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Project exercises

Project 1

Here we will plan a stand-alone (off-grid) photovoltaic system for a holiday home. First of 
all, we must determine the total energy consumption to be able to correctly dimension the 
solar generator. In this process, it is necessary to account for factors such as location as 
well as roof alignment and inclination. The required battery capacity needs to be 
ascertained too.

Project 2

The owner of a holiday home would like to run a photovoltaic system in parallel operation 
with the electrical grid. You receive the order for planning and installing this system.

Course contents

Introduction to solar radiation 
Introduction to the fundamentals of photovoltaics 
Inspecting and evaluating installation sites for photovoltaic generators 
Planning and dimensioning stand-alone (off-grid) photovoltaic systems 
Planning and dimensioning grid-coupled photovoltaic systems 
Commissioning photovoltaic systems 
Energy-saving measures

At the end of this course, we will implement two projects.
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Safety 

Basic safety instructions

High, life-threatening voltages can occur on experiment setups connected to the mains 
power supply system. For this reason, only use safety measurement leads and avoid 
short circuits.

Make sure to ground all devices incorporating or providing for a ground connection.

Always carefully check the wiring of the application modules before connecting the mains 
power supply. If possible, install a robust monitoring instrument in the current path.

Also observe all locally applicable regulations and standards regarding handling of 
electrical equipment.
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Equipment

Some animations require that a Flash player is installed. If your system does 
not have a Flash player, you can download the latest version from 

Macromedia.

CO3208-
1A

Solar module 
simulation - 3 x 
23V / 2A

CO3208-
1B

Solar module with 
solar altitude 
emulator

CO3208-
1M

Solar charge 
controller - 12 / 
24V, 10 A

CO3208-
1E

Solar battery -
12V / 7Ah

CO3208-
1F

Off-grid inverter -
230V / 275VA

CO3208-
1G

Industrial 
photovoltaic 
inverter

CO3208-
1H Energy meter

CO3208-
1J

Loading unit for 
solar modules -
1kOhm / 500W

CO3208-
1K Lamp board - 12V

CO3208-
1L Lamp board - 230V

CO3211-
1A

Single-phase mains 
connection with 
switch 

CO5127-
1Z

Analog / digital 
multimeter
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 CO3208-1A

Training panel CO3208-1A titled "Solar module simulation" comprises three independent 
solar modules.

Three separate solar module simulation models. 
Each solar module has an adjustable irradiance. 
Each solar module's outputs are protected against short circuit. 
Open-circuit voltage: Approximately 23V 
Short-circuit current: Up to 2A 
Integrated displays of voltage and current 
Operating voltage: 100-240V ~; 50/60Hz   

Start-up procedure

Wire the solar module simulation model as specified in the circuit diagram. The 
individual modules can be connected in series or parallel. 
When short circuited, the solar cells are in a normal operating state. 
Turn on the solar module simulation. The output voltage and current depend on the 
load. 

Move the mouse pointer over the diagram to view details on the panel's individual 
components.
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CO3208-1B 

Solar module CO3208-1B with a solar altitude emulator makes it possible to investigate a 
variety of irradiation scenarios. With the help of a software tool, you can set the solar 
elevation angle as a function of latitude, date and time of day.

10 W polycrystalline solar module 
Open-circuit voltage: 26 V 
Short-circuit current: 650 mA

Adjustable module inclination 
Adjustable solar altitude 
Adjustable solar azimuth 
500 W halogen lamp (with dimmer)

The halogen lamp and solar module become very hot during operation.

Move the mouse pointer over the diagram to view details on the panel's individual 
components.
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CO3208-1M 

Training panel CO3208-1M titled "Solar charge controller" can be used to charge lead-
acid batteries using solar power.

Start-up procedure

Connect the battery to the charge controller.

Connect the photovoltaic generator to the charge controller.

Connect the load to the charge controller.

Click here to view the manufacturer's instructions.

Coloured LEDs for indicating 
operating states 
Integrated displays for the load 
connection's voltage and current 
Deep-discharge protection for 
the connected battery 
Overload protection for the 
connected battery 

During start-up, always connect the battery before the solar generator.

The generator's voltage must not exceed 75 V.

Move the mouse pointer over the diagram to view details on the panel's individual 
components.
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CO3208-1E 

Training panel CO3208-1E titled "Solar battery" contains a lead-acid battery.

Maintenance-free lead-acid 
battery (12V / 7Ah) 
Integrated displays for voltage 
and current 
Resettable fuse 

Never short-circuit the battery as it might get damaged as a result.

Move the mouse pointer over the diagram to view details on the panel's individual 
components.
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CO3208-1F 

Training panel CO3208-1F titled "Off-grid inverter" contains an inverter for operating a 
photovoltaic system in stand-alone mode.

Start-up procedure

Connect the off-grid inverter's DC input to the charge controller's load output.

Click here to view the manufacturer's instructions.

Inverter (12V / 230V, 50Hz) 
Sinusoidal output voltage 
Reverse polarity protection on 
the DC side 
Deep-discharge protection for 
batteries

As soon as the inverter is connected to a battery, the output supplies 230 V.

Move the mouse pointer over the diagram to view details on the panel's individual 
components.
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CO3208-1G 

Training panel CO3208-1G titled "Grid-connected inverter" contains an inverter for 
operating a photovoltaic system in parallel with the electrical grid.

Grid-connected inverter (230V / 50Hz) 
Power: 300W 
Input voltage: 45V ... 130V 
Automatic release point 

 Start-up procedure

Connect the photovoltaic generator to the grid-connected inverter.

Connect the inverter to the mains power supply grid.

Click here to view the manufacturer's instructions .

Move the mouse pointer over the diagram to view details on the panel's individual 
components.
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CO3208-1H 

Training panel CO3208-1H titled "Energy meter" incorporates a uni-directional energy 
meter, the direction of energy flow being indicated on the panel. The energy meter is 
capable of measuring small quantities of energy such as those occurring in our laboratory 
experiments.

Start-up procedure

Wire the energy meter's input and output sides.

Note that the energy flow is registered only in the direction of the arrow.

Click here to view the manufacturer's instructions.

Digital energy meter 
Displayed parameters: 

Voltage 
Active power 
Energy costs 
Energy consumption 

Move the mouse pointer over the diagram to view details on the panel's individual 
components.
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CO3208-1J 

Training panel CO3208-1J titled "Load unit - 500W" is used to set various operating 
points and record characteristics.

Potentiometer's current-carrying capacity 
0Ω - 30Ω: 6A 
30Ω - 200Ω: 2A 
200Ω - 1kΩ: 0.6A 
Duty cycle 40%

Always monitor the current with an ammeter to avoid impermissible loads.

Move the mouse pointer over the diagram to view details on the panel's individual 
components.
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CO3208-1K 

Training panel CO3208-1K titled "Lamp board - 12V" incorporates two 12V consumers 
comprising lamps.

Halogen lamp 
12V 
Max. 20W

LED spotlight 
12V

Operate the lamp module only at the rated voltage. Excess voltage will damage the 
lamps. The lamp module will not work in the absence of a battery for the solar 
emulator.

Move the mouse pointer over the diagram to view details on the panel's individual 
components.
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CO3208-1L 

Training panel CO3208-1L provides three 230V consumers in the form of lamps. 

Incandescent lamp 
230V 
25W

Energy-saving lamp 
230V 
4W

LED lamp 
230V 
4W

Operate the module only at the rated voltage.

Move the mouse pointer over the diagram to view details on the panel's individual 
components.
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CO3211-1A 

Training panel CO3211-1A establishes a connection between the gríd-connected inverter 
and the public power supply mains. This permits energy produced by the photovoltaic 
system to be fed to the power supply grid. 

Start-up procedure

Move the rotary switch to its 0 setting. 
Insert the plug into the protective-ground socket. If the lamp beneath jack "N" 
comes on, rotate the plug by 180° to achieve the correct polarity for the socket. 
On occurrence of an overload, the circuit breaker is triggered automatically. In this 
case, check the circuit before closing it again.

Circuit breaker 
Lamp warning against incorrect 
polarity 
Protective-ground socket

Move the mouse pointer over the diagram to view details on the panel's individual 
components.
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CO5127-1Z

Training panel CO5127-1Z "Analog-digital multimeter"

The analog-digital multimeter possesses USB and RS232 interfaces for connection to a 
PC. 

Click here to view the manufacturer's instructions.

Technical data

Electrical / mechanical 
features

Supply voltage: 230V / 50Hz 
Measurement variables: 

Voltage 
Current 
Active power 
Apparent power 
Reactive power 
Cosine φ

Protection class II 
Interfaces: 

USB 
RS232

Move the mouse pointer over the diagram to view details on the panel's individual 
components.
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From a solar cell solar to a module array
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What is a solar cell?  

Structure of a PV cell

PV cells are semiconductors which become electrically conductive on exposure to light or 
heat. 

The following animation shows the schematic layout of a PV cell:

1. Rear-side metal contact:

The PV cell’s voltage can be tapped via this contact.

2. p-semiconductor layer:

Added to this semiconductor material are foreign atoms possessing fewer free 
electrons. This results in a surplus of positive charge (electron holes) in the 
semiconductor. This is a p-type semiconductor layer.

3. n-semiconductor layer:

Added to this semiconductor material are foreign atoms possessing more free 
electrons. This results in a surplus of negative charge (electrons) in the 
semiconductor. This is an n-type semiconductor layer.
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4. Contact fingers:

Together with the rear-side metal contact, the contact fingers make up the terminals 
to which a consumer can be connected, for instance.

5. Anti-reflective layer:

The anti-reflective layer is meant to protect the PV cell and reduce reflection losses 
at the cell’s surface.
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Principle of a solar cell 

Solar cells are usually made of silicon which is the second most frequently found element 
in the earth's crust. A silicon atom has four valence electrons. In a silicon crystal, two 
electrons of neighbouring atoms form a pair in each case. In this state, the silicon crystal 
is not conductive, because no free electrons are available for transporting charge.

When a silicon crystal receives energy in the form of light or heat, for instance, the energy 
is also absorbed by the electrons. Once an electron pair has absorbed enough energy, it 
breaks up so that the electrons are free to move inside the silicon crystal. Each electron 
which has drifted in this manner leaves a "hole" at its original location in the crystal lattice. 
The silicon becomes conductive, this property being known as the intrinsic conductivity of 
a semiconductor. When the energy supply is interrupted, each drifting electron releases 
the energy it previously absorbed and returns to a free electron hole.

An electrical field can be used to separate the electrons from the electron holes. Impurity 
atoms permit an electrical field to be generated inside a semiconductor. For this purpose, 
atoms with five electrons each are integrated into one section, known as n-semiconductor 
or n-doped. This section bears a slightly negative charge with respect to the pure silicon 
crystal lattice.
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Atoms with three electrons each are integrated into another section, known as p-
semiconductor or p-doped. This section bears a slightly positive charge with respect to 
the pure silicon crystal lattice. If the n- and p-semiconductors are brought right next to 
each other, an  electric field forms in the p-n junction arising between the two 
semiconductors.

p-n junction

A p-n junction is formed by joining p- and n-semiconductor layers. Electrons from the n-
layer drift across this junction to the p-layer, where they combine with the holes.

Electron Negatively charged atom

Electron hole Positively charged atom
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When electrons leave the n-layer, the atoms remaining there result in a slightly positive 
charge in that region. Conversely, the p-layer where the incoming electrons combine with 
the holes accumulates a slightly negative charge as a result.

This charge separation creates an electric field across the semiconductor junction, also 
termed space-charge region.

Photovoltaic effect

When light impinges on the PV cell’s crystal lattice, the light energy is transfered to the 
lattice, where the atoms are excited to form electron-hole pairs. If this happens outside 
the p-n junction, the electron-hole pairs re-combine very quickly. Electron-hole pairs 
inside the p-n junction are separated by the local electric field. The resultant electrons 
drift to the n-layer while the holes drift to the p-layer, causing the PV cell’s voltage to build 
up. If a consumer is then connected to the cell, a current begins to flow.
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Types of solar cell 

Solar cells can be divided into three groups based on raw material:

Monocrystalline
Polycrystalline
Thin-film

Thin-film cells include those made of amorphous silicon and other materials like 
cadmium-telluride (CdTe), copper-indium-diselenide (CIS) and gallium-arsenide (GaAs). 
Silicon solar cells have prevailed so far in practice. 

Monocrystalline solar cells

Highly pure silicon melt is used to grow mono-crystals in the form of round silicon blocks. 
A mono-crystal's lattice has an entirely homogeneous structure. The silicon block is 
sawed into wafers each 200 to 300 µm thick. To optimize utilization of the solar module's 
surface, the round cells are cut into square ones. A cell's side usually has a length of 152 
mm. The final phase of manufacture involves doping followed by installation of contact 
surfaces and an anti-reflective layer.

Mono-crystalline solar cells manufactured on an industrial scale have an efficiency of 15 -
18%, the highest among the variety of solar cells presently available. However, 
monocrystalline solar cells require more energy and time to manufacture compared with 
polycrystalline solar cells.

(Photo source: www.sunways.de)

Polycrystalline solar cells

Highly pure silicon melt also serves as the initial material for polycrystalline cells. 
However, these cells are manufactured not by growing mono-crystals, but through 
controlled cooling of the silicon melt in square-shaped moulds. During cooling, the 
crystals arrange themselves in an irregular pattern resulting in an iridescent surface 
typical of polycrystalline solar cells. The square silicon blocks are then sawed into wafers 
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with a thickness of 200 to 300 µm. The final phase of manufacture involves doping 
followed by installation of contact surfaces and an anti-reflective layer. This layer gives 
the solar cell its characteristic blue sheen, blue being least reflective and most absorptive 
to light. Polycrystalline solar cells have an efficiency of 13 to 16%.

(Photo source: www.buch-der-synergien.de)

Thin-film cells

Amorphous silicon cell

The expression amorphous is derived from Greek ( a: without; morphé: form). In physics, 
substances whose atoms form irregular patterns are termed amorphous. Atoms arranged 
in ordered patterns are said to be crystalline.

(Photo source: www.w-quadrat.de)

To manufacture amorphous solar cells, silicon is vapour-deposited on a carrier, e.g. 
glass. The vapour-deposited silicon layer has a thickness of 0.5 to 2 µm. Besides 
lowering silicon consumption, this also dispenses with elaborate sawing of silicon blocks. 
However, amorphous solar cells only have an efficiency of 6 to 8%.

Copper-indium-diselenide cell (CIS)

Instead of silicon, this type of cell employs thin films comprising copper, indium and 
selenium. The cell has a black surface allowing it to absorb nearly 99% of the incidenting 
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light. Manufacture takes place in a vacuum chamber where the materials are applied to a 
carrier at a temperature of 500°C.

The table below provides an overview of the various modules’ efficiencies and surface 
areas required to generate a power of 1 kWp.

Raw material Module efficiency 
in % 

Area 
in m2

Monocrystalline 15-18 7-9 

Polycrystalline 13-16 8-9

Amorphous 6-8 13-20

Copper-indium-
diselenide 10-12 9-11
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Manufacturing techniques 
The basic material of all solar cells is quartz sand (SiO2), from which silicon (Si) is 
produced. As the second most common substance in the earth's crust, quartz sand is 
present in accordingly abundant amounts. It is reduced by means of carbon to obtain 
silicon.

SiO2 + C = Si + CO2

Though the silicon produced in this manner has a purity of about 98%, this is still not 
enough for the manufacture of solar cells. Because additional processes are needed to 
raise the silicon's purity to nearly 100%, silicon of this quality is very costly to produce.

The highly pure silicon is then used to fabricate silicon wafers from which the solar cells 
are ultimately manufactured. Silicon wafers can be made using a number of techniques, 
depending on the required type of solar cell. The following different techniques are known 
at present:

Casting technique
Bridgman technique
Czochralski technique
Float-zone melting technique
EFG (edge-defined film-fed growth) technique
String-ribbon technique

The illustration below shows which technique is used to manufacture which cell types.
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Monocrystalline solar cells  

Czochralski technique

The silicon melt is contained in a rotating crucible and maintained in the liquid state by a 
heater. A seed crystal on a metal bar defines the alignment of the silicon's crystal lattice. 
The seed crystal is immersed into the silicon melt and then drawn back up slowly out of 
the crucible whilst twisting in the process. The speed at which the seed crystal is drawn 
out of the silicon melt and the melt's temperature determine the resultant crystal's 
diameter.

Silicon wafers are cut out of the drawn silicon crystal. Because the cut width and wafer 
thickness are largely identical however, up to 50% of the drawn crystal is lost.

Float-zone melting

A column of polycrystalline silicon is suspended and rotated in a protective atmosphere. 
An induction heater melts down a narrow zone of the silicon column, starting at its 
bottom. A seed crystal below the silicon column makes contact with the melt and defines 
its crystalline alignment. The induction heater moves up slowly while the melt below 
solidifies into a monocrystalline structure. Impurities drift up together with the molten zone 
and are deposited at the end of the monocrystal.
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Polycrystalline solar cells  

Casting technique

In this case, highly pure silicon is liquefied and poured into moulds, where it slowly cools 
into solid silicon blocks. These blocks are then cut into thin wafers whose crystalline 
lattice exhibits only small zones of an identical alignment.

Bridgman technique

This technique differs from the previous one simply in terms of the cooling phase: The 
mould containing the silicon melt is enclosed by a heating element which is moved up 
slowly, causing the silicon to solidify gradually starting at the mould's bottom. As a result, 
the crystal lattice's zones of identical alignment are larger than those produced by the 
simple casting technique. A pattern typical of polycrystalline solar cells is created.
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EFG (edge-defined film-fed growth) technique

As is the case with the Czochralski technique, the silicon is molten in a crucible and 
maintained in a liquid state by a heater. However, rather than a column being drawn out 
of the silicon melt, it is an octagon with a wall thickness of 280 µm and an edge length of 
10 cm. The fully drawn, octagonal silicon tubes are cut at the edges by a laser to form 
rectangles which can then be sized to the required length.

String-ribbon technique

Two heat-resistant wires are inserted into a crucible containing silicon melt. When the 
wires are drawn out again, the melt stretching between them solidifies. Silicon wafers of 
the required lengths are then cut out of the resultant silicon band.
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Design of a solar module 

By combining several individual solar cells into a single unit, a solar module has the 
following benefits:

Easier handling 
Lower mechanical stress on the solar cells 
Protected terminals for the solar cells 
Higher rated power and voltage

A solar module’s electrical layout comprises several solar cells connected in series. This 
is achieved by connecting one solar cell’s front contact with the next cell’s rear contact. 
The connections are established by means of solder links consisting of highly flexible, tin-
coated copper strips. 

Modern solar modules usually comprise 36, 48 or 72 inter-connected solar cells. 
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Design of a solar module

Front pane

The solar module's front pane usually comprises a glass that complies to special 
standards. The glass must be highly transparent to sunlight and reflect just a minimal 
proportion of it. For these attributes to be retained over the solar module's entire life 
cycle, the glass must also be resistant to ultraviolet light. Moreover, the front pane must 
prevent an ingress of water and water vapour which would notably shorten the solar 
module's service life.

Encapsulation

Encapsulation serves, firstly, as a mechanical link between the individual solar cells and, 
secondly, as an optical bridge between the front pane and the solar cells in order to 
prevent unnecessary losses in solar radiation. The encapsulation must possess the same 
optical attributes as the front glass pane. Ethylene vinylacetate (EVA) is normally used for 
encapsulation.

Rear surface

Like the front pane, the rear surface must also prevent an ingress of water and water 
vapour. This surface usually comprises Tedlar or glass.
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Socket

The socket is used to connect the solar modules' freewheeling or bypass diodes as well 
as the connection lines.

Frame

Usually made of aluminium, the solar module's frame is used, for instance, to protect the 
glass during transport and assembly. The frame also makes the composite structure 
more rigid and provides mounting points.
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Open-circuit voltage of a PV cell  

As the largest voltage occurring across the terminals of a PV cell, the open-circuit voltage 
VOC is important in dimensioning subsequent circuits (e.g. inverters). This voltage is 
measured without any load being connected to the PV cell.

The semiconductor material making up the PV cell decisively determines the voltage 
produced by the cell.

The factors mentioned next influence the open-circuit voltage.

Irradiance 
Angle of incidence 
Temperature

Irradiance

The next diagram illustrates the dependency of open-circuit voltage on irradiance. 
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Obviously, the open-circuit voltage is not a linear function of the irradiance. The voltage 
approaches its maximum level already at low irradiances. When installing PV cells on 
roofs, you should therefore bear in mind the cells’ ability to produce substantial voltages 
even under overcast skies.

Angle of incidence

Measurements of the dependency of open-circuit voltage on angle of light incidence show 
that this voltage is maximized when the light impinges perpendicularly.

Temperature

A PV cell’s open-circuit voltage has a negative temperature coefficient, i.e. as a PV cell or 
module warms up (e.g. on exposure to light), its open-circuit voltage drops. As an 
outcome of this temperature dependency, the PV cell’s open-circuit voltage is at its 
highest at low (winter) temperatures.

Accordingly, PV modules destined for use in warm regions require a higher number of 
cells than usual (e.g. 40 instead of 36).
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Experiment: Open-circuit voltage of a PV cell 

The animation below shows how to set up the experiment.

On the sun position emulator, set the sun and panel angles to 0°, and the elevation angle 
to 90°. The halogen lamp should then be positioned perpendicularly over the solar 
module.

Connect the analog/digital multimeter to the mains power supply; turn on the multimeter 
and select the voltage display mode.

To set irradiance values for the subsequent measurements, move the dimmer’s slide 
control in quarterly steps. This results in five different positions for the control, the lowest 
irradiance corresponding to position 0/4, the highest to 4/4. Set the irradiances as 
indicated in the table below, measure the solar module’s corresponding open-circuit 
voltages and enter their values in the table.

In this experiment, we will use an analog/digital multimeter to examine the 
dependency of a solar module’s open-circuit voltage VOC on irradiance.
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Once you have completed your measurements, switch from the tabular view to the 
diagram view.

position of dimmer irradiance [W/qm] open circuit voltage [V]

0 0.00
0/4 100
1/4 170
2/4 240
3/4 310
4/4 380
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Because the irradiance is not actually measured here, the obtained characteristic 
depends in large part on how you conduct the experiment. Measurements of 
irradiance have been left out intentionally in this case.

What can be said about the obtained characteristic?

The open-circuit voltage VOC...

What is the value of the solar module’s VOC at the halogen lamp’s maximum 
irradiance?

... remains constant.

... is not a linear function of irradiance.

... rises linearly with the irradiance.

... reaches nearly its maximum value already at a low 
irradiance (about 100 W/m2).

Several 
answers may 
be correct.

VOC =  V
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Short-circuit current of a PV cell 
The short-circuit current IK is the largest possible current a PV cell can supply. This 
current is measured using an ammeter with a very low internal resistance connected 
directly to the PV cell’s terminals.

PV cells are short circuit proof, i.e. they do not get damaged if their terminals are 
short circuited.

Because the short-circuit current is only slightly higher than the rated current, the module 
lines need not be protected by fuses against short circuit. However, the lines must be 
dimensioned to handle short-circuit current.

A short circuit resulting from a fault (e.g. defective insulation) can result in hazardous 
arcs.

The short-circuit current depends on:

irradiance
angle of light incidence
temperature
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Irradiance

Precise measurements of short-circuit current as a function of irradiance yield the 
following typical characteristic:

A short-circuited PV cell serves as a sensor for an irradiance meter.

Angle of light incidence

Measurements of short-circuit current as a function of the angle of light incidence show 
that the short-circuit current attains its maximum value when the light impinges 
perpendicularly on the PV cell.

Temperature

Precise measurements of the temperature-dependency of short-circuit current reveal a 
positive temperature coefficient, i.e. as the PV cell warms up, its short-circuit current 
rises.
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Experiment: Short-circuit current of a PV cell

The animation below shows how to set up the experiment.

On the sun position emulator, set the sun and panel angles to 0°, and the elevation angle 
to 90°. The halogen lamp should then be positioned perpendicularly over the solar 
module.

Set the analog/digital multimeter to current display by pressing the I selector switch.

To set irradiance values for the subsequent measurements, move the dimmer’s slide 
control in quarterly steps. This results in five different positions for the control, the lowest 
irradiance corresponding to position 0/4, the highest to 4/4. Set the irradiances as 
indicated in the table below, measure the solar module’s corresponding short-circuit 
currents and enter their values in the table.

Once you have completed your measurements, switch from the tabular view to the 
diagram view.

In this experiment, we will use an analog/digital multimeter to examine the 
dependency of a solar module’s short-circuit current ISC on irradiance.
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Because irradiance is not measured here, the obtained characteristic depends in large 
part on how you conduct the experiment. Measurements of irradiance have been left out 
intentionally in this case.

How does the short-circuit current respond to various irradiance levels?

The short-circuit current ISC...

position of dimmer irradiance [W/qm] short circuit current [mA]

0 0

0/4 100

1/4 170
2/4 240
3/4 310
4/4 380

... is almost linearly proportional to the irradiance.

... does not depend on the irradiance.

... decreases as the irradiance increases.

Several 
answers may 
be correct.
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Measure the solar module’s short-circuit current ISC at the halogen lamp’s maximum 
irradiance.
ISC =  mA
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Characteristic of a PV cell 

Between the two operating points representing no-load and short-circuit respectively, it is 
possible to measure further operating points at different currents. All measurement points 
together result in the cell’s characteristic. This characteristic is determined by the various 
currents and their corresponding voltages.

The characteristic of a cell / module serves as an important assessment criterion in solar 
technology.

The diagram below shows the typical V/I characteristic of a PV cell at various irradiance 
levels.
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Experiment: Recording characteristics

Between the two operating points representing open-circuit and short-circuit respectively, 
it is possible to measure further operating points at different currents. All measurement 
points together result in the V/I characteristic. This characteristic is determined by 
measuring the solar module’s currents and corresponding voltages. A variable load 
resistor (potentiometer) is connected in order to set various measurement points.

The animation below shows how to set up the experiment. 

Open the analog/digital multimeter’s X/Y recorder virtual instrument via the menu path 
Instruments | X/Y recorder. Click the right-hand mouse button in the plotter area and 
select Properties from the context menu which appears. On the scaling tab, perform the 
settings shown below.

In this experiment, we will use an X/Y recorder to measure the solar module’s 
V/I characteristic at various irradiances.
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Use the X/Y recorder’s “Config” button to set the measurement ranges shown below.

Record the characteristic using the procedure described next.

1. Set the irradiance to 0/4. 
2. Set the potentiometer to 0 Ω (short circuit). 
3. Press the REC button to start recording the V/I characteristic. 
4. Slowly turn the potentiometer to its maximum resistance value. 
5. Press the REC button again to stop recording the characteristic.

To ensure that a proper characteristic is recorded, turn the potentiometer slowly and 
evenly. Otherwise sudden jumps might occur especially at the characteristic’s 
inflection points.

Using this procedure, record the solar module’s characteristics at the halogen lamp’s 
minimum and maximum irradiances.

Copy the obtained results to the placeholder below. For this purpose, click the right-hand
mouse button in the X/Y recorder’s plotter area and select Copy from the context menu 
which appears. To insert the graphic into the placeholder, click the right-hand mouse 
button inside the placeholder and select Paste from the context menu.

Digressing from theory, the characteristics do not touch the diagram’s axes. This is 
due to the employed measurement technology and the fact that the voltage and 
current are measured simultaneously. When current is measured via a shunt, a small 
voltage drop occurs across the shunt in the event of a short circuit. This voltage drop 
is accounted for in the measurement result, so that when the solar cell / module is 
short circuited, the voltage is not exactly zero.

X/Y recorder settings
Axis Parameter Maximum Division 

X Vrms 20V 2V

Y Irms 0.2A 0.02A

Measurement ranges 
Parameter Range Mode

Voltage 30V AC+DC

Current 1A AC+DC
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The potentiometer’s finite resistance does not fulfil the open-circuit condition that 
R→∞. As a result, the characteristics end shortly before voltage axis instead of 
making actual contact with it.
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Efficiency of a solar cell 

The power which can be supplied by a PV cell or module depends not only on the 
irradiance, but also how well the consumers are matched. The no-load operating point 
with I = 0 mA and the short-circuit operating point with V = 0 V, yield the output power P = 
0 W in accordance with the formula P = V • I. Between these two operating points, the 
product P = V • I must therefore attain a maximum value. This operating point is termed 
the Maximum Power Point (MPP).

The maximum power PMax a PV cell can deliver to a connected consumer is always 
smaller than the product of the short-circuit current and open-circuit voltage

The fill factor 

The fill factor is a quality criterion of a solar cell and states to what extent the I-V 
characteristic approaches the rectangle made up of the no-load voltage (VOC) and short-
circuit current (ISC) shown below. The fill factor is calculated using the following equation:
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The efficiency

To determine the efficiency η of a solar cell you need to know the maximum power 
point (MPP), the irradiance E and the surface area A of the solar cell. The efficiency is 
then computed from the following expression:

Temperature dependency of the Maximum Power Point

If a cell or module is operated under exposure to strong irradiance, the temperature of the 
cell / module rises beyond the value of 25°C corresponding to Standard Test Conditions. 
More precise measurement results regarding the temperature dependency of the MPP 
are shown in the next diagram.

These measurement results indicate that PV modules should always be well ventilated to 
maximize their cooling.

FF 
=

PMPP

UOC • ISC

=
UMPP • IMPP

UL • ISC

η 
=

PMPP

E • A

=
FF • UOC • ISC

E • A
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Solar radiation
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Solar radiation 

The sun radiates enormous quantities of energy in the form of electromagnetic radiation 
on a daily basis. A narrow range of this radiation constitutes light visible to humans. The 
chart below provides an overview of the electromagnetic radiation spectrum.

Light consists of photons exhibiting the nature of particles as well as waves. Depending 
on the experiment being conducted, light can be interpreted as consisting of either 
particles or waves. When considering its propagation, for instance, light is assumed to 
consist of waves. When considering its interaction with other objects such as a solar cell, 
light i.e. photons are assumed to consist of particles.

Every photon is characterized by a wavelength (λ) and energy level (E). The wavelength 
and energy are inversely proportional to each other as indicated by the equation below.

Photons of a short wavelength (e.g. blue light) therefore possess more energy than 
photons of a long wavelength (e.g. red light). Conversely, more “red photons” than “blue 
photons” are needed to deliver the same amount of energy.

The energy spectrum radiated by the sun is shown below.

E =
1.24 
λ
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The sun 

Mankind's largest inexhaustible source of energy is still the sun, which emits this energy 
in the form of solar radiation. On reaching earth, the solar radiation is converted almost 
entirely into heat energy. Photovoltaic systems can be used to directly utilize or store the 
solar radiation.

The sun has the following composition:

Approximately 80% hydrogen 
Approximately 20% helium 
0.1% other elements

Nuclear fusion processes in the sun produce solar radiation with an overall power of 
about 3.845•1026 W. Considered with respect to the sun's surface area, this radiation 
power results in an emittance of 63,110 kWm-2.

An area of 0.2 square kilometres on the sun annually produces enough solar energy to 
fully cover our primary energy requirements on earth. However, only a small portion of the 
radiated energy actually reaches the earth.

If we imagine the sun surrounded by a shell with a radius of 150 million km (the average 
distance between the sun and the earth's centre), the shell's surface emits the same 
radiant power as the sun's surface. However, the distance between the sun and the earth 
varies over a year, causing the irradiance on the earth to fluctuate. The average value of 
the irradiance, also referred to as the solar constant, is E0= 1367 Wm-2.
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Solar radiation on earth 

The solar constant introduced in the previous chapter indicates the sun's irradiance 
outside the earth's atmosphere. As the radiation passes through this atmosphere, it is 
attenuated so that the irradiance at the earth's surface is always less than the value of the 
solar constant. This attenuation is attributable to

reflection by the earth's atmosphere 
absorption by the earth's atmosphere 
Rayleigh scattering 
Mie scattering

Reduction through absorption

The atmosphere's various constituents (hydrogen, ozone, oxygen, carbon dioxide) reduce 
irradiance through absorption. However, the absorption varies according to wavelength, 
as shown in the chart below.

Evidently, the absorption is greatest in the range of visible light.

Rayleigh scattering

This scattering is caused by atmospheric molecules whose diameter is much smaller than 
the solar radiation's wavelength, the effect becoming stronger as the solar radiation's 
wavelength decreases.
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Mie scattering

Impurities and dust particles in the atmosphere cause Mie scattering of solar radiation 
whose wavelength is smaller than the diameters of the impurities and particles. This 
effect is stronger at locations where atmospheric pollution is high (e.g. industrial regions) 
than where atmospheric pollution is low (e.g. high mountain ranges).

Solar radiation on earth

Due to scattering, absorption and reflection, the solar radiation at the earth's surface 
comprises not only the direct component originating from outer space, but also a diffuse 
component. The composition of solar radiation on earth is illustrated below. 

The total solar radiation is defined as

EG hor = Edir hor + Ediff hor
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Sun's position  

Motion of the sun

Though the sun has a fixed position in space, it appears to move across the sky when 
observed from the earth. This apparent motion by the sun is due to the earth's rotation. 
As a consequence of the apparent motion, the angle at which sunlight falls directly on to 
the observer's coordinates changes continuously. The sun's exact position in the sky 
depends on a number of factors such as the time, date and season of observation. 

The irradiance, i.e. the quantity of solar energy impinging on a specific area, depends on 
the sun's position. Only when the sun's rays fall perpendicularly on a surface is the 
received energy equal to the transmitted energy. At other angles of incidence, the 
irradiance at the surface is lower. 

A precise determination of the sun's position requires a knowledge of the observer's 
latitude and longitude, as well as the time and date of observation. The relationships 
involved here are examined in more detail on the next pages of this course.

Declination

Declination is the angle between the equator and the line between the earth's and sun's 
centres. Because the earth's axis is tiled at an angle of 23.45° with respect to its orbital 
plane, the declination varies between ±23.45° in the course of a year. The declination 
reaches its maximum value in summer and winter, and decreases to 0° in spring and 
autumn.

The variations in declination during a year are demonstrated in the next animation.
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Declination is calculated with the following equation:

δ Declination
d Day of the year (on 1st January: d = 1) 
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Solar time  

Local Solar Time (LST)

This is the time determined on the basis of the earth's orbit and the sun's position. The 
local solar time at two neighbouring spots is never identical unless the spots are on the 
same line of longitude. A simple sundial, for instance, indicates the local solar time. 

Local Time (LT)

This is the time in a particular time zone.

Local Standard Time Meridian (LSTM)

Serving as a reference for a particular time zone, this meridian always passes through the 
middle of the zone. Because every time zone spans 15 degrees of longitude, the LSTM 
can be calculated as follows:

Equation of Time (EoT)

This equation is used to calculate the difference in minutes between local solar time and 
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current local time. The difference is due to the earth's elliptical orbit about the sun and the 
tilt in the earth's axis. The equation is:

where:

Time Correction Factor (TC)

This factor accounts for variations in longitude within a time zone as well as the difference 
resulting from the equation of time. The time correction factor can be used to determine 
the local solar time from the current local time with the help of the following equation:

Hour Angle (HRA)

The hour angle converts local time into the number of degrees the sun moves across the 
sky.

By definition, the sun's highest position is at 0°. The earth turns at an angular speed of 
15° per hour. The hour angle is negative in the morning, and positive in the afternoon / 
evening.
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Solar altitude (elevation)  

Solar altitude

The solar altitude (elevation) γS describes the angle between the horizon (always as seen 
by the observer) and the sun's centre. The solar altitude is 0° at sunrise and sunset, and 
90° when the sun is at its zenith, i.e. directly above the observer.

Always attained at 12.00 hours local solar time, the maximum solar altitude depends on 
the observer's latitude and the earth's declination. The maximum solar altitude can be 
calculated with the following equation:

Latitude has a positive sign in the northern hemisphere, and a negative 
sign in the southern hemisphere.

For certain times of the year, the equation above can result in solar altitudes of more than 
90° at certain latitudes. In such cases, sunlight otherwise impinging on the observer's 
location from the south now impinges from the north.

Because the sun appears to move across the sky during the day, the solar altitude 
changes constantly. Consequently, the solar altitude must be tracked in order to prepare 
accurate simulations and forecasts for photovoltaic systems. The solar altitude at any 
time can be calculated using the following equation:

δ Declination
Φ Latitude
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Sunrise and sunset

The equation above can be used to calculate sunrise and sunset times as follows:

γ Elevation 
δ Declination
Φ Latitude
HRA Hour angle

δ Declination
Φ Latitude
TC Time correction factor
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Experiment: Recording annual irradiance 

The animation below shows how to set up the experiment.

We will now record the annual irradiance occurring at Lucas-Nülle's premises. The 
irradiance will be measured at 12.00 hours solar time on the 22nd of every month, this 
value representing the entire month. Not really good practice, this technique is simply 
intended to facilitate recording of the characteristic. Compute the sun's position using the 
calculator and perform the settings shown further below.

The measurement results do not accurately reflect real conditions but only indicate a 
trend instead.
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Set the sun's and panel's angles to 0°, the elevation angle to the calculated value, and 
measure the short-circuit current. Set the lamp to its maximum brightness. Enter the 
measurement result in the table below. Repeat the measurement for all the listed months, 
always using the 22nd of each month as the measurement day. Once your 
measurements are complete, switch over from the tabular view to the diagram view.

Alternatively, you can perform the measurements for your own premises. However, 
note that the sample solution provided might no longer apply in this case.

Settings

Date: 22.01.2009 

Latitude: 52.5° north

month I [mA]
January 1

February 2
March 3

April 4
May 5

June 6
July 7

August 8
September 9

October 10
November 11
December 12
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In which month(s) is the short-circuit current highest?

What causes the variations in irradiance in the course of the year?

March
April
May
June
July
August
September

Several 
answers may 
be correct.

The earth's declination.
The earth's rotation.
The earth's elliptical orbit about the sun.
Variations in solar radiation during the year.

Several 
answers may 
be correct.
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Azimuth 

The azimuth angle is the one between geographic north and the sun's compass point. 
The azimuth angle changes constantly as the sun appears to move across the sky. This 
is demonstrated in the animation below.

The following equation is used to calculate the azimuth angle:

α Azimuth
δ Declination
Φ Latitude
HRA Hour angle 
γ Elevation 
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Sun's position as a function of latitude 

The equations for elevation and azimuth indicate that both these values are independent 
of longitude. Because declination is considered to remain constant during the day and 
latitude remains constant too, the sun's position depends solely on the hour angle (HRA). 

The chart below shows the sun's path in the course of a day as 
observed from two separate locations located on the same longitude 
but different latitudes. Differences are evident particularly in the sun's 
zenith as well as the sunset and sunrise times.

Because the equations above only permit a complex representation of the sun's path in 
the course of a day, sun path diagrams are used instead for easier visualization. These 
diagrams show elevation as well as azimuth. Sun path diagrams are usually prepared by 
means of special software for planning and simulating photovoltaic systems. Existent 
software programs make use of various algorithms (DIN, SUNAE, SOLPOS) developed 
over the years and differing in terms of accuracy as well as complexity.

The applet below allows you to visualize the sun's path on any required date from two 
different locations whose latitude can be freely selected.

γ Elevation 
δ Declination
Φ Latitude 
HRA Hour angle 
α Azimuth
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In the applet, set the first location's latitude to 51° and the second location's latitude to 
24°. The default observation date is 22.06.2009. From the diagram, determine the 
sun's maximum elevation at both locations.

How does the maximum elevation angle change as the location is moved further north 
(in the northern hemisphere)?

γ1 = °

γ2 = °

It decreases.
It remains constant.
It increases.
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Experiment: Recording daily irradiance 

The animation below shows how to set up the experiment.

We will now record the daily irradiance occurring at Lucas-Nülle's premises. Compute the 
sun's position using the calculator and perform the settings shown further below.

The measurement results do not accurately reflect real conditions but only indicate a 
trend instead.
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Set the panel's angle to 0°, the sun's and elevation angle to the calculated values, and 
measure the short-circuit current. Set the lamp to its maximum brightness. Enter the 
measurement result in the table below. Repeat the measurement for all the hours listed in 
the table. Once your measurements are complete, switch over from the tabular view to 
the diagram view.

Alternatively, you can perform the measurements for your own premises. However, 
note that the sample solution provided might no longer apply in this case.

Settings
Date: 22.06.2009
Time: 04:00:00
Latitude: 52.5° north

hour I [mA]
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
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From the diagram, determine the time and value of the maximum current.

Keeping the experiment setup unchanged, repeat the recording of the daily irradiance, 
this time for 22.12.2009.

tI  = ___:00 hours
Imax = ____mA
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Set the panel's angle to 0°, the sun's and elevation angle to the calculated values, and 
measure the short-circuit current. Set the lamp to its maximum brightness. Enter the 
measurement result in the table below. Repeat the measurement for all the hours listed in 
the table. Once your measurements are complete, switch over from the tabular view to 
the diagram view.

Alternatively, you can perform the measurements for your own premises. However, 
note that the sample solution provided might no longer apply in this case.

Settings
Date: 22.12.2009
Time: 04:00:00
Latitude: 52.5° north
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Compare the two daily recordings. What do they indicate?

hour I [mA]
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
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The peak energy level occurring in the course of a day is 
maximized in summer.
The peak energy level occurring in the course of a day is 
maximized in winter.
The peak energy level occurring in the course of a day 
remains nearly constant throughout the year.
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Solar radiation's angle of incidence 
When solar radiation impinges on a horizontal surface, the angle of incidence θhor can be 
determined directly from the solar elevation using the following equation:

θhor = 90° - γS

This horizontal angle of incidence is also termed zenith angle θZ.

However, not all surfaces are horizontal, but inclined instead and possessing an azimuth 
angle αE different to that of the sun. To determine the angle of incidence θgen, you first 
have to define a vector s aligned toward the sun. The angle between the vector s and the 
normal (perpendicular to the inclined surface) is then the angle of incidence θgen and 
calculated as follows:

θgen = arccos(-cos γS • sin γE • cos(αS - αE) + sin γS • cos γE)
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Irradiance on the inclined plane

The global radiation EG gen impinging on the inclined plane is composed of the following 
components:

Direct sky radiation Edir genDiffuse sky radiation Ediff gen
Sky radiation reflected by the ground Eref gen

Direct sky radiation

If we compare a horizontal area with an area needing to absorb the same amount of 
radiation power but inclined vertically with respect to the sun, the latter area turns out to 
be smaller. Accordingly, solar modules are installed at an angle in order to increase their 
energy efficiency. If the irradiance on a horizontal surface is known, the irradiance on an 
inclined plane can be determined as follows:

Edir gen = Edir hor • cos θgen / sin γS

Increasing energy efficiency through inclination

A southerly inclination of 30° is ideal for facilities located at central European latitudes. 
Because many photovoltaic facilities are mounted on sloping roofs, however, this optimal 
inclination cannot always be achieved. A solar generator's alignment does not influence 
energy yield as much as generally assumed. The illustration below clearly demonstrates 
the negligible drop in a solar generator's energy output despite large easterly / westerly 
deviations and notable variations in inclination. 
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The closer a photovoltaic facility is located to the equator, the smaller the solar modules' 
ideal angle of inclination. 

Basically, the three statements below hold true for a solar generator's alignment.

Solar generators with small angles of inclination are permitted greater deviations 
from south. 
Solar generators with large angles of inclination should point as close to south as 
possible. 
The surface of a solar generator connected to an inverter should remain constantly 
aligned, unless multiple or multi-string inverters have been employed.

In practice, irradiation discs such as those shown below easily allow rough forecasts of 
energy yield. Precise forecasts of yield require the use of special programs.
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The illustrated irradiation disc is valid only in Germany. 
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Experiment: Increasing energy yield

The measurement results do not accurately reflect real conditions but only indicate a 
trend instead.

Annual characteristic

The animation below shows how to set up the experiment.

We will now record the annual irradiance occurring at Lucas-Nülle's premises, assuming 
a that the solar generator has an inclination of 30°. As a result, the solar generator is 
aligned perpendicularly with respect to the sun. Compute the sun's position using the 
calculator and perform the settings shown further below.

In this experiment, we will examine how a solar generator's angle of inclination 
influences the photovoltaic system's energy output.
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Set the panel's angle to 30°, the sun's and elevation angles to the calculated values, and 
measure the short-circuit current. Set the lamp to its maximum brightness. Enter the 
measurement result in the table below. Repeat the measurement for all the months listed 
in the table. Once your measurements are complete, switch over from the tabular view to 
the diagram view.

Settings

Date: 22.01.2009 

Latitude: 52.5° north

Month I [mA]
January 1

February 2
March 3

April 4
May 5

June 6
July 7

August 8
September 9

October 10
November 11
December 12
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Daily characteristic

We will now record the daily irradiance for 22.06.2009 with the solar generator at an 
inclination of 30°.

Set the panel's angle to 30°, the sun's and elevation angles to the calculated values, and 
measure the short-circuit current. Set the lamp to its maximum brightness. Enter the 

Settings
Date: 22.06.2009 
Time: 04:00:00
Latitude: 52.5° north 
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measurement result in the table below. Repeat the measurement for all the hours listed in 
the table. Once your measurements are complete, switch over from the tabular view to 
the diagram view.

Alternatively, you can perform the measurements for your own premises. However, 
note that the sample solution provided might no longer apply in this case.

hour I [mA]
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
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Repeat the recording of the daily irradiance for 22.12.2009 with the solar module's 
inclination unchanged.

hour I [mA]
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
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What is achieved by aligning the solar generator appropriately with respect to the 
sun?

What role does latitude play in relation to the solar generator's inclination?

20

The total annual energy yield increases.
The energy yield increases only in the summer months.
The energy yield increases only in the winter months.
The energy yield increases most of all in summer.

Several 
answers may 
be correct.

Near the equator, where the sun is usually overhead, solar 
generators are installed at a shallow inclination in order to 
protect the modules against soiling.
The further away from the equator a solar generator is 
installed, the steeper its inclination needs to be.
A solar generator's inclination is adjusted on long days of 
the year when the energy yield can best be optimized.
The further away from the equator a solar generator is 
installed, the shallower its inclination needs to be.

Several 
answers may 
be correct.
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A solar generator's inclination is adjusted on short days of 
the year when the energy yield can best be optimized.
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Connecting solar modules

, 9.8.201990



Design and operation of photovoltaic systems
Connecting solar modules

Series connection 

Different voltages and amperages can be achieved by wiring PV cells in correspondingly 
different ways, e.g.

series connections
parallel connections
hybrid connections

Series connection of PV cells

Because individual cells fail to produce a sufficiently high voltage for most applications, 
several cells can be connected in series so that their individual voltages are added to 
form the required voltage.

Series-connected modules are often termed string. Because cells / modules are not 
perfectly identical, the total current flowing through a string depends on the lowest-quality 
cell / module. This effect is known as mismatching.

Needless to say, a module’s no-load and short-circuit points are also interspersed by 
further operating points forming the module’s characteristic.
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Experiment: Series connection

The animation below shows how to set up the experiment.

Open the analog/digital multimeter’s X/Y recorder virtual instrument via the menu path 
Instruments | X/Y recorder. Click the right-hand mouse button in the plotter area and 
select Properties from the context menu which appears. On the scaling tab, perform the 
settings shown below.

Use the X/Y recorder's “Config” button to set the measurement ranges shown below.

In this experiment, we will investigate series connections of solar modules by 
recording the V/I characteristics of a number of series-connected arrays. 
These characteristics will serve to determine the series-connections' current 
and voltage properties.

X/Y recorder settings 
Axis Parameter Maximum Division

X Vrms 80V 10V

Y Irms 2.5A 0.5A
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Set the irradiance to 1000W/m2 on all solar module simulations. First record a single 
module's V/I characteristic using the procedure described next. 

1. Set the potentiometer to 0Ω (short circuit). 

2. Start recording by pressing the  button. 

3. Slowly increase the potentiometer's resistance to its maximum value. 

4. Stop recording by pressing the  button. 

5. Label the obtained characteristic with the number of employed solar modules.

To ensure that a proper characteristic is recorded, turn the potentiometer slowly and 
evenly. Otherwise sudden jumps might occur especially at the characteristic’s 
inflection points.

Record the V/I characteristic again for a series-connection of two and three solar modules 
respectively.

Copy the obtained results to the placeholder below. For this purpose, click the right-hand 
mouse button in the X/Y recorder’s plotter area and select Copy from the context menu 
which appears. To insert the graphic into the placeholder, click the right-hand mouse 
button inside the placeholder and select Paste from the context menu.

Measurement ranges 
Parameter Range Mode

Voltage 300V AC+DC

Current 10A AC+DC
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Which of the following statements are correct?

In the case of series-connected solar modules ... 

... the amperages through the individual solar modules are 
added together.
... the solar module conducting the lowest current 
determines the amperage through the series-connected 
array.
... the voltages across the individual solar modules are 
added together.
... the voltage does not depend on the number of connected 
solar modules.

Several 
answers may 
be correct.
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Parallel connection 

Connecting cells / modules in parallel adds their individual currents to result in a higher 
total current.

Only cells / modules of the same type must be connected in parallel, as differences in 
type would cause compensation currents to flow, thus invalidating the addition of the 
individual currents.

The described connections of solar cells also apply to solar modules.
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Experiment: Parallel connection

The animation below shows how to set up the experiment.

Open the analog/digital multimeter’s X/Y recorder virtual instrument via the menu path 
Instruments | X/Y recorder. Click the right-hand mouse button in the plotter area and 
select Properties from the context menu which appears. On the scaling tab, perform the 
settings shown below.

Use the X/Y recorder's “Config” button to set the measurement ranges shown below.

In this experiment, we will investigate parallel connections of solar modules by 
recording the V/I characteristics of several parallel-connected arrays. These 
characteristics will serve to determine the parallel-connections' current and 
voltage properties. 

X/Y recorder settings 
Axis Parameter Maximum Division

X Vrms 25V 5V

Y Irms 8A 1A
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Set the irradiance to 1000W/m2 on all solar module simulations. First record a single 
module's V/I characteristic using the procedure described next.

1. Set the potentiometer to 0Ω (short circuit). 

2. Start recording by pressing the  button. 

3. Slowly increase the potentiometer's resistance to its maximum value. 

4. Stop recording by pressing the  button. 

5. Label the characteristic with the number of employed solar modules.

To ensure that a proper characteristic is recorded, turn the potentiometer slowly and 
evenly. Otherwise sudden jumps might occur especially at the characteristic’s 
inflection points. 

Record the V/I characteristic again for a parallel-connection of two and three solar 
modules respectively.

Copy the obtained results to the placeholder below. For this purpose, click the right-hand 
mouse button in the X/Y recorder’s plotter area and select Copy from the context menu 
which appears. To insert the graphic into the placeholder, click the right-hand mouse 
button inside the placeholder and select Paste from the context menu.

Measurement ranges 
Parameter Range Mode

Voltage 30V AC+DC

Current 10A AC+DC
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Which of the following statements are correct?

In the case of parallel-connected solar modules ...

... the amperages through the individual solar modules are 
added together.
... the voltage drops progressively as each further solar 
module is connected in parallel.
... the solar module conducting the lowest current 
determines the amperage through the parallel-connected 
array.
... the voltage remains constant.

Several 
answers may 
be correct.

, 9.8.201998



Design and operation of photovoltaic systems
Connecting solar modules

Experiment: Power levels

Set up the experiment as shown below.

To investigate the power output by solar modules connected in series and parallel, we will 
first record the characteristic of solar module G1.

Open the analog/digital multimeter’s X/Y recorder virtual instrument via the menu path 
Instruments | X/Y recorder. Click the right-hand mouse button in the plotter area and 
select Properties from the context menu which appears. On the scaling tab, perform the 
settings shown below.

In this experiment, we will investigate the power levels output by solar modules 
connected in series and parallel. 

X/Y recorder settings
Axis Parameter Maximum Division

X Vrms 60V 10V

Y Irms 6A 1A

Y P 100W 10W 
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Use the X/Y recorder's “Config” button to set the measurement ranges shown below.

Set the irradiance to 1000W/m2 on all solar module simulations, and record the 
characteristics using the procedure described next.

1. Set the potentiometer to 0Ω (short circuit). 

2. Start recording by pressing the  button. 

3. Slowly increase the potentiometer's resistance to its maximum value. 

4. Stop recording by pressing the  button. 

5. Label the characteristic with the number of employed solar modules.

To ensure that a proper characteristic is recorded, turn the potentiometer slowly and 
evenly. Otherwise sudden jumps might occur especially at the characteristic’s 
inflection points.

Recording the power characteristic of two series-connected 
solar modules

Connect solar module G1 in series to solar module G2. The experimental configuration is 
shown in the animation above. Record the series-connection's characteristic.

Recording the power characteristic of two parallel-connected 
solar modules

Now rearrange the circuit by connecting solar modules G1 and G2 in parallel. The 
experimental configuration is shown in the animation above. Record the parallel-
connection's characteristic.

Measurement ranges 
Parameter Range Mode

Voltage 300V AC+DC

Current 10A AC+DC
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Copy the obtained results to the placeholder below. For this purpose, click the right-hand 
mouse button in the X/Y recorder’s plotter area and select Copy from the context menu 
which appears. To insert the graphic into the placeholder, click the right-hand mouse 
button inside the placeholder and select Paste from the context menu.

What do the characteristics indicate?

A comparison of two solar modules connected in series and parallel reveals that ...

... their maximum power points are identical.

... their maximum power points differ.

... the values at the maximum power points are equal.

Several 
answers may 
be correct.
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How hot-spots arise 

Because it reduces a photovoltaic facility's output, shading should be avoided wherever 
possible. If shading cannot be avoided, its effects should be minimized by planning the 
photovoltaic facility expediently. Of considerable help here is the fact that a shadow's 
movements can be calculated just like those of the sun.

Temporary shading

Temporary shading is caused by snow, leaves, bird droppings and soiling in general. 
Rain falling on the solar modules usually results in a self-cleaning effect which gets rid of 
the soiling again. To achieve self-cleaning, the solar modules must be inclined at an 
angle of at least 15°, larger angles enhancing the effect further.

Ensure that the rain water can drain off again properly without being hindered by 
edges on the frame or assembly elements, as this might lead to soiled borders 
resulting in permanent shading.

Permanent shading

Permanent shading can be caused by objects located in the photovoltaic facility's vicinity. 
Large objects such as neighbouring buildings and trees can cast shadows on the solar 
generator, as can chimneys, projections and fittings on the roof where the solar generator 
is mounted.

Some sources of permanent shading can be eliminated (e.g. through relocation or felling 
of trees). Permanent shading from the remaining sources should be minimized by 
planning the solar facility appropriatel
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Example of optimal module arrangement

The shadow travels over the whole solar generator in the course of a day.

hot-spot

If a PV module’s entire surface is shaded evenly, the module’s output power naturally 
decreases, but the module suffers no damage. However, problems arise if the module is 
shaded unevenly, e.g. if just one PV cell is covered.

This can easily be demonstrated by a simplified, equivalent circuit diagram of a PV cell. 
This diagram represents a current source and diode connected in parallel.

Because a covered PV cell theoretically produces no current, the current source in the 
equivalent circuit diagram vanishes, leaving just the diode. If connected in series with 
several PV cells making up a module, the covered cell’s diode is switched to the reverse 
direction, so that the module’s overall voltage can drop across this cell. If this overall 

  Wrong right

In this arrangement, the number of 
strings affected by shading increases 
progressively. In the worst circumstance, 
i.e. when the shadow falls on the middle 
of the solar generator, all strings are 
affected.

This arrangement not only requires less 
inverters, but also prevents more than 
two strings at a time from being shaded.
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voltage exceeds the diode’s reverse voltage, the diode gets damaged. While this overall 
voltage remains below the diode’s reverse voltage, the diode experiences a power loss 
causing the cell to heat up and potentially damage the module. This effect is termed hot-
spot.
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Bypass diode 

Protection against hot-spots is afforded by a bypass diode connected anti-parallel to the 
PV cell. If a PV cell in a string is shaded, the cell stops supplying a voltage and the 
string’s total voltage drops, but the flow of current is nevertheless maintained via the 
bypass diode.

Because the shaded PV cell no longer develops any power, it does not heat up and get 
damaged as a result.

Modules implement this type of protection somewhat differently. Instead of each 
individual PV cell being connected in parallel with a bypass diode, several PV cells or 
even entire strings are connected at once. The disadvantage of this is that shading one 
cell causes several other cells or even the entire string to fail. This must be taken into 
account during dimensioning.
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Experiment: Shading

Set up the experiment as shown below.

Turn on the analog/digital multimeter and select the voltage/current display. Set the three 
solar module simulations to an irradiance of 1000W/m2. Set the potentiometer to about 
50Ω and leave it at this value during all the measurements in this experiment.

Vary the irradiance on one of the solar module simulations while observing the 
analog/digital multimeter's voltage/current display as well as the analog displays on the 
solar module replicas. 

In this experiment, we will investigate a solar module's response to shading. 
The module is connected in series to two further modules.
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What happens when one of the solar module simulations is shaded?

Set the irradiance on all solar module simulations to 1000W/m2. Measure the current 
and voltage with the modules unshaded.

Set the irradiance on solar module G2 to 200W/m2 while leaving the irradiance on the 
other modules at 1000W/m2. Measure the current and voltage once again.

Modify the experimental setup by connecting the solar module simulation's bypass 
diodes.

Set the irradiance on all solar module simulations to 1000W/m2. Measure the current 
and voltage with the solar modules unshaded.

The current rises.
The solar module's voltage becomes negative.
The current and voltage remain unchanged.
The current drops to a low value.

Several 
answers may 
be correct. 
Switch the 
multimeter 
connections to 
verify your 
solutions.

Iunshaded = ____ A 
Vunshaded = ____ V

Ishaded = ____ A
Vshaded = ____ V

Iunshaded = ____ A 
Vunshaded = ____ V
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Set the irradiance on solar module G2 to 200W/m2, while leaving the irradiance on 
the other modules at 1000W/m2. Measure the current and voltage once again.

Which effect does shading of a solar module have on the solar generator, or shading 
of a solar cell have on the solar module?

What effect does the bypass diode have?

Ishaded = ____ A
Vshaded = _____ V

The solar generator's total voltage drops merely by the 
voltage of the shaded solar module.
Shading has no effect.
The shaded solar module influences the amperage and, 
consequently, the power.

It protects the solar module against excess voltages.
It short-circuits the shaded solar module.
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 Experiment: Characteristics of shaded solar modules 
(series)

Set up the experiment as shown below.

Set the solar module simulations to an irradiance of 1000W/m2.

Open the analog/digital multimeter’s X/Y recorder virtual instrument via the menu path 
Instruments | X/Y recorder. Click the right-hand mouse button in the plotter area and 
select Properties from the context menu which appears. On the scaling tab, perform the 
settings shown below.

In this experiment, we will more closely investigate the effect of shading a solar 
module forming part of a series-connected array. For this purpose, we will 
record and analyze the current/voltage and power characteristics.
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Use the X/Y recorder's “Config” button to set the measurement ranges shown below.

Record the power and V/I characteristics of the series-connected solar module replicas. 

For this purpose, proceed as described next.

1. Set the potentiometer to 0Ω (short circuit). 

2. Start recording the characteristics by pressing the  button. 

3. Slowly increase the potentiometer's resistance to its maximum value. 

4. Stop recording the characteristics by pressing the  button.

Reduce the second solar module's irradiance from 1000W/m2 to 200W/m2 and record the 
characteristics once again.

Label the obtained characteristics and copy your results to the placeholder provided 
below. For this purpose, click the right-hand mouse button in the X/Y recorder’s plotter 
area and select Copy from the context menu which appears. To insert the graphic into 
the placeholder, click the right-hand mouse button inside the placeholder and select 
Paste from the context menu.

X/Y recorder settings
Axis Parameter Maximum Division 

X Vrms 80V 10V

Y Irms 2.5A 0.5A

Y P 120W 20W 

Measurement ranges 
Parameter Range Mode

Voltage 300V AC+DC

Current 10A AC+DC
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Connect the solar modules' bypass diodes. Set the modules to an irradiance of 
1000W/m2. The experimental configuration is shown in the animation below.
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Open the analog/digital multimeter’s X/Y recorder virtual instrument via the menu path 
Instruments | X/Y recorder and set the parameters indicated in the table below.

Record the solar module's characteristics with the bypass diodes connected.

Reduce the second solar module's irradiance from 1000W/m2 to 200W/m2 and record the 
characteristics once again.

Label the characteristics and copy your result to the placeholder provided below. For this 
purpose, click the right-hand mouse button in the X/Y recorder’s plotter area and select 
Copy from the context menu which appears. To insert the graphic into the placeholder, 
click the right-hand mouse button inside the placeholder and select Paste from the 

X/Y recorder settings
Axis Parameter Maximum Division

X Vrms 80V 10V

Y Irms 2.5A 0.5A

Y P 120W 20W 
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context menu.

What do the recorded characteristics suggest?

Shading a solar module only has a negligible effect.
In the case of series-connected arrays without bypass 
diodes, shading reduces the output power to a very low 
level.
In the case of series-connected arrays with bypass diodes, 
shading a solar module slightly reduces the output power to 
two-thirds of the original level.
The bypass diodes prevent the output power from dropping 
significantly when a solar module is shaded.

Several 
answers may 
be correct.
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Experiment: Characteristics of shaded solar modules 
(parallel)

Set up the experiment as shown below.

Set the solar module simulations to an irradiance of 1000W/m2.

Open the analog/digital multimeter’s X/Y recorder virtual instrument via the menu path 
Instruments | X/Y recorder. Click the right-hand mouse button in the plotter area and 
select Properties from the context menu which appears. On the scaling tab, perform the 
settings shown below.

In this experiment, we will more closely investigate the effect of shading a solar 
module forming part of a parallel-connected array. For this purpose, we will 
record and analyze the current/voltage and power characteristics.
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Use the X/Y recorder's “Config” button to set the measurement ranges shown below.

Record the power and V/I characteristics of the two parallel-connected solar module 
replicas. 

For this purpose, proceed as described next.

1. Set the potentiometer to 0Ω (short circuit). 

2. Start recording the characteristics by pressing the  button. 

3. Slowly increase the potentiometer's resistance to its maximum value. 

4. Stop recording the characteristics by pressing the  button.

Reduce the second solar module's irradiance from 1000W/m2 to 200W/m2 and record the 
characteristics once again.

Label the obtained characteristics and copy your results to the placeholder provided 
below. For this purpose, click the right-hand mouse button in the X/Y recorder’s plotter 
area and select Copy from the context menu which appears. To insert the graphic into 
the placeholder, click the right-hand mouse button inside the placeholder and select 
Paste from the context menu.

X/Y recorder settings
Axis Parameter Maximum Division

X Vrms 30V 5V

Y Irms 8A 1A

Y P 120W 20W 

Measurement ranges 
Parameter Range Mode

Voltage 30V AC+DC

Current 10A AC+DC

, 9.8.2019115



Design and operation of photovoltaic systems
Off-grid photovoltaic systems

As shown in the animation below, modify the experimental configuration by connecting 
bypass diodes in parallel with the solar module simulations.
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Open the analog/digital multimeter’s X/Y recorder virtual instrument via the menu path 
Instruments | X/Y recorder and set the parameters indicated in the table below.

Set the parallel-connected solar modules to an irradiance of 1000W/m2. Record the 
modules' power and V/I characteristics. 

Reduce the second solar module's irradiance from 1000W/m2 to 200W/m2 and record the 
characteristics once again.

Label the characteristics and copy your result to the placeholder provided below. For this 
purpose, click the right-hand mouse button in the X/Y recorder’s plotter area and select 
Copy from the context menu which appears. To insert the graphic into the placeholder, 

X/Y recorder settings
Axis Parameter Maximum Division

X Vrms 30V 5V

Y Irms 8A 1A

Y P 120W 20W 

, 9.8.2019117



Design and operation of photovoltaic systems
Off-grid photovoltaic systems

click the right-hand mouse button inside the placeholder and select Paste from the 
context menu.

What do the recorded characteristics suggest?

The current remains constant when a solar module is 
shaded.
The power drops when a solar module is shaded.
Adding bypass diodes to the circuit compensates the power 
drop which occurs when a solar module is shaded.
Bypass diodes do not achieve any power compensation in 
the case of parallel-connected solar modules.

Several 
answers may 
be correct.
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Correct handling of PV generators
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Hazards 

It is necessary to bear in mind a few special aspects when handling photovoltaic systems 
because their behaviour differs from that of other electrical facilities. The most important 
difference is that solar generators cannot be turned off in the presence of light. As long as 
a solar generator remains irradiated, it continues to produce a voltage. Under these 
circumstances, the only way of deactivating the solar generator is to shade it completely.

Because its short-circuit current is only slightly higher than its rated current, a photovoltaic 
system should not be furnished with residual-current circuit breakers or automatic / safety 
fuses. In the event of a short circuit, the solar generator does not shut off but instead 
continues to operate normally.

High voltage is another hazard posed by solar generators. When contacts or switches are 
opened, or while measurements are being conducted, there is a possibility of an 
occurrence of electric arcs which do not disappear again on their own. This exposes the 
installer to a risk of burns, optical glare and even electric shock.

Life-threatening electric shock might be delivered by voltages as low as 120 VDC. The 
effects of electric shock depend on amperage and the time over which the current flows 
through the victim's body. The effects of electric shock on the human body are illustrated 
in the chart below.

Electric arcs can even occur on shock-proof plug-and-socket connections and conseque
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Range 1: No perception in general.
Range 2: No health hazards in general.
Range 3: No damage to organs in general. As it rises further in terms of amperage and 
exposure time, however, electric shock can cause reversible disorders in impulse 
generation and conduction.
Range 4: Ventricular fibrillation can occur besides the effects mentioned for range 3. 
Further increases in shock amperage and duration can have additional patho-
physiological effects such as severe burns. 
At durations of less than 100 ms, range 2 and 3 are no longer differentiable. 
With regard to ventricular fibrillation, the curve is based on rising currents and current 
paths from the left-hand to the feet.
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Measures 

Because a photovoltaic system's DC section cannot be protected by means of active 
fuses, passive safeguarding is of special importance here. 

The measures described next serve to increase passive safety.

When installing a photovoltaic system, ensure that the generator side is fully 
safeguarded against short-circuits and ground faults. This is achieved by laying the 
cables so that they do not make any contact with each other and are protected 
against damage by external influences. 
Use single- and dual-core insulated cables for installation. 
The employed resources should belong to protection class II or comply with DIN EN 
61730.

Items in protection class II have a reinforced or double layer of insulation 
between the electrical grid and voltage output / metal housing and are not 
connected to the protective conductor. This measure is termed protective 
insulation. Electrically conductive surfaces are also safeguarded against 
contact with energized components by means of reinforced insulation. 
Moving parts in protection class II have no shock-proof plugs and are 
instead connected by means of plugs without grounding contacts.

The generator terminal box must provide for separation between the plus and minus 
sides.
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Off-grid photovoltaic systems

 Source: www.steca.de
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Project assignment 

You have been placed in charge of planning and installing a photovoltaic system for the 
holiday home.

First of all, you need to agree an inspection date with the customer for the purpose of 
surveying the premises in detail. In discussions with the customer, you then ascertain the 
scope of the project.

The general conditions below have been established for your project titled "Off-grid 
(stand-alone) photovoltaic system".

The holiday home's roof has a useful area of 10m x 4m (40 m2).
A list of all electrical consumers in the holiday home will be provided by the 
customer. 
The holiday home's roof has a slope of 30° 
The roof's compass alignment is 40° south-southwest
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Layout of a stand-alone (off-grid) power system  

Direct mode

If a consumer is operated directly by means of the solar generator's power, one speaks 
of direct mode. A disadvantage of this operating mode is that consumers work only while 
the sun is shining. Consequently, use of such systems is confined to fountains and water 
pumps, for instance.

These systems do not store the generated energy.

Provided below is a simplified scheme of the components making up a stand-alone 
photovoltaic system operating in direct mode.

Storage mode

Stand-alone or off-grid systems capable of operating in storage mode are used, e.g. if a 
connection to the electrical power grid is either impossible or very complicated to realize. 
The energy currently required from the solar generator is consumed directly while any 
remaining energy is stored in solar batteries (accumulators) for later use.

Ogg-grid inverters use direct current to produce alternating current which can power 
standard commercial appliances like refrigerators, coffee machines, water pumps etc.

Typical applications of off-grid, storage-mode systems involve independent power supply, 
e.g. for allotments, traffic information systems, parking receipt dispensers, huts / weekend 
homes and mobile homes).

Illustrated below are the components forming part of an off-grid photovoltaic system 
operating in storage mode.
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Charge controller 

A charge controller for lead-acid batteries operates on the principle of voltage monitoring, 
i.e. measurement of battery voltage in this case. As a consumer draws energy from the 
battery, its voltage drops gradually. If the voltage drops below the deep-discharge level 
(approximately 11.4V in the case of a 12V battery), the charge controller disconnects the 
consumer from the battery.

If the battery is recharged by means of solar cells, for instance, its voltage rises again. 
Once the voltage attains a defined threshold, the charge controller re-connects the 
consumer. Once the battery voltage exceeds the final charging voltage (approximately 
14.4V in the case of 12V lead-acid batteries), the charge controller stops the charging 
process. If the battery voltage drops below a certain threshold, the charge controller 
resumes the charging process.

Series charge controller

A series charge controller interrupts charging via switch S1, usually comprising a power 
field-effect transistor. A disadvantage of this principle are the transmission losses 
occurring in the switch or power FET while the battery is being charged. These losses are 
attributable to the power FET's on-state resistance.

A series charge controller can dispense with a blocking diode if the controller monitors the 
solar generator's voltage in addition to the battery voltage. As soon as the solar 
generator's voltage drops below the battery's voltage, the charge controller disconnects 
the generator from the battery via switch S1 to interrupt the flow of current between these 
two components.
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Parallel charge controller

Once the final charging voltage is attained, the charge controller short-circuits the solar 
generator via switch S1. The blocking diode prevents a flow of current from the battery to 
the solar generator.

Short-circuiting the generator does not pose any problems during regular operation 
(with uniform irradiation). If individual cells of the solar generator are shaded, 
however, they might be subjected to extreme loads resulting in damage to the cells 
and/or the module.
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Energy storage elements 

Energy can be stored in several different ways. Listed below are various storage 
techniques classified according to the stored energy's physical state. 

Storage techniques can alternatively be classified according to high-power or high-
energy. High-power storage elements deliver high power but only for short periods of 
time. In contrast, high-energy storage elements deliver large quantities of energy over 
long periods of time.

Requirements concerning energy storage elements

Energy storage elements must fulfil a number of requirements which can differ 
considerably depending on the application involved.

Energy and power density: If storage space is an issue, then the storage 
elements should possess a high energy / power density.
Durability: Durability is assessed in terms of cycle count (number of charge / 
discharge processes) and calendar life. If the storage element has a limited cycle 
count, its calendar life is determined by its utilization profile.
Current-carrying capacity: The higher the current-carrying capacity of a storage 
element, the faster its charging process and the higher its power output.
Charging technique and electronics: Most energy storage elements require 
special charging techniques and electronics. The less elaborate the charging 
technique and electronics, the simpler and cheaper it is to manufacture the storage 
element.
Temperature range: An energy storage element should operate optimally within its 
expected temperature range, regardless of how wide the range is.
Efficiency: This is the ratio between output energy and input charging energy. The 
higher a storage element's efficiency, the more of its input energy the element is 
able to output again.
Maintenance requirements: Remote or unmanned applications, in particular, 

Primary Electrical Electro-
chemical Thermal Mechanical 

Firewood 
stack 
Gas 
reservoir 
Filling 
station 
Heating oil 
tank

Capacitor 
Coil

Battery 
Low- and 
high-
pressure 
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heat 
accumulator 
Sorption 
heat 
accumulator 
Latent 
heat 
accumulator

Pump-
accumulator 
power plant 
Pressure-
accumulator 
power plant 
Flywheel 
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should have low or, preferably, zero maintenance requirements in order to avoid 
high costs resulting from travelling and servicing expenses.
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Energy storage 

Due to their economy, lead accumulators have established themselves as a means of 
storing large amounts of energy. These accumulators are similar to car batteries but 
slightly modified in order to provide a longer service life.

A lead accumulator's basic design is illustrated below. It consists of two electrodes: A 
positive one made of lead dioxide (PbO2) and a negative one made of lead (Pb) for cases 
when the accumulator is charged. The two electrodes are isolated from each other by 
means of separators in a plastic housing. The electrodes as well as the separators are 
installed in an electrolyte comprising dilute sulphuric acid (H2SO4).

A lead accumulator cell has a rated voltage of 2V. To achieve an operating voltage of 
12V, 6 such cells are connected in series.

During discharge, the positive (PbO2) and negative (Pb) electrodes react with the dilute 
sulphuric acid. As a result, lead sulphate (PbSO4) arises at the negative electrode and 
electrons are released. The positive electrode accepts electrons, also giving rise to lead 
sulphate (PbSO4) besides water (H2O). This process is elucidated in the animation 
below.
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On application of a charging voltage to the accumulator, the discharge reactions are 
reversed, i.e. the negative electrode accepts electrons and the lead sulphate (PbSO4) 
decomposes, leaving pure lead at the electrode. Lead sulphate (PbSO4) also 
decomposes at the positive electrode, accompanied by a release of electrons, thus 
leaving behind lead dioxide as shown in the next animation.

Care of a lead accumulator

When using a lead accumulator, make sure to protect it against overcharging and deep 
discharge, the latter giving rise to lead sulphate crystals which are very difficult or 
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impossible to decompose during re-charging. Deep discharge can be prevented by 
deactivating loads connected to the accumulator as soon as its voltage drops below 
11.4V.

A different problem occurs if the accumulator is charged with an excessively high voltage 
(overcharging). From a voltage of about 13.8V, the accumulator begins to emit gases. 
Electrolysis decomposes the electrolyte's water into hydrogen and oxygen which escape 
from the accumulator. Check the accumulator's water level at regular intervals and top it 
up with distilled water when necessary.

For a lead accumulator to provide long-term operation, its rated capacity should never be 
fully exploited. The accumulator's regular operating capacity is specified on its data sheet, 
and usually amounts to about 50% of the rated capacity.

Since the escaping oxyhydrogen is explosive, ensure adequately ventilated rooms.
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 Hydrogen

Hydrogen can be used not only to produce electricity, but also as a means of heat 
generation or propulsion. For this reason, hydrogen holds a great deal of promise as a 
storage technology. Hydrogen serves as a basis for developing systems with properties 
similar to those of batteries.

Hydrogen can be produced quite easily by means of electrolysis, i.e. immersing two 
electrodes in water and applying a potential difference between them. As a result, oxygen 
forms at the positive electrode, while hydrogen forms at the negative electrode. Requiring 
expensive catalysts like platinum and palladium, however, this method is still very costly.

Means of storing hydrogen

Hydrogen can be stored in compressed-gas and liquefied-gas reservoirs as well as metal-
hydrides. 

A metal-hydride consists of a spongy, highly porous metal alloy (titanium, iron and nickel 
compounds are usually used today) whose metal atoms bind to hydrogen molecules. 
Metal-hydrides can store roughly the same quantity of gas as compressed-gas and 
liquefied-gas reservoirs. One advantage of metal hydrides is their ability to store at 
overpressures of just 10 to 20 bar, compared with 200 to 700 bar needed by compressed-
gas and liquefied-gas reservoirs. One disadvantage of metal hydrides is their high weight.

Uses of hydrogen

Hydrogen can be utilized thermally or converted back into electricity. Thermal utilization 
involves burning hydrogen in combustion engines and cooking stoves, for instance. A fuel 
cell or modified gas turbine is needed to convert hydrogen back into electricity. 
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Efficiencies of 30 to 50% can today be realized during conversion of hydrogen back into 
electricity. However, these values are only achieved by systems which do not require 
extreme compression, liquefaction or distribution of hydrogen. Otherwise only efficiencies 
of 20 to 25% are attained.
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Experiment: Flow of energy in a stand-alone facility

The animation below shows how to set up the experiment.

Connect the halogen lamp to the lamp board. Set the first solar module simulation to an 
irradiance of 800 W/m2.

The obtained results might deviate from the sample solution, depending on the 
battery's charge level. If the battery is fully charged (charge controller's green battery 
monitoring LED flashes slowly), discharge the battery for a few minutes by turning 
both lamps on. If the battery charge is insufficient, charge it for a few minutes with all 
connected consumers inactive. Then repeat the measurements.

Use the analog/digital multimeter to measure the load current at the charge controller's 
output.

In this experiment, we will measure a number of currents to investigate the 
various flows of energy in a storage-mode photovoltaic system. For this 
purpose, we will run the system at three specific operating points.

When setting up the experiment, make sure to first connect the battery to the charge 
controller.
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If the integrated analog displays indicate ambiguous measurement values, the 
analog/digital multimeter's connections need to be interchanged.

Turn the halogen lamp on. Determine the solar module's current as well as the load 
and battery currents. Enter the values indicated by the integrated meters in the fields 
provided for this purpose. 

Reduce the solar module's irradiance to 600 W/m2.

Determine the solar module's current as well as the load and battery currents. Enter 
the values indicated by the integrated meters in the fields provided for this purpose. 

Set the solar module's irradiance to 1000 W/m2.

Determine the solar module's current as well as the load and battery currents. Enter 
the values indicated by the integrated meters in the fields provided for this purpose. 

ISolar module simulation = ______ A 
ILoad = ______ A 

IBattery = ______ A 

ISolar module replica = ______ A 
ILoad = ______ A 

IBattery = ______ A 

ISolar module simulation = ______ A 
ILoad = ______ A 

IBattery = ______ A 
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Turn off the halogen lamp, and instead turn on the LED as the load. 

Measure the current through the LED.

Compare both lamps' currents.

ILED = ____mA

Both lamps' currents are roughly equal.
The halogen lamp's current is lower than that of the LED.
The LED's current is much lower than that of the halogen 
lamp.
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Inverter 

If a stand-alone photovoltaic system is to power common household appliances, it is 
necessary to convert the generated direct current and voltage into alternating current and 
voltage. 

Conversion is performed by means of power electronics components comprising 
switchable valves. These valves are made of semiconductors capable of switching 
voltages in excess of 1000V and currents in excess of 1000A. Semiconductors used here 
include:

Bi-polar power transistors 
Power field-effect transistors (power MOSFETs) 
Controllable diodes (thyristors)

Square-wave inverter

Illustrated below is a two-pulse bridge circuit (B2 circuit), one of the simplest inverter 
circuits.

Valve pairs 1/4 and 2/3 are switched through at constant time intervals. As a result, the 
bridge circuit outputs an alternating voltage of an approximately square-wave profile. The 
square-wave profile can be made to assume a slightly sinusoidal characteristic by 
switching the valves at points offset with respect to the zero crossings. This offset is 
termed control angle α. The animation above elucidates the current flow through the 
bridge circuit. The voltage processing technique is not dealt with in any more detail here.

Sinusoidal inverter

Modern sinusoidal inverters usually operate on the principle of pulse-width modulation. A 
B2 bridge circuit is used here too, as in the case of a square-wave inverter. Instead of 
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being turned on and off over entire half-waves, however, the valves are switched 
repeatedly as illustrated below.

This switching process generates pulses of different widths. The pulse sequence is 
filtered to supply a nearly sinusoidal voltage characteristic.
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Experiment: Off-grid inverter

Set the solar module simulations to an irradiance of 200 W/m2.  

The animation below shows how to set up the experiment. 

Set the solar module simulations to an irradiance of 200 W/m2. 

Select the analog/digital multimeter's voltage display function by pressing the U button.

Select the analog/digital multimeter's current display function by pressing the I button. 

Turn on the incandescent lamp (uppermost one) on the lamp board and measure the 
voltage as well as the current at the off-grid inverter's input.

In this experiment, we will conduct measurements on a photovoltaic system 
incorporating an inverter. 

VDC = ____V
IDC = ____A
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Modify the experiment setup as shown in the animation below.

With the incandescent lamp turned on, measure the voltage and current at the 
inverter's output.

Calculate the powers at the inverter's input and output.

From the power values determined above, calculate the inverter's efficiency.

VAC = ____V
IAC = ____mA

PDC = ____W
PAC = ____W

η = ____%
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Open the analog/digital multimeter's Oscilloscope virtual instrument via the menu path 
Instruments | Oscilloscope. Click on the Config button to set the parameters.

Trigger the oscilloscope on channel U and copy the obtained result to the placeholder 
provided below.

Oscilloscope settings
Parameter Range

Voltage 300V

Current 1A

: ______

: ______

: ______

Coupling: ______
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Determining energy requirements 

The holiday home project begins with planning the solar generator. In this process, you 
and the customer jointly prepare a list of all electrical consumers present in the holiday 
home. The list can be used to determine the power levels required by the holiday home. 

Calculate the energy requirements.

Room
Rated 
power 

[W]

Operating 
hours [h]

Energy 
requirements 

[Wh]

Living room
Lights 100 5 ____(1)

TV 50 4 ____(2)
Radio 15 2 ____(3)

Kitchen

Lights 100 3 ____(4)
Coffee 

machine 1200 0.2 ____(5)

Refrigerator 12.5 24 ____(6)
Bathroom Lights 60 2 ____(7)
Bedroom 1 Lights 60 1 ____(8)
Bedroom 2 Lights 60 1 ____(9)
Miscellaneous 25 24 ____(10)

Total 
power

____
(11)

Total 
consumption ____(12)
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Determining the required solar module power

To determine the solar module power, we need to know the average daily irradiation at 
the stand-alone PV facility's site. The average daily irradiation on the horizontal plane can 
be requested, for instance, from the German Meteorological Service which keeps a 
historical record of this value. The table below shows the average daily irradiation in 
kWh/m2 on the horizontal plane for various locations in Germany.

The table indicates notable fluctuations in average daily irradiation during a year. A stand-
alone PV facility is dimensioned on the basis of the month experiencing the least 
irradiation, to ensure that the facility continues to deliver sufficient energy during such 
months. During the remaining months, the facility would produce correspondingly more 
energy. 

The solar module's alignment in dependence on position and roof inclination must also be 
taken into consideration during dimensioning, because the average daily irradiation is 
valid only assuming that the solar modules are ideally aligned. If the solar modules are 
not ideally aligned, their power is also less than optimal, so that more modules are 
needed to deliver the required power. The yield factor can be determined with the help of 
an irradiation disc (illustrated below). 

Location / month Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 
Hamburg 0.52 1.13 2.23 3.55 4.67 5.44 4.82 4.34 2.79 1.49 0.67 0.40 

Berlin 0.61 1.14 2.44 3.49 4.77 5.44 5.26 4.58 3.05 1.59 0.76 0.46 
Aachen 0.69 1.34 2.29 3.61 4.75 5.00 4.82 4.26 3.06 1.76 0.88 0.54 

Bonn 0.72 1.33 1.79 3.33 4.82 4.38 4.15 3.63 2.76 1.67 0.84 0.53 
Freiburg 0.76 1.34 2.51 3.59 4.71 5.20 4.83 4.55 3.46 1.92 0.97 0.72 

Würzburg 0.82 1.60 2.68 4.04 5.03 5.54 5.34 4.49 3.53 1.94 0.92 0.65 
Weihenstephan 1.07 1.83 2.96 4.11 5.08 5.39 5.46 4.60 3.70 2.23 1.18 0.83 

Hohenpeissenberg 1.38 2.05 3.17 4.15 4.89 5.13 5.40 4.62 3.85 2.62 1.43 1.12 
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The holiday home is located near Aachen and the customer would like to use the 
home at any time of year. You have established the roof's inclination as being 30°, 
and alignment as being 40° south-southwest.

With the help of the table further above, determine the lowest average daily irradiation 
for the location and calculate the yield factor with the help of the irradiation disc.

It is now time to ascertain the maximum power level which can be realized on the 
available installation area. For this purpose, first select the type of solar module to be 
employed in the project. Use an individual module's dimensions to determine the total 
number of modules which can be installed on the available area. The number of solar 

Solar module 
power=

Total consumption
Average daily irradiation x yield factor

=
(1) kWh

________(2) kWh/m2 x ________
(3)

= (4) kWpeak
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modules and their rated power can then be used to calculate the solar generator's 
maximum output. The solar modules employed in our project have dimensions of 1.58 m 
x 0.81 m.

Calculate the number of modules which can be installed horizontally (short side facing 
down) on the roof.

Calculate the number of modules which can be installed vertically (long side facing 
down) on the roof.

Calculate the maximum achievable generator power in the case of horizontal and 
vertical installation if each module has a rated power of 150Wpeak.

Compare the holiday home's total power consumption with the maximum realizable 
solar power. What is the outcome?

Number of modules ____

Number of modules ____

Phorizontal ____ W
Pvertical ____ W

The maximum realizable solar power is not sufficient for 
supplying the holiday home.
Only a part of the roof is needed to generate the total power 
required by the holiday home.
The holiday home's total power requirement is higher than 
the maximum realizable solar power.
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Saving energy

On average, 10% of the household's total energy is consumed by lights; this is nearly 
equal to the proportion of energy consumed by cooking and baking. The lighting energy 
consumption could be reduced by as much as 50% through a use of energy-saving lights. 
When purchasing such lights, you should compare their energy efficiency classes, 
ranging from class A (most efficient) to G (least efficient).

In general, lamps should be left on only for as long as actually needed; select energy-
saving lamps with a pre-heater if you expect to have to turn them on and off 
frequently.

Calculate the energy requirements once again, this time on the premise that all 
conventional lamps in the holiday home will be replaced by energy-saving lamps.

We have just established that not enough roof area is available for installing 
the required power generation elements. Because the customer is not 
disposed toward selecting more expensive, higher-performance modules, you 
need to advise the customer on how to lower the holiday home's energy 
demands.

Incandescent lamps:
90 to 95% of the energy is converted into heat, only 5 to 10% being 
converted into light. Belonging to efficiency class D or G, an incandescent 
lamp can operate for up to 1000 hours before its filament burns out.

Halogen lamps:
Converting about 15% of input energy into light, these lamps have a 
lifetime of up to 2000 operating hours. Such lamps are nonetheless 
assigned to energy efficiency classes D and E. A halogen lamp usually 
comes with a power supply unit which should be unplugged when the 
lamp is not use; this saves standby power.

Fluorescent lamps:
Fluorescent lamps consume little energy and have a service life of about 
10,000 hours or more. Due to their design, however, such lamps are firstly 
not installable everywhere, and secondly must be disposed of as toxic 
waste.

Energy-saving lamps:
An energy-saving lamp is a compact fluorescent lamp with a ballast and a 
screw base. Converting 35% of the input energy into light, this type of 
lamp belongs to energy efficiency classes A and B, and has a rated 
lifetime of 10,000 operating hours.
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Calculate the solar generator power required to meet the reduced energy demand. 
Use the average daily radiation and yield factor from the previous section. 

Calculate the required number of solar modules if each one has a rated power of 
150Wpeak.

Room Consumer
Rated 
power 

[W]

Operating 
hours [h]

Energy 
requirements 

[Wh]

Living room
Lights 15 5 ____(1)

TV 50 4 ____(2)
Radio 15 2 ____(3)

Kitchen

Lights 15 3 ____(4)
Coffee 

machine 1200 0.2 ____(5)

Refrigerator 12.5 24 ____(6)
Bathroom Lights 11 2 ____(7)
Bedroom 1 Lights 11 1 ____(8)
Bedroom 2 Lights 11 1 ____(9)
Miscellaneous 25 24 ____(10)

Total 
power

____
(11)

Total 
consumption ____(12)

Solar module power 
=

Total consumption 
Average daily irradiation x yield factor

=
(1) kWh

________(2) kWh/m2 x ________
(3)

= (4) kWpeak

Number of solar modules: ____
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Dimensioning the battery

Rated battery capacity depends on energy demand, the stand-alone PV system's 
autonomous operating time and useful battery capacity. The greater the number of days 
on which the PV facility must operate autonomously, the higher the required battery 
capacity. Because a battery's useful capacity is always lower (usually 50%) than the rated 
capacity, the battery must be scaled to a larger dimension (twice as high). The related 
equation for determining battery capacity is shown further below. 

Calculate the required battery capacity if the customer expects their photovoltaic 
system to operate autonomously on two days.

The solar batteries you selected have a rated voltage of 12V. High-grade solar 
batteries provide a useful capacity of up to 62.5%.

Calculate the number of required batteries if a single one has a rated capacity of 105 
Ah.

Autonomous days are those on which power is supplied exclusively by the batteries 
without any re-charging taking place. Autonomous days number typically from three to 
five.

In the final stage of planning the stand-alone PV system, you need to 
determine the required solar battery capacity and number of batteries. 

Battery capacity 
=

Total consumption x autonomous days x 
100%

Battery voltage x useful capacity in %

=

________(1) Wh x ________(2) x 
100%

________(3) V x ________(4) %

= ________(5) Ah

Number of solar batteries: ____
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To maximize its lifetime, a solar battery should not be expected to operate at full 
capacity; useful battery capacity typically has a value of 50%.
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Grid-parallel photovoltaic systems

 Source: www.steca.de
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Project assignment 

The owner of a single-family home would like their roof to be furnished with a photovoltaic 
system capable of feeding the electrical grid. You have been commissioned to plan and 
install the system.

In a first meeting with the customer on location, you note down the following 
specifications and conditions:

Budget: 40,000 € 
System's dimensions: Maximum realizable power 
Shading: None 
Building type: Single-family home 
Installation: Roof-mounted

You have prepared the following sketch of the single-family home:

l: 15.5m
b: 7m
α: 39°

Compass 
alignment:

40°  
south
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Layout of a grid-connected system 

While performing the usual function of directly supplying local consumers with energy, a 
photovoltaic facility operating in parallel with the electrical grid feeds surplus energy into 
the grid instead of storing it. The energy fed into the grid is recompensed by the 
responsible electricity supply company. Varying from one region to another, the 
compensation rate cannot be generalized. In Germany, the electricity compensation rate 
is presently higher than the price of consuming electricity. In view of this, all photovoltaic 
facilities here feed their entire power into the electrical grid.

Illustrated below are all the components needed to set up and operate a photovoltaic 
facility connected to the electrical grid.

Source: www.sunenergy.eu
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Roof installation  

Installation on inclined roofs

Solar modules for inclined roofs are mounted at a height of 5-10 cm over the roof's 
surface. First, hooks are installed in the roof to serve as anchorage points for solar 
module frames. The illustrations below show how the hooks and framework are installed. 
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The advantage of roof installation is that it is fast, easy, and therefore inexpensive. 
Furthermore, the entire roof remains sealed. A disadvantage of roof installation is the 
additional load exerted on the roof.

Installation on flat roofs and outdoor surfaces

In this case, the solar generators are not mounted horizontally on the base, but at an 
angle on stands. Besides increasing energy yield compared with horizontal installation, 
the inclined stands also provide for automatic cleaning of the modules by rain and melted 
snow / ice. A disadvantage of inclined stands is a mutual shading of solar modules 
resulting in power losses. During planning of such installations, the row spacing should be 
optimized in order to minimized shading losses.

Because a solar module's lowermost points are affected most by shading, row spacing is 
optimized by considering these points in addition to the following criteria:

Module length 
Module inclination 
Shading angle*

*The shading angle corresponds to the height of the sun at which the installed rows of 
solar modules stop shading each other.

The shading angle is calculated on the basis of the sun's highest point on the shortest 
day of the year (21st December in the northern hemisphere, 21st June in the southern 
hemisphere).
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Optimal row spacing is calculated with the following equation:

d=
sin(γe)+cos(γe)*tan(α) 

*l 
tan(α)
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Inverter concepts 

Three inverter concepts for grid-coupled photovoltaic systems have established 
themselves in practice.

Central inverter 
String inverters 
Module inverters

The inverter concept most suitable for a photovoltaic system depends on local 
circumstances and employed components.

Central inverter 

As the name suggests, all solar modules are connected to a single inverter. Even if the 
solar generator consists of several strings, they all converge in the generator's terminal 
box before linkage to the inverter.

The efficiency of a photovoltaic facility with a central inverter is generally lower than 
that of a facility with several string inverters.

String inverters

In this concept, the solar generator is divided into strings, each of which is connected to a 

, 9.8.2019158



Design and operation of photovoltaic systems
Grid-parallel photovoltaic systems

separate inverter. This enables flexible matching to power requirements. 

Module inverters

Connected directly to solar modules, module inverters can be thought of as forming 
photovoltaic sub-systems. For this very reason, module inverters are used preferably for 
low-power photovoltaic facilities. 
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Automatic release point 

The automatic release point is a safety mechanism which monitors the power supply 
mains and prevents inadvertent formation of an isolated system should the supply mains 
fail; for this purpose, the solar generator is disconnected from the power mains to prevent 
power feedback. Monitored variables include voltage, frequency and impedance of the 
mains. Formations of isolated systems are indicated by jumps in mains impedance or 
overshoots of frequency / voltage limits. Prescribed additionally for inverters without a 
transformer are insulation monitoring and an all-current sensitive circuit breaker.

The automatic release point has a redundant (dual) configuration in order to minimize the 
risk of failure. For this reason, the presence of an automatic release point in a 
photovoltaic system eliminates the need for installing and checking a release mechanism 
accessible by the power mains operator.

In Germany, the automatic release point's standard designation was changed in 2005 
from "Facility for mains power monitoring with assigned switching elements" to 
"Automatic switching point between a grid-connected, stand-alone power 
generation system and the public low-voltage grid".

, 9.8.2019160



Design and operation of photovoltaic systems
Grid-parallel photovoltaic systems

MPP tracking 

Maximum power point (MPP) tracking is an electronic system which continually adjusts 
a solar module's or generator's operating point so that it coincides with the maximum 
power point. The irradiance and temperature on a solar generator change constantly in 
the course of a day, causing corresponding shifts in the MPP and consequential losses in 
system power. This situation can be remedied by means of an MPP tracker comprising, in 
principle, a transformer which sets the solar module's voltage to a value different to that 
on the consumer (in this case, for instance, the network inverter).

If the solar generator's operating temperature rises, the solar modules' negative 
temperature coefficient causes a drop in voltage. As a result, the solar generator's power 
drops and the maximum power point shifts as illustrated below.

Because a solar generator's current is proportional to the irradiance, a drop in irradiance 
causes a corresponding drop in the solar generator's current. The resultant change in the 
solar generator's voltage is very slight. The maximum power point shifts toward the 
current's axis. 
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Determining solar power  

Step 1:

The first step is to estimate the facility's required size. In this process, it is necessary to 
consider the available roof area and, if known, the amount of money the customer is 
willing to invest in the solar facility.

The customer would like a photovoltaic system capable of delivering the highest possible 
power under the circumstances. A roof area of 15.5 m x 7 m is available for planning the 
facility. An area of 9 m2 is needed to generate 1 kW of peak power using modern 
polycrystalline solar cells. The cost per 1kW is projected at 3900 €.

Calculate the facility's maximum possible size given a roof area of 15.5 m x 7 m

Calculate the system maximum possible size given a maximum investment of 4000 €.

Plan the system further using the smaller of the previously calculated power levels, 
because only it meets both the customer's requirements.

Step 2:

In this step, we will determine the required number of solar modules. To build the solar 
generator, use modules of type ... manufactured by ... (data sheet). 

From the data sheet, determine the solar module's peak power, dimensions and 
technology.

Pmax. area = m2

9 m2/kW
= ________kW

Pmax money = kW

Prated : _____ Wp
Dimensions: = _____m x _____m (length x width)

, 9.8.2019163



Design and operation of photovoltaic systems
Grid-parallel photovoltaic systems

Based on the required total power and the selected solar module's rated power, 
calculate the maximum number of modules.

Calculate the maximum number of solar modules in the case of horizontal assembly 
(long side facing down).

Calculate the maximum number of solar modules in the case of vertical assembly 
(short side facing down).

Step 3:

Planning the system further, we now need to determine the solar module's exact voltage 
limits, i.e. lowest and highest voltages. The highest voltages occur when the module is 
cold, the lowest voltages when the module is warm. Typical values for the lowest and 
highest module temperatures are -10°C and +70°C respectively. Though temperature 
limits are usually not mentioned on data sheets, they can easily be calculated. 

Values specified by data sheets have been determined under standard test conditions at 
25°C. To calculate the required voltage limits, first determine the temperature difference 
(ΔT) between the lower / upper temperature limit and the value of 25°C associated with 
standard test conditions. At -10°C, the temperature difference is -35 Kelvin  [(25+273.5) -
(-10+273.5)]. Multiply the temperature difference with the temperature coefficient and 
subtract this value from the MPP voltage. 

Number = 
________W
________Wp / unit

= ________units

Number in horizontal assembly 12 m / ____m = ____
Number in vertical assembly 7.5 m / ____m = ____
Total number ____
Generator's rated power ____ kW

Number in horizontal assembly 12 m / ____m = ____
Number in vertical assembly 7.5 m / ____m = ____
Total number ____ 
Generator's rated power ____kW
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Refer to the data sheet for the voltage UMPP at the maximum power point and the 
temperature coefficient associated with the open-circuit voltage.

Calculate the open-circuit voltage at -10°C, and the MPP voltages at -10°C and 70°C.

These two values demarcate the voltage range in which the solar module operates.

Step 4:

As concerns feeding into the power mains supply, only photovoltaic systems with a 
single-phase inverter rated at up to 4.6 kVA may be connected to an external conductor, 
in order to limit voltage asymmetries (this rating corresponds to Germany). If the 
photovoltaic facility's power exceeds the limit of 4.6 kVA, the power must be allocated to 
several single-phase inverters which, in turn, must be distributed uniformly among the 
external conductors.

Because the photovoltaic system in our project exceeds the 4.6 kVA limit, we need to 
divide the power among two single-phase inverters, which must be matched to the solar 
generator's power. The rated powers of the solar modules and, consequently, solar 
generator are determined under standard test conditions. Because these conditions rarely 
occur in practice, the inverter power can be scaled down by 5 to 10%.

Calculate the inverter's rated power corresponding to the solar generator power 
determined in step 2, given a downscaling of 5% and 10% respectively.

UMPP = ___V
Temperature coefficient = ___mV/C°

UOC -10°C = ____V
UMPP -10°C = ___V
UMPP 70°C = ___V

Prated -5% = ____W

Because the 
power is allocated 
among two 
inverters, half the 
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You decide to use the SunnyBoy 4000TL from SMA with a rated power of 4000 W (data 
sheet). Because this module has a maximum power of 4200 W, it is still situated in the 
power range corresponding to a downscaling of 10%.

Step 5:

In practice, solar modules are connected in series and linked to the inverter's input. The 
voltage of the series-connected solar modules must lie in the inverter's MPP input voltage 
range. This makes it possible to calculate the minimum and maximum number of solar 
modules which can be linked to form a string. The maximum number is equal to the upper 
limit of the MPP input voltage range divided by the MPP voltage at -10°C. 

Refer to the inverter's data sheet for the MPP input voltage range and calculate the 
minimum and maximum number of solar modules forming part of a string.

The open-circuit voltage at -10°C is the highest voltage which can occur during 
operation. Correct the maximum number of solar modules per string so that the 
inverter's maximum input voltage cannot be exceeded.

Step 6:

In the last step, we will plan the solar generator's strings. Because each of the two 
inverters has two inputs, a maximum of 4 strings can be connected.

Prated -10% = ____W solar generator 
power must be 
reckoned with.

nmax = ____
nmin = ____

nmax = ____
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Calculate the required number of strings from the total number of solar modules and 
the previously calculated maximum number of solar modules per string.

Because the number of strings exceeds the number of inverter inputs, we decide to route 
a pair of parallel strings to each input. Check whether connecting a pair of strings in 
parallel causes the inverter's maximum input current to be exceeded. 

Calculate the maximum current for two strings connected in parallel.

Number of strings = ____
Round down your 
result to the 
nearest integer.

Istring = ____A
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Carbon dioxide emissions 

Carbon dioxide is a greenhouse gas, i.e. it absorbs part of the solar radiation received by 
the earth. The natural greenhouse effect of gases like carbon dioxide contributes to 
making our climate liveable. The concentration of CO2 in the atmosphere remained 
constant for 10,000 years, thanks to a balanced carbon dioxide cycle. However, 
industrialization beginning in the 19 century has caused a slow but steady rise in CO2
levels, the rise having assumed exponential proportions in the last two decades. This 
effect has been aggravated by worldwide deforestation depleting the reserves of plants 
and trees capable of absorbing and binding CO2. The carbon dioxide cycle is illustrated 
below.

CO2 emission

During combustion of fossil fuels, the bound CO2 is released back into the atmosphere in 
quantities depending on the fossil fuel involved. The table below provides a list of various 
fossil fuels and their CO2 emission factors.
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One kilogram of CO2 normally occupies a volume of 0.5 m3, corresponding to a cube with 
a side of 1 m and height of 0.5 m.

Effect of carbon dioxide on humans

CO2 concentrations (percentage by volume) in air

0.038%: Concentration in air 
0.15%: Standard hygienic value for fresh indoor air 
0.3%: Concentration limit below which exposure does not create long-term health 
hazards 
0.5%: Maximum CO2 concentration to which exposure is permissible for up to eight 
hours daily 
1.5%: Increase of more than 40% in respiratory time volume 
4%: Threshold for exhaled air 
5%: Beginnings of headache, dizziness and faintness 
8%: Coma, seizure, death in 30–60 minutes

Fuel CO2 emission factor 
Regenerative energy 0.00 kg CO2/kWh 
Nuclear power 0.00 kg CO2/kWh
Petrol 2.30 kg CO2/l
Diesel 2.63 kg CO2/l
Coal 0.92 kg CO2/kWh 
Gas 0.52 kg CO2/kWh 
Brown coal 0.40 kg CO2/kWh 
Heating oil 0.27 kg CO2/kWh 
Natural gas 0.19 kg CO2/kWh 
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Measurement concepts for PV systems  

Full feed-in

All the locally generated energy is fed into the electrical grid. For this purpose, two 
separate meters are installed in the house connection box. A consumption meter 
measures the energy obtained from the electrical grid to power local consumers. An 
export meter measures the energy fed into the grid. This measurement concept is 
illustrated below.

Surplus feed-in

The local power generation facility feeds energy into the electrical grid only if local 
consumers are already receiving their required energy. A bi-directional meter measures 
the energy quantities supplied to, and received from, the electrical grid. This 
measurement concept is illustrated below.
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Zero feed-in

All the energy generated by the solar facility is consumed locally.
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Experiment: Grid feeding

If the red light between the neutral conductor and ground comes on during 
establishment of the single-phase mains connection (CO3211-1A), the phase and 
neutral conductor are interchanged; in this case, insert the training panel's plug the 
other way around.

The all-pole OFF switch for the single-phase mains connection should initially remain on 
the "0" setting. Check whether the circuit breaker is active. 

The animation below shows how to set up the experiment.

Set an irradiance of 1000 W/m2 for the solar module simulations and turn them on. The 
inverter's green LED should flash slowly.

Move the single-phase mains connection's main switch to the "1" setting; wait until the 
inverter's LEDs turn on. 
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The powers and voltages are measured using the energy meter.

Measure the voltage and power, and enter the values in the fields provided for this 
purpose.

Simulate a failure of the power mains by moving the main switch to the "0" setting. 

What happens?

Enter the voltage and power values in the fields provided for this purpose.

What is the reason for the photovoltaic system's behaviour?

V = ____V
P = ____W

Less energy is fed into the grid.
The inverter continues to operate normally.
No energy is fed into the grid any longer.

V = ____V
P = ____W

On a failure of the power mains, the disruption in supply 
causes the inverter's power to break down too.
The automatic release point detects the system failure and 
acts to prevent formation of an isolated system.
The inverter switches over to stand-alone operation in order 
to establish a local energy source.
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Vary the solar modules' irradiance and observe the resultant effect on the energy fed into 
the grid. 

How does the energy fed into the grid respond when the irradiance changes?

The feed-in power remains constant.
As the irradiance decreases, so does the feed-in power.
As the irradiance increases, so does the feed-in voltage.

Several 
answers may 
be correct.
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Experiment: Grid feeding and local consumption 

The animation below shows how to set up the experiment.

Set an irradiance of 1000 W/m2 for the solar module simulations.

Move the single-phase mains connection's main switch to the "1" setting; wait until the 
inverter displays the energy parameter and both its green LEDs come on.

Measure the voltage, current and power fed into the grid.

Successively turn on the lamps as consumers and measure the effect on the power 

V = ____V
P = ____W
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fed into the grid.

What happens to the feed-in power when the consumers are connected?

Which lamp saves the most energy?

PIncandescent lamp = ____W
PEnergy-saving lamp = ____W
PLED lamp = ____W

The feed-in power remains constant.
The higher a consumer's power rating, the higher the feed-
in power.
The higher a consumer's power rating, the lower the feed-in 
power.

Incandescent lamp 
Energy-saving lamp
LED lamp

Several 
answers may 
be correct.
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The course "Design and operation of photovoltaic systems" is protected by 
copyright. All rights pertaining thereto are reserved. Any reproduction of the document 
as a file or in written form be it photocopy, microfilm or any other method or conversion 
into a machine-compatible language, in particular for data processing systems, without 
the expressed written approval of the LUCAS-NÜLLE GmbH is strictly forbidden. 

The software as described above is made available on the basis of a general licensing 
agreement or in the form of a single license. The use or reproduction of the software is 
only permitted in strict compliance with the contractual terms stated therein. 

If changes have been performed in a manner which was not strictly authorised by the 
LUCAS-NÜLLE GmbH, any product liability or warranty claims pertaining thereto are null 
and void.

Congratulations!
This is the last page of the course. You have come to the end of the "Design 
and operation of photovoltaic systems". 
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