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Summary

Varying irradiation conditions across photovoltaic (PV) modules may lead to nonlinear power losses due
to the interconnection topology of solar cells within modules. This mismatch may lead to highly localized

power dissipation (hotspots), and local heating which can cause irreversible damage to the module.

This project aimed 1) to develop a smart module that considerably mitigates mismatch effects, including
partial shading and temperature differences for different cells, 2) to perform hot spot detection and design
hotspot protection, 3) to design and develop integrated electronic circuitry for the smart module, and 4)

to perform financial analysis for large-scale manufacturing.

A smart module was developed that is mismatch resilient, and which is equipped with a multi-objective
algorithm to both maximize the harvested energy and fulfil DC bus requirements. Hot spot phenomena
have been investigated infrared (IR) thermography and a novel hot spot detection method has been
developed. Dedicated design electronic circuits have been developed including a bill of materials and cost
analysis. However, due to Covid and the unavailability of many electronic components, hardware

realisation was not possible.
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Preface
This final report describes the work performed in the project CSMTM (Customized Smart Mismatch-

Tolerant Module) as carried out within the framework of the Nationale regelingen EZ-subsidies, Topsector
Energie, executed by the Rijksdienst voor Ondernemend Nederland. The report addresses the results

obtained. In addition, several project changes, mostly due to the Covid pandemic, are described.
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1. Introduction

Energy harvesting in PV systems is made possible via maximum power point tracking (MPPT) of the
current-voltage (I-V) curve implemented in an (micro)inverter and generally works fine. However, partial
shading (dormer windows, chimneys, poles, bird droppings, soiling) causes a mismatch between modules
of a system and between cells of a module. Besides MPPT per module in the system, dynamic
reconfigurations (DR) [1]-[4] have also been suggested to enhance shade resilience. The nonlinear effect
of mismatch conditions (MC), e.g., partial shading conditions (PS), either decreases the efficiency and
accuracy of the MPPT algorithms or makes the tracking time longer [5]—[8]. In DR methods which are
implemented at the module level, the configuration within PV modules is to change between one
topology for cell interconnection to another, in a dynamical manner. These methods may be very
complicated regarding their optimization algorithm and perform noticeably slow [9]-[11]. Another way
to mitigate the PS effects on the performance of a PV system is to divide the module into several groups
of PV cells, as we have proposed earlier [1]. This smart module architecture comprises a buck DC-DC
converter for each group of cells which performs as an optimizer for that group of cells. In this

architecture, each group of cells consists of a number of cells connected in series (see Figure 1).
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Figure 1.- Design of groups of cells in the smart module and electronics design [1].

b}

module power [12], or in the case of the smart module, reduces the group power. Usually, bypass diodes
are implemented to mitigate hot spotting; however, they do not prevent hot spots from occurring nor
limit the potential damage they may cause. An active hot spot detection technique should be used to
find the hot spot area. Furthermore, the smart module requires an electronics circuit to be mounted at
the back of the panel, which generates heat during operation, and this may change the temperature of

adjacent cells, which may decrease the group power, as it causes temperature differences (TD) and as a
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consequence voltage differences within the group. To solve this problem, we suggest two solutions: 1) to
reduce the size of the electronic circuit in order to reduce heat generation, and 2) to control the TD
effect in the module. It should be noted that the TD effect may occur for other reasons than heat

generated by the electronic circuit at the back of the panel.
Challenge

To mitigate the effect of TD on the cells which causes output voltage and eventually output power
decrease, we need to solve a multi-objective optimization problem which maximizes the output power
from each group of cells by controlling both voltage and current of the group of cells and at the same
time the resulting voltage and current should comply with input specifications of the inverter that is

connected to the module.

Photovoltaic (PV) hot spotting is a temporary fault condition that occurs in series-connected PV cells and
modules. To mitigate this issue, an active hot spot detection method should be developed. Here we
propose to use |-V curve recording from each group of cells. The method can be validated by means of

infrared (IR) thermography.

The microinverters and electronics circuits in the present smart module need a redesign, taking into

account the following aspects:

(i) Due to the fact that electronic elements may generate heat, it is preferable for each chip to
include more than one converter. Therefore, the customized integrated circuit (IC) may
generate less heat and needs less space. This change will also decrease the price of the smart

module.

(ii) The customized chip should be equipped with a control system, to make the algorithm much
simpler for the main microprocessor. Therefore, a simpler microprocessor may be used in the

final circuit.

(iii) Incorporation of the hot spot protection method.
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2. Goal and purpose

Questions to be answered

As the philosophy behind designing the smart, shade-resilient module is to harvest the maximum energy
from the cells at low levelized cost of energy (LCoE), the important issues in smart module design can be

found in the answer to the following questions:
e How can the lifetime of the module be prolonged?
e How can the module cheaper be made cheaper?
This requires answering the following sub-questions:

1. How to control the micro converters considering the effects of both PS and TD, by defining a

multi-objective optimization problem?

2. What is the location/cell at which a hot spot occurred?

This needs a hot spot detection method which can detect this phenomenon in real time.

3. How can one mitigate the hot spot causes with hot spot protection via variation in the control

signal for the converter or minor changes in the electrical circuit?

4. How can one design a customized chip for micro converters and make the electronic circuit

cheaper and smaller in size?

Scope and goal of the project

This project’s scope is to perform scientific research on a smart PV module to maximize the harvested
energy at different mismatch conditions which have effects on PV output power. The module is also

equipped with an active hot spot protection method.

The goal of the project is to create a smart module and prolong its lifetime to be ready for mass

production and the market.
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Results of the Project
The results of the project are:
1. Model of a redesigned smart module considering TD effects.
2. IR thermography technique analysis
3. Hotspot detection method.
4. New hardware designs.
5. Integrated circuit design and development.

6. Building the hardware of the smart module equipped with the mentioned methods.

Use of the result in the market

This project develops, tests and delivers a robust mismatch resilient smart module that can be used for

residential and industrial PV systems which are potentially prone to shading or TD.

The hotspot detection method can readily be implemented in the smart module and protect the module
from damage after the failure is detected. As a result, the module lifetime will be prolonged.
Furthermore, temperature effect control and customized chip design can both boost up the harvested

energy from the panel. This all will lead to better cost efficiency.

It is important to mention that the market for this product is not limited to the Netherlands but also in
many other countries where PV deployment in the built environment is targeted. Also, the results can be

directly used in building integrated PV (BIPV) components and interconnections.

The Technology Readiness Level (TRL) of the present smart module design is TRL4. The proposed
redesign has aspects of TRL1 and TRL2. Using the present smart module the final product will have

reached TRL5, with a clear outlook on how to further develop the product to TRL 7 and higher.
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3. Results

3.1. Modelling
A model for the complete smart module considering the groups designed before has been modified

allowing to include temperature difference effects between different cells. The temperature variation in
this model is a function of both ambient temperature and heat arising from electronics elements.
Measured data are implemented in the model and a comparison between the developed smart module

and a standard series-connected module available in the market is made.

For modeling the smart module, we consider the surface of the 60-cell module to consist of 600,000 (600k)
pixels, which means that each solar cell has 10 kpixels (ignoring inter-cell distances for simplicity). The

. o . . o ] Gpeur Uf it is not shaded
irradiation level on pixel p is called G, and is given |nGp={

Gp,s if it is shaded
Equation 1:
Gpeui if it is not shaded '
Gy = {G if it is shaded Equation 1

p.s

where G, ¢y is the global horizontal irradiance (GHI) at the pixel and G,, ; the irradiance at the pixel under

the shaded condition.

To calculate the irradiation level on each cell Equation 2 is used, which is based on experimental results

from a study by Sinapis et al. [12]:

Gc = (Funshaded X GGHI) + (Fshaded X Gdif) Equation 2

where Funshaded is the unshaded fraction of cell, Fsadea is the shaded fraction of cell, G is the global
horizontal irradiance, Gy is the diffuse irradiance at the cell C. The most shaded cell in each group N;

determines the output current of that group.

The performance of the smart PV module needs to be tested under realistic shading conditions. In this
study two different shading conditions are considered: (1) Random shadow, which might result from the
effect of dust, bird droppings, snow, etc.; and (2) pole shadow, which is caused by a static obstacle during
daylight, and which is mostly caused by pole shapes, chimneys, dormers, or a part of the building on the

roof. Also, these shading conditions can be combined [13].
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Figure 2. Examples of shading pattern, (a) Random shading for higher diffuse to direct irradiation, (b) Random shading for lower
diffuse to direct irradiation , (c) Pole shading for higher diffuse to direct irradiation, (d) Pole shading for lower diffuse to direct
irradiation [13]

Figure 3 shows recorded irradiance data during the experiments. Three different time frames of 15 min
in duration are used to for shading experiments. Figure 4, 5 and 6 show different shading patterns and
their effect on groups of PV cells for different architectures. Unlike in Figure 5 and Figure 6, which only
have the effect of pole shadow, in Figure 4 a combination of both pole and random shadows is shown.
The output power for three time frames as shown in these figures is given in Table 1. It is clearly shown
that a series connected architecture in time frame 1 performs very weak, as a result of the bypass diodes
in this architecture. The shade pattern in time frame 1 affects both current and voltage significantly. The
group of cells under much darker shadow are bypassed by BPDs and current is very low because of the
shading. Each time frame simulates 15 min of the real world with the assumption of having a constant

value of irradiation variables.
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Figure 3 Global, Direct and Diffuse irradiation levels during the experiments.
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Figure 4. Combined pole and random shading patterns and effect of that on different architectures at time frame 1.
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Figure 5. Pole shading pattern and effect of that on different architectures at time frame 2.
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Figure 6. Pole shading pattern and effect of that on different architectures at time frame 3.
Note that the shade is not cast on the panel.
Table 1 Output power in the three time-frames indidated in Figure 3..
Architecture Frame (1) Frame(2) Frame(3)
Ideal Architecture 48.35 (W) 84.23(W) 116.54(W)
Smart Architecture 18.49 (W) 69(W) 108.85(W)
Series Connected Architecture 0.84(W) 30.95(W) 112.35(W)
Parallel Connected Architecture 4.51(W) 62.97(W) 113.42(W)
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3.2. Hot spot detection method and testing
Experimental results have shown that when a PV cell string is under a maximum power point tracking

control, hot spotting in a single cell results in a capacitance increase and DC impedance increase. This may
be used to detect the hot spot in real time by implementing appropriate tools to measure both |-V curve
and capacitance in the cells. This is implemented in an adapted version of the model developed in section
3.1, so as to investigate the occurrence of hot spot phenomena. The results from this model are used later

to be compared with IR analysis.

For having a fair comparison, the module is divided into two sections, a smart and a conventional section.
In the smart section, we connected each group of cells to one buck converter and connect all converters

in series to their output side.

Different shading patterns are applied to the testing. Furthermore, a test run is conducted without any
shading, shown in Figure 7. To be able to compare the results of both halves of the module it is imperative
that both halves receive the same shading pattern. This rules out the possibility of using natural fouling
sources during the tests, because this would result in a random and most likely different pattern for both
halves [14]. At the start of testing each pattern the panel is cleaned to minimize the effect of natural fouling

build-up.
The following shading patterns are tested during this research:

1. A pole shadow. As shown in Figure 8, an identical pole is placed vertically in front of each half of
the panel to ensure that both halves of the panel are shaded in the same manner. To this end a
PVC tube with a diameter of 750 mm is used.

2. A heterogeneous non-transparent pattern to represent the effect of bird droppings, moss growth
etc. This pattern is applied directly to the surface of the panel and made equal for both halves of
the panel. To achieve this, shapes are cut out of cardboard and placed at the top of the panel,
demonstrated in Figure 9.

3. A homogeneous semi-transparent pattern. A mosquito curtain is placed across the entire panel to

simulate the effects of homogeneous fouling such as dust and pollen, displayed in Figure 10.
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- o g m [ " e

Figure 9: Bird drop testing setup. Figure 10: Homogenous fouling testing setup.
The smart module applies MPPT at a sub module level, where six cells are grouped and connected in
parallel to a DC-DC converter. The groups of cells are then connected in series to form the module. This
smart module implements a sweep method MPPT algorithm per group of cells and has been simulated,
prototyped and practically tested on a short time frame [13,15]. The results showed a significant increase

in the output power under PS conditions, compared to a conventional panel.

The prototype testing described before was performed on the timeframe of one hour, while almost half
of the panel were covered by shade and the rest was shaded by a pole shaped and some dynamic
obstacles. To better assess the benefits and potential downsides of this smart module topology longer
outdoor testing is therefore required. The smart module also has the potential to decrease the occurrence

of hotspots due to smaller cell grouping [16].

Confidential report 14



Final report CSMTM, project number TEUE 1721102

The measured irradiance in the plane of the module and the temperature of the module throughout the
testing day are shown in Figure 11. Some intermittent cloud coverage occurred during the testing day
which results in the fluctuations in irradiance. Furthermore, the temperature of the module also changed
throughout the day. These changing conditions make the data and results not suitable for direct
comparison between different test conditions. However, the data recorded from both halves during each

test can be compared since both halves were operating at the same conditions at that time.

Irradiance and internal module temperature during testing day
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Figure 11: Irradiance during testing day.

During analysis it is found that group one due to breakage in the circuit did not function correctly during
the tests. These different characteristics result in a lower power output of this group as can be seen in
Table 2. Hence, group one is removed from the results and only groups two to five are taken into

consideration.

Furthermore, it is found during the latter two tests, namely the bird drop and homogenous shade tests,
the efficiency of group five which is read from the measuring part, is significantly higher than the other

groups of the smart half. Further analysis shows that this higher efficiency is the result of a higher
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Table 2: Average efficiency of the module areas during the tests.

Gl G2 G3 G4 G5 Smart | Conventional | Relative
No shade 3.4% | 5.7% | 6.3% | 4.6% | 5.8% | 5.6% | 52% 108%
Pole shade 46% | 6.9% | 83% | 6.0% | 6.7% | 7.0% | 53% 131%
Bird drop 5.7% | 8.0% | 7.5% | 7.2% | 11.3% | 7.6% | 5.8% 132%
Homogenous
fouling 42% | 5.3% | 7.0% | 7.0% | 10.1% | 6.4% | 4.4% 146%

measured voltage, while the current is similar to the other groups. Such a difference in efficiency is
expected to result in a difference in temperature of the cells. However, this is not the case. Thus, most
likely the difference is the result of a measurement error while in reality the group operates similarly to
the other groups, which is proved by using a multimeter. A likely explanation for this error could be that
the voltage divider, which is used for measuring the voltage output, is not functioning linearly anymore
that might be due to the damage to the voltage divider’s resistors. This combined with the changing
irradiance and temperature throughout the tests results in an inaccurate voltage measurement during the
latter two tests. This difference in output voltage is not noticeable in the first two tests. Most likely because
the operating conditions were still close enough to the conditions under calibration. Therefore, the
efficiency of group five during the latter two tests is excluded from the average efficiency of the smart
half. Nevertheless, the results in terms of hotspot development can still be considered relevant since the

group was operating nominally.

The average efficiency of each group within the smart half, the average efficiency of the smart half and
conventional half during the tests are presented in Table 2. Counterintuitively, the efficiency of both halves
is not highest during the test without shade present. For the smart half the efficiency is even at its lowest
during the test without shade present. However, the output power was highest during this test as can be
seen in Table 3. Note that in this table the column of the smart half only contains the sum of the included
groups, which is corrected for size. A cause for the higher efficiency during the PS and fouling tests is that
the average irradiance was highest during the test without shade present. The testing module has a
relatively high internal resistance due to extra wiring. The increase in current due to the higher irradiance
combined with the high internal resistance causes the module to operate less efficiently. Furthermore, the
module temperature was at the highest level during the test without shade present, which also causes a

decrease in efficiency.
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Table 3: Average power output of the modules areas during the tests in watts.

Gl G2 G3 G4 G5 Smart | Conventional
No shade 4.6 7.7 8.5 6.3 7.8 38.0 35.2
Pole shade 5.6 8.5 10.2 | 7.3 8.2 42.7 32.6
Bird drop 6.1 8.7 8.1 7.8 12.2 41.0 31.1
Homogenous
fouling 4.6 5.7 7.6 7.6 11.0 34.9 23.9

The exclusion of groups one and five result in a relatively larger shaded area for the smart half compared
to the conventional half during the pole shadow and bird drop tests. Filtering for this difference in shaded
area is not feasible due to the non-linear response of PV-systems to partial shading. However, even under

a larger relative shade the smart half is more efficient during all tests (see column “relative” in Table 2).

3.2. IR thermography
Two light source set-ups have been constructed in order to perform IR thermography, one based on a

series of construction (halogen) lamps (Figure 14), and a LED setup (Figure 12). In the LED setup, 26 LED
strips with each 512 LEDs per meter and five meter per strip were glued to an aluminium panel of
1mx1.6mx0.0015m. The aluminium panel in combination with the aluminium structure worked as a heat
exchanger to get rid of the excess heat from all the lights. Total intensity of all LEDs together was 130,000
lumen. The aluminium was folded on the sides to ensure as much light as possible reaching the panel. The
panel was placed at a distance of about 20 centimetres away from the lights in an aluminium frame. For
every image that was made with the IR camera, the hinges were temporarily unscrewed, and the picture
was made while the panel would be slightly tilted. For the smart setup the same smart board was
connected with the PV panel as for the setup with construction lights. The same holds for the in series
setup. Additionally, the LED setup was tested in a different room which was roughly a third of the size of

the room used for the construction light setup.
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Figure 13. Example of the object for creation of shadow on the PV
panel. In the figure it is hanging on against the panel during one of
the test rounds

Figure 12. LED test setup wired in series.

Figure 14. Point-of-view of the IR camera for making images for first four test rounds.

For the creation of a shadow, a plastic package was wrapped in aluminium foil which could shade one cell.
It was attached to wire that was wrapped in aluminium foil as well. In this way the object could be moved

over the panel hanging from the top of the panel. The object can be seen in Figure 13.

An infrared (IR) camera was placed in front of the panel. An example from the construction lights setup
can be seen in Figure 14. The thermal imaging camera that was used is the Testo 883 [17]. This camera
was able to make an IR image simultaneously with a normal photo and was able measure the temperature
with a precision of 0.1 K. Therefore, it was possible to analyse the thermal images in detail afterwards. This
camera was adjusted in height in such a way that no shadow was created on the modules and no light

reflection was seen.
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3.2. Active hotspot protection method
An active hotspot protection method is proposed that uses an electrical circuit along with the micro

converters in the smart module to bypass the group of cells where the hotspot occurs. Once a group of
cell performs as load instead of current source, which can be detected by measuring the group current
and voltage continuously, active BPDs will be used that perform like soft switches in case of hotspot

detection. Cells under the hotspot condition will be bypassed with the corresponding active BPD.

A very accurate optimization method should be implemented for grouping the number of cells per active

BPD. Because once the hot spot is detected, all cells in the same group will be bypassed.

Several tests have been done for this part of research. However due to similarity in the results, we only

present some of the images.

Indoor laboratory testing

First, indoor tests have been performed, with either halogen or LED lamps as light source. For Tests 1.1
and 1.2 halogen lamps are used as source of light, and for Tests 2.1 and 2.2 the LED source described

before has been used.

Test 1.1: pole shading

As shown in Figure 15 a test has been done with pole shading. It can be seen that the panel is cooler in the
shaded part except in the middle of the shade. However, looking at the normal image it can be seen that
the positioning of the lamps leads to two shades from the pole as it is placed near the panel. This explains
the hotter part. Also, below on the images a small red dot is seen. However, looking closely at the normal
image it can be seen that this spot is not the panel, but results from the bucket in which the pole is placed..
Furthermore, the differences in temperature within the shaded parts can reach up to 15 °C and the

temperature difference of the non-shaded parts can be up to 20 °C higher compared to the shaded parts.

Test 1.2: pole shading

Figure 16 shows no points with much higher temperatures within the shaded areas. The shaded areas
have a lower temperature than the non-shaded parts with a difference of up to 15 °C. The differences
within the shaded parts reach up to 10 °C. Also, the images show that two shades are created due to the

positioning of the construction lamps.
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Figure 15 Overview of Test 1.1: showing three IR images and one normal image. Note: legends next to images are different
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Figure 16 Overview of Test 1.2: showing three IR images and one normal image. Note: legends next to images are different.
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Test 2.1: smaller obstacle shading

In

Figure 17, no hotspots are seen in the shaded parts when the object is removed for analysis of the shaded
parts. In the images on the left a large hot area is seen with a higher temperature than its surrounding.
But, looking at the images on the right the hot area moves when the object is moved. Furthermore, the
shaded parts can differ up to 5 °C with its surroundings and the temperature of these parts can be up 10
°C lower than the non-shaded parts.

Figure 17. Overview of Test 2.1 showing two moments checked for hotspots. In the images on the left the object is in
place and on the right the object is moved to the right. The last two images show the normal images. Note: legends
next to images are different.
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Figure 18. Overview of Test 2.2: showing two moments checked for hotspots. In the images on the left the object is in
place and on the right the object is moved to the right. The last two images show the normal images. Note: legends
next to images are different

Test 2.2: smaller obstacle shading

In the two moments checked for hotspots from shading in
Figure 18 no spots with higher temperatures are seen compared to their surroundings. The shaded area
was always colder than its direct surroundings. Only at the lower end of the panel a lower temperature is
measured. However, from the normal images it can be seen that less light reaches this area. On the

contrary, it cannot be seen whether the temperatures measured are only the panel itself or also the heat
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reflection of the LED lights. Furthermore, the temperature differences within the shaded areas reach up
to 5 °C and the non-shade parts are 10 to 15 °C lower than most of the panel. Only the lower end of the
panel is colder. Also, hot and cold spots are seen in the images with a much higher temperature than its
surroundings. However, comparing these images with the normal images it can be seen that these are

heat reflections from the object.

Outdoor testing with natural light

An image of the test setup during the four tests is already shown in Figure 7 to Figure 10. The cells of the
module are grouped as shown in Figure 19. The infra-red (IR) images taken during all tests are presented
in Figures 20-27. These figures include an image taken at the start and end of the test. The temperature

colour scale shown next to Figure 19 is the same for all other IR images (Figure 20-27).

65.0
60.0
55.0
50.0
45.0
40.0

35.0

30.0

29.7 °C

Figure 19. Division of the cells into groups

The lower efficiency of group 1 results in the observation that the cells of this group are slightly warmer
then the surrounding cells. Measurement points M1 and M2 in Figure 21 have respective temperatures

of 58.2 and 56.9 °C, thus a temperature difference of 1.3 °C.

During the bird drop test (Figure 24, 25) a hotspot developed in the third cell from the left in the
topmost row of cells (Group 5). On the smart half this same shading pattern did not result in a hotspot

forming. In Figure 25 measurement point M1 is placed on the hotspot and M2 is placed on the same
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location on the smart half. The respective temperature of these measurement points are 53.1 and

49.0°C, thus a temperature difference of 4.1°C. No hotspots developed during any of the other tests.
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Figure 24: IR ir;r-age at beginning of bird drop test
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3.3. Prototyping new design
Based on the results on the new hot spot protection method, the electrical circuit needs to be

redesigned for the improved smart module.

The present prototype has a lot of long cables and conventional electronics elements. To avoid extra losses
based on that, it is better to change the electronics designs. First, we need to change all elements to so-
called surface mount device (SMD) elements to decrease the losses and make the assembly procedure

easier.

In the new design we considered the following functions to be added/edited to/from the old design based

on our experimental testing:

1- Current sensing: this can be done with either of the following options to prevent resistive losses

a. Hall effect sensor: This sensor can measure the current through a cable by measuring the
amplitude of the magnetic field surrounding the cable through the Hall effect. This sensor
therefore does not have to be placed in the circuit itself but can be placed in close
proximity. This prevents losses that normally occur in any chip due to internal resistance
in the silicon and bond wires. The measurements do depend on a circuit that does not
radiate excess electromagnetic interference (EMI) from components or wires whose
current is not to be measured.

b. microchip: for measuring currents, microchips have been developed by several
manufacturers that only perform this task. The reading of the data with the current values

is done by means of a communication protocol performed. Common examples of this are
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12C and SM-Bus, standard protocols that many modern microcontrollers support. All logic
is contained in one component, which keeps communication between them consistent
and at high efficiency.

2- Voltage sensing: instead of the voltage divider, which is used in old design, the circuit can be
modified using:

a. ADC (analog to digital converter): The maximum voltage that the ADC will see is =3.67 V,
a voltage that most ADCs can easily handle these days. By selecting an ADC that has a
maximum conversion voltage just above that point, the greatest amount of dynamic range
can be utilized. This has the advantage that fewer components are involved, which
prevents losses and keeps overall tolerance higher.

b. microchip: as mentioned for current sensing there are chips available that can only
perform this task extremely well. Chips are also available that merge the current and
voltage measurements into a single chip, simplifying the scheme even more. These types
of chips can therefore be read by means of commonly used communication protocols such
as 12C and SM-Bus. Examples of this are several chips from the Texas Instruments INA
series. These chips are very accurate, fast and simple to use.

3- Export data: In order for any users and/or technicians to see the collected data from the solar
panel, appropriate data export must be added. This can be done either wirelessly or via a wired
connection to the solar panel.

4- Keep water out: this can be done using O-ring or Cork/metal gasket.

5- Keep EMI out, it could be done implementing Metallic tape, aluminium housing or a metallic mesh
around the box. A common way to reduce the effects of EMI is to make smart use of the PCB on
which the electronics must already be mounted. There are many different ways to limit emissions
by placing a lot of copper in smart places on the printed circuit board (PCB). The first way to do
this is to use a smart stack-up. A stack-up is a method where different layers of a PCB are used for
specific purposes. A stack-up that is widely used because it is simple and works well is a 4-layer
stack-up. The advantage of this is that components on the top and bottom have a small path to
ground, which reduces noise.

6- Heat dissipation, for heat dissipation we considered a heat sink which covers the box and
underneath the box, there should be layer of isolation to prevent the heat flux direction going

toward the back sheet.
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A

Figure 28. 3D model of the central box

For the new electronics design we considered two different options:

(i) Scattered converters, a separate box is made for each group of cells, which contains the
sensor and buck converter. This idea is not the best idea due to the housings, cables and
shielding which have to be made ten times and is very costly, and this makes the system
more vulnerable to errors, and difficult to repair.

(ii) Central box. Instead of putting all sensors and converters in their own box, all electronics are
put in one box housing, the concept is shown in Figure 28. A potential disadvantage
compared to the first idea is that the microprocessor is in the same housing. This needs extra
consideration regarding its shielding. It can also be an advantage, because the distance from
the sensors to the processor is smaller. Dissipating heat in this way is a bit more difficult as

all electronics and associated heat production are in one place.

A number of simulations were performed to determine the material to be used for the housing. For these
simulations, a thermal study in Solidworks was used. There are many options for the material, but the
most common options are: plastic and aluminum. For the simulation, 1060 aluminum and ABS plastic were

used.
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To run a thermal analysis simulation, a 35-watt heat source is placed in the housing of the electronics
which consists of all electronics devices in the housing. The back sheet temperature is assumed to be

50°C.

Figure 29 Simulation results for ABS Figure 30 Simulation results for aluminum

From the simulation results shown in Figures 29 and 30 it can be concluded that the inside surface of the
ABS housing is around 70°C while the aluminum housing only reaches 60 °C.

A new PCB has been designed in collaboration with Hogeschool Utrecht (HU), such that all elements are
located in one PCB. To this end, SMD components need to be used to allocate less space and bring

circuits of converter, and controller all in one PCB.

The schematic drawing of the PCB is shown in Figure 31 and is divided into 11 different parts to maintain
a good overview. Left and right to the middle STM32F103C8T6 microcontroller are ten identical groups
that consist of a LTM4611EV buck converter that requires an INA226 to measure the voltage and current,
an MCP4151 to adjust to change the set output voltage, and an AD626ANZ to generate a differential
voltage for the INA226 voltage measurements. Renderings of the back of the actual panel are shown in

Figure 32 and 33.
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Figure 31. Computer representation of the final version of the PCB.

Figure 32. Back of the panel with the housing without a cover
Figure 33. Cab]ihg on the back of the panel
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Due to the chip and electronics element shortage in the past years, the hardware preparation of this new

design could not be completed.

3.4. Financial aspects

The bill of materials (BOM) for all mechanical and electronics needed for one smart module are shown in

Table 4. However, it should be taken into consideration that the prices are based on purchasing small

amounts which makes the final total cost quite expensive. Moreover, the chip price at the time of this

project is increased due to IC shortage which started from the year 2021. The most important cost is

related to the LTM4611EV buck converter, about 65% of total cost. Alternatives in the market must be

found. Assuming a present standard module cost of 0.2 €/Wp [18], and a module of 420 Wp, module

cost would be 84 €. For a smart module to be competitive on the market, the present cost calculated

from the bill of materials, should be lowered by at least a factor of 50. This is realistic only if large

volumes of smart modules are manufactured.

Table 4: Bill of materials for the smart module and costs.

Element Condition Amount price/item (€) | Total price (€)
Nickel strip 10 mm wide 1000 mm lang 2.99 2.99
Black solar panel cable 6mm?2 13 meter 1.40 18.20
Red solar panel cable 6mm?2 5 meter 1.40 7
Aluminium plate 3 mm 540 x 280 1 35.41 35.41
Aluminium round 12 mm 150 mm 1 1.05 1.05
M6 x 30 Phillips head bolt 4 5 5
MC4 connectors 1 male, 1 female |2 1.045 2.09
Silicone sealant 1 tube 2 2
Rubber plate 2 mm 1x 240 290 mm 5 5
CL10B104KABNNNC 100nF 46 0.024 1.104
CL10B105KP8NNNC 1uF 12 0.036 0.42
CL10A106 MQ8NNNC 10uF 2 0.1 0.2
0603N120J500CT 14pF 2 0.09 0.18
EMKOJM331FBODOOR 330uF 10 0.195 1.95
CL21A226MQQNNNE 22uF 31 0.088 2.728
CL10A475KQ8NNNC 10nF 10 0.037 0.37
GRM31CD80J107MEAS8K 100uF 40 0.32 12.8
06031U101FAT2A 100pF 10 0.225 2.25
LTST-C230KGKT PWR_LED 1 0.29 0.29
LTST-C230KGKT DGB_LED 1 0.29 0.29
2506031217Y2 120R 1 0.09 0.09
TB005-762-02BE 1x2Scr.Term 11 0.56 6.182
Transistor_FET:BS170FTA BS170 2 0.66 1.32
RMCF1206FT1K50 1k5 2 0.032 0.064
ERJ-8ENF2672V 26k7 1 0.18 0.18
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RMCF1206FT10KO0 10k 1 0.032 0.032
RCO805FR-131K5L 1k5 4 0.031 0.124
RMCFO805FT100K 100k 10 0.024 0.24
PA1206FRE472U5Z O0R0025 10 0.497 4.97
ESR10EZPF10R0 10R 20 0.16 3.2
RTO805BREO79KL 9k 10 0.307 3.07
RMCFO805FT1K00 1k 10 0.069 0.69
RMCFO805FT10KO0 10k 10 0.06 0.69
ERA-6AEB203V 20k 10 0.031 0.31
AZ1117IH-3.3TRG1 AZ1117-3.3 1 0.38 3.8
Isolated Buck 17791069215 1 13.7 13.7
STM32F103C8T6 STM32F103C8T6 | 1 6.28 6.28
AD626ANZ:AD626ANZ AD656ANZ 10 0.341 3.41
Analog_ADC: INA226 INA226 10 3.09 30.9
LTM4611EV LTM4611EV-PBF | 10 31.15 311.5
MCP4151 MCP4151-02E/SN | 10 1.14 11.4
TSX-3225 16.0000MF20X-W6 | 16MHz 1 0.4 0.4
482
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4. Discussion

CSMTM was an ambitious project with innovative and challenging objectives given the available budget.
It was even more challenging when the Covid pandemic hit the world. This hampered experimental work
due to restrictions, but also lead to increased prices for many electronic components. As a result, the

project was quite delayed, and the actual realisation of new hardware was not possible.

The consortium regrets that the project has not led to the maximum success for which the project was
set up. On the other hand, we are confident that our smart module design is able to address shading
issues very well. Commercial success will depend on large-scale manufacturing, and we see an
opportunity in initiative to bring PV production back to Europe, focusing on technologies that we in

Europe are good at, which includes shade resilient BIPV modules.
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5. Follow up activities

The CSMTM project has resulted in a proof-of-concept of a smart shade-resilient module and an
electronics design that is much smaller in size than the original prototype design. Together with
Hogeschool Utrecht we will investigate how to realize an actual smart module, which will be tested at
UU’s testing facility for modules. Based on business model canvas approaches, an assessment will be

made for a potential start-up with HU students to develop this smart module electronics design.
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6. Dissemination

Dissemination activities have aimed to promote non-confidential results obtained within the project as
swiftly and effectively as possible for the benefit of the whole (scientific) community and to avoid
duplication of R&D efforts. In particular, smart module experimental results have been shared with
experts of the IEA-PVPS Task 13 (“Reliability and Performance of Photovoltaic Systems”) group, and

some of these are part of the following report:

M. Littwin, F. Baumgartner, M. Green, W. van Sark, Performance of New Photovoltaic System
Designs, IEA-PVPS, Report number IEA-PVPS T13-15: 2021, April 2021, ISBN: 978-3-907281-04-8.
(https://iea-pvps.org/wp-content/uploads/2021/03/IEA-PVPS_Task-13 R15-Performance-of-

New-PV-system-designs-report.pdf)

Published papers

S.Z. Mirbagheri Golroodbari, A.C. de Waal, W.G.J.H.M. van Sark, Proof of concept for a novel and smart

shade resilient photovoltaic module, IET-Renewable Power Generation, vol. 13, pp. 2184-2194, 2019.

Conference contributions

Sara Mirbagheri Golroodbari, Wilfried G.J.H.M. Van Sark, Implementing Smart Panels to Mitigate
Mismatch Conditions for a Dynamic Off-shore Floating PV System, 8" World Conference on Photovoltaic

Energy Conversion (WCPEC-8), Milano, Italy 26-30 September 2022 (poster)

Student reports

Boyd Beerling, Hotspot testing of a shade resilient smart photovoltaic panel, M.Sc. Thesis Energy Science,

2022.

Marnix Remming, Niels van der Zijden, Silas Witmond, Teun Drijfhout, Smart Module Design, B.Sc. Quest

Project HU, 2022.

PR of project and further PR possibilities

The project partners would like to be approached for any further publicity activities and would like to
contribute to public activities of the Rijksdienst voor Ondernemend Nederland or the TKI-Urban Energy

and are happy to add these insights to the debate about the energy transition in the Netherlands.
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Appendix

Component schematics

Schematic drawings of various components in the designed PCB are shown in Figures A1-A4
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Figure A1. STM32F103C8T6 schematic drawing
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