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Abstract 

 

The growing interest for the renewable energy source solar energy has made the different 

photovoltaic techniques develop at a rapid pace. One of the greatest challenges to 

overcome when it comes to solar energy, is that it is weather dependent and highly 

affected by shading. Various techniques exist to reduce the impacts of shading. To prevent 

damage of cells caused by hotspots, bypass diodes could be connected. The shingle and 

half-cut modules are under great development and better at handling the losses from 

shading than conventional modules. In arrays of modules, the choice of interconnection 

between modules can affect the performance of the system during partial shading. 

Alternative interconnections are also the foundation of static reconfiguration algorithms. 

Modules are repositioned while the electrical wiring remains the same, dispersing the 

shade on the array and reducing mismatch losses. This can theoretically also be used for 

cells in a module, to make a module more resistant towards shading. This was simulated 

and confirmed with experiments in this study. The findings are that static reconfiguration 

on cell-level gave a higher power output than un-reconfigured modules, in theory. 

However, even though it would be practically possible it would require complicated 

connections between cells and long cables. 
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Abbreviations 

 

Abbreviation Description 

FRNG Fibonacci random number generator 

MPP Maximum power point 

MPPT Maximum power point tracker 

PT Padovan transform 

PV Photovoltaic 

STC Standard test condition 

TCT Total cross-tied 

 

 

 

Nomenclature 

 

Symbol Description Unit 

𝑉𝑜𝑐  Open-circuit voltage V 

𝐼𝑠𝑐 Short-circuit current A 

𝑉𝑀𝑃𝑃 Voltage at maximum power point V 

𝐼𝑀𝑃𝑃 Current at maximum power point A 

𝐼𝑝ℎ Photocurrent A 

Id Diode current A 

Is Saturation current A 

n Diode ideality factor - 

Is1 Saturation current, diode 1 A 

Is2 Saturation current, diode 2 A 

Rs Series resistance Ω 

Rp Parallel resistance Ω 
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1. Introduction 

The transition from a world run on traditional methods of power generation towards 

one run on renewable energy has been under way for a long time. Global warming 

and climate crises in conjunction with increasing energy demand worldwide have 

sparked a movement away from fossil fuels as the world’s primary energy source, 

due to their detrimental effects on the environment and their finity. In contrast, 

renewable energy sources have milder climate effects and are non-finite. Thus, they 

could be a possible solution to both issues. Photovoltaics (PVs) is one such 

renewable energy source, which has been identified as a key element to a 

sustainable future.  

 

A prestudy [1] to this work regarding the subject of shading on PV systems has 

been carried out by the authors. Parts of the prestudy are re-used in this report, 

specifically in the abstract, introduction, literature review and theory 

section 2.1-2.5. 

 

1.1. Background 

 

Although it has existed for nearly 60 years, many challenges remain with the usage 

and implementation of PV technology. As it is electricity derived from light, it 

naturally follows that shading is one of its main challenges. Not only does shading 

cause losses in power, but it could also potentially damage cells or modules.  

 

To better accommodate shading, the design of PV modules has continuously 

evolved. An example of an improvement is to connect additional protective 

components to a module, like bypass diodes, which can avoid larger power losses 

and protect against overheating during shading. Changes could also be made to the 

electrical connections of the cells in a module and even the cells’ shape. Half-cut 

modules and recently, shingle and SAHiV-modules are examples where the cells 

are cut into pieces to make the module design more resistant to shading. 

 

The above-mentioned module designs employ different cell interconnections. 

Similarly, there is one technique that concerns the interconnection of modules in a 

PV array, referred to as static reconfiguration. It involves moving modules around, 

changing their placement in an array, without switching the underlying electrical 

connections. This might also be done without physically moving the modules, 

switching the electrical connections instead using additional switching components; 
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in which case it’s referred to as dynamic reconfiguration. The effect of both static 

and dynamic reconfiguration is that shading on the array is dispersed so that 

mismatch losses are reduced. 

 

1.2. Aims 

 

The aim of this study is to implement the static reconfiguration strategy on cell-

level. This will be accomplished by building an experimental module with flexible 

connection possibilities between cells, and by simulations where two 

reconfiguration algorithms will be compared and evaluated. The simulations of one 

reconfiguration algorithm will be evaluated with the experimental module. The 

research questions: 

 

• Is static reconfiguration theoretically a well-performing solution to shading 

issues on cell-level, considering power loss? 

• Is it practical to apply static reconfiguration on cell-level? 
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2. Theory 
 
In this chapter some basic information about PV technology is explained, as well 

as some different module designs. 

 

2.1. Solar radiation 

 

Solar radiation is composed of direct, diffuse and reflected light. During cloudy 

days, it’s mostly the diffuse radiation which hits the PV module. Days with snow 

can provide reflected radiation, while sunny days without clouds gives mostly direct 

radiation to the PV module. Shading can come from many sources, like dust or 

snow which can be removed, while other shadows might be permanent, i.e. 

buildings, trees or ventilation pipes. 
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2.2. Solar cell operation 

 

A solar cell is in principle the special operation of a photodiode – a diode which 

generates current when hit by light. The characteristics of solar cells are 

represented in I-V curves, as shown in Figure 1. The main points of interest are 

the open-circuit voltage Voc, short-circuit current Isc, and the point where the 

voltage and current together produce the maximum power, VMPP and IMPP.  

 

 

 

Figure 1. I-V curve of a solar cell with its maximum points (VMPP, IMPP) short 

circuit current (Isc) and open circuit voltage (Voc). 

 

It is the role of a separate component, i.e. an inverter or optimizer, to operate a PV 

system or device at its maximum power, while also outputting a current and 

voltage which is appropriate for the load. See section 2.4 on inverters. 

 

The I-V curve of a module is the sum of the individual cells’ I-V curves, see 

Figure 2. 
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Figure 2. Left: Three series connected cells of 0.6 V and 500 mA each. The current 

is the same as of one cell while the voltage adds up to 1.8 V. 

Right: In parallel connection, the cells have the same voltage as of one cell while 

the current adds up to 1500 mA. 

 

2.3. Shading of PV devices and bypass diodes 

 

The current a solar cell generates is proportional to the number of photons it 

absorbs. A shaded cell will have a reduction in current output proportional to the 

degree of shading. E.g. if 75 % of a cell is shaded, the current will be similarly 

reduced. The voltage level remains the same, so the reduction of current leads to a 

reduction of power output.  Series connected cells all operate at the same current 

level as the cell with the lowest current output. If just one cell is shaded, the entire 

string will be affected by the lowered current. This is called mismatch loss. 

Parallel connected cells operate at the same voltage level while the current adds 

up, meaning that unshaded cells will not be affected by a shaded parallel cell.  

 

The issue with shading of series connected cells can be solved by connecting 

bypass diodes in parallel to the cell. Bypass diodes let current pass through in one 

direction but not the other. If one cell is shaded in this case, the current will pass 
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through the bypass diode and the current drop will not affect other cells. Figure 3 

illustrates how a string with two bypass diodes can react to shading. The 

activation of the bypass diode changes the appearance of the I-V and power 

curves of the string.  

 

 

 

Figure 3. Top left: A string of eight cells has two bypass diodes, which are 

connected over four cells each. One cell is 4/5 shaded. 

Bottom left: Two resultant I-V curves appear due to shading. One curve where the 

bypass diode is activated and the system operates at full current and half voltage 

due to the loss of four cells. The other foregoes the bypass diode and utilizes all 

cells’ voltages but is restricted to the shaded cell’s current. 

Top right: The I-V curve if no cell were to be shaded. 

Bottom right: The two cases for activated and non-activated bypass diode show 

different appearances of the power curve. The bypass diode provides significant 

mitigation of power loss. 

 

The excess energy from the larger, unshaded cell currents is turned into heat in the 

shaded cell and a “hotspot” appears. Too much developed heat can damage the 

cell function and the encapsulating material of the solar module. Unless a solar 

module is equipped with bypass diodes over every cell, hotspots cannot be 

completely avoided only controlled in their intensity. Typically, 23 cells are the 
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maximum number that will not lead to damage to a shaded cell if they push their 

current through it [2, pp. 144].  

 

2.4. Inverters and Maximum Power Point Trackers 

 

A system of interconnected modules is called a PV array. Similar to cells, arrays 

are usually connected in series to receive higher voltages. An inverter controls the 

output current and voltage of the system to make it appropriate for the load.  This 

is done with a maximum power point tracker (MPPT) algorithm. The MPPT works 

by an algorithm that searches for a point where the system produces maximum 

power, the global maximum power point.  Inverters have one or more MPPT-inputs, 

meaning it could operate multiple strings of modules individually. If parts of one 

string of modules become shaded, the MPPT can still operate the remaining strings 

at the maximum power point.  

 

The MPPT searches for the global maximum power point, where the relationship 

between the current and the voltage produces maximum power, as seen in Figure 1. 

If the array is unshaded, only one maximum power point appears on the I-V curve. 

If a module is shaded, its bypass diodes can be activated. Depending on how bypass 

diodes are connected, parts of the module might be bypassed. This leads to local 

maxima points, since there are several points on the I-V curve where the combined 

voltage and current creates a peak, see Figure 3. The MPPT could stop at the local 

maxima instead of the global maximum power point which would reduce the power 

output. Since bypass diodes are usually connected in modules, local maxima are 

unavoidable. 

 

2.5. Module designs 

 

A conventional module usually consists of series connected cells, meaning that all 

cells are connected in a single string of 36-72 cells with a resulting voltage level of 

18-36 V. Bypass diodes are usually connected over at least every 24 cells. Recently, 

modules with other designs have gained popularity due to higher efficiencies and 

higher output power during partial shading. Half-cut, shingle and SAHiV-modules 

are three examples of such module designs. 
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2.5.1. Half-cut module 

 

Cells are cut in half to form the foundation of the half-cut module. The normal 

voltage level of one cell, 0.5-0.6 V, will remain the same in each cell piece while 

the current of one cell gets divided between the two cell pieces. This reduces the 

resistive losses and thereby increases the efficiency. The cells in this module are 

series connected and divided by a parallel connection in the middle, see Figure 4. 

This makes the module operate as if it was two separate modules. If shading would 

occur on one half of the module the other half will be unaffected, improving the 

efficiency even further. 

 

 

 

 

Figure 4. The strings of series connected cells and the parallel connection in the 

middle. 

 

2.5.2. Shingle module 

 

Shingle is a module technique where PV cells are cut into strips, usually from 5 to 

8 pieces, and later overlapped. Instead of visible busbars, shingled cell strips are 

connected with an electrically conductive adhesive. This removes gaps between 

cells in each string, increasing the total absorbent area and efficiency of the module. 

The cells can be connected crosswise or non-crosswise, see Figure 5. The crosswise 
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connection contains both series and parallel connections between the cells. If 

shading would occur on one row of the module, the current could use the parallel 

connection to find an alternative path. This reduces mismatch losses. 

 

 

 

Figure 5. The current takes an alternative path around the shaded area in the 

crosswise connection. The image is recreated from a report on crosswise shingle 

modules by Frauenhofer ISE [3]. 

 

2.5.3. SAHiV 

 

A novel module design is the small area high voltage module, SAHiV [4], [5].  By 

cutting a standard cell into 12 pieces and connecting them in series, a “cell” of 

standard size is obtained with a voltage several times larger and lower current. 

The larger voltage level of SAHiV-cell subgroups allows for more extensive use 

of parallel connections in a module, thus greatly increasing its tolerance to partial 

shading. It can be particularly suitable for building-integrated PV, building-

applied PV or vehicle-integrated PV [4], [5]. 

 

2.6. Different electrical connection schemes in arrays 

 

Besides alternative module designs, there are also various ways to interconnect 

modules in arrays. Figure 6 shows three ways to interconnect modules: Series-

parallel, total cross-tied (TCT) and bridge-linked. 

 

As seen in Figure 6, series-parallel has strings of modules connected in parallel. 

TCT has additional parallel ties between every row of modules and bridge-linked 

between every other row. 
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The advantage of TCT compared to series-parallel and bridge-linked is the largest 

reduction of mismatch losses due to the greatest number of parallel ties. The 

disadvantage is the additional wiring losses. 

 

               

  

Figure 6. Three different types of interconnections between modules.  

Left: Series-parallel connection. Middle: TCT connection. Right: Bridge-linked 

connection. 

 

2.7. Static reconfiguration in arrays 

 

Due to the multiple connection points between the modules, the TCT 

interconnection are often used as the foundation on which array reconfigurations 

are applied [6]. Array reconfiguration increases partial shading tolerance in module 

arrays, by reducing the mismatch losses. Array reconfigurations can be divided into 

two groups; dynamic and static [6], [7]. Electrical array reconfiguration, artificial 

intelligence and metaheuristic-based approaches are the main types of dynamic 

reconfigurations [7]. These are less impacted by partial shading, but they need 

additional components such as switches, sensors and controllers.  

 

Static reconfigurations do not need any additional components. The basic idea 

revolves around ways to reshuffle the position of the modules while the electrical 

wiring remains the same [6], [7]. In effect, this disperses any shading on the array 

across different rows and columns, see Figure 7. 
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Figure 7. Left: TCT-array after reconfiguration with shade. One cross-tie is fully 

drawn out, the 17-18-19-20 row in purple. Right: Non-reconfigured TCT-array 

with electrically dispersed shade.  
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3. Literature review 
 

In this chapter, research on two recent developed static reconfiguration algorithms 

for PV arrays is investigated and summarized. 

 

3.1. Fibonacci Random Number Generator Reconfiguration 

 

A novel static reconfiguration algorithm for PV arrays is called Fibonacci random 

number generator (FRNG) [6]. FRNG is applied to a TCT-connected PV array to 

obtain a sequence in which the panels will be relocated without changing the 

underlying TCT-wiring. The elements in each column configuration remain the 

same. The elements in each row changes so that no row contains more than one of 

its original elements [6]. Their algorithm is presented in Eq. (1). 

 

𝑋𝑖 = (𝑎 × 𝑖)𝑚𝑜𝑑(𝑛) + 1.    Eq. (1) 

 

n represents the number of panels and a represents a number which shares no 

common denominator with n. Applying the algorithm to each array index (1-n) 

gives it a new placement in the array. Each acceptable value of a produces a 

unique module sequence [6]. 

 

The authors [6] finds several advantages over compared static reconfiguration 

methods: Ken-Ken [8], Skyscraper [9] and Chaotic Baker Map [10], [11] and un-

reconfigured TCT. FRNG can be applied to any M × N size array. They also 

concluded that FRNG has superior overall performance during partial shading. 

This is due to optimal dispersal of shade on the array, which is simulated and 

experimentally validated [6].  

 

3.2. Padovan Transform 

 

Another static reconfiguration is based on the Padovan transform algorithm, 

formally used for image encryption [7]. The algorithm works by scrambling an 

image’s pixels so that the correlation between a pixel’s new and original 

neighbouring pixels’ is at a minimum. By treating PV modules in an array as pixels, 



Evaluating Static Reconfiguration at the Cell Level as an Alternative Solution to 

Issues with Partial Shading of PV Systems 

13 

 

the algorithm can be applied to PV systems. The proposed method minimizes 

mismatch losses by achieving a superior dispersal of shading on the array. This 

algorithm differs to FRNG in the way the modules are rearranged. In FRNG the 

modules stay in the same column while the rows are relocated. In PT both the rows 

and the columns are completely rearranged, while the TCT wiring is unchanged [7]. 

 

The authors have simulated and experimented with PT and compared it to other 

strategies, including un-reconfigured TCT. A total of 21 shading scenarios were 

simulated. PT was compared to 23 other strategies on a 9×9 module. The results 

showed that PT was overall the superior reconfiguration [7]. The proposed method 

also showed comparatively fewer local maximum power points. 

 

The experimental part confirms the simulation results, when PT is compared with 

four other reconfigurations, including TCT. A setup of 4×4 modules of each layout 

was compared during different shading scenarios. PT had the highest global 

maximum power point, fewest local maximum power points and the lowest 

mismatch losses [7]. 
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4. Method 

 

In this chapter, the method for reaching the aims is divided into subsections, and 

the execution of every step is explained: how the literature on static 

reconfiguration on PV arrays was collected, how the reconfiguration algorithms 

were implemented into MATLAB [12], how to model a cell, how to set up the 

simulation in LTspice [13], how the two methods of static reconfiguration were 

simulated during the multiple shading scenarios. Lastly, how the experimental 

module was built and used in the experiments. These were all the steps to evaluate 

static reconfiguration on cell-level. 

 

4.1. Literature review 

 

A prestudy to this study was made regarding shading issues on PV systems [1]. 

These articles were found using ScienceDirect [14] with the keywords “PV, 

module, solar, cell, array, partial shading and loss”. As part of the prestudy, two 

articles regarding static reconfiguration on arrays were evaluated. These are the 

articles that became the basis of this work, and they are reviewed in section 3 in 

this study.  

 

4.2. Implementation of reconfiguration algorithms 

 

4.2.1. Fibonacci Random Number Generator 

 

The FRNG reconfiguration algorithm was implemented using MATLAB, 

following the instructions to its implementation by the authors [6]. A block diagram 

representing the programming algorithm is shown in figure 8. To initialize the 

procedure, a variable a was selected which is a relative prime number to the total 

number of elements n in the matrix (i.e. PV cells in a module) and which was less 

than n. The procedure then went into a loop where each element i of the matrix is 

effectively repositioned to a new position Xi, see Eq 1 in section 3.1. Each 

acceptable value of a produced a unique reconfigured matrix. The MATLAB-code 

is given in appendix 1. 
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Figure 8. Block diagram for implementation of FRNG. 

 

4.2.2. Padovan Transform 

 

Figure 9 shows a block diagram which was used to implement the PT algorithm 

with MATLAB [7]. The implementation regards only square arrays as that was the 

type of array on which the comparative simulation of FRNG and PT was performed. 

The N×N size and number of iterations was set as input, initializing the procedure. 

The algorithm provided each element with a coordinate x,y where x represented the 

row and y the column, beginning in the top-left corner and going left to right, up to 

down. The process then entered the reconfiguration phase where each coordinate 

was given a new value, see Figure 9. Once all elements had been repositioned, the 

reconfiguration then repeated for the remaining number of iterations. The 

MATLAB-code is given in appendix 1. 
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Figure 9. Block diagram for padovan transform algorithm on a square array. 

 

4.3. Cell modelling and simulation in LTspice 

 

LTspice [13] is a free simulation software used to model and analyse electrical 

circuits. Once a circuit for a solar cell is modelled, it can be made into a “symbol” 

for use in other circuits, i.e. a circuit of a solar module. A voltage source can be 

used to simulate the irradiance on each cell, where it can be lowered to simulate 

shading or partial shading over individual cells. The 𝑉𝑜𝑐 and 𝐼𝑠𝑐 can be measured 

on the entire module when the shading conditions are set, to find the maximum 

power point of the simulated module. Later, the maximum power point can be 
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compared between TCT, FRNG and PT to see which has the highest maximum 

power point in the simulation during the same shading conditions. 

 

4.3.1. Modelling 

 

There are multiple ways to create an equivalent electrical circuit model of a solar 

cell depending on the wanted accuracy and intended use of the model. The 

double-diode model of solar cell is generally the most accurate [15, pp. 63]. See 

Figure 10 for the electrical circuit of the double-diode model.  

 

 

 

Figure 10. Double-diode model of a solar cell with diodes (D1, D2), shunt 

resistance (Rp), series resistance (Rs), currents (I, Iph, Id1, Id2, Ip) and 

voltage (V). 

 

Eq. (2) describes the I-V curve of the double-diode model. The photocurrent Iph is 

generated from incoming light to the cell.  Is1 is the saturation current that flows in 

the first diode, Is2 is the second diode’s saturation current. The ideality factor n is 

present in the first diode’s expression while the second diode’s ideality factor is 

assumed to be equal to 2. 

 

𝐼 = 𝐼𝑝ℎ − 𝐼𝑠1 (𝑒
𝑉+𝐼⋅𝑅𝑠

𝑛𝑉𝑡 − 1) − 𝐼𝑠2 (𝑒
𝑉+𝐼⋅𝑅𝑠

2𝑉𝑇 − 1) −
𝑉+𝐼⋅𝑅𝑠

𝑅𝑝
 Eq. (2) 

 

VT  is the thermal voltage and depends on the temperature T, the elementary 

charge q and the Boltzmann constant k. See Eq. (3). 

 

𝑉𝑇 =
𝑘𝑇

𝑞
     Eq. (3) 
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The model’s parameters described above are usually defined by a measured I-V 

curve of the real cell. For this study, the I-V curve of one cell was measured by 

hand using two multimeters, a sun simulator and a variable resistance acting as a 

load.  

 

To extract the parameters, the open-circuit voltage, short-circuit current and 

maximum power point were needed. Since they were given by cells’ data sheet, 

they were inserted in the measured I-V curve, see Figure 11. The measurements 

deviated by a significant amount from the maximum power point and Voc points, 

although the Isc point seemed to be on curve. All measured points and inserted 

data sheet points are given in Table 1. The cells’ data sheet values can be found in 

Table 3 in section 4.1.1. 

 

 

 

 

Figure 11. The measured I-V curve of a cell at roughly 1000 W/m2. The data sheet 

values for VMPP, IMPP, Isc and Voc have been inserted in the data series and marked 

in red. 
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Table 1. Measurement points of I-V curve. Red values are inserted from data 

sheet. 

Data point Voltage [V] Current [A] 

1 0 0.725 

2 0.114 0.722 

3 0.266 0.720 

4 0.287 0.705 

5 0.312 0.655 

6 0.351 0.590 

7 0.436 0.440 

8 0.490 0.336 

9 0.500 0.681 

10 0.501 0.261 

11 0.520 0.170 

12 0.535 0.136 

13 0.536 0.106 

14 0.541 0.086 

15 0.546 0.076 

16 0.547 0.066 

17 0.549 0.061 

18 0.557 0.040 

19 0.558 0.029 

20 0.61 0 

 

The necessary parameters Iph, Is1, Is2, Rs and Rp of the double-diode model can 

now be extracted analytically if the value of the first diode ideality factor n is 

assumed ̶ here, to be 1 [16], [15, pp.86-89]. The following system of non-linear 

equations can be solved to extract the parameters Is1, Is2, Rs and Rp [16], [15, 

pp.86-89], see Eq.(3-6). 

 

𝐼𝑠𝑐 = 𝐼𝑠1(𝑒𝑉𝑜𝑐 𝑉𝑇⁄ − 𝑒𝐼𝑠𝑐𝑅𝑠 𝑉𝑇⁄ ) − 𝐼𝑠2(𝑒𝑉𝑜𝑐 2𝑉𝑇⁄ − 𝑒𝐼𝑠𝑐𝑅𝑠 2𝑉𝑇⁄ ) +
(𝑉𝑜𝑐−𝐼𝑠𝑐𝑅𝑠)

𝑅𝑝
       Eq.(3) 

(𝑅𝑝0 − 𝑅𝑠) (
𝐼𝑠1

𝑉𝑇
𝑒𝐼𝑠𝑐𝑅𝑠 𝑉𝑇⁄ +

𝐼𝑠2

2𝑉𝑇
𝑒𝐼𝑠𝑐𝑅𝑠 2𝑉𝑇⁄ +

1

𝑅𝑝
) − 1 = 0                               Eq.(4) 

(𝑅𝑝0 − 𝑅𝑠) (
𝐼𝑠1

𝑉𝑇
𝑒𝑉𝑜𝑐 𝑉𝑇⁄ +

𝐼𝑠2

2𝑉𝑇
𝑒𝑉𝑜𝑐 2𝑉𝑇⁄ +

1

𝑅𝑝
) − 1 = 0                                    Eq.(5) 

 

𝐼𝑀𝑃𝑃 (1 +
𝑅𝑠

𝑅𝑝
) = 𝐼𝑠1(𝑒𝑉𝑜𝑐 𝑉𝑇⁄ − 𝑒(𝑉𝑀𝑃𝑃+𝐼𝑀𝑃𝑃𝑅𝑠) 𝑉𝑇⁄ ) + 𝐼𝑠2(𝑒𝑉𝑜𝑐 2𝑉𝑇⁄ −

𝑒(𝑉𝑀𝑃𝑃+𝐼𝑀𝑃𝑃𝑅𝑠) 2𝑉𝑇⁄ ) +
(𝑉𝑜𝑐−𝑉𝑀𝑃𝑃)

𝑅𝑝
                                                                    Eq.(6) 
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Where Rp0 and Rs0 are defined by the slope of the I-V curve at the short-circuit 

and open-circuit points [2, pp.89], [15, pp.94], see Eq.(7-8). 

 

𝑅𝑝0 = −
𝑑𝑉

𝑑𝐼  𝐼=𝐼𝑠𝑐

                                                                                               Eq.(7) 

𝑅𝑠0 = −
𝑑𝑉

𝑑𝐼  𝑉=𝑉𝑜𝑐

                                                                                              Eq.(8) 

 

The photocurrent can then be extracted by the following equation Eq.(9).  

 

𝐼𝑝ℎ = 𝐼𝑠𝑐 + 𝐼𝑠1(𝑒𝐼𝑠𝑐𝑅𝑠 𝑉𝑇⁄ − 1) − 𝐼𝑠2(𝑒𝐼𝑠𝑐𝑅𝑠 2𝑉𝑇⁄ − 1) −
(𝐼𝑠𝑐𝑅𝑠)

𝑅𝑝
                        Eq.(9) 

 

To decide the slope, the simple formula −
𝑉𝑛−𝑉𝑛−1

𝐼𝑛−𝐼𝑛−1
 was used. Because the open- 

and short-circuit points in the curve were inserted from the cell data sheet, and not 

actually measured, Rp0 was calculated two times, once using the data sheet values 

(points 1 and 2 in Table 1) and once with only measured values (points 2 and 3), 

which gave different results. Rs0 was calculated once and only with the measured 

data (point 18 and 19), due to the large deviation from the data sheet Voc point and 

the last measured data point. 

 

MATLAB was used to solve the parameters with the least-squares method. This 

method requires that the user input “initial guesses” to what the parameters might 

be. Table 2 shows a summary of extracted parameters and the initial guesses that 

led to them. 

 

Table 2. Initial conditions and extracted parameters by least-squares curve fit. 

 Initial guess First extraction Initial guess Second 

extraction 

Rs [Ω] 0.05 0.055260 0.05 0.055352 

Rp [Ω] 38 37.947664 76 75.950313 

Is1 [A] 1e-12 3.502e-11 1e-12 3.521e-11 

Is2 [A] 1e-7 4.770e-08 1e-7 2.296e-08 

Iph [A] - 0.7261 - 0.7255 

Rs0 [Ω] 0.0909 - 0.0909 - 

Rp0 [Ω] 38 - 76 - 
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Figure 12 shows a comparison of the two extracted I-V curves overlayed on the 

measured I-V curve. 

 

 

 

 

Figure 12 (left). First extraction overlayed on measured curve. Figure 12 (right). 

Second extraction. Figure 12 (bottom). Close comparison of first and second 

extraction. 

 

The double-diode model was then made in LTspice using the first extraction 

parameters, see Figure 13. The cell model was used to make a solar module with a 

TCT interconnection, see Figure 14. To represent the illumination on the cell, an 

input node was connected to a large resistance and ground. The node was then 

connected to a voltage source representing the irradiance in 𝑊/𝑚2. The load 

chosen in the software was a current source acting as a load and gradually 

increasing current draw over a period of time, from 0 A to current much higher 

than the module could produce. 
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Figure 13. Double-diode model of a solar cell in LTspice with defined 

parameters. 
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Figure 14. A 4×12 TCT module in LTspice. 

 

4.3.2. Shading scenarios and measurement 

 

As a first step, the FRNG reconfiguration of the cells was identified by the 

MATLAB implementation of the algorithm, see Figure 15. 
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Figure 15. Left: TCT connection. Right: The cross-ties are unchanged after 

reconfiguration. One cross-tie is fully drawn out, the 17-18-19-20 row in purple. 

 

Nine possible shading scenarios were created, see Figure 16. More detailed 

images of all shading scenarios can be found in Appendix 2. After creating a 

shading scenario, the affected cells were identified and marked with the shade 
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percentage, 100, 75, 50, 25 or 10 % shading. Figure 17 shows an example of a 

shading scenario in the TCT case and the respective shade dispersal in the FRNG 

case. 

 

 

 

Figure 16. Shading scenario (SS) 1-9. Full-size images in appendix. 

 

 

 

Figure 17. Shading scenario 9. Left: The cells affected by the shadow is colour 

marked with the percentages. E.g. Cell 1 is 100 % shaded and cell 10 is 50 % 

shaded. Middle: The FRNG reconfiguration and the affected cells. Right: The 

dispersed shade as it would appear on a non-reconfigured TCT module. 

 

The 4×12 TCT module in LTspice was used. The voltage sources representing the 

irradiance were changed according to the shading on their respective cell, see 

Figure 18. For FRNG this meant dispersing the shade as in Figure 17 (right) while 

for TCT it meant representing the shading pattern as it was, see Figure 17 (left).  
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Figure 18. If cell number 48 were shaded 75 %, the voltage source for the 48th 

cell in the module changed from 1000  𝑊/𝑚2 to 250 𝑊/𝑚2. 

 

The 𝑉𝑜𝑐 and 𝐼𝑠𝑐 was measured at the load. The 𝑉 × 𝐼 trace was added representing 

the power to identify the maximum power point, see Figure 19 as an example.  

 

 

 

Figure 19. The maximum power point found at the peak of the 𝑉 × 𝐼 curve. 

 

The same steps were also executed with a 7 × 7 TCT module to compare FRNG 

with PT and TCT under four shading scenarios. See section 5.1.2 under results. 
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4.4. Experimental reconfigurable module 

 

4.4.1. Building of module 

 

To apply static reconfiguration on cell-level, the experimental module was built 

with the possibility of making any interconnection of the cells, i.e. a TCT-

connection. This also allows the module to be used in other, future studies. 

 

To achieve the possibility to make any interconnection, the terminal of the cells 

needed to have separate and accessible connection points. The connection points 

needed to be easily accessible for connecting cables and far enough from the cells 

to not cause shading. 

 

Female banana contact connectors and banana plugs was the chosen equipment 

used to proceed.  

 

For building the module the following equipment was used: 

 

• 48 solar cells in the size 52×39 mm, 𝑉𝑜𝑐 = 0.61 V and 𝐼𝑠𝑐 = 0.725 A, see 

Table 3 for all data sheet values. 

• A plastic board with the size 600×800 mm 

• Busbar PV ribbon with the width 3 mm 

• Solder wire 

• 0.75 𝑚𝑚2 cable 

• 96 female banana contact connectors in the size 4 mm, 48 red and 48 black 

• Laminating epoxy, base and hardener 

• Hot glue and sanitary silicone 

• Drill 

• Tape 

 

Table 3. Data sheet values of the cells from lemo-solar.de [17]. 

Open-

circuit 

voltage 

[V] 

Short-

circuit 

current 

[mA] 

Maximum 

power 

voltage [V] 

Maximum 

power 

current 

[mA] 

Maximum 

power 

[mW] 

Size 

[mm × 

mm] 

0.61 725 0.5 681 341 52×39 
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The first step was to solder all the solar cells with a 40 mm strip of ribbon, onto 

the front and the back of the cell. All the cells were then individually measured 

using a sun simulator, reassuring they had the correct voltage and current. One 

cell had lower current due to a broken corner. The connectors were soldered with 

two different lengths of a 0.75 𝑚𝑚2 cable, 150- and 250-mm. Holes were drilled 

in the plastic board for the connectors and for the ribbons from solar cells. A 

cardboard box frame was taped around the solar cells on the front of the plastic 

board, while the connectors were placed outside the frame. Epoxy base and 

hardener was mixed in a clean cup and put on the front of the board to keep the 

solar cells in place and to cover them.  The cables from the connectors were 

soldered to the ribbons on the solar cells. The cable from the red connectors were 

soldered to the ribbon on the positive terminal of the cell, and the black 

connectors cable to the ribbon on the negative terminal of the solar cell. Sanitary 

silicone was applied over the soldering to keep it covered. The connections 

between the cells and the connectors were measured outside in natural sunlight to 

make sure they gave the correct voltage and current. Figure 20 shows the finished 

module. 

 

 

 

Figure 20. The finished module. 
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4.4.2. Experimental setup 

 

The built module was connected in TCT by connecting four parallel strings of 

twelve cells each, with additional parallel ties at the negative terminals of every 

row. Three shading patterns from the simulations were selected to be measured 

and compared between TCT and FRNG, namely shading scenario 1, 4 and 8. 

These will be referred to as case 1, 2 and 3 respectively in the following 

experiments. Figure 21 shows the shading patterns, and the placement of the 

shaded cells in FRNG. 

 

 

 

Figure 21. Shading scenario 1, 4 and 8 from the simulations (called case 1, 2 and 

3 in this experiment). 

 

The cells on the module were covered accordingly to the percentage of shading 

from the image. Photos from the setups is found in Appendix 3. 

 

The experiments were carried out outdoors in natural light, and the module was 

connected to an AMPROBE SOLAR-4000 ANALYZER, which measures the 

temperature of the cells, irradiance, voltage and current of the system and then 

draws two IV-curves. One curve is of the measured values, and one curve is 
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standardized standard test condition (STC) values. This was repeated for every 

case. Case 1 was repeated three times. 
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5. Results 
 

In this chapter, the results from the simulations and experiments will be presented. 

 

5.1. Simulations 

 

Two comparisons were simulated using LTspice. The first is a comparison 

between TCT and FRNG using a 4×12 module and simulating nine shading 

scenarios. The second is a comparison between TCT, FRNG and PT using a 7×7 

module, simulating four shading scenarios. The results are found in this 

subsection. 

 

5.1.1. TCT and FRNG comparison on 4 × 12 module 

 

The resulting maximum power point (MPP) for every shading scenario is found in 

Table 4. The table shows that FRNG has a higher MPP in most cases.  

 

Table 4. MPP in Watt for TCT and FRNG for every shading scenario and the 

difference between them. 

Shading scenario MPP TCT 

[W] 

MPP FRNG 

[W] 

Difference FRNG-TCT 

[W] 

1 12.4 12.3 -0.1 

2 12.7 3.5 -9.2 

3 9.1 8.7 -0.4 

4 0.3 12.8 12.5 

5 0.3 12.8 12.5 

6 9.3 12.5 3.2 

7 10.5 10.6 0.1 

8 4.3 9.3 5 

9 12.9 11.3 -1.6 

 

The FRNG has its lowest MPP in shading scenario 2, and this is where TCT has 

one of its highest MPPs. Worth noting, the shading pattern in scenario 9 is mirrored 

compared to scenario 2, yet the two simulations yield different results. See Figure 

22 for placement of shaded cells in FRNG.  
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Figure 22. Two similar shading scenarios where the shadow is mirrored and the 

dispersal of the shade on FRNG differs between the two. 

 

5.1.2. TCT, FRNG and PT comparison on 7×7 module 

 

In the case with the 7×7 module, FRNG and PT outperforms TCT in all cases 

except one where all had similar results. All results can be found in Table 5 and 

Figure 23 shows all shading scenarios that were simulated. More detailed images 

can be found in Appendix 2. 

 

Table 5. MPP in Watt for TCT, FRNG and PT for all shading scenarios. 

Shading scenario MPP TCT [W] MPP FRNG [W] MPP PT [W] 

10 8.10 10.48 11.05 

11 8.10 10.46 8.06 

12 11.93 11.93 11.93 

13 0.14 11.93 12.09 
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Figure 23. Shading scenario 10-13. 

 

5.2. Experiments 

 

Figure 24 & 25 shows the I-V curve for the unshaded experimental and simulated 

module with TCT connections. 

 

 

 

Figure 24. The I-V curve of the unshaded experimental module with TCT 

connection. 
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Figure 25. The I-V curve of the unshaded simulated module with TCT connection. 

 

Comparing Figure 24 and Figure 25, the simulated module has higher values of Isc 

and Voc, at 2.9 A and 7.3 V respectively. The experimental module show values of 

2.3 A Isc and 6.5 V Voc. 

 

The results from the experiments can be found in Table 6 and 7. 

 

Table 6. The measured maximum power points of the respective cases, together 

with the measured temperatures and irradiances. 

Case MPP [W] 𝑉𝑀𝑃𝑃 [V] 𝐼𝑀𝑃𝑃 [A] Temperature 

[°𝐶] 

Irradiance 

[𝑊/𝑚2] 

TCT 1 8.7 5.34 1.629 39 1159 

TCT 1 8.53 5.34 1.1598 43 1107 

FRNG  1 7.88 5.34 1.475 42.8 1028 

FRNG 1 7.79 5.21 1.496 43.7 1040 

TCT 2 0.0206 3.47 0.0059 34.5 989 

FRNG 2 8.2 5.82 1.409 34 978 

TCT 3 3.805 6.31 0.603 33.1 972 

FRNG 3 6.68 5.99 1.115 32.9 937 
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Table 7. The STC results. In this test the cell temperature is 25 degrees Celsius, 

and the irradiance is 1000 Watt per square meter. 

Case MPP [W] 𝑉𝑀𝑃𝑃 [V] 𝐼𝑀𝑃𝑃 [A] 

TCT 1 7.94 5.65 1.405 

TCT 1 8.33 5.77 1.444 

FRNG 1 8.32 5.8 1.435 

FRNG 1 8.17 5.68 1.439 

TCT 2 0.0244 6.89 0.0094 

FRNG 2 8.76 6.08 1.441 

TCT 3 4.061 6.55 0.62 

FRNG 3 7.41 6.23 1.19 

 

The STC results show measured results standardized to STC values with a cell 

temperature of 25°C and irradiance of 1000 𝑊/𝑚2.  

 

The experimental STC results were  
7.94+8.33

2
= 8.135 W for TCT and  

8.32+8.17

2
=

8.245 W for FRNG. 

 

The IV-curves made by the IV-tracer for FRNG and TCT in case 2 is shared in 

Appendix 4. 

 

The results from the experiments confirms the simulated results when it comes to 

difference between TCT and FRNG. An overview of the simulated and 

experimental results is found in Table 8, and the respective differences in Table 9. 

 

Table 8. The MPP in Watt from the simulated and experimental results. 

Case Simulated MPP 

TCT [W] 

Simulated MPP 

FRNG [W] 

Experimental 

MPP TCT 

[W] 

Experimental 

MPP FRNG 

[W] 

1 12.4 12.3 8.135 8.245 

2 0.3 12.8 0.244 8.76 

3 4.3 9.3 4.061 7.41 

 

Table 9. The MPP difference in Watt between TCT and FRNG in both simulations 

and experiments. 

Case Difference 

simulation [W] 

Difference 

experiment [W] 

1 - 0.1 0.11 

2 12.5 8.516 

3 5 3.349 
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The differences between TCT and FRNG follow the same pattern as in the 

simulation results. In case 1, the resulting MPP have a marginal difference in both 

the simulation and the experiment. In case 2, the TCT module basically has 0 W 

in both the simulation and the experiment while the FRNG module shows a high 

MPP. In case 3, FRNG has the highest MPP, as expected from the simulations. 

6. Discussion 
 

In this chapter, the research questions will be answered. The method and sources 

of error will be discussed, along with the received results from the simulations and 

experiments. The applicability of the findings of this study will be discussed. 

 

6.1. Method discussion 

 

The method chosen to answer the research questions is simulating the static 

reconfigurations in LTspice, and experiments on a built module where different 

connections between cells are possible. Another method could be to build two 

modules, one already reconfigured and one un-reconfigured and compare the 

results. This could possibly give another result, due to lower losses from lack of 

banana plugs and connectors, but this would be more time consuming and 

expensive. The software chosen for the simulations was LTspice. It could also be 

possible to use MATLAB/Simulink. However, LTspice is a free simulation 

software while Simulink is an add-on for MATLAB that is not free of charge.  

 

A limitation of the work is that the simulations were executed during STC-

conditions, meaning 1000 W/m2 irradiance (except for shaded cells) and 25˚C cell 

temperature, meaning that the simulated conditions were essentially “points in 

time.” Real conditions are not static as in the simulations. Although, the 

simulations could have been more realistic, as LTspice has the functionality to 

simulate circuit temperature.  

 

The cells in the experimental module could not be relocated, although the electrical 

wiring could have been moved to emulate a FRNG reconfiguration, which is 

practically the same from a shading point of view. However, the wiring losses 

would not be the same. Due to time constraints, this was not accomplished. Instead, 
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the shading was dispersed according to the reconfiguration. This makes it hard to 

know if applying static reconfiguration on cell-level is practically possible. In any 

case, it would require long and complicated cable connections between the cells 

and high-quality soldering work. 

 

The I-V curve for one cell was measured by hand, and did not have enough or 

accurate measuring points to make a reliable I-V curve. Another source of error is 

that the cell temperature was not measured or controlled during this process. The 

cell temperature likely rose, changing the conditions for the different measuring 

points.  It is also possible that the soldering could have caused resistive losses and 

the cells would perform worse as a result, which could have explained the 

deviations of the measured I-V curve in section 4.3.1. If the parameter extraction 

had been done using the measured data instead of the data sheet values for the MPP 

and open- and short-circuit points, it is likely that the simulated module’s power 

levels would have been closer to those of the experiment. 

 

The parameter extraction of the parallel resistance was done two times; using a 

combination of data sheet and measured values and using only measured values. 

Although the parameter varied with the values used, the overall impact on the 

extracted curve was deemed insignificant. 

 

Due to lack of time, the experiments were only made once for each case, except 

case 1.  Case 1 was prioritized to redo since the first result was unreliable. The 

results from the experiment would overall be more reliable if all the cases would 

have been redone at least three times each. 

 

6.2. Result discussion 

 

When shaded cells are more distributed between rows, the mismatch losses are 

reduced, and the power output gets higher. This is backed up by both the 

simulating and experimental results. Shading scenarios 4 and 5 from the first, 

4×12 simulation, and scenario 13 from the second, 7×7 simulation shows this 

most succinctly.  

 

From the literature review, both PT [7] and FRNG [6] in arrays give a higher 

power output than TCT in most shading cases, which is also true on cell-level, 
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examined in this study. For some shading scenarios however, TCT was the best 

solution. 

 

During the experimental part, the first measurement for TCT case 1 was a faulty 

attempt and is not included in this report. The measurement was redone twice and 

a mean value was taken from these two measurements.  

 

The total power of the experimental module is not as high as the simulated module. 

Most likely this is because of the deviation of the measured cell I-V curve compared 

to the extracted curve using the cells’ data sheet values. Since the simulations used 

cell parameters based on this curve, the deviation of the real cells were not present 

in the simulations. However, other factors could also have an impact and should not 

be left out; wiring losses and the fact that one broken cell had to be used. The effect 

of these circumstances could have been verified by measuring wire resistances and 

the proportion of lost cell area in the broken cell but had to be left out due to time 

constraint. In spite of this, the relative differences between shading scenarios were 

close in the simulations and experiment. 

 

In practice, connecting the cells in TCT, FRNG or PT would be complicated. Half-

cut, shingle and SAHiV modules and bypass diodes are less complicated and might 

be a better solution for larger systems. Even though TCT reduces mismatch losses, 

the voltage is also reduced due to fewer cells in series which could be a problem for 

the inverter in large systems. This would be if the combined voltage level of all 

TCT-connected modules does not reach an inverter’s lower voltage limit. A TCT, 

FRNG or PT module could however be built as a special solution for smaller 

systems that receive a lot of complex shading patterns. 

 

To answer the research questions, applying static reconfiguration on cell-level is 

theoretically a solution for partial shading issues. However, practically it would 

require long and complicated wiring between cells and existing solutions might be 

better. 

 

6.3. Future work 

 

The built module can be used to try to emulate the FRNG reconfiguration with the 

matching wiring and verify the results.  
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Since any interconnection between cells are possible in the experimental module, 

it can be used in laboratory education to see how various interconnections 

between cells behave during varying shading scenarios. It is also possible to 

connect bypass diodes anywhere in the module, which would be an interesting 

addition.  

 

Various real-life shading patterns could be tested on the module with different 

interconnections to find the best solution to specific shadings. 

 

One idea for future work is to apply static reconfiguration on thin-film cells. This 

could be used on surfaces with curvature i.e. cars. Cars would also suffer from 

mismatch losses due to variations of irradiance and would be a small enough 

system to not need too many cells reducing the wiring complexity.  

 

Since the experiments confirm the simulations, the simulation software could be 

used to see how a system would behave during different shading conditions. If the 

shading scenario of a system would be identified as a first step, alternative 

solutions could be found by simulating interconnections and comparing with 

traditional solutions, i.e. bypass diodes. 

7. Conclusion 
 

• Static reconfiguration on cell-level is a good solution for partial shading in 

theory. 

• Practically, emulating the wiring of static reconfiguration on cell- level 

would be complicated, it could however be a special solution for smaller 

systems with frequent complex shading patterns. 

• Depending on the chosen reconfiguration, some specific shading patterns 

will give lower power outputs. The chosen reconfiguration should be 

matched with the expected shading patterns. 

• Even though bypass diodes can create local maxima in an array, it is a 

more practical solution for partial shading than statically reconfigured 

cells. 

• Half-cut, shingle or SAHiV modules are existing solutions worth taking 

into consideration when choosing a solution for partial shading. 
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Appendices 

 

Appendix 1. MATLAB code. 

 

FRNG code 

rows = 7; 

cols = 7; 

n = rows * cols; 

a = []; % empty vector to save results 

 

% find relative prime numbers to n 

for k = 1:n 

    if gcd(k, n) <= 1 

        a(end+1) = k; 

    end 

end 

 

 

disp('Relative prime to total modules:'); 

disp(a); 

k = input('Select a for reconfiguration: '); 

 

% create pv_array and index each element 1 to n, happens columnwise 

pv_array = zeros(cols, rows); 

for i = 1:n 

    pv_array(i) = i; 

end 

 

disp('input pv array:'); 

disp(pv_array.'); 

 

% create array to hold reconfiguration 

pv_array_reconfigured = pv_array; 

  

for i = 1:n 

    b = k*i; 

    X = mod(b,n)+1; 

    pv_array_reconfigured(i) = X; 



 

 

 

end 

 

% transpose 

pv_array_reconfigured = pv_array_reconfigured.'; 

 

disp('FRNG reconfigured array:') 

disp(pv_array_reconfigured) 

 

 

PT code 

rows = 7; cols = 7; 

ites = 11; 

pv_array = create_array(rows, cols); 

 

disp('array unscrambled'); 

disp(pv_array); 

 

pv_transformed = pv_array; 

for i = 1:ites 

    pv_transformed = padovan_transform(pv_transformed); 

end 

 

disp('array scrambled'); 

disp(pv_transformed); 

 

function m = create_array(rows, cols) 

    for col_num = 1:cols 

        for row_num = 1:rows 

            m(row_num,col_num) = strcat(string(row_num),string(col_num)); 

        end 

    end 

end 

 

function B = padovan_transform(m) 

    rows = size(m,1); 

    cols = size(m,2); 

    B = m; 

    for x = 1:rows 

        for y = 1:cols 



 

 

 

            p = mod(x+y, rows)+1; 

            q = mod(x+2*y, cols)+1; 

            B(p,q) = m(x,y); 

        end 

    end 

end 

 

Padovan skuggkod 

rows = 7; cols = 7; 

ites = 11; 

 

%%% shade matrix 

% case moln eller nåt  

shade = [6,1;6,2;6,3;6,4;7,1;7,2;7,3;7,4;8,1;8,2;8,3;8,4;9,1;9,2;9,3;9,4;]; 

 

pv_array = zeros(rows, cols); 

for i = 1:size(shade, 1) 

    x = shade(i,1); 

    y = shade(i,2); 

    pv_array(x,y) = 1; 

end 

 

disp('array unscrambled'); 

disp(pv_array); 

 

pv_transformed = pv_array; 

for i = 1:ites 

    pv_transformed = padovan_transform(pv_transformed); 

end 

 

disp('array scrambled'); 

disp(pv_transformed); 

 

 

function B = padovan_transform(m) 

    rows = size(m,1); 

    cols = size(m,2); 

    B = m; 

    for x = 1:rows 



 

 

 

        for y = 1:cols 

            p = mod(x+y, rows)+1; 

            q = mod(x+2*y, cols)+1; 

            B(p,q) = m(x,y); 

        end 

    end 

end 

 

  



 

 

 

Appendix 2. Shading scenarios 1-13 

 

 

 

 



 

 

 

 

 

 



 

 

 

 

 

 



 

 

 

 

 

 



 

 

 

 

 

 

 



 

 

 

 

 

 

 



 

 

 

 

 

Appendix 3. Photos of setups for the experiments. 

 

 

TCT case 1. 

 



 

 

 

 

FRNG case 1. 

 

 

TCT case 2. 



 

 

 

 

FRNG case 2. 

 

 

TCT case 3. 



 

 

 

 

FRNG case 3. 

 

 

Appendix 4. IV-curves for TCT and FRNG case 2. 

 



 

 

 

 

TCT case 2. 

 

 

FRNG case 2 


