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1. Models of the photovoltaic (PV) cell, PV panel and PV array
1.1. Solar Energy

The solar energy received on E a r t surfase annually sums up to 1,5 x101> kWh, almost
10.000 times the world's annual energy consumption. In estimating the possibilities of
using the solar energy we must consider both the advantages and its disadvantages.

The advantages:

A It is an abundant Renewable Energy

A This technology is Omnipresent and it can b
A 1t ipsllutiag tedlmology, which means that it does not release green house gases

A 1t is a Noiseless technology as there are n
A This t echnol-magmenance beuause ef fack ofenaving parts

A It can be installed on modul ar basis and ex
A Most viable alternative for providing el ect

where the energy demand is high and can be expanded on modular basis.



1. Models of the photovoltaic (PV) cell, PV panel and PV array
1.1. Solar Energy

Disadvantages:

A As the technology is in an evolving stage, the efficiency levels of conversion from light to
electricity is in the range of 10 to 17%, depending on the technology used.

A The initial investment cost of this technology is high. At present the technology is basically
surviving because of subsidy schemes available by the government.

A Solar energy is available only during daytime. Most load profiles indicate peak load in the
evening/night time. This necessitates expensive storage devices like battery, which need to be
replaced every 3 to 5 years. Generally, the cost of the Battery is 30 to 40% of the system cost.
A As the efficiency levels are low, the space required is relatively high. For instance, with the
existing levels of technologies, the land required for putting up a 1 MW solar PV power plant is
between 6 to 9 acres. However, research is going on to increase the efficiency levels of the cell.
A Solar energy is heavily dependent on atmospheric conditions.

A Solar insolation varies from location to location, so there are certain geographic limitations in
generating solar power.



1.1. Solar Energy

World's largest photovoltaic power stations

—
—

United States 579 n.a. 2015
=

United States 550 1,096 2014
=

United States 550 1,023 2015
=

United States 458 484 2015

https://en.wikipedia.org/wiki/List of photovoltaic power stations



https://en.wikipedia.org/wiki/India
https://en.wikipedia.org/wiki/United_States
https://en.wikipedia.org/wiki/United_States
https://en.wikipedia.org/wiki/United_States
https://en.wikipedia.org/wiki/United_States
https://en.wikipedia.org/wiki/List_of_photovoltaic_power_stations

1.1. Solar Energy

Exponential growth on semi-log chart
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In 2014, the cumulative photovoltaic capacity increased by 40.1 GW or 28% and reached at least
178 GW by the end of the year, sufficient to supply 1 percent of the world's total electricity
consumption of currently 18,400 TWh. https://en.wikipedia.org/wiki/Growth _of photovoltaics
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1. Models of the photovoltaic (PV) cell, PV panel and PV array

1.1. Solar Energy

Solar Irradiance

The amount of solar power available per unit area is known as irradiance.
Irradiance is a radiometric term for the power of electromagnetic radiation at
a surface, per unit area. It is used when the electromagnetic radiation is
Incident on the surface.

Solar Constant

The solar constant is the amount of incoming solar electromagnetic radiation
per unit area, measured on the outer surface of Earth's atmosphere on a plane
perpendicular to the rays.

The solar constant includes all types of solar radiation, not just the visible light.
It is estimated to be roughly, G;~=1,366 watts per square meter (\W/m2).
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1.1. Solar Energy
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The map shows the amount of solar energy in hours, received each dayomtimallytilted surface during the
worst month of the year. (Based on accumulated worldwide solar insolation data). Saurgealtestore.com
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1. Models of the photovoltaic (PV) cell, PV panel and PV array

1.1. Solar Energy

Solar Spectrum
The sun radiates power over a continuous band or spectrum of electromagnetic

wavelengths. The power levels of the various wavelengths in the solar
spectrum are not the same.

Ultraviolet, Visible and Infrared Radiation
The sunodos tot al energy I s composed of:

A% ultraviolet radiation (<<0,38> Y},
A7% visible radiation (0,38> Y<<<0,78> Y and
A6% infrared (heat) radiation (<>0,78> ).

Photovoltaic cells primarily use visible radiation.
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1.1. Solar Energy

Solar Radiation Spectrum
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1.1. Solar Energy

Solar Insolation

The results of the eartho6s motion and
have led to essentially two types of solar insolation data. These are daily and
hourly.

Solar irradiance is related to power per unit area where as

solar insolation is related to radiant energy per unit area. Solar insolation is
determined by summing solar irradiance over time, and is usually expressed in
units of kWh/m? /day.




1.2. Photovoltaic conversion.

In the photovoltaic effect, the solar energy
generates electron-hole pair in a semiconductor
device to produce electricity.

It consist in increasing the electrical conductivity of a
semiconductor or dielectric material under the action
of light, due to the generation of free charge carriers-
electrons and holes.

One electron-hole pair is created for every incident
photon that has an energy,

The photovoltaic effect

The photovoltaic effect was discovered in
1839.

Bell Laboratories scientists developed the
first viable PV cells in 1954.

w Of : s
if Id : >
W >W '
where
h=6,6254-1034J-s isthe Planckds const ant ,+O O-
T is the frequency of the electromagnetic wave, and R
W, is the band-gap energy.




1.2. Photovoltaic conversion. The photovoltaic effect
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Light Absorption Limits for Some Semiconductors (A da Rosa, Fundamentals of Renewable
Energy Processes, 2009, Elsevier Inc.)



1.3. Photovoltaic cell. Construction, principle of operation

A Photovoltaic cell is a device that directly converts light into electrical energy based on
the photovoltaic effect.

Most of the photovoltaic cells are made from silicon. A PV cell consists of a pn junction,
two electrodes, a conductive grid and an anti-reflection coating.

Electrode
ReflectProof Film

N-Type Semiconductor

Load

P-Type Semiconductor

»
Electric Current

Electrode

Photovoltaiccell



1.3. Photovoltaic cell. Construction, principle of operation

The operation of the photovoltaic cells can be studied considering the p-n junction in
parallel with a constant current source.

The constant current source is modeling the photovoltaic effect.

lon |
- -

||:>|_| — CIA/\ g
where g Is the charge of the elecron
A 4 1S the flux of photons with energy
larger then VY (bandgap energy and
A Is the active aria of junction



1.4. Types of solar cells

Conversion Efficienayf

Module
Single crystal 10-17%
— Crystalline -I:
_ Silicon | Poly crystalline 10-13%
Semiconductor
— Non-crystalline - Amorphous 7-10%
Solar |_] Compound B
Cell Semicanductor [N Gallium Arsenide (GaAs) 18- 30%
Dyesensitized Type 7-8%
|| Organic {
Semiconductor Organic Thin Layer Type 2.-3%
. N
_ . Electric Energy Output
Conversion Efficiency = X 100%

Energy of Insolation on cell

J




1.5. The efficiency of PV cell

The maximum power produced by a PV cell does not exceed 3W and the terminal voltage does
not exceed the maximum value of 0.6 V at idle.

PV cells can provide power about 160 W / m2,
The main factor that defines the quality of a solar cell is the efficiency, or the conversion factor,
which is the ratio of the maximum power delivered by the cell P,, and the incident power P,.

P Ul
h:M:M
P

IN IN

M

The ideal efficiency of the PV cell is 43,8% (A da Rosa, Fundamentals of Renewable Energy
Processes, 2009, Elsevier Inc.). The PV cell made of GaAs is the most efficient (up to 30%).

In order to obtain a higher photovoltaic power, the PV cells are connected in series to form a PV
panel or a PV module.

The PV modules may be associated in turn in series or in parallel to form fields or PV array.



1.6. The model with a single diode of the PV cell

The PV cell is a non-linear DC source.
There are two models for modeling PV cells: the simple diode model and the double diode model.

The constant current source connected with a

| o Rs |
semiconductor diode, forms an ideal cell to which a series > ANN——
resistance and a parallel resistance are added. o lp
The current-voltage characteristic of a diode is given C‘D D Rp V
by: |
e PH v
o ofasfly o —
B‘E P The simple diode model of a PV cell
where: I-V characteristic of a PV cell is given by:

g- electron charge (1.6@x10> M @);

k- the Boltzmann constant (1.38x 1023 m? kg s* K?Y); o o
T- cell temperature; ‘0 O "O[‘Q w({l w ¥ Si‘"Cj 0 w Y ¢0
|, - saturation current of the reverse biased junction.




1.7. The double diode model of a PV cell

This model takes into account the phenomenon of recombination of the charge carriers in the p-n
junction and the variation of the coefficient A of the semiconductor diode with voltage.

lpH Rs |
—> NN——
Ip1 Ip2 lp
C‘) Rp  V
|PH Dl D2 v

The I-U characteristic of a PV cell for double diode model is given by the
equation:

o0 Oloc nw Y #O o loc nw Y ¢O w Y ¢0
WMy ) P “WBay ) P Y



1.8. Characteristic curves of a PV cell

Current-voltage characteristic, |-V

|-V characteristic mainly depends: I Short Circuit
A on the intensity of the solar ?/

radiation G and,; _ _
A on the temperature of the cell. Normal operation point

High insolation (Maximum PowePoini)

For an ideal PV cell (Rsa 0 , :c')'/ I
RoYD) graph i s aixd . .
: : > | Low insolation
determined by the relation: & iiintaiaiuiuineiee
: Open Circuit
o | xV =P N\
0 0 olaofy) ol _\4,
Voltage(V) i)

about0.5V(Silicon)

Avoltage on normal operation point
0.5V (in case of Silicon PV)




1.8. Characteristic curves of a PV cell

Current-voltage characteristic, |-V
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1.8. Characteristic curves of a PV cell

Power-voltage characteristic, P-V
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1.8. Characteristic curves of a PV cell

Power-current characteristic, P-I

Y wg e g LO I
L CGw CGw éa {p "OCj

where 64 EN—A'ls the thermal voltage equivalent.
The maximum point is defined by the equations:

0 ma{p $>
W

. . (®)
S N




1.8. Characteristic curves of a PV cell

Estimate the load power from current-voltage characteristic, |-V
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Caracteristica |V, PV




Caracteristica ]V, PV




|1 forRs= 0, 5 {
I2forRs =0, ¢

1.8. Characteristic curves of a PV cell

Influence of the Rs andRp on the characteristics of solar cell
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1.9. Solar module model

Connecting PV cells in series

The cells have to be connected in series to increase the total

voltage of the module.
(Vout=V1+V2+V3+ ¢ )

Cell

- Output +
@ Voltage @

The parallel connecting increases the
total current generated by the module
(lout=11+12+13+...).

Connecting PV cells in parallel
Cell 1

- Output +

——@ Voltage @

28

Itc tal



1.9. Solar module model

For N, cells branches in parallel and Ny cells in series, the
total shunt resistances (Rgy, moqule) @Nd Series resistances
(Rs.modute) IN Module are equal to:

4_ﬁu.o._(j—j¢=|_ b mow gl

JV
I

where
“module- Total shunt resistance in the PV module, Ohm. where

module- TOtal series resistance in the PV module, Ohm. lsc. modute: TOtal short circuit current of the PV module, A.

Rp
RS
R,: Shunt resistance in one PV cell, Ohm. Voc. modute: Total open circuit voltage of the PV module, V.
R,: Series resistance in one PV cell, Ohm. lsc: Short circuit current of one photovoltaic cell

NS

Np

: Number of cells in series Voc: Open circuit voltage of one photovoltaic cell
: Number of cells branches in parallel



1.9. Solar module model

Influence of connected In series / parallel
photoelectric cells
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The comparatives results obtained by simulation and measurement
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