficiency are used to describe the operation of a solar cell:

» Call efficiency: The amount of electrical power coming out of the cell per amount of light energy that
hits the cell, Lisually this is measured at standard test conditions (STC); 25°C ambient temperature and
1000W/m?® light intensity. A cell will rargly experience STC in the figld 5o it will rarely perform at its rated
efficiency. Efficiency and power output are related as follows:

Efficiency = Power OUT/Power IN

The standard value for power in (inadiance) is 1000W/m?. It the cell’'s efficiency is 22 per cent and it has
an area of 0.2m* then;

Power OUT = Efficiency x Power IN

Power OUT = 0.22 x 1000W/m? x 0.2m? NS

Pawer OUT = 44W

»  Module efficiency: The efficiency of a module is measured the same way as that of a cell, the diference

being the inclusion of losses from reflection and shading of the glass as well as a few other minor
logses.
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Multicrystalline/polycrystalline silicon

Multicrystalline or polycrystalline silicon solar cells are manutacrured by block
casting molten silicon, so they are not made from a single crystal ingot bur
rather from one composed of many small crystals, which grow in random
arientations as the molten material solidifies. This produces lower efficiencies
than monocrystalline cells; however, it is still a very popular technique because
it 15 casier and less expensive. Multicrystalline and monocrystalline sihcon solar
cells are those most commonly used in PV arrays, and commercially available
mulncrvstalline solar cells can now reach lahoratory efficiencies over 18 per
cent, with the record for module efficiency being 17.84 per cent.

Thin film solar cells

Thin film solar cells are made from marerials suitable for deposition over large
areas. They need only be about one macron thick, hence the name thin film (;
dot such as *." covers 615 microns and multicrystalline and monocrystalling
silicon solar cells are normally abour 300 microns thick]).







Table 3.1 Comparigon of different solar technologies

" Cell material

Module stficiency Surface area réguired  Surface area

for 1TkWp in metres reguired for 1kWp

squared in square feat
Konocrystalline silicon 1420 5-7m? SA-77 f°
Polyerystalline silicon 13-15% 6.5-8.5m" T2-8aNF
Amarphous silicon 6-9% 11-165m¢ 1101791
thary fibmn
CdTe thin fm 9-11%% g-11m® a8-110#f=

PQIS!CIGS thin filrm 10-12% E!.E»-iﬂrn;*' 90—16815’

Source: |EA
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The most common way to manufacture solar cells 1s by screen printing,
where the metal is simply printed onto the cell. This method is verv reliable and
is typically applied to solar cells producing efficiencies of abour 12-15 per cent.
Several factors need to be balanced when using screen printing:

o If there is too much space between the contacts, the cell will be less efficient.

e If the area covered by the contacts 15 oo large, the cell will receive less
sunlight and produce less power.

* For the contacts to be effective, the top of the cell often needs to be treated
in such a way that its absorbance of high-energy blue light is reduced.

Another method used by manufacturers to achieve solar cell efhaencies over 20)
per cent is rear or back conracts. This technology increases the working cell
area, allows a simplified auromared production and the cell wiring is hidden
from view. The most efficient commercially available silicon solar cells use rear
contacts (18-23 per cent). There is no metal on the front of the cell, which
means the whole cell is producing electricity.
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Figure 3.6 The matal contacts on this paherystalline cell are claarly visibie




Sareen Printed Sodar Cell

Buvied Conlact Solar Call

Figure 3.8 BCSC technology is used 1o
manufacture solar cells with much kigher
efficiencies than those that use screen
printing, However, screen prinbing is still the
dominant farm of cantast mardaclunng
because of Ha technical simplicity and cost
effectivenass

Soce f&::-ru:«:zl o Phodovollaic and Fensswakls
Enargy Engirearing, Universay of Mew South
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Standards

The PV industry is growing rapidly, resulting in many new manufacturers
producing PV modules. It is important thar only gquality modules are installed
and standards do exist. The most common standards apphlicable to PV modules
are:

» JEC 61215 Crystalline silicon terrestrial photovoltaic (PV) modules -
Design qualification and tvpe approval.

« [EC 61646 Crystalline thin-hlm terrestrial photovoltaie (PV) modules -
Design qualification and type approval.

e JEC 61730 Photovoltaic {PY) module safery qualification = Reguirements
for construction and requirements for testing.

These standards originate from the International Electrotechnical Commission:
www.icc.ch. In many countries a PV module must evidence compliance with
either IEC 61215 or 1IEC 61646 {depending on whether it is thin film or
crystalline silicon technology) and IEC 61730,




String 1 Sireng 2 String 3

Vmp = 165V Vmp = 150V Vmp = 135V
Imp = 54 Imp=4A Imp =44
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Vimp = 55V S5V Total
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Figure 4.16 To cakulate the power output of an array, first caloulate the cutput of gach stiing (as explaingd
pravicusiyl and then treal tha stings as theugh they were modubas and calculate the power output by
adding them in paraliel




Irradiance

The amount of selar radiation {sunlight) hirting the cell will largely determine
1Its power output.

The ourput of a FV array can be estimared wsing performance data provided
by the manufacturer on the data sheet. All arrays have a rated peak power
output, 1.e. an array can be described as a 1.3kWp array — meaning thar PV i3
installed to provide a 1.5kW peak of power. This output has been determined
by the manufacturer using standard test conditions, Using this information and
local solar insolation data (see Chaprer 2), it i1s possible to estimate the output
of an array.

Example
On a clear sunny day a 2kWp PV array received 6 peak sun hours: the 6 peak
sun hours equate to an encrgy inpuat of 6000W/m? per day. Expected output can
be determined as follows:

peak power output = peak sun hours = expected outpur

2kW x 6PSH = 12kWh




Current (A)

1.25 KW/m?

1.00 kW/m'*

0.75 kWi/m?

0.50 kW/m*

0.25 kW/m’

Voltage (V)

Figure 4.17 The IV curves for a cell oparating at differant irradiance values show he Increass
i power oulpul with irradiance
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Table 4.1 Monthiy peak sun hours for Sydnay, Australia
Month Average peak sun
hours {317 Lt} per day
Januany 508
Fabruary 5.11
hMarch 484
April 4.42
hay 3.87
JUI g 3.50
July 4 .04
Asgust 4.68
September 5.33
Qctober 2.51
Movember 5 a4
Dacember B.57
- Average 4.84 N
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cell temperature = ambient temperarure + 25°C

As hor temperatures adversely affect power outpur, output from a PV array has
to be caleulated taking the temperature effects into consideration, i.c. derating
an array’s outpur based on the operatng temperature conditions. Likewise, as

Current (A)

Decreasing maximum *
| power point, Pys

Figure 3.18 As power =
current x voltage (1 x V}, as
vollage decreases, power
decfoases

Sounse: s Susianabis
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Vaoltage (V)



Shading

PV cells require sunlight in order to produce electricity. It a cell receives no
sunlight due to shading it will not produce any power (even a small area of cell

e RPN

-
3 =

&s well as affecting the rest of the array



Shading of the array can lead to irreversible damage. Hot spot heating
occurs when a cell is shaded such that its power output is reduced and maost of
the current being produced by the other (unshaded) cells is torced through that
one cell causing it to heat up. This often leads to cell damage {cracking) and
can also damage the glass encapsulanon,

It s difficult to prevent shading. However, diodes can be used to mitigare
temporary shading (e, leaves that may have fallen on the arrayl, When a cell
is shaded or damaged, a diede can be used to give current another path o
follow. It will skip the damaged or shaded cell completely and have minimum
impact on the power outpurt of the array. This kind of diode is referred 1o as a
bypass diode and manufacturers typically install one, two or three bypass
diodes per module.
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Figure 4.3 Measuring the open-clrouit voltage of a module using a multimeater

Louroe: Frank Jackson

Short-circuit current flm: The current measured across a PV cell under short-
circuit conditions, voltage is zero.
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Figure 4.4 Measuring the shor-circuit cument of a module using a multimetar
Sourcs. Frank Jeckson
Maximum power point: The thaoretical maximum power output of a PV call, The

maximum power point (P__) is the product of the maximum power point voltage
(ch} and the maximum power point current [Im).




Current (A)

lsc

Figure 4.5 V_and

|, are the xand y
intarcepts respectivaly.
Ideally the PV cell
cparates around the
knee of the curve, where
thé maximurm povesr
paint i% located
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Current (A)

Figure 4.6 P__Is
the higheast point on
the posver cunve,; by
extrapakating back 1o -
the x-axis, V_ can be

found. V__ IS also on

the 1=V cunve and so the
corresponding current

can be found for (his
particular voltage ( Im}
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¥Yimp = 55V Vmig = 55Y Vi = 55V
Imgp = 54 I = 5A I = 54
Prmax = 275W Prrax = 275W Pmax = 275W

I T T T R

» #
£ Tetal :.,;.,!
= Vmp = 165V
Imp = 5A
Fmax = 823W

Figure 4.11 When threa dentical moduies ang
comnecled in senes o form a string thesr vollages
add and the total current is that of one single module.
Tha power GUipu! Of the $1ng i calculated using
P=gY




Yonp = 55V Vinp = 40V Vimip = 55V
Imp = 54 mpsdl imp =54
Prmax = 275W Prax = 150W Prmaix m 2 7S
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Total bl
o Vimip = 1500 (55V + 40V + 55V)
Imp = 4A

Pmax = aD0W

Figure 4.12 When non-idenfical modulas are
connected in senes the veltages will still add,
however, tha currant of the string will be thea kowest
curmant of any single module {in this case 4A). The
power cutpul of the siring is then calculaled using
P=IxV




Vimp = 55V
o= 5 Total
Imp = 15A
Vinp = 55V e | ~ . A
Imp = 54 eSS ..;Q Pmax = 825W
Pmax = 275W St rrrre
Vmip = 55V f,fj_l_{?
Imip = 5A .
Pmax = 275W
L ]
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Figure 4.13 Three identical modules are connacted in parallad; the total current s the sum of
each mdnvidual curran, whila the otal vollage is the vollags of a singla modula. The powear is
once again calculated using P =1x WV




Vmp = 55V
Imp = 5A Total
, Imp =14A({5+4 + 5)
varig = 40¢ Pmax = 560W
Imp = 4A
Pmax = 160W
Vmp = 55V +)
Imp = 5A &
Pmax = 275W
]

Figure 4.14 When non-idenfical modules are connsected in pa;aﬁe! tha currents add while the
cutput voltage is equal ko the lowest single module voltags. The power output of the modules is
thern calculated using P =1 x ¥
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PV Module
FY cells connected
in saries

11 Son 1)

Cell

D5V BA=
2 Swatts

=36 cells

36 cell modules = 12V
nominal (Vmp 18V approx)

72 cell modules = 24V
nominal (Vmp 36Y approx)

Siring
Modules in series

String is set up to match the
grid connect inverter (o be used

In some small systems, the String

is the Array

Strings in parallel




Figure 5.1 The primary sysiem
components ane shown in this diagram
(other configurations are possibla). This
is a net-metenng arrangament where the
glectricily genamled by the PV aray and
converted ta AC by the grid-interactive
inverter is gither used on site or expored

b e gyricd
b
|



Bt -

Figure 5.2 Altermnative PV system using

A gross-matenng arrangemaent whara all
the power genarated by tha PV array is
exparted to the grid and all the power
reguired by the knads is imported from
the grid
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Modular inverters

Muodular inverters (also known as micro-inverters) are small transformer-less
inverters (some will have an wolating ransformer to mimmize DC imjection
currents) designed to be mounted on the back of the PV module.

Ower the vears there have been a number of modular inverters manufactured
in the range 100-300W. This product has re-emerged during 2009 for the grid-
connect PV market. Two main advantages of the modular inverter are that they
remowe the requirement for DC cabling from the array as cach module has an
AC outpur and these AC cables can be paralleled at each module and chen
connected to the grid ar the appropriate location. These inverters are also small
and easy to handle, and rthey have the advantage of being modular (just like PV
modules), which means that more modules and inverters can be added ro the
system in future at minimum cost,







Table 5.1 Inverter types and characteristics

Inverter type Modular String Multi-string Central

Power range 100-300W TO0-11,000W 2000-17,.000W  10.000-300, 000W

MPPT Yes Yes Multipks Multiple

Typical afficiency  95% Y3-97% 7%, 97%

Advamages Mo DC cabling; easy to Readily available  Muitiple MPPTs; Lower §W cogt; one location for
add mora modulas readily availabla maintenance

Digadvantages Replacing a faulty imvaner Only ong MPFT No regundancy If inverter fails
can ba difficult




Inverter protection systems

Grid-connected inverters will only work if the AC grid s functioning and is
within the grid’s predetermined operating conditions, If these conditions are not
met, the grid-connected inverter will disconnect and will not sutpur any power
from the PV array at all. The inverter s sct up to mirror the function of the grd
itself. The MPPT sofrware in these inverters allows the PV output to be
optimized to best march the grid specifications at the time of power output.
Grid-interactive inverters will typically incorporate two types of protection:
active and passive. Both forms have the inverter switch off on overfunder
frequency or overfunder volrage. This protection is intended as self-protection
for the inverter if extreme conditions occur and protection for the grid tself, so
the mverter will disconnect if it cannot see the grid, e.g. if there 15 a blackout,
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Self-protection

Inverrers incorporate protection mechanisms for a variery of problems:

* Incorrect connection: if an inverter is incorrectly connected to the PV array
le.g. with reverse polarity) it will not work and will in most cases be
damaged. Even though some inverters protect against incorrect connection,
the warranty for most inverters does not cover such damage,

 Temperature: inverters are sensifive to temperature variation and
manufacturers will speafy a temperature range within which they must
operarte. Some imverters reduce their power ﬁurp-u[ or turn themselves off
when temperature mcreases past the manufacturer’s operating apeuhmt'mn-
Although the mverter might have over-temperature protection, it is
important that the mverter has sufhcient ventilanon and cooling; over-
temperature can cause damage to the inverter.




Figure 5.18 Tha front panel
of an imveres will commony
display array faults

Souvce: Global Sustainable
Enerav Soluticns




o  DC wvolrage oo high: all prid-connected inverters will have a specified
voltage range within which they operate correctly. Some mverters switch
off to protect their electronics if the maximum DC voltage they can rolerate
is exceeded, but the inverter could still be damaged; other inverters have no
such protection,

Grid protection

Grid-interactive inverters must be able to disconnect from the grid if the supply
from the grid 15 disrupted or the gnd itself s operating outside the presct
paramerers (e.g. under/over volrage, under/over frequency), In both these cases,
the inverter disconnects to avoid continuing to output power to the grid when
the grid irself is not operating.
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Balance of system equipment: System equipment
excluding the PV array and inverter

In addition to the PV arrav and inverter, a system requires a varierty of other
components in order to function. These are known collecnively as the balance
of system eguipment (Bod) and often must comply with local andfor national
codes and regulations, The BoS equipment s composed of the components
regquiresd to connect amd protect the PY array and the inverter. This equipment
includes cabling, disconnects/isolators, protection devices and monitoring
equipment. The key balance of systems components are given below, and are
described in further degail:




Junction Box —

DG Cabling = |
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Solar Array
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Figure 5.18 Key balancs

of syslem compoanents
shown excludeng grounding’
earthing
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Inverters

Photoveltaic arravs produce DC, while the typical electricity grid 15 AC and
most electrical devices operare on AC power. To ensure thar the power produced
by a PV array will flow into the grid, it is necessary for an inverter 1o convert
the D power produced by the PV array to AC power.

The circuit design of inverters makes this conversion possible: the alternating
current is created by the inverter’s switching mechanisms, which rapidly open
and close the circuit, Transformers, discussed later in the chapter, are then used
to increase the voltage to the level required by the grid.

There are two main types of mverters: battery or power inverters, whach use
batteries as their power source, and grid-interactive inverters, which are used
in grid-connected PV svstems.

NS




Battery inverters

Many people are familiar with using an inverter when operating standard AC
appliances from DC power sources, such as a car battery or larger storapge
batteries. The inverter takes the DC barrery power and converts it o AC for
use in AC circunits and loads. These inverters are usually referred to as battery
inverters or power inverters. Battery inverters have a wide range of applications
and are used in stand-alone PV systems; they are very difterent from the tvpe
of inverter wsed i grid-connected systems (see Chapter 1), Normally these
inverters range from 1kW to SkW continuous output,

Grid-interactive inverters

This type of inverter, also known as a grnid-ned inverter, 1s used in grid-connected
systems and many ditterent models are currentdy available. They receive the DC
input from the array and match it to the AC output required by the anlity grid.
The inverter will only function when the grid s present and is working within
a specihe voleage and frequency range. Whether an inverter-charger feeds
power back ro the grid will be determined by the operaring specifications of the
unit itself, e.g. a US manutacturer of inverter-chargers has one model which is
used only with mains or DC power input and cannot export to the grid and
another model which has a software change to allow the inverted AC power to
be exported to the grid.



Lightning and surge protection

Lightning and surge protection may or may not be required, depending on the
system and local codes, If it is required then the devices mayv be reguired on
both the DC side of the inverter {protecting from strikes on the array) and on
the AC side of the inverter (protecting from strikes on the AC power grid).
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MNet metering

Net metering is 3 method by which a unlity measures the difference berween
the consumption of a site and the generation at the site. In a typical residennal
system the elecrricity produced by the system will be exported o the grid during
peak sunlight hours {usually 10.00am to 3.00 or 4.00pm) and the consumer
will imporr electricity from the grid for use in the evening. If the penerated
energy 1s less than the consumed energy, then there 15 no net export and the
customer pays the utility for the difference. If the generated energy is more than
the consumed energy there is a net excess generation ( NEG), the utility may pay
the customer for their NEG or roll it over to offset the next month's bill, Met
metering 15 widely used and is very common in the US where many stares’
utilities must make net metering available to customers with grid-connecred PV
SySiems.

Met import
oo
meter . b Ve Generator(s)

N
B Loads(s)




The process of testing a2 PV system to confirm thar it is producing electricity and
interacring correctly with the electricity grid is known as system commissioning,
Before an installer leaves the system 1o the customer it should be tested and
inspected to ensure that the system 1s compliant with national and local
standards and regulations, thar all components have been sately installed and
that all components are functioning as expected. Many unlities have rules or
procedures thar must be followed during the system commissiomning process and
in some cases the utility may wish to conduct a commissioning mspection.
These requirements should already have been discussed with the utility when
the mterconnection agreement is made {see Chapter 10].




Commissioning procedures vary widely throughout the word and are largely
dictated by national codes and standards.

Us: Article 620 of the National Elactric Code (NEC) outlines inspection and
lesting requiraments for PV systems. The Instilute for Electrical and
Electronics Enginesers (IEEE) standard is also used: |IEEE 1547 Standard for
intarconnecting distributed resources with elecinic power systems.
International Electrotechnical Commission: The IEC provides intemational
standards, IEC 82448 Grid-connacted pholovoltaic systems — Minimum
requirements for system documentation, commissioning tests and inspection.
This standard is intended to provide a template for electricians.

UK: BS 7671 iz the British wiring regulation and PV gystems including
inspaction and testing requirements are coverad in Section 712. The local
distribution network opermtor (DNO) may also reguire various tesis and
documentation.

Australia and NMew Zealand: The Australia and Mew Zealand Standards
{ASNZS) cover the commissioning of photovollaic systems in ASMNIS4A7TY




Final inspection of system installation

Before the PV system is commissioned, a final inspection should be undertaken
to ensure the svstem is ready to be tested. If any 1ssues are identified they should
be addressed before any part of the system is switched on andfor rested. The
equipment and installation should be checked to ensure that;

»  Equipment and components are not damaged.

* The system matches the design documents and all equipment has been
correctly connected according to the wiring diagrams.

* Equipment and components comply with local satery standards and are
suitable for use in a ucility-interactive PV system.

*  The site has been left clean and ridv and presents no hazards for the peneral
public.

*  The signs and warning labels required by local codes are present.

IS




Testing
Following a wvisual mspection of the svstem, tesing should be undertaken in

accordance with the prevailing nadonal codes. Mational codes mav require
installers to ensure that the following points are compliant prior to system testing:

o  There 1s no voltage at the output of the PV array {and at the output of each
string If there is more than one), This may be achieved by leaving one of
the module’s interconnects disconnected/unplugged.

*  Any fuses have been removed and all circuit breakers are in the ‘off’
position.

e The AC and DC main disconnectsisolators are in the “off” positnon: local
cades may also require them to be tagged or locked for the duration of the
testing procedure.

* All components, i.e. the inverrer, are switched off.

* connnuity berween adjacent system components;

* resistance of cable insulation;

*  measurcment of array and string open-circuit voltage {a large difference in
the open-circuit voltage of identical strings or an open-circuit voltage very
ditterent to thar expecred may indicate a problem;

* measurement of array and sering short-circuit current (hazardous — see box
below);

:
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Commissioning

Commissioning will be the first ime the complete svstem is switched on and
able o teed electricity into the grid. As already mentioned this process is
normally covered in great detail by national codes and standards, with which
any clectrician undertaking PV svstem commissioning should be very familiac
The following table outlines the necessary post-commissioning teésts to ensure
the system is functioning with the grid and operating as expected. It is
particularly important that the PV system disconnects and reconnects to the
grid in accordance with local standards. This is required to ensure thar an
islanding situation does not accur (see Chapter 5).




Box 11.5 Commissioning test sheet

Heter 1o system manual for the inverter and follow start-up procedure
System connects 1o grid

When invarter, AC main disconnectiisolator and DC main disconnactiisolator
have been tumed on and imverder slaf-up procedure 1ollowead:

Voltage at DG input of inverter W
Voltage within opearating limilts of inveariar L]
Voltage at AC output of inverter "
Input power of the inverler (if available) . W
Qutput power of the inverter (if available) W
Output power as expectad o R

Systam disconnects from grid when invener AC isolator turned off




Conducting a site assessment or site survey is an important step in the design
and installation of a system. During the site assessment the installer should
collect all the necessary information required to opumize system design and
plan for a time-efhicient and safe mstallation. A site assessment aims to
determine the location of the PV array, the roof specitications, the amount of
shading, the available area and other considerations.




Location of the PV array

In most urban arcas the array is located on the roof of a buillding, or in cases
where there 15 a large, clear area of ground thar will not be shaded (by trees or
nearby builldings) it may be desirable to use a ground-mounted svstem. Mounting
scructures are discussed in Chaprer 6. There are many opuons available and
these often depend on the angle and orientation of the roof or ground.

Roof specifications

«  Onentaoon: as discussed m Chaprer 2, the ideal onentanion is where a
module receives maximum sunlight (chis is true south for the northern
hemisphere or true norih for the southern hemisphere). Unforiunately
when a PV arrav 15 installed on a rood 168 orentation s governed by the
direction of the root. Using a compass and magnetic declination data (as




Tilt angle: m most systems the tilt of the modules will follow the tilt angle
(or pitch) of the root. The tlt angle should be measured using an
inclinometer or an angle inder; it may also be available on architectural
drawings of the building. The optimum tlt for a svstem is equal o the
laritude of that location. In cases where the pitch of the roof is nor equal to
the optimum tilt angle the PV arrayv’s energy vield will be atfected,

R S

T <

Figure 7.16 Example of cajculating the rumber af columns in a portrail instaliation




Locating balance of system eguipment

The location of the solar array has already been covered in this chapter. While
on site, the location of all other eguipment must be determined. This includes
the location of:

* PV combiner box (if required);
¢ Inverter: the inverter should be locared somewhere where it is easily
accessible, protected trom direcr sunlight and well ventilared.
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Figure 7.21 Example of site plan for a PV instaliation




Site plan

Before installing the sysrem, installers need to complete a site plan detailing any
buildings, solar obstructions, access pathways and the phyvsical lavour of the
site. It is necessary to overlay the designed system onto this drawing. The site
plan should include dimensions such as roof lengths, cable lengths, position of
components and distances between buildings.
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Average Daily Electricity Production at
Various Tilt Angles
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|s the site shade-free?

As explained in Chapter 3 shading on a PV array can significantly decrease its
output, Some sources of shading such as dust, dirt and bird droppings are
unavoilable and must be cleaned ol regularly. Any permanent source of
shading needs to be identitied during the site survey. Potential sources of
shading may include:

*  Trees and vegetation: it is important to bear in mind that trees that do not
shade the PV array at the time of the site assessment will grow and may
shade the PV array in a few vears, so this should be discussed with the
owner before nstallation. The owner may agree to prune the tree regularly
and ensure it does not shade the array. If this is not possible, for example,
if the tree 18 on a neighbouring property, another location should be
considered, or the neighbour may be consulted.

e (Orher buildings, including neighbouring properties or buildings on site. Be
aware that new buildings may be constructed, shading areas currently
suitable For arrays,

IS




Figure 7.4 Poorly
choesen site whers
frees are shading the
PV array






Figure 7.7 Solar Pathfinder, showing
trees 1o the north and to the nght
shading tha site

Soovce: Global Seslansble Erdrgy Solubins




Figure 7.8 Example of a
sunpath diagram with the
ghading traced on it; it is
important b uss he corrast
sunpath diagram for the
latiude of the site
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The most important aspect of system maintenance is performance monitoring,
which will ensure that when a problem arnises it can be wdentified and correcred
before serious damage occurs (shadmmg causing hat spot heating, for example).
It will also give the user records of year-round system performance, which will
help performance comparison in the future,

PV array maintenance

PY arravs have no moving parts and theretore operate for many years, often
without issues. However, regular maintenance is sull imporrant to ensure a PV
array is operating safely and efficiently. Common maintenance rasks include
cleaning the modules and mechanical and electrical checks. It is recommended
that PY modules are maintained only by suitably trained service personnel.
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It 15 4150 COMMON Pracice to MOontor Fv systems. AIIROUEn It 15 NOTmal 10
power output to degrade over time, a large difference between measured and
expected values indicates a problem to be tackled. The most common form of
monitoring 1s checking electrical parameters such as output voltage and corrent,
which can be compared with what 15 expected from the design and what was
measured during the commissioning process, to determine whether there is a
problem or not. Many meodern inverters include monitoring functions, or
external monitoring equipment may be used [see Chaprer 3]. In some cases the
environment may also be measured (temperature), as this helps designers see a
correlation  berween environmental conditions and system  vields. The
temperature of the modules may be monitored to ensure it 15 within the
designed system range {see Chapter 9).




Table 12.1 Recommended maintenance for PY array

Activity Frequency
Claan modulas As requinad
Check mechanical security of the array stnucture Anniialiy
Check all cabling for mechanical damage Annually
Ghecﬁ oulput vellags and mffefbi af em-h- string of the array and comparg 1o Annualiy
the expectad oulpul under existing conditions

Check electrical wirng for lcose connections ANty
Check the operation of the PV DC main disconnectfiscator (only after AC Annualty

maln disconnectisclalor has been switched off)




Passive solar design

Passive solar design refers to designing a building in order to utilize the sun's
energy as much as possible, It varies significantly throughour the world, the
basic idea being to keep the sun’s rays out of the house in the summer and to
trap the sun’s rays inside the house during winter and so to minimize the need
for artitficial cooling and/or heaning.

* Deciduous trees and vines are useful because if planted in a location exposed
to direct sunlight, they will shade the arca in summer, but in winter they lose
their leaves allowing the sun’s rayvs to come i amnd warm the area,

*  FEaves and pergolas can be designed to shade windows during the summer
(when the sun is high in the sky) but allow sunshine in during winter {when
the sun s low in rhe sky) to warm the building. The eaves should also be
lightly coloured so they will reflect the sun’s rays in summer If they are a
dark colour the marerial will absorb the sun’s rays and hear up.

NS
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Windows allow lor cooling breezes in summer and can be closed in the
winter to seal in warm air, These should be positioned according to local
wind direction, e, if summer winds commonly blow from the northeast,
windows should be placed on the north side of the building and on the east
side of the building to capture the breeze.

Thermal mass and insulation is important for maintaining the building at a
comfortable temperature despite Huctuanons in outside temperature. This
can be as simple as closing curtains in winter to stop heat escaping through
the windows.




What is a solar electric system?

Solar energy is harnessed by using solar electric systems, also known as
photavelraic (PV) systems. The word phetovoltaic is derived from the Larin
words phora (light) and voltafe (energy). PV devices capture the energy in
sunlight and convert it into electricity — that 1s, they use light energy. Solar
electric systems should not be confused with solar thermal systems which use
the sun's energy to heat a substance (typically water). Electric and thermal
systems are very different in appearance and operation, as Figure 1.3 shows.
There are several different types of solar electric systems, discussed below. This
book focuses on solar electric systems that Feed electriaity back into the grid
(grid-connected solar electric systems).
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The major components of a grid-connected PY system include the PV array,
inverter and the metering system. In addition to these major components are
the necessary cables, combiner boxes, protection devices, switches, hghtming
protection and signage.




Central grid-connected PV systems

The existing electricity system typically consists of central power stations using
a variety of fuel sources such as coal, gas, warer (hvdro} or diesel thar provide
power to end-users via transmission lines and a distribution system. The power
stations directly connect to the transmission lines and the power produced by
the power stations is consumed by end-users at their actual location in Factories,
businesses and homes,

Distributed grid-connected PV systems

As the name suggests, these grid-connected PV systems are distribured
throughout the electricity grid. This is the most common vpe of PV system and
hence the focus of this book. There are typically rwo types of system:
commercial and residenrial.

Commercial systems are generally greater than 10kWp and are located on
buildings such as factories, commercial businesses, office blocks and shopping
centres. The power generated by these systems 1s typically consumed by the loads
within the building, so no excess power 1s exported o the electricity grid.

Residenrial systems refer to those installed on homes and are generally smaller
than commercial systems, typically berween 1 and 5kWp. The power generated
by these svstems s hirst consumed by anv loads operating in the house duning the
day; excess power is fed into the grid providing electricity to nearby buildings.




Roof mounting systems

For homes or businesses using a grid-connected PV array, the most common
installation is the rooftop mounting system. Its most important role is to
securely and sately atcach the solar array to the roof. Aside from satety there
are three other important factors to consider when choosing a roof mountng
system: the amount of solar radiation the module will receive in that position,
ventilation of the module and the overall aesthetics of the PV system.

The amount of salar radmanon the module receives (the modules solar
access) will directlv affect the power it produces and therefore should be
optimized by uvsing a mounting svstem thar secures the array at optimal
orientation and tilt angle for thar location. In cases where artaching modules ar
the angle and direction of the roof will not yield this result, installers may
consicler using a mounting svsrem that can elevate the modules to face the
optimum tilt angle and onentation and so improve the modules” power
OUTHIL,
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Ground mounting systems

Ground-mounted PV svstems have two main applications; they are commonly
used on residential or commercial properties where rooltop mounting s not a
viable option and there is plenty of free ground space, or for very large-scale PV
installations. Ground-mounted systems have many advantages: first the tlt angle
and orientation is not constrained by the slope or direction of a roof or facade
and so the array can be installed at the optimum tilt angle and orientation; they
offer the installer the ease of constructing a system at ground level, and avoiding
work at heights, Working without ladders and hifts saves nime for an stallation
in some cases, although ground-mounted systems may also regquire civil
engineering, trenching and storm water management. The additonal costs of
material, labour and engineering associated with ground-mounted PV arrays
might not be cconomical for many small- or medivm-sized grid-connect systems.

NS
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Pole mounts

Pole mounts are popular for systems requiring fewer maodules. The main
advantage of these svstems is thar thev are an inexpensive oprion because they
do not require many installation matenals and they are wsually adjustable so
the installers can change the tilt angle seasonally to keep the array at the
optimum tilt angle for a larger part of the vear,

Figure 6.15 Pyramid-atyle pode mount, which
alen uses a sunstracking sysiom




Sun-tracking systems

Sun-tracking systems are mechanisms thar turn the array to ensure it is always
facing the sun and thereby operate the solar modules at peak power for a longer
pericd of ime each day. These svstems are much more expensive. However,
where space is limited or the value of the increased energy harvest is high, the
additional cost of the tracking system may be justihied over the hife of the
Project,

Most tracking systems use sun-seeking sensors or a computer to calculare
the position of the sun and move the array accordingly using motors and gears.
There are two main types: single-axis rrackers and dual-axis trackers. A single-
axis tracking svstem moves the solar modules through one axis trom east o
west to follow the sun’s path over the course of the day, whereas a dual-axis
tracking system follows the sun’s path along two axes: like the single-axis
tracking system it will follow the sun’s path throughout the day, and 1t also
makes adjustments in tilt angle to account for changes in the sun’s altitude over
the yvear {i.e. in winter the sun is much lower in the sky so the modules will be
tilted ar a steeper anelel.
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Wind loading

Wind loading describes the wind forces experienced by a solar module,
including a suction or uplitt force on the module when the wind blows across
the array and downward or lateral stresses on the module caused by strong
winds., A PV array 15 not mounted safely unless it can withstand the wind
lpading forces expected ar the site. Wind speeds vary widely throughour the
world and so it is important to ensure that the module and mounting syvstem
selected are suitable for use at the site. The module’s installation manual or data
sheet specifies the module’s maximum load rating and should be consulted
before tinal madule selection,




Figure 6.1 This
MSURnG scheme
aiiows good vantilatian.
Mounting panels closes
o the roof mcreasas
cperaling tempermiure
and thereby lowers
systam periormance







mcuntng schame will not
permit good airflow

Figure 6.2 This



Pitched roof mounts

Pitched roof mounts are the most common roof-mounted system because they
are versatile, easy to install and relatively inexpensive. These systems are
typically mounted just above the roof surface ar the same orientation and tilt
angle as the roof. Pitched roof mounts are normally attached o the roof’s
structural members, e.g. the raftters, through the use of lag bolts or fixing
brackets.

Lolar Fanal

Fane! Mounting Beam

i 1 TRT SO - o éa-2
Munting Sracket




Figure 6.4 Exampla of

4 pitched roof mounting
systam clearly showing the
meodule clamp




Design brief

Before any components are seleceed it 15 necessary to consule the client regarding
their needs and expectations from the svstem. The amount of money the client
is willing ro pav for the system will affect the size of the system, as will the
metering system. Different metering systems are discussed in Chapter 5: when
gross metering is used, the system installed is often as large as possible to
capitalize on the gross metering returns; when net metering is in place, the
consumer may choose a smaller system and decide to invest more money in
energy-efhiciency measures on site so as o minimaze local electricity consumption
and maximize the energy exported.




Mechanical protection

As PV arrays are often located as high as possible to prevent shading and
interference from external agenrs, thev are ofren subject to high levels of wind
loading. As such, the support structure for these arravs should conform to the
local building code and any narional standards or regularions regarding wind
loading. Wind loading is covered in Chapter 6.

Array protection

Array protection s dependent on local codes and vanes by country. As there
are no other sources of DO current (i.e. no batteries are connected), array fault-
current protection is not typically required in grid-connected PV svstems
without batteries. Mational codes do, however, normally require the installation
of a load-breaking disconnection device berween the array and the inverter.
This 15 called the PV array mamn disconnect/isolator. [t 15 normally located near
the inverrer and 1s typically required o be lockable so when mamtenance is
being carried out the array can be safely disabled. This disconnectfisolator must

S




Extra low voliage (ELV) segmentation

Another reason for dividing arravs into sub-arravs may be so thar the module
string can be broken down into ELV segmentation. Maost PV arrays operate
with their voltage in the range 120-300V DC. It may be desirable to split the
array into ELV sub-arrays with V of less than 120V in order to make the array
safer and reduce the risk of electrocution, National codes generally address ELV
segmentation; for instance in Australian/New Zealand Standard 5033: 20035,
ELV arravs do not require fault-current protection or disconnection devices on
individual strings, whereas 1V arrays must have a suitable method of
disconnection into ELV segments,




Local temperature range: Installacions in a hot climate require modules
with low temperature coefficients in order to minimize the decrease in
power output caused by an increase i temperature., PV modules” operating
temperature range 15 specified on the data sheet — it 15 iImportant to ensure
that the installanon location’s remperature range is within that of the PV
maodule selecred.

Atmospheric salt in coastal environments: Modules installed wathin 1km of
the coast should comply with [EC 61701 - Salt mist corrosion testing of
photovoltaic (PV) modules.

Heavy snow: For snowy areas it 15 important to mmstall a module that has a
load capacity rating of 5400Pa: this will be specified on the dara sheer.




String fuse protection: When is it required and when not?

Example:
Modube: Sunshing Model 5185
e 854

Maximum series fusa rating™ 154

Case One: 2 Parallel Modules : One is shaded or faulty
5.54

T,

Current
Chutput
5.54

Maximuomn fault
current 5.54.

Conclusion:
Mo fault protaction
required.




Case Two: 3 Parallel Modules : One is shaded or faulty

Mazimum fault
cunrent 11A,

Conclusion:
No fault protection
required.

Mazimum fault
current 16.5A.

Conciusion:
Faull protaction
reguired




Matching voltage specifications

There are two volrage specifications that need ro be mer. The first is thar of the
module itself; most manufacturers specify a4 maximum system voltage on their
data sheer, A PV array’s voltage must not exceed the maximum system voltage
for the modules it 15 using.

The second volrage figure is the maximum inpur voleage of the inverrer
which must not be exceeded: this figure 15 normally lower than the module’s
maximum system voltage and hence of greaver concern. This figure is
haghlighted in the following extract trom an inverter data sheer (Figure 9.3).




Calculating the maximum number of modules in a string

First the maximum mverter input voltage |
is multiplied by 0.925 to account for the 600V x 0.95 = 570V
5% safery margin

The maximum inverter voltage should be
divided by the maximum module voleage | S7TOV/33.84Y = 16,84 modules
(as previously calculated to determine the |
maximum allowable modules in a string)

This figure should always be rounded down for satety and so the string can
only have 16 modules.




Calculating the minimum voltage

Minimum voltage will occur ar a cell
temperarure of 65°C and is calculated as
follows:

The remperature coefficient (V) per °C s

calculated for module YoV

—0.0M4E5 % 28V = —
0.1164V/C

Caleculate the difference between the cell
remperature and STC

e e e e e B i

6570 ~ 25°C = 40"C

e e e o i e e B

Then multiply this by the V__ temperature
coetficient

40"L x —{, 1164\'f° L= —4 66\’

Take this last figure away from the rated
¥, (minimum voltage figure is calculared

hur MIAX LI temperature Londltmns'l

24V — 4,66V = 19.34V

&> v
£ |
o e

&
-~

> ¥
&

-
>



Calculating the minimum number of modules in a string

The minimum module voltage is multiplied by
the voltage drop expected across the DO cables
[1%a)

19,34V 0,99 = 192 15V

The minimum mverter input voliage should be

268V x 1.1 =294.8 V

multipbed by 1.1 to account for the 109 safety |
| margin required |
Finally, the minimum number of modules in the |

string is calculared by dividing this figure by the
| minimum module voltage

| 294 8V/19.15V = 13,39




2 . -
AR EAPPT Ban a5 ¢ Welegs
Sange ;
S s B A A e e 2 SR LSS R PR S AS Y S II aL Ut e e A

- Selely MaTgn

g -

Figure 9.9 Each string
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Matching current specifications

Inverter manufacturers generally give the following ratings in terms of

Current:

«  Maximum DO mpur current: maximuom DC current that the inverter can

ProOCess;
*  Maximum AC output current: maximum AC current that the inverter can

deliver,




Table 9.2 SMA Sunny Boy 3000 technical data

Technical data

Sunny Boy 3000

Max input curmentiper string

Mumber of MPP lrackers/'strings par MPP
tracser

Pax owput curmsnt

12401 24
1/3

154

SOLICH: St.m Sodar Technodogy AG




Matching modules to the inverter's power rating

Most inverter manufacturers give a number of ratings for their inverters in
terms of power. Common ratings include:

e  Maximum PV array rated power: Maximum rated power of the PV array,
usually in KWp or Wp:

¢ Maximum DC input power: Maximum amount of DC power that the
inverter can convert to AC (this is generally lower than the maximum PV
array power, because of losses in PV arrays);

o  Maximum AC outpur power: Maximum amount of AC power that the
inverter can produce.




Example 1: Sydney, Australia

The de-rating factor for the Sharp modules (specifications given on page 131)
installed in Sydney (average ambient temperature 23°C (73.4°F)) is caleulated
as follows:

| From the ambient temperature the cell 23°C + 25°C = 48°C
remperature 15 calculated
The ditterence between the cell temperature | 48%C = 25°C = 23°C

and the standard testing conditions (STC,
25°C) is then be caleculared

If the temperature coetficient is given in 0.485%C = 0.00485

| % it must be converted to a decimal

| Temperature coefficient is multiplied by the | (L0485 = 23 = (0L11155
| difference berween cell temperature and 5TC
| To caleulate £ this Higure must be EW =1 =0,11155 = 0, 85845
| subtracted from 1

Therefore the resultant [emperature

| etficiency is B85 %




Example 2: Berlin, Germany

The de-ranung factor for the Sharp modules installed in Berlin (averape ambient
emperature 9.8°C (49.64°F)) is calculared as follows:

From the ambient remperature the cell  9.8°C + 25°C = 34.8°C
temperature is calculated f

The difference between the cell temperature and | 34.8°C — 25°C = 2.8°C
the standard testung conditions (3TC 25°C)

-

The temperature coetficient is given in %/FC and | 0.485%/C = 0.00485
converted to a decimal |

This number is then mulriplied by the difference | 0.00485 x 9.8 = 0.04753
berween cell temperature and STC

!ﬂ calculare fmpthm figure must be subtracred f o= 1—0.04753 =
from 1 (0.95247

Theretore the resultant temperature efficiency is
95.25%
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of 8 PV call or medule varies with

lemperatune, 50 it is important thal

the PV sysiem operates safely at AR
all temperatures the PY modules

can be expectad to expenience (see

Chapter 4)




Example 1: Sydney, Australia

In Svdney the ambient temperature can vary trom 0°C to 50°C (32°F to 122°F),
so the maximum and minimum cell temperatures are as follows:

Ambient temperature 0°C = Mimimum cell temperature = =1
| Minimum ambient temperature
Ambient temperarture 50°C = | Maximum cell temperarure = = 75°C
50°C + 25°C

Example 2: Berhin, Germany

In Berlin the ambient temperature can vary from —10°C to 30°C (14°F to 86°F),
50 the maximum and minimum cell temperatures are as follows:

Ambient temperatire (}f - 10 = Minimum cell femperature = e L
minimum ambient temperature

Ambient temperature of 40°C = | Maximum cell temperature = = 65°C
40°C + 25°C

NS



Voltage ... = Voltage

af 5Td

[yl =T

-
0

If the temperature is lower than 257C:

Violtage

ae RN

where:
Volrage
Voltage

a0 X

A
ad S¥C

———
wraw

———
v

oltage, o + [V % T e — Togell

i 5]"7 '

voltage at the specified temperature (X°C) in volis;

= voltage at STC, Le. the rated voltage in voles;

1y = voltage temperature coefficient in V/°C (absolute value);
T, = cell temperature in °C;




T, = temperature at standard test conditions (i.e. 25°C) m °C.
Mote: The second formula as stated is nor serictly correct but is a
simplification ot the concepts; however, it produces the correct answer tor the

operating conditions specified,

Example 1: Sydney, Australia

Ambient temperature of 0°C = Corresponding module cell =0°C
[emperature
i bl
Ambient temperature of 5070 = Corresponding module cell = T75°C
remperarre

= 50°C + 25°C

p—




Calculating maximum voltage

The module’s maximum voltage (V) 1s present at the minimum cell remperature
which in rthis case is 0°C; it is therefore important o use the open-circuir
voltage (V) and adjust this figure according to the temperature coefficient
when calcularing the maximum voltage. From the daca sheet it can be seen that
the open-circunt voltage (V) at standard test conditions is 30.2V, therefore:

The difference berween the cell temperature | 0°C —25°C = —25°C
and 25°C is calculated

This figure is then multiplied by the

temperature coetficient to calculare the =25°C = =014V C =
increase in voltage 2 G0V

Finally the maximum voltage can be 302V + .60V = 32 80V
caleulared




Calculating minimum voltage

The module’s minimum voltage will occur when the cell s hottese, 1.e. ar a ¢ell
temperature of 73°C, This figure is calculated using the maximum power
voltage [V or V) and corresponding temperature cocfficient. A temperature
coefficient is not ‘given for maximum power voltage, so the remperature
coefficient for maximum power should be vsed as an approximarion = this is
given in per cent/"C on the dara sheetr and 5o must be converted 1o V°C:

r ="
Temperature Coefficient
Temp. Coafficient of P__ < D485 > | % [ °C
Temp. Coefficient of V_ &_Gind__> VG
Temp. Coafficient of | 05.053 o 70
| - e




' The remperature coefficient should be converred ) 4R5%, = =(0.00485
linto a decimal

| The remperature coethicient (V) per °C is calculated | =0.004835 x 24V =
Vformodule V. or Vo — 0.1164 V7T
 Use this information to calculate the minimum
voltage as follows:

' Calculate the difference between the cell 7390 = 25°C = 50°C
temiperature and STC

| Multiply this by the V,,.p or \"pm temperature 502C w —0.1164V2C
coefficient =—5.82V

\ - . [ r
| The voltage de-rating is subtracted from the V| = |24V -582V=
' minimum array voltage 18,18V




Calculating the minimum number of modules in a string

An outline of voltage drop calculations is given in Chapter 10.

The expecred voltage drop across the DO cables
should be included 1n this calculanon: 1% volrage | 18,18V < 0.99 =
drop is assumed, so the minimum voltage should | 17.9%V

be decreased by the assumed 1% voltage loss
(therefore the voltage figure is multiplied by 0,99}

The minimum inverter input voltage (from data
sheer) should be increased by the 10% safety [ 268V x 1.1 =2948 YV
margin regquired (therefore the voltage figure 15
multiplied by 1.1)

Finally, the minimum number of modules in the
string 1s calculated by dividing this figure by the | 294 8V/17.99V =
muinimum module vul.mge 16.39 modules

At least 17 modules must be connected in series
to form a string




Calculating the maximum number of modules in a string

First the maximum inverter input veltage is reduced
to account for the 5% safety margin (therefore the | 600V x 0.95 = §70V

maximum voltage figure is muluplied by 0.95)

The maximum nverter voltage should be divided by
the maximum module voltage (as previously STOVI32.8V = 17.38
calculared to determine the maximum allowable modules

modules in a string)
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Figure 9.8 Four possible string lengths using the Sharp modulas. It can be ssen that if thara
arg 16 or fower modules the voltage range of the strng falls below the safety mangin and the
iverter will turm ol on very el days whan the voltage drops below the MPPT range. If thare ara
18 or more moedules the voltage will exceed the inverters maximum DC input voltage on cold
days, damaging the inverer

S




PV array installation

It 15 highly advisable that PV installers take time o carchully plan the precise
lescation of the array before deciding on the installavion methodology, This 18
commonly done by measuring the availlable mstallaton area and marking the
boundaries of the arrav(s) as well as the location of the mounting system’s
attachment points on the installaton area, 1e. the roof, using a string or chalk
line. The next step is to install the attachment hardware (array mounting
structure) to secure the mounting system to the root. If mounrting on a rooftop,
care should be taken to ensure that attachment screws are securely embedded
into the rafters or other structural supporting members to provide maximum
attachment strength,
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Figure 10.12 Winng diagram
showing a gross-metaring
arangement where all power
produced by the PY system Is
exported to the gnd
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Electrical diagram: A simplified diagram showing the PV arrav configuration,
Wiring system, over-current protection, inverter, disconnects, required signs

and AC connection to building. The wiring diagram should have sutficient
derail to identfy the clectrical components, the wire types and sizes,
number of conductars and conduit type (it needed). It should also include
electrical imformation about PV modules and inverter(s). In addition, n
should include informanon about unlity disconnecting means (required by
many utilieies).

Site plan: An architectural diagram showing the location of major
components on the property. Major components of the PV svstem could
include the array, inverter, isolation/disconnect switches, point of connection
to the utility service panel, It 15 good practice to include major buildings/
structures on the installation site, as well as property boundaries, Thas
drawimmg necd not be exactly to scale, but it should represent the relative
location of components on the installanon site (see Chapter 7).
Calculation sheet: Includes relevanr calculations and notes related to the PV
array design such as temperature-corrected maximum power and open-
circuit voltage, maximum rated power, maximum power and short-circuit
current. It should also list information related to the inverter such as
voltage, current and power ratings, as well as calculations related to over-
current protection devices,
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Figure 10.3 Example of incorrect PV wiring whera the
winng s a conductive loop




Figure 10.4 Photograph of a conductive loap




The length of cabling routa is 15m from the PV armay to invener; copper cabling
{resistivity of copper is 0.01834m/mm?) is used with a cross-sectional area of
2.5mm® and it must camry a current of 5A. According to Ohm's law, voltage drop
is calculated as:

Voltage drop = 2 x length = current x resistance (2 accounts for 2 cables, 1
+ve and 1 —va)

Here resistance = rasistivity/area, so

Voltage drop = (2 = length [in metres] x current [in amps] x resistivily
[in L¥mimme]area [in mmé)

Voltage drop = (2 = 15m = 5A »x 0.0183Q/m/mm=)/2.5mmy*

Voltage drop = 1.098V




If the wvoltage at the maximum power is known, then the voltage drop as a
percantage can be calculated, if the voltage at maximum power is known 1o bea
155V then the voltage drop is calculated as follows:

Voltage drop (%) = Voltage drop/voltage at maximum power x 100%

Voltage drop (%) = 1.088V/155V = 100%

Voltage drop (%) = 0.7 1%

Therafore If this voltage drop is sustained ina 10kw installation, the power l0ss
sustained will be 71Wp, meaning the installation has affectively been reduced

o 9.829kWp PV installed before any other system de-ratings are applied (sea
Chapter 9 for system de-ratings).




US installers often deal
with American wire gauge Table 10.1 US wire gauge conversion table
(AWG) cable sizes. It B8 e —

I _ AWG Size In mm*

necessary to convert these

gauges into the eguivalent 14 200

mm* value for use inthe above 12 3.31

I?rmu!a. Conversions are 10 5 EE

given in Table 10.1
g 837
5 13.30
4 21.15
2 3362
1 42 41
il 53.50
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Installs a small white PY
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Figure 10.7 It is common praciice to ground each componant of the PV system saparately
so That if one is removed the others will remain grounded, i 2. the earth of the aray is not
connecied to the earthing wire from the inveries. The technique shown In this diagram s
compliant with Australian National Standards. Techniques vary so local standards should
always be consulted




