
University of New Mexico
UNM Digital Repository

Electrical and Computer Engineering ETDs Engineering ETDs

7-1-2016

Fault Resilient and Reconfigurable Power
Management Using Photovoltaic Integrated with
CMOS Switches
Rakeshkumar Mahto

Follow this and additional works at: https://digitalrepository.unm.edu/ece_etds

Part of the Electrical and Computer Engineering Commons

This Dissertation is brought to you for free and open access by the Engineering ETDs at UNM Digital Repository. It has been accepted for inclusion in
Electrical and Computer Engineering ETDs by an authorized administrator of UNM Digital Repository. For more information, please contact
disc@unm.edu.

Recommended Citation
Mahto, Rakeshkumar. "Fault Resilient and Reconfigurable Power Management Using Photovoltaic Integrated with CMOS Switches."
(2016). https://digitalrepository.unm.edu/ece_etds/259

https://digitalrepository.unm.edu?utm_source=digitalrepository.unm.edu%2Fece_etds%2F259&utm_medium=PDF&utm_campaign=PDFCoverPages
https://digitalrepository.unm.edu/ece_etds?utm_source=digitalrepository.unm.edu%2Fece_etds%2F259&utm_medium=PDF&utm_campaign=PDFCoverPages
https://digitalrepository.unm.edu/eng_etds?utm_source=digitalrepository.unm.edu%2Fece_etds%2F259&utm_medium=PDF&utm_campaign=PDFCoverPages
https://digitalrepository.unm.edu/ece_etds?utm_source=digitalrepository.unm.edu%2Fece_etds%2F259&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/266?utm_source=digitalrepository.unm.edu%2Fece_etds%2F259&utm_medium=PDF&utm_campaign=PDFCoverPages
https://digitalrepository.unm.edu/ece_etds/259?utm_source=digitalrepository.unm.edu%2Fece_etds%2F259&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:disc@unm.edu


 

i 
 

 
 

Rakeshkumar V Mahto 
Candidate 

 
 
 
 

Electrical & Computer Engineering 
Department 

 
 
 
 
 

This dissertation is approved, and it is acceptable in quality 
and form for publication: 

 
 

Approved by the Dissertation Committee: 
 
 

Dr. Payman Zarkesh-Ha, Chairperson  
 

Dr. Olga Lavrova  
 

Dr. Edward D. Graham, Jr.  
 

Dr. Fareena Saqib  
 
  



 

ii 
 

Fault Resilient and Reconfigurable Power Management 

Using Photovoltaic Integrated with CMOS Switches 

 

by 

Rakeshkumar V Mahto 

 

 

B.E, South Gujarat University, 2005 

M.S, Electrical Engineering, California State University, Fullerton, 2009  

 

DISSERTATION 
 
 

Submitted in Partial Fulfillment of the 
 

Requirements for the Degree of 
 
 
 

Doctor of Philosophy 
 

Engineering 
 

 

 

The University of New Mexico  

Albuquerque, New Mexico  

July, 2016 

 



 

iii 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                                           ©2016, Rakeshkumar Mahto 

 

 

 

 

 

 

 

 

 

 



 

iv 
 

 

 

 

 

 

 

 

 
 
 

Dedication 
 
 

This dissertation is dedicated to my family, for all the moral support, and 
encouragement. 

 

 

 

 

 

 

 

 

 

 

 



 

v 
 

Acknowledgements 

 

First and foremost, I would like to express my gratitude and appreciation to my academic advisor 

Dr. Payman Zarkesh-Ha, for his mentorship, guidance, support, encouragement, professional as 

well as personal advice. I am fortunate to have this opportunity to work under him. He is one of 

the best professors I have ever met. He is a gifted professor for  possessing extraordinary patience 

with his student. I can certainly say he is a role model for anyone who want to join academia. 

Without Dr. Payman Zarkesh-Ha’s help, I would not developed  nearly to the point I am today.  

I would also like to wholeheartedly thank my co-advisor, Dr. Olga Lavrova for introducing me to 

Photovoltaics and agreeing to share this exciting project on reconfigurable solar cells with me.  I 

admire her tireless guidance, and extraordinary encouragement of my research. Her passion and 

dedication for scientific discovery is absolutely amazing.  

I would also like to thank Dr. Edward Graham and Dr. Fareena Saqib for being a part my 

dissertation committee and for their valuable feedback on my work. I am also grateful to my 

mentors, David Modisett, Ali Arabi and Hemashilpa Kalagara. They all supported me through 

good and bad times. As a result of their guidance during my studies, I refer to them as my 

“unofficial advisor”.  They all listened patiently to my crazy new ideas for my thesis project and 

gave me their valuable suggestions and comments. Without their tremendous support, I would not 

have survived in the graduate program.  Also, special thanks to Dr. Ramiro Jordan for hiring me 

as his TA during my studies at UNM. I learned the fine art of being a good teacher from him. I am 

in debt to Dr. Weili Lu for her help and motivation which I have received during my studies at 

Calfornia State University, Fullerton. I always looked up to her and I wanted to be as professional 

as she. Also, big thanks to all the professors in the electrical engineering department at California 



 

vi 
 

State University, Fullerton. Without  their molding and shaping of my technical skills, I could not 

have ever imagined joining the doctoral program.  

Additionally, I would also like to thank our research group members in  VLSI Design Lab at UNM, 

(Javad Ghasemi, and Mohammad Uzzal) for their support and friendship. I am also grateful to all 

my friends, Urwa, Nimish, Roshan, Pankaj, Manoj, Swathi, Pardis, Neda and Rachana. I would 

also sincerely thank all the staff members at the ECE department, Elmyra Grelle, Cornelia Platero, 

Frank Mercer, Talia Garcia, Tom Sahs, Yvone’ Nelson and Shannon Kindilien. I really appreciate 

all their help during my studies at UNM.  

My heartfelt thanks to Nikhil, his wife, Asmita and his parents for treating me like their own 

family. I don’t remember how many times I used to bother him. Almost everytime without any 

second thought, he agreed to help and guide me.  Last but not the least I would like to thank my 

family for their unconditional love,  and uninterrupted support. I owe a great deal to them for 

standing behind me all my life. Especially my two little nephews, Neil and Krish. They all are the 

constant driving force behind my pursuit of my dreams.  

 

 

 

 

 

 

 

 



 

vii 
 

 

Fault Resilient and Reconfigurable Power Management 
Using Photovoltaic Integrated with CMOS Switches 

 
 
 
 

by 
 
 

                                       Rakeshkumar V Mahto 
 
 

B.E., South Gujarat University, 2005 
 

M.S., Electrical Engineering, California State University, Fullerton, 
2009 

 

Ph.D., Engineering, University of New Mexico (UNM), 2016 
 

ABSTRACT 

A Photovoltaic (PV) cell is a device which converts light incident upon it to electric current. The 

push for green energy due to global warming and diminution of fossil fuels opens up a huge market 

for PV cells. Hence, a lot of interest is being garnered for using PV cells for various applications. 

However, a PV module’s performance degrades due to many anomalies such as failure of 

individual PV cell within a module, the opening of interconnection, a short circuit in the 

connection, failure of bypass diode, failure in voltage regulator or partial shading.  To some extent 

all of these issues can be addressed by introducing a transistor as a switch in a PV module. This 

kind of architecture also enables the PV module to switch between high voltage with low current 

or high current with low voltage. Moreover, such architecture is handy when PV modules are 

deployed at remote locations where manual intervention in the case of fault or power management 

becomes too expensive or impossible. With advancements in semiconductor processing, the 
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MOSFET switches can now be integrated with a PV cell for improved reliability.  In this research 

project, we introduced addressable switches for PV cell that enable the creation of real-time 

reconfigurable power buses or power island. 

 

Moreover, for PV module deployed at a remote location, we have installed  an architecture that let 

the PV module self-detect faulty PV cells or partial shading condition. Such algorithms detect 

faulty PV cells or PV cells under partial shading within the module such that the performance of 

the PV module does not become degraded. The algorithms actively use an embedded computing 

device to predict the output power based on a number of PV cells connected in series and parallel; 

then the computed power is compared with the measured power for faulty condition detection.  

 

Typically, for achieving such kind of computing architecture a single-diode based PV module 

modeling technique is used. However, all of these modeling techniques  have an exponential term 

due to the presence of a diode, the computing of output power and performance of PV module 

becomes power intensive and it is difficult to implement on an embedded system. Also, due to the 

presence of the exponential term, there is no closed form solution for IPV versus VPV (output current 

of PV cell versus output voltage of a PV cell).  We have introduced a PV module modeling using 

an N-channel MOSFET transistor that doesn’t have an exponential term. Moreover, a quadratic 

equation based solution is obtained that can be solved for calculating the load current. Using the 

same technique PV module can be also be modeled for various configuration. Additionally, with 

MOSFET based PV cells modeling enables the modeling CMOS-with-PV which is also presented 

in this work.  
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Chapter 1 

1.  Introduction 

 

Recently solar cells have attracted a lot of attention due to its usage in the renewable energy for a 

clean and green environment. According to an estimate by the International Energy Agency (IEA), 

the cumulative capacity of the PV based power generation will touch 210 GW by 2020 [1].  Newer, 

more efficient and cheaper [2]–[4] ways to fabricate PV cells also have greatly contributed to the 

rise in demand. Additionally, the emergence of the global PV market also contributed heavily to 

the lowering the prices of the PV modules [1]. According to IEA, the prices of cells and module 

fell from USD 4/W in 2008 to USD 0.8/W. It is being estimated in [1] that the by 2035 the prices 

of the PV module will fall to USD 0.4/W. The rising US dollar against other currencies may further 

reduce these costs. Currently, PV cells are widely used to power residential and commercial 

buildings, small satellites, motor vehicles, electronics devices and in many other applications. 

Therefore, it's highly desirable to deploy the PV module based power source for a wide variety of 

diverse applications.  

1.1 Photovoltaic (PV) System 

Photovoltaic (PV) modules are made of solar cells by connecting them in series and parallel 

together to meet the load requirement [5]. To achieving higher voltage at the load terminal more 

PV cells are connected in series as shown in Figure 1. Alternatively, when two PV cells are 

connected in parallel, the total current is doubled keeping the terminal voltage constant. For 

building a PV module, initially all the PV cells are connected in series to achieve the desired 
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terminal voltage; after that configurations with similar numbers more same number of series PV 

cells are connected in parallel to meet the load current requirement. 

 

Fig 1-1 PV cells output current vs output voltage characteristics under various configuration such 
that Ns (Number of PV cells in series) x Np (Number of PV cells in parallel) 

 

However, a physical Photovoltaic (PV) module may suffer from many faults or defects, such as: 

short/open of a connection, physical damage to the cells, bypass diode failure, and others malicious 

[6]. Compared to bypass diode, it is shown that use of MOSFET as a switch with PV cells in the 

module can address most of these issues [7]–[9]. Moreover, for application such as powering of 

drones and CubeSat using photovoltaic module having an autonomous fault detection and 

mitigation is a necessity. Operations at a remote location or within hostile environment make 

human intervention to rectify the faulty condition almost impossible. Additionally, change in the 

lighting condition will also seriously hamper the performance of the load (i.e., under power the 

load). The ultimate goal of this work is to make PV module based power source resilient by making 

them reconfigurable. To make PV module reconfigurable, a CMOS was integrated within the PV 

cells in the module. Similar work is done in the past, however, that work ignored certain key 

opportunites such as the presence of the MOSFET transistor with the PV cells while modelling.  
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1.2 Resilient and Reconfigurable PV Module 

The building of an effective resilient PV module requires three important features: 

(1) an architecture by which the PV module can be reconfigured based on the load  requirement, 

lighting environment and faulty condition; (2) an efficient algorithm that can enable the user to 

detect faulty the PV cells in the array in real-time without degrading the performance of load. But 

only detecting faulty PV cell is not enough since the presence of a faulty cell in the module can 

lead to damaging whole  power source. Therefore, the algorithm should not only detect faulty PV 

cells but also remove  them from the module in real time.  

Since the fault detection and mitigation algorithm presented in this work does a comparative 

analysis between measured and computed power. Hence, an efficient way of modeling the PV 

module becomes very important. Therefore,  the configuration of the PV module will be changing 

in the field depending on the load requirement, and lighting condition. 

 

1.2.1 Contributed towards improving the previous proposed 

reconfigurable PV module. 

The previously proposed MOSFET based reconfigurable photovoltaic (PV) based module’s 

performance deteriorate due to the body connection of MOSFET switches was not connected 

properly. Consequently, the PV cells in a module will never turns-OFF and which leads to lowering 

of the performance of PV module. Moreover, for turning-OFF N-channel MOSFET transistor in 

the PV module, a new kind of switching architecture was required, which we will be presenting in 

this report. In addition, the newly proposed SerDes architecture can reconfigure whole PV cell 

array three times faster. Only one MOSFET switch can be turned on/off at a time in the previous 
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architecture, whereas with the new architecture the three different kinds of switches can be turn 

on/off simultaneously. Hence, the whole reconfigurable PV module can be reconfigured three 

times faster than the previously presented reconfigurable PV module.  

 

1.2.2 Contribution in building autonomous fault and partial shading 

detection algorithms 

An FPGA-based feedback enables self-fault detection and mitigation is presented in this report.  

For usage of such architecture at remote locations, a fault detection and mitigation algorithm is 

being presented. The algorithm performs a comparative analysis between the measured power and 

the expected result for fault detection and accordingly initiate a fault mitigation algorithm.  

 

1.2.3 Contribution in developing MOSFET based Photovoltaic (PV) 

modelling and characterization 

Currently, the easiet and most popular technique used to model PV cells is single diode based 

model. Compared to other PV cell modelling techniques such as single-diode, double-diode or 

three-diode based PV cell, that are widely being used by researchers, the technique described in 

this report gives a closed-form solution. Unlike diode based PV-cell modelling, where an iteration 

technique is used for the IPV versus VPV characterization, the technique presented in this paper 

gives IPV= f(VPV, T, G, Ns, Np). Additionally, due to quadratic nature of the mathematical model 

presented in this work, the model can be easily implemented on an embedded system for a fault 

detection and mitigation system. Furthermore, with recent advancements in PV manufacturing, 
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where a monolithic MOSFET is embedded with a PV cell, such a modelling technique is very 

useful for characterization. 

1.3 Organization of Dissertation 

The rest of this dissertation is organized as follows. Chapter 2 describes the related work such as 

different kind of fault that occurs in the PV modules and techniques used to mitigate them.    

Chapter 3 talks about the different PV cells and module modelling techniques. Chapter 4 addresses 

the issues in the previously proposed CMOS with PV module. Since the older technique is slow in 

reconfiguring whole PV module and has a major flaw in the way MOSFET switches were 

connected. In addition, Chapter 4 discusses the partial shading detection and mitigation algorithm. 

In the end Chapter 5, summarized the work so far and suggestions for future work. 

 

 

 

 

 

 

 

 

 

 

Chapter 2. 
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2. Background 

 

The output power of the PV module depends on many factors but the two most important of these 

is solar irradiance and temperature. However, there are some other factors also which may reduce 

the power output of the PV modules or reduce the module’s life expectancy. These are a) losses 

due to mismatch/partial shading between solar cells in the modules, b) temperature of the PV cells 

in modules and c) failure in the PV modules [10]. 

2.1 Different Kinds of Faults PV Modules 

2.1.1 Effects of mismatch and shading 

If all the PV cells in the modules are operating at the same temperature with identical electrical 

characteristics and all of them receive the same solar irradiance, then all the cells should operate 

at the exactly same voltage and current. 

The equation for the module is given by 

0 1

TVq
S

nKT

T LI P I P I e

 
 
 
 
 
 

 
 
      
 
 
     

(2.1) 

where: 

S is the number of cells in series 

P is the number of cells in parallel 

𝐼𝑇 is the total current from the circuit 

𝑉𝑇 is the total voltage from the circuit 

𝐼0 is the saturation current from a single solar cell 
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𝐼𝐿 is the short-circuit current from a single solar cell 

N is the ideality factor from a single solar cell 

T is the temperature 

q is the charge 

In ideal condition, the I-V curve of identical PV cells for the total short circuit current and open 

load voltage is given by 

.SCtotal SCI P I   (2.2) 

.OC total OCV S V   (2.3) 

 

 

Fig 2-1 A PV Module of 36 PV cells connected in series 

 

The above equation states the total short circuit current across the PV module is given by the short 

circuit current of individual PV cells times the number of cells connected in parallel. Similarly, for 

the open load voltage at the terminal of the PV module will be equal to the number of PV cells 

connected in series times the open load voltage of individual PV cell. 
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 But in reality, due to mismatches caused by the interconnection of PV cells or modules not having 

same electrical characteristics or facing different operating condition (such as shading) might 

result in power loss or irreversible damage to the cells due to hot spot. 

2.1.1.1 Effect of series mismatch 

In a series mismatch, one of the PV cells in the array is either operating under the shade or electrical 

parameters of one or more cells doesn’t match with the rest of the cells in series. Under such 

condition, the total current flowing through the series PV cells will be equal to the current of the 

shaded or damaged cells as shown in Fig 2-2. As per Fig 2-3, the short circuit current is driven by 

the current of the damaged PV cell which is ISC2. The rest of the current from the “good” PV cell 

will be forced to flow through the diode which leads to forward biasing of the diode. 

 

Fig 2-2 Equivalent circuit for mismatched PV cells operating under short circuit condition 

As shown in Fig 2-3, the open circuit voltage is slightly affected due to mismatch due to 

logarithmic relationship between open circuit voltage with respect to the short circuit current as 

can be seen in Fig 2-3. This kind of the mismatch is very common and considered to be most 

critical as it can lead to lowering of load current. The forward biasing across all the damaged or 

shaded PV cells in series cause a large power dissipation within the damaged cells. This power 
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dissipation over small area results in local overheating or “hot-spots”.  This hotspot may lead to 

unrepairable damage to the PV cells. In the plot shown in Fig 2-3, a reduction in short circuit 

current density across the damaged cell by 20% resulted in the reduction of the short circuit current 

across the series by 20%. 

 

Fig 2-3 Effect of current mismatch in series 

 

 2.1.1.2 Effect of Parallel mismatch 

For increasing the current through the load more PV cells are connected in parallel. Even though 

current coming from each PV cell in parallel are different due to mismatch but then also the short 

circuit current will be equal to summation of the short circuit current of all the PV cells in parallel. 

But mismatch will affect the open circuit voltage across the positive and negative terminal of PV 

module as shown in Fig 2-5.   
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Fig 2-4 Mismatched cells due to shading are connected in parallel 

 

Fig 2-5 Effect of mismatch in the PV cells connected in parallel 

 

2.1.2 Effect of temperature 

Enclosing of the PV cells in the PV module leads to the reduction of heat flow out of the module. 

These results in a gradual increase in the temperature across the PV cells within the module. The 

increase in the junction temperature across in PV cells results in a reduction of the voltage across 

PV module. Reduction in the voltage across PV module results in lowering the output power. The 

general equation for estimating the voltage of a given material at a given temperature is given by 
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where, 

𝑉𝑂𝐶,𝑎𝑚𝑏𝑖𝑒𝑛𝑡 = open circuit voltage at module temperature, V 

𝑇𝑆𝑇𝐶 = temperature at standard test condition (STC) , 25 ℃ 

𝑇𝑎𝑚𝑏𝑖𝑒𝑛𝑡 = module temperature 

𝑉𝑂𝐶 𝑟𝑎𝑡𝑒𝑑 = open circuit voltage at STC 

 

2.1.3 Failure in a PV module 

For various applications of the PV cell module failure in the module can create hindrance to the 

power availability from the module. These faults in the PV modules might result in a reduction in 

power generation, availability, and reliability of the overall system. For some application like 

CubeSat or satellite, replacing of PV cells in case of failure becomes almost impossible. So it is 

important to identify the faulty or failure conditions in PV modules (and perhaps remotely repair 

them). These failures can happen due to: i) individual PV cell failure, ii) opening of 

interconnection, iii) short circuit in the connection and iv) failure in the voltage regulator. 

 

2.1.3.1 Individual Cell failure 

Due to hostile environmental factors such as snowfall, rain, wind and other factors (i.e., vandalism) 

might result in breaking of PV cells which can seriously damage the performance of PV cells. 

These conditions can also lead to failure of the entire panel. The breaking of the top glass surface 

also to some extent can also lead to lowering of the power generation. Glass cracking can also 

 ,OC ambient STC ambient OC ratedV Temperature Coefficient T T V      (4) 
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happen as a result of  hot spot creating due to the presence of one of more mismatched PV cells in 

series with “good” one.  

 

2.1.3.2 Opening of Interconnection 

Even such as aging and corrosion of conductor, melting of solder due to hot spots, poor connection, 

and accidental disconnection of current carrying conductors, can lead to the opening of current 

carrying path in series with the load. Opening interconnection of parallel PV cell can lead to the 

lowering in load current. The opening of interconnection can also lead to total failure of PV panel! 

 

2.1.3.3 Short circuit in the connection 

Short circuit of the connection can result from insulation degradation due to weather which can 

lead to delamination, cracking or electrochemical corrosion [10].  

 

2.1.3.4 Failure in the voltage regulator 

A block diagram a simple PV module based power generation and distribution is shown in Fig 2-6. 

Failure of the voltage regulator as a consequence of electrical and/or mechanical abnormalities can 

lead to failure of whole PV panel. Also, voltage regulator performance or settings are 

predetermined at the time of circuit design so efforts to make the PV panel operate at Maximum 

power point (MPP) after the fact is almost impossible.   
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Fig 2-6 A basic block diagram of a photovoltaic cell array based power generation system 

 

2.1.3.5 Failure in the bypass diode 

Bypass diode plays a very important role in safeguarding PV cells connected in parallel to them. 

In case of partial shading or faulty condition in PV cells the reversed biased  diode becomes 

forward biased. Therefore, the bypass diode now bypasses the current through them. Moreover, a 

bypass diode gives protection to PV cells in case of series arc generation in a PV module [11]. 

However, a bypass diode can result in a significantly reduction in the performance of a PV module. 

The bypass diode failure can be described in two separate modes: short circuit or open circuit of 

bypass diode [12]. A short circuit failure of bypass diode can result in bypassing of healthy PV 

cells in the module. This can result in seriously affecting the performance of PV module, such that 

a failure of one bypass diode in a module that consists of 60 cells module can result in almost a 

1/3rd loss in power [12].  
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2.2 Previously Used Fault Mitigation Techniques in PV modules 

Among all the faulty situation discussed in the previous section, the mismatch in the series 

connection and partial shading are the most severe. As these can lead to permanent damage of the 

module and also may result in a fire hazard. The effect of the hotspot can be reduced by employing 

bypass diodes. Recently, instead of using a static technique for bypassing the faulty PV cells using 

bypass diode, a MOSFET transistor is used [7]. Higher scalability of MOSFET  results in these 

MOSFETS being more easily be integrated with PV cells. Moreover, unlike bypass diode, 

MOSFET with PV cells provides a dynamic solution to faulty conditions since they provide direct 

access to each PV cells in the array.  

2.2.1 Bypass Diode with PV 

It was first shown in [13] that using a bypass diode across a group of four PV cells connected in 

series will improve the efficiency of the overall PV module as shown in Fig 2-7. The bypass diodes 

(most of the time) are reversed biased until the PV cells connected across them are operating 

normally. Once one or more PV cells connected across the bypass diode are not performing up to 

the mark due to a fault or partial shading this leads to lowering of the voltage across the four PV 

cells connected across the bypass diode. Under these faulty conditions, the bypass diode will 

become forward biased which leads to the bypassing of current through the bypass diode and 

opening of the PV cells connected across the bypass diode. 
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Fig 2-7 Bypass diode connected in parallel across four PV cells 

Later, in [14]– [17] it was shown the effect of using bypass diode in reducing the effect of partial 

shading on PV module which, if ignored, then results in the reversed biasing of PV cell in a 

module. Many studies have shown the effectiveness of pass diode in successfully mitigating the 

hot-spot in PV module[12]–[15].  

2.2.3 MOSFET Transistor with PV 

Though the bypass diode does a good job in rectifying the series mismatch, partial shading, and 

hotspot conditions, many times with faulty PV cells, healthy PV cells also get bypassed. 

Additionally, the bypass diode in a PV module can also fail. The bypass diode in the module can 
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either become shorted or open circuited [12], [16]. A short circuit of the bypass diode will lead to 

four PV cells in the PV module being removed permanently. Whereas, an open circuited bypass 

diode can lead to hot spot creation.  A more efficient way of dealing with partial shading is by using 

MOSFET switches as shown in [7], [9], [17]–[19].  

The MOSFET based PV module presented in [7], [19] is shown in Fig 2-8.  As can be seen in 

Fig 2-8, each of the PV cells are connected with MOSFET switches except the last one. Each of the 

PV cells is connected with two kinds of switches, P-switch and S-switch. The top of the PV cell is 

integrated with SPT,i P-switch, and the bottom is integrated with SPB,i P- switch and S-switch, SS,i. 

 

Fig 2-8 The reconfigurable MOSFET based PV module. 

The PV module can be switched to different configurations  by controlling the gate voltage at a 

given switch. The MOSFET switch circuit is shown in Fig 2-9. At a given time the P-switch and S-

switch should be operating in different states otherwise; it might result in uncertainty in the number 

of PV cells connected in series or parallel. 
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Fig 2-9 The switch circuit 

An example, is shown in Fig 2-10, shows that the two separate groups of PV cells can be 

connected together by using the P-switch and S-switch.  

 

Fig 2-10 An example to elaborate the reconfigurable PV module 
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In the PV group 1, four PV cells are connected in parallel, whereas, in PV group 2, three of them 

are connected in parallel. Later by the S-switch the PV group 1 and PV group 2 are connected in 

series.  

The use of MOSFET switches with the PV module also facilitates in creation reconfigurable 

power buses or power island  as presented in [9], [17]. Additionally, this kind of technique is very 

handy for applications such as satellite and drones where power distribution and management needs 

to be resilient due to remoteness, thereby being non-serviceability. 

The concept of using MOSFET transistor with PV module to address the partial shading is 

presented in [20]. 

 

2.3 Summary 

In this chapter, we discussed the different issues or faulty condition faced by the 

photovoltaics modules in the field. Later, the techniques were described which can help in 

mitigating some of the issues. A bypass diode with PV and MOSFET integrated PV were 

explained. The benefit and shortcoming of each of them were argued.   
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Chapter 3. 

3. Photovoltaics (PV) Module Modeling and 

Characterization 

3.1 Background 

For furthering the research in PV modules it is very important to have an approximate method to 

model them. In this manner pros and cons of the design can be tested before deploying the PV 

module based system in the field. In last decade, many mathematical models for PV cells 

simulation and modeling techniques is being proposed [21]–[31]. The primary aim of an accurate 

mathematical model of a PV panel, module, or cell is to optimize the design and dimensioning of 

PV to maximize their power generation capability. Existing PV cell models can mainly can be 

classified into three categories mainly, single diode, double diode, and three diodes. However, due 

to the presence of the diode in the modelling technique, for calculating the current across the diode, 

an exponential function of the voltage across the diode comes in picture. Therefore, finding a 

closed-form solution of the current through of a PV module, IPV, becomes very difficult. To address 

this issue, either curve fitting, iterative method or approximation technique is being used. Instead, 

in this chapter, we are modelling the PV module by having N-channel MOSFET (NMOS) based 

modeled PV cells. Using of NMOS based modelled gives a closed form of IPV as a function of 

VPV, operating temperature T, and irradiation G. Moreover, this approach results in the output 

current of a PV module in terms of Vpv, Ns number of PV cells connected in series, Np numbers 

of PV cells in parallel operating temperature T, and irradiation G. 
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3.1.1 Single diode based PV cells modeling 

The simplest method used to model a PV cell is by using single diode method as shown in Fig 

3-2. The current across the load, IPV is given by Eqn. (5), 

PV PV S
PV DPh

P

V I RI I I R
 
 
 
 

 
    

(5) 
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 
 
 
 
 

   (6) 

ph d
STC

GI IG   (7) 

 

The symbols used in Eqns. (6), (5), and (7) are summarized as follows: Iph is the photon current; 

ID is current across the diode and is given by (6); Vpv voltage across the load; Rs is the internal 

series resistance of PV cell; Rp is the internal shunt resistance of a PV cell; Is is the diode saturation 

current;  Vt is the thermal voltage which is equal to 26mV, A is diode quality factor, G is solar 

irradiation; GSTC is solar irradiation at standard testing condition which is equal to 1000 W/m2, Id 

is the dark current.  

 

Fig 3-1Single diode based PV model 
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3.1.2 Double diode based PV cell modeling 

To obtain better accuracy and better curve fitting between measured data with the simulation 

data for modelling the PV cells two diodes based PV cells was proposed in [26]. Subsequently, it 

was developed further in   [22], [32].  

 

Fig 3-2Two-diode based PV cells modeling 
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3.1.3 Three diodes based PV cell modeling 

For modelling mutlicrystalline silicon (Mc-Si) solar cells a 3-diode based equivalent circuit 

model was proposed in [33].  The equivalent PV cell model is shown in Fig 3-3. 

 

Fig 3-3 Equivalent PV cell modeling using 3-diode 

1 2 3PV PPh d d dI I I I I I       (12) 

The equation can be solved further to get the output current, IPV. 

3.1.4 PV Array modeling from single PV cells 

The entire PV module can be modelled with a single PV cell such the output power depends on 

the number of the PV cells connected in series and parallel in the module [26]. To use this 

technique for construction of the mathematical model, it is assumed all the PV cells in the array 

are the same and there is no process variation. Additionally, it is also assumed that all the PV cells 

are receiving same the irradiation and are operating at the same temperature. To explain the array 

decomposition, consider an array consist of 3 x 2 PV cells as shown in Fig 3-4. The final output 

current and voltage of the PV module can be modelled similar to the done for the single diode 
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based PV cell. 

 

Fig 3-4 PV array decomposition to form a composite model 

𝐼𝑃𝑉 = 2 [𝐼𝑃ℎ − 𝐼𝑆 (𝑒

[
𝑉𝑃𝑉

3
+
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𝑅𝑆]

𝐴∙𝑉𝑡 − 1) −
[
𝑉𝑃𝑉

3 +
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𝑅𝑃
] (13) 

 

To make a generalized equation, the 2 can be replaced with NP, the number of PV cells in parallel. 

Likewise, 3 can be replaced with NS, the number of PV cells in series. 
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3.1.5 Iterative technique for modeling PV module 

Due to the presence of the exponential term in the output current and voltage across the PV module 

modeling becomes more difficult. Therefore, in past decade many SPICE based PV module 

modeling technique are being presented [34]–[40]. However, employing a numerical modeling 

technique to model PV module is much better approach since it doesn’t require a specialized 

SPICE simulator.  

To model PV module, an iterative technique is presented in [25]. This PV array’s model circuit is 

shown in Fig 3-5 

 

Fig 3-5 PV array model circuit with a controlled current source and equation computation block 

In this technique for calculating the output current value, previously calculated output current 

value is substituted in the present output current equation. The technique is presented is much 

easier to solve and implement. However, if the step size of the VPV iteration is not small enough 

then incorrect results can be produced. 

 



 

25 
 

3.1.6 Approximation technique for PV module modeling 

Besides using the iterative technique, other easier approximation technique for modelling the PV 

module are presented in [41]–[43].  The models [41]–[43] utilizes the Taylor series expansion to 

eliminate quadratic and higher order term from the current-voltage (I-V) modeling.  The equation 

for the current through the diode in the single diode based PV module modeling technique has an 

exponential term. This exponential term is simplified by using the Taylor series expansion to linear 

term only.  

 

Fig 3-6 1-diode PV cell modeling 

As its presented in previous topic output current equation is given as  

1 PV PV S
PV SPh

P

PV PV S
t

V I R
A V V I RI I I Re
 



 
   
   

     
 

 
  

 

(14) 

The diode current ID can be approximated by Taylor series expansion  

1D S

PV PV S
t

V I R
A VI I e
 



 
 
 
 
 
 



 

(15) 



 

26 
 

𝑒𝑧 ≈ 1 + 𝑧 +
1

2!
𝑧2 +

1

3!
𝑧2 (16) 

Using Taylor expansion series an easily solvable output current IPV equation in terms of VPV can 

be obtained. 

3.2 MOSFET based PV cell modeling 

As discussed in the previous section, the presence of the exponential term makes it essentially 

impossible to obtained a closed form solution. A MOSFET based PV module modeling technique 

is presented in [44]. A similar modelling technique is presented in [29], [45]. But, this kind of 

modelling is not suitable when the configuration of the PV module is changing in the field  

application[7], [9], [17], [18], [46], [47]. Therefore, the building of a PV module model from a 

single NMOS based PV cell model is desirable. 

3.2.1 PV cell modeling 

For building the new N-channel MOSFET (NMOS) based PV cell model, the diode in Fig 3-6 

Error! Reference source not found.can be replaced with a MOSFET in “diode configuration” 

[48] as shown in Fig 3-7. In this work we will be using ON-Semi 0.5 um technology node, though, 

other semiconductor manufacturing technology node can also be used. However, in the ON-Semi 

0.5um technology node, the threshold voltage, Vtho of NMOS transistor is equal to 0.7V. This 

means just having an NMOS with drain and gate shorted alone will not be sufficient for modeling 

a PV cell since the open load voltage, VOP of a single PV cell is between 0.5 to 0.55V, whereas 

the threshold voltage of NMOS is 0.7V. Therefore, the current across a load of PV cells, going 

from the Iph to the zero will not happen since the NMOS transistor will never turn-ON for any 

given voltage less than the threshold voltage. To address this issue, a negative voltage, Vn, should 

be applied between source and body/substrate terminal of NMOS.  
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Fig 3-7  N-Channel MOSFET based PV cell model 

 

The effect of applying negative voltage on threshold voltage, Vth is best explained by equation 

below: 

 2 2nF Fth thOV V V     
 

(17) 

where, Vtho is the threshold voltage when source and body are at the same potential, γ is the 

body effect coefficient parameter that is dependent on the technology, ΦF is the Fermi potential 

and Vn is the voltage between the source and body terminal. 

Once the diode is replaced by an N-channel MOSFET operating in the saturation region, the 

current across the load is given by: 
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In Eqns. (18), (19) and (20), IM is the current through the N-channel MOSFET;  Kn is the process 

transconductance parameter, W is the width of the channel in µm; L is the length of the channel in 

µm, Vds is voltage between drain and source terminal of N-channel MOSFET; Vth is the threshold 

voltage of the N-channel MOSFET, λ is channel length modulation effect, Vn is the voltage source 

connected to source terminal to lowering the Vth of N-channel MOSFET. For characteristics of the 

PV cell model shown in Fig 3-1, and  Fig 3-7 to be equal, the Eqns. (6) and (19) have to be equal. 

Equating and solving  for the W/L term we get, 
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For obtaining  IPV vs VPV curve, all the known values  have to be substituted in Eqn. 4  
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Eqn. 9 is only valid if Vds >Vth ,otherwise, output current , IPV,  can be calculated by considering 

current IM =0 in equation (18) which is given below 
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3.2.2 MOSFET based PV module modeling  

The scheme for building the module level characteristics from a  single N-channel MOSFET 

based PV cell is shown in Fig 3-8.  A PV cell model is such that if they are connected in an array 

then mathematically they can be treated as a single PV cell as shown in Fig 3-8 for NS(number of 

cells in series) x NP (number of cells in parallel). To illustrate the cell decomposition we are 

assuming NS x NP = 3 x 2 cells. Firstly, in row decomposition the series PV cells are converted 

into equivalent PV cells. Later, using column decomposition, parallel PV cells can be translated 

into the equivalent circuit. The current IPV  across the NS x NP PV cell module is given by, 

 

 

 

 

Fig 3-8 Cell decomposition to form a simple model to predict output voltage and current of a PV 
module of configuration Ns x Np = 3 x 2 
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The channel length modulation effect, λ is ignored in Eqn. 24. In Eqns. 23, 25 it is assumed that 

all  PV cells are identical in the module and are operating at the same temperature and receiving 

the same intensity of light. 

3.2.3 Comparison between SPICE model with hand calculation  

We compared the SPICE simulation of the PV module containing 1-diode based PV cells, N-

channel MOSFET based PV cells, with the mathematical model presented in this paper for 

different Ns x Np as shown in Fig. 3. In the IPV vs VPV  characteristic curve, the solar irradiance, G 

is assumed to be of 1000 W/m2 when the temperature, T= 25 °C.    

 

Fig 3-9I-V curve comparison between spice simulations with N-Channel MOSFET vs single 
diode PV module vs hand calculation 
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3.3 Summary 

In this chapter, a various technique for modeling PV cells and the modules is presented. Each of 

them was discussed briefly. Later, an N-channel MOSFET based PV module modelling using cell 

decomposition technique from individual PV cells was described. It was also shown that the 

MOSFET based PV module modeling technique yield a more simply calculated closed form 

solution for the IPV vs VPV curve which was not possible with the single, double or three diode PV 

cell models. The comparative analysis between SPICE simulation and a mathematical model was 

also presented. 
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Chapter 4. 

4. Autonomous Fault Detection Architecture and 

Algorithms 

 

4.1 Background 

     For space applications, the power distribution, and management of a Cubesat or Smallsat need 

sto be resilient considering non-serviceability and hostile environment in space. A battery based 

power system will have lower power to weight ratio whereas chemical/nuclear power will be very 

unstable, unsuitable, and dangerous. It was shown that, for a micro autonomous aerial system, 

InAs DWELL QD-based thin film photovoltaic cells are more efficient in powering Cubesat or 

Smallsat due to their better power to weight ratio[49]. Generally, most of the photovoltaic cell 

based power generation and distribution system are predetermined at the time of design. A failure 

due to overexposure to radiations in space will be a hindrance in functionality and lifespan of the 

device. At remote locations such as space, manual intervention in the case of fault or power 

management becomes too expensive or impossible. All of these issues can be addressed by 

introducing a transistor as a switch in a PV module[7], [9], [17], [18]. This kind of architecture 

also enables the PV module to switch between high voltage with low current or high current with 

low voltage. With advancements in semiconductor processing, the MOSFET switches can now be 

integrated into a PV cell for enhanced reliability[50]. 

However, while characterizing CMOS with PV cells, we found out that when a single MOSFET 

is connected with multiple PV cells in series, then the body connection, as well as the voltage 
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across the gate terminal with respect to the source terminal of the MOSFET, becomes very 

important. If proper care is not taken, then the transistor continues to stay ON even when the user 

wishes it to be OFF, resulting in degradation in performance of the PV module. In this chapter, we 

are proposing a new architecture that addresses this issue and also present our findings.  

4.1 MOSFET based embedded PV modules 

A switching system based PV matrix enables PV cells in the panel to be connect in series and/or 

parallel that creates real-time reconfigurable power buses or a power island. This series and parallel 

connection enables the PV panel to power the load under varying lighting condition by connecting 

more cells in series to maintain the load current without reducing the load voltage further. Whereas 

in the case of failure in 1 or 2 PV cells in the array, those cells can be removed in real time by 

reconfiguring the PV cells without degrading the performance of the system. 

 

Fig 4-1 Reconfigurable solar cells using MOSFET switches 
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To illustrate the use of the MOSFET transistor for making the solar cell reconfigurable, let 

us take a simple example as shown in Fig 4-2. In this structure, the N-switches are N-

channel MOSFETs, which connects the PV cells to the ground, whereas the P-switches are 

P-channel MOSFETs that connect the PV cells to the positive terminal of the bus or with 

the load. The T-switch shown in Fig 4-2 is a transmission gate which lets two or more PV 

cells connect in series if it turns ON. 

 

Fig 4-2 A set of PV cells connected to MOSFET switches 

These three switches can be active by applying an appropriate voltage to the gate terminal which 

is presented in Table I. 

Table I Condition for turning-ON or turning -OFF switches 

Switch ON OFF 

N-Switch High Low 

P-Switch Low High 

T-Switch High Low 

 

Now consider a scenario such that the gate voltage V1 in Fig 4-2 is high. This will result in 

turning-ON of the N-Switch and P-Switch as per the Table I. Since T-Switch is OFF, the 

two PV cells will be connected in parallel. Now let’s assume the gate voltage V1 is low; 
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this make the T-Switch to turn-ON but, at the same time, N-Switch and P-Switch will be 

OFF. This configuration will make the two PV cells connected in series.  

4.1.1 Addressable switches for PV module by using SerDes 

Each of the P-switches, N-switches, and T-switches are controlled by an Addressable Power 

Switch (APS) that includes a deseralizer, address decoder, and a control circuit. All of the 

APS are connected to a common clock, reset, and serial data. The PV panel structure with 

the APS is shown in Fig 4-3. The data packet consists of an address of the selected switch 

and 1-bit on/off signal for the N-switch, P-switch, and T-switch. The width of the address 

field is dependent on the number of PV cell in a module. Having common data signal 

connecting to each of the PV cells makes it easier to integrate CMOS-on-PV with a PV 

module. 

 

Fig 4-3 Addressable Power Switch with SERDES 
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4.1.2 Hardware implementation of MOSFET switches and SerDes 

4.1.2.1 Layout 

To test the concept of the MOSFET based PV cells shown in Fig 4-4 a) a prototype IC was built 

in ON-Semi 0.5um technology node using L-edit tools by Tanner Tools. The IC had an 

Addressable power Switch (APS), N-type MOSFET,  P-type MOSFET, and  a transmission gate. 

a) b)  

Fig 4-4 Prototype chip a) die photograph b) layout 

4.4.2.2 Simulation result 

 

Fig 4-5 Input voltages at the different switches 
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Fig 4-6 Output voltage and current at various switching states 

 

4.1.3 Test setup and experiment result 

4.1.3.1 Experiment result of testing SerDes circuit  

The test results of the SerDes circuit is shown in Fig 4-7. To test the SerDes circuit, the control 

signals such as clock, bit sequence, and reset are generated from an FPGA board. Once the digital 

address of the switch matches the bit sequence received by the SerDes circuit a pulse is generated 

as can be seen in Fig 4-7 on probe no 1. This pulse then let the input signal at node 𝐷4 in  Fig 4-3 

passed to the transmission gate that either turns it ON or OFF. The probe no 2 and 3 shown in the 

Fig 4-7Error! Reference source not found. are the input signal at node 𝐷5 and 𝐷0 respectively. 
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Fig 4-7 SerDes circuit test result 

4.1.3.2 Reconfigurable PV module Test setup 

In order to evaluate the influence of switches with solar cells at three 3 different voltages, 4.5V, 

3.0V and 1.5V we measured the three set of 1.5V PV cells with and without the switches by 

connecting a variable resistor as load. For the load to operate at various voltages the input at the 

gate terminal of all the switches is shown in Table II. Table III shows which switches are turned-

on or off the PV cells to connect in series or parallel. The “ON” or “1” in Table III means the 

transistor is operating in the linear/triode region whereas “OFF” or “0” means in cut-off region.   

Table II Input signal at gate signal of the transistor 

Voltage S1N S1P S2 S3N S3P S4 

4.5V 0 0 1 0 0 1 

3.0V 0 1 1 1 1 1 

1.5V 1 1 0 1 1 0 
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Table III Control Table 

Voltage S1N S1P S2 S3N S3P S4 

4.5V Off On Off Off On Off 

3.0V Off On Off On Off On 

1.5V On Off On On Off On 

 

We measured open load and short current of 3 sets 1.5V PV connected in series with and without 

the switches. For 4.5V measurements with switches first of all the S1N, S2, S3N, S4 are turned 

OFF whereas the S1P, S3P have turned ON then the switch SW was turned so that the load can be 

connected with PV cells. The load resistor is varied then accordingly current and the voltage across 

the load is measured which is shown in Fig 4-8 a). 

 

a)  
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b)  

 

c)  

Fig 4-8 The reconfigurable PV cells a) block diagram b) switches S1 and S2 c) complementary 
switches S1N/S1P and S3N/S3P 

 

4.1.3.3 Current vs Voltage characterization of PV cells with and without switches 

As can be seen in Fig 4-9 the maximum current obtained with the switch is 0.42A. Because of the 

space constraints, the W/L of the P-Channel and N-Channel MOSFET’s were made to support a 

small current.  

 

 

a) b) 

Fig 4-9 I-V characteristics with switches a) Three PV cells in series b) three PV cells in parallel 
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4.2 Effect of the body current 

In our previous work [17], we proposed a reconfigurable photovoltaic module for micro 

autonomous drones using addressable CMOS transistor, Addressable Programmable Switch (APS) 

is shown in Fig 4-10.  

 

Fig 4-10 MOSFET based reconfigurable PV cells 

 

As seen in Fig 4-10, the body of N-channel MOSFET (NMOS) based switch is connected to 

ground, whereas the body of the P-channel based MOSFET (PMOS) is connected to the load 

terminal. When the MOSFET is connected to an individual PV cell, then the system is able to 

create the desired power island since the voltage of the PV cell is less than the forward bias voltage 

of the diode. However, when more than one PV cell is connected in series to an individual NMOS 

or PMOS, the transistor does not turn-OFF even after applying an appropriate voltage to the gate 

terminal, as shown in Fig 4-11b). In a MOSFET, the current usually flows through the channel 

created under the gate terminal, once the appropriate voltage is applied to the gate terminal. In the 

case of an N-channel transistor, no current flows when the voltage at the gate terminal is low or is 

connected to the ground terminal. However, as can be seen in Fig 4-11, even when the gate terminal 

is connected to ground, the current is still flowing through the body and source terminal due to the 
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forward biasing of the P and N+ substrates diode. Hence, it is very important to take into account 

the body connection when more than one PV cell are connected in series to an individual 

MOSFET. To resolve this issue, the cathode terminal of PV cell connected with body of NMOS 

whereas the body of PMOS should be connected to the anode terminal of the PV cell. 

a)  

b)  

Fig 4-11 a) NMOS transistor when gate voltage is high or Vdd b) N-channel MOSFET when 
gate voltage is low or ground 

4.3 Autonomous fault detection and mitigation architecture 

The overall architecture for partial shading and complete shading detection and mitigation is 

shown in Fig 4-12. The PV module given in Fig 4-12is the same reconfigurable PV module which 

was shown in Fig 4-10. For simplicity, we are using a resistive load, Rload. Additional resistors of 

RSh=0.2 Ω are connected in series with the load, resistance and acts as a current sensor to track the 

load current. The Rsh is also connected to the differential input of an operational amplifier based 
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buffer. The output of the buffer is fed to an analog-to-digital converter. The analog-to-digital 

converter converts the voltage across the Rsh to a 14-bit digital value, VAD, which is later compared 

with the expected voltage value by using (3) and based on the Np×Ns configuration of the PV 

module. If 14-bit signal VAD is less than expected value of, Vpv, then the corrective data packet is 

sent serially to the PV module, along with the clock and reset signals. 

 o pv shV I R   (29) 

  2
pv pv pv pv sh loadPower P I V I R R       (30) 

 

Fig 4-12 FPGA based feedback enable reconfigurable PV module for fault detection 

 

4.4 Modified CMOS-on-PV based switches 

However, switching the body connection to stop unwanted current flowing through the body 

creates an issue with NMOS of the PV cell. Even when the gate terminal of NMOS is connected 

to ground potential, the transistor continues to stay in the ON state. To illustrate this behavior, let's 

us consider  an example as shown in Fig 4-13a).  
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a)  b)  

Fig 4-13 a) N-Channel MOSFET connected in series with PV cell b) Spice simulation 

 

Suppose, the PV cell has an open load voltage of 1.5V. Further, the threshold voltage, Vth of the 

NMOS is 0.9 V. The gate terminal of the NMOS is grounded.  The voltage between the gate and 

the source terminal of the NMOS is given by: 

0 ( 1.5 ) 1.5Vgs Vg Vs V V V       

  

Since Vgs > Vth (0.9 V), the transistor will continue to stay ON even though the gate terminal 

is grounded. This can also be verified using SPICE simulation as shown in  Fig 4-13 b).  To turn 

OFF the transistor, a negative voltage must be applied to the gate terminal.  

Now, let us assume a voltage of -1.5V is applied to the gate terminal; under this condition, Vgs 

is given by: 

1.5 ( 1.5 ) 0Vgs Vg Vs V V V        

  Now, since Vgs < Vt, the transistor is turned OFF.  

Taking into account the aforementioned phenomenon, to turn ON/OFF a PMOS, gate voltages of 

ground/VDD should be applied at the gate terminal respectively. Similarly, for an NMOS, a gate 

voltage of VDD or ground/ -VSS should be applied to turn it ON/OFF respectively. The PV module 
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is controlled by an FPGA that emits a digital signal, data sequence, clock and reset as shown in 

Fig 4-12. Hence, the architecture presented in Fig 4-10  will not work with the feedback 

architecture presented in [9], [18], since the NMOS can be turned OFF only when a negative 

voltage is applied to the gate terminal. Hence, the n-channel MOSFET will always be ON. The P-

channel MOSFET, however, can be turned ON/OFF by the digital signal “0” (0 V) or “1” (Vdd). 

To resolve the above issue with NMOS, a modified PV module is proposed [51], as shown in 

Fig 4-14. The new architecture uses three different kinds of switches: P-switch or PMOS, N-switch 

or NMOS, and T-switch or transmission gate. A group of N-switches, P-switches, and T-switches 

have their own digital address which can only be activated by a SerDes circuit as shown in Fig 

4-14 d). Compared to older schemes, this new SerDes circuit lets the user control all the three 

switches, T-Switch, N-Switch and P-Switch simultaneously. Further, the   user can reconfigure the 

entire PV module three times faster. In the new scheme, the FPGA will send the data sequence, 

clock, reset, Vdd, and -Vss signals to the reconfigurable PV module.  
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a) 
b)  

 

c)  

 

 

 

 

d)  

Fig 4-14 a) Reconfigurable PV cells b) N-Switch and P-Switch c) T-Switch d) SerDes Circuit 
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Fig 4-15 Reconfigurable addressable CMOS-on-PV based PV module 

 

4.5 Partial and complete shading detection algorithm 

The important part of the algorithm is to distinguish between the faulty condition and partial or 

complete shading; the faulty PV cells can then be removed from the module permanently and the 

cells that are under partial lighting condition can be either removed or the entire module will be 

reconfigured temporarily for alleviating the effects of complete shading on the performance of PV 

module.  The algorithm is presented in this section is for the PV module shown in Fig 4-15. The 

partial or complete shading detection algorithm start scanning when the Pmeasured is not equal to the 

Pexpected as shown in Fig 4-16. Once the Pmeasured goes outside the upper or lower bound, then the 
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FPGA board starts sending the data packet to the reconfigurable PV module so that affected PV 

cells can be detected and corrective action is taken. 

 

Fig 4-16 Flow chart for initiating the partial/complete shading detection 

 

4.5.1 Row search algorithm 

Once the partial shading algorithms start searching for affected PV cells they first scan for the PV 

cells located at the boundary of the PV module. The reason for this start point is that, if shading is 

happening then, shading will certainly shield the PV cells located at the edges of the PV module. 

Once the affected PV cell at the edge is found, PV cell will be removed temporarily. Next, the cells 

located adjacent to the affected PV cells are checked for the partial shading condition. If they are 

under partial shading condition then they, too, are either removed from the module or the overall 

configuration of the module is altered by sending appropriate data packet by the FPGA. There might 

also be a case when a Pmeasured is not equal to the Pexpected due to faulty PV cells located at the edges 

of the PV module. To address this issue, the algorithm will try (after fixed timed delay) to bring 

back the PV cell that was previously removed due to partial shading from the module. Once 

reconnected to the module again, the Pmeasured is compared with Pexpected to detect partial shading. If 
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partial shading condition, such as a shadow of objects nearby or clouds covering the PV module 

partially, is no longer there then, the previously removed PV cells can be reconnected to the PV 

module using the three switches. Since faulty PV cells such as those damaged physically or open 

circuit /short circuits in connections of individual PV cells cannot be fixed without human 

intervention, they will never be able to satisfy the Pmeasured equal to the Pexpected requirement. 

Therefore, the faulty PV cells located at the edge of the PV module, even when the algorithm 

recognizes them as cells under partial shading, they will never be connected back with healthy PV 

cells in the module. Since we are using only eight PV cells and all of them are at the edge of the PV 

modules, each of them can be under partial shading condition. Therefore, interactively, each of 

them will be checked one by one for partial shading condition.  

      Once the FPGA board receives the signal to initiate the boundary scan algorithm, it starts 

sending the corrective data packet to the reconfigurable PV module. These data packets are such 

that each row is removed, one at a time, and then, for that configuration, the Pexpected is compared 

with the Pmeasured result. If they are same then that row is placed back into the module and the 

iteration is increased by Ns in accordance with the flow chart for the row search in Fig 4-17. To 

understand the row search let us assume that we have a 4×2 PV cell matrix. The FPGA controller 

receives a signal indicating the presence of a PV cell under shade; consequently a row search 

algorithm is initiated shown in Fig 4-17. 
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Fig 4-17 Flow chart for the row search 

Since, Ns=2, the FPGA controller sends a data sequence that turns off the N-switch at APS switch 

with an address of 2. Then, based on Np and Ns-1, Pcalculated will be generated.  Pmeasured is compared 

with the Pcalculated. If  Pmeasured= Pcalculated then faulty PV cell is between 2 and 2-Ns. Otherwise, the 

counter i, will be incremented by Ns and the same steps will repeat until the end of the PV module 
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is reached. If shaded PV cells are found in a row then the column search algorithm is initiated and 

neighboring PV cells will be scanned for the presence of partial shading conditions.  

 

Fig 4-18 Illustration of Row search algorithm 

 

4.5.2 Columns search algorithm 

The column search algorithm starts from the faulty row detected by the row search algorithm. The 

algorithm first removes the faulty row from the PV module. Then one by one the cells from the 

faulty row are connected with the PV cells from the next adjacent row in accordance with the 

column search flow chart shown in Fig 4-19.  At each step, the Pmeasured is compared with the 

Pcalculated; if these are found to be equal, then, using the shifting approach described previously, the 

next cell from the faulty row will be added to the adjacent healthy PV module row. This step will 

continue until Pmeasured is not equal to the Pcalculated. Once such condition is reached the last added 

PV cell is determined to be faulty.  
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Fig 4-19 Flow chart for finding PV cell under shade in a row 

 

4.5.3 Complete shading detection and mitigation algorithm 

During the search for partial shaded cells with each row, it might happen that more than one row 

in the module has PV cells under shade. If these are that removed from the PV module, then the 

performance of the PV module will be affected very badly! Therefore, depending on the kind of 
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load ( high voltage with low current or high current with low voltage),  the reconfigurability will be 

done accordingly as per the flow chart is shown in Fig 4-20. 

 

 

Fig 4-20 Flow chart for complete shading based on load requirement 

4.6 SPICE simulation results 

To better understand the effectiveness of the partial and complete shading algorithms presented in 

this work we did SPICE simulation by extracting the netlist of the switches using Tanner tools and 

build the PV cells SPICE model by extracting the Rs, Rp, Iph and Is of the diode by employing 
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curve fitting techniques. Next,  the Iph of the affected PV cells was incorporated into the PV cells 

model to simulate partial shading effect on PV module’s performance. In Fig 4-21, we the results 

of the simulation configuration for PV arrays arrangement from 4x2 to 2x4 without affecting the 

overall performance of the PV module. 

 

 

Fig 4-21Simulation result for the PV module of configuration 4x2 when all of PV cells are under 
shade 

 

4.7 Summary 

In this chapter, we presented a novel mechanism that can stop the flow of unwanted current through 

the body terminal of the MOSFET. This flow of unwanted current does not let the switch turn-

OFF a PV cell in an array. This novel architecture can be integrated monolithically with the PV 

cells, thereby creating reconfigurable power islands of variable levels. Additionally, an algorithm 

to detect partial shading is also presented. Using this kind of architecture we showed how the PV 
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module can be reconfigured based on load requirements scenarios of high voltage with low current 

or high current with low voltage. 
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Chapter 5. 

5.1 Conclusion 

A Photovoltaic (PV) module can have many faults or defects, such as: short/open connection, 

physical cell damage, bypass diode failure and others. Compared with bypass diode alone, it is 

shown that use of a MOSFET switch instead of a diode can address most of these issues. In this 

dissertation, we investigated techniques to build a fault resilient PV module. This kinds of fault 

tolerant PV modules had PV cells integrated with CMOS based switches that have its own digital 

address.  

The major contribution of this dissertation work is following:  

1.  Typically, single-diode, double-diode or three-diode models are used for modelling solar cells. 

Since diodes have an exponential term in their current equation, the computation of output 

power of PV module becomes very power intensive and difficult to implement on an embedded 

system.  To resolve this issue, a novel N-channel MOSFET based PV module modelling 

technique is presented in the dissertation. This new method yields a close form solution for 

calculating output current based on the output voltage, temperature, and irradiation, which was 

previously not possible. 

2. A newer reconfigurable PV module architecture is presented in this dissertation. The 

previously presented reconfigurable PV module scheme suffered from the unwanted flow of 

body current through the MOSFET. This lead to the MOSFET transistor, not turning-OFF. 

Moreover, the time taken to reconfigure the PV module was much slower since each switch 

in the module had its own digital address. Therefore, in this dissertation, a newer and faster 

SerDes circuit is being presented. Additionally, a new kind of switches are presented that 
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doesn’t have unwanted body current and it can be integrated with a feedback enable fault 

detection algorithm.  

3. Additionally, an efficient algorithm to detect faulty cells in a PV module in real time is 

developed. This helps in preventing load performance degradation in case of failure or partial 

shading of individual or group of cells in an array. 

 

5.2 Future Works 

Since, in this dissertation, mostly silicon-based PV modules are being used, whereas for space 

application III-V based PV cells are used, more extensive experimental analysis should be done 

before deployment of this approach in space application. The MOSFET based PV module 

technique is presented in this work will be very useful if it is integrated with the fault detection as 

well as partial shading detection algorithm.  

Also, for increasing the reliability of the connection between PV cells and MOSFET transistor, 

monolithically growing them on the same substrate is desirable. Therefore, a process development 

plans should be established for growing such kinds of architecture.  

Additionally, for the fault detection and mitigation an on-field computing architecture is presented. 

But that means the embedded system needs to continuously measure the output power and 

compared it with the computed power. Although this is a solid technique, it can result in an 

embedded system consuming a good deal of power. Instead, an embedded system, where the 

present power performance can be compared with the previously measured power performance 

will be much more beneficial.  

In this dissertation, building of a MPPT algorithm for a battery and PV module working together 

is ignored. Since the battery synching with the PV module is not required. However, there are 
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some applications where they are a necessity. Therefore, an MPPT algorithm which combines the 

reconfigurable PV module and the battery can also be explored. 
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