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J Categories of solar PV systems

J Solar cells to solar PV arrays
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Main Components of PV Systems
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Types of
systems

Sub-
systems/configura
tion

Main components

Applications

Stand-alone
systems (NOT
connected to
utility grid
system)

Solar PV
(direct connection to
the load)

Solar PV module

- Mainly good deferrable
loads, such as consumer
appliances, water

pumping

Solar PV with storage
system

Solar PV module; Energy storage
systems (e.g., battery); Inverter (to
supply AC loads)

Hybrid system
with/without storage

Solar PV module, Energy storage
systems (e.g., battery) Generator
(fossil/biofuels); Wind turbine;
hydropower; Inverter (to supply
AC loads)

Power for remotes
houses, emergency
power systems, battery
charging stations, street
lighting, weather
stations, telephone and
radio base stations,
vaccine refrigeration at
remote locations, etc.

Solar PV systems - Stand-Alone
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Solar PV systems - Stand-Alone



Types of | Sub- Main Applications
systems | systems/configuration components
Decentralized Solar PV module; Locations with reliable grid
* Connected at user Inverter systems
residential premises
e (Grid acts as storage facility
* Relatively small power range
_ Centralized Solar PV module;
Grid- * Part of utility grid system Inverter
connected * (Grid acts as storage facility
systems

* Mostly ground-based large-
scale system

Decentralized/centralized (with
storage)

Solar PV module,
Energy storage
systems (e.g.,
battery); Inverter (to
supply AC loads)

Locations with unreliable grid
systems

Areas prone to disasters
(hurricanes, tropical storms,
earthquakes)

Solar PV systems - Grid-Connected
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Solar PV systems - Grid-Connected with no Battery
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://www.homebrewpower.co.uk/html-articles/diy-solar-pv-articles/battery-or-batteryless-grid-tied-solar-system.html

Solar PV systems - Grid-Connected with Battery
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Many cells make a Many modules make Many arrays make a
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Source: http://www.solarmango.com/scp/solar-panels-a-nice-package-to-capture-the-sun/
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Solar Cell to PV Arrays


http://www.solarmango.com/scp/solar-panels-a-nice-package-to-capture-the-sun/
http://www.solarmango.com/scp/solar-panels-a-nice-package-to-capture-the-sun/
http://www.solarmango.com/scp/solar-panels-a-nice-package-to-capture-the-sun/
http://www.solarmango.com/scp/solar-panels-a-nice-package-to-capture-the-sun/
http://www.solarmango.com/scp/solar-panels-a-nice-package-to-capture-the-sun/
http://www.solarmango.com/scp/solar-panels-a-nice-package-to-capture-the-sun/
http://www.solarmango.com/scp/solar-panels-a-nice-package-to-capture-the-sun/
http://www.solarmango.com/scp/solar-panels-a-nice-package-to-capture-the-sun/
http://www.solarmango.com/scp/solar-panels-a-nice-package-to-capture-the-sun/
http://www.solarmango.com/scp/solar-panels-a-nice-package-to-capture-the-sun/
http://www.solarmango.com/scp/solar-panels-a-nice-package-to-capture-the-sun/
http://www.solarmango.com/scp/solar-panels-a-nice-package-to-capture-the-sun/
http://www.solarmango.com/scp/solar-panels-a-nice-package-to-capture-the-sun/
http://www.solarmango.com/scp/solar-panels-a-nice-package-to-capture-the-sun/
http://www.solarmango.com/scp/solar-panels-a-nice-package-to-capture-the-sun/
http://www.solarmango.com/scp/solar-panels-a-nice-package-to-capture-the-sun/
http://www.solarmango.com/scp/solar-panels-a-nice-package-to-capture-the-sun/

Metals Semiconductors

| Conduction band Conduction band
) (partially filled) ' (empty at T = 0 K)
= - Forbidden band I E, - Forbidden band
[<D]
% 1 "
& - Filled band Filled band
8 _
=
o
-Ig .
E :|, Fllled band Fllled band

Definition:
The energy that an electron must acquire to jump across the forbidden band into
conduction band is called band-gap energy (in eV).
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Band-gap Energy



Si a—Si | CdTe | CulnSe, |CuGaSe,| GaAs
Band-gap energy (eV) 1.12 1.70 1.49 1.04 1.67 1.43
Cut-off wavelength (um) 1.11 0.73 0.83 1.19 0.74 0.87

Where:
Si: crystal silicon
a — Si: Amorphous silicon
CdTe: Cadimum telluride

CulnSe,: Copper indium diselenide

CuGaSe,: Copper gallium diselenide

GaAs: Gallium arsenide

Band-gap energy for selected PV materials
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=
O The length of the path h, taken by the sun’s rays as they pass through the
atmosphere, divided by the minimum possible path length hy, which occurs
when the sunis directly overhead, is called the air mass ratio, m.

. . h 1
Air mass ratioom = =% = — (1)
"6"’ h4 sinf

“top” of atmosphere

= = = = — - = = e s — e — e e = e e = = = = e

i

hy

f{ Where,

h, = path length through the atmosphere with the sun directly overhead
h, = path length through the atmosphere to reach a spot on the surface
B = the altitude angle of the sun

Air mass ratio and solar spectrum h
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O The AM1.5 is generally assumed averaged value for an solar spectrum at the earth’s
surface, and it is used as the standard value for the solar radiation spectrum for
photovoltaic (PV).
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Solar spectrum for different air mass ratios
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Theoretical Efficiency of Solar Cells - Silicon
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i 1 AM 1.5 spectrum

JI.\’\ B Top cell InGaP 1.86 eV
L Middle cell InGaAs 1.4eV

L3 B Bottom cell Ge 0.65eV

Source: (17) (PDF) Solar photovoltaics: Current state and trends (researchgate.net)
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Solar Spectral for Multiple Layers Cell


https://www.researchgate.net/publication/305920364_Solar_photovoltaics_Current_state_and_trends/figures?lo=1

in the AMO- and AM1.5-Spectrum

Spectral Efficiency of an Ideal Solar Cell
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Source: Haberlin H (2012). Photovoltaics- system design and practice. John Wiley and Sons, Ltd, 1st Edition
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Spectral Efficiency for an Ideal Solar Cell
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Practical Efficiency of Solar Cells
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Typical Current-Voltage (I-V) Curve



d A solar cell is a key device that
converts light energy into electrical
energy in photovoltaic  energy
conversion.

d An individual solar cell produces a
small voltage of about 0.5V

J To increase this voltage, depending on
applications, a certain number of solar
cells are connected in series.

Solar Cells 20
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i
d The efficiency of solar cells is the relationship between the

power delivered by the solar cells and the power irradiated by
the sun.

3 It is function of maximum power, solar irradiance (G W /m?)
and the area (A m?) of the solar cell (or module).

__ Pypp  FF*Voc*lsc
n= (2)
AxG AxG

Where FF is the fill factor, Voc is the open-circuit voltage and Isc is the short-circuit
current
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Practical Efficiency of Solar Cells



1 Nominal efficiency at standard test conditions (STC) is:

__ Pmpp(sTO)
1STC = 41000 w/m? (3)

d Solar cell efficiency depends on irradiance and
temperature.

22

Practical Efficiency of Solar Cells
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(J The series-connected solar cells are called a module.

= For a standard standalone system (e.g., to charge a battery), about 36 cells
are connected to produce a module ofupto 17V

= For grid-connected applications, between 54 and 128 cells are generally
connected in series to produce a higher-voltage module.

= 72-,96-, and 128-cell modules are common for large modules

Solar cells to Solar PV module 2



LA 3
The electrical characteristics for PV modules are determined by
the manufacturers at STC.

=  Celltemperature = 25°C
= AM1.5

=  Solarirradiance = 1000W/m?

The maximum power, voltage, and current at the maximum power
point are generally specified.

Temperature coefficients are generally listed for:

- Maximum power
. Open-circuit voltage
- Short circuit current

Module Characteristics @ Standard Test Conditions (STC) *



TABLE 5.3 Examples of PV Module Performance Data Under Standard Test
Conditions (1 kW/m?, AM1.5, 25°C Cell Temperature)

Manufacturer SunPower  Yingli  First Solar NanoSolar Sharp
Model E20/435 YGE 245  FSSeries3  Utility 230  NS-F135G5
Material c-Si mc-Si CdTe CIGS a-Si
Panel efficiency 20.1% 15.6% 12.2% 11.6% 9.6%
Rated power Pypp (Wp) 435 245 87.5 230 135
Rated voltage Vipp (V) 72.9 30.2 49.2 40.2 47
Rated current Iypp (A) 5.97 8.11 1.78 6 2.88
Open-circuit voltage Voc (V) 85.6 37.8 61 50.7 61.3
Short-circuit current Isc (A) 6.43 8.63 1.98 6.7 3.41
NOCT (°C) 45 46 45 47 45
Temp. Coeff. of Ppax (%/K) —0.38 —0.45 —0.25 —0.39 —0.24
Temp. Coeff. Voc (%/K) —0.27 —0.33 —0.27 —0.30 —0.30
Temp. Coeff. Isc(%/K) 0.05 0.06 0.04 0.00 0.07
Dimensions (m) 207 x1.05 1.65x099 120x0.60 193 x1.03 1.40x1.00
Weight (kg) 254 26.8 15 34.7 26

Module Characteristics 2



L Depending on the desired power (S E 11
of the array, modules can be SESESEEUS
arranged in: ) .d |
DE!
) ’ * s
= Series I
=  Parallel e e
= Combination of series and A
parallel
Solar Panel Solar PV Array
(Module) (Multiple modules)
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From Modules to Arrays
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From Modules to Arrays - Arrangement Options



d Currentis directly proportional to the solar irradiance.

Gc
ISC - ISC—STC * G (4)
7 STC
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s ! — T
B 2
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d Open-circuit voltage increases slightly with increasing solar
irradiance.

-V Curves and Ambient Conditions %



d Module cell temperature affects the module’s voltage and hence its

power OUtpUt.
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L The temperature coefficients can be expressed as: A2

= Percentage changed in the variable value with respect to a unit change in
temperature (€%/°C) or

= An absolute value with represent to a unit change in temperature
(gab/oc)-

d  For example, in terms of the temperature coefficient, the new value
of open-circuit voltage due to a temperature change can be
determined from:

Xe = Xere * |1+ () * (T, = Torc) (5)
Xe = Xsre + €ap * (Te — Tsrc) (6)

Where X, is the module temperature adjusted variable X¢r- and represent current, voltage and
power of solar module.

Module’s Temperature Coefficient and Impact

30



(d Module (or solar cell) temperature mostly depends on:

= Solarradiation

=  Ambienttemperature

=  Wind speed

= |nstallation method

= Solar cell technology (NOCT and temperature coefficients)

(d Nominal Operating Cell temperature (NOCT) is defined as the
temperature that is reached under the following conditions:

= Solarirradiance =800 W/m?
=  Ambienttemperature =20 °C
=  Windspeed=1m/s

31

Module Temperature and NOCT



d Module (or solar cell) temperature is given as:

9.5 NOCT-20°C
— Vs
fe=Tq+ [(5.7+3.8*Vf) "’ ( 800 ) ’ GC] V)

where T, is the ambient temperature (°C), Vs is the wind speed (m/s) at the

installation site, NOCT is the module normal operating cell temperature (°C) and G,
(W/m?2) is solar radiance on the module plane.

32

Calculating Module Temperature



Questions?
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