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ABSTRACT 

 
 

Until recently, the focus of most solar technology development for space was towards 

more efficient, more radiation-resistant and increasingly powerful arrays. During a space 

mission, solar cells are not only exposed to irradiation by electrons, but also to a range of other 

particles, like protons. Thus, solar cells on robust nanosatellites are extremely exposed to an 

environment, which includes the high-energy electrons and protons of the earth’s radiation 

belts, which leads towards the degradation process of the individual solar cell. Solar cell 

radiation shielding design ensures the protection of the solar cells from the particular radiation 

environment found in space. While the design principles of a solar photovoltaic automatic 

switching fault tolerant system which can detect and bypass faulty photovoltaic cells will be 

presented through this research work. The ability of such a system to be reconfigured using 

implemented switching matrix system makes it efficient under various environments and faulty 

conditions. 
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Chapter 1: General concept of the study 

 

1.1 Background and introduction: 

 

Nanosatellites or any other spacecraft are designed to operate dependably 

throughout their operational life, ordinarily a number of years. This can be done through 

stringent quality control and testing of parts and subsystems before they are used in the 

construction of the satellites or spacecraft. Redundancy of key components is often built 

in so that if there is a failure of a particular part, assembly or subsystem; another 

subsystem or unit can perform its functions. Furthermore, hardware and software on the 

satellite or spacecraft are often designed so that ground controller or the onboard 

computers can reconfigure the satellite to operate around a part that has failed. Generally 

speaking, the majority of failures have taken place during launch or during initial 

deployment and checkout of the satellite or spacecraft. Nanosatellites have popped up 

within the last decade starting as a tool for education and capacity building but are now 

rapidly becoming a technology considered for the implementation of operational 

surveillance and communication services operated by national authorities. 

Nanosatellites provide a cost-efficient and relative fast option for deploying new 

spaceborne assets to support data gathering to improve situational awareness leading to 

increased operational efficiency.  

It is stated that Nanosatellites like other spacecraft use photovoltaic modules to fulfil 

the power demand of the payload. Due to some size and mass constraints, while dealing 

with nanosatellites, redundancy of components will not be useful in some areas, for 

instance the photovoltaic modules mentioned in this case. In general, photovoltaic 

modules are used in most long-mission spacecraft for power generation. The mission 

design life is generally limited to about fifteen years due to degradation in the Van Allen 

radiation belts. Degradation leading to failure in photovoltaic modules follows a 

progression that is dependent on multiple factors, some of which interact causing 

degradation that is difficult to simulate in the ground laboratory during the design and 

the testing of the Nanosatellites (Quintana et al., 2002). Permanent degradation of 

photovoltaic modules can be classified as: 

 Degradation of packaging materials, like for instance glass cover damage; 

 Delamination issues in other words loss of adhesion of layers leading to module 

overheating; 

 Degradation of the cell or module as a result of temperature cycling; 
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 Degradation caused by moisture; and  

 Degradation of the semiconductor device 

Extensive studies have been conducted towards the degradation of the photovoltaic 

modules level over the past forty years. A median annual degradation rate of 0.5 percent 

based on the nearly two thousands degradation rates from more than hundred 

publications has been proposed (Jordan and Kurtz, 2013). Moreover, at least a couple 

of different ways can be used to discover the degradation effect on a photovoltaic 

module such as the following (Kiefer et al., 2010): 

 Field inspections focusing on individual modules or subsystems; 

 Laboratory measurements of individual cells or modules; and  

 Analyzing logged monitoring data 

It should be noted that, solar cells in space need to operate under harsh 

environmental conditions as high energy protons and electrons harm the semiconductor 

material leading to a continuous degradation of the solar cell efficiency (Patel, 2005a). 

Therefore in planning a space mission engineers will require a known method of 

predicting the expected cell degradation in the space radiation environment. Different 

kinds of cell technologies respond differently to irradiation depending on the materials 

used, the thickness of the active regions and the types and concentrations of dopant 

employed (Bekhti, 2013). Significantly, space solar cell degradations calculations can 

be done using the following (Suparta and Zulkeple, 2015): 

 NASA Jet propulsion Laboratory equivalent fluence method; 

 NAVAL Research Laboratory displacement damage dose “Dd” method; 

 Nonionizing energy loss (NIEL); and  

 SPENVIS implementation (Walters et al., 2007) 

On the other hand, the logged data gotten from the nanosatellite in space can be used 

practically and physically to calculate solar cells degradation and to monitor the 

condition of photovoltaic modules in space during its lifetime. The contribution of this 

project to what has been already covered by other researchers will be to develop 

reconfigurable photovoltaic module architecture with integrated switches in a string 

photovoltaic system that gives each cell the capability to connect with other healthy 

solar cell of the module to fulfil the permanent loss caused by the degradation of a 

particular solar cell in the photovoltaic module. The solar cell’s connectivity will be 

achieved based on the result obtained from the solar cell degradation calculator program 

using the logged data. 
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Figure 1.1: Schematic of an individual integrated power electronic switch (“reconfigurable-PV - CAD4X 

Laboratory,” n.d.) 

 

 

1.2 Problem statement: 

 

Like any other electrical devices, nanosatellites, which orbit in space, require 

electrical energy to perform its operation. The electrical energy required by the 

nanosatellites comes from the radiation of the sun. Thus, photovoltaic modules are used 

to generate, to store and distribute that energy (“Comment les satellites transforment-

ils l’énergie du soleil en électricité - Articles | Airbus Defence and Space,” n.d.). Most 

often, nanosatellites use solar energy as primary energy to generate electrical power 

immediately. They are equipped with a solar generator system made of photovoltaic 

arrays which will directly convert the energy from the sun’s radiation into electrical 

energy. Together with photovoltaic arrays, nanosatellites have rechargeable batteries to 

store the produced electrical energy which will be in return used to power the 

nanosatellites when the photovoltaic arrays are unable to produce enough or the required 

power needed for the operation of the Nanosatellite due to variations of the time of the 

day, temperature and solar radiation (Kim et al., 2013).  For nanosatellites where the 

charging and discharging process frequently takes place, the lifetime of their batteries 

is limited henceforth the nanosatellites lifetime as well. It is important to note that 

battery failure in a nanosatellite allows the nanosatellite to operate only when it receives 

the required power from the Photovoltaic arrays; this is process is known as direct 

energy transfer “DET”(Wertz and Larson, 1999). Even though the operation of the 

nanosatellite can be done using the Photovoltaic arrays after the battery fails, its 

operation depends on: the time of the day; the weather; and the condition of each 

individual cell available on the photovoltaic panels. Indeed, the operation of the 

nanosatellite also depends on the efficiency of the photovoltaic arrays at that particular 
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time. In reality, the efficiency of photovoltaic arrays decreases with time after the launch 

of the nanosatellite in space. The efficiency’s change of the nanosatellites photovoltaic 

module will be observed based on the comparison of the results or logged data collected 

from the nanosatellites while orbiting in space and the expected results found by the 

engineers in the ground laboratory during the design and the testing of the nanosatellites 

before the launch process took place. The observed performance nonconformities can 

instantly take place due to catastrophic events for example. Under those circumstances, 

the performance loss can either be temporal or permanent. The temporal performance 

loss normally occurs during terrestrial application of photovoltaic arrays through the 

shading effects of the photovoltaic module. While the perpetual losses in performance 

rapidly happen during space missions through disintegration of the sun powered cells 

caused by the high radiation belts found in space by the nanosatellites during their 

missions. 

With those highlighted factors in mind, the main idea of this research is to 

highlight how to ensure or increase the reliability efficiency of photovoltaic systems 

used to power the Nanosatellites as described above; when temporal or permanent loss 

occurs on the battery or the photovoltaic system due to high radiation effect faced by 

the nanosatellites used in space applications.  

 

 

1.2 Objectives of the research work: 

 

The objective of this research topic is to form an elastic photovoltaic structure 

module using a flexible switch array matrix integrated with the photovoltaic modules to 

solve temporal or permanent losses on each solar cell or bypass diodes when they fail. 

In other words, the reconfigurable photovoltaic module should be able to increase the 

reliability and efficiency of the photovoltaic module while solving the degradation of 

solar cells and bypass diodes due to high radiation belts for space applications. Certain 

objectives have been set to meet the required outcome of this Master of Engineering 

research project. The set objectives are listed below: 

 Analyze the studies done on long-term monitoring data to determine degradation 

rates or the rate of change which is strongly influenced by the age and size of 

the selected systems; 

 Implement an algorithm which will be used for data collection, data filtering, 

degradation analysis and finding the location of the faulty solar cell; 
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 Implement a fault bypassing algorithm which will determine the most favorable 

configuration of the healthy solar cell such that the photovoltaic system output 

power losses due to the faulty solar cell are minimized; 

 Investigate the suitable power electronic switches that can be used to realize the 

switching matrix for space applications; 

 Produce a built structure to facilitate and to encourage the design of a 

reconfigurable solar cells system for a nanosatellite; and 

 Test of the built structure will be performed to verify and support the simulated 

results of the reconfigurable system during the simulation using the adequate 

software. 

 

 

1.3 Research methodology: 

 

The degradation of each solar cell of the photovoltaic module has to be observed 

at the first step, frequently the analysis of long-term monitoring data will be also done 

using the nanosatellites irradiance data, sensor calibration data and the system logs of 

the photovoltaic module.  

Data Acquisition

From the 

irradiance sensors of each 

Solar cell of  the PV module

Data Acquisition

From the 

temperature sensors of each 

Solar cell of  the PV module

Data Acquisition

From the 

power sensors of each 

Solar cell of  the PV module

PV module irradiance 

Stored data matrix

PV module temperature

Stored data matrix

PV module power stored 

data matrix

Data filtering process based 

On comparable conditions

Identification and location of 

the degraded solar cell in the 

PV module

 

Figure 1.2: Long-term monitoring data of the photovoltaic module 

 

Once the logged measurement data is available, some filtering will be required to obtain 

failure-free comparable conditions for every time we would like to check the 

performance of our system. This task will be done through an embedded program, which 

analyses the data and identifies the faulty stored data of the photovoltaic module made 

of multiple solar cells whose characteristics will represent an element of the stored data 

matrix. Now that, the data collection, data filtering, and degradation analysis have been 

completed; the information regarding the malfunctioning solar cell can be sent to the 

reconfiguration algorithm to determine the ON/OFF states of the single series switch 
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(S-switch) and the two parallel switches (P-switch) integrated in each solar cell of the 

photovoltaic module. The control of the ON/OFF power electronic integrated switches 

will be given in form of a flexible switch array matrix, which will facilitate the optimal 

configuration of the faulty or degraded solar cell to be isolated from those healthy solar 

cells available in the photovoltaic module for the maximum power output of the 

photovoltaic module. 

Data 

acquisition

PV Mathematical 

model
Reconfiguration

algorithm

Flexible switch 

array matrix

Optimal 

configuration

Of the PV module

 

Figure 1.3: Block diagram of the reconfiguration scheme block  

 

A model of the reconfigurable photovoltaic module system will be done to 

demonstrate the outcomes of this research project using Matlab-Simulink software 

environment. Matlab/Simulink environment has been chosen due to its powerful 

simpower systems toolbox. Further, the implementation of the switching matrix system 

will be realized using the switch block available in Simulink Library while a control 

system of those row and column switches has to be done using a two level Matlab 

function to implement the control scheme of the switches.  

In our simulation and prototype process, the smart sensors used to measure 

logged data can be connected to a 10-bit analog to digital converter available on the 

Arduino or Raspberry Pi board. That board will then be connected to a computer running 

Labview so that one is able to create a user interface that will display the logged 

measurement data of each solar cell on the photovoltaic module. 
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Figure 1.4: Solar cells long term monitoring  

 

1.4 Delineation of study: 

 

The study generated by my master of engineering research’s topic can be centred 

on the following: 

 Nanosatellite’s electrical power system with solar cells system 

 Modeling of a solar cell; 

 Degradation rates of the single solar cell; 

 Fault detection and reconfiguration of solar cells; and 

 Implementation of an embedded board to monitor each single cell and optimize 

their arrangements so that we can operate at approximately a maximum power 

when some solar cells are faulty. 

 

A built space-engineering prototype of the self-controlled embedded switching 

board has been designed and tested in the electrical and electronic laboratory available 

in the university. Based on the space mission analysis and design process, the developed 

board has to be exposed to various testing scenarios. Thus, the interpreted results were 

done based on the clear application of scientific and electrical engineering principles for 

space applications, nanosatellites technology, and advanced power electronic 

technology. 
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1.5 Literature study: 

 

Indeed this section presents a well-structured piece of any research process which 

is frequently constructed from a collection of theory information about Robust 

nanosatellites, the power system of the nanosatellites, the space radiation effect on the 

nanosatellites components, the photovoltaic cells, the optimization of the solar cells 

system, the integrated Nano power electronic switches as well as the switch pattern used 

for its reconfiguration during the optimization process.  

 

 

1.6 Simulation and Modelling: 

 

Important to realize, the modelling of the reconfigurable solar cells system has 

been done based on the mathematical equations, which represent a solar cell. Each solar 

cell’s current, voltage, temperature’s values can be obtained by data acquisition system 

connected to a microchip, which will compute the controlling algorithm implemented 

in Matlab. Arduino and Raspberry Pi platform environment will be used to perform the 

data monitoring, data acquisition, data filtering, and fault-finding location. While, 

Matlab-Simulink will be able to use the result search of the fault-finding algorithm to 

allow the most favourable configuration of the solar cells, such that photovoltaic system 

output power loss due to faulty solar cells is minimized using the switching matrix 

scheme implemented in Simulink. Finally, the space environment information system 

“SPENVIS” will be used as an interface which models the space environment and its 

effects on the designed reconfigurable system. Truly, the modelling and the simulation 

of the reconfigurable solar cells system for nanosatellites is covered. 

 

 

1.7 Thesis outline: 

 

My Master of Engineering Research Project’s thesis is structured as stated below: 

 Chapter 2: An introduction to space technology products: nanosatellites.  

 Chapter 3: A literature survey on the Photovoltaic energy systems.  

 Chapter 4: Modeling Methodology for photovoltaic systems.  

 Chapter 5: Photovoltaic system degradation in space applications.  

 Chapter 6: A literature survey on reconfigurable photovoltaic systems. 
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 Chapter 7: Degradation fault detection algorithm and system optimization of 

Solar cells.  

 Chapter 8: Simulation and results of the experimental setup of the proposed 

solar cells reconfigurable system.  
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Chapter 2: Nanosatellite’s Electrical Power System 

 

2.1 Background:  

 

Based on the man-made satellite’s records, one notes that Sputnik I, was the first 

launched and operated low earth orbit “LEO” satellite. After a number of years the 

American space exploration programs have launched many other Earth orbiting 

satellites. Consequently, the first manned spacecraft classified as the first commercial 

geosynchronous satellite was placed in orbit. From there, a huge number of countries in 

the world have successfully engraved their marks into small and large space innovative 

programs and businesses. As an illustration we do notice the French South African 

Institute of Technology in South Africa that runs a space program in the country. One 

of the benefits of the space program is that the satellite or space engineering system’s 

researchers always contributes to the advancement of the space technology and science 

through the outcomes of their academic research program or work. Henceforth, today 

many countries in the world having operating satellites possess the capability of placing 

them in orbit. It is important to realize that up until the 30th June 2016, a total number 

of operating satellites came to a value of 1419 (One thousand four hundred and 

nineteen) active satellites in orbit(tax, n.d.). Among those satellites, which are still 

operating in orbit, one of them is known as the first South African launched and 

operating nanosatellite called ZACUBE-1 (TshepisoSat). The ZACUBE-1 is a student 

lead endeavour of the French South African Institute of Technology (“ZACube-1 

(TshepisoSAT) | AMSAT-NA,” n.d.).  

Moving from the design process to the successful launch of a built nanosatellite 

which can be used for space science and exploration always appears as an expensive 

endeavour, something out of reach for most universities and structures (Bester et al., 

2012). After all, the introduction of the CubeSat design specification in 1999 by 

aerospace engineering Professor Jordi Puig Sauri from California Polytechnic State 

University and Professor Robert Twiggs from the department of Aeronautics and 

Astronautics at Stanford University changed the previous stated vision of those 

universities and structures (Toorian et al., 2008). A good reason of that project was to 

provide a standard for Picosatellites design which will reduce cost and development 

time, increase space’s accessibility and sustain frequent launches. In fact, CubeSats are 

a class of research spacecraft called nanosatellites. They are built to standard dimensions 

or units “U”, for this reason we will have CubeSats built to standard dimensions of 1U 
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(10x10x10cm), 2U (20x10x10cm), 3U (30x10x10cm) with a weight restriction moving 

from 1.33Kg for a 1U CubeSat to 4Kg if it’s a 3U CubeSat (Loff, 2015).  

The vision of educational institutions and industries to invest or run space 

program is to expose humans to space science and innovative technology environment. 

Thus, students from Cape Peninsula University of Technology are encouraged to join 

the space program under the French South African Institute of Technology so that they 

can be exposed and familiarize themselves with satellite engineering systems 

environment. Through that given opportunity, students have been given chances to 

develop their skill and to receive some experience in real space applications. Some of 

the lineaments given by the space program based at the Cape Peninsula University of 

Technology are: 

 A physical layout and design guidelines according to the international standard; 

 Coordination of required documentation and export licenses; and 

 Confirmation of successful deployment and telemetry information. 

 

First thing to remember, all nanosatellites in orbit need electrical power to 

successfully operate and fulfil their allocated mission. Consequently, nanosatellites are 

equipped with an electrical power system that will generate, store, condition, control 

and distribute power within the specified voltage band to all bus and payload equipment 

(Patel, 2005a). This chapter will give us an overview of the nanosatellite’s electrical 

power system together with a little breakdown of the stated system from the generation 

stage to the distribution stage.  

 

 

2.2 Nanosatellites Electrical Power Systems: 

 

Again, the electrical power system of a nanosatellite has the responsibility to 

generate, store, condition control and distribute electrical power to the various systems, 

which are parts of the nanosatellite. Currently, the on-going project at the space program 

of the Cape Peninsula University of Technology is about the design and the construction 

of a nanosatellite called Zacube-2 which will act as a pre-cursor mission to a 

constellation of nanosatellites that will be engineered by the state University of 

Technology (“F’SATI,” n.d.). The on-going built product named Zacube-2 is a 3U 

cubesat which is apparently a follow up on a mission of the previous successfully 

launched cubesat known as zacube-1 (“ZACUBE-2 - eoPortal Directory - Satellite 
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Missions,” n.d.). The nanosatellite will act as technology demonstrator for essential 

subsystems and from the one which an innovative software define radio platform will 

be developed as primary payload (“ZACUBE 2 (ZA 004) - Gunter’s Space Page - 

Gunter’s Space Page,” n.d.).  

 

Figure 2.1: Illustration of the 3U ZACUBE-2 nanosatellite layout (“ZACUBE-2 - eoPortal Directory - 

Satellite Missions,” n.d.) 

 

 Another key point will be to highlight that the designed nanosatellite will desire a sun 

synchronous circular orbit of 600Km (“ZACUBE-2 - eoPortal Directory - Satellite Missions,” 

n.d.). Using that information, satellite engineers can predict the accurate or expected time when 

they can send or receive telemetry information to or from the nanosatellite orbiting in space; in 

other words they can be able to predict the visibility of the nanosatellite orbiting in space by the 

ground station available on the university campus.  

 

2.2.1 Orbit trajectory modelling of Zacube-2 in space: 

 

Due to many constraints related to the design and the development of spacecraft; 

AGI has developed a commercial modelling and analysis software for space, defence 

and intelligence communities. This will allow engineers and analysts to use STK model 

to model complex systems along with sensors and communications, in the context of 

the mission environment (“Systems Tool Kit - Technology | Space Foundation,” n.d.). 

Using some of the core capabilities of the stated software, we can be able to model the 

orbit trajectory of Zacube-2 in space for a sun synchronous circular orbit of 600Km as 

illustrated in the figure below: 
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Figure 2.2: Zacube-2's sun synchronous circular orbit trajectory of 600Km using STK10 software 

 

Furthermore, we can also model the ground track of the nanosatellite whereby 

the location of the nanosatellite’s ground station will be identified as shown in the figure 

below: 

 

Figure 2.3: Ground track of the nanosatellite Zacube_2 with the geographical position of its ground station 

 

  In the case where the coordinates of the satellites ‘S’ in its orbit is given and the 

geographical coordinates of the ground station 𝑻∗ is known as well; both items will 

appear on the figure of the ground track of the nanosatellite. Through the system tool 

kit software, we can determine the moment when the nanosatellite is visible by its 

defined geographical ground station so that we can be able to establish a communication 

between the nanosatellite in space and the ground station located on the earth. We 
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normally express the conditions of visibility of a nanosatellite by an angle between the 

values of 0 degree to 80 degrees (“ECLIPSE ET VISIBILITE D’UN SATELLITE,” n.d.).  

But the mathematical relation used to determine the visibility angle of the nanosatellite 

will be shown in the equation below: 

 

 𝑨𝒏𝒈𝒍𝒆 𝒐𝒇 𝒗𝒊𝒔𝒊𝒃𝒊𝒍𝒊𝒕𝒚 𝒘𝒊𝒍𝒍 𝒃𝒆 𝒊𝒏 𝒕𝒉𝒆 𝒊𝒏𝒕𝒆𝒓𝒗𝒂𝒍𝒆 𝒐𝒇: 

  𝟎𝟎 <   𝐜𝐨𝐬−𝟏 (
𝑻∗. 𝑺⃗⃗⃗⃗⃗⃗ ⃗⃗  ⃗ . 𝒁∗⃗⃗⃗⃗ 

‖𝑻∗. 𝑺⃗⃗⃗⃗⃗⃗ ⃗⃗  ⃗‖
) < 𝟖𝟎𝟎  

(Equation 1) 

 

Where:     

{
 
 
 
 

 
 
 
 

𝑺 = [

𝑿𝒈
𝒀𝒈
𝒁𝒈

] = (𝑹𝑻 + 𝒁) [
𝐜𝐨𝐬(𝝀) 𝐜𝐨𝐬(𝑳)

𝐜𝐨𝐬(𝝀) 𝐬𝐢𝐧(𝑳)

𝐬𝐢𝐧(𝝀)
]

𝑻∗ = 𝑹𝑻 [
𝐜𝐨𝐬(𝝀∗) 𝐜𝐨𝐬(𝑳∗)

𝐜𝐨𝐬(𝝀∗) 𝐬𝐢𝐧(𝑳∗)

𝐬𝐢𝐧(𝝀∗)
]

𝑇ℎ𝑒 𝑣𝑒𝑟𝑡𝑖𝑐𝑎𝑙 𝑎𝑠𝑐𝑒𝑛𝑑𝑎𝑛𝑡 𝑎𝑥𝑖𝑠: 𝒁∗ =  [
𝐜𝐨𝐬(𝝀∗) 𝐜𝐨𝐬(𝑳∗)

𝐜𝐨𝐬(𝝀∗) 𝐬𝐢𝐧(𝑳∗)

𝐬𝐢𝐧(𝝀∗)
]

 

 

Figure 2.4: Geometrical representation of the conditions of visibility of the Nanosatellite by its ground 

station (“ECLIPSE ET VISIBILITE D’UN SATELLITE,” n.d.). 

 

A computational way of those equations through STK software will allow the 

space engineers to determine the time when the nanosatellite will be facing its ground 

station so that the following actions can be performed: 

 Sending a ground station command to the nanosatellite for some orientation 

changes; 
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 Telemetry reception and orbital restitution; and 

 Reception of scientific data, images stored by the nanosatellite in space, coded 

information produced by the nanosatellite, etc.…. 

For those reasons, the conditions of visibility of the nanosatellite zacube-2 by the 

ground station at Cape Peninsula University of Technology has been determined using 

STK10 software and the result is shown in the figure below: 

 

 

Figure 2.5: Zacube-2 visibility over a period of 3 days using STK10 software 

 

It’s shown on the image that the nanosatellite will be passing over the ground 

station at least 4 times a day; the duration of the passing period can be obtained by just 

zooming in the picture at a certain passing pulse as illustrated in the figure below: 

 

Figure 2.6: Period of the nanosatellite visibility approximately equal to 11 minutes 
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For the case of this research project, this period of visibility will be used to send 

a telemetry command from the ground station to the nanosatellite so that we can have 

or receive an updated data information regarding the health of the solar cells, power 

converters and the battery which have been mounted as part of the electrical power 

system of the nanosatellite Zacube-2. The received data will be analysed at the ground 

station level and in case of a failure (degradation of any solar cells) a ground station 

command will be sent in that visibility interval so that a change may occur in the 

reconfiguration of the remaining healthy solar cells available on the nanosatellite solar 

panels in orbit. The new reconfigurable scheme will allow the nanosatellite to have an 

optimized electrical solar generated power even though the presence of some faulty 

solar cells has been detected. Consequently, we can still be able to have communication 

with the nanosatellite and reconfigure its electrical power system so that some of the 

subsystems or payload can operate instead of having a total failure or death of the 

nanosatellite related to the failure of a particular subsystem or component. Thus, 

redundancy and reliability of the subsystem available on the nanosatellite will be subject 

to modification and therefore will assist on solving problems due to the limitation of 

space available on the spacecraft where spare subsystem can’t be mounted in case we 

would like to back up any subsystem’s failure in the orbit. 

Sending a telemetry command to reconfigure the photovoltaic cells available on 

the nanosatellite is an alternative way in case the design embedded reconfigurable 

system is a self or remote control system through a telemetry command signal. In reality, 

the telemetry command scheme will involve extra components and a human capability 

to establish a communication between the nanosatellite and the station, to analyse the 

data and to implement the reconfiguration of the system. The presence of all those extra 

parties will bring up the benefit of the doubt regarding the reliability and the efficiency 

of the overall or entire whole system. For the purpose of this research project, the 

reliability of the entire designed embedded system will be achieved by giving the 

capability to the system to operate all by itself without reception of any telemetry 

command coming from the ground station.  

 

2.2.2 General overview of Zacube-2 mounted subsystems: 

 

 A nanosatellite is formed by different systems designed to adhere to the specific 

criteria of a particular defined mission. Two groups can be used to classify the common 

set and additional systems of a nanosatellite as described below (Patel, 2005a): 
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 The payload: all the communication equipment available in the nanosatellite will 

form this classification group. 

 The nanosatellite bus: formed by all remaining equipment having different 

functionalities used to support the payload. 

 

Figure 2.7: Conceptual Layout of the nanosatellite Zacube-2 (“ZAcube-2 schematics - Google Search,” n.d.) 

 

One of the nanosatellite bus systems is known as the power system, which has: 

the solar arrays, the battery, power electronics, distribution harness and controls. 

Furthermore, the communications and data handling system to receive commands and 

return information, telemetry sensors to gage the nanosatellite state, a central computer 

to coordinate and control activities of all systems are also known as other essential 

nanosatellite bus systems (Patel, 2005a). 

The common set and additional systems of a nanosatellite as discussed in the 

previous paragraphs compiled in a form of block diagram will be shown in the figure 

below: 
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Figure 2.8: An overview of the systems mounted on the nanosatellite Zacube-2 (“Image,” n.d.) 

 

 We can clearly notice that the nanosatellite bus system block and the Payload 

subsystem block are connected to the Electrical power supply block. Thus, the reliability 

and the efficiency of the electrical power supply needs some improvement so that even 

in case of degradation of solar cells due to the harsh radiation effect in space some 

components of the payload subsystem must be powered to allow a partial operation of 

the nanosatellite in space which is way better that a complete shutdown of the 

nanosatellite due to some degraded solar cells available on its solar panels.  
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Chapter 3: A literature survey on the photovoltaic energy systems 

 

3.1 Introduction: 

 

Space has a massive impact on our daily lives and it’s one of the major facilitator 

of the global economy. Consequences of research into space can be highlighted through 

the given amazing understanding of our universe and the forces that govern it which 

directly have an effect on our lives on Earth. Moreover, space exploration has extended 

the envelope of human knowledge and presence throughout the solar energy system. 

Energy has a very important role in the socioeconomic growth and energy security of a 

country (Kumar, 2017). Since the journey of research into space has started, we can 

notice the launch of many satellites across the global world. Generally, most of those 

launched satellites have used the sun’s energy as their primary source of electrical power 

for the spacecraft (Mac Kenzie, 1967). An energy resource that can be replaced or 

renewed rapidly by natural processes is known as a renewable energy or renewable 

energy source (“Renewable energy,” n.d.). As an illustration, sunlight, wind power, 

hydropower, geothermal, biomass, and tides are found among the list of the most 

important types of renewable energy sources. Looking over the past few decades, we 

can notice the massive promotion and special attention given to the solar energy system 

among the above list of renewable energy sources.  

In detail, it’s the radiant heat and light from the sun, which can be harvested 

through a number of means like solar thermal, solar photovoltaic, and photosynthesis 

technologies. Surely, solar photovoltaic also called solar cell does the conversion from 

solar energy into electricity which can be exploited in all different ways according to 

their different needs (Kumar, 2017). Seeing that nanosatellites are solar powered 

devices, the reduction of greenhouse gases will be observed. Considering just solar cells 

as a complete solution of power generation in space will not be sufficient due to the fact 

that the production of electricity can only be made only if the solar cells are illuminated 

therefore an energy storage unit needs to be attached the solar power system to improve 

the efficiency and the reliability of the solar power system (Mac Kenzie, 1967).  

Now that we have realized a growth of photovoltaic devices and technologies in 

world, we can say that everybody can generate its own power independently at low 

operating cost and virtually pollution free. Indeed, solar photovoltaic technology do 

operate on the principle of the photovoltaic effect (Kumar, 2017). 
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3.2 Photovoltaic effect in the solar cells: 

 

Generation of a voltage or electric current in a material or a device upon 

illumination of light is known as the photovoltaic effect (Kumar, 2017). The 

photovoltaic effect was first observed in 1839 by French physicist Edmund Becquerel 

when he found that shining light on an electrode submerged in a conductive solution 

would create an electric current (“How do Photovoltaics Work? | Science Mission 

Directorate,” n.d.). Later in 1873, W.Smith discovered photoconductivity in selenium 

and then this gave birth to photovoltaic technology. The devices that exhibit 

photovoltaic effect are known as photovoltaic devices or solar cells (Stöckmann, 1973).  

In fact, the photovoltaic effect appears in the semiconductor devices where 

exposure to light causes the photons to get absorbed in the semiconducting material that 

excites electrons from the valance band to the conduction band. Such electrons in the 

conduction band are known as electrons, and they leave behind the corresponding holes 

in the valance band. These electrons and holes need to be extracted out to get electricity 

(“Photovoltaic effect - Energy Education,” n.d.). Due to opposite charge electrons 

(negatively charged) and the holes (positively charged), they have the tendency of 

recombination, which should be prevented. The solar cells are designed and prepared in 

a way that the photo generated electrons and holes move in opposite directions via drift 

and diffusion processes and get collected there. A solar cell possesses two electrodes 

with the light –absorbing medium sandwiched between them. Collection of photo 

generated charge carriers on the electrodes in opposite sides of the semiconductor causes 

an electromotive force; a photovoltage is developed across the device. If an electronic 

circuit is connected to the device, an electric current would pass through the circuit and 

this way the light energy gets converted into electricity. The drift is provided by built in 

electric field, whereas diffusion is caused by the concentration gradient of the photo 

generated charge carriers. If the energy of incident photons is less than the band gap of 

the semiconductor, the photons will not be absorbed and no photovoltaic effect will be 

observed (Kumar, 2017) .  

 

3.3 Solar cells and their Generations: 

 

Photovoltaic cells have been created for more than hundred years ago; on the 

negative side we can highlight their poor actual efficiency. The first solid state solar cell 

was prepared by Charles Fritts in 1883, when he coated a thin film of gold over the 

selenium semiconductor to form a junction and got around 1% power conversion 
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efficiency. Due to the non-successful experiments performed on the selenium solar 

cells, more experiments were performed on other materials and this gave birth to the 

next generations of solar cells (Kumar, 2017). 

 

3.3.1 First Generation of solar cells: 

 

Monocrystalline silicon solar cells, Polycrystalline silicon solar cells, 

amorphous silicon solar cells and Hybrid silicon solar cells were the first generation of 

solar cells. These solar cells are also known as conventional, traditional solar cells made 

from Silicon (“3 Generations of Solar Cells,” n.d.). In particular, monocrystalline 

silicon solar cells, polycrystalline silicon solar cells, had a fairly high performance, 

which made them a reliable source of electricity generation for satellites and space 

vehicles with a very high operating cost compared to their power out. Due to an 

expensive cost and complex fabrication processes of these solar cells, the need of giving 

birth to their next generations took place (Kumar, 2017). 

 

3.3.2 Second Generation of solar cells: 

 

For cost effective solar cell technology, new processes and materials were 

developed which included amorphous Silicon (a-Si) solar cells, copper indium gallium 

diselenide (CIGS) solar cells, and cadmium telluride (CdTe) solar cells (Kumar, 2017). 

These materials are processed in thin films and the solar cells made of these materials 

are also known as thin-film solar cells because when compared to the first generation of 

silicon solar cells they are made from layers of semiconductor materials only a few 

micrometres thick (“3 Generations of Solar Cells,” n.d.). These solar cells embody a 

small amount of active materials and are developed on inexpensive substrates like glass 

and plastic; they can be easily operated in the large area and when processed on plastic 

substrates, they can be fabricated roll to roll with ease (Kumar, 2017).  Comparing these 

second generation to the first generation solar cells regarding efficiency and cost: one 

can bring out the fact that the second generation solar cells are less efficient than the 

crystalline silicon solar cells. 

 

3.3.3 Third Generation of solar cells: 

 

The third generation of solar cells includes multijunction solar cells and emerging 

photovoltaic technologies like: (“Types of Solar Cells - Generation of Solar Cells,” 2015) 
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 Dye-sensitized solar cell (DSSC): is another class of thin-film solar cells that is 

based on organic dyes. They are quite thin, lightweight, and can be processed at 

low temperatures on non-expensive substrates like glass, plastic and metal foils. 

Low cost processing and inexpensive materials make these cells very cost 

effective (Kumar, 2017); 

 Organic solar cell (OSC): is solid-state thin film solar cells based on organic 

semiconductors. Organic semiconductors are special class of aromatic 

hydrocarbons where carbon atoms are sp2 hybridized and have alternate single 

and double bonds. Due to alteration in single and double bonds among C atoms 

these materials are also known as conjugated semiconductors. In general, these 

are insulators in pure form; they are called semiconductors because their 

electrical conductivity increases exponentially with temperature and some 

others properties like band gap are similar to those of their inorganic 

semiconductors. Alteration of single and double bonds is responsible for the 

conductivity in these materials (Kumar, 2017); 

 Quantum dot solar cell (QDSC): is another solar cells technology based on the 

concept of minimization of energy loss using semiconductors of different band 

gaps like planer multijunction cells but with better tenability across the solar 

spectrum and ease in production (Kumar, 2017); 

 Multijunction solar cells: based on III-V compound semiconductors like gallium 

arsenide (GaAs), gallium antimonide (GaSb), and indium phosphide (InP) were 

also observed to have excellent optical and electrical properties making them 

potential candidates for solar cells applications. They possessed very high 

optical absorption coefficients and absorbed most of the incident light within 

few micrometers. In the 1980s, GaAs-based solar cells surpassed Silicon solar 

cells efficiency and in 1990s took them over for satellite applications. GaAs-

based single-crystal single-junction thin-film solar cells hold the record 

maximum efficiency of 28.8%, which has remained unchanged since early 

1990s. Furthermore, experiments have been done to improve the efficiency of 

solar cells. This paved a path to develop a GaInP/GaAs/Ge triple junction solar 

cell, where the GaInP2/GaAs junction was grown on a Ge substrate and the 

device exhibited 34.1% efficiency. In 2012, Agui et al achieved 36.9% 

efficiency in a GaInP/GaAs/GaInAs triple-junction solar cell. The triple junction 

solar cells hold the current maximum efficiency of 37.9% without any 

concentrator. Multijunction solar cells are the only third generation solar cells 
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that are commercially available. They are highly efficient and hold the world 

records in performance, but these solar cells are very expensive and are being 

used in satellites and other terrestrial applications only (Kumar, 2017). 

 

3.3.4 Fourth Generation of solar cells: 

 

 The fourth generation of solar cells is quite futuristic and is expected to have 

very high power conversion efficiency. They can be prepared in a large area with great 

ease like Dye-sensitized solar cells and Organic solar cells. In addition, high power 

conversion efficiency would make them potential candidates for future power 

generation. The fourth generation solar cell includes the organic-inorganic hybrid and 

organometal halide perovskite solar cells (Imalka Jayawardena et al., 2013). 

 

3.4 Performance analysis of a solar cell: 

 

3.4.1 Solar spectrum and Irradiance: 

 

Several galaxies and numerous stars are the elements of the universe. Every star 

together with all objects traveling around a star constitutes a solar system (“Our Solar 

System - Overview | Planets,” n.d.). Our solar system is made of the sun, nine planets 

and their natural satellites, dwarf planets, asteroids, and comets. Due to the fact that a 

solar system is formed by a star and its objects: the sun in this particular system will be 

the star of our solar system and it is located in the centre with all other objects circling 

around it. The sun is an abundant source of energy, which originates from nuclear fusion 

reaction through a series of proton-proton chains where hydrogen is converted into 

Helium. The temperature of the outer surface of the sun is about 5778 oK.  

The solar intensity at the mean distance from the Earth is about 1361 W/m2 and 

is known as solar constant (Kumar, 2017). The solar radiation outside the earth’s 

atmosphere is referred as air mass zero (AM0), meaning no atmosphere and no 

deflection from the original solar spectrum. This spectrum can be equated to that of a 

black body at 5800 oK. This spectrum is important for the performance analysis of 

satellite and space-vehicle solar cells (“Layers of the Sun,” 2015). 

 

3.4.2 Power conversion efficiency: 

 

The percentage of the solar energy shining on top of a solar cell surface that is 

transformed into useful electricity is seen as the power conversion efficiency of the 
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particular solar cell (“Solar Performance and Efficiency,” n.d.). In general, two 

essential steps contribute to the photovoltaic energy conversion in solar cells known as: 

 Firstly, the absorption of light generates an electron-hole pair. The electron and 

hole are then separated by the structure of the device. Electrons to the negative 

terminal and holes to the positive terminal, thus the generation of electrical 

power is made (Markvart and Castañer, 2003). 

If there is a connected load across the two electrodes or the two terminals, one will 

notice a flow of an electric current passing through the connected load. In cases where 

there is no load connected across the terminals of the solar cell or the solar cell is in the 

open circuit condition state, the potential difference established across the two terminals 

of the solar cell under illumination is called an open-circuit voltage (Voc). In this case, 

there will not be a current deriving from the solar cell.  

Considering the scenario where the two terminals of the illuminated solar cell are 

short circuited, a flow of an electric current would pass through the short circuited 

junction and this would be the maximum possible current that could be established from 

the illuminated solar cell at a particular given light intensity. The value of that measured 

current through the short circuit condition is recognized as the short-circuit current (Isc). 

It is highlighted that during the short-circuit condition, the voltage across the terminal 

of the illuminated the solar cell will take the value of Zero volts. Comparing the load 

condition parameters with the open circuit parameters, the current and voltage across 

the load would be less than Isc and Voc.  

The determination of the power conversion efficiency of a particular solar cell has 

a major role in terms of knowing the maximum electrical generated power given to the 

load that is connected across the terminals of the solar cell, henceforth the current-

voltage characteristic represented by the (I-V) characteristics of the solar cell are 

measured while the solar cell is illuminated.  

The measurement of the stated I-V characteristics can be achieved using the 

following step: 

 Using a source measure unit as an alternate of the load, where a range of voltage 

from negative to positive values is applied and the corresponding current 

through the cell is measured and recorded (Kumar, 2017). 
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Figure 3.1: I-V characteristics of a solar cell under illumination (Solid curve). Dashed curve 

represents the corresponding inverted power graph (Kumar, 2017) 

 

The point corresponding to the maximum value on the power graph represents the 

maximum electrical power derived from the solar cell known as: 

 

 𝑷𝒎𝒂𝒙 = 𝑰𝒎𝒂𝒙 × 𝑽𝒎𝒂𝒙 (Equation 2) 

 

Thus, the power conversion efficiency noted (η) of the illuminated solar cell can be 

calculated using the equation given below: 

 

 
𝛈 =

𝑷𝒎𝒂𝒙

𝑷𝒊𝒏
=
𝑰𝒎𝒂𝒙 × 𝑽𝒎𝒂𝒙 

𝑷𝒊𝒏
 

(Equation 3) 

 

Where: 

            𝑃𝑖𝑛: 𝑖𝑠 𝑡ℎ𝑒 𝑣𝑎𝑙𝑢𝑒 𝑜𝑓 𝑡ℎ𝑒 𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡 𝑜𝑝𝑡𝑖𝑐𝑎𝑙 𝑝𝑜𝑤𝑒𝑟 𝑖𝑛 𝑊𝑎𝑡𝑡𝑠 (𝑊) 

 

The fill factor is basically defined as the ratio of Pmax over (Isc multiply by Voc), it can be 

expressed as: 
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𝑭𝑭 =

𝑰𝒎𝒂𝒙 × 𝑽𝒎𝒂𝒙 

𝑰𝒔𝒄 × 𝑽𝒐𝒄
 

(Equation 4) 

 

Practically, the fill factor is the measure of the solar cell quality and defines the shape 

of the characteristics. A mathematical insertion of equation 2 and 3 into the first formula 

of the power conversion efficiency of a solar cell will lead to the equation written below 

as:  

 

 
𝛈 =

𝑰𝒔𝒄 × 𝑽𝒐𝒄 × 𝑭𝑭 

𝑷𝒊𝒏
 

(Equation 5) 

 

Using a percentage notation, the power conversion efficiency of a solar cell in 

percentage can be determined using the equation below: 

 

 
𝛈 =

𝑰𝒔𝒄 × 𝑽𝒐𝒄 × 𝑭𝑭 

𝑷𝒊𝒏
 × 𝟏𝟎𝟎  

(Equation 6) 

 

 A non-necessity for the laws of the physics to behave in the same way on all 

components, based on the simple fact that solar cells are made from multiple device 

architectures. Henceforth, we end up having different types of solar cell generation. 

Thus, each and every type of solar cell needs to be investigated separately regarding the 

solar cell’s type. Important to realize that a p-n junction solar cell is actually a p-n 

junction diode, and application of a voltage would cause a current flow through the 

junction even when the cell is not illuminated (Kumar, 2017).  Thus, the dark current 

(ID) will be the name of the measured current in that case. During the current-voltage 

measurement under illumination along with the photo-generated current; a dark current 

also circulates.  That parameter should always be considered while looking at the actual 

value of the photo generated current (Adamo et al., n.d.).  

Considering an ideal p-n junction diode, the value of the dark current is 

calculated using the equation below: 

 
𝑰𝑫  =  𝑰𝒔 (𝒆𝒙𝒑

(
(𝒒𝑽)

(𝑲𝑩𝑻)
⁄ )

 − 𝟏) 
(Equation 7) 

 

Where:     {

𝐼𝑠 = 𝑖𝑠 𝑡ℎ𝑒 𝑟𝑒𝑣𝑒𝑟𝑠𝑒 𝑠𝑎𝑡𝑢𝑟𝑎𝑡𝑖𝑜𝑛 𝑐𝑢𝑟𝑟𝑒𝑛𝑡 𝑜𝑓 𝑡ℎ𝑒 𝑑𝑖𝑜𝑑𝑒
𝑞 = 𝑖𝑠 𝑡ℎ𝑒 𝑒𝑙𝑒𝑚𝑒𝑛𝑡𝑎𝑟𝑦 𝑐ℎ𝑎𝑟𝑔𝑒
𝐾𝐵 = 𝑖𝑠 𝑡ℎ𝑒 𝐵𝑜𝑙𝑡𝑧𝑚𝑎𝑛𝑛 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡

𝑇 = 𝑖𝑠 𝑡ℎ𝑒 𝑎𝑏𝑠𝑜𝑙𝑢𝑡𝑒 𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 𝑜𝑓 𝑡ℎ𝑒 𝑑𝑖𝑜𝑑𝑒
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The negative photocurrent is obtained due to the flow of photo generated 

electrons and holes that constitute the photocurrent. Photo generated electrons and holes 

have to move toward the cathode and the anode, which leads to a flow of the 

photocurrent from the N-type to the P-type across the junction. An ideal p-n junction 

will possess no recombination losses and the short circuit current will be same as the 

photocurrent’s value IL. In reverse bias both dark current and photocurrent will be 

negative, while the forward bias case will have a positive value of the dark current with 

a negative photocurrent.  Consequently, the total current will decrease until it becomes 

zero at open circuit voltage value where both the dark current and the photocurrent are 

at the same amplitude. The value of the total current (I Total) circulating in the solar cell 

under illumination can be expressed as shown in the equation below (Kumar, 2017): 

 

 
𝑰𝑻𝒐𝒕𝒂𝒍  =  𝑰𝒔 (𝒆𝒙𝒑

(
(𝒒𝑽)

(𝑲𝑩𝑻)
⁄ )

 − 𝟏) − 𝑰𝑳 
(Equation 8) 

 

During the short-circuit case (when we have: V=0), the expression of the total current 

through the cell would have the following terms: 

 

 𝑰𝑻𝒐𝒕𝒂𝒍  =  𝑰𝒔𝒄 =  − 𝑰𝑳 (Equation 9) 

 

Through the open-circuit condition (when we have: 𝐼𝑇𝑜𝑡𝑎𝑙=0), the voltage across the solar 

cell known as  𝑉𝑜𝑐  , will be calculated by: 

 

 𝑽𝒐𝒄 = 
𝑲𝑩𝑻

𝒒
× 𝒍𝒏(

𝑰𝑳
𝑰𝒔
+ 𝟏) ≈  

𝑲𝑩𝑻

𝒒
× 𝒍𝒏(

𝑰𝑳
𝑰𝒔
)  

(Equation 10) 

 

Practically the charge’s extraction from a solar cell is obstructed by some parameters 

and therefore produces the recombination of charge carriers. Some amount of resistivity 

is surely into all semiconductors which restraint the extraction of charges.  Furthermore, 

the defects in the film and energy barriers at contacts would obstruct the extraction of 

the charge. All the components responsible for the interruption to the extraction of the 

charges are characterized by a resistance connected in series (𝑅𝑠) with the diode. While 

the recombination of charge carriers is characterized by:  shunting the diode with a 

resistance connected in parallel (𝑅𝑃). Like all electrical device or component, a solar cell 

can be model by the equivalent circuit shown in figure 3.2 (Khaligh and Onar, 2010): 
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Figure 3.2: Equivalent circuit of a p-n junction solar cell illumination (Single-diode model) 

 

Thus, the total current can be expressed as shown by the equation below: 

 

 
𝑰𝑻𝒐𝒕𝒂𝒍  =  𝑰𝒔 (𝒆𝒙𝒑

(
(𝒒𝑽−𝑰𝑹𝒔)

(𝒏𝑲𝑩𝑻)
⁄ )

 − 𝟏) + (
𝑽 − 𝑰𝑹𝒔
𝑹𝑷

) − 𝑰𝑳 
(Equation 11) 

 

Where: 

𝑛 = 𝑖𝑠 𝑡ℎ𝑒 𝑖𝑑𝑒𝑎𝑙𝑖𝑡𝑦 𝑓𝑎𝑐𝑡𝑜𝑟 𝑜𝑓 𝑡ℎ𝑒 𝑑𝑖𝑜𝑑𝑒 

Identically, the mathematical model of a solar cell can be done adding the 

parameters that are capable of influencing the behaviour of the solar cell. The 

parameters listed below are those ones, which can influence the behaviour of a particular 

solar cell: 

 Intensity of the incident light; 

 Operative absolute temperature; and  

 Degradation by cosmic radiation. 

Considering all those factors, the new equivalent circuit of a solar cell can be drawn in 

figure 3.3: 
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Figure 3.3: Equivalent circuit of a p-n junction solar cell illumination using two diodes 

 

The new drawn model is seen as an alternative model of solar cell called the 

dual-diode model of a solar cell. The output current (I) of the dual-diode model will be 

found using the expression below: 

 

 
𝑰 =  𝑰𝑳 − 𝑰𝒅 (𝒆𝒙𝒑

(
(𝒒×(𝑽−𝑰𝑹𝒔))

(𝑲𝑩𝑻)
⁄ )

− 𝟏)−𝑰𝒓 (𝒆𝒙𝒑
(
(𝒒×(𝑽−𝑰𝑹𝒔))

(𝟐𝑲𝑩𝑻)
⁄ )

− 𝟏)

− (
𝑽 − 𝑰𝑹𝒔
𝑹𝑷

) 

(Equation 12) 
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Chapter 4: Modelling of solar cells for space photovoltaic energy systems 
 
 

4.1 Introduction: 
 

The foundation of science relies in creating models, which will represent physical 

experience. In other words, the object of the study’s representation is a model. Additionally, 

models can bring observations and understanding about the object or the case being investigated 

and form some predictions regarding its performance. Then its accuracy can be evaluated 

through its capability to predict but its efficiency will rely upon the simplicity and its disposition 

of bringing out the observation and the understanding of the studied case. After all, it’s natural 

that the same object or case studied may obtain different models based on the calculation 

procedure, the accuracy and the number of parameters involved during the modelling process 

to also satisfy different point of interest. The use of experimental data to design mathematical 

models for dynamical systems is the purpose of system identification (Ljung, 1998). Whereby 

a system will be defined as a process where different variables interact, producing observable 

signals, which are called outputs.  External signals shaped by the observer can often influence 

the system. Luckily, system identification handles dynamical systems which are processes 

whose current outputs parameters do not only depend on the current inputs parameters but also 

on its previous state (Galrinho, 2016).  

Due to the fair advantages in autonomous systems, the use of space photovoltaic devices 

has increased. In articles, several mathematical models have been drawn to illustrate the 

operation and principle behaviour of a solar cell. Based on the natural fact that a same studied 

case can have different models, we will say that all those models drawn in the articles do differ 

in calculation method, accuracy and the number of parameters involved during the calculation 

process. 

 

4.2 Solar Cell Modelling: 

 

Considering the various ways of extracting the equivalent circuit parameters of a solar cell 

relying on the types of available information regarding the photovoltaic system or solar cell. 

The elaborated list will come down with the following listed models: 

 Ideal model of a single junction solar cell; 

 Two diode single junction solar cell model; 

 Power model of a single junction solar cell; and 

 General model for a space triple junction solar cell. 
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4.2.1 Ideal Model of a Single junction Solar Cell: 

Using a diode and current source, we can actually design a reduced 

equivalent circuit of a single junction solar cell as illustrated in figure  4.1: 

 

 

Figure 4.1: Simplified equivalent circuit of a single junction Solar cell 

 

In this reduced equivalent circuit, we have to notice that the photocurrent 𝑰𝒑𝒉 is 

generated by the current source element. Comparatively, the value of the produced photo 

current is immediately proportional to the solar irradiance falling on the surface of the solar 

cell. The solar irradiance 𝑮  is defined as the amount of light energy from one thing hitting a 

square meter of another each second (Zell, 2015). Frequently, solar cell’s manufacturer will use 

the short- circuit current parameter and the open voltage parameter to describe the performance 

of a solar cell. Through the simplified equivalent circuit of a single junction solar cell, 

mathematically the expression of the current flowing at the terminal of the solar cell will be 

given by the equation below: 

 

 𝐼𝑠𝑜𝑙𝑎𝑟_𝑐𝑒𝑙𝑙 = 𝐼𝑝ℎ𝑜𝑡𝑜𝑐𝑢𝑟𝑟𝑒𝑛𝑡 − 𝐼𝑑 (Equation 13) 

 

Where: 

 
𝐼𝑑 = 𝐼𝑜  ×  [𝑒

(
𝑉𝑠𝑜𝑙𝑎𝑟_𝑐𝑒𝑙𝑙

𝑉𝑇
)
− 1] 

(Equation 14) 
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With:  

{
 
 
 
 

 
 
 
 

𝐼𝑑 = 𝑖𝑠 𝑡ℎ𝑒 𝑐𝑢𝑟𝑟𝑒𝑛𝑡 𝑠ℎ𝑢𝑛𝑡𝑒𝑑 𝑡ℎ𝑟𝑜𝑢𝑔ℎ 𝑡ℎ𝑒 𝑖𝑛𝑡𝑟𝑖𝑛𝑠𝑖𝑐 𝑑𝑖𝑜𝑑𝑒

𝐼𝑜 = 𝑖𝑠 𝑡ℎ𝑒 𝑟𝑒𝑣𝑒𝑟𝑠𝑒 𝑠𝑎𝑡𝑢𝑟𝑎𝑡𝑖𝑜𝑛 𝑐𝑢𝑟𝑟𝑒𝑛𝑡 𝑜𝑓 𝑡ℎ𝑒 𝑑𝑖𝑜𝑑𝑒 𝑖𝑛 𝐴𝑚𝑝𝑒𝑟𝑒𝑠

𝑉𝑇 = 𝑖𝑠 𝑡ℎ𝑒 𝑡ℎ𝑒𝑟𝑚𝑎𝑙 𝑝𝑜𝑡𝑒𝑛𝑡𝑖𝑎𝑙 =  
(𝐴. 𝐾. 𝑇𝑗)

𝑞

𝐴 = 𝑖𝑠 𝑡ℎ𝑒 𝑑𝑖𝑜𝑑𝑒 𝑖𝑑𝑒𝑎𝑙𝑖𝑡𝑦 𝑓𝑎𝑐𝑡𝑜𝑟

𝐾 = 𝑖𝑠 𝑡ℎ𝑒 𝐵𝑜𝑡𝑧𝑚𝑎𝑛′𝑠 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 =  1.381 × 10−23
𝐽

𝐾
𝑇𝑗 = 𝑖𝑠 𝑡ℎ𝑒 𝑗𝑢𝑛𝑐𝑡𝑖𝑜𝑛′𝑠𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 𝑜𝑓 𝑡ℎ𝑒 𝑠𝑜𝑙𝑎𝑟 𝑐𝑒𝑙𝑙 𝑖𝑛 𝑑𝑒𝑔𝑟𝑒𝑒𝑠 𝐾𝑒𝑙𝑣𝑖𝑛

𝑞 = 𝑖𝑠 𝑡ℎ𝑒 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛 𝑐ℎ𝑎𝑟𝑔𝑒 = 1.602 ×  10−19 𝐶

 

 

Therefore:  

 
𝐼𝑑 = 𝐼𝑜  ×  [𝑒

(
 𝑞 × 𝑉𝑠𝑜𝑙𝑎𝑟_𝑐𝑒𝑙𝑙

𝐴.𝐾.𝑇𝑗
)
− 1] 

(Equation 15) 

 

Thus, a substitution of the current shunted flowing through the intrinsic diode in 

equation 1 will give: 

 
𝐼𝑠𝑜𝑙𝑎𝑟_𝑐𝑒𝑙𝑙 = 𝐼𝑝ℎ𝑜𝑡𝑜𝑐𝑢𝑟𝑟𝑒𝑛𝑡 − {𝐼𝑜  ×  [𝑒

(
 𝑞 × 𝑉𝑠𝑜𝑙𝑎𝑟_𝑐𝑒𝑙𝑙

𝐴.𝐾.𝑇𝑗
)
− 1]} 

(Equation 16) 

 

Seeing that the photocurrent is equal to the short-circuit current of the solar cell, the 

solar cell’s current can have the expression below: 

 
𝐼𝑠𝑜𝑙𝑎𝑟_𝑐𝑒𝑙𝑙 = 𝐼𝑠ℎ𝑜𝑟𝑡_𝑐𝑖𝑟𝑐𝑢𝑖𝑡 − {𝐼𝑜  ×  [𝑒

(
 𝑞 × 𝑉𝑠𝑜𝑙𝑎𝑟_𝑐𝑒𝑙𝑙

𝐴.𝐾.𝑇𝑗
)
− 1]} 

(Equation 17) 

 

 
𝐼𝑠𝑜𝑙𝑎𝑟_𝑐𝑒𝑙𝑙 = 𝐼𝑠𝑐 − {𝐼𝑜  ×  [𝑒

(
 𝑞 × 𝑉𝑠𝑜𝑙𝑎𝑟_𝑐𝑒𝑙𝑙

𝐴.𝐾.𝑇𝑗
)
− 1]} 

(Equation 18) 

 

By setting both the current flowing through the terminal of the solar cell equal to zero 

and the voltage across the terminal of the solar cell equals to the open circuit voltage of the 

solar cell, we can be able to get the expression of the reverse saturation 𝑰𝒐 as shown below: 

 
𝐼𝑠𝑜𝑙𝑎𝑟_𝑐𝑒𝑙𝑙 = 𝐼𝑝ℎ𝑜𝑡𝑜𝑐𝑢𝑟𝑟𝑒𝑛𝑡 − {𝐼𝑜  ×  [𝑒

(
 𝑞 × 𝑉𝑠𝑜𝑙𝑎𝑟𝑐𝑒𝑙𝑙

𝐴.𝐾.𝑇𝑗
)
− 1]} = 0 

(Equation 19) 

 

   

 
𝐼𝑝ℎ𝑜𝑡𝑜𝑐𝑢𝑟𝑟𝑒𝑛𝑡 − {𝐼𝑜  ×  [𝑒

(
 𝑞 × 𝑉𝑜𝑝𝑒𝑛_𝑐𝑖𝑟𝑐𝑢𝑖𝑡

𝐴.𝐾.𝑇𝑗
)
− 1]} = 0 

(Equation 20) 

   

 
𝐼𝑜  =   

𝐼𝑝ℎ𝑜𝑡𝑜𝑐𝑢𝑟𝑟𝑒𝑛𝑡

[𝑒
(
 𝑞 × 𝑉𝑜𝑝𝑒𝑛_𝑐𝑖𝑟𝑐𝑢𝑖𝑡

𝐴.𝐾.𝑇𝑗
)
− 1]

=  
𝐼𝑠ℎ𝑜𝑟𝑡_𝑐𝑖𝑟𝑐𝑢𝑖𝑡

[𝑒
(
 𝑞 × 𝑉𝑜𝑝𝑒𝑛_𝑐𝑖𝑟𝑐𝑢𝑖𝑡

𝐴.𝐾.𝑇𝑗
)
− 1]

 
(Equation 21) 
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Putting it on another way, the short-circuit current can be expressed as a function of the 

illuminated area as shown below: 

 𝐼𝑠ℎ𝑜𝑟𝑡_𝑐𝑖𝑟𝑐𝑢𝑖𝑡 = 𝐼𝑠𝑐 = 𝐴𝑟𝑒𝑎 × 𝐽𝑠𝑐 (Equation 22) 

  

In case we are interested about working out the value of the open circuit voltage, we can 

have it using the expression below: 

 𝑉𝑜𝑝𝑒𝑛_𝑐𝑖𝑟𝑐𝑢𝑖𝑡 = 𝑉𝑜𝑐 =  𝑉𝑇  ×  ln (1 + 
𝐼𝑠𝑐
𝐼𝑜
) 

(Equation 23) 

 

Surely using the current-voltage characteristic of an illuminated solar cell, the maximum 

output power of the solar cell can be obtained as well as the fill factor of the solar cell via the 

equation given below: 

 𝑀𝑃𝑃𝑇 = 𝑃𝑚𝑎𝑥 = 𝐼𝑚𝑎𝑥  ×  𝑉𝑚𝑎𝑥 (Equation 24) 

   

 𝐹𝑖𝑙𝑙 𝐹𝑎𝑐𝑡𝑜𝑟 = 𝐹𝐹 =  
𝐼𝑚𝑎𝑥  ×  𝑉𝑚𝑎𝑥
𝐼𝑜𝑐  ×  𝑉𝑜𝑐

 
(Equation 25) 

   

 

4.2.1.1 Single diode Model of a Single junction Solar Cell with Ohmic losses: 

 An implementation can be brought to the simplified equivalent circuit of a 

single junction solar cell drawn in the previous section whereby the material 

resistivity and the ohmic losses due to levels of contact are taken into consideration 

during the modelling of the solar cell. The sum of the losses generated by those 

elaborated factors will be characterized by a resistance 𝑹𝒔  connected in series in 

the simplified equivalent circuit of the single  junction solar cell as shown in figure 

4.2: 

 

Figure 4.2: Simplified equivalent circuit of a single junction solar cell with Ohmic losses 

 

Considering that drawn circuit, the new expression of the current voltage 

equation will be written as shown in the equation below:  
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𝐼𝑠𝑜𝑙𝑎𝑟_𝑐𝑒𝑙𝑙 = 𝐼𝑝ℎ𝑜𝑡𝑜𝑐𝑢𝑟𝑟𝑒𝑛𝑡 − 

{
 

 

𝐼𝑜  ×  

[
 
 
 

𝑒
(
𝑞 × [ 𝑉𝑠𝑜𝑙𝑎𝑟𝑐𝑒𝑙𝑙

 + (𝐼𝑠𝑜𝑙𝑎𝑟_𝑐𝑒𝑙𝑙 × 𝑅𝑠)]

𝐴.𝐾.𝑇𝑗
)

− 1

]
 
 
 

}
 

 

 

(Equation 26) 

 

Assuming that the photocurrent is equal to the short-circuit current of the solar cell; we 

will turn that equation into the one below: 

 

𝐼𝑠𝑜𝑙𝑎𝑟_𝑐𝑒𝑙𝑙 =  𝐼𝑠ℎ𝑜𝑟𝑡_𝑐𝑖𝑟𝑐𝑢𝑖𝑡 − 

{
 

 

𝐼𝑜  ×  

[
 
 
 

𝑒
(
𝑞 × [ 𝑉𝑠𝑜𝑙𝑎𝑟𝑐𝑒𝑙𝑙

 + (𝐼𝑠𝑜𝑙𝑎𝑟_𝑐𝑒𝑙𝑙 × 𝑅𝑠)]

𝐴.𝐾.𝑇𝑗
)

− 1

]
 
 
 

}
 

 

 

(Equation 27) 

 

Provided a given junction temperature "𝑻𝒋", the short-circuit current can be expressed as 

shown in the equation below: 

 𝐼𝑠𝑐−𝐺𝑟𝑒𝑓 = 𝐼𝑠𝑐−𝑟𝑒𝑓 × [1 +  (𝛼𝑠𝑐 × ∆𝑇)] (Equation 28) 

 

Where:  

 ∆𝑇 = 𝑇𝑗 − 𝑇𝑗𝑟𝑒𝑓 (Equation 29) 

 

Here: 

{
  
 

  
 

𝐼𝑠𝑐−𝑟𝑒𝑓 = 𝑖𝑠 𝑡ℎ𝑒 𝑠ℎ𝑜𝑟𝑡 − 𝑐𝑖𝑟𝑐𝑢𝑖𝑡 𝑐𝑢𝑟𝑟𝑒𝑛𝑡 𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 𝑢𝑛𝑑𝑒𝑟 𝑡ℎ𝑒 

𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑖𝑟𝑟𝑎𝑑𝑖𝑎𝑛𝑐𝑒 𝑒𝑞𝑢𝑎𝑙 𝑡𝑜 1000 𝑊/𝑚2

𝑇𝑗𝑟𝑒𝑓 = 𝑖𝑠 𝑡ℎ𝑒 𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑗𝑢𝑛𝑐𝑡𝑖𝑜𝑛′𝑠𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 𝑓𝑜𝑢𝑛𝑑 𝑖𝑛 

𝑡ℎ𝑒 𝑑𝑎𝑡𝑎𝑠ℎ𝑒𝑒𝑡 𝑜𝑓 𝑡ℎ𝑒 𝑠𝑜𝑙𝑎𝑟 𝑐𝑒𝑙𝑙 𝑒𝑞𝑢𝑎𝑙 𝑡𝑜 25 ℃

𝛼𝑠𝑐 = 𝑖𝑠 𝑡ℎ𝑒 𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡 𝑜𝑓 𝑡ℎ𝑒 𝑠ℎ𝑜𝑟𝑡 − 𝑐𝑖𝑟𝑐𝑢𝑖𝑡 𝑐𝑢𝑟𝑟𝑒𝑛𝑡 𝑖𝑛 °𝐾−1

𝑇𝑗 = 𝑖𝑠 𝑡ℎ𝑒 𝑗𝑢𝑛𝑐𝑡𝑖𝑜𝑛′𝑠𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 𝑖𝑛 𝑑𝑒𝑔𝑟𝑒𝑒𝑠 𝑘𝑒𝑙𝑣𝑖𝑛 ( °𝐾)

 

 

In addition, the short-circuit current generated at any other amount of solar energy on 

the solar cell surface can be determined by using the equation below: 

 
𝐼𝑠𝑐−𝐺 = 𝐼𝑠𝑐−𝐺𝑟𝑒𝑓 × [

𝐺

𝐺𝑟𝑒𝑓
] 

(Equation 30) 

 

In the case of an open-circuit scenario at a reference junction’s temperature, we will 

have the current flowing at the terminal of the solar cell equals to zero. Therefore, the reverse 

saturation current will take the expression below: 

 
𝐼𝑜−𝑇𝑗𝑟𝑒𝑓  =    

𝐼𝑠ℎ𝑜𝑟𝑡𝑐𝑖𝑟𝑐𝑢𝑖𝑡−𝑇𝑗𝑟𝑒𝑓

[
 
 
 

𝑒
(

 𝑞 × 𝑉𝑜𝑝𝑒𝑛𝑐𝑖𝑟𝑐𝑢𝑖𝑡−𝑇𝑗𝑟𝑒𝑓
𝐴.𝐾.𝑇𝑗𝑟𝑒𝑓

)

− 1

]
 
 
 

 
(Equation 31) 

 

 

 



 35 

Let’s: 

 
𝑉𝑇ℎ−𝑇𝑗𝑟𝑒𝑓 = 

(𝐴. 𝐾. 𝑇𝑗𝑟𝑒𝑓)

𝑞
 

(Equation 32) 

 

Then: 

 
𝐼𝑜−𝑇𝑗𝑟𝑒𝑓  =    

𝐼𝑠ℎ𝑜𝑟𝑡𝑐𝑖𝑟𝑐𝑢𝑖𝑡−𝑇𝑗𝑟𝑒𝑓

[
 
 
 

𝑒
(

  𝑉𝑜𝑝𝑒𝑛𝑐𝑖𝑟𝑐𝑢𝑖𝑡−𝑇𝑗𝑟𝑒𝑓
𝑉𝑇ℎ−𝑇𝑗𝑟𝑒𝑓

)

− 1

]
 
 
 

 
(Equation 33) 

 

So the expression of the reverse saturation current at any given temperature in degrees 

kelvin will be found using the expression below: 

 

 

𝐼𝑜 = 𝐼𝑜−𝑇𝑗𝑟𝑒𝑓 × [𝑒𝑥𝑝(
−𝑞 .  

𝐸𝑔
𝐴. 𝐾

1
𝑇𝑗
− 

1
𝑇𝑗𝑟𝑒𝑓

)] × (
𝑇𝑗

𝑇𝑗𝑟𝑒𝑓
)

3
𝐴⁄

 

(Equation 34) 

 

Also the solar cell current will have a new term into its expression as shown in the 

equation below: 

 
𝐼𝑠𝑜𝑙𝑎𝑟_𝑐𝑒𝑙𝑙 = 𝐼𝑠𝑐−𝑟𝑒𝑓 × [

𝐺

𝐺𝑟𝑒𝑓
] . [1 + (𝛼𝑠𝑐 × (𝑇𝑗 − 𝑇𝑟𝑒𝑓))]

− 

(

 
 
 
 

𝐼𝑠ℎ𝑜𝑟𝑡𝑐𝑖𝑟𝑐𝑢𝑖𝑡−𝑟𝑒𝑓

[𝑒
(
 𝑞 × 𝑉𝑜𝑝𝑒𝑛𝑐𝑖𝑟𝑐𝑢𝑖𝑡−𝑟𝑒𝑓

𝐴.𝐾.𝑇𝑗𝑟𝑒𝑓
)
− 1]

 

×  

[
 
 
 
 

[𝑒𝑥𝑝 (
−𝑞 .  

𝐸𝑔
𝐴. 𝐾

1
𝑇𝑗
− 

1
𝑇𝑗𝑟𝑒𝑓

)]

× (
𝑇𝑗

𝑇𝑗𝑟𝑒𝑓
)

3
𝐴⁄

]
 
 
 
 

)

 
 
 
 

.

(

 𝑒𝑥𝑝
(
𝑞 × [ 𝑉𝑠𝑜𝑙𝑎𝑟𝑐𝑒𝑙𝑙

 + (𝐼𝑠𝑜𝑙𝑎𝑟_𝑐𝑒𝑙𝑙 × 𝑅𝑠)]

𝐴.𝐾.𝑇𝑗
)

− 1

)

  

(Equation 35) 

 

Where: 𝐸𝑔 𝑐ℎ𝑎𝑟𝑎𝑐𝑡𝑒𝑟𝑖𝑧𝑒𝑠 𝑡ℎ𝑒 𝑔𝑎𝑝 𝑒𝑛𝑒𝑟𝑔𝑦 

Finally, the output power of the solar cell would be calculated using the basic formula 

shown below: 

 𝑃𝑠𝑜𝑙𝑎𝑟_𝑐𝑒𝑙𝑙 = 𝐼𝑠𝑜𝑙𝑎𝑟_𝑐𝑒𝑙𝑙  ×  𝑉𝑠𝑜𝑙𝑎𝑟_𝑐𝑒𝑙𝑙 (Equation 36) 
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Recalling the expression of the current of the solar cell: 

 

𝐼𝑠𝑜𝑙𝑎𝑟_𝑐𝑒𝑙𝑙 =  𝐼𝑠ℎ𝑜𝑟𝑡_𝑐𝑖𝑟𝑐𝑢𝑖𝑡 − 

{
 

 

𝐼𝑜  ×  

[
 
 
 

𝑒
(
𝑞 × [ 𝑉𝑠𝑜𝑙𝑎𝑟𝑐𝑒𝑙𝑙

 + (𝐼𝑠𝑜𝑙𝑎𝑟_𝑐𝑒𝑙𝑙 × 𝑅𝑠)]

𝐴.𝐾.𝑇𝑗
)

− 1

]
 
 
 

}
 

 

 

(Equation 37) 

 

By neglecting the added term"– 𝟏", this can lead us to the way of calculating the value 

of the resistance connected in series into the simplified equivalent circuit of the solar cell to 

introduce the losses due to the material resistivity and the levels of contact: 

 
𝑅𝑠 = (−

𝑑 𝑉𝑠𝑜𝑙𝑎𝑟𝑐𝑒𝑙𝑙
𝑑 𝐼𝑠𝑜𝑙𝑎𝑟𝑐𝑒𝑙𝑙

|
 𝑉𝑠𝑜𝑙𝑎𝑟𝑐𝑒𝑙𝑙=  𝑉𝑜𝑝𝑒𝑛_𝑐𝑖𝑟𝑐𝑢𝑖𝑡

) − (
1

𝑤
) 

(Equation 38) 

 

Where: 

 
𝑤 = 𝑞. [

𝐼𝑠ℎ𝑜𝑟𝑡𝑐𝑖𝑟𝑐𝑢𝑖𝑡
𝐴. 𝐾. 𝑇𝑗

] 
(Equation 39) 

 

4.2.1.2 Single diode Model of a Single junction Solar Cell with parallel resistance: 

The single diode model of a single junction solar cell with parallel resistance 

is an equivalent circuit of a practical solar cell. This practical equivalent circuit of 

the solar cell is also known as a five parameter model of the solar cell (Tamrakar et 

al., 2015).  

 

Figure 4.3: The five-parameter model of a single junction solar cell 

Although this five parameter model of a single junction solar cell takes in consideration 

both the voltage drops and internal losses due to the current flowing through the solar cell 

via"𝑹𝒔"; and the leakage current to the ground when the diode is reverse biased via"𝑹𝒔𝒉", we can 

see that in the five parameter model the recombination effect of the diode is neglected. 

This model has been made of a single diode playing the cell polarization phenomena 

and two resistors representing the losses. In addition, manufacturers are using this model by 

giving the technical characteristics of the manufactured solar cells. The current voltage 

characteristics of the five-parameter model will be given by: 

 𝐼𝑠𝑜𝑙𝑎𝑟_𝑐𝑒𝑙𝑙 = 𝐼𝑝ℎ𝑜𝑡𝑜𝑐𝑢𝑟𝑟𝑒𝑛𝑡 − 𝐼𝑑 − 𝐼𝑟𝑠ℎ (Equation 40) 
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Where: 

{
 
 

 
 
𝐼𝑑  =  𝐼

𝑜
 ×  [𝑒

(
𝑞 × [ 𝑉𝑠𝑜𝑙𝑎𝑟𝑐𝑒𝑙𝑙  + (𝐼𝑠𝑜𝑙𝑎𝑟𝑐𝑒𝑙𝑙  × 𝑅𝑠)]

𝑁𝑠−𝑐𝑒𝑙𝑙.𝐾.𝑇𝑗
)
− 1]

𝐼𝑟𝑠ℎ =  
 𝑉𝑠𝑜𝑙𝑎𝑟𝑐𝑒𝑙𝑙  +  (𝐼𝑠𝑜𝑙𝑎𝑟𝑐𝑒𝑙𝑙  ×  𝑅𝑠)

𝑅𝑠ℎ

 

 

4.2.2 Two diodes Single Junction Solar Cell Model: 

 

 Although the single diode model of a single junction solar cell is widely 

used for practical photovoltaic applications, and seeing that it is also satisfactory 

when it comes to the representation of the solar cell characteristics and dynamics; 

a second method or way of modelling a single junction solar cell has been 

developed which is known as the dual -diode model or two diodes model of a single 

junction solar cell. The dual-diode model of a single junction solar cell can be 

illustrated in figure 4.4: 

 

Figure 4.4: Dual-diode model of a single junction solar cell 

In this particular model, extra rates of freedom are added for more accuracy. 

Basically, the dual-diode model considers into its account the mechanism of 

electric transport of charges inside the single junction solar cell. Using this model, 

the PN junction polarization development is characterized by the two diodes, which 

also represent the minority carriers’ recombination located at both the material’s 

surface and within the material’s volume. Analysing the dual-diode model, the 

current flowing through the terminal of the single junction solar cell can be found 

using the equation given below:  

 𝐼𝑠𝑜𝑙𝑎𝑟_𝑐𝑒𝑙𝑙 = 𝐼𝑝ℎ𝑜𝑡𝑜𝑐𝑢𝑟𝑟𝑒𝑛𝑡 − 𝐼𝑑1  −  𝐼𝑑2 − 𝐼𝑟𝑠ℎ (Equation 41) 
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Whereby the recombination currents 𝑰𝒅𝟏 and 𝑰𝒅𝟐 will be given by: 

 

𝐼𝑑1  =  𝐼𝑜1  ×  

[
 
 
 

𝑒
(
𝑞 × [ 𝑉𝑠𝑜𝑙𝑎𝑟𝑐𝑒𝑙𝑙

 + (𝐼𝑠𝑜𝑙𝑎𝑟𝑐𝑒𝑙𝑙
 × 𝑅𝑠)]

𝐴.𝑁𝑠−𝑐𝑒𝑙𝑙.𝐾.𝑇𝑗
)

− 1

]
 
 
 

 

(Equation 42) 

   

 

𝐼𝑑2  =  𝐼𝑜2  ×  

[
 
 
 

𝑒
(
𝑞 × [ 𝑉𝑠𝑜𝑙𝑎𝑟𝑐𝑒𝑙𝑙

 + (𝐼𝑠𝑜𝑙𝑎𝑟𝑐𝑒𝑙𝑙
 × 𝑅𝑠)]

2𝐴.𝑁𝑠−𝑐𝑒𝑙𝑙.𝐾.𝑇𝑗
)

− 1

]
 
 
 

 

(Equation 43) 

 

With their saturation current written as shown below: 

 
𝐼𝑜1 = 𝑃4. 𝑇𝑗

3. 𝑒𝑥𝑝 (
−𝐸𝑔

𝑘. 𝑇𝑗
) 

(Equation 44) 

   

   

 
𝐼𝑜1 = 𝑃4. 𝑇𝑗

3. 𝑒𝑥𝑝 (
−𝐸𝑔

𝑘. 𝑇𝑗
) 

(Equation 45) 

 

Due to the fact that we are only having a single junction solar cell, the value 

of  𝑵𝒔−𝒄𝒆𝒍𝒍, which stands for the number of cells connected in series, will be equal to one. We 

can quickly pick up the complexity in terms of deriving the expression of the solar cell 

characteristic parameters even though the consideration of those little details contributes to the 

increase of the efficiency given by the particular model; the two diode model will not be widely 

used regarding its complexity level. 

 

4.2.3 Power Model of a Single junction Solar Cell: 

 

  Due to the fact that a polycrystalline silicon module will be used to design 

the hardware prototype of this research project a model that would give the same 

power of the solar cells when operating at maximum power point known as 

polynomial model of a single junction solar cell needs to be modelled.  

The maximum power can be found using the equation below:  

 

 𝑃𝑠𝑜𝑙𝑎𝑟_𝑐𝑒𝑙𝑙_𝑚𝑎𝑥 = 𝑘1. (1 + 𝑘2. [𝑇𝑗 − 𝑇𝑗𝑟𝑒𝑓]). (𝑘3 + 𝐺) (Equation 46) 

 

Where: 𝒌𝟏, 𝒌𝟐  𝒂𝒏𝒅  𝒌𝟑 are constant taken from the datasheet of the solar cell’s manufacturer. 

 

4.2.4 General Model for a space triple junction Solar Cell: 

 

Having different semiconductor layers that have different bandgaps into the 

multijunction solar cells, we can achieve a better use of the solar spectrum. 
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Whereby each layer made of various materials, probably an III-V semiconductor 

type which will absorb a different portion of the spectrum. Generally, the most 

energetic photons are absorbed by the top layer having the largest bandgap. In 

addition, each layer moving from the top layer to the bottom laye r has a smaller 

bandgap compared to the previous layer (Lansel, 2005). Keeping in mind that 

multijunction solar cells are primarily manufactured from gallium arsenide GaAs 

and its compounds with other III-VI group materials (Shekoofa and Wang, 2015). 

Increasing the efficiency boundary of a single junction solar cell is the principle 

cause of the design and the manufacturing process of multijunction solar cells.  

Thus we can see that a multiple junction solar cell will only be a product of 

successive single junction solar cell. Based on the different models drawn for the 

modelling of a single junction solar cell, we can draw a general equivalent circuit 

of a single junction solar cell as shown in figure 4.5: 

 

Figure 4.5: General equivalent circuit of a single junction Solar cell 

Thus, decomposition can occur when it comes to the modelling of a 

multijunction solar cell, which is constituted of n-layer of semiconductors. In case 

we have an n-layer of semiconductors into a multijunction solar cell, we can break 

it’s modelling into n-single junction sub cells connected in series as shown in figure 

4.6: 
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Figure 4.6: General model for a triple junction solar cell 

The equations describing this new model can be expressed as shown below: 

 𝐽𝑠𝑜𝑙𝑎𝑟−𝑐𝑒𝑙𝑙 =  𝐽𝑠ℎ𝑜𝑟𝑡−𝑐𝑖𝑟𝑐𝑢𝑖𝑡(𝐵𝑜𝑡𝑡𝑜𝑚 𝑙𝑎𝑦𝑒𝑟) =  𝐽𝑠ℎ𝑜𝑟𝑡−𝑐𝑖𝑟𝑐𝑢𝑖𝑡(𝑀𝑖𝑑𝑑𝑙𝑒 𝑙𝑎𝑦𝑒𝑟)
= 𝐽𝑠ℎ𝑜𝑟𝑡−𝑐𝑖𝑟𝑐𝑢𝑖𝑡(𝑡𝑜𝑝 𝑙𝑎𝑦𝑒𝑟) 

(Equation 47) 

 

 𝑉𝑠𝑜𝑙𝑎𝑟−𝑐𝑒𝑙𝑙 = (𝑉𝑗1  +  𝑉𝑗2 + 𝑉𝑗3) − [(𝑅𝑠). (𝐼𝑠𝑜𝑙𝑎𝑟−𝑐𝑒𝑙𝑙)] (Equation 48) 
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Chapter 5: Degradation in Different Solar Cell Technologies 

 

5.1 Introduction: 

 

The validation of experimental results shows that solar cells can be classified as reliable 

devices. But some evidence has however been put together which reflects the service life of 

these solar cells as a limited service in case the solar cells are exposed to irradiation by high-

energy particles. According to the work done by Loferski and Rappaport, it was shown that the 

solar cell output was reduced to 75 percent of its initial value by irradiation with 5x1013 

electrons per square centimetres having an energy of 1.7 Mev; 3.5x1010 protons per square 

centimetres having an energy of 17.6 Mev; or 4.4 x109 alpha particles having an energy of 40 

Mev. We have to mention that: the stated work has been done with insufficient data on the Van 

Allen Belts which will assess the effect of this radiation on the life of the solar cells. Recently, 

Dennet carried more study on the radiation damage in satellite solar power systems and he 

found that the effect of radiation damage will decrease the open circuit voltage only slightly 

and to cause a very large decrease in the short-circuit current (Dryden and Von Doenhoff, 1961). 

Furthermore, we have to note that the rapid degradation of these solar cells can be allocated to 

low energy protons of the outer region of the Van Allen Belt entering the bare surface and 

damaging the diode junction (LE, n.d.). 

Over time, gradually losses on the performance are observed on every solar cell or solar 

module available on the nanosatellite. In some cases due to the degradation of the solar cells 

and the solar modules, the deterioration in performance is either very slow or very fast. Long 

term energy production from the photovoltaic systems has got the deterioration in performance 

as a very serious issue and as a big obstacle (Kumar, 2017). Seeing the impact of degradation 

alone on the commercialization of the solar cell technologies, consequently action must be taken 

to solve the degradation impact issue on that stated technology before its introduction on the 

shelves in the market. Numerous factors do contribute to the degradation process of solar cells 

and photovoltaic modules; that degradation process does occur independently of the use of the 

solar cells or the photovoltaic modules then again the degradation process has a fast speed 

during the operation of the solar cells (Kumar, 2017).  

Important to realize that during the degradation process, we can notice a few cases where 

the electrode materials decompose themselves and a loss of their optical and electrical 

properties can be observed. Thus, the factors in charge of accelerating the degradation in those 

solar cells are the following: sunlight, temperature, humidity and oxygen. This chapter will 

cover the degradation process in different solar cell technologies and modules, which will lead 
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to a better understanding of that degradation process. Henceforth, the preventive solution to that 

big obstacle will be implemented. 

 

 

5.2 Degradation principle in various types of solar cells: 

 

Harsh environmental radiation exposure, temperature, atmospheric conditions, bias, 

humidity, oxygen and their combinations are not the only factors where the degradation of a 

solar cell will take its dependence from. Different from those listed factors, the structure and 

the fabrication procedures are also some factors on which the degradation of a solar cell will 

depend on as well. With this in mind, we can see the complexity of the degradation of a solar 

cell. Based on the structure and the fabrication procedures, the degradation effect of a solar cell 

will be different from one type of structure of solar cell to the other type due to the different 

degradation mechanism associated to the particular structure of the solar cell (Kumar, 2017). 

Henceforth, the reliability of a solar cell is irretrievably connected to the solar cell degradation. 

Thus, firstly it will be a benefit to have a proper understanding of the cell level degradation. 

 

5.2.1 Degradation in Silicon Wafer Solar cells: 

Assuming that crystalline silicon represented as “c-Si” is a very stable material, after 

several hours of exposure to sunlight, silicon solar cells experience light-induced degradation, 

which can decrease their efficiency of the energy conversion by up to 10% (“Study raises 

questions on what causes silicon solar cell degradation,” n.d.). Thus, the degradation will have 

a direct impact on the current density-voltage characteristic curve of the solar cells. The light 

induced degradation in the crystalline silicon solar cells appears in two different steps. The light 

induced degradation effect is usually ascribed to boron-oxygen defects in the wafer itself; 

consequently it’s expected to have an interface or surface component, if ionization of this 

charge occurs or if there is an increase in the density of interface states. Investigations have 

been done on the light induced degradation effects whereby it has been found that in some cases 

the light induced degradation is fully recoverable in the silicon solar cells via thermal annealing 

when the solar cells are annealed at around 200 degrees Celsius for about 30 minutes;  while it 

can’t be recoverable in other cases (Sopori et al., 2012). 

 

5.2.2 Degradation in Hydrogenated Amorphous Silicon (a-Si:H) Solar cells: 

 Basically, the structure of Hydrogenated amorphous silicon solar cells is the opposite 

compared to the structure of the Silicon wafer solar cells. A comparison between hydrogenated 
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amorphous silicon thin solar cells and the classic Silicon wafer solar cells will show that 

hydrogenated amorphous silicon solar cells are very cost effective; they possess low power 

conversion efficiency and a faster degradation effect (Deneuville et al., 1980). Based on 

literature, studies demonstrate that the faults occurring on hydrogenated amorphous silicon 

solar cells could have a native originality or could be induced by the light. Both types of faults 

are due to threefold-coordinated silicon atoms containing dangling bonds which are defined as 

unsaturated bonds that are peopled by only a single electron and therefore will play a decisive 

function in the degradation of the amorphous silicon solar cell (Fehr et al., 2011). The causes 

of an increase on the fault’s level of the solar cell will be occasioned by: 

 The recombination of the photo-induced charge carriers; and  

 The reduced lifetime of the charge carriers 

Consequently, a reduced power conversion efficiency of the solar cell will be observed. The 

light-induced faults are assessable and could be removed through thermal annealing while the 

native faults produced during film processing are stable with respect to annealing (Vasudevan 

et al., 2017).  

 

5.2.3 Degradation in Copper Indium Gallium Diselenide (CIGS) Solar cells: 

A well understanding of the degradation effect in copper indium gallium solar cells is 

not really achieved seeing that according to every type of structures there will be a different 

types of degradation (Kumar, 2017). At the same time, high temperature-induced and humidity-

induced degradation behaviours were investigated through the analysis of those solar cells and 

it has been found that the moisture and elevated temperatures have a negative impact on the 

performance of the copper indium gallium diselenide solar cells (Lee et al., 2015). In some 

cases, degradation in copper indium gallium diselenide solar cell can be caused by light 

exposure whereas in some cases light exposure has shown no effect or improvement in 

performance (Kenny et al., 2006). 

 

5.2.4 Degradation in Cadmiun Telluride (CdTe) Solar cells: 

Although cadmium telluride solar cells have shown stability over thousands of hours of 

field testing, they haven’t yet reached the reliability record of the crystalline silicon solar cells 

(Meyers et al., 1996). The lifetime testing of the cadmium telluride solar cells displays a 

deterioration in their performance with weighty losses in the open circuit voltage and the fill 

factor of the cadmium telluride solar cells due to formation of blocking interfaces at the 

electrodes, increased charge carrier recombination at the junction and the increment in overall 
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bulk resistivity of the cell (Meyers et al., 1996).  Two independent mechanisms give a clear 

understanding of the degradation phenomena in the cadmium telluride solar cell which can be 

listed as follows (Visoly-Fisher et al., 2003):   

 An excessive Copper doping into the cadmium telluride and 

 A depletion of the back contact barrier 

5.2.5 Degradation in III-V Multijunction Solar cells: 

Multijunctions solar cells can be seen as a group of generators which connected in 

series, therefore the open circuit voltage 𝑽𝒐𝒄 will be the addition of the individual open circuit 

voltages of the subcells while their short circuit current will be the short circuit current of the 

sub cell with the lowest value among them (Plantevin et al., n.d.). Thus, we can express those 

two parameters for the n-junction solar cells using the equations below: 

 

 𝑉𝑜𝑐  =  𝑉𝑜𝑐1  +  𝑉𝑜𝑐2 +⋯+ 𝑉𝑜𝑐𝑛    (Equation 49) 

   

 𝐼𝑠𝑐 = 𝑚𝑖𝑛(𝐼𝑠𝑐1 , 𝐼𝑠𝑐𝑛) (Equation 50) 

Important to realize that those equations can be used regardless of the amount of 

degradation of the multijunction solar cell; due to the fact that firstly those sub cells are made 

using different types of materials and secondly because the energy of an incident particle will 

decrease with the penetration depth, the rates of the degradation of  𝑽𝒐𝒄 , 𝑰𝒔𝒄, and the power are 

different for each individual sub cell. 

 

5.2.6 Degradation in Dye-Sensitized Solar Cells (DSSC): 

For cost effective energy generation, Dye-sensitized solar cells are gifted but the fact 

that their lifetime span is so short leaves some distance in terms of their adequate utilization. 

Like the previous other solar cells, dye-sensitized solar cells show devaluation in their 

performance over a certain period of time. Nevertheless the degradation process in Dye-

sensitized solar cells is still a nightmare but some degradation studies performed on this type 

of solar cell recommended that the performance of dye-sensitized solar cell relies upon their 

construction structure and constituent materials (Kumar, 2017). Generally, the degradation in 

Dye-sensitized solar cell could be either a physical degradation or chemical degradation. In 

addition, physical degradation in Dye-sensitized solar cell is connected to the leakage or drying 

of the electrolyte medium; while the chemical degradation is connected to the decomposition 

of dye and electrolyte components. According to studies done on the dye sensitized solar cells, 
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six elemental characteristics contribute to the dye sensitized solar cell degradation which can 

be listed as follows (Sauvage, 2014): 

 Iodine consumption in electrolyte; 

 Dye desorption at elevated temperatures for instance higher than sixty degrees Celsius; 

 Lack of Chemical or Photochemical Stability of Benchmark Ruthenium Sensitizers; 

 Platinum dissolution for electrolytes free of thiocyanate; 

 Formation of a polymeric solid electrolyte interphase; and  

 Ultra violet irradiation, which will consequently lead to conceivable dye or electrolyte 

component oxidation. 

5.2.7 Degradation in Organic Solar cells (OSC): 

Although organic solar cells are quite fascinating and highly cost effective, they suffer from 

rapid degradation in air (Kumar, 2017). In fact the word degradation points out the change in 

the properties of a material or a device affecting negatively its efficiency over a period of time 

(Azzouzi, 2016). Degradation in organic solar cells is a complex issue and it’s principally 

generated by adsorption and diffusion of ambient molecules that react with cell components 

which will lead them to lose either their electrical properties or their optical properties (Kumar, 

2017). Furthermore, metal or organic interfacial charge injection has a crucial role in the organic 

solar cell degradation process whereby the dark injection current and the photocurrent can all 

together determine the shapes of the voltage –current characteristics curve, and the correlation 

between them may have particular influence on the output performance of the organic solar 

cells (Yang et al., 2013). 

 

 

5.3 On- Orbit solar cell Degradation Approach: 

Since the launch of the world’s first solar-powered satellite on the 17th March 1958, solar 

cells have been identified as a primary power source for satellites and spacecraft (Bailey and 

Raffaelle, 2003). In fact, the world’s first solar-powered is called Vanguard I; it was just a small 

satellite with a low electrical power demand of few watts. Since that time, we have noticed the 

growth in the space and satellite industries for the design, manufacturing and launch of different 

size of satellites based on the type of payloads they will be carrying. Thus, nowadays satellites 

together with geostationary communications satellites, produce a lot of kilowatts electrical 

power with the solar cells that have been mounted on the satellites joint with adequate 

embedded systems designed to ensure the normal operations of the subsystems through end of 

life known as the lifetime of the mission allocated to the satellite (Walker and Statler, 1988).  
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Previous sections have defined and explained the degradation in different solar cell 

technologies.  In the next paragraph of this chapter, we will describe space-based solar cells 

power systems.  The solar cell degradation monitoring’s methods and furthermore the radiation 

effect on the solar cells. The current methods for modelling solar cell degradation over mission 

lifetime will be presented in this chapter, and a description of our approach to using on-orbit 

data to establish a comparison with these models. While the closing section of this chapter will 

show a description of the scheme for solar cell degradation analysis using on-orbit telemetry 

and space environment data.  

 

5.3.1 Space-based solar cells Power Systems: 

Important to realize that the satellite’s power subsystem design is said to be fully 

successful if the electrical power demand has been satisfied during the lifetime mission of the 

designed satellite. Thus, the space-based solar cells power system will be seen as a system, 

which encompasses solar cells, which ensure the generation of electrical power to the payloads 

of the spacecraft. Those solar cells can be mounted in series to form a string of solar cells then 

put in parallel to form parallel strings of solar cells.  In case we decided to form a group of those 

different solar cells arrangement, we will end up with solar panels which is nothing than being 

a group of parallel strings of solar cells (Taherbaneh et al., 2011).  In space the generation of 

electrical power energy is done using a primary source of energy known as the solar light 

energy, and the conversion of the solar light energy to electrical energy (which will a direct 

current electrical energy for this case) is achieved by the use of some semiconductor devices 

known as solar cells (Ibrahim et al., 2011). In general, the generation of the electric current in 

the semiconductor device takes place where exposure to light causes the photons to get absorbed 

in the semiconducting material that excites electrons from the valance band to the conduction 

band. Photo generated electrons are those electrons in the conduction band. They leave behind 

the corresponding holes in the valance band. These electrons and holes need to be extracted out 

to get electricity (Kumar, 2017). Basically the production of the photocurrent is done through 

the incoming photons that generate minority carriers on the front surface of the solar cells that 

diffuse into the solar cell junction. In space applications, systems are continuously exposed to 

radiation which procreates defects that prevent the carriers from reaching the cell junction and 

decrease the generated photocurrent (Faraday et al., 1968). Solar cells are classified among the 

least shielded satellite components group based on theirs functions (O’Brien, 2009). The front 

surface of a solar cell is shield using a thin transparent cover glass while the back surface is 

shielded using the cell substrate material and the panel structure. The cover glass is coated with 

antireflection and conductive coatings, and bonded to the solar cell using a form of transparent 



 47 

adhesive (Messenger et al., 2011). It will absorb low energy protons and electrons due to the 

fact that glass causes a slowdown of the incident particles, preventing the particles from 

reaching the active volume of the cell and causing degradation of the solar cells (Bailey and 

Raffaelle, 2003). Furthermore, the thickness of the shield materials is one of the most important 

parameters during the design missions for the end of life power requirements. A cover glass of 

75 micrometers thickness is capable to stop all incident protons with energies less than 2.8MeV 

(Messenger et al., 2010). 

 

5.3.2 Solar Cells Performance Parameters: 

Three important parameters can be used to monitor the performance of a solar cell and state 

the occurrence of degradation. Those parameters can be listed below: 

 The short- circuit current known as:  Isc; 

 The open circuit voltage known as:  Voc; and 

 The maximum power of the solar cell known as: Pmax 

Though, the parameter that characterizes the ability of the solar cell in terms of converting 

incoming photons into electricity is known as the solar cell efficiency; it won’t be useful to 

monitor the performance of solar cells in space after the launching process. The short circuit 

current parameter of the solar cell is obtained under two different scenarios: 

 Firstly, it’s obtained when the load resistance or the voltage across the solar cell is equal 

to Zero. 

 Secondly, we can also obtain that parameter when the solar cell is short-circuited. 

Another key point is the short-circuit current represents the largest amount of current that can 

be drawn from the solar cell which has been produced from the collection of light-generated 

carriers in the cell structure (Ibrahim et al., 2011).   

Especially for a triple junction solar cell, the short circuit current quantity will be 

determined by the junction that has the lowest current output of all three junctions because the 

solar cells are connected in series (Sumita et al., 2003). This can be expressed using the equation 

below: 

 𝐼𝑠𝑐 = 𝑚𝑖𝑛(𝐼𝑠𝑐1 , 𝐼𝑠𝑐3) (Equation 51) 
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Figure 5.1: I-V characteristic curves of a triple junction solar cell.(Messmer, 2013) 

 

 While the open circuit voltage will be generated by the solar cells for infinite load 

resistance or Zero current (Walker and Statler, 1988). That open circuit parameter will also be 

the sum of the voltages generated at each solar cell connected in series to form a string of the 

solar panel as shown in the equation below: 

 

 𝑉𝑜𝑐  =  𝑉𝑜𝑐1  +  𝑉𝑜𝑐2 +⋯+ 𝑉𝑜𝑐𝑛 (Equation 52) 

 

 Practically, any damage or degradation on each solar cell will immediately affect the 

value of that parameter (Sumita et al., 2003). The mathematical expression of the open circuit 

voltage of a solar cell can be shown below: 

 

 𝑉𝑜𝑐 = 
𝐾𝐵𝑇

𝑞
× 𝑙𝑛 (

𝐼𝐿
𝐼𝑠
+ 1) ≈  

𝐾𝐵𝑇

𝑞
× 𝑙𝑛 (

𝐼𝐿
𝐼𝑠
) 

(Equation 53) 

 

We can clearly see that a change of the temperature value will modify the value of the open 

circuit voltage of a solar cell; therefore we will say that it depends on the temperature of the 

solar cell in space. In figure 5.2, the current-voltage characteristic of a solar cell used for space 

application in sequence, perusing out equally dispersed focuses from the short circuit current to 

the open circuit voltage parameters. Through this measurement process, each solar cell is short 

circuited but not when it is being stepped through the current voltage characteristic. The short 
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circuit current and the open circuit voltage are both obtained when the load resistance is 

respectively equal to zero and infinity.  

 
 

Figure 5.2: Schematic diagram of the circuit used to measure current-voltage curves of the solar cell 

experiments in space. (Walker and Statler, 1988) 

The isolation of the solar cell temperature impacts from the degradation of the solar cell 

should be done for the analysis process of the open circuit voltage parameter of a solar cell in 

space. Using those different parameters, the current-voltage (I-V) characteristic curve and the 

power-voltage (P-V) characteristic curve can be drawn as shown in figure 5.3 and in figure 5.4 

to illustrate the characteristics of the particular solar cell or solar array also called solar panel: 

 

 

Figure 5.3: Current-Voltage characteristic curve of a solar array 
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Figure 5.4: Power-Voltage characteristic curve of a solar array 

The point corresponding to the maximum value on the power graph represents the 

maximum electrical power derived from the solar cell known as: 

 

 𝑃𝑚𝑎𝑥 = 𝐼𝑚𝑎𝑥 × 𝑉𝑚𝑎𝑥 (Equation 54) 

   

 

 

Figure 5.5: Current-Voltage characteristics of a solar cell using the short circuit current density.(“Solar Cells: 

A Guide to Theory and Measurement – Ossila,” n.d.) 

The characteristic shown in figure 5.5 describes the ability of the particular solar to 

transform solar energy into electricity. The short circuit current density has been used during 

the drawing of this characteristic to turn around the generated current’s dependency on the area 

of the solar cell. 

The property of the solar cell material and its structure will influence the degradation 

rates of the three main parameters used to monitor the performance of a solar cell in space 

(Alurralde, 2004).  
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5.3.3 The effects of radiation on solar cells: 

For space applications, two semiconductor materials are commonly used. They are 

called Silicon (Si) and gallium (GaAs). In the earlier decades, the use of silicon solar cells was 

the state of the art solar cell for space applications. To this point one can notice that silicon solar 

cells are still operating on-board numerous satellites, but gallium solar cells which were firstly 

launched in 1996 are said to be actually the most advanced cells in flight (Odenwald and Green, 

2007). 

On the negative side, we have to highlight that both types of solar cells due to the 

radiation found in the space environment have to experience the phenomenon of solar cell 

degradation caused by the space environment’s radiation. Significant progress has been 

achieved in advancing the overall solar cell efficiency and radiation resistivity over the past 

fifty years through the use of ground based radiation damage experiments (Alurralde, 

2004).Based on the mission and the type of orbit of the satellite, the electrical power demand 

of the satellite payload will definitely vary. Due to the high efficiency and radiation tolerance 

of solar cells made with gallium (GaAs), we can notice an increase in terms of the use of the 

stated solar cells (Hacke et al., 1994). 

Important to realize that charged particles in the space environment do traverse material, 

and through both ionizing and non-ionizing means they lose energy. In the case of solar cells, 

the primary energy loss mechanism is through non-ionizing effects that imply the displacement 

of atoms in the semiconductor lattice. The displacement of atoms results in lattice defects such 

as vacancies, interstitials and the formation of defect energy levels in the semiconductor 

material (Weinberg and Brinker, 1988). These defects produce carrier-trapping centers in the 

semiconductor bandgap, as well as generate carriers. Carrier generation contributes to an 

increase in the forward bias dark current-voltage curve and degrades the open circuit voltage 

(Walters et al., 1996). 

The consequences of the recombination centers are: the reduction of minority carrier 

diffusion length, or minority carrier life time; and the decrease of the photovoltaic output of the 

solar cell (Srour and McGarrity, 1988).  Especially for gallium (GaAs) and Silicon (Si) solar 

cells, radiation-induced recombination centers operate as a primary mechanism for solar cell 

performance degradation. In addition, the degradation of the open circuit voltage will be 

achieved by an increased forward biased dark current-voltage curve. While the decrease in the 

minority carrier diffusion length will degrade the short circuit current Isc, the increased forward 

biased dark current –voltage curve is done the decrease process in the minority carrier diffusion 

length (Walters et al., 1991).The generation of the photocurrent output is performed through 

the diffusion of charge carriers to the junction before the recombination takes place 
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(Yamaguchi, 2001). Degradation of the minority carrier diffusion length reduces the cell’s 

efficiency (Walters et al., 1991). In comparison to the junction distance, the average diffusion 

length of the photo-generated carrier is large for gallium (GaAs) solar cells. On the other hand, 

the average diffusion length is compared to the thickness of the photo-carrier generating region 

of the silicon solar cells. Whereby, a decrease in the diffusion length of carriers in silicon will 

represent a decrease in efficiency of the silicon solar cells. While, a smaller decrease in 

efficiency of gallium solar cells will be observed after the contribution effect of the gallium 

solar cell carrier diffusion length degradation (Hacke et al., 1994).  
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Chapter 6: A literature survey on reconfigurable photovoltaic systems 

 

6.1 Introduction: 

Displacement damage dose approach can be used to determine solar cell degradation in 

space with the space environment information system implementation. Another key point will 

be other various methods that can be used to perform calculations on space solar cell 

degradations such as (Messenger et al., 2001):  

 Jet Propulsion Laboratory equivalent fluence method: in which the damage coefficients 

have to be worked out through an extensive set of experimental measurements. 

 Naval Research Laboratory displacement damage dose method Known as Dd-Method: 

whereby the energy dependence of the damage coefficients is determined from a 

calculation of the non-ionizing energy loss called NIEL. 

 SPENVIS implementation method. 

It’s important to realize that those approaches listed above only assist in terms of a 

prediction of solar cell degradation in space radiation environments using a single characteristic 

degradation curve of that particular solar cell. In addition, the end of life solar cell performance 

for a given mission can be determined through a reading on its characteristic curve once the 

displacement damage dose for the mission has been given. The explained information gotten 

from the characteristic curve will assist during the preparation of the mission on the ground 

floor level. 

In reality after the prediction of the solar cell degradation parameters, no action is performed 

regarding the degraded solar cells mounted on the satellites, which are actually orbiting in the 

space environment. Actually, more than 750 000 pieces of dangerous debris are now orbiting 

earth, which leads to an urgent need for coordinated international action to ensure the long-term 

sustainability of spaceflight. In other word, a coordinated solution to space debris that 

consequently will keep the earth’s orbital environment as clean as possible is highly needed 

(esa, n.d.). Indeed, part of those space debris are retired satellites and satellites, which have seen 

the end of their missions due to solar, power systems failures. 

Studies on the radiation damage in satellite solar power systems revealed that the effect of 

radiation damage can be observed through (Dryden and Von Doenhoff, 1961): 

 A decrease of the open circuit voltage 

 A decrease in the short circuit current 
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With this in mind, this chapter will present a new reconfiguration system which will 

improve the efficiency of the nanosatellite’s solar cell array by reducing the power losses 

through the used bypass semiconductor diodes and the series diodes inserted in a photovoltaic 

system. 

 

 

6.2 Reconfigurable solar photovoltaic array: 

 

Earth’s space environment and solar activity could have deleterious effects on solar 

technologies that are utilized by the modern space engineering community. Thus, a proper 

understanding of the originality of those raised effects is crucial for a successful and efficient 

design, implementation and operation of the new space technologies. It is important to highlight 

that: for the protection of vulnerable systems against the harmful effects of the space 

environment; a better new understanding of the constitution of the used technology equipment, 

its operation, its deterioration process and an access to its key data are valuable at this stage to 

realize the intended protection scheme. Withstanding the radiation environments that all 

spacecraft sent into orbit around the Earth or to the far reaches the solar system may encounter; 

will be the main objective of the designed space technologies. Nevertheless, anomalies 

produced by space radiation has an effect on the operation of the computer memory and 

processors aboard these spacecraft and such anomalies appear to become more prevalent as 

semiconductor devices continue to shrink in size (Read "The Sun to the Earth -- and Beyond, 

n.d.). Due to space environment’s threat to spacecraft system and on the other hand the safety 

of the space environment health when it comes to the reduction of the space debris; an increase 

demand for more reliable and efficient energy sources with maintenance-free operations 

capability has been observed in the space industry. The amazing outcome of a collaborative 

project between the United States department of energy’s national renewable energy 

laboratories and researchers from two Swiss centers is the tested range of multi junction solar 

cells with an efficiency up to 35.9 percent (“NREL, Swiss Scientists Power Past Solar Efficiency 

Records | NREL | NREL,” n.d.). Surprisingly, this new solar cell with efficiency above thirty 

five percent is the new high record of multi junction space solar cell. Keeping in mind that solar 

cell power system generation is highly influenced by the harsh environmental radiation 

exposure in the space environment; therefore intensive research efforts have been conducted on 

the photovoltaic power generation technologies. Practically, the universal design of a 

photovoltaic generation system is made of sets of solar cells.  



 55 

Photovoltaic Power

Converter 1

Photovoltaic Power

Converter 2

Photovoltaic Power

Converter 3

Battery

+ -

Power point

12 Volts

Power point

12 Volts

Power point

4 Volts

Nominal Voltage

14.8 Volts

X+_Face

X-_Face

Y+_Face

Y-_Face

Z_Face

 

Figure 6.1: Photovoltaic arrays power system generator of a 3U nanosatellite 

 

Furthermore, those solar cells can be grouped in sets of arrays in which each array can be 

constructed of numbers of parallel photovoltaic strings, series-parallel known as “SP” topology, 

or of numbers of series connected tiers, total cross tied known as “TCP” topology. 

However, the practice of the photovoltaic generators on spacecraft has specific limitations 

provoked by the low efficiency per meters squared of the solar cells, the alternative process 

from days and nights which leads to a discontinuity of the solar source of light, the non-

operation of the solar cells caused by electrical mismatches. But, it’s important to realize that 

in case distinctions are observed in the electrical characteristics of the solar cells forming a 

single photovoltaic module and on the photovoltaic modules forming a photovoltaic string; a 

firm reduction of the produced output power of the entire photovoltaic system generators can 

be seen. Under those circumstances, a gap will be made between the possible energy production 

and the current extracted energy. These days, efforts made by researchers and scientists 

contribute towards the improvement of conversion efficiency of those photovoltaic modules as 

well as those solar cells through new implementation and efficient algorithms for the power 

conversion unit and the maximum power point tracking algorithms known as MPPT algorithms. 

In other hands, researchers have pushed their way of thinking to actually bury the limitations 

that the MPPT algorithm and the power conversion plus efficient algorithm may have; those 
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researchers have led to the development of solar tracking strategies and an efficient algorithm 

for faults detection on a photovoltaic system generator. 

Doubtlessly, a factual instrument can be utilized to compute the probability of the reliability 

state of a given solar cells array after a given length of its operating time. This is known as solar 

array reliability analysis tool. Whereby the calculated reliability noted “R” of the solar cell array 

is equal to the calculated probability of success known as “Ps” (Patel, 2005b):  

 

 𝑃𝑠 = 𝑅 = 𝑒
−𝜆𝑡 (Equation 55) 

 

Where: 

                 λ = is the failure rate of the solar cell array 

                  t = in the operating time or the number of temperature cycles as appropriate. 

Thus, the probability failure known as “𝑃𝑠” is determined as: 

 

 𝑃𝑓 = 1 − 𝑃𝑠 (Equation 56) 

 

Practically, a faulty solar cell can reach critical high temperature, which implies, the hotspot 

phenomenon and consequently electrical failure of the photovoltaic module can occur. 

Therefore, series-diodes and bypass diodes are used to avoid the hotspot and mismatch events. 

In reality, the inserted diodes in the photovoltaic solar cells array will have a voltage drop 

across each of those elaborated diodes. Therefore, they will introduce losses and local maxima 

in the electrical characteristics of the photovoltaic module. Consequently, the produced 

electrical energy will decrease and will decrease the conversion efficiency of the solar cells. 
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Figure 6.2: Interconnection of an array of solar cell with bypass and series diodes inserted 
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Figure 6.3: Interconnection of two parallel faces of the nanosatellites photovoltaic system 

 

Let’s highlight the fact that in a photovoltaic system of a nanosatellite, the solar cells are 

connected in various configurations. Habitually, the fixed solar cells array system of a 

nanosatellite as seen on the figure above is made by series and parallel connection of the solar 

cells array modules. The obtained series, parallel and series-parallel constitute the elemental 

configuration scheme in the photovoltaic system generator of a nanosatellite power supply. 
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Figure 6.4: Series -Connection of solar cells known as the S-Connection mode 
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Figure 6.5: Series - Parallel Connection of solar cells known as the SP-Connection mode 
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Figure 6.6: Parallel Connection of solar cells known as the P-Connection mode 

 

Accordingly to the configuration scheme, the values on the current and the voltage produced 

by the solar cells available in the photovoltaic system will differ from one configuration scheme 

to another. Practically, those solar cells show a non-linear output characteristic called current-

voltage (I-V) characteristics when exposed at a certain solar irradiance level and furthermore 

under a known degradation level. While originally those solar cells are mounted in a way that 

we can easily tabulate them as elements of a given matrix made of m times n identical solar 

cells linked in a series-parallel scheme so that a uniform solar irradiance can illuminate them 

when orbiting in space. The series-parallel configuration has been done considering the ideal 

model of those solar cells so that the setting can be done to realize an operation at their 

maximum power points which will contribute to the realization of a maximum output power 

production from the entire photovoltaic system that will fulfil the power demand of all the 

payloads connected to the power system unit of the designed nanosatellite.  
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Figure 6.7: Current-Voltage characteristic of a face made of 6 healthy XTJ solar cells in Series – Connection 

 
 

Figure 6.8: Power-Voltage characteristic of a face made of 6 healthy XTJ solar cells in Series – Connection 
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Figure 6.9: Electrical parameters readings of the series-connection topology 

Due to the failure probability of those solar cells when orbiting in space, series-diodes and 

bypass diodes are used to avoid the hotspot and mismatch events as shown in the picture figure 

below: 
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Figure 6.10: Photovoltaic system of a 3U-Nano satellite with series diodes 

 

Under the hotspot, mismatch events or degraded circumstances, the degraded solar cells 

mounted on the nanosatellite will diverge from their individual maximum power point which 
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will then contribute to a decrease of the produced output power of the entire photovoltaic 

system. 
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Figure 6.11: Solar cells arrays with 3 degraded solar cells among them 

 

 

Figure 6.12: Current-Voltage characteristic of a photovoltaic system under degradation circumstances 

 

Due to the fact that the degradation of the solar cell isn’t uniform as shown in figure 6.11, 

therefore the variation of their short circuit current from 0 mA to 488.7 mA will influence the 

current voltage characteristic of the solar array. Initially, the short circuit current of the healthy 

solar cell is approximately 0 mA. During its degradation process, the stated short circuit value 

will gradually rise until it reaches 488.7 mA representing a fully degraded solar cell. Under 

degradation circumstances shown in figure 6.12, the low short circuit current of a solar will 

have a minor impact through the reduction of the overall current of the solar array but as soon 
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as the degradation of a consecutive solar cell is more effective than the previous one; the new 

degraded solar cell effect will take over the previous one. This mechanism leads towards the 

current voltage characteristic represented in figure 6.12 as a descending stair-case graph. 

Consequently, the basic formula of the electric power of a solar cell is proportional to its 

current and its voltage. But figure 6.12 gave us the connection between those two parameters 

when the degradation process occurs on different solar cells. Thus, if the normal current is 

affected by the amount of current flowing through the short circuit path or diodes; then the 

influence of the short circuit current’s value will have a physical impact on the power voltage 

characteristic of the overall solar array with degraded solar cell as seen in figure 6.13. There, 

the power of the overall healthy solar array has decreased due to degraded solar cells that are 

still connected in the solar array. The gradual degradation of those solar cells will imply a 

gradual shift on hitting the maximum power point of the solar array.  

 

 
 

Figure 6.13: Power -Voltage characteristic of a photovoltaic system under degradation circumstances 

  

Although, the mismatch, hotspot and degradation events have been defeated through 

insertions of series diodes and bypass diodes. An engineering point of view of that solution will 

be around the power losses and voltage drop generated by the inserted diodes based on the fact 

that an increase on power losses of the solar cells units will automatically decrease the 

efficiency of the photovoltaic system. Henceforth, an adequate selection in terms of the size, 

the connection scheme of the photovoltaic system will assist regarding the protection against 

sudden significant output power changes that lead to the photovoltaic system fluctuation. 
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Now that we have seen the negative side of the bypass and series diodes used in a 

photovoltaic system, the effort and delivery of this research project is to develop a dynamic 

reconfigurable strategies which will dynamically change the connection scheme of solar cells 

contained in a photovoltaic of a Nano satellite power system with efficient ways. Consequently, 

it will improve the power output under electrical mismatch conditions caused by degradation 

or any other issues. Surely, each solar cells modules or sub-modules can to be attached to its 

own Maximum Power Point Tracking converter. Therefore an increase of the overall efficiency 

of the photovoltaic system will be achieved although a huge amount of DC to DC converter 

will be used or inserted in the power system of the nanosatellite. The electrical characteristics 

of other interconnection schemes different than the elemental connection schemes have been 

investigated and compared such as (Kaushika and Gautam, 2003):  

 Total-cross-tied Connection topology known as TCT-Connection topology 

 Bridge-linked Connection topology known as BL-Connection topology 

 Hybrid Configuration Connection topology known as HC-connection topology 

6.2.1 Total-Cross-Tied connection topology: 

 The total-cross-tied interconnection topology is basically an advanced or implemented 

series-parallel interconnection mode of solar cells where ties are connected across each row of 

junctions of the simple series-parallel interconnection mode of the solar cells array. On the 

positive side, the total-cross-tied topology facilitates the reduction of the comprehensive effects 

of mismatch and degradation of the solar cells. 

 A photovoltaic system made of a 4 by 4 solar cells matrix can be linked to each other 

using the total-cross-tied interconnection scheme as seen in figure 6.14:  
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Figure 6.14: Total-Cross-Tied interconnection topology 

 
 

6.2.2 Bridge-Linked connection topology: 

 Basically, the bridge-linked connection topology is obtained through reduction of some 

connections found in the total-cross-tied connection topology as seen in figure 6.15: 

Solar cell1 Solar cell2 Solar cell4Solar cell3

Solar cell13 Solar cell14 Solar cell16Solar cell15

Solar cell5 Solar cell6 Solar cell8Solar cell7

Solar cell9 Solar cell10 Solar cell12Solar cell11

Bridge-Link interconnection scheme

Solar cell17 Solar cell18 Solar cell20Solar cell19

 

Figure 6.15: Bridge-Linked interconnection topology 
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Having a proper understanding of the above figure will lead to the fact that the cells 

available in this particular topology are linked in a basic layout of a bridge rectifier. Using the 

bridge rectifier concept, we will notice that a bridge is made of four solar cells. Furthermore, 

ties are added between the bridges for interconnection purposes. Keeping in mind that in a 

bridge rectifier, two solar cells are firstly linked in series from each other and secondly 

connected in parallel, which will give a kind of series-parallel basic connection in a bridge 

rectifier layout. 

  

6.2.3 Hybrid Configuration connection topology: 

 The Hybrid configuration also called Honey-comb connection topology is a result of 

modifications performed on the bridge-linked interconnection topology mentioned in the 

previous paragraph. This topology is a combination of the advantages found using the total-

cross-tied interconnection scheme and the bridge-linked interconnection scheme. In addition, 

the hybrid configuration also provides the series-parallel feature beside the ones given by the 

total-cross-tied interconnection scheme and the bridge-linked interconnection scheme. The 

hybrid configuration interconnection topology can be drawn for a 4 times 4 solar cells 

photovoltaic system as shown in figure 6.16: 

Solar cell1 Solar cell2 Solar cell4Solar cell3

Solar cell13 Solar cell14 Solar cell16Solar cell15

Solar cell5 Solar cell6 Solar cell8Solar cell7

Solar cell9 Solar cell10 Solar cell12Solar cell11

Honey-Comb interconnection scheme

 

Figure 6.16: Honey-Comb interconnection style 
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Chapter 7: Degradation fault detection algorithm and system 

                                   Optimization of solar cells 

 

7.1 Introduction:  

In the previous chapters, we have highlighted the process of a photovoltaic power 

generation system of a nanosatellite and its elements. We mentioned that solar cells are one of 

the major elements of a photovoltaic system and we also described the fact that the conversion 

of the sun light into electricity using photovoltaic cells depends on numerous factors. Like any 

other system, we have to record or monitor the data provided by the power generator system so 

that we can clearly see or understand if the utilized system works correctly and is efficient. 

Moreover, bad efficiency of the photovoltaic system or photovoltaic cells can be obtained if 

there is a fault in the photovoltaic system, which will lead to permanent power losses on the 

system. Thus, monitoring the parameters of the photovoltaic cells will assist in terms of 

detecting if a fault occurred in the system. Under the faults circumstances, an adequate analysis 

must be done and a suitable photovoltaic array interconnection can be utilized to optimize the 

produced output power of the solar cells system. 

 

7.2 Failures occurring in photovoltaic system:  

 

Many analysing studies have been done to actually demonstrate the multiple types of 

failures, which occur in a photovoltaic system and photovoltaic cells. Engineering and 

scientifically speaking, the presence of faults in photovoltaic cells will extend the interest of the 

research in the field of solar cells monitoring, detection of faults and optimization due to the 

importance of producing an efficient and reliable photovoltaic system generator at the lowest 

cost possible for space applications. During the operation of a solar cell, the failures listed below 

can occur on the solar cell to produce power losses in the solar cell: 

 The ethylene vinyl acetate discoloration over a solar cell’s normal life span known as 

ethylene vinyl acetate yellowing and ethylene vinyl acetate browning; 

 Delamination which arises when the separation of the bond within the plastics placed 

on the back and the glass placed on the front of the solar cell is made; 

 Bubbles formed during the lamination process of the solar modules; 

 Cracks in the solar cells which can result from the mechanical and thermal stresses at 

which the solar cells are exposed during transportation or installation process; 

 Defects in the anti-reflecting coating seen as a faulty type of optical coating applied to 

the surface of the solar cells for reflection’s reduction; 
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 Hotspots caused by the panel acting as load when there is a low current solar cell in the 

solar cell array of at least several high short-circuit solar cells; 

 Delamination of the edge-seals incorporated around the perimeter of the photovoltaic 

technologies to prevent the penetration of the moisture from the sides; 

 Newly cracked solar cells also seen as micro cracks that occur into the solar cells; 

 Delamination over solar cells and interconnections; 

 Fissure encapsulation over solar cells and interconnections; 

 Standing out interconnections; and 

 Degradation over time, which implies a significant drop in current. 

According to the above list of failures that can be picked on a solar cell, various types of 

fault detection methods can result from it regarding the parameters, which will be used to 

identify the fault in that particular solar cell. Right now, during the presence of one of those 

highlighted faults in a photovoltaic system, the maximum power point tracking unit will be 

protected by triggering the current based protection devices of the photovoltaic system. The 

degradation of the solar cells over time will be the fault considered in this chapter for the design 

of a monitor and fault detection system which will allow a suitable interconnection scheme 

among the healthy solar cells so that we can optimize the produced output power of the 

photovoltaic system.  

 

7.3 Degradation in photovoltaic system:  

 

In a photovoltaic cell, the photovoltaic degradation can arise in various ways. Thus, a better 

understanding of those photovoltaic degradation ways is necessary before searching for a 

monitoring, detection method of photovoltaic degradation which can contribute to the reduction 

or the elimination of the photovoltaic degradation effect in a photovoltaic system. So far, some 

observed photovoltaic degradation ways seen in solar cells can be listed below (Meyer and Dyk, 

2004): 

 Front surface soiling; 

 Optical degradation; 

 Solar Cell degradation; 

 Mismatched solar cells;  

 Light-Induced degradation; and 

 Temperature-Induced degradation 
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7.3.1 Front surface soiling: 

 

The front surface of a solar cell can be ruined if there is an accumulation of dirt on the 

top surface of the solar cell. This process might take place during the assembling or 

transportation process of the nanosatellite before it has been launched. Consequently, the solar 

cell produced output power can be reduced up to ten percent losses of its normalized produced 

power under the front surface soiling condition. Due to the accumulated dirt on the top surface 

of the solar cell, the partially shade solar cell produces less current than the other cells contained 

in the same solar cells array. Henceforth, leading to a low overall current of the solar cells array 

as seen in the figure shown below: 
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Figure 7.1: Impact of soiling the top surface of a solar cell in a solar cells array 

  

Due to the reduction in power of the solar cells array based on the impact of a soiled 

solar cell, this type of solar cell degradation can be detected by visual inspection of the solar 

cell and on ground field inspection (Meyer and Dyk, 2004). 

 

7.3.2 Optical degradation: 

 A consequence of the encapsulating material can be captured as an optical degradation. 

In space, this phenomenon is related to the light absorption impact on solar cells while orbiting 

in space. The effect of ultraviolet exposure, temperature, or humidity after a long-term exposure 

periods can lead to the yellowing of the encapsulating material named Ethylene vinyl acetate. 

There after the ethylene vinyl acetate will turn from yellow to brown. In addition, the browning 

ethylene vinyl acetate take in a huge portion of sunlight in the ultraviolet and visible region 
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therefore the required available photon responsible for the current generation is reduced which 

will lead to a decrease of the solar cell performance by fifty percent (Pern et al., 1991). The 

optical effect of ethylene vinyl acetate browning on solar cells efficiency can picked up by 

illuminating the solar cell with a ultraviolet lamp (Pern et al., 1996). 

 

7.3.3 Solar cell degradation: 

 Using the two diodes equivalent circuit of a solar cell illustrated by the figure 7.2, its 

solar cell degradation mode can be provoked based on three factors listed below: 

 The increase of the solar cell’s series resistance: it’s noted that a solar cell’s series 

resistance exists from the resistances in solar cells solder bonds, emitter and resistances 

in the junction box of its terminal. Applying ohm’s law, an increase of that resistance 

value will increase the voltage drop across it and consequently a reduction of the voltage 

produced by the solar cell will be obtained. Thus, a monitoring process of the dark 

current through current-voltage measurement will assist towards the detection of an 

increase of the solar cell’s series resistance; 

 The decrease of the solar cell’s shunt resistance: which stands for any parallel huge 

conductivity path of the solar cell. An increase of the shunt current will be obtained if 

there is a decrease on the shunt resistance value, which will lead also to a decrease of 

the load current flowing through the series resistance of the solar cell. The shunt current 

value can be monitored if a sensor’s probe is connected to the shunt resistance of the 

solar cell to sense its value in case a significant change may occur; and  

 The antireflection coating deterioration: a low reflectivity of the solar cell ameliorates 

both the short-circuit current and the open-circuit voltage parameters. Henceforth, an 

improvement on the solar cell’s efficiency will be observed. Therefore, by sensing and 

monitoring both parameters, the detection of the solar cell through the antireflection 

coating deterioration way can be achieved. 

 

Figure 7.2: Equivalent circuit of a solar cell using the two diodes model 

Iph D1 D2 Rshunt RLoad

Rseries

Two-diodes equivalent circuit model of a solar cell
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Idiode1 Idiode2 Ishunt_current
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7.3.4 Mismatched solar cells: 

Front surface soiling, encapsulated degradation, antireflective coating deterioration, 

manufacturing defects, micro solar cells cracking caused by thermal stress and hail damage, 

partial shading can be factors causing the mismatched solar cells in a photovoltaic system. The 

degradation of the solar cells array’s performance will be the effect of mismatched solar cells 

in the solar cells array. This phenomenon is practically observed through the dissipated heat of 

the mismatched solar cells. Certain factors will be influenced by the hot spot formation 

generated through the mismatched conditions, these factors are given below: 

 The efficiency of the solar cell; 

 The open-circuit voltage of the solar cell; 

 The short circuit current of the solar cell; 

 The maximum power of the solar cell; and  

 The fill factor of the solar cell. 

A detection of this type of solar cell’s degradation mode can be performed by using one of the 

methods listed below: 

 Visual inspection; 

 Current-voltage measurements; 

 Hot-spot endurance testing; and 

 Individual solar cell temperature monitoring during the forward biased operation of the 

solar cell. 

7.3.5 Light-Induced degradation: 

The exposure of a solar cell on to light arises the phenomenon of electrons-holes 

generation and recombination. During the recombination process, the energy released can be 

responsible for some broken weak bonds in the solar cell’s depletion region. It’s important to 

realize that meta-stable defects are formed by those broken bonds and an increase in defects 

disintegrate the material’s quality which will be linked into the degradation of the solar cell 

performance. In the other hands, light-induced degradation of a solar cell can be identified 

through the following process: 

 A continuous monitoring process of the short- circuit current and the open circuit 

voltage parameters of the solar cell. 

 A periodic measurement of the current voltage characteristics of the solar cell. 
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7.3.6 Temperature-Induced degradation: 

 A decrease of the solar cell’s band gap is usually found during the operation of a solar 

cell at higher temperatures, involving the absorption of longer wavelength photons. Similarly, 

an increase of the temperature leads to an increase of the minority carrier lifetime. The change 

on both temperature and minority carrier lifetime will increase the light generated current and 

therefore the short-circuit current will increase as well. An exponential decrease of the 

saturation current with an increase of the temperature can be noted (van Dyk et al., 2000). Thus, 

a measurement of the temperature dependence of the solar cells can be used to pick up the 

change in the temperature coefficient. 

 

 

7.4 Degradation Analysis in photovoltaic system:  

After a detailed explanation on the types of degradation modes happening in a solar cell, 

we can now be able to understand and identify a degraded solar cell in a photovoltaic system 

by using one of the given methods in the previous section of this chapter. In summary, it has 

been said previously that various procedures can be used to detect a degraded solar cell such as 

(Meyer and Dyk, 2004): 

 The comprehensive visual inspection: whereby snapshots of the solar cell have to be 

taken so that a visual comparison needs to be performed to reveal faults like cracked 

solar cell, inadequate interconnections, browning of the solar cell and the hot spots 

formations. This method will be costly for space applications due to the fact that extra 

cameras need to be mounted above the solar cells to provide the required photographs;  

 The light current-voltage measurement: in this case the current-voltage characteristics 

of the solar cell needs to be taken before outdoor deployment at the standard conditions. 

Thus, the collected characteristics will be important to identify any faulty solar cells due 

to the degradation effect seeing that the measurement will be done on a repeat sequence 

after a given fixed interval of time after each measurement. Through this method, the 

short circuit current value, the open voltage value, the maximum power of the solar cell 

are retrieved; 

 The dark current –voltage measurement; 

 The shunt resistance measurement; 

 Hot spot investigation; 

 Temperature dependence measurement; and 

 Monitoring the short circuit current and the open circuit voltage parameters. 
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For the purpose of this research, a continuous monitoring process of the short circuit 

current has been used to identify the degraded solar cell. The measured short-circuit current 

will be compared to the given short-circuit current value under standard conditions. 

 

7.5 Degraded solar cells detection in photovoltaic system:  

 

Due to the fact that the decrease of the open circuit voltage causes a decrease on the 

short circuit current parameter, it can be used as a primary alert of a degraded solar cell in a 

solar cells array. Practically, a degraded solar will have a non-null current flowing across its 

bypass diode. Thus, sensing the current flowing through the bypass diode of a solar cell can 

assist to detect the solar cell’s status either degraded of healthy. Furthermore, the open circuit 

voltage of each solar cell can be sensed to facilitate the degradation analysis of the measured 

solar cell. At the same time, the circuit or the embedded system performing the open circuit 

condition of the measured solar cell needs to be reliable and efficient to allow the correct data 

of the sensed voltage to be captured.  

 

7.5.1 Detection of the degraded solar cell using the short-circuit current: 

The short circuit current will be used to sense the degradation condition of the solar cells 

forming the photovoltaic system of the nanosatellite. For the purpose of the experimental design 

of the hardware which will be used to perform the fault detection algorithm and the 

reconfiguration switching scheme to maximize the produced output power regarding the 

presence of some degraded solar cells in the solar array; a high side current device will use 

mounted across each solar cell to sense the current flowing through the parallel path or the 

bypass diode of each solar cell as illustrated on the figure 7.3: 

 

 

Figure 7.3: Unidirectional short-circuit current sensing system of a solar cell unit 
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For the design of the experimental hardware, the high side current sensor is represented by 

the ZXCT1009FTA. Due to the little size of the current sensor component, they can be easily 

mounted on board of the nanosatellite without any space and weight restrictions. In addition, 

the AZL solar cell 6Volts, 330 mA and 2 watts was used for the implementation of the 

reconfigurable algorithm. Therefore, practically we decided to translate the short circuit current 

of the purchased solar cell into a DC output voltage of 3.4 volts. Accordingly, the sense resistor 

will be choose so that the sense voltage will vary between 0.5 volts and 5 volts at full load 

condition. 

 

 𝑉𝑠𝑒𝑛𝑠𝑒 = 𝑅𝑠𝑒𝑛𝑠𝑒  × 𝐼𝑠ℎ𝑜𝑟𝑡−𝑐𝑖𝑟𝑐𝑢𝑖𝑡_𝑓𝑢𝑙𝑙_𝐿𝑜𝑎𝑑 (Equation 57) 

   

 
𝑅𝑠𝑒𝑛𝑠𝑒 = 

𝑉𝑠𝑒𝑛𝑠𝑒
𝐼𝑠ℎ𝑜𝑟𝑡−𝑐𝑖𝑟𝑐𝑢𝑖𝑡_𝑓𝑢𝑙𝑙_𝐿𝑜𝑎𝑑

= 
3.4 𝑉𝑜𝑙𝑡𝑠

3.34 × 10−3
= 1000 𝑂ℎ𝑚𝑠 

(Equation 58) 

   

 
𝑅𝑜𝑢𝑡𝑝𝑢𝑡 = 

𝑉𝑜𝑢𝑡𝑝𝑢𝑡

𝑉𝑠𝑒𝑛𝑠𝑒  × 0.01
=  

3.4

3.4 × 0. 01
= 100 𝑂ℎ𝑚𝑠 

(Equation 59) 

 

The maximum value of the additional current limiting resistor depends on the value of the 

minimum input voltage, the maximum output voltage and the dropout voltage of the current 

sensor device. That current limiting resistor can be ignored in case the input voltage transients 

doesn’t have significant impact on the output voltage.  

Using equation 59, we can see that: 

 

 𝑉𝑜𝑢𝑡𝑝𝑢𝑡 = 𝑅𝑜𝑢𝑡𝑝𝑢𝑡  × 𝑉𝑠𝑒𝑛𝑠𝑒 × 0.01 (Equation 60) 

 

Replacing the expression of Vsense with the one gotten in equation 57, we will obtain: 

 

 𝑉𝑜𝑢𝑡𝑝𝑢𝑡 = 𝑅𝑜𝑢𝑡𝑝𝑢𝑡  × (𝑅𝑠𝑒𝑛𝑠𝑒  × 𝐼𝑠ℎ𝑜𝑟𝑡−𝑐𝑖𝑟𝑐𝑢𝑖𝑡_𝑓𝑢𝑙𝑙_𝐿𝑜𝑎𝑑) × 0.01 (Equation 61) 

 

Henceforth, each sensed and output given voltage from the high sensing circuit will be 

compared to a particular set point value to determine the degradation status of the allocated 

solar cell and the all the measurement data collected from each solar cells of the photovoltaic 

system will be log into a memory so that the read values can be used to compute the degradation 

detection algorithm as its primary mission and therefore will proceed with the algorithm in 
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charges of bypassing the degraded solar cells using low logic level controlled power electronic 

switches.  

7.5.2 Degraded solar cell detection algorithm: 

The reliability of a photovoltaic power supply unit is important these days especially for 

space application devices. Previously, we have highlighted the possible faults, which can occur 

on a photovoltaic cell, which is a component of the photovoltaic power supply unit. In fact, 

photovoltaic solar cell faults can be identified as faults caused during (Bazzi et al., 2011): 

 The installation process; 

 Harsh environmental effects of the sun on the photovoltaic cell’s surface; and  

 The degradation of the photovoltaic material 

Currently, the number of man-made debris objects orbiting the earth, or orbital debris is 

alarmingly increasing; resulting in the increased probability of degradation, damage or 

destruction of operating spacecraft (Englert et al., 2014). Henceforth, it’s important to start 

thinking on a way forward to reduce the amount of spacecraft debris in the space environment. 

Another key point is the significant of a faulty photovoltaic cell in a photovoltaic module, which 

is just an equivalent of an open circuit at the position of the faulty photovoltaic cell. The faulty 

photovoltaic cell surpasses to a reverse bias on the other photovoltaic cells that constitute the 

photovoltaic module or group. A consequence of that situation is the increase of hot spots in 

the photovoltaic cells, which can boost the number of faulty photovoltaic cells in the system. A 

solution of the raised matter can be the integration of bypass diodes with the photovoltaic cells 

(Swaleh and Green, 1982). But through the chapter, we will highlight an implemented method 

whereby the bypass diodes can be replaced by low power electronic switches to reduce the 

power losses of the bypass diodes in a photovoltaic module. Nevertheless, the harsh output 

power degradation observed in a photovoltaic system due to the presence of faulty solar cells 

has not been covered by the bypass diodes. Significantly, the output power loss due to faulty 

photovoltaic cells is way bigger than what one expects by a simple counting of healthy and 

faulty cells numbers. In reality, the output power degradation due to one faulty photovoltaic 

cell is 16.5 percent, based on the fact that the photovoltaic module is unable to keep on operating 

at  its maximum power point when the balanced structure of a photovoltaic module is affected 

by degradation faults (Lin et al., 2014). The realization of manual degradation fault detection 

and fault elimination will be costly and on the other hand it will be almost impossible for 

photovoltaic systems used in orbital or deep space mission applications. Henceforth, the design 

of an embedded degradation fault detection in a photovoltaic system which can dynamically 

detect and bypass photovoltaic cell degradation faults for space application devices. 
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A degradation fault detection and fault elimination system is suitable for longer service life 

of a photovoltaic system. Its objective will be to locate any photovoltaic degraded cell in the 

photovoltaic module and secondly will eliminate the degraded cell by patterning a new 

photovoltaic module structure, which will reduce the output power loss generated by the faults 

of photovoltaic cell.  Considering the photovoltaic power supply of a 3U Nanosatellite as shown 

in the figure below: 
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Figure 7.4: Zacube 2 power supply system 

 

The photovoltaic module of that power supply system can be connected as a matrix of N by 

M size whereby the element of that matrix will be the representation of each photovoltaic cell 

during the normal operation mode of the photovoltaic power system. Moreover the degradation 

fault detection will require a formation of a multiple of M photovoltaic module in which the 

value of the multiple must be lower or equal to N; using the provided photovoltaic cells while 

the joined output power will be measured to determine the existence or not of a degraded 

photovoltaic cell in the photovoltaic module. Under the presence of degraded photovoltaic cells, 

a new formed Nopt times Mopt photovoltaic module will be constructed when the fault 

elimination system has successfully taken place. Thus, the system’s output power will increase. 

In the case whereby degraded photovoltaic cells have been removed from the primary 
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photovoltaic module connection’s style, we will obtain the new formed photovoltaic module 

known as the matrix (Nopt , Mopt) smaller the original matrix (N,M) of the initial photovoltaic 

module formed with only healthy photovoltaic cells. The matrix configuration mode of the 

photovoltaic module can be done using low power electronic switches as shown on the figure 

below where all the six solar cells of the face X+ have been linked so that they can form a matrix 

M(6,1): 

 

 

Figure 7.5: X+ face interconnection used for degradation fault detection and fault elimination 

 

Based on the above figure, an extra information can be drawn out of it regarding the 

switching scheme of all those low power electronic switches during the degradation fault 

detection and fault elimination just by turning them either ON state mode or OFF state mode.  

Therefore, the proposed degradation fault detection algorithm will be performed using of the 

interconnection shown in previous figure. The identification of a degraded photovoltaic cell 

with logarithmic time complexity will be the main task of the degradation fault detection 

algorithm. In other hands, the determination of the optimal interconnection style of the 

photovoltaic module will be the allocated task of the fault elimination algorithm. The single 

execution of the degradation fault detection algorithm will take place at a fixed interval of time 

known as Δt. It is important to realize that interval of time must be lower than the average 

interval time for a degradation fault to raise. 

 Initially, a comparison between the actual photovoltaic cell output and the theoretical 

output power of the photovoltaic cell will be performed by the degradation fault detection 

algorithm when there are no degraded photovoltaic cells. In the case of a variation between the 
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compared quantities, the degradation fault detection algorithm will end as a result of no 

degradation faults found when the detected variation is lower than a pre-specified threshold 

error. Contrarily, the degradation fault detection algorithm will keep on running to locate the 

presence of any degraded photovoltaic cells in the system, once a degraded cell is found then 

the fault elimination algorithm will take over through its execution by excluding degraded 

photovoltaic cells from the photovoltaic module. A confirmation of the absence of a new 

degraded photovoltaic cell will be the main task of the degradation fault detection algorithm. 

Thus, smaller will the scientific computational of the degradation fault detection and the fault 

elimination algorithms. For the space application, the interval of time Δt at which the algorithm 

will be executed is configured regarding the pulse width of the nanosatellite over its allocated 

ground station, this will allow also a ground communication which the nanosatellite in terms of 

viewing or downloading the actual parameters states while passing its ground station in the 

space environment. 

The degradation fault existence checking algorithm is actually the simplest way of fault 

search flowchart. This concept finds out whether a degraded photovoltaic cell is present in a 

group of: 𝛼 × 𝑀 𝑝ℎ𝑜𝑡𝑜𝑣𝑜𝑙𝑡𝑎𝑖𝑐 𝑐𝑒𝑙𝑙𝑠. The group maximum output power is tracked using the 

maximum power point tracking unit of the photovoltaic system. Let’s keep in mind that: 𝛼 ≥

 𝛼𝑚𝑖𝑛; Here the threshold value is noted: 𝛼𝑚𝑖𝑛. Resulting to a huge output voltage of 𝛼 ×

𝑀 𝑝ℎ𝑜𝑡𝑜𝑣𝑜𝑙𝑡𝑎𝑖𝑐 𝑐𝑒𝑙𝑙𝑠 interconnection mode so that it can correctly be the charger’s driver. In 

other words, in case we have a photovoltaic module smaller than  𝛼𝑚𝑖𝑛  ×

𝑀 𝑝ℎ𝑜𝑡𝑜𝑣𝑜𝑙𝑡𝑎𝑖𝑐 𝑐𝑒𝑙𝑙𝑠 interconnection mode, the degradation fault existence checking 

algorithm will be unable to perform. For the purpose of this research project, the degradation 

fault detection algorithm will be performed using two instructions: 

 Firstly, the identification of the row allocated to the degraded faulty photovoltaic cells 

 Secondly, the identification of the column allocated to the degraded faulty photovoltaic 

cells 

Those enumerated instructions will be used to locate any degradation faults in a 𝑁 ×

𝑀 𝑝ℎ𝑜𝑡𝑜𝑣𝑜𝑙𝑡𝑎𝑖𝑐 𝑐𝑒𝑙𝑙𝑠 configuration module. Under that circumstance, a primary run of the 

degradation fault existence checking algorithm on the entire photovoltaic module is done. In 

case no degraded faulty cells have been found the degradation fault detection algorithm will 

stop. Otherwise, the algorithm will move to its next stage of removing all degraded faulty cells 

and the fault elimination process will reconnect the remaining healthy photovoltaic cells so that 

we can reduce the power losses generated by the degraded photovoltaic cells in the system. The 

degradation fault detection algorithm of a photovoltaic module made of six photovoltaic cells 



 78 

has been computed using Matlab to analyse the degradation state of each single cell using the 

monitored value of their short-circuit current and the open circuit voltage parameters. 

Considering that the six photovoltaic cells of a single face of the Zacube 2 nanosatellite can be 

configured as shown in the figure below during the last short-circuit current and open circuit 

voltage measurements: 
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Figure 7.6: Short-circuit current monitoring results of the X+ face of the Zacube 2 

 

We can clearly see that we’ve got two degraded photovoltaic cells shown in red where 

the short-circuit current is above fifty percent of the standard short-circuit current value of a 

XTJ-Prime solar cell. Using the data matrix concept mentioned earlier, the measured parameters 

of each photovoltaic cell will be kept in a 𝑁 × 𝑀 𝑝ℎ𝑜𝑡𝑜𝑣𝑜𝑙𝑡𝑎𝑖𝑐 𝑐𝑒𝑙𝑙𝑠 matrix as shown below: 

 

 

𝑀𝑎𝑡𝑟𝑖𝑥(𝑁,𝑀) =  [
1𝑟𝑜𝑤 , 1𝑐𝑜𝑙𝑢𝑚𝑛 ⋯ 1𝑟𝑜𝑤 , 𝑀𝑐𝑜𝑙𝑢𝑚𝑛

⋮ ⋱ ⋮
𝑁𝑟𝑜𝑤 , 1𝑐𝑜𝑙𝑢𝑚𝑛 ⋯ 𝑁𝑟𝑜𝑤 , 𝑀𝑐𝑜𝑙𝑢𝑚𝑛

] 

(Equation 62) 
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Based on the interconnection style seen in figure 48, the collected data can be stored in a 

matrix using Matlab as shown below: 

 

 𝑀𝑎𝑡𝑟𝑖𝑥(2,3) =  [
𝑠𝑜𝑙𝑎𝑟 𝑐𝑒𝑙𝑙1 𝑠𝑜𝑙𝑎𝑟 𝑐𝑒𝑙𝑙2 𝑠𝑜𝑙𝑎𝑟 𝑐𝑒𝑙𝑙3
𝑠𝑜𝑙𝑎𝑟 𝑐𝑒𝑙𝑙4 𝑠𝑜𝑙𝑎𝑟 𝑐𝑒𝑙𝑙5 𝑠𝑜𝑙𝑎𝑟 𝑐𝑒𝑙𝑙6

] 

 

(Equation 63) 

 

 

Figure 7.7: Snapshot of the command window after capturing the measured short-circuit current of each 

photovoltaic cell 

After identification of the row number and column number of the degraded faulty 

photovoltaic cell, the degradation fault detection algorithm in matlab should tell the operator or 

the fault elimination unit the appropriate location coordinates of the degraded cells so that they 

can be excluded from the remaining healthy photovoltaic module. This is illustrated in the 

figure below: 

 𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑠𝑡𝑟𝑖𝑛𝑔 𝑖𝑛 𝑝𝑎𝑟𝑎𝑙𝑙𝑒𝑙 = 2 (Equation 64) 

   

 𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑒𝑙𝑙𝑠 𝑖𝑛 𝑠𝑒𝑟𝑖𝑒𝑠 = 3 (Equation 65) 

 

 𝑀𝑎𝑡𝑟𝑖𝑥(2,3) = 0.4887      0.05       0           0         0.1287           0.25 (Equation 66) 

   

 𝑀(2,3)_𝐷𝑖𝑔𝑖𝑡𝑎𝑙 = 0          1          1           1         1         0 (Equation 67) 

 

 After a rearrangement of the collected single or individual short-circuit current data 

measurement of the photovoltaic cells in a single array of photovoltaic cells using Matlab, the 

algorithm can easily analyse the collected information and identify the degraded photovoltaic 

cells. Accordingly, the figure below will be the search outcome of the degradation fault 

detection algorithm for the selected configuration of the matrix (2, 3) made from the 

interconnection given by the outcome shown below: 

 

 𝐹𝑎𝑢𝑙𝑡𝑦 𝑠𝑜𝑙𝑎𝑟 𝑐𝑒𝑙𝑙′𝑠 𝑝osition =   1    6 (Equation 68) 
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As we mentioned earlier, once the degraded photovoltaic cells have been identified; the 

fault elimination algorithm needs to take over to exclude the degraded photovoltaic cells from 

the healthy photovoltaic cells so that we can reduce the power losses caused by those degraded 

faulty photovoltaic cells. Thus, a newly formed configuration will be done using only the 

remaining healthy solar cells. The figure below will display the reduced number of healthy 

photovoltaic cells after elimination of the degraded ones: 

 

 𝐻𝑒𝑎𝑙𝑡ℎ𝑦 𝑠𝑜𝑙𝑎𝑟 𝑐𝑒𝑙𝑙𝑠 𝑑𝑎𝑡𝑎 =   1     1     1     1 (Equation 69) 

 

Using the remaining healthy photovoltaic cells, we can decide to reconnect them in a 

suitable way so that the required power demand from the connected load can be supplied with 

higher efficiency. The figure below illustrates the possible combinations possibility that can be 

made from a presented scenario of having 4 healthy photovoltaic cells on the single face of 

Zacube 2 in space: 

 

 𝑅𝑒𝑐𝑜𝑛𝑓𝑖𝑔𝑢𝑟𝑎𝑏𝑙𝑒_𝑆𝑒𝑟𝑖𝑒_𝑃𝑎𝑟𝑎𝑙𝑙𝑒𝑙 =  [
1 1
1 1

] 
(Equation 70) 

   

   

 

𝑅𝑒𝑐𝑜𝑛𝑓𝑖𝑔𝑢𝑟𝑎𝑏𝑙𝑒_𝑆𝑒𝑟𝑖𝑒 =  [

1
1
1
1

] 

 

(Equation 71) 

 

 

  

 𝑅𝑒𝑐𝑜𝑛𝑓𝑖𝑔𝑢𝑟𝑎𝑏𝑙𝑒_𝑃𝑎𝑟𝑎𝑙𝑙𝑒𝑙 =  [1 1  1     1] (Equation 72) 

 

The indices of the healthy photovoltaic cells have to be then sent to the Simulink model of 

a six photovoltaic cells used to validate the results and the outcomes of this research project. In 

addition, the bypass diodes used in the standard configuration are replaced by low logic level 

power mosfets, which will allow the interconnection of those photovoltaic cells from one unit 

to another. An illustration of the interconnection of six XTJ-Prime solar cells in series using 

mosfets is shown using the figures below: 
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Figure 7.8: Six solar cells (XTJ-Prime) connected in series using simple wires 

 

 

Figure 7.9: Six solar cells (XTJ-Prime) connected in series using simple Mosfets 

The optimal interconnection style of the photovoltaic module will be all worked out through 

the fault elimination algorithm operation process. Consequently, the produced output power 

losses generated by the faulty degraded photovoltaic cells of the photovoltaic module will be 

reduced. Through the result of the degradation fault detection algorithm, the amount of the 

healthy photovoltaic cells will be known. Accordingly, a decision will be required for the 

optimal interconnection style of the photovoltaic module so that the electrical demand can be 

fulfilled by the photovoltaic system in charge. Considering that the number of non-degraded 

and active photovoltaic cells is represented by: S, then the function of those non-degraded 

photovoltaic cells will be given by: (𝑆) . Given a general configuration of a photovoltaic module 

of 𝑁 × 𝑀 𝑝ℎ𝑜𝑡𝑜𝑣𝑜𝑙𝑡𝑎𝑖𝑐 𝑐𝑒𝑙𝑙𝑠 whereby the number of its faulty degraded photovoltaic cells is 

given by the variable name: faulty. Under that circumstance, the maximum of non-degraded 

active photovoltaic cells of the given photovoltaic module will be expressed by: 

 

 𝑆𝑚𝑎𝑥𝑖𝑚𝑢𝑚  =  (𝑁 × 𝑀) − (𝑓𝑎𝑢𝑙𝑡𝑦) (Equation 73) 

 

Firstly a set of proposed S values in ascending classification will be determined so that the 

equation below can be true: 

 



 82 

 [𝑆 + 𝐹(𝑆)]  ≥  [𝑆𝑚𝑎𝑥𝑖𝑚𝑢𝑚  + 𝐹(𝑆𝑚𝑎𝑥𝑖𝑚𝑢𝑚)] (Equation 74) 

 

Thus, the number of possible interconnections style of the photovoltaic module using that 

amount of S non-degraded active photovoltaic cells will be: 𝐹(𝑆). Running those possible 

interconnections styles, there must be an optimal configuration that produces the maximum 

output power 𝑃𝑚𝑎𝑥(𝑆) of the rest of the photovoltaic module once the faulty degraded 

photovoltaic cells have been excluded. 
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Chapter 8: The constructed reconfigurable photovoltaic module 

 

8.1 Introduction:  

The content of this chapter addresses the manufacturing process of the reconfigurable 

photovoltaic module which will allow the exclusion of faulty degraded photovoltaic cells in a 

photovoltaic array as illustrated in figure 8.1: 

 

Figure 8.1: Reconfigurable photovoltaic module architecture of the X+ Face using Simulink 

 
 

8.2 Modelling and simulation of the reconfigurable module:  

Considering a single face of the Zacube 2 photovoltaic system generator, we can clearly 

notice that we got a series interconnection of six XTJ-Prime photovoltaic cells. Based on the 

reconfigurable architectural style, the Zacube 2 photovoltaic cells can be modelled using 

Simulink as shown on the above figure. Using the above given Simulink model, the electrical 

parameters of the photovoltaic module can be monitored such as: 

 The current-voltage characteristic known as I-V characteristic 

 The power-voltage characteristic known as P-V characteristic 

The implemented version of that Simulink model which allows the monitoring of those stated 

characteristics is given in figure 8.2: 
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Figure 8.2: Current-Voltage Characteristic Simulink model of a healthy X+ Face of the Zacube 2 
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Figure 8.3: Individual Current-Voltage Characteristic curve of a healthy X+ Face of the Zacube 2 

 

Practically, it can be noticed in figure 8.3 that both voltage and short circuit current of the 

combination of 6 healthy XTJ_Prime solar cells don’t reach their nominal values at the moment 

they have been exposed to the sun. They will take a while for both parameters to reach their 

expected values while working under standard conditions. 

We can note from those curves displayed in figure 8.4 that the actual total current of the 

healthy face is less than 0.5 Amperes approximately 0.48 Amperes. While the total produced 

voltage is a little bit above 16 Volts. 

 

Figure 8.4: Current-Voltage (I-V) Characteristic curve of a healthy X+ Face of the Zacube 2 

 

Through the above figure, the produced maximum current and voltage can be derived which 

will help in terms of the determination of the maximum power which is one of the main role of 

the maximum power point tracking unit in the power supply of the nanosatellite. 
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Figure 8.5: Power-Current (P-I) Characteristic curve of a healthy X+ Face of the Zacube 2 

 

A flexible reconfiguration with degraded faulty cells elimination which allows the 

connection of the load no matter the reference voltage point is given using the figure 8.6: 

 

Figure 8.6: Implemented reconfigurable architecture of the X+ face photovoltaic module 

 

8.3 Design of the printed circuit board of the reconfigurable module:  

 

The printed circuit board of the above implemented reconfigurable architecture using 

surface mounted Mosfets is shown below: 
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Figure 8.7: Top and Bottom layer PCB tracks of the implemented reconfigurable photovoltaic module 

architecture 

Due to the space limitation in a nanosatellite, the design of the printed circuit board has 

been done over 51 mm by 43 mm. This will facilitate its insertion on the nanosatellite structure. 

However, the printed circuit board has been designed using both top layer and bottom layer to 

reduce the amount of jumpers required during the realization of some connections.  

 

 

Figure 8.8: Populated Top-layer of the reconfigurable photovoltaic module's PCB 
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The top-layer has been realized using the dual N-channel power mosfet FDMA1028NZ 

surface mounted type. The dual package type contributes toward the reduction of the 

components list used for the construction of the circuitry. Those low power mosfets do not 

require any external mosfet drivers. 

 

 

Figure 8.9: Populated Bottom-layer of the reconfigurable photovoltaic module's PCB 

 
 
 
 
 
 
 
 

8.4 Experimental setups:  

 
 According to the block diagram presented in figure 8.10, individual solar cell mounted 

on the nanosatellite will be monitored using current sensing module. Firstly, the current sensing 

module will have the ability to measure the short circuit current of each solar cell. Secondly, 

the measured parameters will be stored in a memory. That operation will allow the comparison 

between the measured value and the short circuit reference value. The outcome of the 

comparison will trigger the logic level mosfet either on or off. The on and off control of those 

low power mosfets leads to the reconfiguration of the entire solar cells array. 
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Figure 8.10: Block diagram of the experimental setup layout of the designed reconfigurable photovoltaic module 

 
 
 

 

Figure 8.11: Experimental Set up for measurement of the produced output 
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8.5 Conclusion:  

 
 The initial purpose of the design of a nanosatellite like any other spacecraft is to operate 

dependably throughout their operational life. But this can only be achieved through stringent 

quality control and testing of parts and subsystems during the construction of the satellite and 

before its launch into the space orbit. In chapter one of this thesis, the enumerated steps have 

been highlighted as a terrestrial approach regarding the successful design of a spacecraft on 

earth. Meanwhile into its orbit in space, the components used for the construction of the 

particular spacecraft exposed to environmental constraints such as the degradation of some 

subsystems in the van Allen radiations bells. The description of the harsh environmental 

conditions at which the spacecraft is exposed in space has been given in the first chapter and 

the effects or consequences of have been mentioned in order to clearly see the impact of the 

harsh environmental conditions on the nanosatellites. Furthermore, current available predicting 

methods have been discussed through chapter one to show how they are useful in terms of the 

development of a practical and physical monitoring system of the nanosatellite’s module using 

the logged data gotten from the spacecraft while orbiting in space. 

Seeing that a better understanding of where exactly the designed and built nanosatellite 

will operate in terms of the involved environmental conditions; was brought out through the 

first chapter of this thesis. The consecutive chapter briefly introduce the technology inserted in 

a nanosatellite for its operation in the space orbit. The area of focus in chapter two is known as 

the electrical power system of a nanosatellite. A general overview of the current on-going 

Zacube 2 electrical power system has been drawn with its different payload subsystems and its 

satellite bus. In this chapter, based on the given orbital parameters; the visibility angle of the 

nanosatellite can be calculated as well as the adequate time at which the nanosatellite will be 

facing its ground station here in south Africa so that the status of the nanosatellite’s electrical 

power system can be retrieved through telemetry communication and instructions can be sent 

from the ground station to the Nanosatellite in that time of visibility. 

In chapter three, a breakdown of the photovoltaic system has been covered. A definition 

of solar cells devices and its classification based on its generation have been discussed through 

the third chapter. The performances of a photovoltaic cell was measured and plotted in that 

chapter as well as the derivation of the formulas used to calculate the electrical parameters of a 

photovoltaic system and its power conversion efficiency. 

Chapter four has presented the photovoltaic cell’s modelling, together with the 

representation of its electrical quantities. The single diode and the double diode representation 

of a photovoltaic cell were drawn using PSIM software. An implementation was done into the 
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simplified equivalent model of a single junction photovoltaic cell whereby the material 

resistivity and the ohmic losses due to levels of contact are taken into consideration during the 

modelling of the photovoltaic cell. For the fact that a multiple junction solar cell is the product 

of successive single junction solar cell, using the drawn model of a single junction solar cell;  

the modelling of a n-layer of semiconductors into a multijunction solar cell has been given in 

that chapter using PSIM software. 

The degradation in different solar cell technologies was discussed in chapter five 

whereby a study on the factors involved of the degradation of a solar cell was enumerated, the 

degradation process and the way to predict, monitor and prevent the degradation of that solar 

cell technology was elaborated. 

In chapter six, various types of configuration of photovoltaic cells were illustrated. Due 

to various factors such as aging of the solar cells, degradation of the solar cells; the initial 

configurations of the solar arrays or modules will receive a modification in order to increase 

the photovoltaic system’s output power close or equal to its optimized output power. 

Henceforth, the system reconfiguration ability allows the photovoltaic system to be more 

efficient, it also excludes the faulty photovoltaic cells from the remaining healthy system. 

The difference between those interconnections topologies mentioned in chapter six 

appears in the reduction or insertion of connections links between the solar cells. This action is 

performed using switches. The switching algorithm scheme with the computing of its flowchart 

has been discussed in chapter six. In addition to that it has been mentioned that the more inserted 

interconnection link in the topology, the more complex the computation of the switching 

algorithm will be. 

Through this project, a general technique has been used to monitor the health status of 

solar cells based on their degradation process. The periodic measurement of an individual short 

circuit current of each solar cell will assist in terms of monitoring its degradation rate within its 

lifetime. The measured short-circuit current will then be compared to a reference given value 

of the short circuit current which will then be used to reconfigure or to exclude the degraded 

photovoltaic cell from the healthy photovoltaic system. Furthermore, it has been realised that 

the voltage drop across a logic level mosfet is lower than the voltage drop across a bypass diode. 

Thus, the insertion of logic level power electronic switches instead of bypass diodes will 

increase the reliability of the photovoltaic module. 

Based on the work done with regards to this research project, my contribution in the 

research environment can be listed as shown below: 
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 The development of a Simulink model which can perform the estimated 

electrical characteristics of a face of the photovoltaic system mounted on a 

nanosatellite using the XTJ triple junction solar cells. 

 The development of the short circuit current monitoring module for each 

photovoltaic cell. 

 The development of a reconfigurable solar cells array mounted on the single face 

of a nanosatelllite with exclusion of the degraded solar cell from the photovoltaic 

array. 
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Chapter 9: Recommendations and Future work 

 
9.1 Recommendations:  
 

 The future research work falling under the outcomes of this thesis can be presented as follows: 

 A study on the relationship between the degradation rate and the short-circuit current of 

a multijunction photovoltaic cell; 

 Analysis of the power electronic switches used for reconfigurable photovoltaic modules 

for space applications; and 

 The development of a wild range DC power converter used with a reconfigurable 

photovoltaic modules for space application 

 

9.2 Future research work:  
 

1. Development of a reconfigurable photovoltaic module for the entire six faces of 

a nanosatellite power system. 

2. Analysis of the impact of the power used to control the switching algorithm on 

the available power found or required by the nanosatellite’s operational system 
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