FACULTY OF ENGINEERING AND SUSTAINABLE DEVELOPMENT
Department of Building Engineering, Energy Systems and Sustainability Science

Development of a Simple and Cheap
Equipment for Monitoring the Solar Irradiance
on PV-modules
Subtitle of your thesis, if any
Pablo Casanaba Benedé
2019

Student thesis, Advanced level (Master degree, one year), 15 HE
Energy Systems
Master Programme in Energy Systems
Supervisor: Björn Karlsson
Examiner: Mattias Gustafsson

Preface
First, I would like to express my gratitude to my thesis supervisor Björn
Karlsson. He has been guiding and encouraging me through all the problems
and doubts that have arisen during these two months.
I also want to thank Mikael Sundberg, for dedicating his time to help me with
the device testing on the roof of the building 45 located at the University of
Gävle, as well as provide me all the sensors I needed for he calibration.
Foremost, I would like to thank all people working at Syntronic, especially to
Daniel Nygren, who always provided me with all the material needed to make
the device, and Jaime Alvarado, who spent a great deal of time helping me in
the process of building the electronic circuit.
I would also like to express my gratitude to Iñigo Monge, for establish the
contact between me and Syntronic AB and, consequently, having allowed me
to do the thesis in this company.

i

Abstract

Increased use of renewable energies that is taking place all over the world is
having a very important impact on the photovoltaic solar energy industry. This
means of obtaining electrical energy is one of the most promising ones
nowadays, thanks to the fact that it is a technology of easy installation and
maintenance. However, the number of hours that a photovoltaic system
works at maximum power depends almost entirely on environmental
conditions, mainly in terms of solar irradiance.
Solar irradiance is a magnitude that measures the power released by sunlight
per unit area; the higher it is, the more power the photovoltaic system will
generate.
Therefore, it is very important to measure this magnitude in order to obtain
data that either can give information about which is the best place to install a
photovoltaic system or expect the device performance.
Unfortunately, sensors used nowadays to measure this magnitude are quite
expensive. The most widely used are the so-called pyranometers, with an
average cost of between 8000 SEK to 10000 SEK, and solar reference cells,
which can be quite cheaper (1000 SEK), but also can be the most expensive
devices on the market depending on the features they have (some reference
cells cost 20000 SEK).
In this thesis, a solar irradiance sensor based on the treatment of a current
generated by a silicon photodiode has been designed, built and calibrated. The
signal generated by the device is a voltage that has been obtained by means of a
current-to-voltage converter amplifier stage. Once the construction of the
circuit was completed, it was tested on the roof of Hall 45 located in the
University of Gävle. The testing was carried out on 13, 14 and 15 May 2019,
and it consisted in the comparison of the signal generated by the new device
and the signals generated by a pyranometer and a solar cell.
The result is a device priced at 200 SEK, which shows acceptable levels of
accuracy during central daylight hours but shows a strong angular dependence
on incident light during sunrise and sunset.

Key words: Photovoltaic, DC, DAQ system, photocurrent, operational
amplifier, pyranometer, reference solar cell, photodiode, irradiance.
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1 Introduction
1.1

Background

It is well known that in nowadays world the greatest challenge facing humanity is to
achieve the total energy production through a renewable source. The exponential
increase of the world's population, as well as the entry of developing countries into a
phase of increased energy consumption, represent a real challenge in terms of how
to meet this ever-increasing demand. So far, the most common ways of generating
energy have been through the combustion of fossil fuels, energy sources that,
although they are efficient and cheap, pose a serious threat to all organic life on this
planet. These means of obtaining energy are reaching saturation levels, due to the
resource depletion of non-renewable origin and the certainly effects of climate
change [1, 2, 3].
This is where renewable energies appear, clean energies that do not generate
greenhouse gases and of endless origin. Although it is true that all energy production
has a negative impact on the environment, renewable energies remain a much more
recommendable option than the currently predominant ones. Most of the energy is
used nowadays to generate electricity, so especially means of obtaining electricity
which are simple, cheap and renewable origin must be more relevant [3]. This is the
case of photovoltaic solar energy. Photovoltaic solar energy directly transforms
incident light from the sun into direct current (DC) [4]. Thus, the easy installations
of these systems, whether small or large scale, as well as low maintenance costs,
make this energy one of the most promising ones [5]. Unfortunately, there are still
some limitations, mainly the intermittent production. Photovoltaic solar energy
depends entirely on the climatic and physical conditions of the environment where
the plant is located [5]. Therefore, it is strictly necessary to make sure that the
system, first, is in the right location and second, is working as efficiently as possible.
These conditions are achieved by analyzing the environmental conditions by using
measurement systems, in other words, sensors [5, 6]. Sensors monitor all kinds of
environmental variables so that find the best conditions for a photovoltaic system to
operate. The most important variable to analyze is solar irradiance, which
characterizes the power delivered by light per square meter. There are several types
of sensors that measure irradiance, but the most common is the pyranometer [6, 7].
The pyranometer is a system that measures both direct radiation (incident lightning)
and diffuse radiation (radiation reflected by the environment). These sensors are
very high cost (about 8000 SEK) [6], so if a user who has a small photovoltaic system
installed at home, the purchase of this device can be a too high investment. That is
why in this thesis the design and construction of a simple and inexpensive system for
monitoring irradiance for use in a PV system has been analyzed.
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1.2

1.2.1

Literature review

Solar Photovoltaic (PV) Energy

Photovoltaic solar energy is an energy source that produces electricity of renewable
origin [2, 4, 8], obtained directly from solar radiation by means of a semiconductor
device called photovoltaic cell. This type of energy is mainly used to produce
electricity on a large scale through distribution networks, although it can also be
used at smaller scales such as stand-alone applications (residential or power supply
of electronic systems).
Photovoltaic systems are a set of many components such as solar cells, power electronics
stages, electrical connection, angle of incidence control (only in some cases), etc [3].
One of the most special things about photovoltaic solar energy is the type of energy
conversion. PV solar energy directly converts solar energy into electrical energy, so
no kind of engine is needed [3, 4]. This makes its structure very simple, as well as its
maintenance.
1.2.1.1

Solar cell. Photovoltaic effect.

The most important component within a PV system is the solar cell, which is the
one that generates the electric current thanks to the incidence of light on it. This
phenomena is called photovoltaic effect [5, 8]. To sum up, the photovoltaic effect is
based on the fact that solar energy energetically charges the electrons found in a PV
cell, made up by a semiconductor. This charge raises the energetic level of the
negatively charged electrons so that they can be released. This release of electrons
produces a voltage difference in the cell, which can be used to move a current into a
circuit [5,8].
Due to a solar cell usually generates a voltage of about 0.6 V, it is necessary to
connect a huge quantity of these cells in order to raise the power into normal levels
that are present in the electrical grid. These connections between solar cells are
placed either in series or in parallel (adding voltages or adding currents respectively)
[1, 9]. A photovoltaic module is obtained by connecting some solar cells (30-100)
and a panel is obtained by connecting multiple modules [10].
These modules are a source of electrical power, and their standard magnitude is the
peak kilowatt [kWp], which is the power that a PV system releases at an irradiance
of 1000 W/m2 and a temperature of 25oC [8].
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1.2.1.2

I-V curves.

F IGUR 1. I-V CURVE OF A PV SYSTEM

The I-V curve, as its name indicates, represents the intensity and voltages generated
by a solar panel [12, 13]. This curve represented in Figure 1 is given only for a value
of temperature and irradiance, the parameters which varies in this graph is the
external resistance which is connected to the panel. By varying this equivalent
resistance, the current and voltage also do so [13, 14].
It is usually seen in the same graph several I-V curves represented with different
irradiance and temperatures (Figure 2).

F IGUR 2. I-V CURVES VARIATION WITH TEMPERATURE AND IRRADIANCE
.

The variation in both irradiance and temperature in a solar panel has different effects
on current and voltage. In the case of irradiance, the current performs a linear
variation of greater magnitude than the voltage while the voltage shows a
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logarithmic variation, so for high irradiance values, this variation is much smaller
than in the case of the current [15].
In contrast, temperature variation has a greater effect on voltage, increasing its value
if the temperature increases, while current only rises slightly [15].
Therefore, the power, is increased when the irradiance also does so, while when the
temperature rises, the power decreases because the reduction of voltage is greater
than the slight increase in current [15].
Regarding the features that characterize an I-V curve, there are the following [13,
14, 16]:
• Short circuit current, Isc: This is the maximum possible current that can
circulate through a solar cell. Its conditions occur when the voltage is zero,
so this current is the same as the one generated by the system through the
photoelectric effect.
• Open circuit voltage, Voc: The maximum voltage in a solar cell is the
maximum voltage that there is in the semiconductor material between its
poles.
• Maximum power point, Pmp: The point of maximum power is that which is
determined by the values of voltage and current whose product gives as a
result the maximum possible power developed by the system.
Both current and voltage values are controlled by varying the equivalent resistance
of the DC/DC converter that is connected to the output of the solar panel. These
converters will always look for the maximum power point, with the help of a
system implemented called maximum power point tracker (MPPT) [13,14].

1.2.2
1.2.2.1

Solar Radiation
Solar radiation types. Solar angles.

The total radiation reaching the Earth´s surface (G) is the sum of the direct and
diffuse radiation. Direct (or beam) radiation (Gb) is the one which reaches the
Earth´s surface without being scattered by the atmosphere, and thus, with no change
in its direction. The diffuse radiation (Gd) is the part of the solar radiation that is
scattered by the atmosphere so that its direction is changed. Finally, the ground
reflected radiation (Gg) also needs to be considered if the surface is tilted [17].
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F IGUR 3. S OLAR RADIATION REACHING A TILTED SURFACE

F IGUR 4. A NGLE OF INCIDENCE OF SOLAR RAYS TOWARDS A TILTED SURFACE

The angle of incidence (Figure 4) can be defined as the angle between the sun beam
and the vector perpendicular to the surface (normal vector).
1.2.2.2

Solar radiation magnitudes.

There are two main magnitudes that characterize sunlight; luminosity (or
illuminance), which is measured in lux (lx) and irradiance, in watts per square
meter (W/m2).
Irradiance is the magnitude used to define the incident power delivered by any
type of electromagnetic radiation per area [5].
𝐼𝑟𝑟𝑎𝑑𝑖𝑎𝑛𝑐𝑒 (

𝑊
𝐼𝑛𝑐𝑖𝑑𝑒𝑛𝑡 𝑝𝑜𝑤𝑒𝑟 [𝑊]
)=
2
𝑚
𝑆𝑢𝑟𝑓𝑎𝑐𝑒′𝑠 𝑎𝑟𝑒𝑎 𝑤ℎ𝑒𝑟𝑒 𝑡ℎ𝑒 𝑤𝑎𝑣𝑒 𝑟𝑒𝑎𝑐ℎ𝑒𝑠 [𝑚2 ]

(𝐸𝑞. 1)

It is also used to define the solar constant, the amount of solar energy that reaches
the Earth's upper atmosphere per unit area and time. Its value is 1367 W/m².
Irradiance is a radiometric magnitude.
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Illuminance is the luminous flux incident on a surface per unit area. Its magnitude
in the International System is lux: 1 lux = 1 lumen/m². Illuminance is a
photometric magnitude, and it depends on the human eye perception, it drops to
zero when the radiation measured is out of the visible light spectrum [18].
The main difference between irradiance and illuminance is the area in which both
focus respectively. Irradiance has a more global scope, since it is a magnitude that
measures the power of an electromagnetic wave, so it includes all wavelengths. On
the other hand, illuminance only takes into consideration the wavelengths perceived
by the human eye, and its magnitude varies depending on the wavelength that the
incident light has at that moment, since the human eye is more sensitive to some
wavelengths than others. Thus, each wavelength has a different weight in
photometric (illuminance) calculations. The factor that determines the weight of
each wavelength is the luminosity function (Figur.5) [18].

F IGUR 5. L UMINOSITY FUNCTION

There is no conversion equation between lux and W/m2 due to there is a different
conversion factor for each wavelength because each wavelength has a different
weight in the illuminance function, and conversion is not possible unless the spectral
composition of the light which is been measured is known (monochromatic).
Due to human eye presents its maximum sensitivity with the green color, the
maximum luminosity is given at the wavelength related to that color, 555 nm.
Therefore, for a green monochromatic light, the irradiance necessary to reach a lux
is the minimum possible power: 1.464 mW/m2 [18]. Other visible light
wavelengths produce fewer lumens per watt.
For a light source with different wavelengths, the number of lumens per watt can be
calculated using the illuminance function (Figur.5). For instance, white light is a
mixture of green light with a big amount of red and blue, to which the eye is much
less sensitive, so it’s necessary to analyze this mixture with the luminosity function.
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1.2.3

Photodiode

"Silicon photodiodes are semiconductor devices responsive to
high energy particles and photons. Photodiodes operate by
absorption of photons or charged particles and generate a
flow of current in an external circuit, proportional to the
incident power. Photodiodes can be used to detect the
presence or absence of very small quantities of light and
can be calibrated for extremely accurate measurements from
intensities below 1 pW/cm2."[19]

They can be used at high levels of irradiation environments, allowing its use not only
in precision operations, but in solar radiation measurements as well. Typical
applications are spectroscopy, photography, analytical instrumentation, optical
position sensors, optical communications and medical imaging instruments [19].
When a circuit containing a photodiode is being developed, it is necessary to take
into consideration several factors, among them the most important are the
following:
1.2.3.1

Electrical characteristics.

A silicon photodiode can be represented as the equivalent circuit below [8, 19, 20]:

F IGUR 6. P HOTODIODE EQUIVALENT CIRCUIT .

Where IL is the current generated by the incident radiation, the diode is the PN
junction (ID is the dark current), RSH the shunt resistance and RS and RL are the series
resistance and equivalent resistance respectively. In addition, there is a junction
capacitance (CJ). The shunt resistance is used to determine the noise current with no
bias mode (without biasing the photodiode; V = 0). The series resistance is used to
know the linearity of the photodiode under no bias state. While acceptable shunt
resistances values are high, the lower are the series resistances, the better. Typical
series resistances are 1kΩ while shunt resistances have values from thousands of
Mega ohms. Regarding the junction capacitance, it is used to determine the response
speed of the photodiode. This capacitance can vary with the reverse bias voltage
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(photoconductive mode; V=V-); The higher the reverse bias voltage, the lower the
junction capacitance (higher response speed) [19].
1.2.3.2

Optical characteristics

The most important value regarding this field is the responsivity, Rλ. This value
represents the ratio between the photocurrent and the incident radiation at a given
wavelength (Equation2) [19]. It could be considered like the conversion
effectiveness of the light power into electrical current.
𝑅𝜆 =

𝐼𝑝
𝑃

(𝐸𝑞. 2)

Ip is called the photocurrent generated by the photodiode per area [A/m2] and P is
the irradiance [W/m2], so Rλ will be measured in A/W.
This feature varies with the wavelength of the incident light and the temperature
[19], being higher when incident light wavelength is closer to the violet or even UV
wavelength (highest values of visible light spectrum, 900 nm).
In addition, the non-linearity has to be taken into consideration; non-linearity
(Equation3) is the ratio between the change in photocurrent and the change in light
power [12]:
𝜕𝑦
; 𝑥 = 𝛥𝐼 ; 𝑦 = 𝛥𝑃 (𝐸𝑞. 3)
𝜕𝑥

The linearity of the photocurrent usually disappears at high light powers in common
photodiodes, reaching at a given point the saturation level, where the photocurrent
doesn't change with the light variation. The linearity range can be extended if a
reverse bias voltage is applied to the photodiode [19].
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1.2.3.3

I-V characteristics.

F IGUR 7 P HOTODIODE I-V CHARACTERISTIC CURVES

As it is shown in figure 7, there are three possible states [19]:
• V=0; No bias state or photovoltaic state, the current is equal to the current
developed by the photodiode (photocurrent Ip), This current is analogous to
the short-circuit current present in solar panels.
• V= V+; Forward bias mode, the photodiode exhibits the same performance
as a normal diode, where the current increases exponentially with the
voltage.
• V=V-; Reverse bias mode, the current generated is almost equal to the
photocurrent at photovoltaic mode but increasing slightly with the reverse
voltage. This is because the total current is equal to the sum of the
photocurrent plus the dark current. The dark current increases negatively as
the reverse voltage increases.

F IGUR 8. N ON BIASED MODE ( LEFT ) VS . B IASED MODE ( RIGHT )
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1.2.3.4

Noise effect.

Noise is the name given to all currents appearing in the photodiode which come
from the surroundings. The source of these undesired signals is usually the power
supply network, since around the conductors a magnetic field is produced at a 50 or
60 Hz frequency [14]. In addition, these conductors propagate parasite currents or
noise produced by other electrical or electronic devices.
1.2.4

Operational Amplifier

An Operational Amplifier is a high gain DC coupled electronic amplifier device that
has two inputs and one output [21]. In a configuration without any passive
component added, the device’s output is generally hundreds of thousands of times
greater than the potential difference between its inputs.
Due to the operational amplifier has a huge number of specific characteristics and
possible modes of operation, for simplicity's sake, only the operation of the
amplifier under feedback mode and its problems associated with this mode will be
explained, since in this project it will only be used this way.
1.2.4.1

Closed Loop stabilization (or negative feedback).

Negative feedback is used if a predefined voltage value is desired at the output
signal, by connecting the output to the inverting input (V-) through a passive
component (Resistance, capacitor etc). The closed-loop configuration significantly
reduces the device gain (the gain of the OpAmp without feedback can be up to
millions), since it is determined by the feedback network and not by the
characteristics within the device [21]. If the feedback network is made with
resistances lower than the equivalent input resistance of the operational amplifier (in
Figur.9 it can be seen the input and output equivalent resistances), the value of the
gain in open loop does not seriously affect the circuit operation, since the currents
trough the feedback resistances will be much higher than the currents by the input of
the amplifier (also called input polarization currents).

F IGUR 9. O P A MP EQUIVALENT CIRCUIT .
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There are many configurations whose operating principle is based on the use of a
closed loop. The most important are the non-inverting and inverting amplifier stages
[21] (See Figur.10).

F IGUR 10. I NVERTING (L EFT ) AND NON - INVERTING ( RIGHT ) AMPLIFYING CONFIGURATIONS

Both the inverting and non-inverting configuration share the same characteristic:
Negative feedback makes the voltages at terminals V+ and V- equal. This can be
called, depending on the voltage applied to V+, virtual Vin or ground applied on V-.
It is called this way because when connecting V+ either to ground (inverting
configuration) or to Vin (non-inverting configuration), V- will have the same value,
as if "virtually" both terminals were connected. Thanks to this, placing the resistors,
Vin, ground and the power supply in the same way as in the figures, we obtain the
following outputs:
𝐼𝑛𝑣𝑒𝑟𝑡𝑒𝑟 𝑐𝑜𝑛𝑓𝑖𝑔𝑢𝑟𝑎𝑡𝑖𝑜𝑛; 𝑉𝑜 = −𝑉𝑖𝑛 ∗

𝑅2
𝑅1

𝑁𝑜𝑛 − 𝐼𝑛𝑣𝑒𝑟𝑡𝑒𝑟 𝑐𝑜𝑛𝑓𝑖𝑔𝑢𝑟𝑎𝑡𝑖𝑜𝑛; 𝑉𝑜 = 𝑉𝑖𝑛 ∗ (1 +
1.2.4.2

(𝐸𝑞. 4)
𝑅2
) (𝐸𝑞. 5)
𝑅1

OpAmp non-ideal effects.

There are a great variety of features inherent to an OpAmp that produce non-ideal
effects, but in this part only two of them are going to be explained, because they are
only these two effects that influence the device that is going to be developed in this
thesis.
• Input bias currents: These are the currents that circulate through the
amplifier inputs. The input resistance of an amplifier has a very high value;
depending on the type of amplifier used, this value can range from a few
megaohms (BJT type input) to several thousands (FET type input) [21].
Therefore, due to the high value of these resistors, input currents through
the amplifiers are usually very small. These values usually have a range from
μA, nA to even pA. The problem is that these currents, no matter how
small, exist, so they cause an error voltage that is superposed on the input.
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In addition, if the signals manipulated in the amplifier configuration have a
very low current value (like in a photodiode), the input bias currents may
"rival" them.

F IGUR 11. I NPUT BIAS CURRENTS IN A NEGATIVE FEEDBACK CONFIGURATION

• This voltage can be seen as a DC voltage source at the non-inverting input
[21]. The existence of this voltage is due to the lack of symmetry between
the two inputs. As it was said previously, it is assumed that V+ and V- are
equal, but in fact, they are not. The offset voltage is that small difference.
The problem with this non-ideal characteristic of the OpAmp is that this
voltage, despite being a few mV or even μV [21], is amplified by the
feedback network, so if the stage has a too high amplifier factor, the output
voltage will have a considerable error and it will be necessary to take into
account this problem.

F IGUR 12. O FFSET VOLTAGE AND ITS EFFECTS ON THE OUTPUT

12

1.2.5

Monitoring systems in PV systems.

There are many numbers of characteristic parameters that make up a complete PV
system; such as temperature, current generated by the system, its voltage, its
power, the radiation incident towards the panel, the type of system used to store all
the data, energy losses, etc [5].
However, since this thesis focuses on the design and construction of an irradiation
sensor and its use in a PV system, only the different solar radiation monitoring
systems will be explained.
• Measurement of global (beam and diffuse) radiation: The most commonly
used sensor in photovoltaic systems is the pyranometer. The pyranometer is
a device that measures both diffuse and direct (beam) radiation [5, 6]. In
addition, if a shading disc is implemented around the device it is possible to
eliminate the influence of direct radiation [5, 6], so that diffuse radiation can
be measured with a pyranometer and. The sensor consists of two plastic
domes and the sensing part at the bottom that allows a measuring range of
just around 180°. There are several types of pyranometers with different
ways of measuring radiation, but the most typical are based on
thermocouples. The pyranometer enclosure consists of a series of
horizontally placed thermocouples, the ends of which are welded with
vertical copper bars attached to a solid brass plate. The whole is painted with
a black varnish to absorb the radiation. The heat flux originated by the
radiation is transmitted to the thermopile, generating an electrical voltage
proportional to the temperature difference between the metals of the
thermocouples [5, 6].
• Measurement of direct (beam) radiation: Although it is not always strictly
necessary to monitor direct radiation, there are devices called pyreliometers
that only measure that kind of irradiance [5]. This device is a tube with a
small opening called "window" that only allows the light entry in a range of
5o. Due to there is only a 5° input range, the sensor has to follow the sun
throughout the day, so these devices have a solar tracking system
implemented [5]. The way in which it converts irradiance into an electrical
signal is the same as in the case of the pyranometer, by using thermocouples.
Due to the implementation of solar tracking and the use of expensive
materials these sensors are among the most expensive that can be purchased
nowadays.
• Photoelectric: Although pyranometers are based on the use of
thermocouples [5], there is a much more economical way to measure
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radiation, through the use of the photovoltaic effect-based devices. In many
photovoltaic systems, whether a solar cell or a photodiode, their response to
incident radiation is usually linear if it is related to the current generated by
the photoelectric effect. The most widely used device nowadays is the solar
reference cell [20]. This reference cell is usually split into two parts, one is
used to measure short-circuit current (linear variation with irradiance) and
the other part is used to measure the open circuit voltage (logarithmic
variation with irradiance) [20]. There are also other types of low-cost
pyranometers that use photodiodes in their dome, instead of a thermocouple
[7].

F IGUR 13. S TRUCTURE AND FUNCTION OF A THERMOPILE PYRANOMETER [17].

F IGUR 14. P YRELIOMETER (L EFT ) AND REFERENCE SOLAR CELL ( RIGHT )
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1.3

Aims

The idea of this thesis has been proposed by Björn Karlsson and, as mentioned in the
previous section, is based in the design and construction of a small sensor that will
be used to measure solar irradiance, in order to monitor a PV-system. The design
and construction of this sensor has been carried out at Syntronic AB, a company
dedicated to services in the field of electronics. The tests related to the calibration
and the good functioning of this new sensor have been carried out at the University
of Gävle, since it has all the necessary means, such as solar photovoltaic systems and
measuring devices.
The goal of this study is therefore to build a very low-cost irradiance measurement
system and check whether its accuracy and reliability levels are correct enough to be
used in photovoltaic systems.
The steps carried out in this thesis are the following:
• Design: Construction of the signal conditioning electronic circuit,
stabilization of the circuit for use in subsequent tests.
• Analysis of the response of the device: Experiment with a DC powered lamp
in order to simulate conditions similar to outdoors so that correct possible
causes of instability and system errors.
• Calibration and final evaluation: Evaluation of the device under real
irradiance conditions, collection of data generated by the device by using a
data logger. Calculation of the device’s sensitivity.
1.4

Approach

One of the most important limitations in this study was the weather. Once the
device was completely built, at the beginning of May, the weather was cloudy for
the next two weeks. This means that only the most suitable conditions for testing
were available for one day.
Another important limitation was the systematic failure of the circuit during the
month of April. The bad choice of several extremely sensitive and unstable
amplifiers during the experiments greatly delayed the final construction of the
prototype.
The device built in this thesis is a prototype. As it is well said in the discussion of this
project, the amplifier and voltage regulator of this prototype must be replaced by
electronic components that have a lower consumption, as well as improve the
angular dependence that characterizes this device.
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2 Method
In this section it is explained the methodology that has been used to carry out the
whole study, going through the design, stabilization and calibration of the circuit
that will act as an irradiance sensor.
2.1

Electronics design

The device that is going to be built is based on two main elements;
• Conversion of the magnitude to be measured (in this case the irradiance,
W/m2) into a signal that can be manipulated in an electronic circuit. This
part is called Sensor.
•

Amplification of the signal provided. This configuration is called signal
Conditioning System [7, 22].

The first step will be to establish the specifications of the circuit and then look for
the devices which best fit those specifications.
2.1.1

Specifications

• The sensor used must be extremely cheap and simple, as the aim of this
project is to check whether a system several times cheaper than a usual
irradiance sensor can provide data reliable enough to be used in PV systems.
The signal it generates must be as linear as possible, as well as having a
relatively high magnitude, since it is well known that small signal
conditioning circuits require better components and, therefore, greater
investment.
• In the frequency domain, the sensor does not have high requirements, since
the solar irradiance varies very slowly. If it irradiance measurement is
compared with other applications used by photodiodes, where sometimes
response times up to s (frequency requirement of several MHz) are
required [23], time response needed for the irradiance measurement is
thousands of times bigger. It is intended to use this sensor over a whole day,
about 12 hours, so taking a measurement of irradiance each 10 seconds (0.1
Hz) is more than acceptable.
• It must be unaffected by noise and any kind of signal distortion. To achieve
this purpose, it must be taken into account all of the parts that make up the
circuit, since each of these parts are susceptible to distortions in different
ways. Either because of noise in the immediate vicinity or distortions that
are generated by the device itself [19, 23].
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• The power supply of the system will be 5 V due to several reasons. ADC
converters from both DAQ (data acquisition) systems and microcontrollers
(PIC, Arduino, Raspberry) do not usually have input values exceeding 5 V
[24]; this value also adapts very well to the batteries voltages used in
common household devices. The need for the sensor of this project to work
with batteries is because it will have to operate outdoors, so the fewer
connections that are going to be carried out between the sensor and the
electrical network, the better.
2.1.2

Sensor

The sensor to be used is a photodiode. Photodiodes are much cheaper than
thermopile-based systems commonly used in pyranometers. They are also much
faster in the time response field, but that doesn't really matter because as it was
mentioned before, this sensor doesn't have exigent features in the response speed
field.
Observing the requirements presented in the previous point, this device has got
several issues to deal with:
• Operation mode: The photodiode has three operation modes (biased,
non-biased and forward). As it was said before, the current generated
(photocurrent) by the photodiode under non-biased mode is just a bit lower
than the current generated under biased mode. In addition, the speed
advantage of the biased state is not important, since a high response speed is
not necessary in this system. On the other hand, the non-biased mode has
some advantages that have been observed. First, this mode of operation does
not need power supply. This is very important because if the diode needed
to be biased, an additional voltage regulating stage would have to be added
in order to biasing the photodiode (typical biasing voltages are around 2.5V)
[19]. Another important advantage is that the current generated by the
photodiode working in this mode of operation is similar to the short-circuit
current observed in a reference cell. This short-circuit current varies in a
very linear way with the irradiance, as opposed to the open circuit voltage,
which tends to vary slightly at medium and high irradiances. It should also be
noted that this mode of operation is the most similar to the way a solar cell
and, in turn, a photovoltaic panel work. Therefore, for reasons of simplicity
regarding the power supply and the importance of the signal obtained using
this mode of operation, the photodiode will not be biased (photovoltaic
mode).
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• Low susceptibility to noise and distortions: In terms of noise, the
characteristic parameter that best expresses this problem is the NEP (noise
equivalent power). The lower this value, the lower the noise signals will be.
In addition, it has to take into consideration the junction capacitance [19],
since too high values of this capacitance can affect to the stability of the
whole circuit [30].
• Linearity: The most important signal provided by a photodiode is an
electric current. It is desirable that this current varies in a linear way at high
solar irradiances. Having a linear relationship between the magnitude to be
measured and the output signal, the conditioning system is simplified
considerably. For instance, if the relationship was logarithmic, two
conditioning stages would be needed; a signal amplifying stage and another
one would have to be implemented in cascade. This stage would be a
logarithmic configuration, in order to linearize the response. As a result, it
would be needed another amplifier, producing an increase of the price and
susceptibility to noise and distortions.

F IGUR 15. L OGARITHMIC STAGE IN CASCADE WITH A TYPICAL AMPLIFYING STAGE
•

Signal size: Photodiodes have always been characterized for generating a
very low current when excited by a light source. Many of these devices
usually generate currents ranging from a few nA or μA [19, 22]. Due to
these values are very low, signal conditioning amplifier stages usually
requires the implementation of devices much more expensive than normal,
such as transimpedance amplifiers. These types of amplifiers have very low
input bias currents (pA or fA) [21, 22, 31, 32], so a photocurrent of the
magnitude of nA or μA can be perfectly amplified by these types of
amplifiers, since if it is compared the current developed by a photodiode
with the input bias currents, the last ones are negligible. Having a
photodiode that generates a signal with mA values during the day, the use of
this type of amplifiers is not necessary, so the overall price of the device can
be reduced.
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• Prize: Prizes of typical photodiodes are very low, but in this case, where the
photodiode is needed to have a quite big signal and high linearity response,
the prices usually rise, up to 100 SEK (10 €) [25, 26, 27, 28].
The photodiodes which have been compared are the following: BPW20, BPW21,
BPX61 and BPW34.
Looking for information from the datasheets of all these photodiodes, table 1 has
been obtained. It should be mentioned that the part "Intensity at 1000W/m2"
corresponds to the intensity generated by the photodiodes in biased mode, so it can
be confusing for the reader to see this, because in this project the photodiode will
work in non-biased mode. However, this feature is very interesting to keep in mind,
as it expresses in a very clear way how some photodiodes generate larger signals
than others. In addition, the current generated by a photodiode when it is not biased
is not usually much lower than when it is (see Figure 7), so the data "Intensity at
1000W/m2" also helps to estimate the actual current generated by the photodiode
in a non-biased state. This value depends on three important parameters: The
responsivity, the radiant sensitive area and the irradiance [7].
𝐴
𝐼(𝐴) = 𝑃[𝑊/𝑚2 ] ∗ 𝐴[𝑚2 ] ∗ 𝑅𝜆 [ ] (𝐸𝑞. 6)
𝑊

Both the radiant sensitive area and responsivity are found in the datasheets of the
mentioned photodiodes [25, 26, 27, 28], resulting in the following values:
(𝐵𝑃𝑊20) 𝐼 = 1000[𝑊/𝑚2 ] ∗ 7.5𝐸 − 6[𝑚2 ] ∗ 0.56[𝐴/𝑊] = 4.2 𝑚𝐴
(𝐵𝑃𝑊21) 𝐼 = 1000[𝑊/𝑚2 ] ∗ 7.34𝐸 − 6[𝑚2 ] ∗ 0.34[𝐴/𝑊] = 2.49 𝑚𝐴
(𝐵𝑃𝑋61) 𝐼 = 1000[𝑊/𝑚2 ] ∗ 7.02𝐸 − 6[𝑚2 ] ∗ 0.62[𝐴/𝑊] = 4.35 𝑚𝐴
(𝐵𝑃𝑊34) 𝐼 = 1000[𝑊/𝑚2 ] ∗ 7.02𝐸 − 6[𝑚2 ] ∗ 0.5[𝐴/𝑊] = 3.51 𝑚𝐴

T ABLE 1 P HOTODIODE CHARACTERISTICS
Photodiode

Current generated at
1000 W/m2 (mA)

Noise equivalent
Power (W/Hz^1/2)

Prize (SEK)

BPW20

4.2

7.2E-14

41.71

BPW21

2.49

7.2E-14 (same family as
BPW20)

73.23

BPX61

4.35

4.1E-14

110

BPW34

3.51

4.1E-14 (same family as
BPW34)

10.02
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Observing these values, it could be said that the BPX61 is the best option; it has the
lowest NEP and the highest current at the same incident irradiance. However, its
price is too high, so it is better to focus on the other models. The next option would
be the BPW34 because, despite having a lower current, its price is the lowest, in
addition to having a very low NEP, specifically the same as the BPX61.
Unfortunately, analyzing this model in more detail, it has been seen that this type of
photodiode is used in Industrial Automation domain (machine controls, light
barriers, vision controls) [27]. This means that this kind of photodiode is better for
non-linear applications, so it doesn't fit with the specifications which are needed.
The last two; the BPW 20 and the BPW 21, therefore remain. Both models have
pretty similar parameters, in particular the NEP is exactly the same. Although the
BPW 21 is more expensive and generates a lower current, it is worth experimenting
with both in the laboratory to see their response.
The experiment was carried out with a DC lamp connected with a variable DC
power supply, whose ranges go from 0 to 27.8 V.

F IGUR 16. DC POWERED LAMP

The circuit used to test the photodiodes consists of the following parts:
- The photodiode
- An operational amplifier
- A variable resistor that acts as feedback (10kΩ).
- A capacitor in the feedback used for stability.
- Power supply configuration

20

The construction, calculations, design, choice of resistor and capacitor etc. will be
explained in section 2.1.3 Conditioning System. In this section only the results of the
experiment with the lamp and the final choice of the photodiode will be presented.
The circuit used for testing can be observed in Figure 28, Page 30.
The test has carried out by setting the voltage of the lamp to a certain value, and
then the output voltage of the circuit has been measured. The measurement of this
voltage was carried out with an oscilloscope. It should be noted that the magnitude
being measured is a voltage, not a current. This is because thanks to the amplifier
stage, the signal of the photodiode (photocurrent) is converted into a voltage. The
operating principle of this current-voltage conversion will be explained in the
section 2.1.3 Conditioning System.
T ABLE 2. R ESULTS OF DC POWERED LAMP EXPERIMENT

Lamp Voltage (V)

Illuminance (klx)

Output BPW20
(V)

Output BPW21
(V)

0

0.11

0.59

0.6

15

2.8

1.07

0.75

22.5

118

2.3

1.59

27.8

232

3.4

2.6

F IGUR 17. V ARIATION OF DC LAMP ILUMINANCE WITH ITS VOLTAGE SUPPLY

Figur.17 shows the variation in luminance with the variation in lamp voltage. As it
can be seen, the variation is not linear. That's why the luminance was measured with
a luxmeter, since if the voltage of the DC source had been directly compared with
the output voltage using the different diodes, the linearity of the irradiance with the
current of the photodiodes would not have been appreciated.
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F IGUR 18. BPW20 CONFIGURATION VOLTAGE OUTPUT

Figures 18 and 19 show the response of BPW20 photodiode when the DC lamp
luminance affects it. It can be clearly seen how within the space between 150000
and 250000 lx the relation with the output voltage is linear, Figur.19 shows more
detailed this linearity. BPW21 response had an equal shape than BPW20, but with
lower signal values, and the resistor needed in the feedback part of the circuit had a
higher value (see section 2.1.3 Conditioning System).
Therefore, both photodiodes have acceptable linearity levels, low NEP values and a
fairly competitive price, but, the final choice is the BPW20, as it costs less than
BPW21.
It has to be noticed that, once the prototype has been built, the outdoors
illuminances and irradiances to which the prototype will be subjected will be much
greater than that experienced with the DC lamp, this experiment was carried out
only in order to know the correct performance of the circuit and analyzing the
response of the possible photodiodes to be used in the prototype, so the voltage
values seen in Figures 18 and 19 don’t correspond with the voltage output the
device will generate during the calibration process.

F IGUR 19. BPW 20 LINEAR RESPONSE DETAILED
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2.1.3
2.1.3.1

Conditioning System
Signal to be used.

Solar cells and photodiodes have an equal response to irradiance, since a photodiode
can be defined as a smaller solar cell. All these objects show a reaction when sunlight
strikes them with a certain irradiance value. This reaction can be observed in the
change of their main characteristic parameters values: the short-circuit current and
the open circuit voltage, Isc ,Voc.
Both parameters increase with irradiance, but with a quite difference. Open-circuit
voltage varies logarithmically with luminance, while the short-circuit current varies
linearly [15]. In addition, the open-circuit voltage presents more radical changes
when the temperature varies. The open circuit voltage response in the photodiodes
is similar. A logarithmic response means that the Voc will have very small variations
with medium/high irradiance values (the greatest changes take at low values) [15].
This is seen in both figures 20 (photodiode) and 21(PV system), where the voltage
shows very slight changes with irradiance and a great dependence with temperature.
Meanwhile, the current shows higher grade of variation with the irradiance, which is
very good for observe those variations, and a very low dependence with the
temperature.

F IGUR 20. P HOTODIODE ' S V_OC AND I_SC VARIATION
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F IGUR 21. PV SYSTEM V_ OC AND I_ SC VARIATION WITH IRRADIANCE AND TEMPERATURE

Therefore, since the response of the device must be as linear as possible, the signal
to be used in the conditioning system will be the current generated by the
photodiode, never the voltage between its terminals, due to it is a very small
variable signal and high dependent to the temperature.
2.1.3.2

Amplifier, feedback resistor and stabilization

F IGUR 22. A MPLIFYING STAGE

The stage shown in Figure 22 is the main structure of the sensor. The operation of
this stage consists in the incidence of light in the photodiode BPW20. This incident
light causes a current generation by the photodiode, the so-called photocurrent.
This current goes from the cathode (K) to the anode (A). Due to the amplifier is
configured so that there is negative feedback by connecting an RF resistor, both V+

24

and V- terminals will have the same voltage value. This means that by connecting
the V+ terminal to ground, a virtual ground is established in V-. Thus, the current
generated by the photodiode will run through the feedback resistance, generating a
positive voltage on the right side of the diagram, Vo, whose value is:
𝑉𝑜 = 𝐼𝑑 ∗ 𝑅𝑓 (𝐸𝑞. 7)

Being Id=Isc, the short circuit current generated by the photodiode under non-bias
mode of operation.
However, the current generated by a photodiode is not a perfectly DC current.
Photocurrent varies very quickly with the light that strikes it. This means that the
tests and measurements with the photodiode/s had to be carried out only with lights
whose power sources were DC (that excludes environments with fluorescent lights
or bulbs connected to the AC network) or outdoors, where sunlight is variable but
on a much larger time scale (several fractions of one Hz, as opposed to 50 Hz of the
AC network).
If it is needed to measure the irradiance of a light source connected to the AC
network, it would be needed to implement a low-pass filter at the output of the
circuit. The use of this device is only for the measurement of solar radiation, so it
will not be necessary to implement this additional filtering stage.
Unfortunately, there is a problem that does need to be solved in this configuration.
Both the photodiode and the input of the operational amplifier have an equivalent
capacitance. These equivalent capacitances, combined with the feedback resistance,
create high frequency oscillations whose origin can be compared to a RC oscillator
output. To sum up briefly, an RC oscillator (Figur.23, right side) is a configuration
which has a feedback resistor, two resistors, a capacitor and an amplifier, which
generates a square wave at its output (more complex configurations also result in
sine waves).

F IGUR 23. A MPLIFYING STAGE (L EFT ) AND RC OSCILLATOR (R IGHT )
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In figure 23 (left side) it can be seen the main configuration of the sensor but with
the equivalent capacities of both the photodiode and the amplifier's input. If the
reader looks at the right side of the figure, it can be seen some similarities in the
condensers position when it is compared to the sensor's configuration. The capacitor
C belonging to the RC oscillator can be the same as the parallel between Cj and Cin,
while RF is in the same place in both cases. Resistances R1 and R2 are not found in
the sensor's configuration, but the cables have equivalent resistances, so these values
can be considered as R1 and R2 in the case of the sensor circuit.
As a result, we have high frequency oscillations, whose value is difficult to calculate
because the components that make up this kind of RC oscillator are not entirely
accurate values.
Using a high-precision transimpedance amplifier (LTC6268) in the configuration
shown in Figure 22 with the BPW20 photodiode, Figur.24 was obtained.
In this graph several high frequency periodic pulses are observed. These pulses
experimented an increase in their frequency when a DC light stroke the photodiode.
In addition, wave’s amplitude is 5 V, the OpAmp power supply amplitude. If the
reader has a look at Appendix A, where the waves resulting from an RC oscillator
are shown, it can be clearly seen how the amplitude of the output wave is also the
power supply value. Therefore, through the experiment carried out in the
laboratory, using an LTC6268 without any stabilizing device, the behavior of the
circuit as an RC oscillator is perfectly reflected when no measures are applied to
correct this instability.

F IGUR 24. O UTPUT OSCILLATIONS WITHOUT THE FEEDBACK CAPACITOR

26

The solution to this problem is to add a capacitor in the feedback (CF), this capacitor
compensates the capacities of both the input of the amplifier and the photodiode. By
adding this, the capacities are cancelled and, therefore, the performance of the
circuit as an RC oscillator disappears.
The calculation of this capacitance is the result of other many calculations, which
focus on various problems to be solved such as bandwidth and amplifier's gain.
Following the steps carried out in references [29] and [30], the calculation of the
feedback capacity corresponds to the following equation:
𝐶𝐹 =

1 + √1 + 8𝜋𝑅𝐹 𝐶𝑡𝑜𝑡 𝑓𝐺𝐵𝑊𝑃
(𝐸𝑞. 8)
4𝜋𝑅𝐹 𝑓𝐺𝐵𝑊𝑃

• Ctot: Parallel between CJ and Cin.
• RF: Feedback resistor.
• fGBWP: Gain-bandwidth product of the amplifier.
Ctot and fGBWP can be obtained in the amplifier and photodiode's datasheets, but RF
and Cin must be obtained.
Theoretical highest RF value will set by using the "Current generated at 1000
W/m2 (mA)" data from BPW20 and BPW21, since the DC lamp experiment was
the next step after stabilizing the conditioning system, and it consisted in taking
measures of both photodiodes (See pages 20, 21 and 22).
With a power supply in the amplifier of 5V, theoretical RF must be, as maximum
equal to 1100 kΩ in case of BPW20 and 2000 kΩ in case of BPW21:

𝑉 = 𝐼 ∗ 𝑅 = 4.2𝑚𝐴 ∗ 1150 𝑜ℎ𝑚𝑠 = 4.83 𝑉 < 5 𝑉 (𝐸𝑞. 9.1. )
𝑉 = 𝐼 ∗ 𝑅 = 2.49𝑚𝐴 ∗ 2000 𝑜ℎ𝑚𝑠 = 4.98 𝑉 < 5 𝑉 (𝐸𝑞. 9.2. )
The amplifier used in this device will be the OP77. Despite having used the
LTC6268 in the stability experiments, it is not necessary to use this model for the
final assembly of the circuit. This is because LTC6268 has some very good features
(fA bias currents, very low V offset a huge GBWp etc) that are not necessary in the
actual application of the device. Therefore, it has been finally chosen an amplifier of
a much lower price with less demanding features, but perfectly suitable for use in
the circuit, the OP77. Features used to calculate CF will be then:
• CIN (OP77): 5 pF
• CJ (BPW20 and BPW21): 1.2 nF* They have the same junction capacitance.
• fGBWP (OP77): 0.6 MHz
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*Junction capacitance varies if the photodiode is either non-biased or biased. This value
corresponds with non-biased mode, since it is working under that operation state.
RF (ohms)

T ABLE 3.P OSSIBLE R F VALUES
CF (nF)

1000

0.6

2000

0.4

500

1

500 Ω has been chosen in this study because it won’t be known the real feedback
resistance value until the experiment under real conditions (outdoors) is carried out.
A capacitor of 1 nF will be implemented in the circuit. As it can be read in the
references [29] and [30], a higher capacitance value than the calculated by using the
equation 8 will over-stabilize the configuration. This over-stabilization can generate
bad effects if the application requires high velocities, but in this case, it isn't
necessary to face this problem. In addition, over-stabilization can be good for this
circuit, due to the feedback resistance value will be varied by a potentiometer
during the calibration process (and during the DC lamp experiment), when the
sensor will be outdoors measuring sun irradiance, varying the CF needed
accordingly, so it’s good to have a certain range of variability.
Once all the values had been found, the circuit was assembled using a tin-lead
solder. With the circuit already completed, the tests with the DC lamp described in
section 2.1.2 of this thesis were carried out, with the BPW20 and BPW21. Giving
as a result the election of the BPW20 as the photodiode used in this thesis’ device.
The output voltage of the configuration showed exceptional levels of stability,
obtaining a voltage without oscillations and completely DC, as shown in figures 25
and 26.

F IGUR 25. V OLTAGE OUTPUT BY USING BPW20 WITH THE MAXIMUM L AMP DC V OLTAGE
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F IGUR 26. V OLTAGE OUTPUT BY USING BPW20 WITH A ZERO LAMP DC V OLTAGE

2.1.3.3

Power Supply.

As it has been said several times, the device must be ready to work outdoors, so it
must not be connected to the AC network. Therefore, it has been planned to build a
battery-powered voltage source.
The configuration shown in Figure27 consists of connecting a 9-volt battery to a
LM1085 ADJ voltage regulator. The letters ADJ stand for "adjustable".

F IGUR 27. P OWER SUPPLY CONFIGURATION LM1085 ADJ

LM1085ADJ voltage regulator provides a voltage of 1.25 V through the resistance
R3 (from V_suply to first terminal of R2) [33]. In this way, varying the value of R2
and R3 resistors it is achieved a variable V_supply, as occurs in a resistive divider. In
this case, R3 value has been set at 1kΩ and a potentiometer of 10kΩ R2 has been
placed. Varying R2, it has been set the value of V_supply to 5V. Although there are
certain regulators that are not adjustable and have an output voltage of 5 V (such as
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the LM1085), it was chosen to use this regulator because there are many types of
analog to digital converters whose maximum voltage can vary from 2.5 volts to
several tens of volts. By implementing a variable power supply, the maximum
output voltage of the amplifier can be limited and increased to the consumer's
liking, as well as the signal size of the photodiode, since the feedback resistor will be
a potentiometer too.
Regarding capacitors C1 and C2, C1 is used to filter the noise from the
surroundings that can enter the circuit. The value of this capacitor can be acceptable
from 0.01uF to 1uf, so it was chosen an electrolytic capacitor of 0.01 uF aluminum,
due to its low cost and small size [33]. The value of C2 is somewhat more
complicated. This capacitor is called "load/decoupling capacitance" and it is very
important to choose the value that is recommended in the datasheet of the regulator
because there can be distortions of great magnitude when the load of the regulator
varies if C2 value is not correct (these distortions were observed when connecting a
0.1 uF capacitor in C2 place). Thus, a 50uF aluminum capacitor was connected,
following the indications on the LM1085ADJ datasheet [33].
Finally, figure 28 is the complete circuit developed. The signal conditioning
configuration contains the OP77 [34] amplifier, the variable RF feedback resistor
(10 kΩ potentiometer) with its corresponding feedback capacitance for stability
(1nF), as well as the sensor used, the BPW20. Finally, a 9 volts battery is connected
to the voltage regulator LM1085ADJ, which converts those 9 volts into 5 volts,
which in turn feed the operational amplifier.

F IGUR 28. F ULL ELECTRONIC CONFIGURATION
.
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2.2

System calibration.

The calibration of the photodiode has been carried out by comparing the signal
provided by the photodiode with the signals obtained from a pyranometer and a
solar reference cell. First of all, the electronic circuit had to been isolated with a
weather resistant enclosure (Figure 29), in order to protect it during several days of
measures.

F IGUR 29. P HOTODIODE - BASED D EVICE FOR MONITORING IRRADIANCE

2.2.1

Pyranometer and reference solar cell

The pyranometer used in this thesis is a thermocouple-based device with a sensitivity
of

4.56 𝜇𝑉
𝑊/𝑚2

.

Regarding the reference cell, it is based on a monocrystalline silicon solar cell. The
device is split in two parts, the first one measures the short circuit current, which is
proportional to the irradiance, which delivers a voltage signal, with a relationship
voltage/irradiance of: 28.7 mV at 1000 W/m2. The other part measures the open
circuit voltage, which is better for knowing the effects of the temperature. It
develops a voltage of 586.7 mV at 1000 W/m2. In this thesis it won’t be necessary
to analyze the open circuit voltage, but, nonetheless, the Voc response during the
testing day can be found in Appendix B.
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2.2.2

Data logger

The data logger is a data acquisition (DAQ) system that converts the physical
(analog) voltage signals provided by the sensors into digital signals that can be
manipulated by a computer.
The model used is the 34790A, which can store up to 3 cards, each with 48 inputs.

F IGUR 30. D ATA L OGGER 34790A

All sensor signals will be measured in differential mode. Measuring in differential
mode means that the two wires that each sensor has will be connected to two pins of
the data logger card, in order to measure the voltage difference between those two
points. Therefore, 8 pins of the card will be used:
• 2 pins for the device developed in this thesis.
• 2 pins for the pyranometer.
• 2 pins for the short-circuit current of the reference cell.
• 2 pins for the open circuit voltage of the reference cell.
Figure 31 shows the connection box used to connect all the sensors' cables. It can be
seen at the top a big cable which has 8 smaller cables bundled. These bundled cables
go through a drilled hole in the building’s wall and then are connected to the data
logger card.
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F IGUR 31. C ONNECTION B OX

2.2.3
2.2.3.1

Measurements
Software.

The PC that has been used is a computer with a LabVIEW available license.
LabVIEW is a platform (software) and development environment to design
programs with a graphic visual programming language. It is particularly useful for
the processing of signals from a DAQ system, since, thanks to its graphic language,
an automatic saving of all data from one or more sensors can be programmed in a
few minutes.
The program, which was previously done in the laboratory computer, has allowed
real time monitoring of the sensors’ signals through the use of real time graphs, as
well as saving all those voltages in a .txt file. The data logger was programmed so
that taking and saving measures of all of the sensors each 10 seconds.
Figure 32 show the real-time graphics in a cloudy day. The LabVIEW program can
be found in Appendix C.

F IGUR 32. R EAL TIME GRAPH
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2.2.3.2

Set up on the roof.

There is a PV system located in the bulding where the test was carried out (Figure
33), with a cordinates of 60o 4’ N, 17o 06’ E and tilt angle of 45o [35]. The main
features of these systems can be found in Appendix B [35].

F IGUR 33. PV SYSTEM IN H ALL 45 [35]

In addition, at the top of the roof there is a mobile platform that can be used to vary
the inclination and orientation, so the sensors have been placed there, setting their
angle and orientation equal the the solar panels’. Figure 34 shows the pyranometer,
reference cell and photodiode tilted 45o on the platform.

F IGUR 34. S ENSORS ORIENTATION AND INCLINATION
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Before starting the measurements with the three devices, the feedback resistance
value of the conditioning system was varied so that the output voltage of the device
based on the photodiode did not reach saturation values (more than 5 Volts). As a
result, the equivalent resistance of the RF potentiometer was set at 700 ohms*.
Once this was done, the measures with the three devices started the 2019-05-13 and
finished on 2019-05-15, being the sunniest day the 14th.

* Note that the feedback capacitor has a value of 1nF, correspondig to a minimum feedback
resistance of 500 ohms. This means that setting the RF at 700 ohms won’t affect the stability
of the system, since for that value, the system will be overstabilized.
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3 Results
3.1

Irradiance measurements with the three devices

F IGUR 35. P HOTODIODE , P YRANOMETER AND REFERENCE SOLAR CELL RESPONSE DURING THE 14 T H OF
M AY

Figure 35 shows the response of the pyranometer, the reference cell and the system
designed in this thesis during a mostly sunny day.
The pyranometer starts detecting irradiance values higher than 200 W/m2 before
the other two devices. The solar reference cell begins to detect radiation values
higher than 200W/m2 somewhat later than the pyranometer, but before the
photodiode.
Finally, the response of the photodiode is the one that takes the longest to react to
the irradiance. Note that the curve of the photodiode is measured in volts and not in
watts per square meter. It can be seen an offset voltage in the photodiode sensor
when the levels of irradiance are zero, this value is 0.7 V.
Regarding the central hours of the day, a pretty similar response is seen in all the
devices. The irregularities that can be appreciated in this zone of the graph are
caused by brief intervals of cloudiness, however, it was possible to obtain maximum
irradiance readings of around 1100 W/m2.
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3.1.1

Sunrise and sunset error.

F IGUR 36. S UNRISE RESPONSE OF THE THREE DEVICES

Figure 36 shows in more detail the differences in the responses of the three devices
during sunrise.
From 6.26 a.m. the pyranometer begins to increase its irradiance readings, and then
shows a small irregularity between 7.00 a.m. and 7.16 a.m. This irregularity can be
observed in the other two devices, but with a certain delay. This could be caused by
an effect of the data logger.
Regarding the reference cell, once it overcomes the irregularity, it starts to follow
the pyranometer’s curve. In the case of the photodiode, the signal still takes longer
to show a similar performance to the rest of the devices. From 9.00 a.m. all systems
present a similar response, even during the short cloudy intervals, as it can be seen
in the upper right corner of Figure 36.
It can then be assumed that the photodiode does not receive same radiation levels as
the pyranometer and reference cell until 9.00 a.m.
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F IGUR 37. S UNSET RESPONSE OF THE THREE DEVICES

During the sunset, the performance of the three devices is the same as in the figure
36. When the sun begins to be low, the photodiode decreases its voltage sharply,
followed by the solar cell, which exhibits a similar behavior but not so abrupt.
Finally, the pyranometer is the device that takes measurements of irradiance for the
longest time.
3.1.2

Noon response

F IGUR 38. M IDDAY RESPONSE OF THE THREE DEVICES
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The behavior of the three devices is quite similar at high irradiances. However, in
very short periods where the irradiance drops sharply (clouds), the measures of the
reference cell are lower than in the case of the pyranometer. In turn, the
photodiode drops its voltage values more sharply than the reference solar cell does
with its irradiance readings (See figures 39, 40 and 41 to better observe these
differences). This happens because the pyranometer works with thermal sensors, so
these devices have a thermal inertia. Because of this, pyranometers based on
thermocouples usually have the longest time responses of all irradiance sensors. It
must also be said that the device based on the photodiode is the fastest (even more
than the reference cell); That’s why during very short periods of high cloud cover
the photodiode shows the most sharply reduction at its output during these
moments of the day.

F IGUR 39. P YRANOMETER MIDDAY RESPONSE

F IGUR 40. P YRANOMETER AND REFERNCE CELL MIDDAY RESPONSE
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F IGUR 41. P YRANOMETER AND PHOTODIODE MIDDAY RESPONSE

3.2

Photodiode circuit sensitivity

In this part the sensitivity variation of the photodiode-based device has been
analyzed, comparing the output voltage with the irradiance measured by the
pyranometer and the solar cell.
Figures 42 and 43 express the result of the equation 10 applied to all of the data
collected on 2019-05-14:
𝑆𝑒𝑛𝑠𝑖𝑡𝑖𝑣𝑖𝑡𝑦 =
=

𝐼𝑟𝑟𝑎𝑑𝑖𝑎𝑛𝑐𝑒 𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 𝑏𝑦 𝑃𝑦𝑟𝑎𝑛𝑜𝑚𝑒𝑡𝑒𝑟 (𝑜𝑟 𝑅𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑐𝑒𝑙𝑙)
𝑃ℎ𝑜𝑡𝑜𝑑𝑖𝑜𝑑𝑒 𝑑𝑒𝑣𝑖𝑐𝑒 𝑣𝑜𝑙𝑡𝑎𝑔𝑒 𝑜𝑢𝑡𝑝𝑢𝑡

F IGUR 42. S ENSITIVITY VARIATIONS DURING A DAY BY USING DATA COLLECTED BY THE PYRANOMETER
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Two main anomalies can be seen in these graphs. The first problem is when the
sensitivity value drops during the night hours. This happens because the photodiodebased system has an offset of 0.7 V when the irradiance approaches zero, so, when
the irradiance is very low, like a few tens of W/m2 or even a few units, the 0.7 V
offset makes the result of equation 10 tend to drop.
The other anomaly that can be observed are the peaks of sensitivity during sunrise
and sunset. As seen in the graphs above (Figures 35, 36 and 37), the photodiode
takes longer to start detecting irradiance (about an hour and a half later than the
pyranometer). This means that when calculating equation 10, the value of the
irradiance measured by the pyranometer and the solar reference cell do not
correspond to the response of the photodiode, since because of some reason, the
photodiode does not receive the same irradiance as the other sensors, making its
output voltage much lower than it really should be.
Therefore, observing figures 42 and 43 it can be deduced that the sensitivity of the
device remains stable during the central hours of the day, where it is clearly seen
how the sensitivity value tends to be a straight line (between 8.30 and 16.00).
Comparing the photodiode device voltage data with the irradiance measured by the
reference solar cell, figure 14 is obtained, and same sensitivity irregularities are
observed.

F IGUR 43. S ENSITIVITY VARIATION DURING A DAY BY USING DATA COLLECTED BY THE REFERENCE
CELL .
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In order to calculate a definitive sensitivity for this device, 0.7 offset voltage must be
taken into consideration:
Sensitivity (

𝑊
𝑚2 ∗𝑉

𝑊

)=

𝐼𝑟𝑟𝑎𝑑𝑖𝑎𝑛𝑐𝑒 𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 𝑏𝑦 𝑃𝑦𝑟 𝑜𝑟 𝑅𝑒𝑓𝐶𝑒𝑙𝑙 ( 2 )
𝑚
𝑃ℎ𝑜𝑡𝑜𝑑𝑖𝑜𝑑𝑒 𝑣𝑜𝑙𝑡𝑎𝑔𝑒 𝑜𝑢𝑡𝑝𝑢𝑡−0.7 (𝑉)

The values to be used in equation 11 are irradiances and voltages measured between
8.00 and 16.00, because it is in this time space when the sensitivity is stable.

F IGUR 44. S ENSITIVITY OF THE PHOTODIODE DURING THE CENTRAL HOURS OF THE DAY

Calculating the average of the values obtained during the central hours of the day,
the sensitivity has a value of 460 W/m2*V.
Subtracting the 0.7 V offset from all values of the photodiode output voltage and
then multiplying by the calculated sensitivity, the irradiance graph measured by that
device is obtained. Figure 45 shows the three irradiances measured by the three
sensors.
𝐼𝑟𝑟𝑎𝑑𝑖𝑎𝑛𝑐𝑒 (𝑃ℎ𝑜𝑡𝑜𝑑𝑖𝑜𝑑𝑒) = (𝑉𝑜 − 0.7) ∗ 460
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F IGUR 45. I RRADIANCE MEASUREMENTS BY THE THREE DEVICES

The shape of the graph is exactly the same as the one corresponding to the voltage
one. In addition, the maximum values of irradiation measured by the photodiode
coincide with the maximums obtained by the pyranometer. As explained previously,
the photodiode fails to detect solar radiation when the sun begins to rise and set.
Finally, Figures 46 and 47 show the comparison of the irradiance measured by the
photodiode with the irradiance measured by the pyranometer and the solar
reference cell.

F IGUR 46. PHOTODIODE VS PYRANOMETER IRRADIANCES
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F IGUR 47. P HOTODIODE VS REFERENCE CELL IRRADIANCES

It is clearly seen how the line of the graphs tends to be a straight line like a “ 𝑦 = 𝑥 ”
function, which reflects the good functioning of the sensor when using the value of
the previously calculated sensitivity, 460 W/m2*V. It must be said that these
irradiance measurements belong to the central hours of the day, when the
photodiode works in a stable way.

*Figure 47 shows two lines slightly separated between 700 and 900 W/m2. This is due to
the fact that in the solar cell there is a small defect in terms of angular deviation between
the hours before and after noon respectively.

44

4 Discussion
4.1

Shading within the photodiode

The abrupt drop in output voltage observed in the system designed in this thesis is
mainly due to one reason: The projection of a shadow inside the photodiode’s
encapsulation.
BPW20 is a small solar cell embedded in a metal cover, with a crystal on the top
that lets light going through, as shown in figure 48. This metal envelope does not
allow the light of the sun's rays to pass when it is close to the horizon, so not all the
direct light strikes the photosensitive part of the device.

F IGUR 48. BPW21 PHOTODIODE , BPW20 HAS THE SAME SHAPE

Therefore, until the sun is not high enough in the sky, the photodiode will not react
properly to solar irradiation.
That is why in the curves of figures 35, 36 and 45, the photodiode is the device that
takes the longest to react to the presence of solar irradiance.
Due to this "delay" in the response, when calculating the sensitivity, irregularities
appear during the hours when the angle of incidence is high, since the real irradiance
measured by the pyranometer and the reference cell is much greater than the solar
radiation detected by the photodiode-based device because of the projection of a
shadow inside the structure that covers the photodiode. This is also why those
irregularities are very high sensitivity data, as shown in equation 12:
𝑆𝑒𝑛𝑠𝑖𝑡𝑖𝑣𝑖𝑡𝑦 (𝑡𝑒𝑛𝑑𝑠 𝑡𝑜 𝑖𝑛𝑐𝑟𝑒𝑎𝑠𝑒) =
=

𝑅𝑒𝑎𝑙 𝑖𝑟𝑟𝑎𝑑𝑖𝑎𝑛𝑐𝑒 𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 𝑏𝑦 𝑃𝑦𝑟 𝑎𝑛𝑑 𝑅𝑒𝑓𝐶𝑒𝑙𝑙 (𝐻𝑖𝑔ℎ 𝑣𝑎𝑙𝑢𝑒)
(𝐸𝑞. 12)
𝑉𝑜𝑙𝑡𝑎𝑔𝑒 𝑜𝑢𝑡𝑝𝑢𝑡 (𝐿𝑜𝑤 𝑣𝑎𝑙𝑢𝑒)
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In order to solve this delay response, there are two possible solutions, depending on
whether a response more similar to a pyranometer than a reference solar cell is
desired, or vice versa.
4.1.1

Operation as a pyranometer.

A simple way to solve this problem would be to implement a diffuser. Diffusers are
widely used in pyranometers that do not base their operation on thermocouples, but
on photodiodes (photodiode-based pyranometers) [7]. This diffuser "traps" both
beam and diffuse light and redirects it to the inside of the photodiode. In this way,
the shadow effect generated by the encapsulation is avoided, as all the light affects
the diffuser which, in turn, redirects it to the inside of the encapsulation. In
addition, the presence of this diffuser also avoids measurement errors associated
with the reflection of light typically observed in reference solar cells. Due to
reference cells do not have a diffuser, they reflect part of the incident light when the
angle of incidence is very high, having as a result a smaller range of measurement
than the pyranometers. All this can be seen in figures 35, 36, 37 and 45; The
pyranometer was the device that had more measuring range, because it had an
enclosure (crystal dome) that acted as a diffuser, then, the solar cell followed in
range, as it perceives some loss of range because of the reflection of some direct
light at hours where the angle of incidence is very high (sunrise and sunset). Finally,
the last one, the photodiode, which combined both the reflection of light proper to
solar cells (since inside there is a small photosensitive plate that acts as a reference
cell) and, moreover, presented the problem of the shading effect because of its
encapsulation.

F IGUR 49. S UGGESTION OF HOW TO IMPLEMENT A DIFFUSOR ON THE PHOTODIODE
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4.1.2

Operation as a solar cell.

If it is wanted to get a device that works like a solar cell, the diffuser is not an
option, because reference cells seek to obtain a response more similar to a solar
panel, and not focus only on the measurement of irradiance.
To obtain a response similar to the observed in a solar cell, it would only be enough
to remove the case that covers the photodiode, in order to avoid that shadow effect
that occurs at high angles of incidence.
Obviously, if the casing is removed, the photosensitive part is uncovered, so a
protection needs to be added.
Solar panels are exposed to multiple environmental effects. They suffer
deformations, scrapes, vibrations, blows, rain, snow, etc. [3] To protect these
systems, several layers of different materials are used, such as glass sheets and
ethylene vinyl acetate layers.
In the case of this sensor, it would be advisable to add an EVA layer, since it acts as a
sealant (prevents leaks) and acts as a dielectric insulator.
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4.2
4.2.1

Reliability of the system

Battery life.

During the measurements, a problem related to battery life arose. In the laboratory,
when connecting the device to a voltage source, it was observed that the entire
circuit consumes 20 mA, so when connecting it to a 9 V battery, which normally has
a charge around 550 mAh to 400mAh, the battery life becomes quite short.
𝐵𝑎𝑡𝑡𝑒𝑟𝑦 𝐿𝑖𝑓𝑒 =

450𝑚𝐴ℎ
= 23 ℎ𝑜𝑢𝑟𝑠 (𝐸𝑞. 13)
20𝑚𝐴

This high consumption is partly caused by the amplifier, the OP77 has an average
consumption of 6mW, so it is necessary to change this amplifier for another that
requires much less current.
After researching possible candidates to replace the OP77 amplifier, the TSU101
was chosen.
TSU101 is a nanopower, rail-to-rail input and output, 5 V CMOS operational
amplifier. As it has an internal CMOS structure, its input polarization currents are
very low, so it will not interfere with the current generated by the photodiode. In
addition, it accepts maximum values of 5 V power supply, so it can be used in the
circuit designed in this thesis. Its electrical consumption ranges between 580 and
750 nA [43].
In addition, the voltage regulator LM1085 ADJ has a high consumption as well. The
current which is needed by these kinds of devices is called “quiescent current”, and,
checking the datasheet of the LM1085, its quiescent current is too high, between
5mA and 10mA.
The replacement of the voltage regulator within the prototype could be the
MCP1725-ADJ. This adjustable regulator has a quiescent current of less than 140
μA [37], so, the total consumption of the device will be, in the worst case:
750 𝑛𝐴 + 140 𝜇𝐴 = 0.14 𝑚𝐴
𝐵𝑎𝑡𝑡𝑒𝑟𝑦 𝐿𝑖𝑓𝑒 =

450𝑚𝐴ℎ
= 134 𝑑𝑎𝑦𝑠
0.14𝑚𝐴

The filter capacitor chosen previously in the section 2.1.3.3. Power supply can be
remaining the same, but the decoupling capacitor must be replaced by a 1μF
ceramic capacitor instead of the 50μF aluminum previously chosen. Feedback
capacitor can remain the same value as well, since the device would be overstabilized (input capacitance is lower than the OP77).
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4.2.2

Photodiode-based device total cost.

With both the amplifier and voltage regulator replaced, the overall cost of the
device would be:
T ABLE 4. T OTAL PRIZE OF THE PHOTODIODE - BASED DEVICE

Name

Function

Prize (SEK)

BPW20

Photodiode

41.71 [36]

MCP1725ADJ

Voltage regulator

6.99 [37]

CF (1 nF), RF (10 kΩ
potentiometer), C1(0.01
uF), C2(1.0 uF), R2(10
kΩ), R3(1kΩ)

Passive components

37.47 [38, 39, 40, 41,
42]

TSU101

Operational Amplifier

8.52 [43]

9 Volt battery + adapter

Power supply

65.58 [44, 45]

TOTAL

196.09

It has to be noticed that the prize would be even lower, because most of the
components that are in the table are bought in single units or, as maximum, in tenpack units. In a more realistic case, where several units of this device were
manufactured, the price would be further reduced, since electronic components
purchased in large quantities allow a very considerable discount in terms of price per
unit.
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4.2.3

Comparation with other devices.

A research has been made for knowing the prizes and main characteristics of
different models of devices used in the monitoring of PV systems. Both their prices
and the main characteristics that make them differ from each other are expressed in
table 5. The prices of these devices have been obtained either by contacting the
companies that sell them, as they require a quote request when displaying the prices
of their products, or by searching second-hand websites, where prices are quite
similar to those on official sales sites.

T ABLE 5. M ODELS OF SOLAR IRRADIANCE SENSORS

Name

Type of device

Best feature

Prize (SEK)

CMP3 Kipp &
Zonen

Thermopyle-based
pyranometer

2nd class
pyranometer*

7995

SPLite2 Kipp &
Zonen

Photodiode-based
pyranometer

Usually the “cheap”
option when a
reliable
pyranometer is
needed

4340

Campbell CS301

Photodiode-based
pyranometer

Long-term,
unattended
operation in adverse
conditions

2750

Device developed in
this thesis

Photodiode with an
amplifying stage

Its prize is tens times 196
lower than the
typical devices used
in PV systems.

* According to ISO standards pyranometers are catalogued by class. Ironically, the second
class is the one with the highest levels of quality and reliability, so second class
pyranometers are the best models on the market [7].
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5 Conclusions
It is quite obvious that the device developed in this thesis is much cheaper than any
other type of radiation sensor. As it can be seen in table 5, the prices of cheaper
pyranometers based on photodiodes do not fall below 4340 SEK, while
pyranometers operating with thermocouples rise to higher prices, around 8000
SEK.
Accordingly, the drastic reduction of the price in the device developed in this thesis
has a negative effect in both the product and signal quality that it provides if it is
compared with the sensors that nowadays are traded.
For instance, pyranometers have great durability, they are classified and calibrated
according to ISO standards, they do not require any power supply, and they have
the best accuracy levels of all irradiance sensors currently available in the market.
On the other hand, solar cells are not only capable of measuring solar irradiance, but
in some cases can also study the temperature effect on a solar cell.
In the case of the photodiode-based device, it can only measure solar irradiance,
and, as mentioned above, it would need additional improvements so that correct
accuracy errors during the sunset and sunrise moments.
Even so, the response of the photodiode in central hours of the day is quite accurate,
so acceptable irradiance readings can be obtained at a much lower price than using a
pyranometer or a solar reference cell.
In conclusion, it can be said that the main advantage of the device designed and built
in this thesis is the incredibly low price compared to other devices. However, this
system has a strong angular dependence on incident radiation, so if it is wanted to
take full advantage of this extreme cost-effectiveness, it should be conducted studies
on how to solve the angular dependence when the device measures irradiance during
sunrise and sunset. It is suggested to carry out two new experiments under the same
environmental conditions and with the same devices as in the tests carried out in this
thesis.
The first test should consist of the implementation of a diffusing material on the
photodiode, while the second would be based on the elimination of the
encapsulation.
These tests would help to go along with the improvements in the field of angular
dependence present in this new solar irradiance measurement device for monitoring
PV systems.
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Appendix A: Electronic configurations
A.1 R-C Oscillator, circuit and waves.

A PPENDIX A F IGUR . 1. R-C OSCILLATOR

A PPENDIX A F IGUR . 2. R-C O SCILLATOR VOLTAGE OUTPUT

A1

A.2. Photodiode-based device Schematic and list of
components.

A PPENDIX A F IGUR . 3. P HOTODIODE - BASED DEVICE

Name

A PPENDIX A T ABLE 1. P HOTODIODE - BASED DEVICE COMPONENTS
Prototype
Recommended

VDD

9 Volts battery

9 Volts battery

C1

0.01 μF

0.01 μF

C2

50 μF *Aluminum

1 μF *Ceramic

U1

LM1085-ADJ

MCP1725ADJ

R2

Potentiometer 10 kΩ

Potentiometer 10 kΩ

R3

1kΩ

1kΩ

RF

Potentiometer 10 kΩ

Potentiometer 10 kΩ

A1

OP77

TSU101

CF

1 nF

1 nF

D1

BPW20

BPW20

A2

A.3 Other possible power supply configurations.
A.3.1 Step-up (Boost) DC/DC converter.

A PPENDIX A F IGUR . 4. S TEP - UP (B OOST ) DC/DC CONVERTER ; 3 TO 5 VOLTS
A PPENDIX A T ABLE 2.S TEP - UP DC/DC CONVERTER COMPONENTS

Name

Value

C3

100 μF

U1

LT1070

L1

150 μH

R1

1 kΩ

D1

Schottky diode

L2

10 μH

C1

100 μF

R4

3744 Ω

R5

1240 Ω

L3

50 mH

R2

100 Ω

C5

1 μF

C4

100 μF

A3

R5 and R4 are a resistive divider which sets the voltage output. FB terminal sets a
voltage reference of 1.244 Volts, so:
𝑅4 = 𝑅3 ∗

𝑉𝑜 − 1.244
1.244

If R3 = 1.24 k, R4 will be 3.744 k, for a Vo of 5 V. The voltage has incremented
from 3 volts in Vin (two small batteries in series, for instance) to 5 volts in Vout.
Vout would be connected to the operational amplifier power input.
L3 and R2 are a L-R low-pass filter, with a cut frequency of 320Hz:
𝑓𝑐 =

𝑅2
100
=
= 320𝐻𝑧
2𝜋𝐿3 2𝜋 ∗ 50𝐸 − 3

It has been implemented because at the output of the resistive divider there is a too
strong voltage ripple (5.7 - 4.4 = 1.3 V), the ripple signal is the blue curve showed
in the figures below. Once the mentioned signal is filtered, the definitive output
voltage corresponded to the green curve is obtained, with a negligible ripple.
L1 and fast diode (Schottky) are the main components of a typical boost DC/DC
converter configuration; The switching signal which is necessary for this type of
circuit is provided by the LT1070, through the terminal Vsw.
L2 and C2 are a recommended filter stage between the diode and the resistive
divider.
R1 and C5 are a compensation network needed for the stabilization of the circuit,
their values have been chosen according to the LT1070 datasheet.
Finally, C3 is a filter capacitance, while C4 is a decoupling capacitance.

A PPENDIX A F IGUR . 5. V OLTAGE OUTPUT AFTER THE L-C FILTER (BOOST)

A4

A PPENDIX A F IGUR . 6. V OLTAGE OUTPUT BEFORE THE L-C FILTER (R ESISTIVE DIVIDER
OUPUT )(BOOST)

A PPENDIX A F IGUR . 7. V OLTAGE RIPPLE DETAILED (BOOST)

A5

A.3.2 Step-down (Buck) DC/DC converter.

A PPENDIX A F IGUR . 8. S TEP DOWN (B UCK ) DC/DC CONVERTER , 9 TO 5 VOLTS
A PPENDIX A T ABLE 3. S TEP - UP DC/DC CONVERTER COMPONENTS

Name

Value

C8

4.7 μF

C6

4.7 μF

U3

LTM8033

R10

76.8 kΩ

C11

100 μF

R9

93.1 kΩ

R9 controls the voltage output. The pin ADJ gives a voltage of 0.79 volts and has an
internal resistance of 394.21 kohms, so the resistance needed will be:
𝑅9 =

394210
𝑉𝑜 − 0.79

R9 must be 93.1 kohms so that get a Vo of 5 volts.
L3 and R2 are the same L-R low-pass filter as the previous section, with a cut
frequency of 320Hz:

A6

𝑓𝑐 =

𝑅6
100
=
= 320𝐻𝑧
2𝜋𝐿1 2𝜋 ∗ 50𝐸 − 3

Rt pin is used to set the frequency of the switching within the integrated through the
connection of the resistance R10, its value is the one which recommends the
datasheet, 76.8 kohms.
C11 is a decoupling capacitance, while C6 is a filter capacitance. C6 should be an
ESR capacitance, according to the LTM8033 datasheet.
FIN pin is for filtering noise within the integrated, while RUN/SS is for turning on
or of the LTM8033; if that function is not needed, it is neccesarry to connect it to
the ground.
Figures 9, 10 and 11 shows the simulated response of tha voltage output. The signal
seems very stable once it is filtered by the L-R filter.

A PPENDIX A F IGUR . 9. V OLTAGE OUTPUT AFTER THE L-R FILTER (BUCK)

A PPENDIX A F IGUR . 10. V OLTAGE OUTPUT BEFORE THE L-R FILTER ( BLUE CURVE ) (BUCK)

A7

A PPENDIX A F IGUR . 11. V OLTAGE R IPPLE DETAILED (BUCK)

A8

Appendix B: Other graphs

B.1 P-V system characteristic parameters.

A PPENDIX B T ABLE 1. P-V SYSTEMS CHARACTERISTIC PARAMETERS

Panel

Peak power (Wp)

Silicon panel with bypass diodes

1170

Silicon panel with bypass diodes
and TIGO optimizer.
Silicon panel with bypass diodes
and micro inverter.
Thin Film panel

1170
1170
765

B.2 Reference solar cell open circuit voltage.

A PPENDIX B F IGUR 1.R EFERENCE CELL OPEN VOLTAGE VARIATIONG DURING A DAY

B1

B.3 Irradiances measured on 2019-05-13 and 2019-05-15.

A PPENDIX B F IGUR 2. I RRADIANCE VARIATION ON 2019-05-13

A PPENDIX B F IGUR 3. I RRADIANCE VARIATION ON 2019-05-15

B2

B.4 Power output of PV systems in Hall 45.

A PPENDIX B F IGUR 4. P OWER OUTPUT OF PV SYSTEMS LOCATED AT THE SAME ORIENTATION AND TILT
THAN THE SENSORS USED IN THIS THESIS

B.5 Power output vs irradiance measured by photodiode.

A PPENDIX B F IGUR 5 PV POWER OUTPUT VS IRRADIANCE MEASURED BY THE PHOTODIODE

B3

Appendix C: Data Logger LabView program

C1

D1

