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Abstract 

The depletion of fossil fuels and their damaging effects on the environment has shifted the focus 

towards renewable energy sources to meet the increasing global energy demand. To effectively 

use renewable sources of energy they should be used in combination with other sources. 

Therefore, their use is preferred in distributed generation. For efficient utilization of distributed 

generation, NanoGrid (NG) are formed. NG are typically small electrical networks consisting of 

a small building or a house. These NG can be AC or DC. Since presently the use of DC devices 

(Laptops, LED’s, cell phones etc.) and DC generation sources like Photovoltaics (PV) and the 

wind have increased, the emphasis is shifting towards DC NG. There is a lot of debate among 

researchers as to which NG network is more energy efficient but a detailed analysis has not been 

carried out to determine which system is better. Therefore, in this study, a detailed simulation 

analysis is carried out on both DC and AC NG using various case studies to determine which is 

better in terms of energy efficiency. An architecture for both DC and AC NG is modeled in 

MATLAB Simulink consisting of a grid-tied inverter, PV system, an EV and several domestic 

loads (LED light, LED TV, Laptop, Air Conditioner, Fan, Refrigerator). Three case studies are 

made to carry out a detailed loss analysis on both networks. The simulation results show that the 

DC NG is better than an AC NG in terms of energy efficiency. An economic analysis is also 

done on DC and AC devices to check which system is better in terms of cost. The results of this 

study can also be used for modeling of future NG systems. 

Keywords: NanoGrids, DC, AC, Photovoltaic, Renewables, Domestic Loads, Energy Efficiency  
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CHAPTER 1 

Introduction 

This chapter gives a brief overview of the purpose of the study, its main objectives, limitations 

and the methodology used to carry out the research work.  

1.1 Purpose of Study 

With the advent of urbanization and a continuous increase in the world population, the global 

energy demand is increasing every year. It is expected that between 2005 and 2030 the energy 

requirement is expected to increase by 55% [1]. Moreover, fossil fuels are depleting at a very fast 

rate and it is estimated that the remaining coal, oil and gas reserves will approximately last for 

107, 35 and 37 years respectively [2]. Furthermore, the long-term use of fossil fuels has caused 

drastic effects on the environment such as air pollution, global warming, and climate change [3]. 

These factors have provided impetus to the use of renewable energy which is considered a green 

energy source and does not have problems such as source depletion. But there are also some 

issues related to renewable energy such as intermittency and unreliability, for example, solar 

power is dependent on solar irradiation and on a cloudy day, the output of a solar plant can 

radically reduce [4]. Therefore, renewable energy sources have to be used in conjunction with 

other sources and their use is preferred in distributed generation.  

Distributed generation offers the advantage of producing electricity close to the consumer, this 

makes it easily manageable and also reduces the electricity cost to the user [5]. It is also ideal for 

far and rural areas where connecting the grid in uneconomical. To effectively manage distributed 

generation NG systems can be formed. A NG is a system with a bus in which various generators 

and loads are connected [6]. A NG network mainly covers a small building or a house. These NG 

can be either AC or DC.  

When comparing DC and AC systems a number of facets need to be considered. Presently the 

use of DC devices in residential building has increased and more than half of the loads being 

used are DC. Moreover, use of PV in buildings has also increased exponentially. Also, there are 

no reactive losses in a DC system. Therefore, using a DC NG would reduce redundant converter 
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stages increasing the system efficiency [7]. However present households are constructed to 

operate on AC as the National Grid supplies AC. Thus, to shift an existing house to DC is very 

costly, though making a new house to operate on DC is very much feasible [8]. Throughout the 

research literature proponents for AC and DC NG give various reasons as to which network is 

superior and should be preferred. But a detailed analysis to determine which system is more 

energy efficient has not been done. Therefore, in this study, a comprehensive analysis is 

performed in MATLAB Simulink on a DC and AC NG to determine which is better in terms of 

energy efficiency. The DC and AC NG architecture modeled includes a grid-tied inverter, a PV 

system, an electric vehicle and a house consisting of various domestic loads. The house is 

modeled on the concept of a modern home and comprises of six residential loads [9]. All loads 

are modeled on commercially available products. To determine which network is more energy 

efficient a detailed loss analysis is performed on both AC and DC NG using three case studies. 

An economic analysis is also done on DC and AC devices to check which is better in terms of 

cost. 

1.2 Objectives 

The main objective of this study is to model a DC and AC NG architecture in MATLAB 

Simulink and then evaluate which network is more energy efficient using various case studies. 

The main objectives include modeling of DC and AC NG architecture, modeling of DC and AC 

loads, integrating sources of generation (PV) and storage (EV), addition of grid-tied inverter and 

DC to DC converters, selection of proper voltages and wire gauges, designing the model for a 

house, making case studies for loss analysis, performing a comparison between both networks 

based on loss analysis and carrying out an economic analysis on DC and AC devices. 

1.3 Limitations 

Some limitations of this study include, inverter, and DC to DC converters work as ideal models 

and therefore do not cater for losses, for inverter and converters an actual efficiency curve is 

used for loss calculations, models for DC and AC appliances are only based on electrical parts, 

the PV panel model used works at a specific temperature and the model for EV is based on a 

lithium-ion battery. 
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1.4 Methodology 

For this study first, a comprehensive literature review was done on nanogrids then MATLAB 

Simulink was learned. After that, an architecture was designed for the DC and AC NG in 

MATLAB Simulink. For the PV system, MPPT was implemented using incremental 

conductance method. Solar irradiance for the PV system was calculated using data from the 

MHP unit at NUST.  DC to DC converters was added to the system as needed. DC and AC 

appliances based on product datasheets (LED light, LED TV, Laptop, DC Air conditioner, DC 

Fan, DC Refrigerator, AC Air conditioner, AC Fan, AC Refrigerator) were also modeled in the 

NG. Then a model for a house was designed consisting of a living room, 2 bedrooms, and 

kitchen. After this modeling and integration of grid-tied inverter and EV was done in the NG 

network. For power distribution, appropriate wire gauges were selected and integrated into the 

DC and AC NG. After system modeling was complete three case studies were developed for loss 

analysis and a comparison was done between the DC and AC NG based on that. Afterwards, an 

economic analysis was also done between the DC and AC devices.  
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1.5 Thesis Structure 

The thesis is composed of seven chapters arranged in the following manner 

Chapter 1 discusses the main purpose of the study, its objectives, limitations and the 

methodology used for the work.  

Chapter 2 covers a detailed literature review on the NG technologies including types, design 

and recent work being done in the area.  

Chapter 3 includes details about system modeling of both DC and AC NG comprising of a grid-

tied inverter, PV system, EV and a house with domestic loads.  

Chapter 4 covers the simulation results and discussions. The chapter gives detail about the case 

studies, how the loss and economic analysis is performed on both networks. 

Chapter 5 gives the conclusion of the study. The chapter explains which system is better in 

terms of energy efficiency based on the results. 

Chapter 6 and Chapter 7 discuss the work that was carried out at Arizona State University on 

PV reliability. 

 

Summary 

This chapter gives details about the purpose and motivation of this study. The chapter also talks 

about the main objectives, limitations and the methodology used for carrying out the research 

work. 
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CHAPTER 2 

Literature Review 

This chapter gives a brief outline of the global energy trends and covers a detailed literature 

review on the NG literature covering NG components, types of NG, converter topologies being 

used in the NG and a comparison between DC and AC NG.  

2.1  Global Energy Trends 

Energy is the mainstay of economic growth of any nation. Without proper access to energy, the 

economic stability of any country can become stagnant. Thus, as the world population keeps 

increasing and more people tend to settle in the urban areas the demand for energy throughout 

the world is increasing. According to World Bank, the world population by 22nd century is 

expected to increase from 6 billion to 12 billion resulting in an increase in the energy usage 

globally from 9000 million Mtoe to 15000-21000 Mtoe [1]. Consequently, to cater for this 

increase in energy usage more power plants and infrastructure will be needed. Currently, 

globally the main source of energy production is through the burning of coal, oil, and gas. 

Almost 85% of the world's energy comes from these fossil fuels. The pie chart below shows the 

world energy mix [2]. 
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Figure 2: World Energy Mix [2] 

 

Fossil fuels are non-renewable sources and therefore will not last forever. Furthermore, fossil 

fuels are depleting at a very fast rate and can only last for the next 50 to 100 years [3]. Apart 

from depletion fossil fuels pose a great threat to the environment. Continued use of fossil fuels 

has increased the amount of carbon dioxide leading to a greenhouse effect which causes more 

heat to be trapped in the earth’s atmosphere [4]. This phenomenon has led to global warming and 

if the earth’s average temperature increase is not kept below 2°C there could be drastic effects on 

the earth’s environment [3]. Due to these reasons emphasis towards the use of renewable energy 

has increased globally. 19.3% of the total worldwide energy consumption in 2015 was due to 

renewable energy sources and this percentage has increased in subsequent years [5].  

Main Renewable energy sources include solar, wind, geothermal, bioenergy, hydropower and 

ocean energy. These sources are green and therefore do not have harmful effects on the 

environment like fossil fuels. Moreover, these sources are abundantly available globally and do 

not have issues such as depletion [6]. Although renewable energy sources provide an attractive 

means to generate power without polluting the environment, there are still some issues associated 

with these sources. These problems include intermittency and unpredictability. Renewable 

energy sources are dependent on the weather conditions for production of power. Such as if there 

is insufficient solar radiation solar energy cannot be produced similarly if there is a lack of wind, 
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wind turbines cannot produce a reasonable amount of power [7]. Due to this these sources are 

preferred to be used in concurrence with other energy sources and are mostly superlative for 

distributed generation.  

2.2  Distributed Generation 

Distributed generation is the method of producing power close to the end user instead of 

traditional central power plants which are located very far from the consumer [8]. The figure 

below shows how distributed generation is different from central generation. 

 

 

Figure 3: Difference between central and distribution generation [9] 

 

Mostly DG includes small energy generators which are typically renewable energy sources. For 

domestic setup, mainly DG includes solar PV, small wind turbines, and diesel generators. These 

systems have the capability of working in islanding mode i.e. in isolation from the national grid 

or in grid-connected mode. DG is also more efficient than the traditional electrical setup in which 

power is produced at a central location and then carried to the point of consumption through 
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long-distance transmission lines. Since DG is located very close to the consumer there are very 

few line losses as compared to the conventional power transfer through lengthy transmission 

lines [10]. Furthermore, as DG is close to the point of electricity production the cost to the 

consumer is also reduced and DG is ideal for remote and rural areas where connecting the 

national grid is very expensive. Thus, DG networks offer a number of advantages such as more 

system reliability, low electricity cost, increased efficiency, provision of power to the grid during 

peak times, better power quality and a safe electrical network less susceptible to safety threats 

[11]. But there are also some disadvantages of DG such as fluctuations in the system voltage 

when DG is connected to the grid, system protection becomes complicated and grid stability can 

be affected due to synchronization issues of frequency and voltage [12]. Therefore, to effectively 

manage distributed generation small electrical networks known as MG and NG are preferred. 

2.3  MicroGrid  

A MG is an electrical network operating in a small locality with a local energy source. These are 

small systems and in most cases, are less than 100KW [13]. MG has the capability of operating 

in both islanded and grid-connected mode. The figure below shows a simplified diagram of a 

MG. 
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Figure 4: Conceptual diagram of a MG [14] 

The MG have their own power source mostly comprising of solar PV, diesel generators, wind 

turbines and can comprise of a combination of these sources or a sole source for power 

production. MG can also act as backup systems for the grid in case of peak demand and since it 

can work in islanded mode if any fault occurs at the grid side a MG can still keep operating [15]. 

There are two main types of MG: customer MG and utility MG. Customer MG do not involve a 

utility company and are administered by the locality while utility MG consists of a part of the 

regulated grid [16]. Some of the well-known working examples of MG include the Fort Carson 

MG, Mesa del Sol MG, Sendai MG and MG at Illinois Institute of Technology [17].  

2.4  NanoGrid 

A NG is a small electrical network for a single house or a building and can work in both islanded 

and grid-connected modes. Power is produced locally with the possibility of energy storage to 

power local loads. The power capacity of a NG is small about 5KW but there are variations in 

the literature about this value [18]. MG and NG are different from each other as both cover a 
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different area and have different capacities. According to the above definition, NG is small as 

compared to a MG and when a number of NG connect together a MG can be formed. The figure 

below clarifies the difference between a MG and NG. 

 

Figure 5: Difference between the central grid, microgrid, and nanogrid [19] 

2.4.1 Components of a NanoGrid 

A NG typically comprises the following six components. 

2.4.2 Local Power Source 

In a NG, the power is produced locally to power the loads. The network is very modular and 

therefore the system’s power-producing capacity can be easily increased when the need arises. 

Both renewable and non-renewable sources can be used for generating energy in a NG. The non-

renewable sources include diesel generators and renewable sources include solar PV and wind 

turbines [20], [21].  

2.4.3 Electrical Appliances 

The presence of at least one domestic appliance in a NG is essential. Electrical appliances 

include common residential loads such as TV, laptop, air-conditioner, refrigerator, fan etc. [22].  
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2.4.4 Energy Storage 

Main energy storage devices used in a NG are batteries and EV. Energy storage provides backup 

during times when power from the sources is not available and it also makes the network more 

balanced. For a system to be considered a NG presence of energy storage components is not 

necessary but most NG is equipped with an energy storage device [23].  

2.4.5 Power Converters 

Power converters are an essential part of a NG. Many electronic converters (AC/DC DC/DC 

DC/AC) are employed in a NG to stabilize the voltage and provide the required output to the 

loads. Due to these power converters, bi-directional power flow is also possible which allows for 

electricity sharing and selling [24].   

2.4.6 Gateway 

Gateway is a two-way link that connects the NG to another NG, MG or the central grid. It also 

allows communication between the networks except for the national grid. When connected to 

other networks electricity sharing and selling is also possible through the gateway. The gateway 

also allows the NG to operate in islanded mode by separating it from the national grid [25], [26].  

2.4.7 Controller 

A controller is not necessary for a network to be considered a NG but is often present. The main 

purpose of the controller is to communicate with all power electronic converters within the NG 

to balance power production with demand. In doing so the controller can cut off specific loads, 

connect or disconnect from the grid or use auxiliary power sources to balance demand. The 

controller also stores the power flow data from power converters and loads [24], [18].  

 

2.5  Types of NanoGrid 

There are three main types of NG: AC NG, DC NG and Hybrid NG. 

2.5.1 AC NanoGrid 

The figure below shows the typical architecture of an AC NG. 
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Figure 6: Basic architecture of an AC NG 

Power from the national grid is directly fed to the AC bus at 230V. The power from the DC 

source goes through a DC to DC converter, in the case for PV this is the MPPT controller. After 

that, it goes through a grid-tied inverter which converts the DC to 230V AC. The inverter is also 

responsible for synchronization with the grid’s frequency. Loads are connected to the bus and 

can utilize power from it. The AC loads can directly use power from the AC bus but in case of 

DC loads the AC power is converted to DC and then a DC to DC converter supplies the required 

voltage for the proper functioning of the DC load. In case an energy storage element is present it 

is also connected to the AC bus through an inverter and a DC to DC converter. The inverter 

topology for the energy storage device is similar to the one used with the DC source. Power from 

the bus is converted to DC and then regulated to the required value by the DC to DC converter 

for use by the storage device [27], [28].    

2.5.2 DC NanoGrid 

The figure below shows the typical architecture of a DC NG. 
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Figure 7: Basic architecture of a DC nanogrid 

In a DC NG the power from the national grid is converted to DC through a grid-tied inverter. 

The inverter also synchronizes with the grid’s frequency. The inverter outputs and regulates the 

voltage at 380V which is fed to the DC bus. In a DC NG, there can be multiple DC buses such as 

a 380V DC bus for high voltage sources and a 48,12 or 24V Bus for low voltage loads. The DC 

source is connected to the bus through a DC to DC converter which in case of solar PV is an 

MPPT controller. To take advantage of the DC NG mostly DC loads are used. The loads are 

connected to a low voltage DC bus and a DC to DC converter steps down the voltage from the 

380V bus to the low voltage bus. Depending on the voltage requirement some loads are 

connected directly to the low voltage bus while some are connected through DC to DC 

converters for the required voltage supply needed for proper functioning of the load. If an energy 

storage element is present in the DC NG it is connected to the 380V DC bus. A DC to DC 

converter connected to the 380V bus supplies the needed voltage to the energy storage device. It 

is obvious from the description of both AC and DC NG that in a DC NG there are fewer energy 

conversions because most of the sources, loads and energy storage devices now are DC [29], 

[30]. 

2.5.3 Hybrid NanoGrid  

There are slight variations throughout the literature on the basic architecture of a hybrid NG.   

The figure below shows the hybrid NG design as proposed by [31].  
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Figure 8: Basic architecture of a hybrid NG.  

In this design both AC and DC buses are present. The tie converter is responsible for connecting 

both the buses together. The national grid is connected to the AC bus through a switch and a 

three-phase transformer. The AC bus is a three-phase system maintained at 400V and the DC bus 

is at 350V. The power sources and loads are connected to both buses through appropriate 

converters [31]. Although hybrid NG provides more flexibility in the system these systems are 

more complex and expensive than AC and DC NG [32]. 

2.6  Converter Topologies used in NanoGrids 

A lot of literature on NG is focused on converter topologies. Main converter types include DC to 

DC, AC to DC and DC to AC. DC to DC converters have DC at their input and output and their 

function is to step up or step down the voltage as needed. In many cases, a control technique 

such as a PI controller is used for generating the required PWM which triggers the switching 

element such as a MOSFET or an IGBT to achieve the required voltage. The controller also 

ensures that the voltage is maintained at its required value. Main converters of this type include 

boost converter and the buck converter. Boost converter can be present with a source to step up 

the voltage to the bus voltage and buck converter is normally used at the load side to step down 

the voltage. These converters are also found in MPPT. AC to DC converters takes AC at their 

input and output DC. These converters can be present at both the source and load side. At the 

source side, they can be used for interfacing an AC source to the DC NG and mostly these 

converters are bi-directional if present at the source side. At the load side, they convert AC to 

DC for use by DC loads in an AC NG. DC to AC converters intakes DC and output AC. At the 

source side, they are used for interfacing sources and are normally bidirectional. At the load side, 

they can be used to convert DC to AC for use by AC loads in a DC NG [18]. 

Many converter topologies are discussed in the literature such as multi-port converter [33], 

boost-derived hybrid converter [34], two-stage bidirectional AC/DC converter [35], multi-input 
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single inductor converter [36], grid interface bidirectional inverter [37], switched-inductor Cuk- 

derived hybrid converter [38], switched boost inverter [39]. For most of the topologies discussed 

in the research articles, the focus is towards increasing the converter efficiency, delivering higher 

power quality, making control easy in the NG and decreasing the size of the NG. 

2.7  Comparison between AC and DC NanoGrid 

Throughout the literature advocates for the DC or AC NG have given several reasons to support 

their claims. Therefore, when comparing both these networks many factors must be taken into 

consideration. Supporters for the DC NG suggest that DC distribution is ideal in a NG because 

most present-day loads and household appliances are now DC such as laptops, cell phones, LED 

TV etc. Even devices such as air-conditioners, refrigerators, and fans have DC counterparts 

commercially available and are also more efficient. Furthermore, the use of solar PV in 

residential settings is increasing exponentially and therefore it makes sense to use a DC NG to 

fully utilize the DC source [40], [41]. Also, energy storage devices such as batteries and EV are 

also DC and if they are integrated into a NG it is better to use DC distribution. Moreover, there 

are also no reactive power losses in a DC NG. Since, DC loads, sources and storage devices are 

readily available and their use in households is also increasing using a DC NG would remove 

many converter stages that would be necessary for an AC NG. As suggested by [42] the 

converter cost in the DC NG also reduces due to fewer converter stages. Due to this, the DC NG 

becomes much more efficient than an AC NG [43]. Power reliability is also more due to smooth 

transient DC power supply and very less voltage fluctuation. Moreover, control in a DC NG also 

becomes easy as only voltage regulation is needed unlike in an AC system where both voltage 

and frequency must be controlled [42]. 

However, proponents of the AC NG suggest that an AC NG is better because the national grid 

supplies AC and our current houses are built to support AC infrastructure. Furthermore, the AC 

loads are cheaper as compared to DC loads and have a high availability [44]. Therefore, to refit 

an existing household to operate on DC would be very expensive however constructing a new 

house to work on DC is viable. The literature also points out that protection in a DC NG is more 

complex and short circuit and ground faults can occur at load side which can impair the network 

[45], [46].   
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Summary 

In this chapter, a detailed literature review is done. The chapter talks about the global energy 

trends, how distributed generation is increasing and how NG is important. Furthermore, detail is 

provided about working of NG, their components, types, converter topologies that are being 

researched on and literature on the comparison between DC and AC NG. 
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CHAPTER 3 

System Modeling 

The chapter provides details about how the system model was designed in MATLAB. The 

chapter covers the designing of AC NG, DC NG, PV system, grid-tied inverter, electric vehicle, 

house, DC to DC converters, DC and AC loads. 

3.1  AC NanoGrid 

The main components in the AC NG are a grid-tied inverter, solar photovoltaic system with 

MPPT, an electric vehicle, 230V AC bus one for each phase, AWG 7 and 8 wiring between the 

AC bus and house, house consisting of four blocks (Living room, bedroom 1, bedroom 2, 

kitchen), various domestic loads within each house block and appliances which are both DC and 

AC. The AC NG architecture modeled in Simulink is shown in the figure below.  
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Figure 9: AC nanogrid design 
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Both the national grid and solar photovoltaic system feed the 230V AC bus. The MPPT extracts 

the maximum power available from the PV. The grid-tied inverter converts the DC output from 

solar PV to AC. EV is also connected to the 230V AC bus and an inverter/rectifier converts the 

incoming AC to DC or vice versa. The EV is then charged or discharged through a buck/boost 

converter. There are three 230V AC buses, one for each phase. From phase 1 AWG 7 wire is 

used to connect the house and from phase 2 and 3, AWG 8 wire is used for connecting the house. 

The house contains both DC and AC loads. Those DC loads are used which have no AC 

counterparts available commercially, these include a laptop, LED light and LED TV. The AC 

loads present in the house are a fan, refrigerator, air conditioner and a miscellaneous load. The 

loads in the AC NG are selected this way so that a fair comparison can be done between the DC 

and AC network. For DC loads AC output is converted to DC using a rectifier and then the 

voltage is regulated using a DC-DC converter. AWG 7 and AWG 8 wire of length 15.2 m were 

selected after measuring the peak current in all three phases.  

 

Table 1: Wire Parameters [1] 

AWG Diameter 

(mm) 

Area (mm2) Resistance 

(Ohms/km) 

7 3.66522 10.5 1.634096 

8 3.2639 8.37 2.060496 

 

Since this is an AC network the wire was modeled using a resistor and an inductor. The 

resistance was calculated by the following relationship:  

 

 

Line inductance was calculated using wire diameter and wire length [2]. 

3.2  DC NanoGrid 

The main components in the DC NG are a grid-tied inverter, solar photovoltaic system with 

MPPT, an electric vehicle, 380V DC bus, 380V to 48V buck converter, AWG 4 wiring between 

the 380V DC bus and buck converter, 48V DC bus, house consisting of four blocks (Living 
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room, bedroom 1, bedroom 2, kitchen), DC loads in the DC NG house and four AWG 4 wires 

connecting the 48V DC bus to the four blocks in the house. The DC NG architecture modeled in 

Simulink is shown in the figure below.  

Grid Tied Inverter

380V DC Bus

MPPT

380V to 48V Buck Converter
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Solar 
Array

Electric 
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Figure 10: DC nanogrid design 

 

Both the national grid and solar photovoltaic system feed the 380V DC bus. The grid-tied 

inverter converts the incoming AC from the National grid to DC. The EV is also connected to the 

380V DC Bus and is charged and discharged through a buck/boost converter. A buck converter 

at the output of the 380V bus steps down and regulates the voltage to 48V at the 48V DC bus. 

All the house loads are connected to the 48V DC bus, with separate wiring for each block. Each 

house block consists of various domestic DC appliances which are connected to the 48V DC bus.  

Two cases were defined for power distribution in the NG as follows: 

1. Using the 380V DC bus for distribution (single wire between 380V bus and buck 

converter) 
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2. Using the 48V DC bus for distribution (four wires connecting each house block with the 

48V bus) 

For both cases, peak current was determined and AWG 4 wire of length 15.2 meters was selected 

[3].  

Table 2: Wire Parameters [1] 

AWG Diameter 

(mm) 

Area (mm2) Resistance 

(Ohms/km) 

4 5.18922 21.2 0.81508 

 

The wire was modeled using a resistor and the resistance was calculated by the following 

relationship:  

 

3.3  PV System 

Both the DC and AC NG have a PV system comprising of seven modules connected in series. 

The modules used are 1Soltech 1STH-35-WH with the following performance parameters. 

Voc=51.5V, Isc=9.4A, Vmp=43V, Imp=8.13A and Maximum Power=349.59W. The total 

system rating is 2.45KW. The characteristics of the modules used is shown in the figure below. 
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Figure 11: Nanogrid PV Array 

  

The temperature for the PV array is set at 25°C. The data for Irradiance was obtained from 

Metrological High Precision Station mounted in NUST Islamabad. From the solar data, an 

average irradiance was calculated for some days of summer months of May and June for peak 

hours i.e. from 9 AM to 3 PM. The calculated average value of 816W/m2 was used as the 

irradiance for the solar array in Matlab. Figure 12 shows the 24-hour irradiance data for the 

month of May and June, each peak in the graph represents a day. Figure 13 shows the solar 

irradiance data that was used. 
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Figure 12: Solar Irradiance (24-hour) for May and June 

 

Figure 13: Solar Irradiance from 9 AM to 3 PM for some days of May and June 

 

The PV array is connected to a boost converter which extracts maximum power from the 

modules using the incremental conductance MPPT technique [4]. Figure 16 shows the algorithm 

used in the incremental conductance method. For the DC NG the power from the PV system is 

fed to a 380V DC bus and for the AC NG the power is converted to AC and fed to a 230V AC 

bus. The figures below show the model for the PV system in both DC and AC NG. 
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Figure 14: PV system in DC NG 
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Figure 15: PV system in AC NG 

 

Start

Is ∆V = 0?

Is ∆I/∆V = -I/V? Is ∆I = 0?

Is ∆I/∆V > -I/V? Is ∆I > 0?

Increase the 

voltage

Decrease the 

voltage

Increase the 

voltage

Decrease the 

voltage

Return

NO YES

NO NO

YES

YES NO YES NO

Yes

 

Figure 16: Incremental conductance method for MPPT [5] 
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3.4  Grid-Tied Inverter 

The grid-tied inverter is modeled using a three-level IGBT inverter with an isolation transformer. 

The inverter maintains the DC bus voltage at 380V using a carrier frequency of 5 kHz for 50Hz 

grid frequency. The inverter controller consists of four basic components the voltage regulator, 

current regulator, Phase Lock Loop (PLL) and a Pulse Width Modulation (PWM) modulator 

which uses carrier based three-level PWM method. The voltage regulator maintains the 380V 

DC Bus voltage by regulating the active current reference for the current regulator. The reactive 

current reference is set to zero for nil reactive power injection. The current regulator then 

determines the required reference voltage using active and reactive current references. The PLL 

synchronizes with the grid voltage and provides the phase angle that is used for park 

transformation of voltages and currents. The PWM then generates gate pulses according to the 

required reference voltages to IGBT switches. The figure below shows the inverter control 

implemented in Matlab [6]. 
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Figure 17: Grid tie Inverter Control block diagram 

3.5  Electric Vehicle 

The EV was modeled as a battery in Matlab. The battery model was based on Tesla’s Model S. 

The battery has an energy rating of 85KWh and a voltage of 375V. When charged at a voltage of 

240V the battery takes 4 hours (90A) to charge completely as indicated by the datasheet [7]. The 

battery is connected to a Buck/Boost Converter. To charge the battery from the DC link the 

converter operates in buck mode and to discharge the battery the converter operates in boost 

mode. A state of charge (SOC) upper limit of 85% is set to prevent overcharging and a lower 

limit of 30% to prevent over-discharging. To prevent the converter and battery from high 

currents overcurrent protection is also modeled. The overcurrent protection works by limiting the 
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duty cycle of the converter based on maximum charging or discharging current [8]. Figure 18 

and 19 show the battery’s characteristics as specified by the battery model in Matlab [9].  

 

Figure 18: Nominal Current Discharge Characteristic at 0.43478C (98.6957A) 

 

 

Figure 19: E0 = 406.6346, R = 0.01652, K = 0.012376, A = 31.491, B = 0.269 

 

The figures below show the EV model implemented in Matlab. 

DC to DC Converter

380V DC Bus

EV 

Modeled as 

a Lithium 

ion Battery  

Figure 20: EV in DC NG 
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DC to DC Converter

230V AC Bus

EV Inverter

EV 

Modeled as 

a Lithium 

ion Battery  

Figure 21: EV in AC NG 

Figure 22 shows the buck/boost converter modeled in MATLAB for charging and discharging 

the battery. When charging signal is on the converter operates in buck mode and when the 

discharging signal is on the converter operates in boost mode. 
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Figure 22: Buck/Boost converter for EV 

Figure 23 shows the EV charging and over charging protection circuit. Maximum charging 

current is compared with the load current and the desired value for maximum charging current is 

controlled using a PI controller.  This generates an upper limit for the duty cycle.  

For regulating charging voltage, the reference voltage is compared with the load current and the 

error generated is then compared with the load voltage. The reference voltage is maintained 

using a PI controller. Then using a saturation dynamic block, the output from the PI controller is 

compared with the duty cycle limit, generated by comparison of the maximum charging current 

and load current. This protects the circuit from over charging. The output from the saturation 
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dynamic block acts as an input to the PWM generator which generates pulses according to the 

required reference voltage to the MOSFET gate. 
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Figure 23: EV charging and over charging protection circuit 

 

Figure 24 shows the EV discharging and over discharging protection circuit. Maximum 

discharging current is compared with the load current and the desired value for maximum 

discharging current is controlled using a PI controller.  This generates an upper limit for the duty 

cycle.  

For regulating discharging voltage, the reference voltage is compared with the load current and 

the error generated is then compared with the bus voltage. The reference voltage is maintained 

using a PI controller. Then using a saturation dynamic block, the output from the PI controller is 

compared with the duty cycle limit, generated by comparison of maximum discharging current 

and load current. This protects the circuit from over discharging. The output from the saturation 

dynamic block acts as an input to the PWM generator which generates pulses according to the 

required reference voltage to the MOSFET gate. 
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Figure 24: EV discharging and over discharging protection circuit 

3.6  House Model 

The house consists of four main blocks the living room, two bedrooms, and a kitchen. The loads 

are distributed within the four rooms as shown in the table. 

 

Table 3: Load Distribution within the house 

Block LED 

Light 

LED TV Laptop Fan Air conditioner Refrigerator Miscellaneous 

Load 

Living Room ✓ ✓  ✓ ✓   

Bedroom 1 ✓  ✓ ✓ ✓   

Bedroom 2 ✓  ✓ ✓ ✓   

Kitchen ✓   ✓  ✓ ✓ 

 

3.7  DC Load Modeling 

A total of seven DC loads are modeled in the DC NG. These include LED light, LED TV, DC 

fan, laptop, DC air conditioner, DC refrigerator and miscellaneous load. 

3.7.1 LED Light 

The LED light is modeled based on LED E26 model [10]. The lamp has a working voltage of 45 

to 60 volts DC with recommended use at 48V. It consumes 0.21A and has a power consumption 
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of 10W. The LED light has a lumen capacity of 950. The light is modeled using 10 diodes 

connected in series each having a forward voltage drop of 3.2V. A current limiting resistor is 

also added in series with the diodes. In the network, the bulb works at 48V with a power 

consumption of 10W as described in the datasheet. Figure 25 and 26 show the implementation of 

LED light in DC and AC NG respectively.  

48V DC 
Bus

LED 
Light

 

Figure 25: LED Light in DC NG 
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Figure 26: LED Light in AC NG 

3.7.2 Laptop 

The laptop is modeled based on Dell Inspiron N5110 model [11]. The laptop works on 19.5V 

and has a maximum power consumption of 90W and a normal power consumption of 46W 

which was checked through Intel Power Gadget 3.0. For modeling the laptop two cases were 

considered, a worst case in which the laptop consumes 90W and a normal case in which the 

laptop uses 46W. Both cases were modeled using resistors, for the 90W scenario a 4.221-ohm 

resistor was used and for the 46W scenario an 8.266-ohm resistor was used. Since the laptop is 

connected to a 48V bus and the working voltage is 19.5 a buck converter is used to step down 

and regulate the voltage at 19.5V. Figure 27 and 28 show the implementation of Laptop in DC 

and AC NG respectively.  
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Laptop

 

Figure 27: Laptop in DC NG 
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Figure 28: Laptop in AC NG 
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3.7.3 LED TV 

The LED TV model is based on DC-Powered 21”/24” TV [12]. The TV has a working voltage of 

48V and a power consumption of 30W. The LED TV is also modeled using a resistor of 76.8 

ohms. Figure 29 and 30 show the implementation of LED TV in DC and AC NG respectively.  
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Bus
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Figure 29: LED TV in DC NG 
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Figure 30: LED TV in AC NG 

 

3.7.4 DC Fan 

The fan model is based on 42” ceiling fan which has a working voltage of 24V and a power 

consumption of 14.4W [13]. A brushless DC motor is used in the fan construction. In Simulink, 

the fan is modeled using a permanent magnet DC machine. The parameters for the motor are set 

as described in the product datasheet. Since the fan is connected to the 48V bus and the working 

voltage is 24V, a buck converter is used to step down and regulate the voltage at 24V. Figure 32 

shows the implementation of DC fan and DC refrigerator in DC NG. 

3.7.5 DC Refrigerator 

The refrigerator is modeled using the GEI-90C4 90 liters solar freezer [14]. It has a working 

voltage of 24V and a power consumption of 60W. It has a cooling performance of -18°C at 30°C 

ambient temperature. A brushless DC motor is used in the compressor construction. In the study, 

the refrigerator is modeled using a permanent magnet DC machine and the motor parameters are 

set as described in the product datasheet. Since the refrigerator is connected to the 48V bus and 

the working voltage is 24V, a buck converter is used to step down and regulate the voltage at 

24V.  
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Figure 31: DC Fan/Refrigerator in DC NG 

 

3.7.6 DC Air conditioner 

The air conditioner model is based on HSAC-15C/C DC air conditioner [15]. It has a working 

voltage of 48V and a power consumption of 770W. The air conditioner has a cooling capacity of 

15000 BTU/h. In compressor construction, brushless DC motor is used. In Simulink, the air 

conditioner is modeled using a permanent magnet DC machine. The motor parameters are 

tweaked according to the product specification sheet. Figure 29 shows the implementation of DC 

air conditioner in DC NG.  

For current limiting, at the load size, current limiters are added to the motor loads as the motor 

draws a huge current at startup. A resistive network at the input of motor loads is used to limit 

the current. When the current is below the overcurrent value a switch bypasses the resistive 

network. 
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Figure 32: DC Air conditioner in DC NG 

3.7.7 DC to DC converter control and overcurrent protection 

Figure 31 shows the DC to DC convert control and over current protection circuit. Maximum 

charging current is compared with the load current and the desired value for maximum charging 

current is controlled using a PI controller.  This generates an upper limit for the duty cycle.  

For regulating charging voltage, the reference voltage is compared with the output voltage. The 

reference voltage is maintained using a PI controller. Then using a saturation dynamic block, the 

output from the PI controller is compared with the duty cycle limit, generated by comparison of 
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the maximum charging current and load current. This protects the circuit from over currents. The 

output from the saturation dynamic block acts as an input to the PWM generator which generates 

pulses according to the required reference voltage to the MOSFET gate. 

 

Voltage 

reference

+

-
Output voltage

PI
Saturation 

Dynamic 

Duty cycle limit

Constant

PWM MOSFET Gate 

Max charging 

current

+

-
Load current

PI Saturation Duty cycle limit

 

Figure 33: DC to DC converter control and overcurrent protection 

3.7.8 Miscellaneous Load 

The miscellaneous load is modeled using a simple resistor. The main purpose of adding this load 

is to balance power between the four blocks of the house. 

3.8  AC Load Modeling 

Four AC loads are modeled in the AC NG network, a fan, refrigerator, air conditioner and a 

miscellaneous load.  

3.8.1 Air conditioner 

For a fair comparison between the DC and AC air conditioner such an AC air conditioner is 

selected which has the same BTU/h (15000) as the DC air conditioner. The air conditioner model 

is based on DAIKIN K(E) Series (SEER 18) and has a working voltage of 230V and a power 

consumption of 1250W [16]. A split phase induction motor is used in compressor construction. 

In Simulink, the split phase asynchronous machine is used to model the air conditioner and the 

motor parameters are set as specified in the datasheet.  
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3.8.2 Fan 

For a fair comparison between the DC and AC fan such an AC fan is used which has the same 

revolutions per minute (125) as the DC fan. Westinghouse 78545 Hercules ceiling fan with a 

voltage of 230V and a power consumption of 41W is used to model the fan [17]. The motor used 

in the fan construction is split phase induction motor and in MATLAB the fan is modeled using a 

split phase asynchronous machine, using motor parameters as described in the specification 

sheet.   

3.8.3 Refrigerator 

For a fair comparison between the DC and AC refrigerator such an AC refrigerator is selected 

which has the same cooling performance (-18°C) as the DC refrigerator. The refrigerator model 

is based on WHF300S2D with a working voltage of 230V and a power consumption of 142W 

[18]. Refrigerator compressor is made using a split phase induction motor. In Simulink, a split 

phase asynchronous machine is used to model the refrigerator and the motor parameters are 

selected as specified in the product datasheet. Figure 34 shows the implementation of the air 

conditioner, fan and refrigerator in AC NG.  

230V 
AC Bus M

Split Phase 
Induction 

Motor
 

Figure 34: Air conditioner/Fan/Refrigerator in AC NG 

 

 

3.8.4 Miscellaneous Load 

The miscellaneous load is modeled using a simple resistor. The main purpose of adding this load 

is to balance power between the three phases. 

 

Summary 

This chapter gives details about the modeling of DC and AC NG. Architecture for the DC and 

AC NG made in Simulink is explained. Various components of the NG such as PV system, grid-
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tied inverter, EV and loads are explained in detail. DC and AC load modeling of six devices are 

included and all appliances are based on commercially available products. System protection is 

also explained which includes overcurrent protection and circuit breakers. 
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CHAPTER 4 

Simulation Results and Discussion 

This chapter discusses the case studies designed for the loss analysis. The results of the loss 

analysis are also given. An economic analysis between the DC and AC devices is also discussed.  

4.1  Case Studies  

Three case studies were made as follows to calculate the losses in both networks. Case 1 

included load usage from Monday to Friday, Case 2 was made for Saturday and Case 3 included 

scenarios for Sunday. The losses were calculated for a 24-hour period for each case. Since the 

scenarios for Monday to Friday are similar, the results include losses calculated over a three-day 

period (Monday, Saturday, and Sunday). 

4.1.1 Case 1 

 

Table 4: Case 1 Monday to Friday (Load usage) 

Time Living 

Room 

Bedroom 1 Bedroom 2 Kitchen PV EV 

12 am to 7 

am 

Not used Fan, A/C Fan, A/C Fridge, misc. 

load 

Not 

used 

Not used 

7 am to 9 am 2 Lights, 2 

Fans, TV 

Light, Fan, 

Laptop 

Light, Fan, 

Laptop 

Fridge, misc. 

load, Light, 

Fan 

Not 

used 

Not used 

9 am to 12 

pm 

Not used Light, Fan, 

Laptop 

Not used Fridge, misc. 

load, Light, 

Fan 

Used Not used 

12 pm to 3 

pm 

Not used Light, Fan, 

Laptop, 

A/C 

Not used Fridge, misc. 

load, Light, 

Fan 

Used Not used 

3 pm to 5 Not used Light, Fan, Not used Fridge, misc. Not Not used 
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pm Laptop load, Light, 

Fan 

used 

5 pm to 9 

pm 

2 Lights, 2 

Fans, TV, 

A/C 

Not used Not used Fridge, misc. 

load, Light, 

Fan 

Not 

used 

Charging 

9 pm to 12 

am 

Not used Light, Fan, 

Laptop 

Light, Fan, 

Laptop 

Fridge, misc. 

load 

Not 

used 

Not used 

 

4.1.2 Case 2 

 

Table 5: Case 2 Saturday (Load usage, 5 pm to 12 pm house is empty) 

Time Living 

Room 

Bedroom 

1 

Bedroom 

2 

Kitchen PV EV 

12 am to 9 

am 

Not used Fan, A/C Fan, A/C Fridge, misc. 

load 

Not used Not used 

9 am to 10 

am 

Light, 

Fan, TV 

Not used Not used Fridge, misc. 

load, Light, Fan 

Used Charging 

10 am to 12 

pm 

Light, 

Fan, TV 

Light, 

Fan, 

Laptop 

Light, 

Fan, 

Laptop 

Fridge, misc. 

load, Light, Fan 

Used Charging 

12 pm to 1 

pm 

Light, 

Fan, TV 

Light, 

Fan, 

Laptop, 

A/C 

Light, 

Fan, 

Laptop, 

A/C 

Fridge, misc. 

load, Light, Fan 

Used Charging 

1 pm to 3 

pm 

Light, 

Fan, TV 

Light, 

Fan, 

Laptop, 

A/C 

Light, 

Fan, 

Laptop, 

A/C 

Fridge, misc. 

load, Light, Fan 

Used Not used 

3 pm to 5 

pm 

Light, 

Fan, TV 

Light, 

Fan, 

Light, 

Fan, 

Fridge, misc. 

load, Light, Fan 

Not used Not used 
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Laptop Laptop 

5 pm to 12 

pm 

Not used Not used Not used Not used Not used Not used 

 

4.1.3 Case 3 

Table 6: Case 3 Sunday (Load usage) 

Time Living 

Room 

Bedroom 

1 

Bedroom 2 Kitchen PV EV 

12 am to 9 

am 

Not used Fan, A/C Fan, A/C Fridge, misc. 

load 

Not used Not used 

9 am to 10 

am 

Light, 

Fan, TV 

Not used Not used Fridge, misc. 

load, Light, Fan 

Used Not used 

10 am to 12 

pm 

Light, 

Fan, TV 

Light, 

Fan, 

Laptop 

Light, Fan, 

Laptop 

Fridge, misc. 

load, Light, Fan 

Used Not used 

12 pm to 3 

pm 

Light, 

Fan, TV 

Light, 

Fan, 

Laptop, 

A/C 

Light, Fan, 

Laptop, A/C 

Fridge, misc. 

load, Light, Fan 

Used Not used 

3 pm to 5 

pm 

Light, 

Fan, TV 

Light, 

Fan, 

Laptop 

Light, Fan, 

Laptop 

Fridge, misc. 

load, Light, Fan 

Not used Not used 

5 pm to 9 

pm 

Light, 

Fan, TV 

Light, 

Fan, 

Laptop 

Light, Fan, 

Laptop 

Fridge, misc. 

load, Light, Fan 

Not used Charging 

9 pm to 12 

am 

Light, 

Fan, TV 

Light, 

Fan, 

Laptop 

Light, Fan, 

Laptop 

Fridge, misc. 

load, Light, Fan 

Not used Not used 
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4.2  Steady State Loss Analysis  

4.2.1 Breakdown of Energy Losses in the DC NG 

In the DC NG the total loss in the system was calculated using the following equation: 

 

Figure 35 shows the breakdown of energy loss in the DC NG for all three cases.  

 

Figure 35: Breakdown of losses in the DC NG for all three cases 

4.2.2 Distribution Line Losses at the 380V DC Bus vs 48V DC Bus 

As mentioned earlier two cases were considered for power distribution in the DC NG. Figure 36 

shows the results for distribution line losses using 380V DC Bus vs 48V DC Bus for all three 

cases. It is clear from the results that distribution at 380V has less energy loss as compared to 

distribution at 48V. This was expected as  indicates that at a higher voltage energy loss 

decreases. But in the NG 48V was selected for power distribution the reason being safety and 

commercial availability of domestic appliances at 48V. Although 380V Bus provides less energy 

loss such a high voltage poses a great safety risk [1]. Moreover, as commercially available 

devices were selected for the simulation none of them were available at 380V, therefore 48V was 

selected for distribution within the DC NG. 
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Figure 36: Distribution line losses using 380V DC Bus vs 48V DC Bus for all three cases 

4.2.3 Breakdown of Energy Losses in the AC NG 

Figure 37 shows the breakdown of energy losses in the AC NG for all three cases. 

The energy loss for the AC NG was calculated using the following relationship: 

 

 

 

Figure 37: Breakdown of losses in the AC NG for all three cases 
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4.2.4 Comparison of Line Losses between the DC and AC NG 

Figure 38 shows the comparison of line losses between the DC and AC NG. It is evident from 

the bar graph that there are fewer line losses in the DC NG as compared to the AC NG. The 

reason for this is more efficient DC appliances in the DC NG which require less current as 

compared to their AC counterparts. This reduction in current thus causes fewer line losses in the 

DC NG. Furthermore, AC network has an additional reactive power loss in distribution which is 

not present in the DC NG. 

 

Figure 38: Total line losses in the DC NG vs AC NG for all three cases 

4.2.5 Comparison of Device Losses between the DC and AC NG 

Figure 39 shows a comparison between device losses in the DC and AC NGs. The results 

indicate that device losses in a DC NG are fewer. This is because DC appliances are more energy 

efficient and there are no conversion losses in the devices in the DC NG [2]. A brushless DC 

motor used for modeling DC motor loads in the DC NG is approximately 95% efficient [3], [4], 

[5] whereas the split phase induction motor used for modeling AC loads in the AC network has 

around 87% efficiency [6], [7]. Therefore, for loss calculation, 5% loss was considered for the 

brushless DC motor and 13% loss was considered for the split phase induction motor as dictated 

by their respective efficiencies. Moreover, AC-DC conversion in DC devices (Laptop, LED 

light, LED TV) present in the AC network was considered 95% efficient [8] with a 5% loss. This 

is an additional loss in the AC NG. Due to these respective efficiencies and no conversion losses 
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(AC to DC) in DC devices present in the DC NG, there are fewer devices losses in the DC 

network as compared to AC. 

 

Figure 39: Total Device losses in the DC NG vs AC NG for all three cases 

4.2.6 Comparison of Converter and Conversion Losses between the DC and AC NG 

Figure 40 shows the comparison between total converter and conversion losses in the DC and 

AC NG. The converter and conversion losses in the DC NG comprised of  

1. AC to DC conversion from the grid 

2. DC to DC conversion from MPPT 

3. DC to DC conversion for EV charging 

4. DC to DC conversion between the 380V and 48V Bus.  

In the AC NG, the converter and conversion losses included  

1. DC to DC conversion from MPPT 

2. DC to AC conversion of solar output into the 230V AC Bus, 

3. AC to DC conversion for EV 

4. DC to DC conversion for EV charging.  

Using efficiency curves [9] the efficiency of AC to DC or DC to AC (Grid-tied inverter) 

conversion was considered 92% with an 8% loss whereas DC to DC conversion was considered 

95% efficient with a 5% loss. It is clear from the figure that converter and conversion losses are 
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less in the DC network the reason being the respective efficiency of AC to DC and DC to DC 

conversions and fewer AC to DC or DC to AC conversions in the DC NG. 

 

Figure 40: Total Converter and Conversion losses in the DC NG vs AC NG for all three cases 

4.2.7 Comparison of Total Losses between the DC and AC NG 

The total losses in both DC and AC NG are the sum of all the losses mentioned in Figure 35 and 

37. Figure 41 shows the cumulative losses in a DC and AC NG. As line losses, device losses and 

conversion losses are less in the DC NG, the total system losses in the DC NG are fewer as 

compared to the AC NG as shown by the bar graph. This shows that a DC NG is better than an 

AC NG when compared on the basis of energy efficiency [10].  

 

Figure 41: Total system losses in the DC NG vs AC NG for all three cases 
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4.2.8 Comparison of Power Drawn from the Grid between the DC and AC NG 

The figure below shows the total power drawn from the grid for both DC and AC NG. It is 

clear the in a DC NG less power is drawn due to the high efficiency of the network. 

 

Figure 42: Total power from the grid in the DC NG vs AC NG for all three cases 

 

Another advantage of a DC NG is less energy usage from the grid which consequently leads to 

fewer electric bills. Net power was calculated for both networks using the following relationship: 

 

Figure 43 clearly shows that net power drawn in a DC NG is less as compared to the AC NG. 

This is because of high system efficiency in a DC NG and availability of efficient DC devices 

which provide the same features at less wattage as compared to the AC devices. Therefore, 

energy losses are reduced in the DC NG and less power is drawn from the grid. This has 

immense importance for the consumers as less power from the grid means that a DC NG user 

will have to pay less electric bills as compared to an AC NG user.  
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Figure 43: Net power= (Total power from grid-Power from PV) from the grid in the DC NG vs 

AC NG for all three cases 

4.3  Economic Analysis 

An economic analysis was performed between the DC and AC loads i.e. air conditioner, fan, and 

refrigerator. The other DC loads were excluded as those are common in both the DC and AC 

network. It is clear from the loss analysis that in terms of efficiency DC devices are better, this 

analysis was performed to determine how those energy savings affect the payback period and if 

it is feasible to use DC devices since their upfront cost is higher as compared to AC devices. The 

table below shows the cost of DC and AC devices used in both networks. For both the DC and 

AC air conditioners the price for 12000 BTU/h model was used as the price for15000 BTU/h 

model was not available. 

 

Table 7: Cost of DC and AC Devices [11], [12], [13], [14], [15], [16] 

 DC 

Fan 

AC 

Fan 

DC 

Refrigerator 

AC 

Refrigerator 

DC Air 

conditioner 

AC Air 

conditioner 

Cost (rupees) 15,593 13,907 31,608 25,000 15,8040 14,2130 

Total Cost 

(rupees) 

(No. of 

77,965 69,535 31,608 25,000 47,4120 42,6390 
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devices*cost) 

 

The total cost of DC devices= Rs. 58,3423 

The total cost of AC devices= Rs. 52,0925 

Figure 44 shows that the upfront cost of DC devices is more as compared to AC devices. 

 

Figure 44: Cost of DC vs AC Devices 

 

Extra cost of DC devices= 58,3423-52,0925= Rs. 62,498 

Considering an average unit price of Rs. 13 [17] the total energy bills per month for the DC and 

AC NG can be computed as follows. 

Units used in a month in the DC NG= 354.0 KWh 

Units used in a month in the AC NG= 713.6 KWh 

The monthly bill for a user in DC NG= 354*13= Rs. 4,602  

The monthly bill for a user in AC NG= 713.6*13= Rs. 9,277 

Figure 45 shows that the electric bill for DC devices is less as compared to AC devices. 
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Figure 45: Monthly Bill of DC vs AC Devices 

 

Monthly savings using a DC NG= 9,277-4,602= Rs. 4,675 

Payback period for the extra cost of DC device= 62,498/4,675= 13.4 (13 and a half months) 

According to this economic analysis although the upfront cost of DC devices is more than the 

AC devices due to the higher efficiency of DC devices, the electric bill is also reduced. The extra 

amount paid for the DC devices can be recovered approximately in thirteen and a half months 

because of the reduced electric bills.  

 

Summary 

In this chapter, detail is provided about the three case studies which are used to perform the loss 

analysis. The loss analysis is based on the line losses, device losses, and converter and 

conversion losses in both NG. The results show that in terms of efficiency a DC NG is better 

than an AC NG. A transient analysis is performed to check the system protection. A fault is 

generated at T=2 sec and the circuit breakers can successfully disconnect the loads. An economic 

analysis is also done on DC and AC devices. The results show that although DC devices are 

costly but due to their efficiency energy bill is also reduced and the extra cost of the DC device 

can be easily recovered. 
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CHAPTER 5 

Conclusion and Recommendations 

This chapter discusses the conclusion and recommendations of the study. 

5.1  Conclusion 

There is a huge debate at present between the use of AC and DC systems. This paper makes a 

comparison between a DC and AC NG based on system losses to determine which network is 

more efficient. A DC and AC NG network were modeled in Matlab with main components 

including a PV array, grid-tied inverter, electric vehicle and various domestic loads modeled on 

commercially available products. Case studies were then developed to measure the system losses 

in both networks. The results clearly indicate that losses in a DC NG are fewer as compared to an 

AC NG. The reason for this is more efficient DC devices and their increased accessibility, fewer 

power conversions in a DC system and availability of DC power (PV) and storage (EV) sources. 

Furthermore, the analysis also shows that a DC NG user draws less energy from the grid because 

of fewer losses and more efficient devices. This results in fewer electric bills and more economic 

benefit to a DC NG user. Although the cost of DC devices is more than the AC devices 

according to the economic analysis performed in this study the savings due to reduced electric 

bills in a DC NG can recover the extra cost within a period of 14 months. Thus, this study shows 

that a DC NG is better in terms of energy efficiency than an AC NG and also offers economic 

benefit to the user and therefore should be preferred in places where efficiency is a top priority. 

5.2  Recommendations 

• A more detailed modeling of DC and AC loads can be done in a future study. 

• Work can be done on improving the system protection. 

• A Hybrid NG can be designed and compared to the DC and AC NG. 

• The economic analysis can be extended and done in more detail by including the cost of 

the whole system for both NG. 
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CHAPTER 6 

Photovoltaic Reliability 

This chapter discusses the work that was done at Arizona State University at the Photovoltaic 

Reliability Lab. A brief introduction, objectives, limitations, and methodology of the study are 

discussed.  

6.1  Introduction 

Due to the depletion of fossil fuels and their damaging effects on the environment focus has 

shifted towards renewable energy sources [1]. Within renewable energy, the use of solar PV has 

increased exponentially [2], [3]. Although solar modules are considered to have a field life of 

approximately 25 years [4] but sometimes due to various manufacturing or field hazards the 

module can expire before its given time. Therefore, PV reliability is very important to make sure 

that the PV panel works properly as claimed by its manufacturer [5]. Photovoltaic reliability lab 

in Arizona, US works on reliability issues of PV modules. Their work involves predicting the 

lifetime of solar PV modules using statistical analysis obtained using tests such as accelerated 

stress testing, outdoor testing, module characterization and material characterization. The testing 

on PV modules is of two main types non-destructive testing and performance testing. Non-

destructive testing includes tests such as visual inspection, EL imaging, IR imaging, UV 

imaging, monitoring using data acquisition systems, diode and circuit failure testing and 

electrical insulation testing [6]. Performance testing includes tests such as baseline light IV, dark 

IV, cell IV, quantum efficiency measurements and reflectance tests [7].  

Temperature coefficients play a significant role in PV sizing. Temperature coefficients can be 

determined for a number of PV performance parameters such as short-circuit current, maximum 

power current, open circuit voltage, maximum power voltage, maximum power, FF and 

efficiency [8]. In the PV industry, it is considered that the Pmax temperature co-efficient of a PV 

module does not change as the module ages. Therefore, to determine the performance ratio of a 

PV module the Pmax temperature co-efficient of a new module is used. This could lead to an 

error in the determination of performance ratio if the assumption about the Pmax temperature co-

efficient is wrong. Therefore, this study was carried out to determine if the Pmax temperature co-
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efficient of a PV module changes over time. 24 field aged modules from four different 

manufacturers were tested using baseline light IV, dark IV, EL imaging, IR imaging and UV 

imaging. The results of the baseline light IV and dark IV were used to calculate the Pmax 

temperature coefficient, FF, series and shunt resistances. The results showed that the series 

resistance of the aged modules has increased which caused the FF to decrease and the Pmax 

temperature coefficient to increase. Thus, according to this study, the Pmax temperature co-

efficient of aged modules does change over time as compared to the supposition used by the 

industry. The results of this study can help the industry in determining the performance ratio of 

PV modules [9].  

6.2  Objectives 

• Selection of 20-25 field aged modules for the study 

• Performing baseline light IV on the selected modules  

• Performing dark IV on the selected modules 

• Calculating temperature coefficients, series and shunt resistances using the data from 

baseline light IV and dark IV. 

• Performing EL imaging 

• Performing IR imaging 

• Performing UV imaging 

6.3  Limitations 

• Baseline light IV must be performed between 9 AM to 3 PM on a sunny day. 

• Placement of thermocouple for baseline light IV can affect the results. 

• Measurements for series and shunt resistance can be different from baseline light IV and 

dark IV. 

• A completely dark room is required for performing EL. 

• The module can overheat during IR imaging. 

• The Proper angle must be set for UV imaging otherwise a glare can occur which can 

distort the images. 
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6.4  Methodology 

• Selection of 24 field aged modules from four different manufacturers. 

• Performing visual inspection on the selected modules to check for visible defects. 

• Performing baseline light IV and dark IV 

• Using the results from baseline light IV and dark IV to determine the temperature 

coefficients for six performance parameters i.e. open circuit voltage, short circuit current, 

maximum power voltage, maximum power current, Pmax, and FF. 

• Calculating series and shunt resistances using results from baseline light IV and dark IV. 

• Performing EL imaging to identify cracks or defects in the modules. 

• Performing IR imaging to identify hotspots in the panels. 

• Performing UV imaging to determine browning and delamination. 

Summary 

This chapter gives details about the project that was carried out in the Photovoltaic Reliability 

Lab at the Arizona State University. It gives information about the importance of PV reliability. 

Details about the objectives, limitation, and methodology of the study are also included in the 

chapter. 
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CHAPTER 7 

Experimentation and Results 

This chapter discusses the methodology, results, and conclusion of the work carried out at the 

Photovoltaic Reliability Lab. 

7.1  Methodology 

7.1.1 Module Selection 

A total of 24 field aged monocrystalline silicon PV modules were selected for this study. The 

table below shows their details. 

Table 8: Details of the PV modules used 

Manufacturer Module Type Number of 

Modules 

Time in the 

field (years) 

Rated Power 

(Watts) 

A Monocrystalline 

Silicon 

7 18 120 

B Monocrystalline 

Silicon 

8 18 175 

C Monocrystalline 

Silicon 

6 18 120 

D Monocrystalline 

Silicon 

3 19 75 

 

The figures below show the nameplate data of the modules from all four manufacturers. 
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Figure 46: Nameplate data of modules from manufacturer A 

 

Figure 47: Nameplate data of modules from manufacturer B 

 

Figure 48: Nameplate data of modules from manufacturer C 
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Figure 49: Nameplate data of modules from manufacturer D 

 

Five tests were performed on all the 24 modules. 

1. Baseline light IV 

2. Dark IV 

3. EL imaging 

4. IR imaging 

5. UV imaging 

7.1.2 Baseline light IV 

For baseline light IV the module to be tested is first kept in an environmental chamber and 

cooled to 15°C. Module temperature is checked using a thermocouple. Once the panel is at the 

desired temperature it is taken into the field covering it with a Styrofoam sheet to prevent a 

sudden rise in temperature. In the filed the module is placed on a two-axis mounting structure 

and two thermocouples are attached to the back sheet of the panel, one in the center and one 

towards the edge of the module. The two-axis mounting structure is adjusted to AM 1.5. The IV 

curves are taken on sunny days from 9 AM to 3 PM when the irradiance is close to 1000W/m2 

[1]. After placing the thermocouples, the IV tracer is attached to the module which sweeps the IV 

curves for the module as its temperature rises. Once the module setup is completed the 

Styrofoam sheet is removed and IV curves are taken as the module temperature changes from 

25°C to 40°C. This process is repeated for all the other modules and the IV curves are stored. 

Using the data from the IV curves temperature coefficients for six PV performance parameters 
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i.e. short-circuit current, maximum power current, short circuit voltage, maximum power 

voltage, Pmax, and FF are calculated. The data is also used to calculated series and shunt 

resistances. 

7.1.3 Dark IV 

For dark IV the module is placed in an environmental chamber under dark conditions at 25°C. A 

DC power supply is attached and fixed at the short circuit current of the module. In dark 

conditions, a PV panel behaves like a diode and therefore in dark IV carriers are injected into the 

PV panel using the DC power supply [2]. The results obtained are stored and used for calculating 

series and shunt resistances. The reason for calculating series and shunt resistances using both 

baseline light and dark IV is to cross-check the results for accuracy. The process is repeated for 

all other modules. 

7.1.4 EL imaging 

EL is carried out in a dark room using a near infra-red camera. The module is placed on a rack 

and attached to a DC power supply. The power supply is used to feed current into the PV panel. 

This process causes radiative recombination to occur and light is emitted which is detected by 

the near infra-red camera [3]. The process of taking EL images is done for all other modules and 

data is saved. EL provides a lot of information about the module. It shows defects and cracks in 

the module which are not visible to naked eye. It also reveals information about the uniformity of 

cells in the panel. The process is also very fast with and takes very less time [4]. 

7.1.5 IR Imaging 

In IR imaging the solar module is mounted on a supporting structure outside and short-circuited. 

Then after five minutes, an IR camera is used to take images of the module. This process is 

repeated for all other modules. IR imaging displays a lot of information about the PV panel such 

as hotspots which are normally not visible [5]. Hotspots occur when there is a faulty cell in a 

string of series connected cells. The overall current of that string is limited by the faulty cell. The 

current from the non-faulty cells is dissipated in the faulty cell which causes a lot of heating and 

a hotspot occurs. This can cause cell damage, solder bond degradation or glass cracking [6].    
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7.1.6 UV Imaging 

UV imaging is carried out in a dark room. The module is placed in a rack and several UV lamps 

are positioned towards the panel. The UV lamps are switched on and images of the module are 

taken using a camera. The process is repeated for all other modules. UV imaging reveals 

browning areas in a module. Browning occurs in PV modules because EVA which is used as an 

encapsulant in PV modules can break down when exposed to UV in the field over an extended 

period. Also, if the EVA used is of inferior quality this process can occur very fast. As a result of 

this cell, browning occurs and can also lead to cell corrosion [7].   

7.2  Results and Discussion 

7.2.1 Results for the Temperature Coefficient 

Temperature coefficient for open circuit voltage and Pmax for all the sample set is shown in the 

figures 50-53 below.  

The temperature coefficients for open circuit voltage are in the range from 0.3%/°C to 0.4%/°C 

which is the normal range for new modules. The temperature coefficient for open circuit voltage 

is not expected to change because it depends on the band gap of the material and as it does not 

change due to the aging of the module.  

The temperature coefficient of Pmax observed from the results is in the range from 0.5%/°C to 

0.6%/°C whereas the temperature coefficients for new modules are in the range from 0.4%/°C to 

0.5%/°C. This shows that the temperature coefficient of modules increases due to aging. The 

reason is an increase in the series resistance which causes the FF to decrease and the temperature 

coefficient of Pmax to increase. Therefore, this result shows that for determining performance 

ratio and degradation of aged modules, the temperature coefficient of fresh modules should not 

be used [8]. 



69 

 

 

Figure 50: Temperature coefficient for Pmax and open circuit voltage for modules from manufacturer A 

 

 

Figure 51: Temperature coefficient for Pmax and open circuit voltage for modules from manufacturer B 
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Figure 52: Temperature coefficient for Pmax and open circuit voltage for modules from manufacturer C 

 

Figure 53: Temperature coefficient for Pmax and open circuit voltage for modules from manufacturer D 

 

The figures from 54-57 show the temperature coefficient of short circuit current. The 

temperature coefficient of short circuit for new modules are in the range from 0.2%/°C to 

0.3%/°C.  The results are also in this range apart from some outliers which could be due to 

experimental errors such as thermocouple placement. Thus, the temperature coefficient for short 
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circuit does not change as expected because it is dependent on the bandgap of the material which 

does not change due to the aging of the module [8].   

 

Figure 54: Temperature coefficient for short circuit current for modules from manufacturer A 

 

Figure 55: Temperature coefficient for short circuit current for modules from manufacturer B 
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Figure 56: Temperature coefficient for short circuit current for modules from manufacturer C 

 

Figure 57: Temperature coefficient for short circuit current for modules from manufacturer D 

 

 

7.2.2 Series and Shunt Resistances 

Figure 58 and 59 show the results of the series and shunt resistances measured using baseline 

light and dark IV. It can be seen from the results that the series resistance from dark IV is less as 
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compared to the values calculated from the baseline light IV. Similarly, the values for shunt 

resistance are higher from dark IV as compared to baseline light IV. This is because dark IV is a 

better method for determining series and shunt resistances. The results also show an increase in 

series resistance which is the cause of FF degradation and an increase in the temperature 

coefficient of Pmax. The increase in series resistance is mainly due to solder bond degradation 

[8]. 

 

Figure 58: Series resistance from baseline light and dark IV for all modules 
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Figure 59: Shunt resistance from baseline light and dark IV for all modules 

 

 

 

7.2.3 EL Imaging Results 

The figures from 60 to 62 show the EL images. Due to a considerable number of images, one 

image from each manufacturer is added. The panels from manufacturer D were faulty and 

therefore EL could not be performed on them. 
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Figure 60: Module from manufacturer A 
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Figure 61: Module from manufacturer B 
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Figure 62: Module from manufacturer C 

The dark areas which can be seen in the images are the cracks or defects in the module which are 

not normally visible. These defects could lead to a drop in the power of the module. 

 

7.2.4 IR Imaging Results 

The figures from 63 to 66 show the IR images. Due to a considerable number of images, one 

image from each manufacturer is added. 
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Figure 63: Module from manufacturer A 

 

Figure 64: Module from manufacturer B 
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Figure 65: Module from manufacturer C 

 

Figure 66: Module from manufacturer D 

The areas in the images which appear darker could be potential hotspots. These hotspots can 

cause a decrease in the power and FF of the module. 

 

7.2.5 UV Imaging Results 

The figures from 67 to 69 show the UV images. Due to a considerable number of images, one 

image from each manufacturer is added. Modules from manufacturer B were not included in UV 

imaging. 
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Figure 67: Module from manufacturer A 

 

Figure 68: Module from manufacturer C 
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Figure 69: Module from manufacturer D 

The spots in the images is browning which is not visible under normal light. Due to browning 

transmittance of light decreases which causes the maximum power current to decrease which 

leads to a drop in the power. 

7.3  Conclusion 

This study indicates that the temperature coefficient of Pmax of a PV module increases as the 

module ages. This is because the series resistance increases and causes the FF of the module to 

decrease. This indicates that the current industry practice of using Pmax temperature coefficient 

of new modules to measure performance ratio and degradation rate can give wrong results. 

Furthermore, EL, IR and UV imaging of the aged modules suggest that due to cracks, hotspots 

and browning various performance parameters of the module are affected leading to a 

degradation in performance. In a future study, a correlation between the images and cell defects 

will be done using image processing to determine the detailed effect of these defects on the 

performance parameters. 
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Summary 

The chapter gives information about the methodology and results of the project carried out at 

Arizona State University. This study proposes that the temperature coefficient of Pmax increases 

as the modules ages. This is against the current industry practice in which it is considered that the 

Pmax temperature coefficient remains same throughout the module life. 24 field aged modules 

were selected for this study and five tests were performed on them baseline light IV, dark IV, EL 

imaging, IR imaging and UV imaging. The results of the baseline light IV were used to calculate 

the temperature coefficient of Pmax and series and shunt resistance. Dark IV was also used to 

calculate series and shunt resistance for accuracy. The results confirm that the temperature 

coefficient of Pmax increases as the module ages because the series resistance increase which 

causes the FF to decrease. The results from EL, IR and UV imaging show that due to defects, 

hotspots and browning the performance parameters of a module decrease causing its 

performance to deteriorate. In a future study, the results of EL, IR and UV imaging will also be 

correlated with the performance parameters using imaging processing to determine how these 

cell defects affect the performance of a PV module. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



83 

 

References 

[1] E. Schneller, N. S. Shiradkar, and N. G. Dhere, “Baseline testing procedures for PV 

modules beyond the qualification testing,” in Proceedings of SPIE - The International 

Society for Optical Engineering, 2013, vol. 8825, pp. 1–7. 

[2] “Dark IV Measurements | PVEducation.” [Online]. Available: 

http://www.pveducation.org/pvcdrom/characterisation/dark-iv-testing. [Accessed: 16-

Nov-2017]. 

[3] T. Fuyuki, H. Kondo, T. Yamazaki, Y. Takahashi, and Y. Uraoka, “Photographic 

surveying of minority carrier diffusion length in polycrystalline silicon solar cells by 

electroluminescence,” Appl. Phys. Lett., vol. 86, no. 26, pp. 1–3, 2005. 

[4] “Electroluminescence | PV Education.” [Online]. Available: 

http://www.pveducation.org/pvcdrom/characterisation/electroluminescence. [Accessed: 

17-Nov-2017]. 

[5] C. Buerhop, D. Schlegel, M. Niess, C. Vodermayer, R. Wei??mann, and C. J. Brabec, 

“Reliability of IR-imaging of PV-plants under operating conditions,” Sol. Energy Mater. 

Sol. Cells, vol. 107, pp. 154–164, 2012. 

[6] “Hot Spot Heating | PVEducation.” [Online]. Available: 

http://www.pveducation.org/pvcdrom/modules/hot-spot-heating. [Accessed: 17-Nov-

2017]. 

[7] “Some Common Causes of Solar PV Module Failure – First Green Consulting Pvt Ltd.” 

[Online]. Available: http://www.firstgreen.co/2014/07/common-causes-of-solar-pv-

module-failure/. [Accessed: 17-Nov-2017]. 

[8] F. Mahmood et al., “Temperature coefficient of power (Pmax) of field aged PV modules: 

impact on performance ratio and degradation rate determinations,” 2017, vol. 10370, pp. 

1037007–1037008. 

 

 


