
Solar powered
weather station
PV generator and
mechanical design
group
Morten Haas (4701852)
Aru van der Knaap (4693531)



Solar powered weather station
by

Morten Haas and Aru van der Knaap
for the

of the Delft University of Technology.



Abstract
This project deals with the design of a weather station that can work completely off­grid. Its only source
of power must be an embedded PV panel. The energy generated by the PV panel can be directly used
by the station itself or stored in a battery. Energy can be drawn from the battery when the energy from
the PV panel is not sufficient or totally absent (for instance during night).
The design of this PV generator, tailored to the needs of the solar powered weather station, is vital to
the effectiveness of the whole system. This thesis will discuss and cover, what measures should be
taken to create a working prototype of a PV panel that can power the internal electronics of the weather
station and what type of design is necessary to house the system as a whole. This design includes
the housing of the electronics and the frame that is used to connect the panel with the housing. This
frame could also be mounted to a pole. This also includes how many solar cells are necessary. Or the
possible angles for the solar panel, and what influence they have on the lifetime and reliability of the
system.
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Nomenclature

Table 1: Nomenclature

Label Description (unit)
PV Photovoltaic
MPP Maximum power point
STC Standard test conditions
𝐼𝑠𝑐 Short circuit current (A)

𝐼𝑠𝑐,𝑆𝑇𝐶 Short circuit current at STC (A)
𝑉𝑂𝐶 Open circuit voltage (V)

𝑉𝑂𝐶,𝑆𝑇𝐶 Open circuit voltage at STC (V)
𝑃𝑚𝑎𝑥 Maximum power point (W)
𝑉𝑚𝑝𝑝 Maximum power point voltage (V)
𝐼𝑚𝑝𝑝 Maximum power point current (A)
𝑎 Diode ideality factor
𝑁 Number of series connected cells
𝑅𝑠 Series resistance (Ω)

𝑅𝑠,𝑆𝑇𝐶 Series resistance at STC (Ω)
𝑅𝑝 Shunt resistance (Ω)

𝑅𝑝,𝑆𝑇𝐶 Shunt resistance at STC (Ω)
𝐺 Solar irradiance (W/m2)
𝐺𝑆𝑇𝐶 Solar irradiance at STC (W/m2)
𝐼0 Dark saturation current (A)
𝐼𝑝𝑣 Photocurrent (A)
𝑣𝑡 Thermal voltage (V)
𝑞 Electron charge (C)
𝑘 Boltzmann’s constant (J/K)
𝑇 Temperature (°C)
𝑇𝑆𝑇𝐶 Temperature at STC (°C)
𝐾𝑣 Open circuit voltage temperature coefficient (%/K)
𝐾𝑖 Short circuit current temperature coefficient (%/K)
𝐾𝑝 Maximum power point temperature coefficient (%/K)
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1
Introduction

1.1. System overview
The goal of this project is to make an autonomous weather station which only runs on solar energy. A
large number of these stations are to be placed in and around urban areas where they will gather data
about humidity, temperature, noise and particulate matter. This information will be uploaded via Wi­Fi
to a database where it can be analysed. The results may be used in traffic planning, city­planning or to
make some weather predictions. In order to make it feasible to have a lot of these stations, the stations
themselves should be as small as possible, cost efficient and maintenance free for at least one year.

1.1.1. Structure
The project is divided into three groups, each focusing on a particular part of the station (summarised
in figure 1.1).
The first group is responsible for the power generation of the Photovoltaic (PV) array. An additional
task is the design of the housing and support structure of the station, as well as a mounting system to
allow it to be attached to an object like a light pole.
The second group will focus on the part which connects the output of the PV­array to the micro­
controller. The main subject is maximum power point tracking (MPPT), to get the maximum power
transfer between the panel and the controller. This group is also responsible for the power manage­
ment when it comes to battery charging and discharging.
The final group takes care of the choice and implementation of the sensors. Based on the power
generation of the solar panels and consumption of the system, an algorithm is made to optimize the
frequency of measurement. After collecting the data, they make sure it is periodically uploaded to a
database via Wi­Fi.

Figure 1.1: System overview with sub­group division.
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2
Programme of requirements

2.1. Mandatory requirements
Functional requirements:

• The system must measure at an interval of at least one hour.

• The system must transmit the measured data at least once a week.

• The system must send its measured data over Wi­Fi.

• The system must measure:

– Temperature
– Humidity
– Air pressure
– PM2.5/PM5/PM10 pollution

Non­functional requirements:

• The system must function in an urban environment for at least 1 year.

• The only external power source must be PV.

• The maximum size of the box must be 250x250x300mm.

2.2. Trade­off requirements
• The system should contain a mounting system.

• It is preferable to also measure:

– NOx
– O3
– SO2

3



3
Design requirements for the PV

generation group
In addition to the selection of the main programme of requirements that are relevant for this group,
other requirements were imposed on this group by the other two groups of this project to achieve the
main goals.

3.1. Mandatory requirements
Functional requirements:

• The panel must have a 𝑉𝑚𝑝𝑝 under standard test conditions of around 6V.

Non­functional requirements:

• The maximum size of the box must be 250x250x300mm.

• The only external power source must be PV.

3.2. Trade­off requirements
• The system should contain a mounting system.

• The panel should have a 𝑉𝑚𝑝𝑝 above 5V under the worst practical conditions.

• The panel is preferred to have some kind of cooling technology.

4



4
State­of­the­art analysis

4.1. Working principle of Photovoltaic cells
The principle of a photovoltaic cell is the generation of potential difference at a junction between two
materials [1]. The generation of charge carriers due to the absorption of photons in the materials that
make up the junction, is where the difference in potential starts. These photons excite an electron to the
conduction band from the valence band in a semiconductor material as shown in figure 4.1. The void
left behind by the excited electron in the valence band is called a hole. Electrons and holes come in
pairs and they will eventually recombine. If they do before being collected, Then their energy difference
can not be used to generate usable current. However, by creating semipermeable membranes, which
are usually made out of n­ or p­type materials, depending on what type of charge carrier they allow
through. N­type membranes allow holes through, while p­type membranes allow electrons through.
These membranes allow movement in only one direction by either an electron or a hole, the electron­
hole pair can be separated from each other and extracted from the solar cell with electrical contacts.
Which allows them to perform work in an external circuit after which they finally recombine and the
process can start over as shown in figure 4.2. The charge carriers are collected at the terminals of the
junction, where the chemical energy is converted into electrical energy. Which can then be used to
power external circuits or devices [1].

Figure 4.1: Generation of charge carriers with energy levels [1]
Figure 4.2: The working principle of a solar cell [1]

4.2. Cell Technology
The most common and researched PV cell technology is based on monocrystalline silicon, it is one
of the most readily and commercially available PV cells on the market. However standard crystalline
silicon solar cells usually come in 5 inch or 6 inch sizes. Another readily available PV cell on the mar­
ket, is polycrystalline silicon solar cells. They are generally less efficient than monocrystalline silicon
solar cells, although modern lab tested polycrystalline solar cells do compete with the efficiencies of
monocrystalline silicon [2][3]. The commercially available smaller size solar cells are generally made
out of polycrystalline silicon. Another way to obtain smaller size solar cells, is through cutting conven­
tional c­Si cells. Other cell technologies were considered, like thin film or multi junction solar cells.
Unfortunately thin film solar cells suffer from lower efficiencies, around 10% [4]. Efficiencies like 19%
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4.3. Solar modules 6

for thin film are possible [5], however they are currently more a proof of concept. Rather than commer­
cially available market options. While multi junction solar cells do reach high efficiencies, higher even
than conventional monocrystalline silicon, they are excessively expensive as they are not yet readily
available for the consumer market. [6].

4.3. Solar modules
The interconnection between cells to form strings is also a vital part of PV technology design. Most
commonly a single module is a string of series connected solar cells, because the series connection
results in the module having a higher voltage for the application. Parallel connection can also be done,
but because parallel connection results in higher currents, and therefore higher resistive losses, this
is generally avoided [1]. PV modules commonly have bypass diodes integrated into them, these are
necessary for the PV modules to function optimally. For a multitude of reasons, a cell in a series con­
nected string of a module could stop functioning properly, such as shading or damage to interconnects.
This would cause the current of the entire module to be limited, or even cause the module to stop func­
tioning all together. In order to circumvent this, a bypass diode is installed alongside the solar cells.
Usually a string of a few solar cells has a single bypass diode [7]. This mitigates the effect of current
limitations, but to ensure that a single cell can not have such a great negative effect on the performance
of the module, in some cases each and every cell is connected to bypass diodes [8]. Connecting every
single solar cell in a module with a bypass diode is more costly, but some solar cells come with build in
bypass diodes. Which makes interconnection easier and also cheaper than connecting solar cells with
external bypass diodes, however this is currently not yet available on the market, despite research on
it [9].

4.4. Position of the sun and module orientation
Since the power production of a solar cell relies on the sun, the position of sun is crucial to the magni­
tude of the generation. The position of the sun can be defined using two components: the azimuth and
the altitude. The azimuth is the angle on the horizontal plane from north for the observer in a clockwise
direction, which is from 0°to 360°. The altitude is the angular elevation from the center of the disk in
the horizontal plane, ranging from ­90°to 90°, as depicted in figure 4.3. Another crucial element, while
determining the efficiency of a PV module, is the orientation of the module. The angle perpendicular
to the surface of the module can also be expressed in terms of azimuth and the altitude, where the
altitude is now reliant on the angle of the surface of the module and the ground (𝑎𝑙𝑡𝑖𝑡𝑢𝑑𝑒 = 90°−𝜃𝑚),
as shown in figure 4.4. In order to maximise the generation, these two positions have to be matched.
Sunlight arrives through the atmosphere, partially scattered, in two major components: the direct beam
component and the diffuse light. The magnitude of both components is important to determine the ef­
fectiveness of a PV system, since they determine how much power the system could generate.

Figure 4.3: Illustration of the azimuth and altitude in the horizontal coordinate system [1].
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Figure 4.4: Illustration to determine the orientation of a PV module with angles[1].

4.5. Shading
Shading or partial shading of PV arrays is a big issue for PV generators, as their power generation
could be significantly limited. When complete shading happens there is no way to limit the reduction
in generation. However, the effect of partial shading can be limited through proper use of PV array
configurations.
If a cell in a series array is shaded, then the current generation of the whole array is bound by this lower
current of the shaded cell. This could greatly reduce the power generation of the whole array instead of
just this cell. To combat the effect of partial shading of a single module, previously mentioned bypass
diodes are used. Pv arrays also use bypass diodes to ensure the best performance. However, bypass
diodes can reduce the overall system performance by introducing multiple peaks. Alternative methods
of mitigating the effect of partial shading include PV array configurations, these methods also suffer
from multiple peaks [10]. So a case can be made for both methods.

A parallel array configuration, where every module is connected in parallel, is innately the least
limited by partial shading. As the current of one module can never affect the current of another, but
this results in a very low voltage and very high current for the array, which is not very desirable for
practical applications. Instead a Total cross­tied (TCT) or Honey Comb (HC) array configuration might
be used. Where TCT (shown in figure 4.5) is the most efficient with symmetrical PV array configu­
rations and HC (shown in figure 4.6) is the most efficient with asymmetrical PV array configurations
[10][11]. A symmetrical PV array configuration would be a configuration, where the number of modules
connected in series, is the same as the number of modules connected in parallel, ie. a 3 by 3 array. An
asymmetrical array configuration, is a configuration where the number of modules connected in series
is not the same as the number of modules connected in parallel, ie. a 3 by 4 array. An example of an
asymmetrical array is shown in figure 4.5 or figure 4.6

Figure 4.5: TCT array [10] Figure 4.6: HC array [10]
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4.6. Half­Cell Technology
Full­size photovoltaic cells are the most commonly used design in commercial solar modules. A new
design approach is by using half­cut cells to reduce cell­to­module losses [12]. This is mostly caused
by the current being approximately halved as can be seen in figure 4.7, thus reducing resistive losses.
This results in lower average heat dissipation [13]. Also light collection appears to be improved by the
increased cell gaps in half­cell modules [14]. Half­cells also tend to be better resistant to the effects of
partial shading. When one half of the cell is shaded, the other half does not have to be and its bypass
diode would therefore not need to be active thus reducing the shading losses by up to 50% [15].
Half­cells do introduce a couple of other problems that need to be dealt with: An extra step in the
production line for laser cutting, edge recombination issues from the laser cutting of the cells, losses
from mismatch of the cut cells, more space is required due to additional spacing from the half­cells, cut
cells also tend to be more fragile than its full­cell counterpart [16] [17]. Despite these added difficulties,
and thereby added price. Half­cell modules are becoming more popular compared to conventional PV
modules [18].

Figure 4.7: Full­cell and half­cell comparison [16]

4.7. Thermal management
The performance of the solar cells of a PV module are heavily dependent on their temperature. The op­
erating voltage of a module, decreases as temperature increases, lowering overall power generation.
Furthermore, the temperature of the solar cell is dependent on the ambient temperature in conjunction
with the solar irradiance, the module is subject to [1]. This results in the temperature of the module
being significantly higher than the ambient temperature, further reducing performance. Therefore a
way of reducing or managing the temperature of a module should be accounted for in a proper design
of a PV module.



5
Design Process

5.1. Design overview
This chapter discusses the steps taken to design the PV and physical design of the weather station.
First the choices regarding the solar cell will be discussed. The following sections go into the design
process of the other factors of the weather station.

5.2. Solar Cell
5.2.1. Necessary generation
The choice of solar cell and the amount of solar cells necessary to realise the prototype, heavily de­
pends on the actual solar irradiance and the consumption of our system. In order to estimate the
amount of generation necessary, a methodology that does not depend on the individual characteristics
of available solar cells had to be created. Therefore, the Matlab [19] script that was designed is only
depended on the actual weather data of the test location, in this case the city of Delft.
The implementation is simple: calculate the level of charge of the battery throughout the testing period,
by continuously adding the average generation each hour and also subtracting the average consump­
tion each hour. The generation is calculated by multiplying the solar irradiance of our test site by the
area of our panel and an efficiency factor. In this basic design, the efficiency is the total efficiency of the
PV generator, including the MPPT. The consumption is taken as the average consumption in an hour
in this preliminary version. This gave us an estimated constant consumption of 0.1𝑊, which was found
from some preliminary studies on the sensors by the other groups. Ideally both the efficiency factor and
the consumption are calculated in a more nuanced way, however for this preliminary estimation, this is
sufficient. The results found in figure 5.1 show that according to this model, the system can survive the
whole testing period of 12 years with a minimum of two batteries with an effective capacity of 7.2 𝑊ℎ
each, irrespective of the parameters of the actual solar cell, as long as a minimum area and system
efficiency of 0.0625 𝑚2 and 10% respectively are reached. As can be seen in figure 5.1, the system
does not drop below 40% capacity, thus it was decided to be a good starting point for the design with
an acceptable margin of error.

9
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Figure 5.1: The level of charge in the battery over a 12 year period

5.2.2. Choice of solar cell
Market Options
Three different solar cell models were considered during this analysis: The Velleman SOL3N, AKW
ETS6­2040 and a mystery solar cell. The focus of this analysis lies on finding a good solar cell for
a small weather station. Only these three solar cells were considered, because others could not be
delivered within a reasonable time.

Velleman SOL3N
The Velleman SOL3N [20] is a small polycrystalline solar cell. With a total area of 0.0018 𝑚2, it is the
smallest of the three solar cells, as can be seen in table 5.1. However, its conversion efficiency is the
lowest of the cells, but it partly makes up for that with its much lower current thus decreasing resistive
losses.

AKW ETS6­2040
The AKW ETS6­2040 [21] is a 6 inch monocrystalline solar cell. It has the highest efficiency, as well
as the highest maximum power of the three cells. One downside of this cell is that its current is also
very high, which increases the resistive loses, and it has a high surface area. Although this cell could
be cut to reach a higher voltage, it is held back by its low voltage compared to its large surface area.
This means that the area of the PV panel would increase substantially when using this solar cell. If the
same 𝑉𝑚𝑝𝑝 must be reached.

Mystery solar cell
The last cell is of unknown origin [22]. And its product name is not known to us, therefore ’mystery’
solar cell. Its size is in between the other cells with a slightly lower efficiency than the AKW ETS6­2040,
but it does have a much lower current. This is also the most efficient of the monocrystalline based cells
to cut when looking at the effective area, due to it having almost the same voltage and spanning a
significantly smaller surface area.
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Table 5.1: The Three different solar cells compared with each other[20] [21] [22]

Model Velleman SOl3n AKW ETS6­2040 Mystery solar
Type Polycrystalline Monocrystalline Monocrystalline

Area (mm) 46 x 40 156.75 x 156.75 125 x 125
Efficiency (%) 10.90 20.40 17.86
Pmpp (W) 0.2 4.95 2.79
Umpp (V) 1.0 0.547 0.527
Impp (A) 0.2 9.05 5.292
Uoc (V) 1.2 0.654 0.628
Isc (A) 0.22 9.61 5.669
FF (%) 75.76 78.76 78.34

Comparison of the cells
While deciding between the cells, the following factors where considered the most important: The area,
the efficiency and the voltage of the cell. Since the space for the generation is limited, only one of the
AKW ETS6­2040 solar cells could fit on our panel, which would not produce a high enough voltage and
power to meet the requirements despite having the highest efficiency. While it could be cut to allow for
less total cells, a lot of cuts would need to be made for it to reach a sufficiently high voltage. Although
the Velleman SOl3n is quite small compared to the other cells and it has the highest voltage of the
cells, its efficiency is also much lower than the other cells due to its polycrystalline nature. This would
mean that almost twice the amount of area needs to be covered in order to compare to the generation
of the other cells. Ultimately, the mystery solar cell was considered the optimal choice since it has a
reasonable efficiency compared to the others and it could be cut into smaller cells. By cutting this cell
and connecting the cut cells in series, the needed voltage could be achieved, this could also lower the
resistive losses of the final PV module. Since it has about the same voltage as the AKW ETS6­2040
solar cell, but a much smaller size, it would take a much smaller area to reach the needed voltage.

5.2.3. Cutting of the cell
As stated in section 4.6, cutting has an adverse effect on the fragility of the cell. Therefore, the minimum
amount of cuts needed to achieve the desired maximum power point voltage were made. As can be
seen in chapter 3, this is about 6V. This can be reached by cutting 4 different cells, 3 times each for a
total 𝑉𝑚𝑝𝑝 of 6.324V. This allows for a bit of leeway in the voltage from imperfections of the cells.

5.2.4. Modeling of the cell
Multiple models exist to describe the operation of photovoltaic cells under illumination. The most com­
monly used representations are the ideal single diode model, the single diode Rs­model, the complete
single diode model and the two­diode model [23].
The ideal single diode model is generally not used for simulation, shown in figure 5.2, since it does not
account for the resistive losses within the cell. The single diode Rs­model, shown in figure 5.3, tries to
represent this by including a series resistance. However, the accuracy of this model decreases when
the temperature variation is too large, because it does not account for the effect of 𝐾𝑣 on the 𝑉𝑂𝐶 [23].
This is improved by the complete single diode model, shown in figure 5.4, with the inclusion of a shunt
resistance. This keeps the model relatively simple, while also making it quite precise. The most com­
plicated of these four models is the two­diode model, shown in figure 5.5. This model tries to include
the thus far neglected recombination current loss in the depletion region by adding another diode. The
mathematical model of each of these equivalent circuits are represented in equation 5.1­5.4 [24].



5.2. Solar Cell 12

Figure 5.2: The ideal single diode model [23] Figure 5.3: the complete single diode model [23]

Figure 5.4: The single diode Rp­model [23] Figure 5.5: the two­diode model [23]

𝐼 = 𝐼𝑃𝑉 − 𝐼0 [𝑒𝑥𝑝 (
𝑞𝑉
𝑎𝑘𝑇) − 1] (5.1)

𝐼 = 𝐼𝑃𝑉 − 𝐼0 [𝑒𝑥𝑝 (
𝑞(𝑉 + 𝐼𝑅𝑠)
𝑎𝑘𝑇 ) − 1] (5.2)

𝐼 = 𝐼𝑃𝑉 − 𝐼0 [𝑒𝑥𝑝 (
𝑞𝑉
𝑎𝑘𝑇) − 1] −

𝑉 + 𝐼𝑅𝑠
𝑅𝑝

(5.3)

𝐼 = 𝐼𝑃𝑉 − 𝐼01 [𝑒𝑥𝑝 (
𝑞𝑉
𝑎1𝑘𝑇

) − 1] − 𝐼02 [𝑒𝑥𝑝 (
𝑞𝑉
𝑎2𝑘𝑇

) − 1] − 𝑉 + 𝐼𝑅𝑠𝑅𝑝
(5.4)

Ultimately, the single diode model was chosen to be suitable for the purpose of this project due to
its simpler design compared to the two­diode model without sacrificing too much precision [23]. Since
it only has one exponential, it is much faster to simulate. Furthermore, it is easier to extract from a
measured I­V curve the several parameters needed to use this model for simulation.
The five parameters that need to be determined are 𝑎, 𝐼0, 𝐼𝑝𝑣 , 𝑅𝑠 and 𝑅𝑝. An iterative algorithm was
implemented in Matlab [19] based on the method presented in this paper [25]. The code, that can be
seen in appendix B.1.2, is split into two main steps. Firstly, it estimates the 𝑎 and 𝑅𝑠, which it then
proceeds to use to calculate the other three values.
Once these parameters were determined, they were used to construct an LTspice [26] model of the
single diode model. The circuit can be seen in figure 5.6 and the corresponding code for the model is
in appendix B.2.1.
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Figure 5.6: Single diode 𝑅𝑝­model

Several equations were used to assist in the creation of this model [25]. Equation 5.5 shows the
linear effect of the irradiance on the shunt resistance.

𝑅𝑝 = 𝑅𝑝,𝑆𝑇𝐶
𝐺𝑆𝑇𝐶
𝐺 (5.5)

From equation 5.6 the relation between the 𝐼𝑆𝐶 and the irradiance and temperature can be seen.
This shows that irradiance has a larger effect on the current, than the temperature, since 𝐾𝑖 is quite
small compared to the 𝐼𝑆𝐶,𝑆𝑇𝐶.

𝐼𝑆𝐶 = 𝐼𝑆𝐶,𝑆𝑇𝐶
𝐺
𝐺𝑆𝑇𝐶

+ 𝐾𝑖(𝑇 − 𝑇𝑆𝑇𝐶) (5.6)

Equation 5.7 shows that, unlike the 𝐼𝑆𝐶, the 𝑉𝑂𝐶 has a slightly stronger relation with the temperature
and a lesser one with the irradiance. This is due to 𝐾𝑣 generally being larger than 𝐾𝑖 and 𝑉𝑜𝑐 only having
a logarithmic relationship with the 𝐺.

𝑉𝑂𝐶 = 𝑉𝑂𝐶,𝑆𝑇𝐶 + 𝐾𝑣(𝑇 − 𝑇𝑆𝑇𝐶) + 𝑣𝑡𝑙𝑛 (
𝐺
𝐺𝑆𝑇𝐶

) (5.7)

From equation 5.8 the new 𝑎 can be calculated by rewriting the equation, as can be seen it is de­
pendent on the 𝑉𝑂𝐶 and the 𝐼𝑆𝐶 [27]. These change in different degrees when the irradiance and the
temperature fluctuate, thus possibly effecting 𝑎.

𝑉𝑂𝐶 =
𝑘𝑎𝑇
𝑞 𝑙𝑛 (𝐼𝑆𝐶𝐼0

+ 1) (5.8)

5.3. Panel Temperature
The cell temperature of the PV module is generally not the same as the ambient temperature, as the
module generates and stores heat. Due the irradiance it is subject to or the module heating up because
of the current running through it. This cell temperature needs to be estimated, because it directly im­
pacts the performance of the PV module. Two of the most commonly used prediction models are the
nominal operating cell temperature (NOCT) model and the Sandia National Laboratory (SNL) model
[28].
The NOCT model uses a steady state approach for the prediction of the temperature, thus assumes
temperature to be time independent, within a period of 1 hour. To find the NOCT, an experiment needs
to be done under specific conditions. The conditions are a 𝐺 of 800𝑊/𝑚2, an ambient temperature of
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20°C and a wind speed of 1𝑚/𝑠. This value can then be used with formula 5.9, where 𝑇𝑚 is the module
temperature and 𝑇𝑎𝑚𝑏 the ambient temperature, to estimate the module temperature. One limitation of
the model is that it can produce significant errors when the installation conditions are not the same as
the standard conditions [28].

𝑇𝑚 = 𝑇𝑎𝑚𝑏 +
𝑁𝑂𝐶𝑇 − 20

800 ∗ 𝐺 (5.9)

The SNL model seeks to improve the flaws of the NOCT model. It does this by taking into account
the wind speed (𝑉𝑤), as well as the encapsulation of the PV and the type of installation. As shown in
equation 5.10 with 𝑎 and 𝑏 the two empirical coefficients, this model is more versatile than the NOCT
model. However, it is still based on empirical conditions and can therefore vastly vary based on the
site conditions and setup.

𝑇𝑚 = 𝑇𝑎𝑚𝑏 + 𝐺 ∗ 𝑒𝑥𝑝(𝑎 + 𝑏 ∗ 𝑉𝑤) (5.10)

Both models tend to overestimate the 𝑇𝑚, as they do not account for the effects of the heat losses
due to the thermal radiation process [28]. This can cause a mean bias error (MBE) up to 21% of the
mean temperature for the NOCTmodel and approximately half of that for the SNL model [28]. Although
this temperature difference can be quite high, this generally only leads to a difference in the expected
power of about 6% [28]. Since the difference between the expected power is not that high and only the
NOCT needs to be estimated, this model was chosen to determine the 𝑇𝑚. Although the error in the
𝑇𝑚 estimation is lower for the SNL model, it is also more complicated to derive the parameters as they
are site and system dependent. For these reasons the NOCT model was chosen over the SNL model,
as it was deemed good enough for the purpose of this project.

5.4. Thermal Management
There are a couple ways to improve the cooling of the panel. Only passive cooling options have been
considered, because others would need additional power. This could have an adverse effect on the
energy efficiency of the system, as well as increasing the complexity of the design [29]. The first con­
sidered option is to simply keep the backside of the panel open and let it naturally dissipate heat in this
way. This is the simplest solution, but also the least effective one as air does not have a very high heat
capacity and no additional measures are taken to increase heat dissipation.
One of the options considered is to add fins to the backside of the panel. These fins would increase
the surface area of the backside and allow for more air flow. This could result in an average decrease
in temperature of up to 7°C compared to the open backside, as shown in this paper [30].
Another option is to use the fact that temperature difference creates a force that can push a fluid through
a pipe and transfer heat in this way. These vacuum sealed heat pipes transport this heat to another
place, where it can cool down, and then returns to the panel to absorb more heat and repeat this pro­
cess [31]. This can result in an average decrease in temperature of about 10°C [32] in comparison to
the first option.
From these three options, the first solution was chosen for the following reasons. While the other con­
sidered achieve lower temperatures and thus higher efficiencies, the difference in performance would
not be significant enough for this project. As the amount of generation is not large enough for it to sig­
nificantly matter for this setup. Although on could argue that as much as energy as possible should be
saved because this is a self­powered device, it can be quite difficult to create custom sized fins in the
right dimensions. Therefore, the inclusion of fins in this design were avoided. In the case of the heat
pipe system, it would significantly increase the complexity of the system and the likelihood of failure for
the system due to possible leakage of the pipes or other issues.

5.5. The Housing
The design for the housing of the electronics needs to take into account a couple important factors.
The most important one is the maximum size of the box of 250x250x300mm, which is based on the
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limitations of the 3d­printer available at TU Delft laboratories. This is the reason for the limitation on the
size presented in the programme of requirements. Another key element is the different needs of the
sensors that have to be taken care of. The most important of those needs is that some sensors require
a direct flow of open air in order to function optimally, while others prefer to be enclosed. The sensors
that need this outside contact are the noise, PM and temperature/humidity sensors [33] [34] [35]. The
datasheets for these three sensors can also be found in appendix C. The PM sensor should also not
be too close to the noise sensor as its fans can produce some noise. The PM sensor also has both
input and output openings for the air that need to be slightly separated to minimise the testing of the
same air. The pressure sensor and the other electronics are the components that need to be enclosed
[36].
In order to accommodate for the needs of both the sensors that need outside contact and the compo­
nents that need to be enclosed, it was decided to design two separate compartments according to their
needs. Since the PM sensor and the noise sensor should not be right next to each other, the maximum
distance between them within the same compartment can be achieved by placing them on opposite
sides of the compartment. Since contact between the two compartments is necessary to interconnect
the sensors and the PV panel with the control and power electronics, it was also decided that one hole
between the compartments and the top of the housing was needed for wiring. These holes allow for air
to flow between the compartments and the top of the housing, to minimise this effect it should be partly
closed to decrease the space between the wires and housing. The considered options to decrease
this space are a custom lid with holes for each wire that can be attached to the housing with a rubber
ring or to close it using tape. The tape option is the easiest to implement, but is also the least reliable
as it is prone to wear and tear. Therefore the custom lid was deemed more appropriate even though
it would be more complex to design and implement. Since some moisture is guaranteed to form in the
compartment with open air contact, some way to release it is also needed. The easiest way, which was
also chosen, is to add a small slope to the bottom of the compartment with a small hole at the end for
the moisture to escape from.

5.6. The Mounting Frame
In order to connect the panel and the box with each other, a separate frame is necessary. This frame
can then also be used to mount the weather station and help support the weight of the panel, because
the box would probably not be able to support the full weight. Since this needs to be able to withstand
the weight of the whole panel as well as the housing, a strong yet lightweight material was needed. The
two considered options are aluminum and stainless steel. Aluminum is the lightest of the two materi­
als, but also slightly weaker. Stainless steel is stronger at the cost of a much higher weight. Since the
weight of the rest of the system is not that high, the panel itself weighs up to 2 kilos and the housing with
electronics weigh less than 1 kilo. Aluminum was chosen as it should suffice to carry the system and
is also the lightest of the two. It will keep the panel at a fixed angle, instead of allowing for adjustments
to lower the amount of moving parts that could break. It will also hold the box mainly from the back
and the bottom to make sure that the weight on the box is minimal. In order to mount the complete the
design a hose clamp would be used to connect the system to a pole, as this is also regularly used to
connect signs and other objects to poles.
The idea for the frame has been sketched, as shown in figure 5.7 and 5.8. Figure 5.7 shows how the
PV panel and the housing rests on the frame and the backside of the panel is kept open. The system
could be mounted on the upper backside of the frame with a hose clamp.

Table 5.2: Things that are represented by the colours in figures 5.7 and 5.8

Colour Name
Blue PV panel
Black Frame
Red Housing
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Figure 5.7: Frame sketch side view

Figure 5.8: Frame sketch neutral view



6
Prototype implementation and validation

results

6.1. Prototype overview
This chapter is dedicated to the final design of the prototype. How this design came to be, what types
of testing and analysis were done, to prove the validity of the final design, are covered here along with
their results.

6.2. Basic PV simulation
In order to simulate and test a digital version of our PV panel, we created two different models. One
in LTspice, and one in Matlab. The Matlab model allows for complete control over the characteristics
of the diode; the LTspice model instead uses a diode as a black box model, where we are unable to
figure out the exact characteristics of the diode. The same equations were used to build either model.
The parameters required by these equations to build the model, stem from the physical prototype. The
prototype was tested and measured using a solar simulator for standard test conditions. The results of
this test are shown in figure 6.1. From these measurements the five parameters for the diode model
are extracted using the method described in section 5.2.4.

Figure 6.1: IV and PV curve of prototype

The results from the Matlab and LTspice models based on the created PV panel, are shown in the
figures 6.2, 6.3, 6.4, 6.5.
Upon analysis of these figures, the main difference between the two models is the 𝑉𝑜𝑐. It seems that
our LTspice model is more sensitive to temperature, and that the 𝑉𝑜𝑐 especially is more sensitive to

17
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temperature. It is worth to note, that this causes a difference in maximum power point between the
two models. It is impossible to say which version is more correct than the other, and more than likely
both version are at least a bit wrong. This is further corroborated by calculating the average 𝐾𝑝 of both
models and comparing them to the known 𝐾𝑝 of the panel from the data sheet.

Table 6.1: Comparison between 3 𝐾𝑝

Variable Matlab LTSpice Data sheet
𝐾𝑝 ­0.4198 (%/K) ­0.4805 (%/K) ­0.46 (%/K)

According to table 6.1, both models show a temperature coefficient that is different from the one
mentioned in the datasheet. The LTSpice model is slightly higher and would result in a slight overes­
timation of the effect on the performance by the temperature. On the other hand, the Matlab model
would underestimate the temperature effect on the performance. It is, however, important to note, that
the calculation results only in an estimation, so it is still difficult to be sure, without much more testing
on the physical panel itself.

Returning back to the figures 6.2 to 6.5. The temperature dependency could be an issue for the
performance of our weather station. So much so, that with the current panel, the trade­off requirement
for the 𝑉𝑚𝑝𝑝 of 5 volts under worst practical conditions is not reached as shown in figure 6.2, if the
module temperature is at 65 degrees for both models. On the other hand, our mandatory requirement
of a 𝑉𝑚𝑝𝑝 around 6 volts under standard test conditions is reached, as shown in table 6.2.

Table 6.2: Minimum 𝑉𝑚𝑝𝑝 from figures 6.2 to 6.5

5 °C 25 °C 45 °C 65 °C
100𝑊/𝑚2 6.6 𝑉 6.13 𝑉 5.49 𝑉 4.81 𝑉
200𝑊/𝑚2 6.6 𝑉 6.10 𝑉 5.49 𝑉 4.86 𝑉
300𝑊/𝑚2 6.6 𝑉 6.09 𝑉 5.46 𝑉 4.85 𝑉
400𝑊/𝑚2 6.6 𝑉 6.06 𝑉 5.39 𝑉 4.78 𝑉
500𝑊/𝑚2 6.6 𝑉 6.03 𝑉 5.42 𝑉 4.77 𝑉
600𝑊/𝑚2 6.5 𝑉 6.00 𝑉 5.35 𝑉 4.77 𝑉
700𝑊/𝑚2 6.5 𝑉 5.95 𝑉 5.31 𝑉 4.70 𝑉
800𝑊/𝑚2 6.5 𝑉 5.94 𝑉 5.32 𝑉 4.68 𝑉
900𝑊/𝑚2 6.4 𝑉 5.88 𝑉 5.27 𝑉 4.66 𝑉
1000𝑊/𝑚2 6.4 𝑉 5.87 𝑉 5.24 𝑉 4.65 𝑉
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Figure 6.2: IV curve with increasing irradiance, from 100­1000
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Figure 6.3: IV curve with increasing irradiance, from 100­1000
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Figure 6.4: IV curve with increasing irradiance, from 100­1000
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Figure 6.5: IV curve with increasing irradiance, from 100­1000

6.3. Advanced PV simulation
Between the LTspice model and the Matlab model of our PV panel, the Matlab model is more useful,
even if the temperature dependency is slightly less accurate. The Matlab model is more convenient,
as it can be converted into a function. Which makes it easier to use it to digitally test our PV panel with
real world weather data, from our testing site.

We have considered three different angles for the PV panel: 76 degrees, 38 degrees and 29 de­
grees. 76 degrees is optimal for December, as the sun reaches its zenith at 14 degrees in December
[37] (from here on referred to as winter angle). 29 degrees is optimal for June, as the sun reaches its
zenith at 61 degrees in June [37] (from here on referred to as summer angle) and 38 degrees is the
average optimum angle for a year [37] (from here on referred to as optimal angle). The software from
[37] provides us with the time­series for plane­of­array irradiance at the different module tilt angles,
together with the time­series of ambient temperature. Both with hourly resolution. With this data we
could then estimate how much power is generated by the PV panel throughout the year, using the
Matlab model. The full data set contains 12 years of solar irradiance and ambient temperature data,
with hourly resolution. While extensive and useful for testing purposes, this is too much data to use as
input for the Matlab model. The simulation time would take days to run. So due to time constraints, an
alternative was used. A look up table (LUT) was created for specific ambient temperatures and solar
irradiance. The LUT has a solar irradiance range of 50𝑊/𝑚2 to 1200𝑊/𝑚2, increasing with steps of
50 𝑊/𝑚2. The ambient temperature range consisted of 5°C to 45°C, with steps of 5°C. For the cell
temperature, we use the NOCT model described in section 5.3. The NOCT parameter was calculated
using a physical test that was done. The ambient temperature, solar irradiance and cell temperature
was known during this test. The results of this test and the resulting NOCT are shown in table 6.3.
For each possible combination of solar irradiance and ambient temperature, the model was run and a
𝑃𝑚𝑎𝑥 calculated. Although this LUT could also have been created from the LTSpice model, it is easier
to create and change this table in Matlab.

Table 6.3

ambient temperature cell temperature solar irradiance NOCT
20 °C 46.2 °C 1000𝑊/𝑚2 42

The data sets corresponding to each of the different angles were then divided by the step size,
for both solar irradiance and ambient temperature. For a best case scenario, the solar irradiance is
rounded up and the ambient temperature is rounded down. While for a worst case the solar irradiance
is rounded down and the temperature is rounded up. To make analysis easier only one year of data is
plot. The year with the least amount of generation in the winter was chosen to analyse. Furthermore
to make the figures more clear, the hourly data for each day was summed.
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Figure 6.6: The total generation per day for a year

0 50 100 150 200 250 300 350

Time [d]

0

10

20

30

40

50

60

70

80

E
n

e
rg

y
 g

e
n

e
ra

ti
o

n
 p

e
r 

d
a

y
 [

W
h

]

Best case generation

Winter angle

Summer angle

Optimal angle

Figure 6.7: The total generation per day for a year

Figures 6.6 and 6.7 show the results. For further clarity the energy production in a year was added,
as an average of 12 years, in the appendix, figures A.1 and A.2. Figures 6.6 and 6.7 show that the
angle optimised for winter generates more power than the other angles in winter, while the same is true
for the summer angle and summer. Which is what was expected. However, interesting to note is that,
while the winter angle does very poorly in summer compared to the other two angles and the summer
angle also does very poorly during winter, The optimal angle does remarkably well all year round. Only
in the heart of winter or the heart of summer is the optimal angle outdone in energy generation. The
difference between the summer and optimal angles, especially, is not very noticeable at all. Suggest­
ing that the performance of the weather station is not much different with either angle, while the winter
angle does seem to fall short. The difference between figures 6.6 and 6.7, for each angle, is quite large
during the summer months. There is a significant difference during winter months, but not nearly of the
same magnitude.

In order to further test the different angles for the PV panel, an updated version was used of the Mat­
lab script used in section 5.2.1. This version uses a more accurate representation of the consumption
with an optimisation algorithm, devised by subgroup 3: Sensors and Control. This allows for greater
insight into the battery charge of the weather station, with each angle for the PV panel. The results
found in figures 6.8 to 6.13 are quite surprising. The difference between best and worst case for each
angle is much larger than the difference between each angle. Furthermore, with this model all angles
are sufficient, though the winter and summer angle are a little bit less reliable in the worst case sce­
nario, as it reaches a lower charge. It also is not the case that the winter angle increases the amount
of effective generation during the winter significantly. The battery also seems to be full or close to full
most of the time, especially in the summer, regardless of the angle. This indicates that there might be
too much generation. For these reasons using the optimal angle seems to be the most appropriate. As
neither the additional generation during the summer nor the winter for the other two angles is significant
enough to consider them over the optimal angle.
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Figure 6.8: Worst case battery charge with winter angle
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Figure 6.9: Best case battery charge with winter angle
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Figure 6.10: Worst case battery charge with optimal angle
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Figure 6.11: Best case battery charge with optimal angle
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Figure 6.12: Worst case battery charge with summer angle

0 1000 2000 3000 4000 5000 6000 7000 8000

Time (h)

0

10

20

30

40

50

60

70

80

90

100

B
a

tt
e

ry
 c

h
a

rg
e

 (
%

)

Hourly Battery Charge Over 1 Year

Figure 6.13: Best case battery charge with summer angle

6.4. Thermal Management
The final design does not have anything to improve the thermal management aside from an open back­
side, as stated in section 5.4. The average temperature of the module during the day from 7:00­18:00,
as shown in figures 6.14­6.15, is not that high during the colder half of the year, but it hovers around
20­40°C during the other half of the year. As shown in figures 6.16­6.17, the maximum temperature
each day of the module does not go past 45°C aside from a couple days each year in the worst case
estimation. This means that it does not really matter that the system might not reach the trade­off re­
quirement 𝑉𝑚𝑝𝑝 of 5V around 65°C, as the temperature of the module should not come close enough to
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that value in practice. Therefore, the system stays above the required 𝑉𝑚𝑝𝑝 of 5V for the worst practical
conditions in this data set.
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Figure 6.14: Worst case average temperature
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Figure 6.15: Best case average temperature
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Figure 6.16: Worst case maximum temperature
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Figure 6.17: Best case maximum temperature

6.5. Housing
The current design for the housing of the electronics can be seen in figures 6.18­6.21 with the top re­
moved to allow for a better view of the insides. The assigned dimensions and feature names can be
seen in table 6.4 and 6.5 respectively. As shown in figure 6.20, the temperature/humidity sensor and
the PM sensor each have their own support. As they had the most needs, it was important to make
sure they would have good enough working conditions. The temperature/humidity sensor is in direct
access with the outside through a hole, which also conveniently contains the noise sensor due to its
small size, and to help the airflow, there is only one other main connection to the outside at the bottom
of the box, which is also used as the exit for moisture. The air input and output are separated by an
extrusion to minimise the air flow between them, but because there is no direct contact with the outside
to optimise the air flow in the box this could hamper the performance of the PM sensor, since the PM
sensor should measure as much outside air as possible. The exact effect on the performance of the
PM sensor would need to be tested with a physical prototype.
The pressure sensor and the other electronics are placed in the other compartment, since they do not
need any special attention. When the 50mm thick lid at the top is added, the final dimensions of the
box are 200x200x200mm, thus easily meeting the maximum size requirement of the box. However,
no physical prototype of this design has been made yet, thus no tests could be made to check the
performance of this design.



6.5. Housing 23

Table 6.4: Lengths corresponding to the letters of figures 6.18­6.21

Letter Length
A 200mm
B 150mm
C 50mm
D 160mm
E 130mm

Table 6.5: Features corresponding to the numbers of figures 6.18­6.21

Number Name
1 Temperature/humidity sensor
2 PM sensor
3 Connection hole
4 Temperature/humidity sensor air hole
5 PM sensor air blocker extrusion

Figure 6.18: Housing neutral view with open top
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Figure 6.19: Housing top view with open top

Figure 6.20: Compartment with open air contact side view
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Figure 6.21: Housing side view of the temperature/humidity sensor hole

6.6. Frame
The design for the frame is not yet finalised, but themain problems have been considered. Thematerial,
aluminum, has been chosen and how it should carry/connect the box and the PV panel. Since the
design it not yet finished, it could also not be made and tested. The idea on how to mount the system
with a hose clamp has also been discussed. Ultimately, the trade­off requirement of having a mounting
system has not been met, as the design for the frame is not finished.



7
Discussion

The results from the analysis of the digital model, based on the PV panel we have created, are promis­
ing. Figures 6.2 to 6.5 showcase that our PV panel is able to meet the requirements on the voltage set
by the programme of requirements. Especially, because figures 6.16 and 6.17 show that the module
temperature, where our trade­off requirement of 5V 𝑉𝑚𝑝𝑝 is no longer met, is never actually reached.
This greatly increases the performance of the PV generator. This is further corroborated by the analysis
on figures 6.8, 6.10 and 6.12. These figures are the worst cases of our approximation with our digital
Matlab model. They show that even in such a worst case scenario, the PV generator in conjunction
with the battery is sufficient to power the system for the whole testing data set.

Furthermore, figures 6.6 and 6.7 show that the angle of the PV panel does not need to be very
precise, in order for the PV generator to generate enough power. This is very important as minor differ­
ences will always occur. Additionally, these figures also prove that the optimal angle for the whole year
is 38 degrees. As the additional generation in the winter months when using the winter angle, is not
very vital to the performance of the weather station as shown in figure 6.8. While the over generation
during the summer, from the summer angle is currently completely wasted. When comparing figures
6.8 and 6.12, the battery is just as charged during the summer. So all the extra generation shown in
figure 6.6 for the summer angle compared to the winter angle during the summer, does not add any
additional performance for the PV generator.

The lack of a more complex cooling management system, does not affect the performance in a
noticeable way. The module temperatures at which our PV Panel would start to drop significantly in
performance are never reached, according to our model. Which means that the open back of the PV
Panel, and the use of convection from air flow, is sufficient as thermal management for the require­
ments of this project.

Key components for the effective performance of the sensors, used by the arduino, are integrated
into the design of the electronic housing we have devised. The direct contact with air, for the ambi­
ent temperature sensor, is present. Likewise the PM sensor needs direct air flow through its input,
while minimising the air flow from its input to its output to make sure past measurements do not affect
present or future measurements. And also ensuring that different measurements take place, instead
of essentially repeating the same measurement over and over. Finally, all the electronics and sensors
that need to be kept away from moisture and air contact are separated from those that do need to be
in contact with moisture and air. Unfortunately, there has not yet been enough time to print and/or test
the effectiveness of the housing design.

Finally, although no frame is finished. There is an idea for the design. The building material of the
frame, aluminium, has also been decided. As it is more readily available, as well as lighter, which is
useful for the prototype.
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8
Conclusion

The designed PV generator, according to the testing and analysis that have been done, meets the
requirements from the programme of requirements. The housing design and the draft for the frame
have been made, but not yet implemented. This means that the housing design and frame still need to
be tested and optimised.
Future progress on the PV generator would involve a number of things. Further testing of the PV panel,
as currently there is too much generation during the summer. So it is important to try and find a mini­
mum requirement for the type, size and amount of solar cells, while keeping a sufficient 𝑉𝑚𝑝𝑝, possibly
by further cutting of the cells. This might also include further research into the validity of each of the
covered angles for the PV panel, as currently a case can be made for each of them. Therefore their
advantages and disadvantages need to be further explored. This could involve putting the additional
generation during the summer to better use with real time measuring and sending of data or the system
could be made to be more minimalist using the extra generation during the winter.
Additionally, an optimisation of the design of the housing is necessary, which can only follow from thor­
ough testing of said housing. The same is true for the frame of the PV generator. Finally, although
the digital model suggests that the current PV generator design is sufficient for our needs, no physical
testing of it has been done aside from one standard test conditions measurement and one outside test
of the PV panel. Which means the design has not yet been proven to be sufficient in reality. This would
be the final and ultimate test for this prototype.
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A.1. Yearly generation averaged over 12 years
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Figure A.1: The total generation per day for a year
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Figure A.2: The total generation per day for a year

A.2. Battery performance over 12 years
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Figure A.3: Worst case battery charge with winter angle
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Figure A.4: Best case battery charge with winter angle
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Figure A.5: Worst case battery charge with optimal angle
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Figure A.6: Best case battery charge with optimal angle
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Figure A.7: Worst case battery charge with summer angle
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Figure A.8: Best case battery charge with summer angle
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Code

B.1. MATLAB code
[19]

B.1.1. Irradiance Analysis
%Student: Morten Haas, 4701852
%Student: Aru van der Knaap, 4693531
%Date: 01/06/2021
clear all;

data = readmatrix(”Delft_Irradiance_2005­2016.csv”);
data = data(1:105192,2:7);
%sort data to hours for each year
y = 12;
n = 8760; %normal year
s = 8784; %gap year
hc = 0; %total hour counter
for i = 1:y

if floor(i/4)==i/4
for j = 1:s

yearly_data(j,i,:) = data(hc+j,:);

end
hc = hc + 8784;

else
for j = 1:n

yearly_data(j,i,:) = data(hc+j,:);

end
hc = hc + 8760;

end
end

%sort data to hours for each day
d = 366;
h = 24;
for i = 1:d

for j = 1:h

30
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daily_data(j,i,:,:) = yearly_data(j+(i­1)*h,:,:);
end

end

%Data Analysis
%Sum of daily irradiance data
%Mean of daily data
%Longest period of low sunlight
%Sum of hourly irradiance each day
daily_data_sum(:,:,:) = sum(daily_data(:,:,:,1:3),1);
%Mean of daily data
daily_data_mean(:,:,:) = mean(daily_data,1);

%plot daily global direct irradiance
% plot(daily_data_mean(:,1,1))

3. counter increase when under threshold, restart when above
threshold. Save all counters and locations in an array.↪

clear low_irradiance_mean
threshold_mean = 5;
counter = 0;
n = 1;
for i = 1:12

for j = 1:366
if daily_data_mean(j,i,1)<=threshold_mean

counter = counter + 1;
end
if daily_data_mean(j,i,1)>threshold_mean && counter>0

low_irradiance_mean(n,:) = [counter,j,i];
counter = 0;
n = n+1;

end
end

end
% longest_low_irradiance_mean = max(low_irradiance_mean(:,1))

% 4. production = efficiency*hourly irradiance*area factor
% consumption = constant per hour
% battery capacity = Wh = current + production ­ consumption (per

hour)↪

efficiency = 0.10;
area_factor = 0.0625; %m2
production = efficiency*area_factor*(data(:,1)+data(:,2)+data(:,3)); %W

consumption = 0.1; %W
b=2; %amount of batteries
batt_cap_max = 7.2*b; %Wh
batt_cap(1) = 0.9*batt_cap_max;
Death_counter = 0;
for i = 1:length(data(:,1))

batt_cap(i+1) = batt_cap(i) + production(i) ­ consumption;
if batt_cap(i+1) > batt_cap_max

batt_cap(i+1) = batt_cap_max;
elseif batt_cap(i+1) <= 0

Death_counter = Death_counter + 1;
i
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batt_cap(i+1) = batt_cap_max;
else

batt_cap(i+1) = batt_cap(i+1);
end

end
Death_counter

%plot battery capacity
plot(batt_cap)
title(['Battery Capacity Over Time For ',num2str(b), ' Batteries'])
xlim([0 length(data(:,1))])
ylim([0 batt_cap_max])
xlabel('Time(h)')
ylabel('Capacity(Wh)')

%plot generation and consumption
plot(production)
title('Production And Consumption')
xlim([0 length(production)])
xlabel('Time(h)')
ylabel('Power(W)')
yline(consumption,'k','Consumption')

B.1.2. Five parameter estimation
%Student: Morten Haas, 4701852
%Student: Aru van der Knaap, 4693531
%Date: 01/06/2021
%%
% 5 parameters for model:
%%
% * Ipv = photo current
% * Io = inverse saturation current
% * A = ideality factor
% * Rs = series resistance
% * Rp = shunt resistance

clear;
clc;

data = readmatrix('IV_trace.xlsx');
IV_data = data(:,1:3);
% first column = voltage, second column = current, third column = power

IV_parameters = data(1:5,9);
Voc = IV_parameters(1);
Isc = IV_parameters(2);
Pmax = IV_parameters(3);
Vmmp = IV_parameters(4);
Immp = IV_parameters(5);

N = 12; %number of cells
%%
% Finding the characteristic parameters
%
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% Step 1: A & Rs

A = 1;
tol = 0.1;
iter = 10000;

% calculate vt, Rs, Io and Ipv

vt = vt_est(A,N);
Rs = Rs_est(Voc,Vmmp,Immp,vt);
Io = Io_est(Voc,Isc,vt,Rs);
Ipv = Ipv_est(Voc,vt,Io);

Vmpc = Vmpc_est(Immp,vt,Rs,Io,Ipv);

for i=0:iter
if Vmpc > Vmmp

A = A + 0.01;
else

A = A ­ 0.01;
end

vt = vt_est(A,N);
Io = Io_est(Voc,Isc,vt,Rs);
Ipv = Ipv_est(Voc,vt,Io);
Vmpc = Vmpc_est(Immp,vt,Rs,Io,Ipv);

err = abs(Vmpc ­ Vmmp);

if err < tol
break

end
end

vt = vt_est(A,N);
Rs = Rs_est(Voc,Vmpc,Immp,vt);
A;
%%
% Step 2: estimation of Rp

tol = 0.001;
iter = 10000;

vt = vt_est(A,N);
Io = Io_est(Voc,Isc,vt,Rs);
Ipv = Ipv_est(Voc,vt,Io);

Rp = Rp_est(Pmax,Vmmp,Immp,Rs,Ipv,Io,vt);
Io = Io_new_est(Voc,Isc,Rs,Rp,vt);
Ipv = Ipv_new_est(Voc,Io,Rp,vt);

Impc = Pmax/Vmpc;

for j = 0:iter
if Impc < Immp

Rpnew = Rp + 0.1*j;
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elseif Impc >= Immp
Rpnew = Rp ­ 0.1*j;

end

Io = Io_new_est(Voc,Isc,Rs,Rpnew,vt);
Ipv = Ipv_new_est(Voc,Io,Rpnew,vt);

Impc = I_est(Vmmp,Impc,Ipv,Io,Rs,Rpnew,vt);
err = abs(Immp ­ Impc);

if err < tol
break

end
end

%%
% Results

X = sprintf('A = %.2f, I0 = %d, Ipv = %.3f, Rs = %f, Rp = %f',
A,Io,Ipv,Rs,Rpnew);↪

disp(X);

𝐼 estimation function
%Student: Morten Haas, 4701852
%Student: Aru van der Knaap, 4693531
%Date: 01/06/2021
function [I] = I_est(V,I,Ipv,Io,Rs,Rp,vt)
% I_EST Function I
I = Ipv ­ Io*(exp((V+Rs*I)/vt)­1) ­ (V+Rs*I)/Rp;
end

𝐼0 estimation function
%Student: Morten Haas, 4701852
%Student: Aru van der Knaap, 4693531
%Date: 01/06/2021
function [Io] = Io_est(Voc,Isc,vt,Rs)
% IO_EST Function Io
Io = Isc/(exp(Voc/vt)­exp((Rs*Isc)/vt));
end

Second 𝐼0 estimation function
%Student: Morten Haas, 4701852
%Student: Aru van der Knaap, 4693531
%Date: 01/06/2021
function [Io] = Io_new_est(Voc,Isc,Rs,Rp,vt)
% IO_NEW_EST Function new Io
Io = (Isc*(1+Rs/Rp)­Voc/Rp)/(exp(Voc/vt)­exp((Rs*Isc)/vt));
end

𝐼𝑝𝑣 estimation function
%Student: Morten Haas, 4701852
%Student: Aru van der Knaap, 4693531
%Date: 01/06/2021
function [Ipv] = Ipv_est(Voc,vt,Io)
% IPV_EST Function Ipv
Ipv = Io*(exp(Voc/vt)­1);
end
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Second 𝐼𝑝𝑣 estimation function
%Student: Morten Haas, 4701852
%Student: Aru van der Knaap, 4693531
%Date: 01/06/2021
function [Ipv] = Ipv_new_est(Voc,Io,Rp,vt)
% IPV_NEW_EST Function new Ipv
Ipv = Io*(exp(Voc/vt)­1)+Voc/Rp;
end

𝑅𝑠 estimation function
%Student: Morten Haas, 4701852
%Student: Aru van der Knaap, 4693531
%Date: 01/06/2021
function [Rs] = Rs_est(Voc,Vmmp,Immp,vt)
% RS_EST Function Rs
Rs = (Voc/Immp) + (vt/Immp)*log(vt/(vt+Vmmp)) ­ (Vmmp/Immp);
end

𝑅𝑝 estimation function
%Student: Morten Haas, 4701852
%Student: Aru van der Knaap, 4693531
%Date: 01/06/2021
function [Rp] = Rp_est(Pmax,Vmmp,Immp,Rs,Ipv,Io,vt)
% RP_EST Function Rp
Rp = (Vmmp*(Vmmp+Rs*Immp))/(Vmmp*Ipv­Vmmp*Io*(exp((Vmmp+Rs*Immp)/vt)­1)­

Pmax);↪

end

B.1.3. Solar cell model
%Student: Morten Haas, 4701852
%Student: Aru van der Knaap, 4693531
%Date: 18/06/2021
% % key parameters
function [Pmax, Vmax, Imax, T] = Solar_Cell_Model_Function(G,Ta)
% Variables
V = 3.0:0.1:7;
Tnoct = 42; %20 is no cell heating and 48 is average

a_stc = 1.14;
I0_stc = 1.546782e­9;
Ipv_stc = 1.7623;
Rs_stc = 0.275408;
Rp_stc = 58.331508;
Voc_stc = 7.3;
Isc_stc = 1.754;
Vmpp_stc = 5.758;
Impp_stc = 1.5848;
k = 1.380653*10^(­23);
q = 1.60217646*10^(­19);
Kv = ­0.356; % percent/celcius
Ki = 0.024; % percent/celcius
C_cell = 355.8240;
a1 = 7.021*10^(­4);
b = 1108;
N = 1;
T_stc = 298;



B.1. MATLAB code 36

G_stc = 1000;
%%
% % Main formulas
T = Ta+(Tnoct­20)/800*G+273;
Rs = Rs_stc;
Rp = Rp_stc*G_stc./G;
Ipv = Ipv_stc*(1+Ki/100*(T­T_stc))*G/G_stc;
Isc = Isc_stc*G./G_stc+Ki/100*Isc_stc*(T­T_stc);
vt_stc = a_stc*k*T*N/q;
dV = vt_stc*log(G/G_stc);
Voc = Voc_stc+Kv/100*Voc_stc*(T­T_stc)+dV;
I0 = C_cell.*T.^3.*exp(­(q/k).*(1.1557­(a1*T.^2)./(T+b))./T);
a = q./(k.*T).*Voc./log(Isc./I0);
%%
% % Simulation formulas
for j = 1:length(V)

syms I
eqn = I ==

Isc­I0*(exp((V(j)+I*Rs)/((a/a_stc)*vt_stc))­1)­(V(j)+I*Rs)/Rp;↪

Curr(j) = double(solve(eqn,I));
end
%%
% % Curve parameters
P = Curr.*V;
[Pmax,Indexmax] = max(P);
Vmax = V(Indexmax);
Imax = Curr(Indexmax);
% end
end

B.1.4. Solar Panel LUT, LTspice
%Student: Morten Haas, 4701852
%Student: Aru van der Knaap, 4693531
%Date: 18/06/2021
%Improved spice model
clear all;

%import data
panel_65 = readmatrix(”Single_cell_panel_T_65”);
panel_45 = readmatrix(”Single_cell_panel_T_45”);
panel_25 = readmatrix(”Single_cell_panel_T_25”);
panel_5 = readmatrix(”Single_cell_panel_T_5”);

[parameter_65, data_65] = solar_ltspice_parameters(panel_65);
[parameter_45, data_45] = solar_ltspice_parameters(panel_45);
[parameter_25, data_25] = solar_ltspice_parameters(panel_25);
[parameter_5, data_5] = solar_ltspice_parameters(panel_5);

%Comparison of models

for i=1:10
PmaxL_65(i) = max(data_65(:,3*i));

end
for i=1:10
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PmaxL_45(i) = max(data_45(:,3*i));
end
for i=1:10

PmaxL_25(i) = max(data_25(:,3*i));
end
for i=1:10

PmaxL_5(i) = max(data_5(:,3*i));
end

%Matlab data
load('Panel_Simulation_Data_G_338.mat',”PmaxG”,”IndexmaxG”);
PmaxM_65 = PmaxG;
Pindex_65 = IndexmaxG;
load('Panel_Simulation_Data_G_318.mat',”PmaxG”,”IndexmaxG”);
PmaxM_45 = PmaxG;
Pindex_45 = IndexmaxG;
load('Panel_Simulation_Data_G_298.mat',”PmaxG”,”IndexmaxG”);
PmaxM_25 = PmaxG;
Pindex_25 = IndexmaxG;
load('Panel_Simulation_Data_G_278.mat',”PmaxG”,”IndexmaxG”);
PmaxM_5 = PmaxG;
Pindex_5 = IndexmaxG;

%temperature difference
for i=1:10

DiffL_65(i) = ((PmaxL_65(i)­PmaxL_25(i))/PmaxL_25(i))/40*100;
DiffL_45(i) = ((PmaxL_45(i)­PmaxL_25(i))/PmaxL_25(i))/20*100;
DiffL_5(i) = ((PmaxL_5(i)­PmaxL_25(i))/PmaxL_25(i))/­20*100;
DiffM_65(i) = ((PmaxM_65(i)­PmaxM_25(i))/PmaxM_25(i))/40*100;
DiffM_45(i) = ((PmaxM_45(i)­PmaxM_25(i))/PmaxM_25(i))/20*100;
DiffM_5(i) = ((PmaxM_5(i)­PmaxM_25(i))/PmaxM_25(i))/­20*100;

end

DiffL = (sum(DiffL_65)+sum(DiffL_45)+sum(DiffL_5))/30

DiffM = (sum(DiffM_65)+sum(DiffM_45)+sum(DiffM_5))/30

% Comparison plots
V = 0.1:0.1:9;

%plot of T=65
load('Panel_Simulation_Data_G_338.mat')
for i=1:10

p = plot(data_65(:,3*i­2),data_65(:,3*i­1));
hold on;

end

for i=1:10
b = plot(V,CurrG(:,i), '­­');

end
hold off;
title(['I­V curves with T = 65 degrees celsius '])
xlabel(['Voltage [V]'])
ylabel(['Current [A]'])
ylim([0 2])
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legend([p b],{'LTSPice','Matlab'})

%plot of T=45
load('Panel_Simulation_Data_G_318.mat')
for i=1:10

p = plot(data_45(:,3*i­2),data_45(:,3*i­1));
hold on;

end

for i=1:10
b = plot(V,CurrG(:,i), '­­');

end
hold off;
title(['I­V curves with T = 45 degrees celsius '])
xlabel(['Voltage [V]'])
ylabel(['Current [A]'])
ylim([0 2])

legend([p b],{'LTSPice','Matlab'})

%plot of T=25
load('Panel_Simulation_Data_G_298.mat')
for i=1:10

p = plot(data_25(:,3*i­2),data_25(:,3*i­1));
hold on;

end

for i=1:10
b = plot(V,CurrG(:,i), '­­');

end
hold off;
title(['I­V curves with T = 25 degrees celsius '])
xlabel(['Voltage [V]'])
ylabel(['Current [A]'])
ylim([0 2])

legend([p b],{'LTSPice','Matlab'})

%plot of T=5
load('Panel_Simulation_Data_G_278.mat')
for i=1:10

p = plot(data_5(:,3*i­2),data_5(:,3*i­1));
hold on;

end

for i=1:10
b = plot(V,CurrG(:,i), '­­');

end
hold off;
title(['I­V curves with T = 5 degrees celsius '])
xlabel(['Voltage [V]'])
ylabel(['Current [A]'])
ylim([0 2])
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legend([p b],{'LTSPice','Matlab'})

B.1.5. Solar model analysis
%Student: Morten Haas, 4701852
%Student: Aru van der Knaap, 4693531
%Date: 18/06/2021
clear all;

%load Pmax LUT
load('Solar_LUT.mat');

%load weather data
Data14 = readmatrix('Delft_Irradiance_76deg.csv');
Data38 = readmatrix('Delft_Irradiance_2005­2016.csv');
Data61 = readmatrix('Delft_Irradiance_29deg.csv');

%data processing
[~,G14,Ta14] = Weather_Data_Processing(Data14);
[~,G38,Ta38] = Weather_Data_Processing(Data38);
[~,G61,Ta61] = Weather_Data_Processing(Data61);

%model input
years = 12;
d = 366;
hours = 24*d;
Gstep = 50;
Tstep = 5;
for j = 1:years

for i = 1:hours
[Pmax14(i,j),Vmax14(i,j),Imax14(i,j),T14(i,j)] = So­

lar_Power_Round(G14(i,j),Ta14(i,j),Gstep,Tstep,0,Solar_LUT,Solar_V_LUT,Solar_I_LUT,Solar_T_LUT);↪

[Pmax14B(i,j),Vmax14B(i,j),Imax14B(i,j),T14B(i,j)] = So­
lar_Power_Round(G14(i,j),Ta14(i,j),Gstep,Tstep,1,Solar_LUT,Solar_V_LUT,Solar_I_LUT,Solar_T_LUT);↪

[Pmax38(i,j),Vmax38(i,j),Imax38(i,j),T38(i,j)] = So­
lar_Power_Round(G38(i,j),Ta38(i,j),Gstep,Tstep,0,Solar_LUT,Solar_V_LUT,Solar_I_LUT,Solar_T_LUT);↪

[Pmax38B(i,j),Vmax38B(i,j),Imax38B(i,j),T38B(i,j)] = So­
lar_Power_Round(G38(i,j),Ta38(i,j),Gstep,Tstep,1,Solar_LUT,Solar_V_LUT,Solar_I_LUT,Solar_T_LUT);↪

[Pmax61(i,j),Vmax61(i,j),Imax61(i,j),T61(i,j)] = So­
lar_Power_Round(G61(i,j),Ta61(i,j),Gstep,Tstep,0,Solar_LUT,Solar_V_LUT,Solar_I_LUT,Solar_T_LUT);↪

[Pmax61B(i,j),Vmax61B(i,j),Imax61B(i,j),T61B(i,j)] = So­
lar_Power_Round(G61(i,j),Ta61(i,j),Gstep,Tstep,1,Solar_LUT,Solar_V_LUT,Solar_I_LUT,Solar_T_LUT);↪

end
end

% Total and Diff Power
mode = 1;
if mode == 1
% average generation per hour of the year between the 12 years
for i=1:hours

P14(i) = sum(Pmax14(i,:))/12;
P14B(i) = sum(Pmax14B(i,:))/12;
P38(i) = sum(Pmax38(i,:))/12;
P38B(i) = sum(Pmax38B(i,:))/12;
P61(i) = sum(Pmax61(i,:))/12;
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P61B(i) = sum(Pmax61B(i,:))/12;
end

% sum generation per day, to make figures understandable
for i=1:d

Pd14(i) = sum(P14(24*i­23:24*i));
Pd14B(i) = sum(P14B(24*i­23:24*i));
Pd38(i) = sum(P38(24*i­23:24*i));
Pd38B(i) = sum(P38B(24*i­23:24*i));
Pd61(i) = sum(P61(24*i­23:24*i));
Pd61B(i) = sum(P61B(24*i­23:24*i));

end
Pd14 = Pd14';
Pd14B = Pd14B';
Pd38 = Pd38';
Pd38B = Pd38B';
Pd61 = Pd61';
Pd61B = Pd61B';

elseif mode == 2

for j=1:years
for i=1:d

Pd14(i,j) = sum(Pmax14(24*i­23:24*i,j));
Pd14B(i,j) = sum(Pmax14B(24*i­23:24*i,j));
Pd38(i,j) = sum(Pmax38(24*i­23:24*i,j));
Pd38B(i,j) = sum(Pmax38B(24*i­23:24*i,j));
Pd61(i,j) = sum(Pmax61(24*i­23:24*i,j));
Pd61B(i,j) = sum(Pmax61B(24*i­23:24*i,j));

end
end

end

% for mode = 1

%worst case
plot(Pd14,'blue')
hold on;
plot(Pd61,'red')
plot(Pd38,'green')
hold off;
title(['Worst case generation'])
ylabel(['Energy generation per day [Wh]'])
xlabel(['Time [d]'])
xlim([0 366])
ylim([0 65])
legend('Winter angle', 'Summer angle', 'Optimal angle')

%best case
plot(Pd14B,'blue')
hold on;
plot(Pd61B,'red')
plot(Pd38B,'green')
hold off;
title(['Best case generation'])
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ylabel(['Energy generation per day [Wh]'])
xlabel(['Time [d]'])
xlim([0 366])
ylim([0 65])
legend('Winter angle', 'Summer angle', 'Optimal angle')

% for mode = 2
% worst year plot

year = 2;
%worst case
plot(Pd14(:,year),'blue')
hold on;
plot(Pd61(:,year),'red')
plot(Pd38(:,year),'green')
hold off;
title(['Worst case generation'])
ylabel(['Energy generation per day [Wh]'])
xlabel(['Time [d]'])
xlim([0 366])
ylim([0 80])
legend('Winter angle', 'Summer angle', 'Optimal angle')

%best case
plot(Pd14B(:,year),'blue')
hold on;
plot(Pd61B(:,year),'red')
plot(Pd38B(:,year),'green')
hold off;
title(['Best case generation'])
ylabel(['Energy generation per day [Wh]'])
xlabel(['Time [d]'])
xlim([0 366])
ylim([0 80])
legend('Winter angle', 'Summer angle', 'Optimal angle')

%temperature plots

%average temperature per hour of the year between the 12 years
for i=1:hours

Tav14(i) = sum(T14(i,:))/12;
Tav14B(i) = sum(T14B(i,:))/12;
Tav38(i) = sum(T38(i,:))/12;
Tav38B(i) = sum(T38B(i,:))/12;
Tav61(i) = sum(T61(i,:))/12;
Tav61B(i) = sum(T61B(i,:))/12;

end

%average temperature per day
for i=1:d

Td14(i) = sum(Tav14(24*i­17:24*i­6))/12;
Td14B(i) = sum(Tav14B(24*i­17:24*i­6))/12;
Td38(i) = sum(Tav38(24*i­17:24*i­6))/12;
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Td38B(i) = sum(Tav38B(24*i­17:24*i­6))/12;
Td61(i) = sum(Tav61(24*i­17:24*i­6))/12;
Td61B(i) = sum(Tav61B(24*i­17:24*i­6))/12;

end

%max temperature per day
for j=1:years

for i=1:d
Tm14(i,j) = max(T14(24*i­23:24*i,j));
Tm14B(i,j) = max(T14B(24*i­23:24*i,j));
Tm38(i,j) = max(T38(24*i­23:24*i,j));
Tm38B(i,j) = max(T38B(24*i­23:24*i,j));
Tm61(i,j) = max(T61(24*i­23:24*i,j));
Tm61B(i,j) = max(T61B(24*i­23:24*i,j));

end
end

for i=1:d
Tma14(i) = sum(Tm14(i,:))/12;
Tma14B(i) = sum(Tm14B(i,:))/12;
Tma38(i) = sum(Tm38(i,:))/12;
Tma38B(i) = sum(Tm38B(i,:))/12;
Tma61(i) = sum(Tm61(i,:))/12;
Tma61B(i) = sum(Tm61B(i,:))/12;

end

Tma14 = Tma14';
Tma14B = Tma14B';
Tma38 = Tma38';
Tma38B = Tma38B';
Tma61 = Tma61';
Tma61B = Tma61B';

%worst case avg
plot(Td38,'red')
hold off;
title(['Worst case average temperature'])
ylabel(['Module temperature [C]'])
xlabel(['Time [d]'])
xlim([0 366])

%best case avg
plot(Td38B,'red')
hold off;
title(['Best case average temperature'])
ylabel(['Module temperature [C]'])
xlabel(['Time [d]'])
xlim([0 366])

%worst case max
plot(Tma38,'red')
title(['Worst case max temperature'])
ylabel(['Module temperature [C]'])
xlabel(['Time [d]'])
xlim([0 366])
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%best case max
plot(Tma38B,'red')
title(['Best case max temperature'])
ylabel(['Module temperature [C]'])
xlabel(['Time [d]'])
xlim([0 366])

B.1.6. Rounding solar power function
%Student: Morten Haas, 4701852
%Student: Aru van der Knaap, 4693531
%Date: 18/06/2021
function [Pmax,Vmax,Imax,T] = So­

lar_Power_Round(G,Ta,Gstep,Tstep,R,Solar_LUT,Solar_V_LUT,Solar_I_LUT,Solar_T_LUT)↪

if R == 0 % worst case rounding
Gf = floor(G/Gstep);
Tac = ceil(Ta/Tstep);
if Gf <= 0

Pmax=0;
Vmax=0;
Imax=0;
T=Ta;

else
if Tac >= 10

Tac = 9;
elseif Tac <= 0

Tac = 1;
end
Pmax = Solar_LUT(Gf,Tac);
Vmax = Solar_V_LUT(Gf,Tac);
Imax = Solar_I_LUT(Gf,Tac);
T = Solar_T_LUT(Gf,Tac);

end
elseif R == 1 % best case rounding

Gf = ceil(G/Gstep);
Tac = floor(Ta/Tstep);
if Gf <= 0

Pmax=0;
Vmax=0;
Imax=0;
T=Ta;

else
if Tac >= 10

Tac = 9;
elseif Tac <= 0

Tac = 1;
elseif Gf >= 25

Gf = 25;
end
Pmax = Solar_LUT(Gf,Tac);
Vmax = Solar_V_LUT(Gf,Tac);
Imax = Solar_I_LUT(Gf,Tac);
T = Solar_T_LUT(Gf,Tac);

end
else

Pmax=0;
Vmax=0;
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Imax=0;
T=Ta;

end

end

B.1.7. Creation of LUT
%Student: Morten Haas, 4701852
%Student: Aru van der Knaap, 4693531
%Date: 18/06/2021
clear all;

Gstep = 50;
Tstep = 5;
Gtot = 1200/Gstep;
Ttot = 45/Tstep;
tic
for j = 1:Ttot

for i = 1:Gtot
N = (j­1)*24+i
[Solar_LUT(i,j),Solar_V_LUT(i,j),Solar_I_LUT(i,j),Solar_T] =

Solar_Cell_Model_Function(Gstep*i,Tstep*j);↪

Solar_T_LUT(i,j) = Solar_T ­ 273;
toc

end
end

B.1.8. Weather data processing
%Student: Morten Haas, 4701852
%Student: Aru van der Knaap, 4693531
%Date: 18/06/2021

function [yearly_data,irradiance_sum,yearly_temp] =
Weather_Data_Processing(data)↪

data = data(1:105192,2:6);
data(:,4) = [];
%sort data to hours for each year
y = 12;
n = 8760; %normal year
s = 8784; %gap year
hc = 0; %total hour counter
for i = 1:y

if floor(i/4)==i/4
for j = 1:s

yearly_data(j,i,:) = data(hc+j,:);

end
hc = hc + 8784;

else
for j = 1:n

yearly_data(j,i,:) = data(hc+j,:);

end
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hc = hc + 8760;
end

end
yearly_temp(:,:,:) = yearly_data(:,:,4);
irradiance_sum(:,:,:) = sum(yearly_data(:,:,1:3),3);

%sort data to hours for each day
% d = 366;
% h = 24;
% for i = 1:d
% for j = 1:h
% daily_data(j,i,:,:) = yearly_data(j+(i­1)*h,:,:);
% end
% end

% Data Analysis
% Sum of daily irradiance data
% daily_data_sum(:,:,:) = sum(daily_data(:,:,:,1:3),1);

end

B.2. LTspice code
[26]

B.2.1. single diode model
*Author: Tibbe van der Biezen (4686608)
*Author: Aru van der Knaap (4693531)
*Date: 04/06/2021
.param Isc_stc = 1.754 ;Short circuit current
+Rs_stc = 0.275408 ;Series resistance
+Rp_stc = 58.331508 ;Shunt resistance
+Voc_stc = 7.3 ;Open circuit current
+Irs = 1.546782n ;Reverse saturation current
+Ipv = 1.762 ;Photo current
+G_stc = 1000 ;Standard irradiance
+G = {Gs} ;Irradiance
+a_stc = 1.14 ;Ideality factor
+Kv = ­0.356 ;percent per Celsius
+Ki = 0.024 ;percent per Celsius
+T_stc = 25 ;Temperature
+T = 5
+Vmpp_stc = 5.758 ;Voltage at mpp
+Impp_stc = 1.5848 ;Current at mpp
+k =1.380653e­23 ;Boltzman constant
+q=1.60217646e­19 ;Electric charge
+N=1 ;Number of cells

*Formulas********
+Rs = Rs_stc
+Rp = {Rp_stc*G_stc/G}
+Isc = {Isc_stc*G/G_stc+Ki/100*Isc_stc*(T­T_stc)}
+vt = {a_stc*k *T*N/q}
+dV = {vt*ln({G}/G_stc)}
+Voc={Voc_stc+Kv/100*Voc_stc*(T­T_stc)+{dV}}
+Ec = {q/(k*(T+273.15))*{Voc}/ln({Isc}/{Irs})}
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.model DiodeSC D(Is={Irs} N={Ec})
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C.1. Mystery solar cell datasheet

Figure C.1: Mystery solar cell datasheet

C.2. Temperature/humidity sensor
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Physical map                            Dimensions (unit: mm)

         

Figure 1: AM2315wiring diagram 
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AM2315 supply voltage range of 3.5 - 5.5V, recommended supply voltage is 5V.

Table 2: AM2315 relative humidity performance table
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Data format： 
   
Data length： 
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Main characteristics 
 

 Zero false alarm rate 
 

 Real-time response 
 

 Correct data 
 

 Minimum distinguishable particle diameter :0.3 micrometer 

 

 High anti-interference performance because of the patent structure of six 

sides shielding 

 

 Optional direction of air inlet and outlet in order to adapt the different 

design 
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Overview 

PMS5003 is a kind of digital and universal particle concentration sensor, 

which can be used to obtain the number of suspended particles in the air, 

i.e. the concentration of particles, and output them in the form of digital 

interface. This sensor can be inserted into variable instruments related to 

the concentration of suspended particles in the air or other environmental 

improvement equipments to provide correct concentration data in time.  

 

 

 

 

Working principle 

Laser scattering principle is used for such sensor, i.e. produce scattering by 

using laser to radiate suspending particles in the air, then collect scattering 

light in a certain degree, and finally obtain the curve of scattering light change 

with time. In the end, equivalent particle diameter and the number of particles 

with different diameter per unit volume can be calculated by microprocessor 

based on MIE theory. Please find the functional diagram of each part of sensor 

from Figure 1 as follows.  

 

 

Figure 1 Functional block diagram of sensor 
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Technical Index 

Parameter Index unit 

Range of measurement 0.3~1.0；1.0~2.5；2.5~10        Micrometer（μ m） 

Counting Efficiency 50%@0.3μ m   98%@>=0.5μ m  

Effective Range（PM2.5 

standard） 

0~500 μ g/m³ 

Maximum Range（PM2.5 

standard）* 

≥1000 μ g/m³ 

Resolution 1 μ g/m³ 

Maximum Consistency Error 

(PM2.5 standard data)* 

±10%@100~500μ g/m³ 

±10μ g/m³@0~100μ g/m³ 

 

Standard Volume 0.1 Litre（L） 

Single Response Time ＜1 Second（s） 

Total Response Time ≤10 Second（s） 

DC Power Supply Typ:5.0  Min:4.5  Max: 5.5 Volt（V） 

Active Current ≤100 Milliampere（mA） 

Standby Current ≤200 Microampere（μ A） 

Interface Level L <0.8 @3.3 H >2.7@3.3 Volt（V） 

Working Temperature Range -10~+60 ℃ 

Working Humidity Range 0~99%  

Storage Temperature Range -40~+80 ℃ 

MTTF ≥3 Year（Y） 

Physical Size 50×38×21 Millimeter（mm） 

Note 1: Maximum range means that the highest output value of the PM2.5 standard 

data is not less than 1000.  

Note 2:“PM2.5 standard data” is the “data2” in the appendix. 
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Pin Definition 
 

 

 

 

 

 

                     PIN1 

Figure 2   Connector Definition 

 

 

PIN1 VCC Positive power 5V 

PIN2 GND Negative power 

PIN3 SET Set pin /TTL leve l@3.3V，high level or 

suspending is normal working status, while 

low level is sleeping mode. 

PIN4 RX Serial port receiving pin/TTL level@3.3V 

PIN5 TX Serial port sending pin/TTL level@3.3V 

PIN6 RESET Module reset signal /TTL level@3.3V，low 

reset. 

PIN7/8 NC  

 

Output result 

Mainly output as the quality and number of each particles with different size 

per unit volume, the unit volume of particle number is 0.1L and the unit of 

mass concentration is μ g/m³. 

There are two options for digital output: passive and active. Default mode 

is active after power up. In this mode sensor would send serial data to the 

host automatically .The active mode is divided into two sub-modes: stable 

mode and fast mode. If the concentration change is small the sensor 

would run at stable mode with the real interval of 2.3s.And if the change is 

big the sensor would be changed to fast mode automatically with the 

interval of 200~800ms, the higher of the concentration, the shorter of the 

interval. 
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Typical Circuit 

 
Figure 3   Typical Circuit 

 

Typical Output Characteristic 

Definition of axis Y: PM2.5 concentration , unit: μ g/m³ 

Definition of axis X: number of samples, unit: time 

 

 
Figure 4-1   Consistency at 20℃ 
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Figure 4-2   Consistency at 43℃ 

 

 

 

 

 

 
Figure 4-3   Consistency at -5℃ 
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Figure 4-4   Consistency after 30 days’ running 

 

             

Relationship of Temperature and Consistency 

Definition of axis Y: Maximum Error Modulus(%) 

Definition of axis X: Temperature(℃) 

 

 

 
Figure 5   Consistency Vs Temperature 
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Endurance Characteristics 

No Item Test Method Characteristics n 

C 

1 Long Running 1. 10 ㎡ closed Lab,，20~25℃，

humidity 30%~70%，particle 

generator and air cleaner 

2. DC 5V power supply 

3. Check consistency after  720 

hours’ running 

10 samples during  

0~500μ g/m³  

 

0~100μ g/m³ 

Maximum Error≤

±15μ g/m³ 

 

100~500μ g/m³ 

Maximum Error≤

±15% 

 

 

FAN does not 

screeched 

n=30 

C=0 

2 High 

Temperature 

Operation 

1.  10 ㎡ constant temperature Lab 

2.  43℃，humidity 70%， 

3.  particle generator and air 

cleaner 

4. DC 5V power supply 

5. Check consistency 

n=10 

C=0 

3 Cold 

Operation 

1.  10 ㎡ constant temperature Lab 

2.  -5℃，humidity 30%， 

3.  particle generator and air 

cleaner 

4. DC 5V power supply 

5. Check consistency 

n=10 

C=0 

4 Vibration 1. 10㎡ closed Lab,，20℃，humidity 

50%，particle generator and air 

cleaner 

 

2. DC 5V power supply and check 

consistency 

3.  Frequency：50Hz。 

4.  acceleration：9.8/ S²。 

5.  Direction：X、Y、Z 

6.  Vibration Amplitude：±2mm。 

7.  Time：X、Y、Z –way, Per  1 hour 

n=5 

C=0 

5 High 

Temperature 

and Humidity 

Storage 

1.  Constant temperature cabinet 

2.  70℃，humidity 90%~95， 

3.  Check consistency after 500 

hours’ storage  

 

10 samples during  

0~500μ g/m³  

 

0~100μ g/m³ 

Maximum Error≤

±10μ g/m³ 

 

100~500μ g/m³ 

Maximum Error≤

±10% 

 

n=10 

C=0 

6 Cold Storage 1.  Constant temperature cabinet 

2.  -30℃，humidity 90%~95， 

3.  Check consistency after 500 

hours’ storage  

 

n=10 

C=0 

7 Variation of 4. 10㎡ closed Lab,，20℃，humidity n=5 
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Power Supply 50%，particle generator and air 

cleaner 

 

5. Power varies as the cycles of 4.5V 

to 5.5V ,then 5.5V to 4.5V with 

the pace of 0.1V/min for 2 hours. 

6.  Check consistency during 

Variation 

 

FAN does not 

screeched 

C=0 

8 Power On-Off 

Cycle 

1. 10㎡ closed Lab,，20℃，humidity 

50%，particle generator and air 

cleaner 

2. DC 5V power supply，keep On-Off 

frequency 0.5Hz for 72 hours and 

check consistency 

n=10 

C=0 

9 Sleep Set 

On-Off 

Cycle 

1. 10㎡ closed Lab,，20℃，humidity 

50%，particle generator and air 

cleaner 

2. DC 5V power supply，keep Sleep  

Set Pin High-Low frequency 0.5Hz 

for 72 hours and check 

consistency 

n=10 

C=0 

10 Laser On-Off 

Cycle 

1. 10㎡ closed Lab,，20℃，humidity 

50%，particle generator and air 

cleaner 

2. keep laser  On-Off frequency 

50Hz for 240 hours and check 

consistency 

n=10 

C=0 

11 Salt Spray 5% industrial salt water, hydrolysis 

spray 100 hours, clean with 

purified water and store for 48 

hours 

No rust and 

discoloration of 

metal parts 

n=1 

C=0 
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Circuit Attentions 

1)  DC 5V power supply is needed because the FAN should be driven by 5V. 

But the high level of data pin is 3.3V. Level conversion unit should be 

used if the power of host MCU is 5V. 

2)  The SET and RESET pins are pulled up inside so they should not be 

connected if without usage. 

3)  PIN7 and PIN8 should not be connected. 

4)  Stable data should be got at least 30 seconds after the sensor wakeup 

from the sleep mode because of the fan’s performance.  

 

 Installation Attentions 

1)  Metal shell is connected to the GND so be careful not to let it shorted with 

the other parts of circuit except GND. 

2)  The best way of install is making the plane of inset and outset closely to 

the plane of the host. Or some shield should be placed between inset and 

outset in order to prevent the air flow from inner loop. 

3)  The blowhole in the shell of the host should not be smaller than the inset. 

4)  The sensor should not be installed in the air flow way of the air cleaner or 

should be shielded by some structure. 

5)  The sensor should be installed at least 20cm higher than the grand in 

order to prevent it from blocking by the floc dust.  

6)  Do not break up the sensor. 

7)  M2 self-tapping strew should be used to fix the sensor but it should not be 

deeper than 5mm into the sensor. 

 

Other Attentions 

1)  Only the consistency of all the PM sensors of PLANTOWER is promised 

and ensured. And the sensor should not be checked with any third party 

equipment.  

2)  The sensor is usually used in the common indoor environment. So some 

protection must be added if using in the conditions as followed: 

a) The time of concentration ≥300μ g/m³ is longer than 50% of the 

whole year or concentration≥500μ g/m³ is longer than20% of the 

whole year. 

b) Kitchen 

c) Water mist condition such as bathroom or hot spring. 

d) outdoor 
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Part Number Definition 
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Physical Size (mm) 
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Appendix I：PMS5003 transport protocol-Active Mode 

Default baud rate：9600bps  Check bit：None Stop bit：1 bit 

32 Bytes 

Start character  1 0x42 (Fixed) 

Start character 2 0x4d (Fixed) 

Frame length high 
8 bits 

…… Frame length=2x13+2(data+check bytes) 

Frame length low 8 
bits 

…… 

Data  1 high 8 bits …… Data 1 refers to  PM1.0 concentration unit   

μ g/m3（CF=1，standard particle）* 

 
Data 1 low 8 bits …… 

Data 2 high 8 bits …… Data 2 refers to  PM2.5 concentration unit   

μ g/m3（CF=1，standard particle） 

 
Data 2 low 8 bits …… 

Data 3 high 8 bits …… Data 3 refers to  PM10 concentration unit    

μ g/m3（CF=1，standard particle） 
Data 3 low 8 bits …… 

Data 4 high 8 bits …… Data 4 refers to  PM1.0 concentration unit  * 

μ g/m3（under atmospheric environment） 

 
Data 4 low 8 bits …… 

Data 5 high 8 bits …… Data  5 refers to  PM2.5 concentration unit  

μ g/m3（under atmospheric environment） 

 
Data 5 low 8 bits …… 

Data 6 high 8 bits ……. Data  6 refers to concentration unit (under  

atmospheric environment) μ g/m3 
Data 6 low 8 bits …… 

Data 7 high 8 bits …… Data 7 indicates the number of  

part ic les with d iameter beyond   0.3 um 

in  0.1 L of air.  
Data 7 low 8 bits …… 

Data 8 high 8 bits …… Data  8 indicates the number of  

part ic les with d iameter beyond   0.5 um 

in  0.1 L of air. 
Data 8 low 8 bits …… 

Data 9 high 8 bits …… Data  9 indicates the number of  

part ic les with d iameter beyond   1.0 um 

in  0.1 L of air. 
Data 9 low 8 bits …… 
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Data 10 high 8 bits …… Data 10 indicates the number of  
part ic les with d iameter beyond   2.5 um 
in  0.1 L of air. 

Data 10 low 8 bits …… 

Data 11 high 8 bits …… Data 11 indicates the number of  
part ic les with d iameter beyond   5.0 um 
in  0.1 L of air. Data 11 low 8 bits …… 

Data 12 high 8 bits …… Data 12 indicates the number of  
part ic les with d iameter beyond   10 um 
in  0.1 L of air. Data 12 low 8 bits …… 

Data 13 high 8 bits …… Data 13  Reserved 

Data 13 low 8 bits …… 

Data and check 
high 8 bits 

…… Check code=Start character 1+ Start 

character 2+……..+data 13  

Low 8 bits 

Data and check 
low 8 bits 

…… 

 

Note: CF=1 should be used in the factory environment  

. 
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Appendix II：PMS5003 transport protocol-Passive Mode 

Default baud rate：9600bps  Check bit：None Stop bit：1 bit 

 

Host Protocol 

 

Start Byte 

1 

Start Byte 

2 

Command Data 1 Data 2 Verify Byte 

1 

Verify Byte 

2 

0x42 0x4d CMD DATAH DATAL LRCH LRCL 

       

 

 

1. Command Definition 

CMD DATAH DATAL 说明 

0xe2 X X Read in passive 

mode 

0xe1 X 00H-passive 

01H-active 

Change mode 

0xe4 X 00H-sleep 

01H-wakeup 

Sleep set 

 

2. Answer 

0xe2: 32 bytes , same as appendix I 

3. Verify Bytes : 

Add of all the bytes except verify bytes. 
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date 01/17/2020

page 1 of 4

MODEL:  CMA-4544PF-W │ DESCRIPTION:  ELECTRET CONDENSER MICROPHONE

cuidevices.com

SPECIFICATIONS
parameter conditions/description min typ max units

directivity omnidirectional

sensitivity (S) f = 1 kHz, 1 Pa, 0 dB = 1 V/1 Pa -46 -44 -42 dB

operating voltage 3 10 Vdc

output impedance (Zout) f = 1 kHz, 1 Pa 2.2 KΩ

sensitivity reduction (∆S-Vs) f = 1 kHz, 1 Pa, Vs = 3.0 to 2.0 Vdc -3 dB

frequency (f) 20 20,000 Hz

current consumption (IDSS) Vs = 3.0 Vdc, RL = 2.2 KΩ 0.5 mA

signal to noise ratio (S/N) f = 1 kHz, 1 Pa, A-weighted 60 dBA

operating temperature -20 70 °C

storage temperature -20 70 °C

dimension ø9.7 x 4.5 mm

weight 0.8 g

material Al

terminal pin type (hand soldering only)

RoHS yes
Note:	 We use the “Pascal (Pa)” indication of sensitivity as per the recomendation of I.E.C. (International Electrotechnical Commission).  The sensitivity of “Pa” will increase 20dB 	
	 compared to the “ubar” indication.  Example: -60dB (0dB = 1V/ubar) = -40dB (1V/Pa)

MECHANICAL DRAWING MEASUREMENT CIRCUIT
unit: mm

RL = 2.2 KΩ

Schematic Diagram

Additional Resources:    Product Page    |    3D Model    |    PCB Footprint
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cuidevices.com

CUI Devices │ MODEL: CMA-4544PF-W │ DESCRIPTION: ELECTRET CONDENSER MICROPHONE

1.000V/PA 

MECHANICAL CHARACTERISTICS
item test condition evaluation standard

soldering heat resistance Soldering iron of +270 ±5°C should be placed on the 
terminal for 2 ±0.5 seconds. No interference in operation.

terminal mechanical strength Apply to the terminal 4.9 N (0.5 kg) for 30 seconds No damage or cutting off.

vibration test
The part should be measured after a vibration amplitude of 
1.5 mm with 10~55 Hz band of vibration frequency to each 
of the 3 perpendicular directions for 2 hours. After any tests, the sensitivity should be 

within ±3 dB of the initial sensitivity.
drop test

The part without packaging is subjected to 3 drops on each 
axis from the height of 1 m onto a 20 mm thick wooden 
board.

ENVIRONMENT TEST
item test condition evaluation standard

high temperature test After being placed in a chamber at +70°C for 72 hours.

After any tests and 6 hours of  
conditioning at +25°C, the  
sensitivity should be within ±3 dB of the 
initial sensitivity.  

low temperature test After being placed in a chamber at  -20°C for 72 hours.

thermal shock After being placed in a chamber at +40°C and 90 ±5% RH 
for 240 hours.

temperature cycle test

The part will be subjected to 10 cycles.  One cycle will 
consist of:

TEST CONDITIONS
standard test conditions a) Temperature: +5 ~ +35°C b) Humidity: 45 ~ 85% c) Pressure: 860 ~ 1060 mbar

judgement test conditions a) Temperature: +25 ±2°C b) Humidity: 60 ~ 70% c) Pressure: 860 ~ 1060 mbar

FREQUENCY RESPONSE CURVE

Additional Resources:    Product Page    |    3D Model    |    PCB Footprint
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date 01/17/2020 │ page 3 of 4

cuidevices.com

CUI Devices │ MODEL: CMA-4544PF-W │ DESCRIPTION: ELECTRET CONDENSER MICROPHONE

PACKAGING

Additional Resources:    Product Page    |    3D Model    |    PCB Footprint
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date 01/17/2020 │ page 4 of 4CUI Devices │ MODEL: CMA-4544PF-W │ DESCRIPTION: ELECTRET CONDENSER MICROPHONE

cuidevices.com

CUI Devices offers a one (1) year limited warranty.  Complete warranty information is listed on our website.

CUI Devices reserves the right to make changes to the product at any time without notice.  Information provided by CUI Devices is believed to be accurate and reliable.  However, no 
responsibility is assumed by CUI Devices for its use, nor for any infringements of patents or other rights of third parties which may result from its use.

CUI Devices products are not authorized or warranted for use as critical components in equipment that requires an extremely high level of reliability.  A critical component is any 
component of a life support device or system whose failure to perform can be reasonably expected to cause the failure of the life support device or system, or to affect its safety or 
effectiveness.

rev. description date

1.0 initial release 06/01/2008
1.01 new template applied, updated drawing 09/24/2013
1.02 brand update 01/17/2020

The revision history provided is for informational purposes only and is believed to be accurate.

REVISION HISTORY

Additional Resources:    Product Page    |    3D Model    |    PCB Footprint
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