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Abstract
The shadowing effect of photovoltaics modules have a devastating impact on their
performances since any shadow is able to keep down the electricity production on a PV
module. Therefore in the recent years new technologies and devices have come up in the
photovoltaics field in order to improve the performance of the PV modules. DC-DC optimizers
as well as micro inverters are some of these new technologies. However, in order to know
how these electronic products work when the shadows take place on the solar panels further
investigations have to be done.

The project aims to study the shadowing effect on the performance in solar photovoltaic
modules. First of all two modules have been analyzed in order to get a better understanding.
of the performance of the bypass diodes in the solar PV modules .
The second part of the project has focused on three different systems. A string of 6 modules
of 60 cells per module, 6 modules with 6 DC-DC optimizers and three micro inverters for six
modules have been the target of this research. Several types of shadowing configurations
have been carried out on the three systems; one cell shaded per system, two cells shaded per
system, three cells shaded per system and one row partially shaded in one module have been
the most important ones. A data logger and an I-V tracer have been the key to go through the
research.
The mainly conclusions of the different systems are: when the shadows are not taking place,
each system works equally well, and when a module is completely shaded in each system all
of them gets the same output. However, when partially shading occurs not all of them works
at the same level; the DC-DC optimizer and the micro-inverters get frequently more energy
output than the string inverter system though these is not usually happening. Moreover the
voltage range of the inverters and the optimizers can be a trouble that creates loses on the
power output of each system.
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1 N OMENCLATURE
PV
Eph

Photovoltaic
Photon Energy

Eg

Bandgap Energy

Isc

Short circuit current [A]

Voc

Open circuit voltage [V]

VMP

Maximum Power Voltage [V]

IMP

Maximum Power Current [A]

Rsh
Rs

Shunt Resistance
Series Resistance

G

Irradiation [W/m2]

MPP

Maximum Power Point

MPPT

Maximum Power Point Tracking

PMAX

Maximum Power [W]

FF

Field factor [%]
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2 INTRODUCTION
So as to realize the influence of the solar energy the project starts to describe the energy
situation nowadays. Energy is an issue that touches every person on the planet. At present in
the world, especially in industrialized and emergent countries, energy has become vital for all
the human beings. Accordingly the energy demand has been increasing dramatically in the
last years.

Because of the greenhouse effect, environmental impact and the increasing cost of the fossil
fuel-based energy sources, much more energy usage from renewable sources and more
efficient utilization of conventional sources is becoming to be indispensable. The World
Resource Institute estimates that 61.4% of global greenhouse emissions come from energy
consumption. Thereby a solution that reduces these pollutants should include investment in
the fields of renewable sources and energy efficiency in order to allow energy to play its role
in the economy without endangering the environment. [1]
The increasing of the electricity price and the increasing of the environmental impact the
world is suffering, solar energy may be considerably accepted one of the key solutions.

Solar energy is radiant light and heat coming from the solar radiation. It is a renewable source
since the methods used to transform the solar energy into electricity don’t produce any smoke
or pollutants. However since the power generated by this source comes from the sunlight, it
cannot be used during the night, and even during some days when the weather is completely
cloudy, rainy, snowy or another natural factors. Solar energy can mainly be divided in two
mainly sources; it can be exploited through the solar thermal and solar photovoltaic (PV)
routes for various applications. The research has been focused on photovoltaics within the
solar energy.
Solar photovoltaic modules are manufactured by semiconductor materials and they turn the
radiant energy coming from the sun into direct current and therefore, electricity. The
competitiveness of this field is increasing; in 2013, for the first time in more than a decade,
solar was over all other renewable energy technologies in the sense of new generating
capacity installed with an increase of 29 percent compared with 2012. [2] .Worldwide total PV
installations represented 1.8 GW in 2000 and 71.1 GW in 2011 with a growth rate of 44%. [3].
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This has led to a situation where the electricity from solar panels costs as much or is even
cheaper than electricity purchased from the grid is within reach.
Nonetheless, solar power generation has still some problems as follows: the conversion
efficiency of solar cells is lower, and the output power of photovoltaic (PV) array has great
relationship with irradiation and temperature. [4]
Regardless the problems described above, one of the most important and critical problems on
the photovoltaics field is the shadowing effect. Shaded conditions is sometimes inevitable
because some parts of the photovoltaic system receives less intensity of sunlight due to
several factors such as clouds, the time of the day, the season of the year or even shadows
from neighboring objects. [5]

2.1S COPE

OF THE THESIS

According to the problem of shadowing that involves a big drop on the performance of solar
photovoltaic modules, the following pages describes how the shadows change the energy and
power output in solar PV panels.
On one hand, the first part of the thesis consist on a pedagogical study of how solar panel
works. Afterwards a study two solar panels when shadows lie on them has been measured.
The first one is measured in a laboratory, where some conditions are theoretical, such as the
irradiation or the temperature, where both of them can be considered as they have not
influence on the power output of the PV modules. However the second module researched
has been measured in a manner where the weather conditions had influence on the power
output of the module.
On the other hand, during the second part of the project the performance of three different
PV systems have been studied in the laboratory at HiG. The first one involves one inverter in
a string of six modules, the second one comprises a DC-DC optimizer for each module and the
third system includes a micro inverter per two modules in parallel connection, having in total
3 micro inverters and 6 modules. All of the devices are also going to be explained in the next
chapters.
Therefore, this project is expected to clarify some research questions:



What is the influence of the shadowing effect on a PV module?
What is the influence of the shadowing effect for the different systems?



Which system should be used during different types of shadowing?



Which system should be used when shadowing is not taking place?
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3 T HEORY
In this chart, it is going to present all the knowledge and concepts necessaries to understand
all the project. Great part of the information has been synthetized from [6]

3.1 T HE

SUN AND ITS RADIATION

The sun is a hot atmosphere of gas heated by nuclear fusion reactions at its centre. Its
diameter is about 1.39x109 m and is, on the average 1.5x1011m from the earth. As seen from
the earth, the sun rotates on its axis about once every 4 weeks. However it does not rotate as
a solid body; the equator takes about 27 days and the Polar Regions take about 30 days for
each rotation. [7]
The energy produced in the interior of the solar sphere at temperatures of many millions of
degrees must be transferred out to the surface and then be radiated into space. A succession
of radiative and convective processes occur with successive emission, absorption and
reradiation. In the subchapter below the different types of radiation that reaches the Earth’s
surface will be described.

3.1.1 C OMPONENTS OF

RADIATI ON

Solar radiation incident on the atmosphere from the direction of the sun is the solar
extraterrestrial beam radiation. This radiation passing through the earth’s atmosphere is
attenuated, or reduced, by about 30%. Beneath the atmosphere, at the Earth’s surface, the
radiation that will be observable are:



Beam Radiation. The solar radiation received from the sun without having been
scattered by the atmosphere.



Diffuse Radiation. The solar radiation received from the sun after its direction has
been changed by scattering by the atmosphere. [7]

Therefore, the total sum of the beam and the diffuse solar radiation on a surface is called
Total Solar Radiation. The components of the solar radiation can be observed in the figure
below:

5

F IG U R E 1 C O M P O N EN TS

O F S O L AR R AD IATIO N

[8]

3.2 S EMICONDUCTOR S
Solar cells are manufactured from semiconductor materials . This type of materials acts as
insulators at low temperatures but as conductors when energy or heat is available. So far,
most solar cells are made by silicon-based, since this is the most mature technology. However,
other materials are under active investigation and may supersede silicon in the long term. [6]
The electrical properties of semiconductors can be explained using two different theories:
1. At low temperatures, the bonds joining the silicon atoms are intact, so the silicon acts
as an insulator. However, at higher temperatures, some of these bonds are broken and
two processes can be taken place; electrons from the broken bond are able to move,
and the ones from the neighboring bonds can also move to the broken bond, allowing
the broken bond to propagate as if it had a positive charge. This phenomenon is called
the bond model.

F IG U R E 2

SC H EM ATIC R EP R ESEN TATIO N O F C O VAL EN T B O N D S IN A SIL IC O N C R Y S TAL L ATTIC E

[6]
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2. The band model. The electrons in covalent bonds have energies corresponding to
those in the valence band. In the conduction band the electrons are free. The minimum
energy needed to release an electron from a covalent bond to the conduction band it’s
called the forbidden gap. The holes remaining conduct in the opposite direction in the
valence band, as described for the bond model.

F IG U R E 3 S C H EM ATIC

3.2.1 S EMICONDUCTOR

O F TH E EN ER G Y B AN D S FO R EL EC TR O N S IN A SO L ID

[6]

TYPES

There are three mainly types of semiconductor materials used for solar cells; crystalline,
multicrystalline and amorphous semiconductors. The research of these material is focused on
silicon matter.
1. Crystalline silicon. In this case the atoms are arranged in a regular pattern. Since the
careful and slow manufacturing processes, this material is the most expensive one.
2. Multicrystalline or polycrystalline silicon. Regions of crystalline Si separated by ‘grain
boundaries’, where bounding is irregular. It is cheaper to produce since the techniques
are less critical.
Amorphous silicon. It can be produced more cheaply than polysilicon, since there is no longrange order in the structural arrangement of the atoms , resulting in areas within the material
containing unsatisfied bonds.
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3.2.2 A BSORPTION

OF LIGHT

When the light drops into semiconductor material, photons with energy E ph greater than the
forbidden gap, Eg, interact with electrons in covalent bonds, using up their energy to break
bonds and create electron-hole pairs, which can then circulate independently. The next figure
shows how electron wanders off due to the energy of the photons. It will explained in the next
part how solar cells produces a voltage and a current flows through a solar cell.

F IG U R E 4 T H E C R EATIO N

3.3 S OLAR

O F EL EC TR O N - H O L E P AIR S WH EN IL L U M IN ATED WITH L IG H T O F EN ER G Y

E P H =H F

WH ER E

E P H >E G [6]

CELLS AND P - N JUNCTION S

A solar cell is a photodiode made by joining the p-type and n-type silicon.
To understand how it works is better to know how P-type and N-type silicon works. A brief
explanation may be when p-type and n-type silicon are joined this phenomenon is called P-N
junction. It can be observed in the figures below

F IG U R E 5 P- N

J U N C TIO N O F D IFFER EN T P AR T O F TH E SEM IC O N D U C TO R

[6]
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The p-type has an excess of holes but few electrons and the n-type has many electrons but
few holes. When the two different semiconductors are joined, and the light is switched on as
it has been showed before the electrons in the n-type flow to the p-type semiconductor, and
meanwhile the holes flow from the p-type to the n-type. An electric field is built up to stop
this flow created and therefore a voltage will be built in. Since this electric field is not large
enough to stop the flow of electrons and holes a current is produced.

3.3.1 BEHAVIOUR OF SOLAR CELLS
When the light is falling on a solar cell, it behaves as the following formula (1), obtained from
the Ideal Diode Law [6]:
𝐼 = 𝐼𝐿 − 𝐼0 [exp (

𝑞𝑉
) − 1]
𝑛𝑘𝑇

(1)

Where:
-

I is the current
I0 is the current when no light is falling on the cell: it increases as T increases,
and it increases as material quality increases
q is the charge on an electron
k is Boltzmann’s constant
T is absolute temperature
n is the ideality factor (between 1 and 2). It increases as the current decreases.
For silicon n=2
𝐼𝐿 is the light-generated current

The characteristic curve represent all of the combinations of current and voltage at which the
module or cell can be operated or loaded. Normally simple in shape, these curves actually
provide the most complete measure of the health and capacity of a PV module or array,
providing much more information than traditional electrical test methods [9]
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F IG U R E 6 C H AR AC TER ISTIC I- V

AN D

P O WER

C U R VES O F A SO L AR C EL L

[10]

Here two different parameters have to be introduced:



Short circuit current Isc . Is the maximum current, given when voltage is 0.
Open circuit voltage Voc. Is the maximum voltage, given at zero current.

There is also a relevant point, MPP is the maximum power point, therefore the point where
the product of Vmp*Imp is at its maximum value.
Another important parameter is the fill factor (FF) is the ratio between P max and Isc*Voc. It gives
an information about the quality of the solar cell, if it increases so do the quality of the solar
cell.

3.3.2 P ARASITIC R ESISTANCES
However this curve describes the case of an ideal solar cell. An ideal solar cell is modeled by a
current source, representing the photo-generated current IL, in parallel with a diode,
representing the p–n junction of a solar cell. In a real solar cell, there exist other effects. Two
of these extrinsic effects include: 1) current leaks proportional to the terminal voltage of a
solar cell characterized by a parallel resistance Rsh and 2) losses of semiconductor itself and of
the metal contacts with the semiconductor characterized by a series resistance Rs [11]
The electrical disposition of those resistances as well as the model of a solar cell can be
observed in the following image:
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F IG U R E 7 D IFFER EN T P AR ASITIC

R ESISTAN C E IN A SO L AR C EL L

[6]

So, the formula including the impact of the parasitic resistances is: [12]
𝑞𝑉
𝑉 + 𝐼𝑅𝑠
𝐼 = 𝐼𝐿 − 𝐼0 [exp (
) − 1] −
(2)
𝑛𝑘𝑇
𝑅𝑠ℎ
It can be seen the impact of the resistances in the IV curve below;

F IG U R E 8 I N FL U EN C E O F

P AR ASITIC R ESISTAN C ES IN A S O L AR C EL L .

[13]

In this case 𝑅𝑠 = 4.2 Ω ∗ 𝑐𝑚2 and 𝑅𝑠ℎ = 135.5 Ω ∗ 𝑐𝑚2 The results for the cell with no
parasitic resistances are: Voc = 0.623 V; Isc= 35 mA/cm2 and the FF=0.83. However, the results
for the real cell are: Voc = 0.601 V; Isc= 33.9 mA/cm2 and the FF=0.58.
So, it has shown how the parasitic resistances drops the output of a solar cell.

3.3.3 VOLTAGE

DEPENDENT OF CELL TEMPERATURE

The temperature of a cells is modified mainly by the ambient air temperature, the wind
velocity and the sunlight intensity.
It is important to remark the main effect of a solar cell suffers when the temperature increases
is a drop on the voltage. When the temperature of one cell is increasing there is a drop on the
cell voltage as it is shown on the graph below:
11

F IG U R E 9 I N FL U EN C E O F

TH E TEM P ER ATU R E IN A SO L AR C EL L O N TH E

V O C [14]

The open circuit voltage, Voc increases when the cell temperature decreases, and therefore
the Vmp also increases. On right side of the figure, the Power curve shows the same change
in the power output. The power increases when the cell temperature decreases.
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3.4 SOLAR PV MODULES
A solar PV module is a photovoltaic system composed of a number of solar cells to supply solar
power. Since the maximum voltage given by a solar cell is about 600mV cells are connected in
series in order to collect higher voltage. Standard solar- PV cell gives about 36V and it consists
in 60 cells divided in 6 columns.
In this research it has been studied two types of modules: The first one consists of 36 cells
divided in 4 columns and the other ones consists of a standard one, with 60 cells.

3.5 SHADOWING ON SOLAR CELLS
It is very common to find solar cells which have lower output than the maximum one, due to
several causes such as manufacturing defects, degradation of cells, high temperatures on the
solar cell, or partial shading. This chapter has been focused on the power drop due to
shadowing effect.
A cell can be seen as a combination of a current generator and a diode. The foto current goes
in the reverse direction of the diode. This means that if one cell is partially shaded, it will
produce less current than the other cells in the string, and the other cells will try to push more
current through the poor cell than the poor cell deliver. This is however not possible since
then the cell acts as a diode in the reverse direction. Then the current produced in the poor
cell will limit the current in the string.
Bypass diodes have to be installed in order to avoid the current losses either to avoid the
restriction of the current
One of the parts that is going to be measured in this project is a system where two solar PV
modules are connected in parallel. In order to know how they work when shadowing occurs,
it is going to be described the behavior of two mismatched solar cells in parallel connection.

3.5.1 B EHAVIOR

OF SOLAR CELLS IN PARALLEL CONNECTION .

In practice all the cells have different characteristics, hence when some cells are connected
the module output is limited by the lowest one.
This subchapter is focused on the output of two mismatched cells when they are connected
in parallel. When one of the two cells will have lower output caused by shadowing problems,
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degradation or higher temperatures, in the graphs below it can be observed how to get the
combined current of the two cells and how to get the open circuit voltage.

F IG U R E 10 M ISM ATC H

O F TWO P AR AL L EL C O N N EC TED SO L AR C EL L S

In the figures above, it can be seen two different IV curves for the two mismatched cells in
parallel. The combined curve is determined by summing the currents I1 and I2 for each
voltage V.
On the other hand, an easy method to calculate V OC of two mismatched cells in parallel consist
on reflect one of the curve for one cell in the voltage axis so that the intersection point is the
VOC of the parallel configuration. It can be observed on the figure below:

F IG U R E 11 M ETH O D

O F C AL C U L ATIN G TH E C O M B IN ED

VOC
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3.6 I RRADIATION

VS

C URRENT

AND VOLTAGE

As it has been mentioned before, current and voltage are dependent of the irradiation.
Irradiation changes every time due to clouds and solar time of the place where it is measured.
The current and the voltage measured in a module are related to the irradiation shown in the
formulas [15] as it follows:
𝐼𝑟𝑒𝑓 = 𝐼𝑚 ∗ (1 + 𝛼𝑟𝑒𝑙 ∗ (𝑇2 − 𝑇1 )) ∗

𝐺𝑟𝑒𝑓
𝐺𝑚

𝑉𝑟𝑒𝑓 = 𝑉𝑚 + 𝑉𝑂𝐶𝑚 ∗ (𝛽𝑟𝑒𝑙 ∗ (𝑇𝑟𝑒𝑓 − 𝑇𝑚 ) + 𝑎 ∗ ln(

𝐺𝑟𝑒𝑓
𝐺𝑚

(3)

)) − 𝑅𝑠 ∗ (𝐼𝑟𝑒𝑓 − 𝐼𝑚 ) − 𝑘′𝐼𝑟𝑒𝑓 (𝑇𝑟𝑒𝑓 − 𝑇𝑚 )

(4)

Where:
The subscripts ref and m refer to the reference of the irradiance level required, respectively
the measured, conditions; V is the voltage; V OC is the module open voltage; I is the current; G
is the irradiance; 𝛼𝑟𝑒𝑙 and 𝛽𝑟𝑒𝑙 are the relative current and voltage temperature coefficients; a
is a constant (usually taken equal to 0.06); R s is the internal series resistance; k’ can be
interpreted as the temperature coefficient of the internal series resistance.

Because of the reference where the formulas are extracted from and the results obtained in
this project show it’s possible to simplify the formulas, and the current through a module is
approximately proportional to the irradiance [16] those ones can be reduced as:
𝐺𝑚
𝐺𝑟𝑒𝑓
≅ 𝑉𝑚

𝐼𝑟𝑒𝑓 = 𝐼𝑚 ∗

(5)

𝑉𝑟𝑒𝑓

(6)

It can be observed in the next graphs how the I-V curve changes in a PV module for different
values of irradiation:
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F IG U R E 12 I N FL U EN C E O F

SO L AR IR R AD IATIO N IN A P V M O D U L E

[10]

As it can be seen, irradiation level is proportional to the current, hence the power output
increases as irradiation level does.

3.6.1 B YPASS DIODES
Normally, a bypass diode in parallel with a number of cells in series connected either in a PV
module is useful to mitigate the impacts of shading on P–V curve.

The photo below shows four bypass diodes connected in parallel with four cells in series
connected. Bypass diodes in normal conditions, when no shades affects to the PV-module the
diode is reverse biased and each cell generates power. However, when a cell is shaded the
diode across to the cell will start to conduct and therefore bypassed the shaded cell.

F IG U R E 13 C U R R EN T TH R O U G H

B Y - P ASS D IO D E WH EN C EL L IS SH AD ED
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3.7 IMPORTANT PHOTOVOLTAIC COMPONENTS
This chapter describes the mainly components that are going to be studied in this thesis.
At HiG, there are 3 different types of PV-systems: 6 standard PV-modules with bypass diodes
are series connected and there is one module inverter for them, 6 standard modules with
bypass diodes are installed with TIGO DC/DC optimizers, and 6 standard PV modules with
bypass diodes are installed with three module inverters. In order to have a better
understanding of the three systems three figures describe each system below.
The first system is described in the following picture:

F IG U R E 14 S TR IN G

IN VER TER SY STEM

The second system comprises 6 modules with 6 TIGO DC/DC optimizers connected in series as
it can be seen on the figure below:

F IG U R E 15 T IG O

SY STEM

The third system consist on three module inverters with 6 PV modules. There is one inverter
per two modules in parallel connection. It is shown on the next figure:
17

F IG U R E 16 T H IR D

SY STEM : M IC R O IN VER TER S SY STEM

So, in order to understand how every system works, it should be mentioned the mainly
different electronic components the systems have;

3.7.1 MODULE INVERTER
Solar panels produce DC current, therefore, a device is needed to connect the solar panels to
the grid. Module inverter is that device which changes DC current into AC current.
Module inverters have special functions such as the maximum power point tracking, which is
going to be explained in the following lines.

MAXIMUM POWER POINT TRACKING
Maximum Power Point Tracking, frequently referred to as MPPT, is an electronic system that
operates the Photovoltaic (PV) modules in a manner that allows the modules to produce all
the power they are capable of. MPPT is a fully electronic system that varies the electrical
operating point of the modules so that the modules are able to deliver maximum available
power. [17]
So, what MPPT do is to find out the VMP and IMP by trial and error algorithm for a PV module
or an array of PV modules, for the environmental conditions the solar array are exposed, such
as temperature, dust or shadowing. This process is constantly looking for the peak power point
but rarely finds the system working at this point since every time the point is changing.
In HiG there are two different module inverter systems, one of them is called “string module
inverter” that means a string of PV modules are series connected and then the module
inverter collects the MPP for the whole string. On the other hand, HiG has 3 module inverters,
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each one connected to two PV panels which are parallel connected, and then the electricity
goes directly to the grid.

3.7.2 STRING INVERTER
String inverters are the traditional inverter used in solar installations. They work great in
applications with limited shading and consistent solar panel orientation. In this case the solar
panels are wired in series to form a string of modules, and then the string is attached to an
inverter. Then the DC electricity coming from the modules is then inverted in to AC electricity.
[18] String inverters are used since the standard modules produce voltages around 30V and
therefore the voltage obtained from each module is too low to be effectively converted into
AC to feed the power grid. To solve this, panels are strung together in series to increase the
voltage to something more appropriate for the inverter being used.

The second system in HiG is a PV module optimizer, TIGO, which is connected each 2 PV
modules.

3.7.3 HOW TIGO WORKS
An array of solar PV system with one inverter is normally limited by the weakest panel in a
string. One possible solution is to install micro-inverters. These are inverters that are only
operating for one module with the MPPT built-in, in this case the shadowing is taken place on
one of the modules, and the power output would be limited in the shaded module. Therefore
meanwhile one module is shaded the other modules would be operating at their maximum
power point.
However, why is necessary to install a module inverter if the only part needed is the MPPT?
Optimizers are basically one of the mainly solutions to avoid the cost of manufacturing and
installation of micro-inverters. So the big difference between an optimizer as Tigo and microinverters is the second one convert DC power into AC power for each panel.

Tigo works with a concept called “impedance matching”. This term is often used in Radio
Frequency (RF) applications where it is critical for highest power efficiency and lowest
interference. To achieve maximum output of an RF transmitting device the impedance
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reflected to the transmitter should be equal to the internal impedance of that transmitter.
The antenna will tend to have a fixed resistive load so that peak RF power is attained with a
characteristic impedance which is identical. This approach cannot be directly applied into PV
system, but the optimizer uses this idea to get the maximum power output. [19]

At HiG there is 6 PV modules connected with 3 Tigo boxes, since the latest versions of the
product include two optimizers in the same box. Tigo circuitry has three mainly components:
1. Tigo Module maximizers: These ones are the
optimizers installed in each PV module.
Everyone is connected as a manner each PV
module acts independently. It manages the
energy harvest and sends information to the
Maximizer Management Unit for reporting and
control. In our case the Tigo optimizer has the
following technical Specifications per module
[20]:

F IG U R E 17 T IG O

T AB L E 1 T EC H N IC AL

SP EC IFIC ATIO N S FO R

M O D U L E M AX IM IZER

T IG O M O D U L E M AX IM IZER

Input data (per module) MM-2ES50
Maximum power
375W
Voc
52V
Vmp range
16-48V
Imp
9.5A
Isc
10A

2. The Tigo Energy Gateway provides wireless communications
with each of the Tigo Energy Module Maximizers. Gateways
are installed in the center of the arrays with which they are
communicating, and can be conveniently mounted either to
the back of a module, or to the racking. [21]
F IG U R E 18 T IG O E N ER G Y
G ATEWAY
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3. The Tigo Energy Maximizer Management Unit (MMU)
communicates between the Module Maximizers and the
Inverter, controls processes in real time and sends data
to a remote server in order to allow multiple users to
observe and interact with the monitoring system. It is
possible to watch the power output by Internet.
F IG U R E 19 T IG O M AX IM IZER
M AN AG EM EN T U N IT

The process starts with the Optimizer sensing the input parameters at each module. This
information is transmitted from each module in the system to the MMU. The MMU collects
voltage, current, and temperature of each module. The central processor at the MMU is able
to obtain the exact I-V properties of each module (including its desired Vmp), calculate their
impedance matching factors and transmit these back to the Optimizers.
To find the Vmp, Tigo uses an approximation of the following formula: [19]

I𝑚,𝑛 – (𝐼ph )

𝑚,𝑛

+ (𝐼𝑠 )𝑚,𝑛 {exp [(

e
nkT

) (𝑉𝑚,𝑛 + 𝐼𝑚,𝑛 (𝑅𝑠 ) 𝑚,𝑛 ] − 1} + (

𝑉𝑚,𝑛 + 𝐼𝑚,𝑛 (𝑅𝑠 ) 𝑚,𝑛
(𝑅𝑠ℎ )𝑚,𝑛

)=0

(7)

Where
𝑉𝑚,𝑛 Voltage across the solar cell (m,n) (V)
𝐼𝑚,𝑛 Current through the cell (m,n) (A)
(𝐼ph)

𝑚,𝑛

Short circuit current for cell (m,n) (A)

(𝐼𝑠 )𝑚,𝑛 Diode saturation current for cell (m,n) (A)
(𝑅𝑠ℎ )𝑚,𝑛 Shunt resistance directly across the diode for cell (m,n) = 1000 O,
(𝑅𝑠 )𝑚,𝑛 Series resistance for cell (m,n) (fl)

n Ideality constant Tm,n Operating temperature for cell (m,n) = 300 °K
e Electron charge = 1.6022xl019 Coulomb
k Boltzman’s constant = 1.3806xl023 Joule/°K
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This formula is an approximation of the algorithm Tigo uses, since the company reserves the
right not disclose protected intellectual property. But, as it can be observed this formula is
very similar to the formula (1), explained in the behavior of the solar cell.

To understand the concept of Tigo optimizers at HiG is better to explain the concept of DC/DC
optimizer, detailed in the next chapter.

DC/DC OPTIMIZER
DC optimizer is a device developed to convert a source of direct current from one voltage level
to another, to get the maximum energy harvest from the solar PV module. Since the principle
based on the optimizer is the power has to be constant, It is set up on the following formula,

𝐼1 ∗ 𝑉1 = 𝐼2 ∗ 𝑉2

(8)

In other terms, Tigo can be speculated as a DC/DC optimizer, since the principle of the
optimizer is to find the MPP and change the voltage and current in to other values. The
optimizers at HiG are all in series connected so the current will be the same for all the modules.
That means if one of the cells is partially shaded the optimizer will change the current up to
the current level of the other modules. It can be explained in the following example:
6 PV modules have 6 Tigo DC/DC optimizers are series connected. The MPP of a
non-shadowed module is: VMPP=36 V; IMPP= 6 A. Now, one module is partially
shaded, and the MPP of the shadowed module is: V MPP=36 V; IMPP= 4 A. So, in
order to have full current through the 6 optimizers, Tigo will change the current
of the shadowed module into full current, keeping down the voltage collected.
Hence, the MPP is changed in the optimizer and, the optimizer in the shadowed
module will collect: V=24 V, I=6 A. It can be observed on the next figure:
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F IG U R E 20 E X AM P L E O F

TH E P ER FO R M AN C E O F TIG O SY STEM
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4 METHOD
Once all the knowledge necessary has been related to the better understanding of the project
work, it will be explained the whole procedure the project work has, including all the
instruments necessaries to measure the data required. First of all it will be mentioned the
mainly instrument used, the IV tracer, and afterwards the different tests and measurements
carried out will be named

4.1 I-V TRACER
To carry out the project some instruments have been used. The most important one has been
the I-V tracer. In the incoming pages it will be described another instruments used to get the
data and the results.
I-V curves or traces are measured by sweeping the load on a PV source over a range of currents
and voltages. I-V tracers accomplish this by loading a PV module or string at different points
across its operating range between 0 V and Voc. At each point, the output current and voltage
are measured simultaneously. The load presented by the curve tracer may be resistive,
reactive (typically capacitive) or electronic. Field test gear us es resistive or capacitive loading,
whereas reference I-V test systems at research facilities tend to use electronic loads. The I-V
curve may be swept in either direction [22]
Three different I-V tracers have been used, since the different modules analyzed have
different electrical specifications such as the voltage, so the IV tracer used has to bear the
voltage of the module or the system. One of them is shown in the following photo:

F IG U R E 21 I M AG E

O F O N E O F TH E

I- V

TR AC ER
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4.2 PREVIOUS MEASUREMENTS
This part of the diploma work has been focused on the measurements taken during different
days at three different places as it is described in the following subchapters.

4.2.1 T ESTING

IN A LABORATO RY

First of all, to the better understanding of how PV modules works when shading effect appears
on them it has been measured a PV module in a laboratory at Solarus .
At the laboratory special lighting was used to act as a solar irradiation with a constant
irradiation about 1000

𝑊
𝑚2

.

It has been measured a PV module of 36 cell with 4 columns and 9 rows. Its electrical
specifications are shown in the following table.
T AB L E 2 T EC H N IC AL S P EC IFIC ATIO N S FO R TH E M O D U L E AT SO L AR U S

Rated Max Power
Voc
Vmpp
Isc
Impp
Cell Dimensions
Module area

50 W
22.1 V
18.2 V
2.95 A
2.75 A
62mm x 56 mm
680mm x680 mm
F IG U R E 22 P IC TU R E O F TH E SO L AR

P AN EL

Then different configurations have been used in order to investigate how the I-V curves and
the PV module act. It should be noticed since the same radiation level was used to measure
the different shadowing configurations, the power output can be easily compared between
the different types of shadowing.
Several configurations of shadowing effect have been carried out:
Because of the better comprehension of how and when diodes work, it has measured several
configurations of the panels. This panel has two bypass diodes, divided in four columns,
therefore there will be one diode for each two columns.
Since all the cells are series connected and there is one bypass diode for two columns it has
been measured the module with one cell shaded. In this case it is expected that the I-V curve
will show the MPP (Maximum Power Point) is found in a point about the half of the case of
the module with no shadowing problems.
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F IG U R E 23 I M AG ES

O F TH E M O D U L E SH AD ED . O N TH E R IG H T SID E IT SH O WS TH E M O D U L E WITH TAP E AN D TH E L IG H T
SIM U L ATED . O N TH E L EFT SID E IT IS SH O WN TH E C O VER ED C EL L

In order to show there is one bypass diode each two adjacent columns
another measurement has been taken in two contiguous cells in the
same row as it is shown in the picture on the right.

F IG U R E 24

M O D U L E WITH TWO

C EL L SH AD ED

But, what would happen if one cell is partially shaded? When one cell is shaded at 50% that
means the 50% of the cell is shadowed, the cell will have the same voltage but the current
through the cell will be limited about 50% as it has been shown in the theory (see Shadowing
on solar cells). However bypass diodes are connected in order to get the maximum current
through the PV panel. The following photos shows how the shadow was applied:
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F IG U R E 25

M O D U L E WITH

50%

O F O N E C EL L SH AD ED

One special measurement consist on a shadow about 50% of a cell in two
different columns with different bypass diodes as it can be observed in the
image on the right, since it’s expected the IV tracer will get the MPP in a
point where the voltage is the maximum of the module whereas the current
is expected to be the half of the one that no shadow affects.

F IG U R E 26

M O D U L E WITH A

SH AD O W AB O U T

50%

C EL L S

4.2.2 T ESTING AT HIG
Once the measurements in the laboratory with the same irradiation level for a module with
two bypass diodes have been done, it has been proceeded to measure the IV curves, MPP,
power output for a module with three bypass diodes. The module has 6 columns and 10 rows.
It is remarkable that a pyranometer has been used to measure the irradiation level in this case.
It is a sensor useful to estimate the solar irradiation density, in this case measured in W/m2.
The pyranometer is directly connected to a data logger along with an IV tracer. It is important
to mention that the pyranometer has to be adjusted at the same tilt as the PV panel does.
Below a picture of the module and the table of its electrical properties are shown:
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O N TWO

T AB L E 3 E L EC TR IC AL

C H AR AC TER ISTIC S O F TH E P V M O D U L E

Nominal Power (Pmpp)
Short Circuit Current Isc
Open Circuit Voltage V oc
Rated Voltage Vmpp
Rated Current

265 W
8.90 A
38.6 V
31.2 V
8.40 A

Measured at STC:
𝑾
25ºC, 1000 𝟐
𝒎
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In this case some configurations have been executed; even though mostly of them have been
estimated in the laboratory at Solarus one new parameter changes in this case, the solar
irradiation level.
Despite of the irradiation level, it has been decided to use another parameter in order to
approach the real behavior of the solar panels, the opacity level, which is the capacity of a
material to don’t allow light to pass through the material in order to simulate the dust over
the panels, and some other particles over the panels caused by the wind and the environment
the solar panels are exposed in. Hence, the tape has been used is in somehow translucent,
seen at the image below.

F IG U R E 29 S O L AR

P AN EL WITH TR AN SL U C EN T TAP E
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DATA OBTAINED FROM THE MODULE AT HIG
Since the IV tracer used was different from the first one at the laboratory, the way of the data
are collected is not the same. In this case the IV tracer runs over the IV curve getting 100 points
where each point has its current and voltage. Despite of the 100 points, it also gives the
maximum power output and thanks to the pyranometer the direct and diffuse radiation and
the ambient temperature and the module temperature in an excel file.

4.3 SYSTEM AT HIG
Once it has been measured one panel in real conditions, it was proceeded to analyze the
system the university has.
At HiG there are four different systems. This thesis has been focused on three of them.
These three systems have 6 modules with 60 cells and 3 bypass diodes per module, therefore
18 PV modules in total. It can be seen on the next figure:

F IG U R E 30 S Y STEM

AT

H IG

The modules are made by the company EOPLLY. They are eoplly 125M/72 200 W
Monocrystalline solar modules. Its measures are 1580x808 mm. The electrical specifications
are shown in the table below:

T AB L E 4 E L EC TR IC AL

Open circuit Voltage Voc
Rated Voltage Vmpp
Short Circuit Current Isc
Maximum Power
Operating Temperature
Cell Efficiency
Module Area

SP EC IFIC ATIO N S O F TH E M O D U L ES AT

45.73 V
37.00 V
5.589 A
200 W
-40ºC to 85ºC
15.67%
1580mm x 808mm

H IG

Measured at STC:
𝑾
25ºC, 1000 𝟐
𝒎

Now it is going to be described each system;
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PV INVERTER
The string modules and Tigo system have two SUNNY BOY 1200 inverters. They consist on a
box installed at the laboratory at HiG’s laboratory, where a small screen shows the power
output collected and the maximum point of the voltage for the modules are connected. The
device has a maximum DC voltage of 400V and the range of the MPP tracking built-in the
inverter is from 100V to 320V.

F IG U R E 31 I N VER TER

O F O N E O F TH E SY STEM S

STRING INVERTER SYSTEM
The first system in the left side has 6 modules in series connected and a DC/AC inverter to
convert the DC voltage into AC voltage. As it has been described before, the inverter has a
MPP tracking in order to get the maximum power point for the whole system.

TIGO SYSTEM
The second system consist on 6 PV modules which they work individually since everyone has
a Tigo Optimizer (see Theory: How Tigo works). Actually there is a small box each two PV
modules but this box has two optimizers in order to get the MPP for each solar module
individually. All of these boxes are in series connected and therefore all of the optimizers are
in series connected. It can be observed how the boxes are connected in the system in the
photo below;
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F IG U R E 32 P H O TO

O F TIG O O P TIM IZ ER O N TH E B AC K SID E O F TH E

PV

MOD UL E

The electrical features of each Tigo maximizer are:
T AB L E 5 E L EC TR IC AL

SP EC IFIC ATIO N S FO R TH E O P TIM IZER

Maximum power
Maximum Voc
Vmp range
Maximum Imp
Maximum Isc

375 W
52 V
16-48 V
9.5 A
10 A

INVERTERS SYSTEM
The third system is composed by three micro inverters and 6 PV modules, so there is one
inverter for two solar panels. That means two solar panels are connected in parallel and then
the micro inverters are directly connected to the grid. Therefore the micro inverter will collect
a current which is the sum of the two currents of each module. (See Theory cells in parallel).
The electrical specifications for each micro inverter are:
T AB L E 6 E L EC TR IC AL

FEATU R ES O F TH E M IC R O IN VER TER

Maximum PV power
Maximum VOC
VMP range
Maximum ISC

250 W
45 V
20-40 V
10 A
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F IG U R E 33 M IC R O

IN VER TER S . TH E TH IR D SY STEM

THIN FILM MODULES
It is also important to mention above the system at HiG, there are 9 PV thin film modules that
are not going to be studied in this project, but it can be useful as reference in order to compare
the output at the same irradiation level when the systems studied are shadowed.

F IG U R E 34 T H E TH IN

4.3.1 M EASURE MENTS

IN THE SYSTEM AT

FIL M SY STEM

HIG

In order to know how the different systems work with shadowing it has been proceeded to
measure the systems with different shadowing configurations;
First of all it has been measured the String system with an I-V tracer to get the IV curve for the
whole string. Disconnecting the AC part of the inverter and connecting the IV tracer in the DC
part it has been possible to measure the system for different shadowing types:
The first measurement has been done with no shadowing affecting on the modules, the
second one has been done with a silver tape covering one cell in one module for the 3 systems.
Afterwards it has been measured the same with two cells with different circuits. Each module
consist of 3 circuits of 20 cells and all of the circuits are in series connected with three bypass
diodes in order to pass the current over the module in case of lower current or losses on the
32

module. Finally the last measurement comprised 3 cells with different circuits shaded in a
module. Another configuration has been tested, it consists on covering about the 30% of a
row in one module for each case.

F IG U R E 35 P IC TU R E O F

TH E M O D U L ES WITH TAP ES . C ASE O F TH R EE C EL L S WITH D IFFER EN T C IR C U ITS SH AD ED IN A M O D U L E

After that a data logger at the laboratory in HiG has been collecting the output every day for
the three systems. In this case it has been decided to proceed measuring the different
configuration between different days. Another configuration of the modules has been made
in order to see output during the day with the data logger; one row of one module has been
partially shaded, about 50% covered by a silver tape, in each system.

4.3.2 D ATA OBTAINED

FOR THE THREE SYSTEMS AT

HIG

The data given by this IV tracer is the IV and Power curves and a table with the V OC, ISC, the
power output at the MPP, the VMPP, IMPP and the field factor (FF).
Moreover irradiation data has been taken from the pyranometer borrowed by Solarus in
order to reference the three cases as the same irradiation formulas (5) and (6):
On the other hand Tigo offers a webpage where the different power output during the day
can be observed for the installation, shown in the next figure:
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F IG U R E 36 T IG O

WEB P AG E

Furthermore the data logger also offers the possibility to watch the energy output in order to
show the energy in KWh for every day, every 10 min or even every 1 min data.

As it has been explained in the previous subchapter, it has been also collected the data during
different days in order to compare the three systems. First of all it has been selected the time
period where the power output was maximum for each shadowing configuration. Afterwards,
since it was not possible to use the pyranometer, each case has been referenced into a sunny
day case in order to get good results in the sense of a better comparison.
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F IG U R E 37 P IC TU R E O F

TH E D ATA L O G G ER

4.3.3 SYSTEMS PRICES.
In order to compare the different prices of each system, it has been calculated the cost of
main devices of each system. The next table shows the components of each system:
T AB L E 7 M AIN L Y

SYSTEM
STRING
INVERTER
Tigo
Micro Inverters

C O M P O N EN TS IN EAC H SY STEM

COMPONENTS
6 PV modules + 1 Inverter
6 PV modules+3 Maximizers + 1 MMU + 1 Tigo Energy Gateway + 1
Inverter
3 Micro Inverters+ 6 PV Modules
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4.3.4 LIMITATIONS
Once the power output has been measured during different days in order to compare the
results between each shadowing configuration some limitations have come up, the mean one
has been the weather, since it has been difficult to get sunny days for all the configurations.

Another important trouble has been the position of the sun during the year, since it is not the
same to compare between summertime data and autumn time either springtime. So as to
avoid the influence of clouds and the position of the sun, it has been measured several days
to get results able to be compared. Even so, it has been decided to compare different data
during the time where the power output was higher. Moreover, in order to get comparable
results the data obtained for each configuration has been referenced with the film system into
a sunny time period where no shadows were taking place.

On the other hand the case of the tape covering about 30% of a row in one module for each
system has been referred into another sunny day since the measurement was taken in
springtime when the sun position respect to the earth is different, and the time period where
sun shines is shorter.
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5 Results
This section shows the results reached following the procedure explained in the method
chapter. It has basically divided into the results achieved at the different places for the
different modules and systems.

5.1 R ESULTS

FOR THE MODULE AT SOLARUS

Once all the method required to the better understanding of the project has been shown, it is
going to describe the results reached in the first module measured in Solarus. Now it is going
to be shown the results for each shadow type in the module;
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C U R VE AN D IM AG E O F TH E M O D U L E WITH N O SH AD O WS

It is remarkable to say at lower voltage values the current is not completely constant as it can
be observed on the picture 33. Moreover, the current does not completely drop for one
voltage value, this is because of the parasitic resistances affecting the solar panel.
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ONE CELL SHADED

In this case, when one cell is shaded, the voltage of one of the strings will be almost zero as
long as the bypass diode is working. Below it can be seen its IV curve as well as one image of
the shadowed configuration:
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50% OF A CELL SHADED

This means half of one cell in the module is shadowed. The I-V curve for this case as well
as the picture of the shadowing configuration are:
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50% OF TWO CELLS SHADED

That means the 50 percent of two cells in two different circuits in the module are shade.
Its I-V curve and a picture of the configuration is shown below:

I V CU R VE
CURRENT (A)

2,000
1,500

1,000
0,500

0,000
-0,500

0

5

10

15

20

25

VOLTAGE (V)
F IG U R E 42 I - V

C U R VE AN D IM AG E O F TH E M O D U L E WITH TWO C EL L S

50%

SH AD ED

39



ONE ROW PARTIALLY COVERED
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The next table shows the data collected for all the cases:
T AB L E 8 M AIN L Y

Case
No shadows
One cell shaded
Two contiguous cells
shaded
50% cell shaded
50% of two cells shaded
One row partially covered

C H AR AC TER ISTIC S O F TH E

IV

C U R VES

MPP
VOC (V) ISC (A) P MAX (W) VMP (V) IMP (A) Resulting FF (%)
20.9
3.1
47.5
16.5
2.9
73.2
21.5
2.8
20.4
7.6
2.7
33.4
21.3

2.8

20.1

7.6

2.7

33.5

21.5
21.4
21.1

2.9
1.9
2.4

33.3
32.5
37.5

19.5
19.4
18.5

1.7
1.7
2.0

52.5
81.7
75.1
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5.2 R ESULTS

FOR THE MODULE AT

HI G

In this case, the IV tracer used gives 100 points of voltage and current in order to get the IV
curve. It also gives the mainly points as the one used at Solarus. Now it is going to be
introduced the different I-V curves for several shadowing configurations made with the
module at HiG.
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Since the irradiation level is not constant in this case it has been calculated the current and
𝑊
the power output for a standard irradiation level of G= 1000𝑀2 as it can be observed in the next
table:

T AB L E 9 E L EC TR IC AL

C H AR AC TER ISTIC S FO R TH E IV C U R VE AN D P O WER AN D C U R R EN T FO R IR R AD IAN C E

G =1000 W/ M 2

IRRADIATION LEVEL,
𝑾
G[ 𝟐]

Imp
[A]

Vmp
[V]

Imp at
𝑾
G=1000 𝟐 [A]

Pmax at
𝑾
G=1000 𝟐 [W]

No shadows

504

4.26

29.3

8.5

247.6

Translucent tape
on a row

523

1.67

33.7

3.2

107.5

Row shadowed

311

0.47

28.9

1.5

43.7

158

0.65

33.0

4.1

136.1

104

0.71

21.2

6.8

144.6

CASE

𝑴

50% row
shadowed
50% cell shadowed

𝑴

𝑴

43

5.3 R ESULTS

FOR THE SYSTEMS AT

HI G

As it was described in the method, the diodes system has been measured its IV curves for
three different configurations. At the same time It has been possible to collect the power
output from the system with Tigo optimizer and the irradiation level with the pyranometer.
Moreover it has been collecting the output for each system with the data logger for different
days with different tapes.

5.3.1 R ESULTS

FOR TIGO AND THE STRING INVERTER SYSTEM

It has been measured the IV curves for the diodes system, or string inverter system, and at the
same time it has been measured the power output from Tigo and the irradiation. The IV curves
for the string inverter system for different shadowing configurations are shown in the next
figures as well as the power output for each panel in the Tigo system
In this case one limitation has come up, it has been impossible to collect the power output in
the micro inverters system, since there is no screen either webpage where the results can be
observed immediately. Nevertheless it was possible to collect the output from the data logger
as it has been described in the method.


First case: no shadowing affects the solar panels:

In the following pictures it can be seen the results obtained in Tigo webpage and the IV curve
for de diodes system.

F IG U R E 49

IV C U R VE FO R TH E D IO D ES SY STEM . N O SH AD O WIN G C ASE
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F IG U R E 50 P O WER



O U TP U T FO R EAC H P AN EL IN TH E SY STEM WITH TIG O O P TIM IZER .

NO

SH AD O WIN G C ASE

Second case: one module having a shaded cell for each system:

In the following pictures it can be seen the results obtained for this case in tigo webpage and
the IV curve for de diodes system

F IG U R E 51

IV C U R VE FO R TH E D IO D ES SY STEM .

1

C EL L IS SH AD ED IN O N E M O D U L E
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F IG U R E 52 P O WER



O U TP U T FO R EAC H P AN EL IN TH E SY STEM WITH TIG O O P TIM IZER .

1

C EL L IS SH AD ED IN O N E M O D U L E

Third case: one module having two shaded cells for each system:
In the following pictures it can be seen the results obtained for this case in Tigo
webpage and the IV curve for de diodes system

F IG U R E 53

IV C U R VE FO R TH E D IO D ES SY STEM .

2

C EL L S AR E SH AD ED IN O N E M O D U L E
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F IG U R E 54 P O WER

O U TP U T FO R EAC H P AN EL IN TH E SY STEM WITH TIG O O P TIM IZER .

2

C EL L S AR E SH AD ED IN O N E M O D U L E

 Fourth case: one module having three shaded cells for each system:
In the following pictures it has been attached the results for this case obtained in Tigo
webpage and the IV curve for the diodes system

F IG U R E 55

IV C U R VE FO R TH E D IO D ES SY STEM .

3

C EL L S AR E SH AD ED IN O N E M O D U L E
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F IG U R E 56 P O WER

O U TP U T FO R EAC H P AN EL IN TH E SY STEM WITH TIG O O P TIM IZER .

2

C EL L S AR E SH AD ED IN O N E M O D U L E

The power output, the total voltage and the irradiation level have been measured in the same
day. In order to compare power and voltage values it has been decided to reference the values
𝑊

at G= 1000𝑚2 . Both power and voltage can be taken from the inverter inside the laboratory
and in the case of tigo it can also be collected from Tigo’s webpage.

T AB L E 10

C O M P AR ISO N B ETWEEN TH E P O WER O U TP U T FO R TIG O AN D TH E STR IN G SY STEM AT TH E SAM E IR R AD IATIO N L EVEL

String system

Hour

Irradiation
level
[W/m 2 ]

Power
At 1000
w/m 2 [W]

% total
power of
no
shadowing
case

Vmpp[V]

Power at
1000W/m 2 [W]

% total
power of
no
shadowing
case

09:20

761.9

1093.9

100

197.5

1086.8

100

10:05

814.6

1021

93.3

185.4

1033.7

95.1

10:16

876.9

947.7

86.6

171.4

887.2

81.6

11:03

1039.4

886.9

81.1

166.7

909.2

83.6

28/05/2015

No
shadows
1 cell
shaded
2 cells
shaded
3 cells
shaded

Tigo System

Below it is shown one picture of the shadowing made in order to get a better comprehension
of the shadowing configuration:
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F IG U R E 57 S TR IN G

5.3.2 R ESULTS

IN VER TER AN D

T IG O

SY STEM . C ASE O F TH R EE C EL L S SH AD ED

FROM THE DATA LOGGER FOR THE THREE SYSTEMS .

Besides the measurements of the power output on Tigo and the string inverters system, it has
been analyzed the output during different time periods in order to get a comparison between
the three systems. In this case it has been possible to analyze the third system, the three micro
inverters with two modules in parallel connection for each micro inverter. As it has been
explained before, since mostly of the days where the shadowing was configured, it has been
chosen the time periods where the output was higher.
The results for each case are:


All three systems don’t have any tape:

This case it is going to be used as a reference as it has been related before. The daily power
output is shown in the next graph;

0,18

Sunny day with no tape. Reference case
(04/06/2015)

0,16

Power kWh/10 min

0,14
0,12
0,1

diodes

0,08

tigo

0,06

microinv

0,04

thin film

0,02
0
10:00:00 10:50:00 11:40:00 12:30:00 13:20:00 14:10:00 15:00:00 15:50:00

Time
F IG U R E 58 10

M IN D ATA FR O M

04/06/2015,

TIM E

10:00- 16:00
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One cell shaded in each system:
Here it can be observed the power graph during the period of time where the output
was higher. The results achieved on this case are:

0,18
0,16
0,14
0,12
0,1
0,08
0,06
0,04
0,02
0

diodes

tigo
microinv

13:30:00

13:20:00

13:10:00

13:00:00

12:50:00

12:40:00

12:30:00

12:20:00

12:10:00

12:00:00

11:50:00

11:40:00

11:30:00

11:20:00

11:10:00

thin film

11:00:00

Power (kWh/10min)

One Cell Shaded

Time
FIG U R E

59 10

M IN D ATA FR O M

31/05/2015,

TIM E

11:00- 13:00

And the output during this time period as well as the power normalized in to a sunny day are
shown on the next table:

T AB L E 11 .90

31/05/2015
FROM 11.00 TO 13.30

String inverter system
Tigo system
Micro inverter system
Film system

M IN O U TP U T FO R TH E C ASE O F O N E C EL L SH AD ED

90 min output [kWh]
Reference measurement
Normalized
(No tape)

1,80
1.89
1.76
1.35

1.78
1.85
1.75
1.40

1,72
1,78
1,69
1.35

% relative to
the reference
case
95.6
94.2
96.5
100
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Two cell shaded in each system:

power kWh/10min

two cells shaded
0,16
0,14
0,12
0,1
0,08
0,06
0,04
0,02
0
11:20

diodes
tigo
microinv
thin film

11:34

11:48

12:03

12:17

Time
F IG U R E 60 10

M IN D ATA FR O M

T AB L E 12. 60

09/06/2015,

TIM E

11:20- 12:20

M IN O U TP U T FO R TH E C ASE O F TWO C EL L S SH AD ED

09/06/2015

60 min output [kWh]

FROM 11.20 TO 12.20

Reference
(No tape)

measurement

normalized

String inverter system
Tigo system
Micro inverter system
Film system

0.82
0.85
0.78
0.60

0.64
0.64
0.63
0.54

0.71
0.71
0.70
0.60



% relative to
the reference
case
86.5
83.5
89.7
100

Three cell shaded in each system:

Here it can be discerned the graph where the solar radiation was higher, as well as the output
during that time period.
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power kWh/10 min

Three cells shaded

0,12
0,1
0,08
0,06
0,04

diodes

0,02

tigo

0

microinv
thin film

time
F IG U R E 61 10

M IN D ATA FR O M

T AB L E 13. 90

29/05/2015,

TIM E

10:30- 12:00

M IN O U TP U T FO R TH E C ASE O F TH R EE C EL L S SH AD ED

29/05/2015

90 min output [kWh]

FROM 10.30 TO 12.00

Reference

measurement

normalized

String inverter system
Tigo system
Micro inverter system
Film system

1.33
1.36
1.28
0.97

0.6
0.62
0.59
0.52

1.12
1.16
1.10
0.97



% relative to
the reference
case
84.2
85.3
85.9
100

30% of one row in one solar panel is covered on each system

In this case the daily output can be perfectly compared with a sunny day because it was also
completely sunny. As it has been explained before, the reference day for this case is another
one close to the day where this measure was taken. The daily output as well as the daily output
for the reference case are shown in the table below.

T AB L E 14 D AIL Y

O U TP U T FO R A TAP E C O VER IN G

30%

O F A R O W IN O N E M O D U L E

09/03/2015
Daily output [kWh]
Case
Diodes Tigo Micro inverter Thin film
No tape
5.91 6.02
6.15
4
Tape 30% row covered
4.92
5.6
5.82
4
% respect to no tape case 83.2 93.7
94.6
100
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Below a photo describes how the tape was inserted:

F IG U R E 62 A

TAP E C O VER S

30%

O F A R O W IN O N E M O D U L E .

In order to compare all the cases it has been calculated the percentage of the power that each
case reaches out of the power with no tape. The results are described in the following table
T AB L E 15 C O M P AR ISO N

B ETWEEN TH E D IFFER EN T SH AD O W C O N FIG U R ATIO N S

% of the power relative to no tape
Diodes Tigo
Micro inverter
No tape
100
100
100
Tape in one cell
95.6
94.2
96.5
Tape in two cells
86.5
83.5
89.7
Tape in three cells
84.2
85.3
85.9
Tape covers 30% of a row
83.2
93.7
94.6

5.3.3 SYSTEMS COST
Finally it should be mentioned the cost of the mainly components of each system. The next
table shows the price of the different devices:
T AB L E 16 P R IC ES

O F TH E D IFFER EN T EL EC TR O N IC C O M P O N EN TS

DEVICE
Inverter
Tigo Maximizer
Tigo Energy Gateway
Tigo Energy Maximizer Management Unit
Micro inverter
PV module

PRICE
450.60£ [23]
111.41$ [24]
113.21$ [25]
342.97$ [26]
306 € [27]
258 $ [28]

PRICE [SEK]
5784
903
918
2780
2818
2091
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So the price for the three systems are:
T AB L E 17

C O ST FO R EAC H SY STEM IN

S EK

System
Price [SEK]
String inverter system
18330
Tigo System
27446
Micro Inverter System
21000
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6 DISCUSSION
The project shows that the influence of shadowing effect on the solar panels is quite subjective
since both power output and the energy collected are strongly dependent on the weather,
the ambient conditions, the seasons, the time and more factors. Nonetheless it has been tried
to approach the mainly consequences that the shadowing effect carries on the performance
of the solar cells and therefore on the performance of the solar PV modules.
In this chapter it is going to describe how the shadow effect acts on the performance of the
solar modules, starting from the shadows simulated at the laboratory in Solarus and finishing
with a briefly explanation of the theoretical expectation on the system at HiG.
The section can be basically divided in three mainly parts, the results at Sol arus, the results
with the module at HiG and the results with the three systems at HiG.

6.1 S OLAR

PANEL TESTED AT

S OLARUS

The module at Solarus comprises two bypass diodes in four columns. This can also be seen as
there are two different circuits in series connected.
To start with, it can be observed the moment where one cell is shaded, the power output is
harshly decreased. In the moment when one cell is completely shadowed the MPP is founded
in the IV curve when the bypass diode is working as it can be obs erved on figures 39 and 40.
The MPP values are shown on table 8.
In the IV curve on figures 39 and 40 it can be observed one short interval of voltage where the
current drops extremely. Before that ‘period’ of voltage, the IV curve is quite similar to the
one when no shadow lies on the module. In this case it is expected that one of the bypass
diodes is working. The MPP can be expected to be lied on the part where the bypass diode is
working. It can also be observed that the line drops at a value of the voltage slightly smaller
than the half of the open circuit voltage. This phenomenon occurs because of the bypass diode
dissipates a voltage about 0.6 V. Therefore it can be observed on the table 7 how the voltage
difference between this case and no shadowing case is the half minus 0.6V. Nevertheless after
the current drop there is also a part of the curve where the diodes is not working. This is due
to losses in the module since the tapes are not tightly glued. It can be observed how that losses
are reduced when more tapes are covering more cells, as it is shown on figure 40.
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On the next case, the IV curve on figure 36 shows the effect of having the 50% of a cell covered
by a tape. In this case is expected to get the maximum current output during a voltage up to
the half of the VOC value minus 0.6V. That means the current collected will be the maximum
possible output as long as the bypass diode is working. When the curve drops it means the
bypass diode is not working and therefore the voltage will increase at the same time the
current will be reduced as much as the percentage of the cell is shadowed.
In the next case, it can be seen at figure 42 the IV curve looks like there is not shadow effect.
However, the current is the half of the current when no shadow lies on the module. This effect
is come up due to two cells with different circuits are 50% taped and therefore the current
will never be able to increase up to the 50% of the current when no shadow acts on the solar
panel.
The last case at Solarus, there is a row partially covered. The percentage of the cell covered
can be obtained rating its power output with the case of no shadows, about the 25% of the
row is covered.

6.2 S OLAR

PANEL TESTED AT

HI G

In order to get a better understanding of this subchapter is good to remember this module
has 60 cells divided in 3 strings of 20 cells with a bypass diode per string.
As it has been explained before, the module tested at HiG had included new parameters since
it was not tested inside a laboratory. The most important one has been the influence of the
irradiation level which has a linear dependence with the current through the solar panel [15].
The table 9 shows the power outputs at the same irradiation level, taking in to account the
supposition from formula (5) accords to the results obtained in the laboratory in Solarus.
For example, the case of one row is having the 50% covered shows the MPP is in a value where
one bypass diode is working and the therefore VMP is 2/3 times the total voltage of the solar
PV module. Since the tape is not completely covering the 50% of a cell (there is some sunlight
able to pass through the tape since it is not completely opaque) the current is slightly bigger
than the 50% of the total current as it was expected. This phenomenon is also shown in the
case where a row was completely covered, as a result of the radiation able to pass through
the tape.
Regardless the power output collected when one row is totally covered, it can also be
expected some radiation can pass through the tape if the IV curve for this case is looked in
figure 41. The IV curve in this case shows there are several slopes. As much steps the IV curve
has, it means the bypass diodes are working. [29]. Therefore there are some values where
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the panel is able to produce voltage and current but much more less than the case with no
shadows.

Moreover of those measurements, the module was also measured covering a row with a
translucent tape. That means some sunlight can pass through the tape, but the power output
will be harshly reduced as it can be observed in the table 9, where the power output goes
from about 250 W in the case with no shadows to 100W for the case with a translucent tape.
This phenomenon has been simulated in order to show how dust and others particles lied on
the solar panel reduces the power output. It can be deduced the dust and another particles
can keep down the output quite a lot.

6.3 T HE

THREE SYSTEMS AT

HI G

The first measurements taken (see Results: results for Tigo and the string inverter system)
shows the IV curves for the bypass diodes system, the power output as well as the V MPP for
each shadowing configuration.
Having a look on images 49, 51 and 53, it’s clearly shown the VOC in the Diodes system is
reduced during the different taping cases. It also can be seen on the table9 how the Vmpp
reached for each case is reduced.
Notwithstanding this reduction on the voltage is not random. For example, if one cell is
shaded, the MPP tracker will collect a point where 5 modules are working well, but also it will
collect the power from the module shaded. The power from the mismatched module will be
2/3 of the power collected in good conditions, since a cell is shaded. That means the maximum
current possible at that ambient conditions will pass through the 6 panels, taking into account
one bypass diode is working. The theoretical percentage of power collected from this situation
will be about 95% since 5.67 out of 6 modules are working well. The data collected from the
data logger also shows the same percentage of power dissipated in the same conditions for
the diodes system.
On the other hand the Tigo system shows the same power reduction as it can be seen in
picture 52 and the table 10. This means five Tigo optimizers will collect maximum power
output at that conditions and the other one will collect 2/3 of the maximum power output for
the shaded module. The micro-inverters system also offers the same power collected as it is
shown in Table 15.
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In addition, in the case of the two cells working it can be observed the same situation for the
diodes system, even though less voltage is collected, since 1/3 of the shaded panel is working.
In this case the power output is about 88% of the power collected without any shadows since
5.33 out of 6 modules are working. However, Tigo collects lower output, about the 83% of the
output collected from the unshaded case. Taking into account the image 53 Tigo webpage
shows that one solar panel is not working. This is because the V mpp range of Tigo optimizers is
between 16-48 V. If two circuits in one module with Tigo optimizer are shaded, the maximum
voltage output is 1/3 of the PV module voltage. Hence the optimizer will go to a point in the
IV curve where the voltage is bigger than 16 V, but this will consequently sacrifice the current
output roughly, collecting almost nothing from the PV module. The system with the micro
inverters will apparently suffer the same situation because the VMPP range is between 20-40V
(Table 6), but since they are connected in parallel, the voltage obtained of two mismatched
modules cannot be easily calculated (see Theory behavior of solar cells in parallel). Apparently
it can be speculated the total voltage of the two mismatched modules is between the Vmpp
range of the MPP tracker of the micro-inverter as it shows the table 12, where the output
obtained is about 89.7% the output with no shadows on the system (5.33 out of 6 modules
are working).

When 3 cells are shaded in each system, all of them behaves as the same situation; they
apparently collect the output from 5 modules, meanwhile the current will pass through the
bypass diodes from the shaded module. It can be observed on the table 15.
Finally, the case where a tape was covering the 30% of one module for every system one big
difference can be observed: the diodes system produces less output. This is because the MPP
tracker of the system has two possibilities: to get the power output with a current about 70%
of the total generated or to collect the power output with five modules working while the
bypass diodes of the shadowed one are working. In this case the result collected shows about
83% of the power with no shadows is achieved, so the MPP the module shaded will not work
and therefore the current will pass through the three bypass diodes.
Despite of the comparisons between the different shadowing configurations it should also be
mentioned the differences of the power output collected between each system. Depending
on the time where the data is collected it can be seen a difference of the power output
between each system. Since the modules are oriented to the south, before the noon there is
shadowing problems in the inverter system where the roof above the solar panels gives
shadowing problems on it (see appendix 1). Moreover, since summertime is closer and
therefore the sun is getting higher every day, some shadows problems appears on the diodes
system made by the film system above of them (see appendix 2). Furthermore from the
afternoon the sun is getting closer to the west, and the ladder close to the diodes system
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creates shadowing problem, becoming bigger until the Tigo s ystem is also completely shaded
(see appendix 3).
Regarding to the prices of every system it has to be said the string inverter system is the
cheapest one, whereas the Tigo System is the most expensive one.
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7 CONCLUSIONS
In the previous section it has been described the mainly causes affecting on the three systems
at HiG. However the final conclusions that this study reaches have to be mentioned. In this
part of the thesis it is going to be enumerated the mainly ones.
As it has been shown on the results and afterwards on the discussion several shadowing cases
had been taking place.

Starting with the cases where one cell and three cell was covered in one module for each
system it can be concluded the power collected from the string invertor, the Tigo system and
the micro inverters system are the same values. Therefore it can be said that when one cell
and three cells are covered and then the String modules, Tigo and Micro inverters gives the
same output.
On the other hand, if a shadow covers two cells in one module for each system the string
modules and the micro inverters system gives the same output. However Tigo collects less
power since the voltage range of the optimizers is higher than the theoretical MPP so the
maximizer collects a point where the voltage of the module is bigger and consequently the
current much more lower.
If the shadowed module gives full current at the MPP then Tigo and the micro inverters will
not increase the output. The module gives full current if one or the three circuits in the module
is not shadowed. In the case of two circuits in the module are taped then Tigo even collect
less output than the others.
Therefore if at least one cell in all the three circuits in a module is completely shadowed the
module gives no maximum voltage and both Tigo and Micro inverters will not help.
On the other hand, Tigo and Micro inverters will increase the output if the shadowed module
gives a lower current than a non-shadowed module. However it has to take care about the
Vmpp range of the optimizers, because if a module gives a lower voltage than the V mpp range
then Tigo and even Micro inverters system will not help, and so Diodes system will give higher
output.
Finally, regarding to the prices of the different systems, as it has been shown the cheapest
option is the string inverter system. However the system with the micro inverters is not much
more expensive, and the output for the cases measured was the highest one. Therefore the
suitable option will be the micro inverters system in these cases.
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9 APPENDIX
In order to show how the shadowing affects the output of the systems during different times
of the day some pictures have been taken.

9.1 A PPENDIX 1: MODULE

INVERTER S SYSTEM .

Here, a picture of the inverters system is shown in order to see the shadowing problem
before the noon.

F IG U R E 63 S H AD O WIN G

P R O B L EM O N O N E M O D U L E O F TH E IN VER TER S SY STEM
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9.2 A PPENDIX 2: SHADOWING
THE NOON :

ON STRING SYSTEM BEFORE

Here is attached a photo of the string system before 12:00 AM, when shadowing problems
are taking place:

F IG U R E 64 P IC TU R E O F

TH E SH AD O W IN G P R O B L EM O F TH E S TR IN G SY STEM B EFO R E TH E N O O N
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9.3 APPENDIX 3: SHADOWING PROBLEMS ON THE
STRING AND TIGO SYSTEMS
Here it can be observed how the ladder creates shadowing problems on both systems in the
afternoon:

F IG U R E 65 S H AD O WIN G

P R O B L EM S IN TH E AFTER N O O N O N TIG O AN D STR IN G IN VER TER SY STEM
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