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Basic photovoltaic laboratory

About the experiments
The purpose of the experiments to be performed here is to extend theoretically acquired
knowledge. The questions asked for each experiment require that photovoltaics has
already been the subject of a training course. Furthermore, it is a prerequisite that the
learner has some general electro-technical knowledge (apprentices, tutors, craftsmen
from the fields of physics, electrical engineering or related areas). The experiments allow
the learner to get to know the components used in the different photovoltaic systems in
more depth. When developing the system, the focus was in particular on using
components and devices that are common everyday practice, as far as this is possible for
the small power range.
The preparation for an experiment includes reading the experimental procedure carefully.
The descriptions are very precise in order to make the experimental procedure and the
execution of the experiment as transparent as possible. The order of the individual steps
described should be maintained so as to avoid erroneous measurements and
misinterpretations.
The worksheets for the individual experiments include the pictograms shown overleaf.
They are a helpful in guiding you through the individual parts of an experiments.

About the solutions
The solutions may lead to somewhat deviating results, in particular when recording
the characteristic curves. This is mostly not due to erroneous measurements.
Deviations may have the following causes:












The mechanical adjustment of the halogen lamp was not performed correctly.
You forgot to adjust the dimmer of the halogen lamp correctly.
The solar module was not irradiated evenly.
Slightly higher module currents can occur due to effects of external light sources.
The time intervals chosen for the temperature experiments are too short.
The temperature sensor was not positioned correctly.
The resulting values IK und UL of the simulator are also temperature-dependent.
The setting of the simulator was selected incorrectly.
The wrong loads were selected.
Faults when reading measured values from the instruments.
Measured values were taken down or noted incorrectly in the diagram.

These are some of the possible faults or effects that can lead to deviating results as
compared to the solution sheets.
The procedure prescribed in the experimental arrangement should be adhered to as far
as possible if you would subsequently like to compare the solutions of different groups.
The training system offers of course several different settings which you may use as
required.
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Descriptions of the pictograms

Info

For guidance to the respective experiment, describes the basic aspects that are part of the
experiment.

Describes the procedure of the experiment and gives information on the individual steps to
be performed. Important! Before beginning with the experiments, please read the
experimental arrangement completely.

At this stage, measured values are to be registered in a diagram prepared for this purpose.

At the end of the experiment, some questions are asked which can be answered with the
knowledge gained in the experiment.

Answers for the questions asked at the end of the experiment.

Notes on the charts and devices to be used

For orientation with complex experimental setups

Warns of particular risks which could lead to damages in the experimental setup or personal
injuries if not adhered to properly.
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Experiment 1
Recording the characteristic curves of a diode and a diode
series connection
1.1 Recording the characteristic curve of a diode

Info

To understand the function of a solar cell and its characteristic curve, one should first
take a look at the diode. A diode allows a current to flow in only one single direction. If a
direct voltage in forward direction is created, a current flows which depends on the level
of the external voltage. The basic materials used define the characteristic diffusion
voltage values at which the current increases significantly. If the voltage is increased still
further and the maximum current of the diode is surpassed, the diode will be thermally
destroyed.
The diode has two connections termed anode and cathode (anode +, cathode -). In
blocking direction, i.e. if the external voltage is inverted, a much smaller inverse current
flows. If the permitted maximum reverse voltage is exceeded the diode is also destroyed.
Depending on the type, reverse voltages of 10 V to several kilovolt can be attained.
Cathode(-)(-)
Kathode

Anode (+)

(+)

(-)

Graphic symbol
Schaltzeichen

Structure

The behaviour of a diode is described by its characteristic curve I = f(UAK). The typical
progression of a characteristic curve of a solar cell corresponds roughly to a silicon diode
in forward direction. Silicon is the basic material for a number of semiconductor elements
such as solar cells.

Experimental procedure
In this experiment, the characteristic curve of a diode in forward direction is to be
recorded. The complete experimental setup can be found on panel ST 16 (top setup).
Connect the power supply and the measuring devices required for recording the current
and voltage values to the panel. The measuring devices have to be set in such a way as
to avoid switching between measuring ranges (digital measuring devices are to be
preferred). The measurement should be performed fast to keep temperature effects down
to a minimum.

The nominal current of the diode must not be exceeded under any
circumstances! If possible, set current limiting to 0.5A.

Panels and devices used:
ST 16 Diode / Diode series connection panel
ST 27 Lab power supply unit
ST 24 Multimeter (2)

1
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Set the voltage values specified in Table 1 at the potentiometer P1 and register the
current values measured in the table. Then transfer the value pairs to the diagram
prepared for this purpose.
UD (Volt)

0

0.1

0.2

0.3

0.4

0.5

0.6

0.65

0.7

0,7

0,75

0.75

0.8

ID (mA)
Table 1: Measured values of a characteristic curve of a diode

350

Current ID in milliampere

300
250

200
150

100

50
0
0

0,1

0,2

0,3

0,4

0,5

0,55

0,6

0,65

0,8

0,9

Voltage UD in volt

Diagram 1: Characteristic curve of a diode in forward direction

Question 1:
Determine the diffusion voltage from the recorded characteristic curve of the diode.
What is the basic material?
Diffusion voltage: .............. V

Basic material: ...............................................

Question 2:
Name at least two applications using diodes in the field of photovoltaic
applications.
............................................ ..............................................

..............................................

Question 3:
One of the three types of diodes named below has a very low dissipation and is
therefore often used in smaller PV systems.
o Zener diode

o Germanium diode

2

o Schottky diode
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1.2 Recording the characteristic curve of a diode series
connection

Info

The solar cell is the smallest unit of a solar generator. Its characteristic curve is similar to
the one of a diode. Because of the low voltage and power range of a cell, several cells
are combined in a series connection so they can be used in technical applications. Due
to the similar characteristic curves of a solar cell on the one hand and a diode on the
other hand, it is possible to simulate whole solar modules simply by combining diodes in
a series connection.
The solar module simulator, which will be used at a later stage, relies on this principle of a
diode series connection supplied with power. The following experiment has the purpose
of becoming acquainted with the mode of operation of this simulator.

Experimental procedure
In this experiment, the characteristic curve of a diode series connection in forward
direction is to be recorded. As with the previous experiment, the experimental setup can
be found on panel ST 16, only this time at the bottom.
Connect the power supply and the required measuring devices. Again, the measuring
devices have to be set in such a way as to avoid switching between measuring ranges.

The nominal current of the diode must not be exceeded in this experiment!
If possible, set current limiting to 0.5A.

Panels and devices used:
ST 16 Diode / Diode series connection panel
ST 27 Lab power supply unit
ST 24 Multimeter (2)

Set the voltage values specified in Table 2 at the potentiometer P2 and register the
current values measured in the table. From 15 V onward, the voltage values are to be
determined by you (e.g. steps of 1V or 0.5V). Then transfer the value pairs to the
diagram prepared for this purpose.

UD (V)

5

10

15

ID (mA)
Table 2: Measured values of a diode series connection
The following diagram already contains the forward current curve of the diode as
recorded before in experiment 1.1. The resulting characteristic curve of a diode series
connection can also be determined by geometrically adding up the curves of the
individual diodes.

3
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350

Current ID in milliampere

300
250
200
150
100
50
0
0

2

4

6

8

10

12

14

16

18

20

22

Voltage UD in volt

Diagram 2: Characteristic curve of a diode series connection in forward direction

Question 4:
The adjoining diagram contains the characteristic curve of a diode series
connection. Please complete the diagram with the characteristic curve of a solar
module. The current and voltage rates are the same.

Question 5:

Current

Diode series connection

Is it possible to record the characteristic curve
of a “completely” shaded solar module (no
irradiation)?
o yes

o no

If no, why not?
..............................................................................
..............................................................................
..............................................................................
Voltage

If yes, what is this characteristic curve called?
o Dark curve
o Forward characteristic curve
o Blocking characteristic curve

4
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Question 6:
The setup of a solar simulator is depicted below. Use the circuit diagram and the
diagram drawn previously to describe its mode of operation.
Proceed as follows:
- Decide how to set the power source.
- First examine the no-load case (Isolar =0).
- Then examine the short-circuit (Isolar = max.)

…

Diodenband

Current source
Stromquelle

Isolar
Diode series connection

IDB

Rload
RLast
0…

Question 7:
Which operational case shows the highest load for the diode series connection?
o No-load

o Short-circuit

o MPP operation

5
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Experiment 2
Recording the characteristic curve of a solar module

Info

Solar cells convert sunlight to electricity. To use the solar cells in technical applications,
they are combined in a series connection so as to achieve a higher operating voltage. In
addition to the voltage, the series connection of the cells also increases the power of a
solar module. The cell surface defines the level of the possible current flowing in case of
a corresponding irradiation. The combination of several cells is called solar module.
There are crystalline and amorphous cells, with the crystalline cells divided further in
mono- and multi-crystalline.
Just as the behaviour of a diode, the behaviour of a solar module can be described by a
UI characteristic curve.

Experimental procedure
In this experiment, the characteristic curve of a solar module is to be recorded. Please
use the ST 14 module rack in connection with panel ST 01 for this. Connect the module
to the rear side of the panel using the jack plug. The current and voltage measurement is
performed with separate measuring devices.
Before starting the measurements, set the halogen lamp to maximum using the dimmer.
Adjust the lamp in such a way that the maximum possible short-circuit current (approx.
300mA - amperemeter directly at the output sockets of the module) is flowing. To do this,
the short circuit plug must be plugged to panel ST01. To obtain as high a short-circuit
current as possible, select the “summer setting” of the module rack (top swivel arm inside,
orientation of the module South, tilt angle approx. 30o). Ensure that the module surface is
irradiated as evenly as possible.

Attention! In longer operation, the lamp can get hot. There is a risk of
burns. Switch the lamp off when it is not in use.
You can now record the characteristic curve of the module using the resistor and
beginning with the short-circuit. From 14V onward, select the voltage values yourself.

Panels and devices used:
ST 01 Solar module connection panel - inside ST 14 Module rack
ST 24 Multimeter (2)
ST 20 Adjustable resistor ca 350 Ohm / 1.2 A

Set the specified voltage values using the sliding resistor and register the current values
measured in the table. From 14V onward, select the voltage values yourself. Calculate
the corresponding power from the line of value pairs. First transfer the value pairs for
current and voltage to the diagram prepared for this purpose. Then complete the diagram
by registering the characteristic curve.

6
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0

US (V)

5

10

12

14

IS (mA)
PS (W)
Table 1: Measured values of a characteristic curve of the module

4

350
300

3

250
200

2

150
100

1

Module power PS in Watt

Module current IS in milliampere

400

50
0

0

0

2

4

6

8

10

12

14

16

18

20

Module voltage US in volt

Diagram 1: UI and UP characteristic curve of a solar module

Question 1:
Which type of cell is used in the module that was measured?
o mono-crystalline

o multi-crystalline

o amorphous

Question 2:
Use the two characteristic curves to determine the values for current and voltage
occurring in the ideal operation point of the module (slight deviations possible).
Voltage: ....... V

Current: ....... A

Power: ....... W

Question 3:
What is the percentage of the measured no-load voltage in relation to the ideal
operation point of the module (slight deviations possible)?
approx. ....... %

7
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Experiment 3
Recording the characteristic curves of a solar module with
different amounts of irradiation

Info

The characteristic curve of a solar module depends largely on the influencing parameters
of temperature and irradiation. The amount of irradiation has the larger effect of the two.
It is the module current in particular that shows a direct proportional interdependence.
Next to the effects of the weather (clouds, fog ...), the suboptimal adjustment of the
irradiated surface can also lead to reduced irradiation.

Experimental procedure
In this experiment, two characteristic curves of the same solar module are recorded with
different amounts of irradiation. Please use the ST 14 module rack in connection with
panel ST 01 for this. As an option, the ST 02 module simulator may also be used (max.
current approx. 300mA).
Before starting the measurements, set the halogen lamp to maximum using the dimmer.
Adjust the lamp in such a way that the maximum possible short-circuit current
(amperemeter directly at the output sockets of the module) is flowing. To obtain as high a
short-circuit current as possible, select the “summer setting” of the module rack (top
swivel arm inside, orientation South, tilt angle 30o). Ensure that the module surface is
irradiated as evenly as possible.

Attention! In longer operation, the lamp can get hot. There is a risk of
burns. Please switch the lamp off when it is not in use.
You can now record the characteristic curve of the module using the resistor and
beginning with the short-circuit. From 14V onward, select the voltage values yourself. If
you have already completed experiment 2, you can take the values obtained there.
After recording the characteristic curve with the maximum possible irradiation, dim the
halogen lamp to approx. 50% of its power input. Perform the measurements a second
time.

Panels and devices used:
ST 01 Solar module connection panel - inside ST 14 Module rack, (opt. ST 02 Module simulator)
ST 24 Multimeter (2)
ST 20 Adjustable resistor ca 350 Ohm / 1.2 A

Set the specified voltage values using the sliding resistor and register the current values
measured in the table. Transfer both characteristic curves to the diagram prepared for
this purpose.
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0

US (V)

5

10

12

14

IS1 (mA)
Table 1: Measured values for the characteristic curve of a module with maximum
irradiation

0

US (V)

5

10

12

14

IS2 (mA)
Table 2: Measured values for the characteristic curve of a module with reduced
irradiation

Module current IS in milliampere

350
300
250
200
150
100
50
0
0

2

4

6

8

10

12

14

16

18

20

Module voltage US in volt

24

3,0

16

2,0

8

1,0

0

0

0,2

0,4

0,5

Irradiation in kW/m

0,8

2

9

1

Kurzschlußstrom in Ampere
Short-circuit currrent in ampere

No-load voltage in volt

Diagram 1: UI characteristic curve of a solar module with optimum and reduced
irradiation

Question 1:
Draw the progression of
current and voltage of a
solar module depending on
the irradiation (Connect start
and end point in the adjoining
diagram)
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Experiment 4
The effect of the temperature on the characteristic curve of
a solar module

Info

The cell temperature of a solar module depends largely on the irradiation, the ambient
temperature and the wind. It is known from semiconductor technology that the
conductivity of a semiconductor increases along with an increasing temperature. While
the current increases slightly, the voltage behaves the opposite way. Therefore the
manufacturers of the modules mark their products with temperature coefficients which
describe this behaviour. The coefficients depend on the material.
In good irradiation conditions, module temperatures of +50 oC and more can be achieved.
The losses connected with this cannot be neglected. The effect of the temperature on a
solar generator can be reduced with constructive measures (such as ventilated roof
mounting).

Experimental procedure
The experiment involves recording two characteristic curves in different operating
temperatures, but with the same irradiation. The module temperature is also measured.
To perform the experiment, you will need the ST 14 module rack in connection with panel
ST 01.
The sensor required for the temperature measurement is fastened to the rear side of the
module (centre). Before starting the measurements, set the halogen lamp to maximum
using the dimmer. Adjust the lamp in such a way that the maximum possible short-circuit
current is flowing (approx. 300mA - amperemeter directly at the output sockets of the
module). To obtain as high a short-circuit current as possible, please select the “summer
setting” of the module rack (top swivel arm inside, orientation South, tilt angle 30o).
Ensure that the module surface is irradiated as evenly as possible.
Important! Make these adjustments very quickly so as to prevent the module from
getting warmer too fast.

Attention! In longer operation, the lamp can get hot. There is a risk of
burns. Switch the lamp off when it is not in use.

While the halogen lamp is switched on, first measure the no-load voltage, followed by the
short-circuit current of the solar module (Perform the measurement quickly!). You can
now record the characteristic curve of the module in a temperature close to the ambient
temperature using the resistor and beginning with the short-circuit. From 14V onward,
please select the voltage values yourself. Once the module temperature has reached
approx. +60 oC, you can record the second characteristic curve. When you have finished
recording the characteristic curve, measure the no-load voltage and the short-circuit
current of the module a second time. If you want to document the temperature
progression, you may also take measurements in lower temperatures.
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Panels and devices used:
ST 01 Solar module connection panel - inside ST 14 Module rack
ST 24 Multimeter (2)
ST 20 Adjustable resistor ca 350 Ohm / 1.2 A

Transfer the measured values to the corresponding tables. Then draw both characteristic
curves in the diagram prepared for this purpose.
T (oC)
UL (V)
IK (mA)
Table 1: No-load voltage and short-circuit current in relation to the temperature
Characteristic curve 1
US (V)

0

5

10

12

14

0

5

10

12

14

IS1 (mA)

Characteristic curve 2
US (V)
IS1 (mA)
Table 2: Measured values of the characteristic curve of the module in different
temperatures

Module current IS in milliampere

350
300
250
200
150
100
50
0
0

2

4

6

8

10

12

14

16

18

Module voltage US in volt

Diagram 1: UI characteristic curve of a solar module in different temperatures
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Question 1:
What is the leading sign of the temperature coefficient for the two temperaturedependent parameters of current and voltage?

325

22

300

20

275

18

250

16

0

10

20

30

40

50

60

Module voltage US in volts

Module current IK in
milliamperes

To be able to answer this, register the measured current and voltage values in the
diagram below at the corresponding module temperatures.

70

o

Module temperature TM in C

Voltage: ...........................

Current: ............................

Question 2:
Which parameter, current or voltage, has a larger effect on the power output of the
solar module that is getting warmer?
o Current

o Voltage

Question 3:
Which is the most advantageous mounting type of the module with regard to the
optimum annual energy yield?
o
o
o

Mounting on top of the roof (30 degrees roof slope)
Integrated into roof (30 degrees roof slope)
Actively ventilated PV façade (vertical)

Question 4:
You regularly spend your holidays in Spain and intend to equip your caravan with a
solar module. What should you consider before buying a product with regard to the
module getting warmer?
..............................................................................................................................................
..............................................................................................................................................
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Experiment 5
The effect of the angle of inclination on the power output
of a solar module

Info

The angle of inclination has a major effect on the power output of a solar module. The
irradiation is ideal if the module is at all times perpendicular to the irradiated light. This is
not possible with modules with a fixed mounting, as the distance of the sun is determined
by daily and annual cycles. However, moving systems make sense only where the share
of direct irradiation is larger than that of indirect irradiation. For generators with fixed
mounting there is an optimum tilt angle, depending on the latitude, which yields the
largest annual amount of energy.

Experimental procedure
In the following experiment, record the characteristic curves shown by the dependence of
the power output of a solar module on the angle of inclination. Due to the proportionality
between irradiation and short-circuit current, this short-circuit current is registered above
the tilt angle to be set (the characteristic curves of short-circuit current and power output
have the same progression). To perform the experiment, you need the ST 14 module
rack in connection with panel ST 01.
Proceed as follows for the measurement. Set the lamp to maximum with the help of the
dimmer. Select a module tilt angle of 35o and adjust the lamp again in such a way that the
maximum possible short-circuit current (amperemeter directly at the output sockets of the
module) is flowing. To obtain as high a short-circuit current as possible, select the
“summer setting” of the module rack (top swivel arm inside). Ensure that the module
surface is irradiated as evenly as possible.

Attention! In longer operation, the lamp can get hot. There is a risk of
burns. Switch the lamp off when it is not in use.
Fasten the lamp and change the tilt angle  of the module step by step towards the
horizontal setting and then towards the vertical setting. The construction does not allow a
vertical setting of the module (90o).

Panels and devices used:
ST 01 Solar module connection panel - inside ST 14 Module rack
ST 24 Multimeter
Transfer the measured values to the table. Then draw both characteristic curves in the
diagram prepared for this purpose.
 (oC)

0

10

20

30

35

40

IK (mA)
Table 1: Short-circuit current in relation to the tilt angle
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Short-circuit current I K in (mA)

350
300
250
200
150
100
50
0
-10

0

10

20

30

40

50

60

70

80

90

Tilt angle in degrees

Diagram 1: Short-circuit current IK in relation to the module tilt angle

Question 1:
You want to supply a summer residence in Spain with solar electricity over the
whole year. Is the angle of inclination you choose for the module steeper or less
steep than in our latitudes?
o less steep angle of inclination o steeper angle of inclination
Reason: .........................................................................................................................

Question 2:
On 21 December, on winter solstice, the sun reaches its lowest mid-day
culmination. What is its position in degrees in relation to the horizontal?

Sun position angle: ........ degrees

Question 3:
What is the disadvantage of very small angles of inclination?
..............................................................................................................................................
..............................................................................................................................................
..............................................................................................................................................
..............................................................................................................................................
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Experiment 6
Recording a daily progression for summer and winter

Info

The use of photovoltaic equipment is partly subject to seasonal changes defined largely
by the change of day and night, the seasons and climate. In case of a sudden change in
the weather pattern, two subsequent days may bring completely different results with
regard to the energy yield. This also applies to long-term variations. For example, in the
summer semester, the energy yield may be much greater than in the winter semester. To
be able to bolster these changes, storage devices are used in isolated photovoltaic
systems.

Experimental procedure
Record the daily progressions for a summer and a winter day for this experiment. To
perform the experiment, you need the ST 14 module rack in connection with panel ST 01.
First adjust the top swivel arm of the module rack to "Summer setting" (swivel arm inside).
Set the lamp to maximum with the help of the dimmer. The short-circuit current of the
module is measured (amperemeter directly at the output sockets of the module). Ensure
that the module surface is irradiated as evenly as possible. Tilt angle of the module
approx. 30o.

Attention! In longer operation, the lamp can get hot. There is a risk of
burns. Switch the lamp off when it is not in use.

The starting point for recording the daily progression is the "East position" (blue dot) with
the lowest height setting (blue ring). Record the first value. Then turn the swivel arm to
the next coloured dot. When the colour of the dot changes, the height has to be adjusted
accordingly (use operating instruction if required). Continue with the measuring series
until the "West position" has been reached. Then repeat the measurement with the winter
setting of the swivel arm. Carry out the steps of the measurement quickly. Dim the
halogen lamp down when making adjustments.

Panels and devices used:
ST 01 Solar module connection panel - inside ST 14 Module rack
ST 24 Multimeter

Transfer the measured values to the table. Then draw both characteristic curves in the
diagram prepared for this purpose.

Orientation

East

South

IK (mA) summer
IK (mA) winter
Table 1: Short-circuit current in relation to the orientation

15

West

Short-circuit current IK in milliampere
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350
300
250
200
150
100
50
0

0

East
1

2

3

Süd
South
5

4

6

7

8

West
West
9

10

Orientation

Diagram 1: Short-circuit current Ik in relation to the orientation

Question 1:
During the summer semester, the energy yield is by far greater than during the
winter semester. Which of the following ratios (summer/winter) applies to our
latitudes?
o 90/10

o 80/20

o 60/40

Question 2:
How much energy does the sun irradiate on one square-meter during one year in
our latitudes?
o 750 kWh/m2

o 1000 kWh/m2

o 1500 kWh/m2

Question 3:
How much energy can be generated by a 1kWp photovoltaic unit that works
properly over one year?
.

o 300-400 kWh

o 500-600 kWh

16

o 700-800 kWh
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Experiment 7
Series connection of solar modules

Info

Just as solar cells within a solar module can be connected in series, solar modules
themselves can also be connected in series. The voltage of a solar generator increases
along with the number of modules while the current remains constant. This makes
voltages of several hundred volts possible. The series connection of solar modules in a
strand can help increase the power of the solar generator.

Experimental procedure
In this experiment, record the characteristic curve resulting from two solar modules
connected in a series connection. Please use the two panels ST 02 (solar module
simulated). The simulators are both operated with maximum current (1.5 A) (switch
position var., potentiometer max.).
First record the characteristic curve of a simulated module with the specified variable load.
Connect the loads specified below in a series and connect them to the simulator. Start
measuring in the short-circuit of the simulator. From 15V or 35V onward, select the
voltage values yourself. Slight temperature-related deviations from the characteristic
curves as specified in the solution are possible.
Attention! Always observe the maximum current load for which the
variable load is designed. Before connecting the experimental setup,
think about the order of operation.

After recording the characteristic curve, connect two simulators in a series connection
and repeat the measurement.

Panels and devices used:
ST 02 panel solar module – simulated - (2)
ST 20 Adjustable resistor ca 170 Ohm / 1.7 A
ST 20 Adjustable resistor ca 15.8 kOhm / 0.17 A
ST 24 Multimeter (2)
Transfer the measured values to the tables. Then draw both characteristic curves in the
diagram prepared for this purpose.

US (V)

0

5

10

15

IS (A)
Table 1: Measured values of a solar module - simulated

US (V)

0

20

30

35

IS (A)
Table 2: Measured values of a series connection of two simulated solar modules.
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1,6

Module current IS in ampere

1,4
1,2
1
0,8
0,6
0,4
0,2
0
0

5

10

15

20

25

30

35

40

45

50

Module voltage US in volt

Diagram 1: Characteristic curve of the individual module and the series connection of
two modules

Question 1:
You want to operate an inverter with 10 modules connected in a series connection
at the input side. The no-load voltage of a module with standard measuring
conditions is 42.6 V. Which voltage can be expected if the inverter works in MPP
mode?
Approximate MPP voltage: ........... V

Question 2:
An inverter without transformer is to be operated at the mains supply. The input is
single-phase. Which statement on the voltage level is correct?
o

The correct voltage is reached automatically due to the MPP control of the
inverter.

o

The generator voltage must be at least 2 x effective value of the alternating
voltage due to the conversion of direct to alternating voltage.
The nominal voltage must be above the peak value of the network voltage.

o

Question 3:
Which influencing factor must also be taken into account?
Influence: ...........................................................
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Experiment 8
Parallel connection of solar modules

Info

If the power of a solar generator is to be increased, the number of modules must be
increased first. This can either be done by connecting individual solar modules in a series
connection. Or it is possible by connecting modules in a parallel connection. If the current
remains constant, a series connection will increase the system voltage, whereas a
parallel connection works exactly the opposite way. The parallel connection is the only
possibility to increase the power especially of photovoltaic units with small system
voltages (e.g. 12V). It is possible to connect not just individual modules but whole strands
of them.

Experimental procedure
The experiment involves recording the characteristic curve of two solar modules
connected in a parallel connection. Please use the two panels ST 02 (solar module
simulated) for this experiment. Both simulators are set to the position 0.8 A (important!)
as otherwise the resistors are overloaded.
First record the characteristic curve of a simulated module with the specified variable load.
Connect the loads specified below in a series connection. Start measuring in the shortcircuit of the simulator. From 15V onward, select the voltage values yourself.
Attention! Always observe the maximum current load for which the
variable load is designed. Before connecting the experimental setup,
think about the order of operation. If you follow the characteristic curve
from no-load to short-circuit, select the inverse order.

After recording the characteristic curve, connect the second simulator parallel to the first
one. Repeat the measurement.

Panels and devices used:
ST 02 panel solar module – simulated - (2))
ST 20 Adjustable resistor ca 170 Ohm / 1.7 A
ST 20 Adjustable resistor ca 15.8 kOhm / 0.17 A
ST 24 Multimeter (2)
Transfer the measured values to the tables. Then draw both characteristic curves in the
diagram prepared for this purpose.
US (V)

0

5

10

15

IS (A)
Table 1: Measured values of a solar module - simulated

US (V)

0

5

10

15

IS (A)
Table 2: Measured values of a parallel connection of two simulated solar modules.
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1,8

Module current IS in ampere

1,6
1,4
1,2
1
0,8
0,6
0,4
0,2
0
0

2

4

6

8

10

12

14

16

18

20

22

24

Module voltage US in volt

Diagram 1: Characteristic curve of the individual module and the parallel connection of
two modules

Question 1:
The maximum short-circuit current of a solar module is limited even with the
maximum possible irradiation. Can a module connection line that was laid out
correctly still be overloaded?
o yes

o no

Question 2:
Construct a fault case where the fault current IF could be greater than the permitted
maximum current of the line.

Conditions:
.................................................................................................................................................
.................................................................................................................................................
.................................................................................................................................................
.................................................................................................................................................
.................................................................................................................................................
.................................................................................................................................................
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Experiment 9
Shading of solar modules without bypass diode

Info

Even if the shading of a solar module is locally limited, there can be unreasonably high
energy yield losses unless bypass diodes are integrated into the modules. The shaded
part of the cell behaves like a resistor in a closed circuit. The power converted in the
shaded cells can lead to the part of the cell getting warmer. In the worst case this could
result in the destruction of individual cells.

Experimental procedure
The effect of a missing bypass diode on the output power of a solar module is to be
shown. For this purpose, connect two simulators (panel ST 02) in a series connection.
One simulator is set to maximum current (1.5 A) (switch position var., potentiometer
max.). To simulate shading, set the second simulator on a lower current (0.8 A). Remove
the connector bridges of the bypass diodes.
Record the characteristic curve of the series connection with the specified variable load.
Connect the loads specified below in a series connection. Start measuring in the shortcircuit. From 35V onward, select the voltage values yourself.

Attention! Always observe the maximum current load for which the
variable load is designed. Before connecting the experimental setup,
think about the order of operation.

Panels and devices used:
ST 02 panel solar module – simulated (2)
ST 20 Adjustable resistor ca 170 Ohm / 1.7 A
ST 20 Adjustable resistor ca 15.8 kOhm / 0.17 A
ST 24 Multimeter (2)

Transfer the measured values to the tables. Calculate the power from current and voltage
and transfer the calculated values to the table as well. Then draw both characteristic
curves in the diagram prepared for this purpose. The characteristic curve of two
unshaded modules is shown in the diagram.

US (V)

0

20

30

35

IS (A)
PS (W)
Table 1: Measured values of a series connection without bypass diode
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1,6

32

1,4

28

1,2

24

1

20

0,8

16

0,6

12

0,4

8

0,2

4

0

Module power P S in Watt

Modulcurrent IS in ampere
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0
0

5

10

15

20

25

30

35

40

45

50

Module voltage US in volt

Diagram 1: Series connection of two modules with partial shading (without bypass diode)

Question 1:
How great is the maximum current of this setup? Explain why the current reaches
this exact level.
Maximum current: ........... A
Explanation: .........................................................................................................................
..............................................................................................................................................
Question 2:
What current flows if only one cell is shaded off completely?
Maximum current: ........... A
Explanation: ..........................................................................................................................
..............................................................................................................................................

Question 3:
By what percentage is the power output of the modules lower as compared to the
unshaded modules?
approx. ....... %
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Experiment 10
Shading of solar modules with bypass diode

Info

To minimise the losses in the shading case, bypass modules are integrated into the solar
modules. These are usually two diodes in one standard module. Their purpose is to
“bypass” the current around the shaded area in the shading case. Bypass diodes are
connected to the solar cells in an antiparallel connection.

Experimental procedure
The experiment is to show the effect of a bypass diode on the output power of a solar
module. The results can be compared to the measurements without bypass diode.
Connect two simulators (panel ST 02) in a series connection for this experiment. One
simulator is set to maximum current (1.5 A) (switch position var., potentiometer max.).
To simulate shading, set the second simulator to a lower current (0.8 A). Ensure that the
connector bridges for the bypass diodes are plugged in.
Record the characteristic curve of the series connection with the specified variable load.
Connect the loads specified below in a series connection. Start measuring in the shortcircuit. From 35V onward, select the voltage values yourself.

Attention! Always observe the maximum current load for which the
variable load is designed. Before connecting the experimental setup,
think about the order of operation.

Panels and devices used:
ST 02 panel solar module – simulated, (2)
ST 20 Adjustable resistor ca 150 Ohm / 1.7 A
ST 20 Adjustable resistor ca 15.8 kOhm / 0.17 A
ST 24 Multimeter (2)

Transfer the measured values to the tables. Calculate the power from current and voltage
and transfer the calculated values to the table as well. Then draw both characteristic
curves in the diagram prepared for this purpose. The characteristic curve of two
unshaded modules is shown in the diagram.

US (V)

0

10

14

16

18

20

22

24

30

36

IS (A)
PS (W)
Table 1: Measured values of a series connection without bypass diode
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28

1,2
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1

20

0,8
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0,6

12
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0

Module power P S in Watt

Module current IS in ampere
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0
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Module voltage US in volt

Diagram 1: Series connection of two modules with partial shading (with bypass diode)

Question 1:
By what percentage is the power output of the modules lower as compared to the
unshaded modules?
approx. ....... %
Question 2:
What effect could the power curve have on the operation of an inverter?
Explanation: ..........................................................................................................................

Question 3:

o

Method 1

o

Method 2

Strang 3

Strang 2

Strang 1

A solar generator consisting of three strands is shaded off in the morning hours
(see illustration). The bypass diodes of the modules have mistakenly been
removed. Which installation method is more
appropriate?

Strang 1

Strang 2

Explanation: ..............................................
Strang 3

...............................................................
Variante 1

..............................................................

24

Variante 2

Basic photovoltaic laboratory

Experiment 11
11.1 Photovoltaic unit for grid-connected system operation

Info

In photovoltaic units for grid-connected system operation, the solar current generated by
the solar generator is fed to the mains via an inverter. A surplus is transferred directly to
the mains supply. A storage is therefore not necessary. The major components of this
type of unit are solar generator, generator terminal box, inverter and meter. The
operation of such a unit may show different energy flow directions, depending on the
energy supply and consumption.

Experimental procedure
The experiment involves the setup of a photovoltaic unit for grid-connected system
operation in the small power range. The solar generator consists of four simulators. Two
of them are connected in a series connection to become a strand. Both strands are
connected to the generator terminal box (ST 03). The output of the generator terminal
box is connected to the input of the inverter (ST 05). The meter is connected to the
output side of the inverter in the following order: Generation meter (ST 10), Input / Supply
meter (ST 11). The panel ST 07 is to be included between the generation and input /
supply meter for the connection of the loads. When connecting the input and supply
meters, observe the energy flow direction. The mains supply and the PV input are to be
connected to the inputs (left) or, respectively to the corresponding meters. Both outputs
are to be connected with each other (see connection diagram). On the output side, the
supply meter is connected to the panel ST 13 (mains supply). Set up the unit according to
the circuit diagram below.

ST 02

ST 02

ST 07
02

~

~

ST 02

ST 02

ST 03

ST 05

ST 10

ST 11

ST 13

Connection diagram: Photovoltaic unit for grid-connected system operation

Bear in mind that this experiment is carried out with mains voltage
(230V/50Hz – 115V/60 Hz). For reasons of personal safety, use the
supplied safety lab connections only.
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Panels and devices used:
ST 02
ST 03
ST 05
ST 07
ST 10
ST 11
ST 13
ST 20

panel solar module – simulated - (4)
panel generator terminal box
panel inverter – grid-connected system
panel alternating current load connection
panel generation meter
panel input / supply meter
panel mains supply
electric loads

Reproduce the different constellations with regard to the energy flow direction by varying
the solar generator power and the load to be connected. Fill in the arrows according to
the occurring energy flows. You can determine the energy flows by reading off the display
devices or meters. To do this, set the meters to power display via the “MODE” button.
Deviations between the values of generation and input meters displayed are due to the
own consumption of display instruments and meters.

Case 1:

- The solar generator delivers the maximum power
- No load is connected

Remark: .............................................................

~

.................................................................................
.................................................................................

Case 2:

- The solar generator delivers the maximum power
- A light bulb (60 W) is connected as load

Remark: .............................................................

~

.................................................................................
.................................................................................

Case 3:

- The solar generator delivers less than 50 % of its power
- A light bulb (60 W) is connected as load

Remark: .............................................................
.................................................................................
.................................................................................

Case 4:

- The solar generator delivers the maximum power
- Two light bulbs (2x60W) are connected as load
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Remark: .............................................................

~

.................................................................................
.................................................................................

Case 5:

- The solar generator does not deliver any power
- Two light bulbs (2x60W) are connected as load

Remark: .............................................................

~

..................................................................................
...........................................................................................
Question 1:
Special guidelines have been introduced for the operation of own generation
plants (such as photovoltaic units). What are these guidelines called?
Guideline: .......................................................................

Question 2:
Name at least two tasks the generator terminal box has to fulfil.
............................................ ............................................... ..............................................
Question 3:
Some inverters do not require a generator terminal box. What are these devices
called?
o Isolated system inverters o Combined inverters

String inverter

Question 4:
Even with a single-phase input, the input meter must be implemented for threephase operation. Name the reason for this.
..............................................................................................................................................
..............................................................................................................................................
..............................................................................................................................................
..............................................................................................................................................
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11.2 Measuring the inverter efficiency

Info

Efficiency is the ratio of power output to power input. This is often an important criterion
when buying an inverter. It describes how efficiently the conversion of the energy
generated by photovoltaic processes can take place. However, manufacturers often just
specify the efficiency for the nominal power. But since the devices are mostly operated
below the nominal power, a good efficiency is not so much important in the partial load
area. Most devices today reach an efficiency of more than 90% in the nominal power
range.

Experimental procedure
Record the efficiency of an inverter step by step in this experiment. To be able to
measure the input power, an external amperemeter and current meter needs to be
integrated (in front of the inverter). The output power can be read directly from the
generation meter. To do this, set the meter to power display via the “MODE” button.

Bear in mind that this experiment is carried out with mains voltage
(230V/50Hz). For reasons of personal safety, use the supplied safety lab
connections only.

Panels and devices used:
ST 02
ST 03
ST 05
ST 07
ST 10
ST 11
ST 13
ST 20
ST 24

panel solar module – simulated - (4)
panel generator terminal box
panel inverter – grid-connected system
panel alternating current load connection
panel generation meter
panel input / supply meter
panel mains supply
electric loads
Multimeter (2)

Use the simulators to set different input powers for the inverter. Take the current and
voltage values that occur and register them in the table prepared for this purpose.
Calculate the power from both values and transfer it to the table as well. Draw the
measured values in the diagram prepared for this purpose.

Us (volts)
IS (A)
Ps (Watt)
PA (Watt)
 (%)
Table 2: Measured values for the characteristic curve recording of the efficiency.
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Diagram 2: Characteristic curve for the efficiency of an inverter

Question 5:
What measure can be used to increase the efficiency of an inverter still further?
o

Transformerless inverters have a slightly better efficiency.

o

The use of ventilators leads to enormous advantages.

o

In nominal operation, inverters can be operated in a better efficiency range
through underdesigning.
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Experiment 12
Island-grid photovoltaic systems

Info

Photovoltaic systems used as separated from the mains system, i.e. not connected to it
are called island-grid systems. Isolated systems supplied by photovoltaic technology can
differ largely with regard to their structure. Their complexity depends largely of the
requirements posed by the load to be supplied.
In case of directly connected systems, the load to be operated is connected directly to the
solar generator (e.g. small direct current pumps or ventilators). These systems can be
operated where ever the varying energy potential of the sun can be used. These systems
are particularly reliable thanks to their simple layout.
Loads requiring energy to be supplied constantly at any time make it necessary to use a
storage device. Small accumulators or whole sets of batteries are used depending on the
size of the application, e.g. telecommunication systems. This allows for the compensation
of existing energy deficits that cannot be covered by the solar generator alone.
The advantage as compared to conventional energy storage mediums, which is that there
is not continuous energy supply, can be partly compensated through the combination of
different generators (such as photovoltaic and wind power). These systems are called
hybrid systems. However, they too require the use of a storage device in most cases.

12.1 Direct connection
Experimental procedure
The experiment is to show that an operation in the optimum operation point is not always
possible for a direct connection between solar generator and load. For this purpose, a
simulator and a load resistor are directly connected to each other. Determine the
operation points on the specified characteristic curve of the module.

Panels and devices used:
ST 02 panel solar module - simulated ST 20 Adjustable resistor ca 15 Ohm / 5.5 A
ST 20 Adjustable resistor ca 148 Ohm / 1.7 A
ST 24 Multimeter (2)

First connect the load resistor of 13.1 Ohm directly to the simulator (the resistor is to be
set to approx. half the value of 6.5 Ohm). The simulator is operated with a maximum
current output. Now measure current and voltage occurring at this operation point and
draw it in the characteristic curve of the module in the diagram. Connect this operation
point to the point of origin to obtain the corresponding resistor line. Now replace the
resistor in the experimental setup with a 148 Ohm resistor you set to approx. half the
value (approx. 75 Ohm) before. Again, determine the operation point and transfer it to the
diagram as before. Slight deviations in the results are due to thermal effects.
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Module current IS in ampere

1,4
Pmax approx. 25 W
1,2
1
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Diagram 1: Operation points with different loads

Question 1:
By what percentage do current, voltage and power deviate from the optimum
operation point? (+ means above and – means below the optimum operation point.
The MPP values for current, voltage and power correspond each to 100%)

Operation point: 6.5 Ohm
Current: .........mA

è

corresponding to approx. ..........%

Voltage: ..........V

è

corresponding to approx. ..........%

Power: ............W

corresponding to approx. ..........%

Operation point: 75 Ohm
Current: .........mA

è

corresponding to approx. ..........%

Voltage: ..........V

è

corresponding to approx. ..........%

Power: ..... .....W

è

corresponding to approx. ..........%
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12.2 Photovoltaic unit for island-grid system operation
Experimental procedure
The experiment involves the setup of a photovoltaic unit for isolated system operation in
the small power range. The solar generator consists of four simulators ( 4 x ST 02). The
system voltage is to be 12 V. For this purpose, the simulators are connected in a parallel
connection via the generator terminal box (ST 03, there is no series connection such as
in the experiment for grid-connected system operation). Before connecting the solar
generator with the charge regulator, connect the battery to the charge regulator. To do
this, use the panel ST 09 in connection with ST 21.

Take care to connect the battery only while the switch is open. Otherwise
there is a risk of an electric arc building up.
The output of the generator terminal box (ST 03) can now be connected to the input of
the charge regulator (ST 04). Finally, connect the load. To do this, connect the output of
the charge regulator with the panel ST 08 (direct current load connection). A sliding
resistor is first used as load (13.1 Ohm/6A).
First, set the resistor to its maximum value. Short-circuits in the load
circuit must be prevented under all circumstances.

Optionally, a direct current meter can also be added to the load circuit to determine the
energy balance or measure the power. Set up the unit according to the circuit diagram
below.

Panels and devices used:
ST 02 panel solar module – simulated - (4)
ST 03 panel generator terminal box
ST 04 panel charge regulator
ST 08 panel direct current load connection
ST 09 panel battery connection
ST 20 Adjustable resistor ca 15 Ohm / 5.5 A
ST 21 Battery 12V/27 Ah
ST 23 DC meter

ST 02

ST 02

ST 02

ST 02

ST 03

ST 04

ST 09
02

ST 23

ST 08

ST 21

ST 20

Batterie

Widerstand

Connection diagram: Photovoltaic unit for island-grid system operation
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Set the following operating conditions of the island-grid system by varying the load and
the solar generator (cases 1 to 3):
Case 1:

- The solar generator does not deliver any energy
- Energy supply is covered completely by the battery

Question 1:
Which statements concerning this operating condition can be correct?
o Battery empty o Charge regulator defect o It is night
o Low irradiation

Case 2:

oBattery full

o Defect in the generator terminal box o no load

- The solar generator only just covers the energy demand of a small load

Question 2:
Which statements concerning this operating condition can be correct?
o Irradiation very good
o no load

o Charge regulator defect

o Irradiation not ideal

33
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Case 3:

- The battery is charged
- The load is provided with energy

Question 3:
Which statements concerning this operating condition can be correct?
o Irradiation very good

o Poor irradiation conditions

oBattery

o Battery full

o No energy supply from battery because of fuse defect

partly

discharged

Question 4:
In one operating condition, the displays of the simulators begin to vibrate. In what
state of charge is the battery and what explanation is there for it?
o Battery almost charged o Battery discharged to 50%

o Battery almost discharged

..............................................................................................................................................

Question 5:
Which statements about the charge regulator are false?
o

A temperature control of the battery is not required as this does not have any
effect on the parameters of a battery.

o

The charge regulator should be equipped with a deep discharge protection in
any case.

o

A cyclic gassing regulation is required only with gel batteries.

o

The max. discharge current of a battery may not be greater than the solar
generator current.

o

The usual system voltage for charge regulators is 12 or 24 volts.

Question 6:
Which statements about batteries are correct?
o

Gel batteries are maintenance-free and suitable especially for mobile use.

o

Connecting battery blocks in a series connection increases the voltage.
However, the capacity does not change.

o

Cyclic gassing regulation is for the mix of the electrolyte.

o

The usual cell voltage of a battery is 4.4 volts.
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12.3 Photovoltaic unit for island-grid system operation

Info

Small photovoltaic units for island-grid operation are mostly designed for the supply of
direct current loads. If alternating current loads are also to be supplied in addition to the
direct current loads, an inverter will have to be used, converting the direct current to an
alternating current. The curve of the output voltage can have different shapes in such a
case. As these devices cause additional losses and represent a possible source of faults
in the system they should be used only if absolutely necessary.

Experimental procedure
Use the experimental setup of experiment 12.1 for this experiment. Complete the layout
with the panels ST 06 (Inverter – island-grid system) and ST 07 (Alternating current
connection). ST 08 can possibly be used also for the connection of direct current loads
(combined isolated system). Determine the power consumption of a usual light bulb and
of an energy saving lamp in this first part of the experiment. The emitted light power is
almost the same. Use the specified loads of ST 20 as a load. The PV simulators are to be
set to maximum power output.

Note that the maximum power of the isolated system inverter is 100 watt.
Avoid an overload of the device.

Panels and devices used:
ST 02 panel solar module – simulated - (4)
ST 03 panel generator terminal box
ST 04 panel charge regulator
ST 06 / ST 06 A panel inverter - isolated system
ST 07 panel alternating current load connection
ST 08 panel direct current load connection
ST 09 panel battery connection
ST 20 Light bulb and energy saving lamp
ST 21 Battery 12V/27 Ah
ST 24 Multimeter (2)

=

=
ST 02

ST 02

ST 03

ST 04

~

ST 08

ST 06

~
ST 07

ST 21
ST 02

ST 02

ST 09
02

Batterie

02
ST 20

Connection diagram: Photovoltaic unit for island-grid system operation
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The power is measured via current and voltage measurement at the panel ST 07. The
corresponding voltage values are to be read from the display devices. The two
measurements are carried out one after the other.
Transfer the measured values to the table prepared for this purpose and calculate the
corresponding power.

Light bulb

Energy-saving bulb

UL (V)
IL (A)
PL (W)
Table 1: Measured values for a power comparison between light bulb and energy-saving
bulb.

Question 1:
The calculated power deviates slightly from the nominal values of the lamp. Name
the reason for this.
..............................................................................................................................................
..............................................................................................................................................
..............................................................................................................................................

Question 2: (optional)
What shape does the curve of the inverter have?
Oscilloscope the output voltage in no-load operation of the device.
o Rectangle

o Trapezoid

o Sinus

Question 3:
In a weekend home, a refrigerator is to be operated with an inverter. When
commissioning the refrigerator, you notice that it does not start despite a sufficient
inverter power. What could be the reason for this?
o

When operating motor loads (compressor) at rectangular inverters, problems
may occur upon start-up.

o

Sinusoidal inverters are not suitable for the operation of motor loads.

o

Inverters are generally not overloadable and thus cannot provide the required
starting current.
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Question 4:
What are the three criteria that are especially important when designing
photovoltaic systems for isolated operation?
o

The irradiation conditions at the location.

o

Service life and power of the loads.

o

The filling factor of the modules.

o

Only the efficiency of the charge regulator.

o

Sufficient cooling of the modules.

o

The shading-free operation of the solar generator.

Question 5:
How much energy can be generated by a 50W module in our latitudes on a good
day in July (5000Wh/m2, rough calculation)?
o 100Wh

o 250Wh

o 500Wh

o 750Wh

Question 6:
What are energy supply systems called that combine different energy conversion
systems?
o Multi-systems o Poly-systems o Hybrid systems

o Combined systems

Question 7:
Which of the following components can be called storage devices?
o Electrolyzer

o Battery

o Solar module

o Charge regulator

o Fly wheel

o Inverter

o Capacitator

o Fuel cell

Question 8:
What is the disadvantage that isolated systems have compared to systems
connected to the mains system?
o

Excess energy cannot be used.

o

Most combined systems do not complete each other (e.g. photovoltaic/wind)

o

Island-grid systems are usually more cost-efficient.
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Strombegrenzung
Current limiting
0,5 A

Spannung
Voltage
0-1 V

Strom
Current
0-400 mA

Strombegrenzung
Current limiting
0,5 A

Spannung
Voltage
0-20 V

Strom
Current
0-400 mA

Versuch 1, Teil 1 und 2
Experiment 1, part 1 and 2

IKS

Photovoltaik
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Grundlagenlabor Photovoltaik / Basic photovoltaic laboratory
Spannung
Volatge
0-20 V

Strom
Current
0-400 mA

Versuch 2, 3 und 4 / Experiment 2, 3 and 4

IKS

Photovoltaik

Schiebewiderstand
Variable resistor
ca. 325 Ohm
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Strom
Current
0-400 mA

Kurzschlussbrücke einstecken
Insert jumper

Versuch 5 und 6 / Experiment 5 and 6
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Voltage
0-30 V

Strom
Current
0-1,5 A

Schiebewiderstand
Variable resitor
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Variable resistor
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Current
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Variable resitor
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Schiebewiderstand
Variable resistor
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Spannung
Voltage
0-50 V

Achtung:
beide Kurzschlussbrücken "Bypassdiode" sind gesteckt
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Both jumpers "Bypassdiode" are inserted
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Voltage
0-30 V

Strom
Current
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IKS

Photovoltaik

SOLARTRAINER Profi

Grundlagenlabor Photovoltaik / Basic photovoltaic laboratory
Strom
Current
0- 3 A

IKS

Photovoltaik

Schiebewiderstand
Variable resistor
ca. 325 Ohm
Schiebewiderstand
Variable resitor
ca. 15,8 kOhm

Spannung
Voltage
0-30 V

Kurzschlussbrücke einstecken
Insert jumper

Versuch 8, Teil 2 / Experiment 8, part 2

SOLARTRAINER Profi
Strom Current
1,5 A (Pos. var. max.)

Grundlagenlabor Photovoltaik / Basic photovoltaic laboratory

Strom / Current
0,8 A (Pos. 0,8 A)

Strom
Current
0- 1,5 A

IKS

Photovoltaik

Schiebewiderstand
Variable resistor
ca. 170 Ohm
Schiebewiderstand
Variable resistor
ca. 15,8 kOhm

Spannung
Voltage
0-50 V

Kurzschlussbrücke einstecken
Insert jumper
Ohne Kurzschlussbrücke “Bypassdiode”
Without jumper “Bypassdiode”

Versuch 9 / Experiment 9

SOLARTRAINER Profi
Strom Current
1,5 A (Pos. var. max.)

Grundlagenlabor Photovoltaik / Basic photovoltaic laboratory

IKS

Photovoltaik

Strom / Current
0,8 A (Pos. 0,8 A)

Strom
Current
0- 1,5 A

Schiebewiderstand
Variable resitor
ca. 170 Ohm
Schiebewiderstand
Variable resistor
ca. 15,8 kOhm

Spannung
Voltage
0-50 V

Achtung:
beide Kurzschlussbrücken "Bypassdiode" sind gesteckt
Attention:
Both jumpers "Bypassdiode" are inserted
Kurzschlussbrücke einstecken
Insert jumper

Versuch 10 / Experiment 10

SOLARTRAINER Profi

Grundlagenlabor Photovoltaik / Basic photovoltaic laboratory

IKS

Photovoltaik

Achtung:
alle Kurzschlussbrücken "Bypassdiode" sind gesteckt
Attention:
all jumpers "Bypassdiode" are inserted
Kurzschlussbrücke einstecken
Insert jumper

Versuch 11.1(Netzeinspeisg. ohne Eigenverbrauch) /Exp. 11.1(Feeding into the grid without own consumption)

SOLARTRAINER Profi

Grundlagenlabor Photovoltaik / Basic photovoltaic laboratory

IKS

Photovoltaik

Achtung:
alle Kurzschlussbrücken "Bypassdiode" sind gesteckt
Attention:
all jumpers "Bypassdiode" are inserted
Kurzschlussbrücke einstecken
Insert jumper

Versuch 11.1(Netzeinspeisg. mit Eigenverbrauch) /Exp. 11.1(Feeding into the grid with own consumption)

SOLARTRAINER Profi

Grundlagenlabor Photovoltaik / Basic photovoltaic laboratory

Spannung
Voltage
0-30 V

IKS

Photovoltaik

Strom
Current
0- 3 A
Achtung:
alle Kurzschlussbrücken "Bypassdiode" sind gesteckt
Attention:
all jumpers "Bypassdiode" are inserted

Versuch 11.2 / Experiment 11.2

Kurzschlussbrücke einstecken
Insert jumper

SOLARTRAINER Profi

Grundlagenlabor Photovoltaik / Basic photovoltaic laboratory

Spannung
Voltage
0-30 V

Strom
Current
0-1,5 A

Schiebewiderstand
Variable resistor
ca. 15 Ohm
Schiebewiderstand
Variable resistor
ca. 170 Ohm

Versuch 12.1 / Experiment 12.1

IKS

Photovoltaik

SOLARTRAINER Profi

Grundlagenlabor Photovoltaik / Basic photovoltaic laboratory

IKS

Photovoltaik

Schiebewiderstand
Variable resistor
ca. 15 Ohm

Achtung:
alle Kurzschlussbrücken "Bypassdiode" sind gesteckt
Attention:
all jumpers "Bypassdiode" are inserted

Versuch 12.2 / Experiment 12.2

Kurzschlussbrücke einstecken
Insert jumper

SOLARTRAINER Profi

Grundlagenlabor Photovoltaik / Basic photovoltaic laboratory

IKS

Photovoltaik

Max. 100 W

Achtung:
alle Kurzschlussbrücken
"Bypassdiode" sind gesteckt
Attention:
all jumpers "Bypassdiode" are
inserted
Kurzschlussbrücke einstecken
Insert jumper

Versuch 12.3 / Experiment 12.3

Basic photovoltaic laboratory

Solutions for Experiment 1
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Diagram 1: Characteristic curve of a diode in forward direction

Question 1:

approx. 0.6 volts

Silicon

Question 2:

Blocking diode, bypass diode, reverse voltage protection

Question 3:

Schottky diode
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Diagram 2:

Characteristic curve of a diode series connection in forward direction
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Basic photovoltaic laboratory

Diode series connection

Current

Question 4: The voltage conditions of
diode series connection
and solar module are
identical. However, there
are opposed leading
signs as far as the
directions of the current
are concerned.

Voltage
Question 5: Yes, dark curve

Question 6: The voltage of the voltage source is increased so far that the desired shortcircuit current IDB can flow. No load is connected
In no-load operation (no load connected) the whole current flows from the
voltage source via the diode series connection. The current Isolar is zero.
The simulated solar module is in no-load operation.
In case of a short-circuit, reverse conditions apply. The module current Isolar
is at its maximum and the current through the diode series connection is
zero. The solar module is in a short-circuit.
If a load is connected, a corresponding current occurs on the characteristic
curve of the module.
The operation point on the curve depends on the internal resistance of the
load. As a result, the total current from the power source is divided in IDB
and Isolar.

Question 7: No-load

2
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D
iagram 1: UI and UP characteristic curve of a solar module

Question 1:

mono-crystalline

Question 2:

approx. 14.5 V approx. 0.255 A

Question 3:

approx. 80% (slight deviations possible)

3

approx. 3.7 W

18

Module power PS in Watt

Module current I S in milliampere

Solutions for Experiment 2

Basic photovoltaic laboratory

Solutions for Experiment 3

Module current I S in milliampere
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Diagram 1: UI characteristic curve of a solar module with optimum and reduced
irradiation
Slight deviations, in particular with regard to voltage, are possible (temperature
effects)!

24

3,0

16

2,0

IK
1,0

8

0

0

0,2

0,4

0,5

4

0,8

1

Kurzschlußstrom
in Ampere
Short-circuit currrent in ampere

No-load voltage in volt

Question 1: While the current shows a proportional trend, the voltage increases very
fast even with a very low irradiation.

Basic photovoltaic laboratory

Solutions for Experiment 4
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Module I S in milliampere
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Diagram 1:

UI characteristic curve of a solar module in different temperatures
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Question 1:
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Module temperature TM in C

Trends:

Voltage: negative

Current: positive

Question 2:

Voltage

Question 3:

Mounting on top of the roof (30 degrees roof slope)

Question 4:

In order to compensate the effects of the temperature on the voltage,
modules with a somewhat higher number of cells should be used (e.g.
40 instead of 36 cells).
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Solutions for Experiment 5
300

Short-circuit current I
milliampere

K

in
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Diagram 1:

Short-circuit current IK in relation to the module tilt angle

Question 1:

Since the sun reaches a higher position on account of the latitude, a
less steep angle of inclination would be better.

Question 2:

16 degrees

Question 3:

The self-cleansing effect through rain and snow gliding off is limited.

6
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Solutions for Experiment 6

Short-circuit current I

K

in milliampere

350
300
250
200
150
100
50
0
East

South

West

Orientation

Diagram 1: Short-circuit current IK in relation to the orientation
Question 1:

80/20

Question 2:

1000 kWh/m2

Question 3:

700-800 kWh
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Solutions for Experiment 7
1,6

Module current IS in ampere
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Diagram 1:

Characteristic curve of the individual module and the series
connection of two modules

Question 1:

42.6 V * 10 (number of modules) * 0.8 (guiding value) = 336 Volt

Question 2:

The nominal voltage must be above the peak value of the network
voltage. An energy flow is possible only from a higher to a lower
voltage level.

Question 3:

Influence of the temperature

8
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Solutions for Experiment 8
1,8

Module current I

S

in ampere
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Diagram 1: Characteristic curve of the individual module and the parallel connection of
two modules

Question 1: Yes, for instance in case of an earth fault and if the connection is not
secured (see answer to question 2).

Question 2: Conditions for a fault case:
- The aggregate current from several parallel series connections must be
greater than the permitted maximum current of the connection.
- An earth fault must occur.
- A possible existing blocking diode is defective and conducts the current.
- No fuses were used to protect the connections.
- In case of an inverter with transformer, two earth faults must occur.

9
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Solutions for Experiment 9
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Diagram 1: Series connection of two modules with partial shading
(without bypass diode)

Question 1:

In case of a shaded layout without bypass diode, the current depends
on the shaded module (in this case: 0.8 A).

Question 2:

There is no current flowing through the setup (for reasons see answer
to question 1).

Question 3:

Approx. 40%! You can estimate the value from the characteristic
curves.

10
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Solutions for Experiment 10
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Diagram 1: Series connection of two modules with partial shading
(with bypass diodes)

Question 1:

approx. 20%

Question 2:

The characteristic curve shows two maximums. Depending on which
maximum is recognised by the inverter, this determines the operation
point. This can be better in one case or not so good in the other.

Question 3:

Method 2 is better as only one series connection is partially shaded.
With method 1 all three series connections are partially shaded.

11
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Solutions for Experiment 11.1
Case 1:

All of the energy is fed into the mains system.

~

Case 2:

The solar generator powers the load. The excess amount is fed into the mains
system.

~

Case 3:

The solar generator cannot power the complete load. The deficit is
supplied by the mains system.

~

Case 4:

The power output of the solar generator is still not sufficient to power the
complete load. The deficit is still supplied by the mains system.

~

Case 5:

The power of the solar generator is zero. The whole energy demand is
supplied by the mains system.
~

12
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Question 1:

VDEW guideline

Question 2:

Connection of several series connections,
Inclusion of over-voltage conductors,
Inclusion of series connection fuses and possibly blocking diodes,
Connection of the direct current main connecting line,
Enables the control of the solar generator.

Question 3:

String inverter

Question 4:

The disc of a meter works is integrative. This means that the
aggregate power in all three phases determines the counting direction
of the meter. When using a single-phase meter, too much energy fed
into the mains system would be measured if a different phase was
supplied by the mains system at the same time.

13
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Solutions for Experiment 11.2
100
90

Efficiency in %

80

Manufacturer's information

70
60
50
40
30
20
10
0
0

10

20

30

40

50

60

70

80

90

100

110

120

130

140

Output power PA in Watt

Diagram 2: Characteristic curve for the efficiency of an inverter

Question 5:

Transformerless inverters have a better efficiency by approx. 2%.
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Solutions for Experiment 12.1
1,6
Operation point 1

Module current IS in ampere
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Diagram 1: Operation point with different loads

Values in the optimum operation point
Current: approx. 1350 mA

corresponding to 100%

Voltage: approx. 18.5 V

corresponding to 100%

Power: approx. 25 W

corresponding to 100%

Operation point: 6.5 Ohm
Current: approx. 1450 mA

corresponding to approx. +7%

Voltage: approx. 9.5 V

corresponding to approx. –49%

Power: approx. 13.8 W

corresponding to approx. -45%

Operation point: 75 Ohm
Current: approx. 260 mA

corresponding to approx. -81%

Voltage: approx. 21.5 V

corresponding to approx. +16%

Power: approx. 5.6 W

corresponding to approx. -78%

Remark: For a calculation of the deviations in percent, the difference between MPP value
and operation point value is to be used. Slight deviations are possible.
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Solutions for Experiment 12.2
Question 1:

It is night
Battery full
Defect in the generator terminal box

Question 2:

Battery empty
Irradiation not ideal
Remark: The charge regulator requires the battery for operation.
Therefore no operation is possible if the battery fuse is defective.

Question 3:

Irradiation very good
Battery empty

Question 4:

The battery is almost charged. The charging current is reduced by
pulsing the shunt regulator.

Question 5:

A temperature control of the battery is not required as this does not
have any effect on the parameters of a battery.
A cyclic gassing regulation is required only with gel batteries.
The max. discharge current of a battery may not be greater than the
solar generator current.

Question 6:

Gel batteries are maintenance-free and suitable especially for mobile
use.
Connecting battery blocks in a series connection increases the voltage.
However, the capacity does not change.
Cyclic gassing regulation is for mixing the electrolyte.
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Solutions for Experiment 12.3
Question 1:

Usual measuring instruments are designed only for measuring
sinusoidal units.

Question 2:

Rectangle

Question 3:

When operating motor loads at rectangular inverters, problems may
occur upon start-up.

Question 4:

- The irradiation conditions at the location.
- Service life and power of the loads
- The shading-free operation of the solar generator

Question 5:

approx. 250 Wh
Remark: Module surface of 0.5 m2 assumed Module efficiency 10%

Question 6:

Hybrid systems

Question 7:

Battery, fly wheel, capacitator

Question 8:

Excess energy cannot be used.
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