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Abstract 

A mismatch in a photovoltaic array implies differences in the I-V characteristics of the modules 

forming the array which can lead to significant energy losses known as mismatch losses. The sources 

of mismatch losses could be easy- or difficult-to-predict sources. This thesis proposes novel designs 

for photovoltaic arrays to reduce mismatch losses. 

The mismatch from easy-to-predict sources and its resulting losses can be reduced by altering the 

interconnection of the array. Therefore, this thesis proposes an optimal total-cross-tied 

interconnection, based on a thorough mathematical formulation, which can significantly reduce 

mismatch losses from easy-to-predict sources. Application examples of the operation of the optimal 

total-cross-tied interconnection under partial shading are presented. 

The effect of partial shading caused by easy- or difficult-to-predict sources can be considerably 

reduced by photovoltaic array reconfiguration. This thesis proposes a novel mathematical formulation 

for the optimal reconfiguration of photovoltaic arrays to minimize partial shading losses. The thesis 

formulates the reconfiguration problem as a mixed integer quadratic programming problem and finds 

the optimal solution using branch-and-bound algorithm. The proposed formulation can be used for 

equal or non-equal number of modules per row. Moreover, it can be used for fully reconfigurable or 

partially-reconfigurable arrays. Application examples of the operation of the reconfigurable 

photovoltaic array under partial shading are presented. 

Finally, the recently updated American National Electric Code requires the presence of a series arc 

fault detector in any Photovoltaic installation operating at a voltage greater than or equal to 80V. 

However, the Photovoltaic market nowadays lacks the presence of an accurate series arc fault detector 

that can detect series arc faults and discriminate between them and partial shading. The work in this 

thesis proposes an algorithm that can detect series arc faults and discriminate between them and 

partial shading in total-cross-tied arrays.  This algorithm is based on the measurement of 

instantaneous row voltages. 
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Chapter 1 

Introduction 

1.1 Preface 

Energy production from renewable energy sources is accelerating due to the increase in oil prices, 

depletion of fossil fuel reservoirs, energy security concerns, worries about climate change and public 

health concerns. Known Renewable energy sources include hydro, wind, tidal, geothermal, bio, and 

solar. The energy received from solar irradiation in the form of light can be directly converted to 

electricity through PhotoVoltaic (PV) process. Photovoltaic conversion does not produce any harmful 

byproducts; it is renewable and clean. Also, it does not have any moving parts, which makes it an 

attractive solution from the maintenance requirements and life span points of view.  

PV power systems offer a variety of applications, ranging from a few miliwatts to tens of 

megawatts. These applications could be non-terrestrial or terrestrial. Non-terrestrial applications are 

like calculators, mobiles and satellites, while terrestrial applications are like buildings, pumps and 

telecommunication antennas. Terrestrial applications are divided into stand-alone systems—which are 

not connected to the electrical utility grid—and utility grid-connected systems. Stand-alone systems 

could be subdivided into domestic applications like households and villages and non-domestic 

applications like telecommunications, pumps and navigational aids. Also, utility-connected systems 

could be subdivided into residential, intermediate and central station [1]. The residential and 

intermediate are treated as Distributed Generation (DG) and the central station is treated as a power 

plant. Figure  1-1 shows PV applications classification. The focus of this thesis is on terrestrial 

applications, although the results could be applied to other applications as well. 

In the year 2010, about 15 GW of new terrestrial PV was installed in International Energy Agency 

(IEA) Countries, showing about 75 % increase over the installed capacity in 2009. These new 

installations increased the total installed capacity in IEA countries to about 35 GW at the end of 2010 

[2]. Figure  1-2 shows the total installed capacity of terrestrial PV power in IEA countries. Canada’s 

installed capacity reached 300 MW at the end of 2010, making Canada one of the top ten IEA 

countries in installing PV [2]. In Ontario, there is a great incentive for investing in PV through 

Ontario's Feed-In Tariff (FIT) Program, which is a pricing structure for renewable electricity 

production. This program pays from 44.3 to 80.2 ¢/kWh for the electricity generated from solar 

energy and from 13.5 to 19 ¢/kWh for electricity generated from wind energy [3]. This incentive 
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motivated companies like First Solar and Enbridge to build the largest PV farm in the world of 80 

MW capacities in Sarnia, Ontario [4]. 

Figure  1-1: PV applications 

 

Figure  1-2: Cumulative installed terrestrial PV power in IEA countries 
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1.2 Motivation 

The use of PV systems for power generation brings many challenges. For example, neighboring 

buildings, trees, arrays, snow, soiling or passing clouds can cause PV arrays to be partially shaded. 

Moreover, loose connections, animal bits or bad installation can cause series arc faults in PV arrays. 

The following points are the motivations behind this thesis. 

1. In Building-Integrated PhotoVoltaic (BIPV), partial shading causes an annual energy loss of 

5-10 % [2-3], [70], as reported in Germany, Japan and USA.  

2. In PV farms, partial shading causes an annual energy loss of 2-7 % [4], [71], as reported in 

Spain. Figure 1-3 shows partial shading in a PV farm in California due to dust and Figures 1-

4 and 1-5 show partial shading in Sarnia PV farm due to clouds and snow.  In addition to 

annual energy losses, PV farms are usually installed over large areas to avoid partial shading 

caused by consecutive rows, as shown in Figure 1-6, thus increasing the land cost. Moreover, 

PV arrays are usually installed in landscape installation with reduced number of rows to 

avoid partial shading losses which increases the installation cost when compared to portrait 

installation, shown in Figure 1-7, and high number of rows, shown in Figure 1-8. 

3. Series arc faults cause fire, severe damage and profit loss to PV systems, as reported in many 

countries around the world [5-8] and shown in Figure 1-9. Therefore, the 2011 National 

American Electrical Code requires series arc fault detection in any PV systems operating at a 

voltage greater than or equal to 80 V. 
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Figure 1-3: Dust partial shading in California PV farm 

 

Figure 1-4: Clouds partial shading in Sarnia PV farm 
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Figure 1-5: Snow partial shading in Sarnia PV farm 

 

Figure 1-6: Sarnia PV farm is installed on a large area and in landscape to avoid array partial shading 
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Figure 1-7: A PV farm installed in portrait to reduce installation cost 

 

Figure 1-8: A PV array which large number of rows to reduce installation cost 
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Figure 1-9: A PV farm fire and damage due to series arc fault 

1.3 Thesis Objectives 

The main focus of the thesis is to develop new designs for PV arrays to overcome partial shading and 

series arc fault problems. The objectives of this thesis are as follows: 

1. Finding the optimal interconnection of PV modules in a PV array to reduce partial shading 

losses caused by easy-to-predict sources such as nearby arrays and buildings;  

2. Finding the optimal PV module reconfiguration to reduce partial shading losses caused by 

difficult-to-predict sources such as clouds, dust and snow; and 

3. Proposing a novel method for series arc fault detection in PV arrays.  

1.4 Thesis Outline 

The remainder of this thesis is structured as follows: 

Chapter 2 gives a literature survey on the photovoltaic systems.  

Chapter 3 gives the methodology for photovoltaic array modeling. 
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Chapter 4 presents the formulation for the optimal total-cross-tied interconnection for photovoltaic 

arrays. 

Chapter 5 presents the formulation for optimal photovoltaic array reconfiguration.  

Chapter 6 presents a novel series arc fault detection algorithm. 

Chapter 7 makes some conclusions based on the contents of the thesis. 
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Chapter 2 

The Photovoltaic System 

2.1 Introduction 

The chapter gives a literature survey of the general PhotoVoltaic (PV) system components and 

performance parameters.  

2.2 PV System  

A PV system has the following subsystems: PV array, power conditioning, system monitoring and 

control, PV system-utility interface, energy storage and thermal management, as shown in Figure  2-1 

[1],[9]. The PV system-utility interface and the thermal subsystems (shown in dotted line) are not 

present in all PV systems. PV system-utility interface is not found in standalone applications and the 

thermal subsystem is not found in small size applications. Each of these subsystems has its own 

components like DC cables, junction box, DC main switch, inverter, AC cables and meters. The PV 

system may have some external subsystems that can be connected to the PV system like DC loads, 

auxiliary power sources and AC loads. Figure  2-1 shows the external subsystems outside the PV 

system. The components of this system will be discussed in the following subsections. 

2.2.1 Array Subsystem: Array Field  

PV cell is the basic unit of the array field. It is the device that transforms the sun’s photons directly 

into electricity. There are various types of PV cells made with different technologies available today. 

These types have various electrical and physical characteristics depending on the technologies used to 

manufacture them. A series connection of a small group of cells forms the PV sub-module. A 

connection of a larger number of cells forms a PV module which is the smallest complete 

environmentally-protected assembly of PV cells and related components such as interconnects and 

mountings that accepts un-concentrated sunlight. Table 2-1 shows a comparison between different PV 

cell and module technologies in terms of efficiency [1].  

A PV panel is one or more PV modules assembled, wired and designed to provide a field 

installable unit, while a PV array is the smallest installed assembly of PV panels or modules, support 

structures, foundations and other required components such as trackers [9]. PV arrays can be 

connected in Series Parallel (SP), Total Cross Tied (TCT), Bridge Linked (BL) or Honey Comp (HC) 

style in order to get the required current and voltage ratings, as shown in Figure  2-2. PV array 
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subfield contains one or more arrays with a distinguishing feature such as field geometry or electrical 

connection, while the PV field is the aggregation of all subfields. Figure  2-3 shows the different 

components of the array field. 

 

Figure 2-1: Block Diagram of general PV system 
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Table 2-1: Terrestrial cell and module efficiencies measured under STC* 

Solar cell material 
Cell efficiency 

(laboratory) (%) 

Cell efficiency 

(production) (%) 

Module efficiency 

(production) (%) 

Mono-crystalline silicon 24.7 21.5 16.9 

Polycrystalline silicon 20.3 16.5 14.2 

Ribbon silicon 19.7 14 13.1 

Crystalline thin- film silicon 19.2 9.5 7.9 

Amorphous silicon 13 10.5 7.5 

Micromorphous silicon 12 10.7 9.1 

CIS 19.5 14 11 

Cadmium telluride 16.5 10 9 

III - V semiconductor 39 27.4 27 

Dye-sensitized cell 12 7 5 

Hybrid HIT solar cell 21 18.5 16.8 

*STC stands for Standard Test Conditions. 

                 

                                   (a)                        (b)             (c)                         (d) 

Figure 2-2: (a) 6 x 4 SP interconnection; (b) 6 x 4 TCT interconnection; (c) 6 x 4 BL interconnection; 

(d) 6 x 4 HC interconnection. 
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Figure 2-3: Decomposition of array field 

2.2.2 Array Subsystem: Array Control  

Array control means all electrical and mechanical controls that ensure proper electrical and thermal 

performances of the array field [1]. This can be divided into array tracking modes and array cooling 

methods. Array tracking modes change the tilt angle of the array in order to track the sun. There are 

three tracking modes which are fixed, one-axis and two-axis, as described in Table 2-2. The cooling 

of PV arrays is important to operate at higher efficiencies and this could be achieved by passive (air) 

or forced (liquid) cooling [10]. 
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Table 2-2: Array tracking modes 

Mode Description 

Fixed 
Fixed tilt angle from the horizontal, but can be adjusted several 

times throughout the year. 

One-axis 
Follows the sun from east to west throughout the day in one 

axis. 

Two-axis 
Follows the sun from east to west throughout the day in two 

axes. 

2.2.3 Power Conditioning Subsystem  

This subsystem converts the dc power from the array subsystem to dc or ac power that is compatible 

with system requirements [1]. Its main components are Maximum Power Point Tracking (MPPT), 

DC-DC or/and DC-AC converter and controller. There are three main concepts for power 

conditioning subsystems, i.e., central, string and modular, as shown in Figure  2-4. Each of these 

subsystems has its own specifications and characteristics. Table 2-3 shows a comparison of these 

different concepts [9], [11]. 

        

                                                                         (a) 
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(b) 

 

(c) 

Figure 2-4: (a) Central inverter concept; (b) String inverter concept; (c) Modular inverter concept 
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Table 2-3: A comparison of different power conditioning concepts 

 Central String Modular 

DC voltage High High Low 

MPPT Single Multiple Many 

Partial Shading losses Highest High Very little 

String diodes yes No No 

Main DC cable yes No No 

DC cable junctions yes No No 

Inverter efficiency Highest Intermediate lowest 

Inverter monitoring Easiest Easy Most difficult 

Inverter thermal stress Low Low Highest 

Flexibility Non-flexible Flexible Very flexible 

Total cost  Higher Lowest Highest 

Ratings Up to several megawatts Up to 3 kW/string Up to 500 W/module 

2.2.4 Energy Storage Subsystem  

It is the sub-system that stores energy. Current technologies enable different means of energy storage 

[1]. Common among these are: batteries, super-capacitors, fly wheels, and super-conducting magnetic 

energy storage [12]. 

2.2.5 System Monitoring and Control Subsystem  

It is a logic and control circuitry that supervises the overall operation of the system by controlling the 

interaction between all subsystems [1]. This system allows the detection of faults and failures of 

operation. There are three techniques to monitor the system: (i) Internet-based, (ii) web-based and 

(iii) presentation and visualization-based [9].  

2.2.6 Thermal Subsystem  

It is the sub-system that receives thermal energy from the array sub-system [1]. The thermal energy 

may be utilized for a thermal load application or dissipated. This subsystem could be found or not 

found in the PV system depending on the system size. The cooling is important for PV arrays in order 

to increase the efficiency and life time [9].  
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2.2.7 PV System Utility Interface Subsystem  

It is the interconnection between the power conditioning subsystem, the on-site AC loads, and the 

utility [1]. This system may include the AC cable and the protection equipment used to connect the 

inverter to the grid. This system is not found in standalone applications [9]. 

2.2.8 External Subsystems 

A PV system can serve DC or AC loads and it can be connected to other power sources such as 

Distributed Energy Resources (DER).   

2.3 Performance Parameters of PV cells 

Performance parameters of PV cells allow comparison of different types of cells. These parameters 

are calculated at Standard Test Conditions (STC) according to IEC standard 60904 [9]. This standard 

defines STC as follows: 

1. Vertical irradiance of 1000 W/m2. 

2. Cell temperature of 25 oC with a tolerance of ± 2 oC. 

3. Defined light spectrum according to IEC 60904-3 with an air mass of AM=1.5. 

The performance parameters are as follows: 

1. Maximum Power Point (MPP) which is the point on the I-V characteristic at which the 

solar cell works at maximum power.  

2. MPP Voltage and current (VMPP, IMPP): the voltage and current at MPP. 

3. Short circuit current (Isc): the current at zero output voltage. 

4. Open circuit current (Voc): the voltage at zero output current.  

5. Fill Factor (FF) which describes the quality of the solar cell by dividing the MPP by the 

product of open circuit voltage and short circuit current, as in Equation (2-1). This factor is 

affected by the values of series and shunt resistances. 

             
   

       
                  (2-1)         

6. Efficiency (η) is the percentage of power converted from light to electricity, as in Equation 

(2-2), where Ir is the irradiance at STC and Ac is the surface area of the solar cell. 
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                    (2-2) 

2.4 PV System Performance Parameters 

PV systems have performance parameters developed by International Energy Agency, Photovoltaic 

Power Systems Program and described in the IEC standard 61724. These parameters are used to 

detect operational problems, compare different PV systems which differ in technology, design or 

geographic location, validate models for system performance estimation during the design process 

[13]. These parameters are:  

1. Final PV system yield ( Yf ) which is defined as the net energy output (E) in kWh divided by 

the name plate dc power Pdc in kW of the PV system, as shown in Equation (2-3). Its unit is 

kWh/kW or hours. Yf represents the number of hours the PV system would operate at the 

rated power to provide the same amount of energy. Yf normalizes the energy production with 

respect to the system size, thus allowing the comparison of systems of different sizes but at 

the same solar resource conditions.  

     
 

   
               ( 2-3)              

2. Reference solar resource yield ( Yr ) which is defined as the total in-plane irradiance (H) in 

kWh/m2 divided by the reference irradiance (G) in kW/m2, as in Equation (2-4). Its unit is 

kWh/kW or hours. Yr  represents how many hours the PV system should operate at reference 

irradiance G to give the same in-plane irradiance H. Yr normalizes the solar radiation source 

and allows comparison of different solar sources. It is a function of the location, orientation 

of PV arrays and weather variability. 

                  
 

 
                ( 2-4) 

3. Performance Ratio ( PR ) which is defined as the final yield (Yf) divided by the reference 

yield (Yr), as in Equation (2-5). It quantifies the overall effect of losses on the rated output 

power, and allows comparison of systems of different sizes under different solar resource 

conditions. These losses could be due to inverter inefficiency, wiring, mismatch, converting 

from DC to AC, module temperature, irradiance reflection, partial shading, system down time 

and component failure [14]. PR can be calculated on weekly, monthly or yearly basis. For 

example, if it is calculated on a weekly basis, it can indicate component failure or system 
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down time; if it is calculated on a monthly basis, it can indicate seasonal temperature 

variations; and if it is calculated on a yearly basis, it can indicate a permanent decrease in the 

performance. Typically, the PR is in the range of 0.6 to 0.8, but it can be less in certain 

periods within the year [15].  

         
  

  
               ( 2-5) 

2.5 Mismatch losses 

Mismatch losses in PV arrays can be caused by internal sources such as manufacturing tolerance and 

aging, or by external sources such as partial shading. Partial shading can be caused by easy-to-predict 

sources such as nearby trees and arrays, and difficult-to-predicted sources such as snow, dust and 

clouds. Mismatch losses could be reduced by either passive or active techniques. Passive techniques 

use passive elements such as bypass diodes while active techniques use active elements such as solid-

state switches. The most common passive technique uses bypass diodes across PV modules to reduce 

partial shading losses [33]. These diodes protect the modules from local heating (hot spots) and 

increase the overall power generation from the array under partial shading conditions. However, 

theses diodes do not allow the array to produce the maximum possible power under partial shading. 

Moreover, they increase the complexity of MPPT by creating multiple local maxima in the array’s P-

V characteristic [27]. Another passive technique is based on changing PV array interconnections. PV 

arrays can be interconnected in Series Parallel (SP), Total Cross Tied (TCT), Bridge Linked (BL) or 

Honey Comb (HC) style in order to get the required current and voltage ratings. In SP 

interconnection, modules are connected in series forming strings; then, theses strings are connected in 

parallel. However, in TCT interconnection, the modules are connected in parallel; then, these parallel 

circuits are connected in series. BL and HC could be seen as interconnections somewhere in-between 

the two extreme cases of SP and TCT.   

TCT, BL and HC reduce mismatch losses from partial shading when compared to SP [35-37], [67-

68]. However, the reduction is higher in case of TCT interconnection than that in case of BL [67] or 

HC [68]. In [69], the authors developed an algorithm to select the best interconnection among SP, 

TCT, BL and HC for certain shading situations. They found TCT to be the best interconnection for 

almost all partial shading situations.  Partial shading affects the modules’ short circuit currents, thus 

affecting the modules’ output currents at their MPPs. This leads to lack of coherence between 

modules’ MPPs and array’s MPP.  In the case of SP, this issue is more severe than that in case of 
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TCT. The reason is that SP has a higher number of series strings than TCT. Also, TCT 

interconnection reduces the possibility of turning the bypass diodes ON, thus reducing the 

corresponding losses.  When it comes to manufacturing tolerance mismatch, TCT can indeed reduce 

mismatch losses when compared to SP [36]. However, these losses are now falling below 1 % due to 

technological advances. Theoretical studies on reliability of PV arrays show that TCT interconnection 

is more reliable than SP and is capable of doubling the operational lifetime of the array [38]. The 

reason is that TCT has more parallel circuits than SP. The manufacturing cost of TCT-connected 

modules has been investigated by [35]. The investigation shows that there is no reason for TCT-

connected modules to have a higher cost than SP-connected modules in mass production. 

Active techniques for reducing partial shading losses could be grouped into three categories: (i) 

Distributed Power Electronics; (ii) Multi-level inverters; and (iii) PV array reconfiguration. In 

distributed power electronics, each module or group of modules has its own MPPT, thus avoiding 

partial shading losses caused by the incoherence between the modules. Also, this technique avoids the 

installation of bypass diodes, thus avoiding the corresponding losses. Moreover, the MPPT detection 

is easier and does not require complicated algorithms. However, this technique requires additional 

components for each module or group of modules, such as DC-DC or DC-AC converters. Moreover, 

it suffers from module level partial shading and requires complicated control architectures [20-21]. 

Multi-level inverter topologies such as diode-clamped, capacitor clamped and cascaded H-bridge 

have been used to reduce partial shading losses by independent voltage control of each module. These 

inverters reduce the device voltage stress as well as the ac output voltage harmonics. However, they 

require a complicated control algorithm to achieve operation at the optimal power point and they 

suffer from module-level and array-level partial shading [22-23]. 

The reconfigurable PV array was first proposed by Salameh et al. to start and operate permanent 

magnet dc motor coupled to volumetric water pump [43-44]. Then, it was proposed by [45] to start 

and accelerate electric cars using a number of PV modules. In [46], Sherif and Boutros proposed a 

reconfiguration scheme for PV modules using transistors as switches between cells. In [25], Nguyen 

and Lehman used reconfiguration inside PV arrays and proposed two reconfiguration algorithms. 

However, they did not propose any mathematical formulation for the optimal reconfiguration. They 

also proposed dividing the PV array into fixed and adaptive parts with a switching matrix between 

them. They used one column only as an adaptive part in order to reduce the number of required 

sensors and switches, which when high can make the scheme ineffective if the shaded area is large. 
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Moreover, they did not mention the necessary modifications in their algorithms to deal with higher 

number of reconfigurable columns. They tested the system under constant resistive load without 

MPPT.  In [26, 47-48], Velasco et al. used reconfiguration for grid connected PV arrays and proposed 

a mathematical formulation for it. However, the formulation was for a fully reconfigurable array only 

and did not indicate directly the global optimal reconfiguration. Moreover, they proposed the 

irradiance equalization index as the difference between the maximum and the minimum average row 

irradiance levels in the array. They claimed that minimization of this index could result in an optimal 

reconfiguration. However, optimal reconfiguration requires that all the differences between row 

irradiance levels are minimized, as will be shown in this chapter. They proposed a solution algorithm 

that required an off-line determination of all possible configurations of the PV modules. Then, the 

best configuration for the current shading condition was found on-line. They tested the system using 

six PV modules and identified 15 possible configurations. Also, they found that nine PV modules will 

have 280 possible configurations. The number of possible configurations will increase for larger PV 

arrays, making it very difficult to find the optimal configuration in a timely manner. It can be 

concluded that the algorithm proposed in [26, 47-48] is more suitable for small number of PV 

modules.  

2.6 Summary 

This chapter gave a brief literature survey of Photovoltaic system and its subsystems. Also, the 

performance parameters for photovoltaic cell and systems and mismatch losses were introduced.  
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Chapter 3 

Modeling and Simulation for Partial Shading Study 

3.1 Introduction 

The purpose of this chapter is to model and simulate PV arrays in order to study the effects of partial 

shading on P-V and I-V characteristics, hot spots and generated power. The models can also be used 

to study the use of by-pass diodes and different PV interconnection styles to reduce partial shading 

effects.  Different interconnections of PV arrays will be presented in this chapter. 

In this chapter MATLAB/SIMULINK is used to model and simulate PV systems under partial-

shading condition, which is a basic requirement for the next chapters. The model is user friendly for 

data inputting and displaying output results and it can be easily changed for different PV 

configurations. The following subsections will give modeling and simulation for PV cells, modules, 

arrays and farms.  

3.2 PV Cell 

The PV cell is modeled using the single diode model shown in Figure  3-1.  This model is 

composed of a current source, a diode and two resistors. The accuracy of this model is high enough 

for comparison of different designs in terms of partial shading [20]. Equations (3-1) to (3-3) describe 

this model. 

                                                               
  

  
                    (3-1) 

                                                                        
  
                    (3-2) 

                                           (3-3) 

where Isc is the PV cell short circuit current, ID the diode current, Io the reverse bias diode saturation 

current, IC the PV cell output current, VD the voltage across the diode, VT the thermal voltage, VC the 

PV cell output voltage, RP the parallel resistance and Rs the series resistance. These three equations 

could be written in the form shown in (3-4) by substituting (3-2) and (3-3) in (3-1). 

                               (3-4) 
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Figure 3-1: PV cell model  

3.3 PV Module 

PV module is modeled as a group of PV cells which could be connected in Series-Parallel (SP) or 

Total-Cross-Tied (TCT) style in order to get the required voltage and current. Figure  3-2 shows the SP 

connection for PV modules. The equations (3-5) to (3-9) describe this model.  

        ∑   
 
                   (3-5) 

        ∑        
 
                      (3-6) 

      (               )                       (3-7) 

                                    (3-8) 

                                                                                   (3-9) 

where VM is the module voltage, IM the module current, PM the module generated power,    the branch 

current, n the number of branches , m the number of series cells, i a row index and j a column index. 

For the purpose of simulation, a commercial PV module, i.e., Shell Power Max Ultra SQ85-P, has 

been selected. The parameters of this module are given in Appendix A. Figure  3-3 and Figure  3-4 

show the I-V and P-V characteristics of this module at different irradiance levels. 
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Figure 3-2: PV module connected in series-parallel style 
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Figure 3-3: I-V characteristics of Shell SQ85-P module 

 

Figure 3-4: P-V characteristics of Shell SQ-85P module 

3.4 PV Array 

PV arrays can be connected in SP or TCT style, as mentioned in the previous chapter. Each of these 

connections styles has its own model. The SP model is like the module model shown in Figure  3-2 

after replacement of cells by modules. Equations (3-10) to (3-14) describe this model: 
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        ∑   
 
                 (3-10) 

        ∑         
                    (3-11) 

      (               )                     (3-12) 

                                  (3-13) 

                          (3-14) 

where VA is the array voltage , IA the array current, PA the array generated power, I the branch current, 

n the number of branches , m the number of series modules, i a row index and j a column index. For 

TCT connection shown in Figure  3-5, the model is described by Equations (3-15) to (3-19). 

        ∑                 
                (3-15)

                                                   (3-16) 

        ∑    
 
                 (3-17) 

       (               )                                                (3-18) 

                           (3-19) 

A simulation for a 6 × 4 PV array under uniform irradiance level condition is performed when the 

array is connected in SP and TCT. The results are shown as in Figure  3-6 and Figure  3-7. The 

simulation results of the PV array under non-uniform irradiance levels given in Figure  3-8 are shown 

in Figure  3-9, where the numbers indicate irradiance levels in W/m2. The results show that TCT 

connection generates more power than SP during partial shading. Figure  3-10 shows that the use of 

by-pass diodes across each module increases generated power as well as the number of peaks in the 

P-V characteristics. 
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Figure 3-5: PV array connected in TCT 
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Figure 3-6: IV characteristics of the PV array 

 

Figure 3-7: PV characteristics of the PV array 

 

Figure 3-8: Non-uniform irradiance condition 
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Figure 3-9: PV characteristics for non-uniform irradiance levels without by-pass diodes 

 

Figure 3-10: PV characteristics for non-uniform irradiance levels with by-pass diodes 

3.5 PV Farm 

PV farm has three concepts as mentioned in chapter 2; these are central, string and modular. The 

model for the central concept is similar to that of the SP PV array shown in Figure  3-2 and is given by 

Equations (3-20) to (3-24). The model for the modular concept is exactly the same as the array model. 
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        ∑   
 
                 (3-20) 

        ∑        
 
                    (3-21) 

      (               )                     (3-22) 

                                  (3-23) 

                          (3-24) 

where VF is the farm voltage , IF the farm current, PF the farm generated power,  I the branch current, 

n the number of branches , m the number of series arrays, i a row index and j a column index. The 

model for string concept shown in Figure  3-11 is given by Equations (3-25) to (3-28).  

                                            (3-25) 

        ∑      
 
                 (3-26) 

      (           )                                (3-27) 

                          (3-28) 
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Figure 3-11: String PV farm concept 

3.6 Summary 

This chapter presented the mathematical models and simulation results for PV cells, modules, arrays 

and farms. The models are nonlinear and their nonlinearity increases with the system size. A 

simplified cell model which is suitable for partial shading study is selected to reduce computational 

efforts. The solution of these models is done using MATLAB/SIMULINK in a user-friendly 

environment for data inputting and for getting output results. The simulated model can be changed 

easily to be used with any design or configuration.  
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Chapter 4 
Optimal Total-Cross-Tied Interconnection to Reduce Mismatch 

Losses  

4.1 Introduction 

PV farm installations require tens of acres of land to avoid partial shading caused by consecutive 

rows of PV arrays. The arrays are usually installed in landscape instead of portrait to avoid partial 

shading caused by consecutive rows, thus increasing installation cost. In addition to PV farms, 

Building Integrated Photovoltaic (BIPV) installations usually suffer from partial shading caused by 

nearby objects such as trees and buildings. 

This chapter proposes new interconnection schemes for PV arrays that can significantly reduce partial 

shading losses caused by easy-to-predict sources such as consecutive rows, buildings and trees. The 

chapter is organized as follows. First, mismatch losses and PV array interconnection schemes are 

presented. Then, the proposed optimal total-cross-tied interconnection scheme is introduced. The 

optimal cross-linked interconnection is presented next, followed by the solution methodology and 

simulation model. Finally, some application case studies are presented. 

4.2 Mismatch Losses 

PV arrays are normally composed of large numbers of PV modules. These PV modules can have 

different current-voltage (I-V) characteristics. The difference between module characteristics is called 

I-V mismatch. I-V mismatch can have permanent or temporary sources. 

Permanent sources cause I-V mismatch by changing one or more parameter in the PV module such as 

the value of parallel resistance and/or series resistance. Permanent sources include manufacturing 

tolerance, performance degradation and module cracking. Power loss from manufacturing tolerance 

mismatch is below 1% for modern Si-modules [16]. These mismatch losses could increase to up to 

2.4% due to aging [17]. 

A temporary source for I-V mismatch is changes in the irradiance level received by PV modules. I-V 

mismatch caused by the changes in irradiance level is called partial shading of PV array. Furthermore, 

partial shading sources could be divided into easy-to-predict and difficult-to-predict sources. Easy-to-

predict sources include nearby PV arrays, buildings and trees. Examples for difficult-to-predict 

sources are clouds, soiling and snow.  Partial shading loss reduces annual energy yield by 5-10 % in 
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Building Integrated Photovoltaic (BIPV) systems [18-19] and by 3- 6% in PV farms [20]. I-V 

mismatch causes power losses in PV arrays via the following four mechanisms: 

4.2.1 Array Maximum Power Point (MPP) is not coherent with those of the individual 

modules    

Each module in the PV array should operate at its own maximum power point in order to maximize 

the power production of the PV array. This can be ensured by a single Maximum Power Point 

Tracker (MPPT) if there is no mismatch between the modules. In case of mismatch, there is no 

guarantee that all the modules are operating at their Maximum Power Points (MPPs). This can be 

avoided by having a dedicated MPPT for each PV module [21-22]. Another solution is to use a 

multilevel inverter with independent voltage control for each PV module [23-24]. In [25], it is 

proposed to connect all the modules in parallel to avoid these losses. The proposed solutions in [21-

25] require additional components and circuits that can increase the system complexity and cost. In 

[26-27], it is proposed to use switches and sensors to reconfigure the PV array to achieve higher 

coherence among the modules’ MPPs. The proposed approach in [26-27] is dynamic and requires 

sensors and switches; however the approach proposed in this chapter is static and does not require any 

sensors or switches. 

4.2.2 MPPT is misled by existence of multiple MPPs 

Some PV arrays are supplied with bypass diodes across their modules. Under I-V mismatch, these 

diodes create multiple MPPs for the PV array. These MPPs can mislead the MPPT and make it 

identify a local optimal point as the global maximum point, leading to reduction in generated power  

[28]. This problem has been investigated by many researchers who have developed better MPPT 

algorithms that can find the global maximum power point [29-32]. However, these algorithms are 

complex and may require high online computational effort.  

4.2.3 Bypass diodes are turned ON 

PV modules with bypass diodes across them will not produce any useful power when theses diodes 

are turned ON, although they might be capable of producing some useful power. Moreover, bypass 

diodes create additional power loss due to their ON resistances [33]. In [34], a new circuit is proposed 

to avoid bypass diode ON resistance losses. However, this circuit does not recover the power that is 

lost due to bypassing of the modules. 
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4.2.4 Reverse currents 

Some parallel connected PV modules can suffer from reverse currents due to I-V mismatch. This 

reverse current causes these modules to absorb power instead of producing power, which reduces the 

production and increases the heating losses. Some PV arrays are equipped with reverse current 

blocking diodes to prevent reverse currents [16]. 

The previous discussions showed that I-V mismatch losses reduce the annual energy yield from the 

PV array to a great extent. The objective of the work presented in this chapter is to limit the reduction 

in annual energy yield. 

4.3 Interconnection Schemes 

PV modules can be interconnected in four main styles: (i) Series Parallel (SP), (ii) Total Cross Tied 

(TCT),  (iii) Bridge linked (BL) and (iv) Honey Comb (HC) , as shown in Figure 4-1. 

                                        

(a)                          (b)                          (c)                          (d) 

Figure 4-1: Main PV module interconnection styles: (a) 6 × 4 SP interconnection, (b) 6 × 4 TCT 

interconnection, (c) 6 × 4 BL interconnection and (d) 6 × 4 HC interconnection. 

In SP interconnection, modules are connected in series forming strings; then, theses strings are 

connected in parallel. However, in TCT interconnection, the modules are connected in parallel; then, 

these parallel circuits are connected in series. BL and HC could be seen as interconnections 

somewhere in-between the two extreme cases of SP and TCT.   

TCT, BL and HC reduce mismatch losses from partial shading when compared to SP [35-37], [67-

68]. However, the reduction is higher in case of TCT interconnection than that in case of BL [67] or 

HC [68]. In [69], the authors developed an algorithm to select the best interconnection among SP, 

TCT, BL and HC for certain shading situations. They found TCT to be the best interconnection for 
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almost all partial shading situations.  Partial shading affects the modules’ short circuit currents, thus 

affecting the modules’ output currents at their MPPs. This leads to lack of coherence between 

modules’ MPPs and array’s MPP.  In the case of SP, this issue is more severe than that in case of 

TCT. The reason is that SP has more number of series strings than TCT. Also, TCT interconnection 

reduces the possibility of turning the bypass diodes ON, thus reducing the corresponding losses.  

When it comes to manufacturing tolerance mismatch, TCT can indeed reduce mismatch losses when 

compared to SP [36]. However, these losses are now falling below 1 % due to technological 

advances. 

Theoretical studies on reliability of PV arrays show that TCT interconnection is more reliable than SP 

and is capable of doubling the operational life time of the array [38]. The reason is that TCT has more 

parallel circuits than SP. The manufacturing cost of TCT-connected modules has been investigated by 

[35]. The investigation shows that there is no reason for TCT-connected modules to have a higher 

cost than SP-connected modules in mass production. 

The previous discussion shows the superiority of TCT connection over SP in terms of lower 

mismatch losses and higher reliability. Also, it shows that the manufacturing cost of TCT could be 

similar to that of SP. Therefore, TCT connection will be used as a starting point to build upon in this 

work. 

4.4 Optimal-Total-Cross-Tied Interconnection  

In practice, partial shading analysis is performed in the planning stage, i,.e., before building the PV 

field [9], to predict the possible partial shading situations. The results indicate the shading pattern, 

irradiance levels and duration (tg) for each partial shading situation and the total number of partial 

shading situations (N). Accordingly, the OTCT interconnection scheme is derived during the planning 

stage. Figure 4-2 shows a number of different partial shading situations. 

  

Figure 4-2: A number of different Partial Shading Situations 
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Mismatch power losses could be caused by permanent sources or temporary sources, as discussed 

earlier.  Temporary sources have a time component which should be taken into consideration. 

Therefore, this work proposes to find one TCT interconnection that maximizes array’s power 

production under mismatch for several time segments, which results in maximum energy production 

under mismatch, as in (4-1). The TCT interconnection found is the Optimal-Total-Cross-Tied 

(OTCT) interconnection for maximizing array’s generated energy under mismatch. OTCT connects 

the modules from the same row into different parallel circuits in such a way that energy production 

under mismatch is maximized. Energy production is maximized due to the increased coherence 

between modules’ MPPs and array’s MPP and due to lower probability of turning ON the bypass 

diodes.  This is completely different than traditional TCT interconnection in which the modules from 

the same row are connected in one parallel circuit without any maximization of generated energy.  

             ∑        

 

   

           

In (4-1) , VAgIAg is the array’s output power at time segment g during mismatch. This power is 

multiplied by segment duration tg to find array’s output energy during time segment g during 

mismatch. The total number of time segments is N The sum of all energies during different time 

segments will then give the array’s total energy during mismatch. This formulation takes into 

consideration the impact of permanent and temporary sources of mismatch.  

4.4.1 Existence Variable 

Consider the m parallel circuits shown in Figure 4-2, where each circuit has n parallel modules. The 

index for parallel circuits is i and the index for modules is q. All positions in one parallel circuit are 

identical; therefore, there is no need for an index for the positions of modules inside the parallel 

circuit. However, an index j is defined for the positions of the module in the parallel circuits. This 

index is required to find Kirchhoff’s Laws’ constraints as will be shown later. An existence variable is 

required to find the position of module q in the OTCT interconnection to maximize the generated 

energy during mismatch. The existence variable can be defined as follows: 

Definition: The Existence Variable yijq is defined as a binary variable such that: 

     {
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Figure 4-3: A PV array composed of m parallel circuits with n modules per parallel circuit 

4.4.2 Kirchhoff’s Laws’ Constraints 

These constraints are Kirchhoff’s Current Law (KCL) and Kirchhoff’s Voltage Law (KVL) for OTCT 

interconnection. Applying KCL to each parallel circuit means that the sum of the currents of modules 

in each parallel circuit is equal to the array’s current. This can be mathematically formulated as  

    ∑ ∑         

   

   

 

   

                                           

In (4-2), the current of module q at time segment g, i.e.,     , is multiplied by the existence variable 

yijq. The result of this multiplication will give the module’s current only if the module exists at 

position ij. Therefore, the summation over q will give the existing module current at position ij. It 

should be noted that this existing module current will be only from one module because each position 

will have only one module, as will be shown later by the logical constraints. After finding the existing 

module current, the summation over j will give the total current of the existing modules. Equation (4-
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2) is repeated for each parallel circuit i for each time segment g, implying that there are m×N 

equations.  

Applying KVL to each parallel circuit means that the voltages of all existing modules in one parallel 

circuit are equal to one another and equal to the row voltage VRig, as described by (4-3). 

      ∑         

   

   

                                               

Similar to existing module current modeling, the existing module voltage is modeled by the 

summation over q for the multiplication of module’s voltage and the existence variable. This 

multiplication will give the module’s voltage only if module q exists at position ij. In the logical 

constraints section, each position will be constrained to have one module only. Therefore, the 

summation over q will give the voltage of the only one module that exists at position ij. This equation 

is repeated for each position and for each time segment, which means that there are m×n×N 

equations. 

Applying KVL to the arrays’ input means that the sum of the individual row voltages is equal to 

arrays’ voltage, as described by (4-4). 

     ∑    

 

   

                                                         

In Equation (4-4), the summation over i for VRig will give the total array voltage. This equation is 

repeated for each time segment (i.e., N times). 

4.4.3 Modules’ Model Constraints 

These constraints are the model equations for the PV modules. The most commonly-used models are 

the single-diode model and the double-diode model. Single-diode model, described by (4-5), is used 

in this work to reduce computational effort. 

     

    

 
    

(

  

    

   
        

     

)

  

    

   
        

   
                                

Equation (4-5) is essential in development of the OTCT interconnection because it represents all 

sources of mismatch. Permanent sources are reflected in Iscq, Ioq, Nsq, Rsq, VTq and RPq, while 
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temporary sources are represented by IRRqg. This equation is repeated for each module and for each 

time segment (i.e., m×n×N times). 

4.4.4 Logical Constraints 

The logical constraints are those which must be satisfied in order to have a practical solution for the 

problem. The first constraint states that each position ij will have only one module q, as described by 

(4-6). 

    ∑     

   

   

                                                 

This constraint is repeated m×n times. The second constraint states that all modules should exist (i.e., 

all modules must be connected), as described by (4-7). 

∑∑    

 

   

 

   

                                        

This constraint ensures that each module q will have a position ij. This constraint is repeated m×n 

times. It should be noted that both constraints (4-6) and (4-7) are needed. For example, if (4-6) is used 

alone, then the same module may exist at different positions. Also, if only (4-7) is used, then some 

positions will have more than one module. 

4.5 Solution Algorithm and Simulation Model 

The OTCT problem is a Mixed Integer Non-Linear Programming (MINLP) problem. MINLP 

problems can be solved by Branch and Bound (BB) algorithm. BB uses relaxation and separation to 

solve the MINLP problem. The strategy of BB algorithm is to solve the original MINLP problem 

after relaxing the integer variables, that is, to solve the Non Linear Programming (NLP) problem 

using an NLP solution method such as Interior Point Method (IPM). If the solution of the NLP is 

integer, then the global optimum is found. If not, then the NLP problem is separated into two sub-

problems using an integer variable with a non-integer value. One of the sub-problems is solved and if 

the sub-problem is not fathomed, it should be divided into two new sub-problems. The BB process 

stops when all the sub-problems have been fathomed. The stored incumbent at the end of the process 

gives the global optimal solution [39]. The OTCT problem is a planning problem; therefore, it is 
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required to reach the optimal solution in a reasonable time. BB can reach the solution in a reasonable 

time for small- to medium-size arrays. However, for larger arrays another algorithm should be used.    

A simulation model is needed to compare different interconnections (i.e., SP, TCT and OTCT). The 

simulation model is built in MATLAB/SIMULINK environment. This model is based on the single-

diode model for PV modules, described by (4-5) and shown in Fig. 4-3 [75]. The PV array is 

constructed from the interconnection of PV modules in SP, TCT or OTCT interconnection style. A 

Bypass diode is connected across each PV module and no reverse current blocking diodes are used. It 

should be noted that the wiring resistance is ignored in the simulation model. The PV module data is 

given in Appendix A.  

 

Figure 4-4 PV module single-diode model. 

4.6 Performance Ratio 

The array’s overall Performance Ratio (PR) normalizes the effect of mismatch losses based on the 

rated output dc power Pdc, and allows comparison between arrays of different sizes under different 

irradiance conditions HA [13]. The PR is directly related to the overall system efficiency; a higher PR 

means higher system efficiency. 

   
     

  
 

 

   
                          

EAmax and HA used in (4-8) can be found from (4-9) and (4-10), respectively.  

      ∑       

 

   

                     

   ∑       
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The array’s PR for each time segment g can then be found as follows: 

    
       

       
 

 

   
  

     

     
 

 

   
         

4.7 Application Examples 

In the following application examples, the focus, in particular, is on partial shading in PV fields. The 

three shading patterns shown in Figure 4-4 are approximations for the most common partial shading 

patterns in PV fields [40-42]. These patterns happen when the front-row arrays are shading the 

bottom of the back-row arrays, causing the overall array to be partially shaded. The irradiance levels 

of the shaded modules depend on the distance between the rows and the environmental conditions 

[40-42]. Therefore, two application examples are considered: (i) the irradiance levels of the shaded 

modules are 50 % of those of the un-shaded modules; (ii) the irradiance levels of the shaded modules 

are 25% of those of the un-shaded modules. It should be noted that each application example 

represents a different PV field; therefore, one OTCT interconnection is found for each field. Each 

situation has a time segment g such that tg represents the total time duration of each partial shading 

situation throughout the year. This total time duration is assumed to be the same for all partial shading 

situations in these applications for simplicity and without loss of generality.  

 

(a)                          (b)                          (c) 

Figure 4-5: Three easy-to-predict partial shading situations 

4.7.1 Application Example 1 

In this application example, it is assumed that the irradiation level for the shaded modules is 50% of 

that for of the un-shaded ones, as shown in Figure 4-5, where the numbers indicates irradiance levels 

in W/m2. The static OTCT interconnections for these situations can be found using the optimization 

model discussed earlier, as shown in Figure 4-6 (b). Figure 4-6 (a) shows the TCT interconnection for 

the same array, where the numbers indicate the coordinates of modules’ physical positions. The 
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simulation model is used to compare the performance of the OTCT with those of SP and TCT 

interconnections for each partial shading situation.  

 

(a)                            (b)                            (c) 

Figure 4-6: Three partial shading situations 

 

(a)                                       (b) 

Figure 4-7: (a) TCT interconnection; (b) OTCT interconnection 

4.7.1.1 Situation (a) 

The comparison results for this situation are given in Table 4-1. SP and TCT interconnections suffer 

from partial shading losses caused by lack of coherence between the modules` MPPs and the array’s 

MPP. The array’s MPP (552 W) occurs when the modules are not at their MPPs. The MPP for the 

1000 W/m2 modules is 85 W and the MPP for the 500 W/m2 modules is 42.2 W. However, for OTCT 

interconnection, the array’s MPP (718 W) has more coherence with the modules’ MPPs.  This 

coherence is reflected in the array’s performance ratio for this partial shading situation, which has 

increased from 0.72 for SP and TCT to 0.94 for OTCT. The higher coherence is also reflected in the 

output power which has increased by 30 % with respect to those of SP and TCT. Figure 4-6 shows 
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that the Power - Voltage (P-V) characteristic of OTCT interconnection is smoother than those of SP 

and TCT interconnections, which reduces the probability of the MPPT getting misled. 

Table 4-1 Situation (a) simulation results 

 
Modules’ powers at 

MPPAa (W) 
MPPAa (W) PRa 

Power change 

w.r.t. SP (%) 

SP 

&TCT 

51 51 51 

552 0.72 --- 
51 51 51 

41 41 41 

41 41 41 

OTCT 

76 76 76 

718 0.94 +30 
76 84 84 

41 41 41 

41 41 41 

 

Figure 4-8 : situation (a) interconnections’ P-V characteristics  

4.7.1.2 Situation (b) 

In this situation, SP and TCT suffer from partial shading losses caused by turning ON of some bypass 

diodes. These diodes bypass the 500 W/m2 modules, thus eliminating any power produced by them. 

Moreover, the ON resistance for these diodes has a power loss of 3.1 W, as shown in Table 4-2. In the 

case of OTCT, bypass diodes are OFF; therefore, the 500 W/m2 modules are still producing power. 

The impact of OTCT interconnection is increasing the performance ratio from 0.85 to 0.975, 

improving the generated power by 15.1 % and smoothing the P-V characteristic, as shown in Figure 

4-8. 

 

0 20 40 60 80 100
0

100

200

300

400

500

600

700

800

900

Voltage (V)

P
o

w
e
r 

(W
)

SP & TCT

OTCT



 

 43 

Table 4-2:  Situation (b) simulation results 

 
Modules’ powers 

at MPPAb (W) 
MPPAb (W) PRb 

Power change 

w.r.t. SP (%) 

SP & 

TCT 

85 85 85 

755.7 0.85 --- 
85 85 85 

85 85 85 

-3.1 -3.1 -3.1 

OTCT 

85 85 85 

870 0.975 +15.1 
85 78 85 

85 78 78 

42 42 42 

 

Figure 4-9 : Situation (b) interconnections’ P-V characteristics 

4.7.1.3 Situation (c) 

In this situation, TCT has lower partial shading losses than SP because it has more coherence between 

modules’ MPPs and array’s MPP. TCT can have better coherence than SP only when the rows are 

partially shaded; otherwise, there is no significant difference. However, OTCT interconnection can 

have better coherence than SP and TCT in case of rows partial shading or full shading, as shown in 

the previous situations and Table 4-3. In this situation, the OTCT interconnection is able to reduce 

partial shading losses to zero, thus gaining a unity performance ratio. Moreover, its P-V characteristic 

has one peak only, as shown in Figure 4-9, thus simplifying the job of MPPT. 

From the previous situations and using (4-9), the OTCT interconnection increases the annual energy 

yield during partial shading by 21%, when compared to SP, and by 19%, when compared to TCT. 
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Moreover, using (4-8), (4-9) and (4-10), the PR during partial shading for OTCT increases to 0.97 

from 0.8 for SP and 0.81 for TCT. 

Table 4-3 : Situation (c) simulation results 

 
Modules’ powers 

at MPPAc (W) 
MPPAc (W) PRc 

Power change 

w.r.t. SP (%) 

SP 

52 52 84.3 

700 0.824 --- 
52 52 84.3 

38.7 38.7 84.3 

38.7 38.7 84.3 

TCT 

66.3 66.3 66.3 

731 0.86 +4.4 
66.3 66.3 66.3 

41.3 41.3 84 

41.3 41.3 84 

OTCT 

85 85 85 

848.8 1.00 +21.3  
85 85 85 

42.2 42.2 85 

42.2 42.2 85 

 

Figure 4-10: Situation (c) interconnections’ P-V characteristics 

4.7.2 Application Example 2 

In this application example, the irradiance level of the shaded modules is 25% of that of the un-

shaded ones, as shown in Figure 4-10. The static OTCT interconnection is found using the 

optimization model. The solution of the model gives the interconnection shown in Figure 4-11 (b) 

which is a modified version of the TCT interconnection of Figure 4-11 (a). 
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(a)                           (b)                               (c) 

Figure 4-11 : Three partial shading situations 

 

(a)                                       (b) 

Figure 4-12: (a) TCT interconnection; (b) OTCT interconnection 

4.7.2.1 Situation (a) 

In this situation, OTCT interconnection does not cause the bypass diodes to be turned ON. This 

increases the generated power by 7.1 % when compared to those for SP or TCT, as shown in Table 4-

4. Moreover, the P-V characteristic is smoother, as shown in Figure 4-12. 

Table 4-4: Situation (a) simulation results 

 
Modules’ powers at 

MPPAa (W) 
MPPAa (W) PRa 

Power change 

w.r.t. SP (%) 

SP 

&TCT 

85 85 85 

491.4 0.77 --- 
85 85 85 

-3.1 -3.1 -3.1 

-3.1 -3.1 -3.1 

OTCT 

66.7 66.7 83.5 

526.4 0.83 +7.1 
66.7 66.7 83.5 

19.1 13.6 13.6 

13.6 19.1 13.6 
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Figure 4-13 : situation (a) interconnections’ P-V characteristics  

4.7.2.2 Situation (b) 

In this situation, the OTCT interconnection increased the performance ratio from 0.91 to 0.95, as 

shown in Table 4-5, and smoothed the P-V characteristic, as shown in Figure 4-13. This improvement 

comes from keeping the bypass diodes OFF. 

Figure 4-14 Situation (b), simulation results 

 
Modules’ powers 

at MPPAb (W) 
MPPAb (W) PRb 

Power change 

w.r.t. SP (%) 

SP & 
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85 85 85 

755.7 0.91 --- 
85 85 85 

85 85 85 

-3.1 -3.1 -3.1 

OTCT 

84.8 84.8 84.8 

783.9 0.95 +3.7 
72.2 72.2 84.8 

84.8 72.2 84.8 
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Figure 4-15 : situation (b) interconnections’ P-V characteristics  

4.7.2.3 Situation (c) 

In this situation, the OTCT increased the coherence between the PV modules when compared to TCT 

or SP, as shown in Table 4-6. The increased coherence resulted in having a unity performance ratio 

for OTCT and increasing the generated power by 48 % when compared to SP. Moreover, the P-V 

characteristic has one peak only, as shown in Figure 4-14.   

Table 4-5 Situation (c) simulation results 

 
Modules’ powers 

at MPPAc (W) 
MPPAc (W) PRc 

Power change 

w.r.t. SP (%) 

SP 

26.1 26.1 85.1 

510 0.67 --- 
26.1 26.1 85.1 

16.3 16.3 85.1 

16.3 16.3 85.1 

TCT 

51.1 51.1 51.1 

549.6 0.72 +7.8 
51.1 51.1 51.1 

19.1 19.1 83.3 

19.1 19.1 83.3 

OTCT 

85.1 85.1 85.1 

759.2 1.00 +48.9 
85.1 85.1 85.1 

19.6 19.6 85.1 

19.6 19.6 85.1 
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Figure 4-16 : situation (c) interconnections’ P-V characteristics  

From the previous situations and using (9), the OTCT interconnection increases the annual energy 

yield during partial shading by 17.8 % when compared to SP and by 15.2 % when compared to TCT. 

Moreover, using (4-8), (4-9) and (4-10), the PR during partial shading for OTCT increases to 0.93 

from 0.79 for SP and 0.81 for TCT. The application examples presented in this section indicate that 

the OTCT interconnection results in an increase in the annual energy in the presence of partial 

shading; however, it will increase the complexity of the interconnection. The extent of increase in the 

complexity depends on the specific situation. It should be noted that the proposed mathematical 

model is general and gives the OTCT interconnection when the information on the shading pattern, 

irradiance levels and duration of each partial shading situation is provided. 

4.8 Conclusion  

This chapter proposed the Optimal-Total-Cross-Tied (OTCT) interconnection for photovoltaic arrays. 

As verified by a number of application case studies, this interconnection is capable of significantly 

reducing mismatch losses caused by easy-to-predict sources when compared to Series-Parallel (SP) or 

Total-Cross-Tied (TCT) interconnections, without using any switches or sensors. This reduction is a 

significant improvement in the design of photovoltaic structures, and is especially useful in the 

planning stage for large photovoltaic farms. The OTCT interconnection also results in a smoother 

array P-V characteristic with lower number of local maxima, thus simplifying the task of MPPT. 

Since the formulation of the optimization problem is general, the improvements are not restricted to 

the application case studies considered and are valid for any general condition.  This work is 

0 20 40 60 80 100
0

100

200

300

400

500

600

700

800

900

Voltage (V)

P
o

w
e
r 

(W
)

SP

TCT

OTCT



 

 49 

protected by the international patent number PCT/CA2011/000556. The next chapter considers 

difficult-to-predict sources of mismatch. 

  



 

 50 

Chapter 5 

Optimal Photovoltaic Array Reconfiguration to Reduce Partial 

Shading losses 

5.1 Introduction 

Sources of partial shading could be easy-to-predict sources such as nearby arrays and trees, or 

difficult-to-predict sources such as clouds, dust and snow. Unlike partial shading resulting from 

difficult-to-predict sources, partial shading caused by easy-to-predict sources can be reduced by 

selecting the proper array interconnection, as mentioned in the previous chapter. For example, partial 

shading from neighboring arrays in PV farms can be reduced by connecting the array in Optimal- 

Total-Cross-Tied (OTCT) interconnection.  

The main goal of this chapter is to develop a mathematical formulation for the optimal PV array 

reconfiguration to reduce partial shading losses that come from difficult-to-predict sources. The 

second goal is to find the optimal solution for the optimization problem using a global optimization 

technique. This chapter is organized as follows: First, the mechanisms of partial shading losses are 

discussed. Then, a literature survey on techniques for reduction of partial shading losses is reported. 

Next, the reconfiguration problem and its optimal solution algorithm are presented. Finally, some 

applications for the proposed formulation are discussed, followed by conclusions and proposed future 

work. 

5.2 Clouds Movement 

The passage of clouds over a PV array is one of the main reasons for partial shading. There are two 

main cloud patterns. The puffy clouds that look like large cotton balls which are called cumulus 

clouds and the solid line of black clouds which are called squall lines. Cumulus clouds does not 

reduce the irradiance levels greatly; however they can cause the irradiance levels to fluctuate 

greatly  [78-79]. Squall lines cause the largest variations in the irradiance levels and they can cause 

zero irradiance level [78-79], and thus, they lead to the worst-case scenario for partial shading; 

however, the speed of fluctuations is less than squall lines. The speed of fluctuations can range from 

few minutes to hours depending on the wind speed and the type and size of passing clouds [78-79]. 
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5.3 Partial Shading Losses 

Partial Shading (PS) causes power losses through different mechanisms, the most severe one being 

the incoherence of array’s Maximum Power Point (MPP) with modules’ MPPs. This means that the 

MPP operation of the array does not coincide with the MPP operations of the individual modules; 

therefore, the overall operation is not optimal. Another mechanism is turning bypass diodes ON, 

bypassing partially-shaded modules, although they might still be able to generate power. Moreover, 

turning these diodes ON creates losses due their ON-state resistances. PS could also cause reverse 

currents which make the reversed modules to act as loads, thus reducing the generation and increasing 

the thermal losses. In addition to the previous mechanisms, PS increases the probability of Maximum 

Power Point Tracker (MPPT) being misled to operate at local maxima which can add to the losses [5-

9]. Different losses caused by PS are illustrated in Figure 5-1, where the maximum possible power 

under PS is the sum of the maximum powers of the individual modules when operating independently 

under the same irradiance levels dictated by array PS. The maximum possible power is less than the 

array’s maximum power without partial shading. The difference is the shading losses which cannot be 

avoided. 

 

Figure 5-1: Shading, partial shading and misleading losses for a photovoltaic array 

5.4 Partial Shading Loss Reduction 

PS losses could be reduced by either passive or active techniques. Passive techniques use passive 

elements such as bypass diodes while active techniques use active elements such as solid-state 

switches. The most common passive technique uses bypass diodes across PV modules to reduce PS 
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losses. These diodes protect the modules from local heating (hot spots) and increase the overall power 

generation from the array under partial shading conditions. However, theses diodes do not allow the 

array to produce the maximum possible power under partial shading. Moreover, they increase the 

complexity of MPPT, as discussed earlier. Another passive technique is based on changing PV array 

interconnections. Active techniques for reducing partial shading losses could be grouped into the 

following main three categories: 

5.4.1 Distributed MPPT 

In this technique, each module or group of modules has its own MPPT, thus avoiding PS losses 

caused by the incoherence between the modules. Also, this technique avoids the installation of bypass 

diodes, thus avoiding the corresponding losses. Moreover, the MPPT detection is easier and does not 

require complicated algorithms. However, this technique requires additional components for each 

module or group of modules, such as DC-DC or DC-AC converters. Moreover, it requires more 

complicated control architectures. 

5.4.2 Multi-level inverters 

Multi-level inverter topologies such as diode-clamped, capacitor clamped and cascaded H-bridge 

have been used to reduce PS losses by independent voltage control of each module. These inverters 

reduce the device voltage stress as well as the ac output voltage harmonics. However, they require a 

complicated control algorithm to achieve operation at the optimal power point. 

5.4.3 Photovoltaic array reconfiguration 

The reconfigurable PV array was first proposed by Salameh et al. to start and operate permanent 

magnet dc motor coupled to volumetric water pump [43-44]. Then, it was proposed by [45] to start 

and accelerate electric cars using a number of PV modules. In [46], Sherif and Boutros proposed a 

reconfiguration scheme for PV modules using transistors as switches between cells. In [25], Nguyen 

and Lehman used reconfiguration inside PV arrays and proposed two reconfiguration algorithms. 

However, they did not propose any mathematical formulation for the optimal reconfiguration. They 

also proposed dividing the PV array into fixed and adaptive parts with a switching matrix between 

them. They used one column only as an adaptive part in order to reduce the number of sensors and 

switches, which can make the scheme ineffective if the shaded area is large. Moreover, they did not 

mention the necessary modifications in their algorithms to deal with higher number of reconfigurable 

columns. They tested the system under constant resistive load without MPPT.  In [26, 47-48], 
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Velasco et al. used reconfiguration for grid connected PV arrays and proposed a mathematical 

formulation for it. However, the formulation is for a fully reconfigurable array only and it does not 

indicate directly the global optimal reconfiguration. Moreover, they proposed the irradiance 

equalization index as the difference between the maximum and the minimum average row irradiance 

levels in the array. They claimed that minimization of this index could result in an optimal 

reconfiguration. However, optimal reconfiguration requires that all the differences between row 

irradiance levels are minimized, as will be shown in this chapter. They proposed a solution algorithm 

that required an off-line determination of all possible configurations of the PV modules. Then, the 

best configuration for the current shading condition was found on-line. They tested the system using 

six PV modules and identified 15 possible configurations. Also, they found that nine PV modules will 

have 280 possible configurations. The number of possible configurations will increase for larger PV 

arrays and it will be very difficult to find the optimal configuration in a timely manner. It can be 

concluded that the proposed algorithm in [26, 47-48] is more suitable for small number of PV 

modules.  

The formulation proposed is this chapter is intended to cover the shortfalls in the past work in the 

area. It can find directly the optimal reconfiguration if solved by a global optimization technique. 

Moreover, it is suitable for a fully reconfigurable or a partially reconfigurable array. In addition, it can 

be used for arrays with different number of modules per row. The solution algorithm proposed in this 

chapter ensures a global optimal reconfiguration. 

5.5 Optimal PV Array Reconfiguration  

By dynamically reconfiguring the connection of PV modules, the effect of irradiance level mismatch 

between PV modules can be minimized on the row level. For Total-Cross-Tied (TCT) 

interconnection, this can be seen as having one column of PV modules with equal or close-to-equal 

irradiance levels. The definition of irradiance level mismatch index is as follows: 

Definition 1 “Irradiance level Mismatch Index IMI” is the sum of the squares of differences between 

normalized total irradiance levels of rows, as given by (5-1).  

        ∑∑[
    

 
 

    

 
]
  

   

 

   

                                  

In (5-1), IRRi and IRRl are the total irradiance levels of rows i and l, respectively. Figure 5-2 shows 

an m × n PV array composed of two parts, a fixed part and a reconfigurable part. The objective is to 
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reconfigure the modules in the reconfigurable part in such a way that IMI is minimized. This requires 

defining an existence variable as follows. 

Definition 2 “Existence Variable yiq” is defined as a binary variable such that: 

    {
                                                                     

                                                                                      
 

The objective function can therefore be formulated as follows. 
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In (5-2), the total normalized irradiance level of each row is represented by the summation of the 

normalized irradiance level of the fixed part 
    

 
 and the normalized irradiance level of the 

reconfigurable part ∑
       

 

   
   .  In (5-2),  IRFi represents the total irradiance level of the fixed part 

of row i, IRMq represents the irradiance level of the reconfigurable module q, G is the reference 

irradiance level, m the total number of rows and nR the total number of reconfigurable columns. The 

irradiance level of the reconfigurable part is found by the summation of irradiance levels of all 

modules that exist in the reconfigurable part. A module q will exist in the reconfigurable part if and 

only if yiq is equal to one. Equations (5-3) and (5-4) give two logical constrains for the optimal 

reconfiguration problem. The first constrain described by (5-3) states that all reconfigurable modules 

should exist. This constraint is repeated m × nR times. The second constraint described by (5-4) states 

that each reconfigurable part in each row will have nR modules or less. This constraint is repeated m 

times. The inequality (5-4) could be changed to equality for exactly nR modules per row. 

∑   

 

   

                                               

∑    

    

   

                                       

The previous optimization model can be used for fully- reconfigurable arrays if IRFi is set to zero, or 

partially-reconfigurable arrays otherwise. Also, it can be used for different number of modules per 

row if (5-4) is an inequality constraint. The proposed model requires irradiance level data only and 

does not require any knowledge about the model of the PV modules.  
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Figure 5-2: Reconfigurable PV array 

5.6 Switches and Sensors Requirements 

The proposed formulation requires a double-pole m-throw switch for each reconfigurable module as 

shown in Fig. 5-3. Therefore, the required total number of switches is m×nR. This number can be 

reduced by reducing the number of rows or the number of reconfigurable columns. The minimum 

number of rows is limited by the required voltage level from the array. However, the number of 

reconfigurable columns can be reduced by proper selection of the position of the reconfigurable 

columns. The users have the flexibility to select the number and the locations of reconfigurable 

columns according to their needs and according to the patterns of partial shading they have. 

Moreover, the users have the flexibility to select the number of modules per row according to their 

needs.  

Irradiance levels can be measured by irradiance level sensors or estimated using voltage and current 

measurements. The cost of irradiance level sensors is much higher than those of voltage and current 

sensors. Therefore, it is proposed to use a voltage sensor for each row and a current sensor for each 
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module; then, the total number of sensors is m× (1+nf+nR). The irradiance level of each module IRM 

can be estimated by measuring its voltage VM and its current IM and substituting in (5-5) which 

requires the knowledge of module’s parameters that could change by aging. 
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Figure 5-3: A reconfigurable PV module requires a double-pole m-throw switch  

5.7 Optimization Algorithm and Simulation Model 

The optimal reconfiguration problem is a Mixed Integer Quadratic Programming (MIQP) problem 

with m2×nR binary variables. MIQP problems are NP-hard problems and their computational 

complexity is exponential in the number of binary variables [49]. However, a lot of efforts have been 

made to develop real time solvers for these problems [50-52]. These solvers usually use Branch and 

Bound (BB) algorithm. These solvers usually solve the problem in the range of 100 milliseconds [50-

52] which is much faster than the speed of fluctuation of irradiance levels which ranges from few 

minutes to hours [78]. 

5.8 Performance Ratio and Economical Evaluation Method 

The array’s overall Performance Ratio (PR) given by (5-6) normalizes the effect of partial shading 

losses based on the rated output dc power Pdc, and allows comparison between arrays of different 

sizes under different irradiance conditions HA [13]. 
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The array’s energy  production under partial shading (EA) and its in-plane irradiance level during 

partial shading (HA) used in (5-6) are given by (5-7) and (5-8) respectively.  

                            

                            

where t is the duration of partial shading. The array’s PR can be found as follows: 

   
    

     
 

 

   
  

  

   
 

 

   
        

The Revenue Present Value (RPV) from recovering partial shading energy losses is given by (5-10), 

where F is the inflation rate, D is the discount rate, ∆PAgk is the change in array output dc power due 

to reconfiguration, tgk is the duration of partial shading situation, CE is the negotiated contract price, 

Y is the array life time in years, N is the number of partial shading situations per year, g is partial 

shading situation index and k is year index. The Cost Present Value (CPV) is given by (5-11), where 

Nsw is the total number of switches, NI is the total number of current sensors, NV is the total number 

of voltage sensors, a is the switch cost, b is the current sensor cost, c the voltage sensor cost and d 

cost of controller. The Net Present Value is given in (5-12). 
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5.9 Application Examples 

The following application examples consider a 6 × 4 PV array, where the first and third columns are 

fixed and the second and fourth columns are reconfigurable to form a Half-Reconfigurable 

Photovoltaic Array (HRPVA). This reduces the required number of switches to half of what was 

proposed in [26, 47-48] for Fully-Reconfigurable PhotoVoltaic Array (FRPVA). However, this 

results in reduction of the generated power in some partial shading situations.  

The reconfiguration problem is modeled in GAMS and solved using Basic Open-source Non-linear 

Mixed INteger (BONMIN) solver [53]. This solver is set up to implement BB algorithm. A 

simulation model is needed to compare HRPVA, FRPVA and TCT arrays. The simulation model is 

built in MATLAB/SIMULINK environment. This model is based on the single diode model for PV 
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modules described by (4-5) and shown in Fig. 4-3. The PV array is constructed from the 

interconnection of PV modules in HRPVA, FRPVA or TCT. A bypass diode is connected across each 

PV module and no reverse current blocking diodes are modeled. The PV module data is given in 

Appendix A. The optimization software is installed on a PC, which has an Intel Core 2 Due processor 

with a speed of 1.8 GHz and a RAM memory of 1 GB. Performance ratio and irradiance mismatch 

index are calculated for each application example to give an indication of partial shading losses. 

Moreover, the processing time required to solve the optimization problem in each example is given. 

5.9.1 Application Example 1: Single-Row Shading 

The PS situations shown in Figure 5-4 are applied to TCT, HRPVA and FRPVA arrays, where the 

numbers indicate modules’ irradiance levels in W/m2. It should be noted that the MPP for the 

modules receiving 1000 W/m2 irradiance level is 85 W and for those receiving  500 W/m2 is 42.2 W. 

The FRPVA has increased the generated power by 8.5 % when compared to TCT. This increase 

comes from preventing bypass diodes from turning ON, which would short the 500 W/m2 modules, as 

shown in Table 1. The HRPVA has increased the generated power by only 0.5 %. However, the 

Power-Voltage (P-V) characteristic is smoother than that of TCT, as shown in Figure 5-5, which 

reduces the probability of misleading the MPPT. The optimization processing time is 13.6 sec for 

HRPVA and 18.5 sec for FRPVA. 

 

(a)                              (b)                              (c) 

Figure 5-4: Application Example 1: (a) TCT irradiance levels; (b) HRPVA effective irradiance levels; 

(c) FRPVA effective irradiance levels  
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Table 5-1 Application Example 1: Array and modules’ powers 

 
Modules’  

powers at Array’s 

MPP (W) 

Array’s 

MPP (W) 
PR IMI 

Power 

change w.r.t. 

TCT (%) 

T 

(s) 

TCT 

85 85 85 85 

1691 0.9 20 -- - 

85 85 85 85 

85 85 85 85 

85 85 85 85 

85 85 85 85 

-3.1 -3.1 -3.1 -3.1 

HRPVA 

81.5 81.5 81.5 41.5 

1700 0.91 5 +0.5  13.6 

74.4 74.4 74.4 74.4 

74.4 74.4 74.4 74.4 

74.4 74.4 74.4 74.4 

81.5 41.5 81.5 81.5 

38.2 78.4 38.2 78.4 

FRPVA 

84.9 84.9 84.9 41.8 

1834 0.98 2 +8.5 18.5 

81.1 81.1 81.1 81.1 

81.1 81.1 81.1 81.1 

84.9 84.9 41.8 84.9 

84.9 41.8 84.9 84.9 

41.8 84.9 84.9 84.9 

 

Figure 5-5: Application Example 1: Arrays’ P-V characteristics 

5.9.2 Application Example 2: Double-Row Shading 

In this situation, the effective irradiance levels seen by each array is shown in Figure 5-6. The 

HRPVA and FPVA have reduced partial shading losses caused by turning ON of bypass diodes 

across the 500 W/m2 modules, as shown in Table 5-2, thus increasing the generated power by 21.8 %, 

when compared to that for TCT. This is also reflected in the performance ratio which has increased 

0 20 40 60 80 100 120 140
0

200

400

600

800

1000

1200

1400

1600

1800

Voltage (V)

P
o

w
e
r 

(W
)

TCT HRPVA

FRPVA



 

 60 

from 0.787 to 0.959 and the irradiance mismatch index which has decreased from 32 to 2. Moreover, 

the P-V characteristics of the reconfigurable arrays are smoother than that of TCT, as shown in Figure 

5-7, thus reducing the probability of misleading the MPPT. The optimization processing time is 1.9 

sec for HRPVA and 21.7 sec for FRPVA.   

 

(a)                             (b)                              (c) 

Figure 5-6: Application Example 2: (a) Applied irradiance levels; (b) HRPVA effective irradiance 

levels; (c) FRPVA effective irradiance levels  

Table 5-2 Application Example 2: Array and modules’ powers 

 
Modules’  

powers at Array’s 

MPP (W) 

Array’s 

MPP (W) 
PR IMI 

Power 

change w.r.t. 

TCT (%) 

T 

(s) 

TCT 

85 85 85 85 

1338 0.787 32 -- - 

85 85 85 85 

85 85 85 85 

85 85 85 85 

-3.1 -3.1 -3.1 -3.1 

-3.1 -3.1 -3.1 -3.1 

HRPVA 

80.8 80.8 80.8 41.2 

1630 0.959 2 +21.8 1.9 

80.8 41.2 80.8 80.8 

80.8 41.2 80.8 80.8 

80.8 80.8 80.8 41.2 

40.6 83.1 40.6 83.1 

40.6 83.1 40.6 83.1 

FRPVA 

80.8 80.8 41.2 80.8 

1630 0.959 2 +21.8 21.7 

80.8 41.2 80.8 80.8 

83.1 40.6 83.1 40.6 

41.2 80.8 80.8 80.8 

40.6 83.1 40.6 83.1 

80.8 41.2 80.8 80.8 
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Figure 5-7: Application Example 2: Arrays’ P-V characteristics 

5.9.3 Application Example 3: Quarter-Array Shading 

The irradiance levels shown in Figure 5-8 are applied to different PV arrays. The HRPVA and the 

FRPVA have reduced partial shading losses caused by incoherence between the modules’ MPPs and 

the array’s MPP, as shown in Table 5-3. The 1000 W/m2 module is now able to produce 85 W instead 

of 73.1 W and the 500 W/m2 module is able to produce 42.5 W instead of 41.2 W, increasing the 

overall array power production by 9.6 %, when compared to that for TCT. The reconfigurable arrays 

have a unity performance ratio and zero irradiance mismatch index. The P-V characteristics of the 

reconfigurable arrays are smoother than that of TCT, as shown in Figure 5-9, which simplifies the 

task of MPPT algorithm. The optimization processing time is 0.7 sec for HRPVA and 1.6 sec for 

FRPVA. 

 

(a)                             (b)                               (c) 

Figure 5-8: Application Example 3: (a) Applied irradiance levels; (b) RPVA effective irradiance 

levels ; (c) FRPVA effective irradiance levels 
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Table 5-3 Application Example 3: Array and modules’ powers 

 
Modules’  

powers at Array’s 

MPP (W) 

Array’s 

MPP (W) 
PR IMI 

Power 

change w.r.t. 

TCT (%) 

T 

(s) 

TCT 

73.1 73.1 73.1 73.1 

1630 0.913 9 -- - 

73.1 73.1 73.1 73.1 

73.1 73.1 73.1 73.1 

41.2 41.2 84.1 84.1 

41.2 41.2 84.1 84.1 

41.2 41.2 84.1 84.1 

HRPVA 

85 42.5 85 85 

1786 1.000 0.00 +9.6 0.7 

85 42.5 85 85 

85 42.5 85 85 

42.5 85 85 85 

42.5 85 85 85 

42.5 85 85 85 

FRPVA 

85 85 42.5 85 

1786 1.000 0.00 +9.6 1.6 

85 42.5 85 85 

85 85 85 42.5 

42.5 85 85 85 

85 85 42.5 85 

85 42.5 85 85 

 

Figure 5-9 : Application Example 3: Arrays’ P-V characteristics 

5.9.4 Application Example 4: Oblique Shading 

In this application, oblique shading is imposed on the three arrays, as shown in Figure 5-10. The 

reconfigurable arrays have increased the coherence between the modules’ MPPs and the array’s MPP 

which has increased the generated power by 23.3 % for FRPVA and by 15.7 % for HRPVA, as given 
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in Table 5-4 and shown in Figure 5-11. The optimization processing time is 7.1 sec for HRPVA and 

1.6 sec for FRPVA. 

 

(a)                              (b)                              (c) 

Figure 5-10: Application Example 4: (a) Applied irradiance levels; (b) RPVA effective irradiance 

levels ; (c) FRPVA effective irradiance levels 

Table 5-4 Application Example 4: Array and modules’ powers 

 
Modules’  

powers at Array’s 

MPP (W) 

Array’s 

MPP (W) 
PR IMI 

Power 

change w.r.t. 

TCT (%) 

T 

(s) 

TCT 

63.8 63.8 63.8 63.8 

1449 0.81 12 -- - 

63.8 63.8 63.8 63.8 

63.8 63.8 63.8 63.8 

36.5 71 71 71 

40.7 40.7 79.4 79.4 

38.2 38.2 38.2 78.3 

HRPVA 

81.4 41.5 81.4 81.4 

1677 0.94 3 +15.7 7.1 

74.3 74.3 74.3 74.3 

81.4 41.5 81.4 81.4 

41.5 81.4 81.4 81.4 

41.5 81.4 81.4 81.4 

38.7 79.5 38.7 79.5 

FRPVA 

85 85 42.5 85 

1786 1.000 0.00 +23.3 1.6 

42.5 85 85 85 

85 42.5 85 85 

85 85 42.5 85 

85 42.5 85 85 

85 42.5 85 85 
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Figure 5-11: Application Example 4: Arrays’ P-V characteristics 

5.10 Economical Evaluation of the Application Examples 

The 6×4 PV array used in the previous examples is assumed to be installed in Ontario with a total 

lifetime of 20 years. The energy sale price of PV in Ontario is $0.443/kWh for PV farms and $ 

0.802/kWh for BIPV [3]. The inflation rate is assumed to be 4 % and the discount rate is assumed to 

be 8 % [74].  The full reconfigurable array uses 144 single-pole single-throw switches and the half 

reconfigurable array uses 72 switches. Both of them use 24 hall-effect current sensors, 6 resistive 

voltage divider, as voltage sensors, and one microcontroller. Based on the array voltage and current 

ratings, it was found that a single-pole single-throw switch costs $5, a hall effect current sensor costs 

$10, a resistive voltage divider costs $2 and the microcontroller costs $20 in scale production[73]. 

Also, it is assumed that the duration of partial shading is 10 % of the year (i.e., 0.1 × 8760 hrs = 876 

hrs) and the four partial shading situations are equal in duration (i.e., 219 hrs each). Table 5-5 shows 

the results of the economical evaluation. The results show that the FRPVA and HRPVA used in the 

previous case studies are economically feasible for both BIPV and PV farm. However, this does not 

include the value of usage of the existing hardware for other functions such as series arc fault 

detection.  
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Table 5-5 Economical evaluation results 

 FRPVA HRPVA 

RPV for PV farms $1192.9 $880.4 

RPV for  BIPV $2159.24 $1593.8 

CPV $992 $632 

NPV for PV farms $200.9 $248 

NPV for  BIPV $1167.24 $961.8 

5.11 Conclusion  

In this chapter, a mathematical formulation for photovoltaic array reconfiguration as a Mixed Integer 

Quadratic Programming problem was proposed. This formulation can be used for a fully 

reconfigurable or a partially reconfigurable array. Moreover, it can be used for non-equal number of 

modules per row. It was shown that the application of the proposed reconfiguration concept can result 

in considerable reduction in partial shading losses, thus increasing the generated output power of 

arrays. A useful byproduct is the smoother P-V characteristic for the array, making the MPPT task 

much simpler.  A method of economical evaluation for the proposed technology is presented and used 

in a specific case study in which reconfiguration showed economic feasibility. The intellectual 

property of some of the material presented in this chapter is protected by the international patent 

number PCT/CA2011/000809 
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Chapter 6 

Series Arc Fault Detection in Total-Cross-Tied Photovoltaic Arrays 

6.1 Introduction  

PV systems are composed of modules, wires, connectors, diodes, junction boxes and inverters. These 

elements are usually operated at high DC voltages and are installed outdoors. These elements are 

subjected to animal bites, weather conditions and aging which can deteriorate their insulation.  

Moreover, the interconnection between these elements may become loose due to bad installation, 

weather conditions or aging. The deterioration of insulation and the loose interconnections are the 

main sources of faults in PV systems. Insulation deterioration can result in a ground fault if the 

current finds a path to ground. The loose interconnections can result in a series arc fault which is very 

difficult to detect and isolate. Moreover, if the deterioration is happening at two points that are 

physically close, this can result in a parallel arc fault, even though this rarely happens.  

In 1984, the Sacramento Municipal Utility district started the operation of a 1 MW PV farm [54]. 

During start up, a fault occurred in the array field that led to a fire and a repair cost of around $58k. 

Through investigation, it was found that damaged insulation at two points had caused a double 

ground fault. As a result of this incidence and several other incidences, ground fault protection has 

become a must in every PV installation according to the American National Electric Code (NEC) 

[55]. Similar to ground faults, arc faults have caused damages to arrays and profit loss in many PV 

installations in different countries around the world [5]-[8]. Therefore, NEC has added article 690.11 

in 2011 to require an arc fault protection. The focus of the article is on series arc faults for a system 

operating at 80V or greater. It requires automatic disconnection of the inverter or the faulted 

component upon detection of fault and the manual restoration of the disconnected element after 

clearing the fault [56]. This chapter proposes a novel series arc fault detection algorithm in 

compliance with the NEC standard. 

Fault detection of PV arrays can be performed by visual inspection, thermal imaging with infrared 

camera or electrical measurements. Visual and thermal imaging methods require inspection by an 

experienced worker which can take a long time for a large PV farm. Electrical measurements can be 

much faster and more accurate than visual inspection and thermal imaging. The first proposed 

electrical method [57] was to measure the MPP voltage of the PV array to detect open circuit and 

short circuit faults. This method cannot discriminate between partial shading of the array and a fault 
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inside the array; also, it cannot detect the faulty module within the array. Measuring the array I-V 

characteristic and comparing it with a simulated I-V characteristic was proposed by [57]. This method 

requires an accurate model for the PV array and accurate measurements of irradiance and temperature 

for each module. This method can detect the faulty array but cannot detect the faulty module and 

cannot discriminate between a fault and partial shading. Earth Capacitance Measurement (ECM) was 

proposed by [58] for open circuit faults only. This method is based on the fact that the value of earth 

capacitance is independent of the irradiance level. ECM is used at the string level and cannot be used 

on the array level. Time Domain Reflectometry (TDR) is compared with ECM for increased contact 

resistance fault in [59]. In TDR, a signal is send to the PV string and is compared with the reflected 

signal. This comparison will give information about the type and location of fault. TDR is affected by 

installation circumstances such as wiring, module types and mounting materials. This means that the 

characteristics of the string should be measured directly after installation and after any change in 

string components or connections. Moreover, this method requires a signal generator which adds to 

the cost. Arc Fault Detectors (AFDs) are proposed to be installed at the terminals of the inverter or 

their functionality can be incorporated within the inverter [60]-[61]. These detectors sense the voltage 

and/or current at the terminals of the inverter and detect the presence of certain AC harmonics that 

corresponds to the fault. Upon fault detection, AFDs send a command signal to the main DC switch 

to disconnect the array, thus interrupting the series arc faults. The accuracy of AFDs in detection and 

localization of faults can be greatly affected by electromagnetic interference, harmonics, system 

parameters and partial shading [60], [62]-[63]. Another approach for detecting arc faults is by using 

module-level arc fault detector to detect faults and de-energize the module during faults [7], [64]. 

This technique uses an AFD for each module which increases the overall cost. Moreover, it can suffer 

from crosstalk nuisance tripping [76] and it cannot discriminate between series and parallel arc faults 

[77] which can lead to false interruption of parallel arc fault by opining the main array switch. In [65], 

they used current and voltage measurement from each module to find the distance in the Current-

Voltage (I-V) space between the faulty module and the healthy modules; then, the fault is detected 

according to a certain threshold distance. This approach is interesting; however, it uses a huge number 

of sensors and cannot discriminate between faults and partial shading. This chapter will present a 

simple, but effective, arc fault detection and interruption technique that can discriminate between 

series arc faults and partial shading, thus avoiding the unnecessary disconnection of the array during 

partial shading. 
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6.2 Series Arc Fault Detection  

Series arc fault causes a reduction in the affected row voltage when compared to other rows voltages. 

The reason is that it adds the arc fault resistance to the existing series resistance thus reducing the row 

voltage. Therefore, series arc fault can be detected by detecting the decrease in the affected row 

voltage when compared to healthy rows in a TCT interconnected array. The problem in this method is 

that there is another phenomena that causes a reduction in the affected row voltage when compared to 

others, this phenomena is called partial shading. Partial shading means that some modules in the array 

are having different irradiance levels from the rest of the modules. Having less irradiance levels in 

some rows reduces the row voltages when compared to other rows which misleads the detection of 

series arc fault detection, thus causing a false tripping of the array. To overcome this problem, series 

arc fault should be discriminated from partial shading. The difference between series arc fault and 

partial shading is that series arc fault usually occurs at a single point in series with a single module; 

however, partial shading usually covers more than one module.  

 The Row Voltage Mismatch Index between row i and row l (RVMIil) defined in (6-1) is proposed to 

detect series arc fault or partial shading. 

                
                         

 

Where VRi and VRl are the voltages of rows i and l respectively. RVMIil can be considered as a 

vector of size
      

 
, where m is the number of rows. During single series arc fault without any 

partial shading or during a single row partial shading without any series arc fault this vector will have 

m-1 non-zero elements. However, for partial shading that involves more than one row without any 

series arc fault, the number of non-zero elements will be greater than m-1. For example, for double 

row partial shading, the number of non-zero elements is 2(m-2). The formula for the Number of Non-

Zero (NNZ) elements is given by (6-2), where NSH is the number of the partially shaded rows, NSF 

is number of rows having series arc fault and NNO is the number of rows with no partial shading or 

series arc faults. The summation of NSH, NSF and NNO is equal to m as shown in (6-3).  

                                     
 

                          

The possibility of having two or more series arc faults concurrently in the same array is very rare. 

Therefore, partial shading and series arc faults can be discriminated from each other according to 

NNZ. If NNZ is equal to m-1, then the case is series arc fault or single row partial shading and If 
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NNZ is greater than m-1, then the case is partial shading. The usage of RVMIil and NNZ fails to 

discriminate between series arc fault and partial shading in case of single row partial shading. 

Moreover, it fails to detect series arc faults if it is occurring concurrently with partial shading.  

In case of single series arc fault occurring concurrently with partial shading the Second Row Voltage 

Mismatch Index (SRVMIkq) defined in (6-4) is proposed. Where, RVMIk and RVMIq are vectors of 

all non-zero elements of RVMIil. The Second Number of Non-Zero (SNNZ) elements given in (6-5) 

is proposed to discriminate between series arc fault occurring concurrently with partial shading and 

pure uniform partial shading (all shaded rows have equal irradiance levels). If series arc faults and 

partial shading are occurring concurrently, then SNNZ is greater than zero.  Otherwise, if uniform 

partial shading is occurring only, then all non-zero row voltage mismatch indices are equal to each 

other for uniform partial shading among the partially shaded rows. Therefore, the SRVMIr is equal to 

zero and SNNZ is equal to zero. The usage of SNNZ and SRVMIkq can lead to nuisance tripping upon 

non-uniform partial shading. 

        (           )
 
                        

 

        
                 

        
               

 

The fault detection algorithm can be selected according to the probability of occurrence of partial 

shading and series arc fault. For example if the probability of having series arc fault and partial 

shading concurrently is small, then NNZ can be used alone as in algorithm 1 shown in Figure 6-1 and 

therefore  the array will not suffer from nuisance tripping upon non-uniform partial shading. 

However, if the probability of having series arc fault and partial shading concurrently is high, then 

NNZ and SNNZ are required to ensure safe operation as in algorithm 2 shown in Figure 6-2; 

however, this can cause the array to suffer from nuisance tripping upon non-uniform partial shading. 

If the PV array is interconnected in Optimal Total Cross Tied (OTCT) interconnection [66] instead of 

TCT interconnection, then the proposed method can discriminate between series arc fault and partial 

shading even in the case of single row shading. Moreover, the probability of having uniform partial 

shading among shaded rows is higher. The reason is that in OTCT interconnection, the modules of the 

partially shaded row are distributed among different parallel circuits, thus making the irradiance 

levels of the shaded rows more uniform.  
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Figure 6-3 shows the connection diagram for voltage measurements. The array requires m voltage 

sensors for voltage measurements and a microcontroller for processing. Voltage sensors could be 

resistance dividers which are very cheap and reliable. Moreover, if the array is a reconfigurable array 

as in [72] then the fault detection functionality can be incorporated within the same reconfiguration 

hardware. 

 

Figure  6-1: Algorithm 1 for detecting series arc fault when the probability of having series arc fault 

and partial shading concurrently is low. 
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Figure  6-2: Algorithm 2 for detecting series arc fault when the probability of having series arc fault 

and partial shading concurrently is high. 
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Figure  6-3: Connection diagram 

6.3 Application Case Study 

The following application case study is performed on two 6×4 arrays interconnected in TCT and 

OTCT and modeled in MATLAB/SIMULINK [75]. The building block of the system model is the 

PV cell, which is modeled by the single-diode equivalent circuit as given in Figure 3-1. The PV 

modules are modeled by the interconnection of a number of PV cells (module data are given in 

Appendix A). Each module has a bypass diode connected across its terminals. Finally, PV arrays are 

formed by PV module interconnections.   

Table 6-1 shows the results of different case studies for TCT interconnected array. The first algorithm 

can detect series arc fault when happening alone without any partial shading. However, if series arc 

faults and partial shading are happening concurrently, it fails to detect series arc faults. The second 

algorithm can detect series arc faults in all the cases, even when it is occurring concurrently with 

partial shading. However, it is subjected to nuisance operation under non-uniform partial shading. 

Table 6-2 shows the results for OTCT interconnection. OTCT interconnection avoids nuisance 

operation in case of single row shading. Moreover, it increase the uniformity of irradiance level, thus 

it reduces the probability of nuisance tripping for algorithm 2 during non-uniform partial shading. 
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Table 6-1: TCT case studies 

Situation NNZ SNNZ Algorithm 1 Algorithm 2 
Normal operation 0 0 Normal Operation Normal Operation 

One row shading 5 0 Series Arc fault Series Arc fault 

Two rows uniform shading 8 0 Normal Operation Normal Operation 

Three rows uniform  shading 9 0 Normal Operation Normal Operation 

Quarter array uniform shading 8 0 Normal Operation Normal Operation 

Single series arc fault 5 0 Series arc fault Series arc fault 

One row shading and one series arc fault in 

another row 
9 24 Normal Operation Series Arc fault 

Two rows shading and one series arc fault in 

another row 
11 36 Normal Operation Series Arc fault 

One row shading and series arc fault in the 

same row 
5 0 Normal Operation Series Arc fault 

Two rows shading and series arc fault in one 

of the two rows 
9 24 Normal Operation Series Arc fault 

Two rows non-uniform shading  9 24 Normal Operation Series Arc fault 

Table 6-2: OTCT case studies 

Situation NNZ SNNZ Algorithm 1 Algorithm 2 
Normal operation 0 0 Normal Operation Normal Operation 

One row shading 8 0 Normal Operation Normal Operation 

Two rows uniform shading 8 0 Normal Operation Normal Operation 

Three rows uniform  shading 0 0 Normal Operation Normal Operation 

Quarter array uniform shading 0 0 Normal Operation Normal Operation 

Single series arc fault 5 0 Series arc fault Series arc fault 

One row shading and one series arc fault in 

another row 
9 24 Normal Operation Series Arc fault 

Two rows shading and one series arc fault in 

another row 
11 36 Normal Operation Series Arc fault 

One row shading and series arc fault in the 

same row 
11 36 Normal Operation Series Arc fault 

Two rows shading and series arc fault in one 

of the two rows 
9 24 Normal Operation Series Arc fault 

Two rows non-uniform shading  

Depends 

on 

irradiance 

levels 

Depends 

on 

irradiance 

levels 

Normal Operation 

or Series Arc fault 

Normal Operation 

or Series Arc fault 

6.4 Conclusion 

Novel series arc fault detection algorithms that can discriminate between series arc faults and partial 

shading are proposed.  The algorithms are based on the instantaneous measurements of row voltages 

in a Total-Cross-Tied (TCT) or Optimal-Total-Cross-Tied (OTCT) interconnected arrays. The first 

algorithm is used when the probability of having series arc faults and partial shading concurrently is 

low. The second algorithm is used to detect series arc faults when the probability of having series arc 

faults and partial shading concurrently is high. The second algorithm can detect series arc fault in all 

situations. However, it suffers from nuisance tripping during non-uniform partial shading.   
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Chapter 7 

Conclusion 

7.1 Summary 

The main objectives of this thesis are to propose novel designs for photovoltaic arrays to reduce 

partial shading losses caused by easy- and difficult-to predict sources and to propose a novel 

algorithm for series arc fault detection.   

The first proposed design is a passive design in which it finds the Optimal-Total-Cross-Tied (OTCT) 

interconnection for a number of partial shading situations. The OTCT interconnection reduces partial 

shading losses and smoothies the P-V characteristic, thus avoiding a complicated Maximum Power 

Point Tracking (MPPT) algorithm. Moreover, it reduces the possibility of turning ON bypass diodes; 

thus, they can be avoided in some situations. However, the OTCT interconnection increases the 

complexity of installation and it may require more labor time. Also, the OTCT interconnection may 

require additional wires to interconnect the modules. 

The second proposed design is meant to dynamically reconfigure the photovoltaic array in real time to 

reduce partial shading losses.  The reconfigurable array can reduce partial shading losses caused by 

difficult-to-predict sources such as clouds and snow. Moreover, it could reduce the land and 

installation requirements in large photovoltaic farms. However, the reconfigurable array requires 

switches, sensors and controllers which add to the installation cost. 

The thesis proposed novel series arc fault detection algorithms. These algorithms can discriminate 

between series arc faults and partial shading, thus avoiding unnecessary interruption. The proposed 

algorithms are more suitable for the OTCT interconnection than the traditional Total-Cross-Tied 

(TCT) interconnection. Moreover, their functionality can be achieved using the same hardware used 

for the reconfigurable photovoltaic array. However, the algorithms assume the occurrence of single 

series arc fault at a time. 
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7.2 Contributions 

The three main contributions of the thesis are as follows: 

1- Optimal total-cross-tied interconnection for photovoltaic arrays to reduce mismatch losses 

The adoption of this interconnection in PV arrays can reduce significantly mismatch losses 

caused by easy-to-predict sources in building-integrated-photovoltaic systems and 

photovoltaic farms and it allows for using a simple MPPT and avoiding bypass diodes in 

some situations. Moreover, it can reduce the land and installation requirements of 

photovoltaic farms. 

2- Optimal reconfiguration for photovoltaic arrays to reduce partial shading losses 

The Reconfigurable photovoltaic arrays can significantly reduce partial shading losses 

caused by difficult-to-predict sources and it can reduce the land and installation 

requirements in photovoltaic farms. The proposed formulation allows for partially 

reconfigurable arrays, thus reducing installation cost. 

3- Series arc fault detection algorithm in total-cross-tied photovoltaic arrays 

A novel and simple arc fault detection algorithm for total-cross-tied and optimal-total- 

cross-tied arrays is proposed. This algorithm requires only row voltage measurements to 

discriminate between series arc faults and partial shading, thus avoiding the unnecessary 

disconnection of the array. 

7.3 Future Work 

The following items have been identified for future work based on the findings of this thesis: 

1- Developing a simple method for making the connections in the OTCT interconnection to 

reduce installation time. 

2- Developing an optimization model for the OTCT interconnection based on the double 

diode model. 

3- Solving the optimization model for the OTCT interconnection using another algorithm 

such as genetic algorithm. 

4- Modeling the change in irradiance levels caused by clouds, snow and dust using random 

variables and Monte Carlo simulation. 
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5- Performing economic analysis on the reconfigurable photovoltaic array to find the most 

economical number of reconfigurable columns based on site survey and historical partial 

shading data. 

6- Building a prototype experiment for the reconfigurable PV array. 

7- Testing the series arc fault detection algorithm in the field. 
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Appendix A 

Shell PowerMax Solar Module (Ultra SQ85-P) Data 

Number of series cells = 36 

Nominal DC Power (PMPP) = 85 W 

Voltage at nominal power (VMPP) = 17.2 V 

Current at nominal power (IMPP) = 4.95 A 

Open circuit voltage (VOC) = 22.2 V 

Short circuit current (ISC) = 5.45 A 

Module efficiency (η) = 13.4 % 

Temperature coefficient of PMPP = -0.43 % /oC 

Temperature coefficient of VMPP = -72.5 mV /oC 

Temperature coefficient of IMPP = 1.4 mA /oC 

Temperature coefficient of VOC = -64.5 mV /oC 
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