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 ABSTRACT 

Full Name : Ahmad Abdulaziz Al-Harbi 

Thesis Title : Design, Modeling and Analysis of Low Voltage DC Microgrid 

Major Field : Electrical Engineering 

Date of Degree : April, 2018 

In recent years, DC distribution systems have gained a special attention by various 

research studies. This dissertation discusses the design, modeling and analysis of a low 

voltage DC microgrid involving different DC sources and DC appliances. Mathematical-

based models are first proposed to predict the maximum power parameters and the I-V 

curves for any PV module by just the knowledge of the module data sheet and 

temperature and irradiance values. The models are then employed for tracking the 

maximum power of PV systems under different weather conditions. The models 

effectiveness is compared with SIMULINK simulations, commercial PV module 

specifications from data sheet and with some published research. The proposed models 

have shown more efficient performance in parameters estimation and computation time 

than the other reported algorithms. Having modeled the DC source, major household AC 

and DC appliances are then adopted in this dissertation for analysis and study. Two 

approaches are proposed for the modeling. The simulation results are compared with the 

experimental data and the models effectiveness has been verified.  

Four configurations for a small standalone house have been proposed in this study. The 

configurations represent complete AC system, complete DC system and two hybrid 

systems. The configurations are extensively analyzed and compared in terms of energy 

assessments and life cycle cost analysis. The results have shown that the complete DC 



xxi 

 

system has shown promising results for energy and money savings over a life cycle of 20 

years. 

The idea of this small house is then generalized to build a complete microgrid 

representing a small town of 100 houses. The life cycle cost of the DC system is also 

compared with different schemes considering capital costs, future expenses and revenues, 

in the utility company perspective. The results have shown that the complete DC system 

in this case is not recommended to be considered in Saudi Arabia due to the current low 

diesel prices in the Kingdom that make the diesel generator systems more cost effective. 

However, for other GCC countries, where the diesel prices are higher, the DC system is 

considered as one of the most economical solutions. 

A protection scheme is then proposed and applied to the proposed DC microgrid. The 

proposed model can effectively and rapidly determine the fault distance as well as the 

faulty feeder by reading the load value in kW, source current at fault and fault resistance. 

The scheme is incorporated with insulated-gate bipolar transistors (IGBTs) used as circuit 

breakers for isolating the faulty feeder without affecting the load supplied by other 

feeders. 
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 ϨмϲϠЮϜ дв ϸтϸЛЮϜ ЬϠЦ дв ϝЊϝ϶ ϝвϝвϦкϜ ϼвϦЂвЮϜ ϼϝтϦЮϜ ϤϜϺ ЙтϾмϦЮϜ ϤвДжϒ Ϝϼ϶ϔв ϤϠЂϦЪϜ ЄЦϝжϦ ϣЮϝЂϼЮϜ иϺк .ϤϝЂϜϼϸЮϜ м

ϼвϦЂвЮϜ ϼϝтϦЮϜ аϝДж пЯК ЌУ϶жв ϸлϮ ϣЪϠІ аϝДж ЬтЯϲϦ м ϣϮϺвж м атвЊϦ  ϣтϚϝϠϼлЪ Ьϝвϲϒ м ϼϸϝЊв ϢϸК пЯК ЬвϦІϦ сϦЮϜ м

 ϢϼϸЧЮϜ ϼЊϝжЛϠ ϔϠжϦЮϜ ЌϼПЮ ϣтЎϝтϼ ϬϺϝвж ϢϸК ЬвЛЮ ϰϼϦЧв ϣтϜϸϠЮϜ сТ ЌϼЛϦ ϣЮϝЂϼЮϜ иϺк .ϼвϦЂвЮϜ ϼϝтϦЮϜ пЯК ЬвЛϦ

ϝϠ омЊЧЮϜϼϝтϦЮϜ Ϥϝтжϲжв пЮϖ ϣТϝЎш- ϤϝжϝтϠЮϜ пЮϖ ϣТϝЎϖ сЂвІЮϜ ИϝЛІшϜ м ϢϼϜϼϲЮϜ ϣϮϼϸ ϤϝжϝтϠ ϣТϼЛв ϸϼϮвϠ ϸлϮЮϜ

 РмϼД ϸжК ϣтЂвІЮϜ ϣвДжчЮ ϢϼϸЦ пЊЦϒ ЙϠϦϦЮ ϬϺϝвжЮϜ иϺк аϜϸ϶ϦЂϜ аϦ .ϣтЂϝтЧЮϜ РмϼДЮϜ ϸжК сЂвІ ϰмЮ ЬЪ пЯК ϣКмϠАвЮϜ

Чв Ϥ̵вϦ .ϣУЯϦ϶в ϣ̵тмϮϝ ϝтϼϝϮϦ Ϣϼ̵ТмϦв ϣтЂвІ ϰϜмЮϒ ϢϸК дв м ШжЮмвтЂЮϜ ϭвϝжϼϠ дв ϣтЂвІ ϰϜмЮϒ ϢϸК Йв ϬϺϝвжЮϜ иϺк ̭Ϝϸϐ ϣжϼ

 ϣтЮϝЛТ м ϣ̵Цϸ ϼϪЪϒ Ϝ̭Ϝϸϐ ϣϲϼϦЧвЮϜ ϬϺϝвжЮϜ ϤϼлДϒ .ϢϼмІжв ϨϝϲϠϒ ϢϸК сТ ϣϲϼϦЧвЮϜ ФϼАЮϜ ЌЛϠ пЮϖ ϣТϝЎшϝϠϣтϲϝж дв  

ϦϺк ϣвтЦ ϸϝϮтш ϞмЯАвЮϜ двϾЮϜ м ϼЊϝжЛЮϜ ϣвтЦ ϼтϸЧ.ϼЊϝжЛЮϜ и                                                                      

 ϼ̵вϦЂв ϼϝтϦ м ϸϸϼϦв ϼϝтϦ ϤϜϺ :ϝлтКмжϠ ϣтЂтϚϼЮϜ ϢϾлϮцϜ ЌЛϠЮ ϬϺϝвж ЬвК аϦ ,ϼ̵вϦЂв ϼϝтϦ ϼϸЊвЮ ϬϺмвж ЬвК ϸЛϠ

жЮϜ Йв ϝлϦжϼϝЧв ϸжК ϬϺϝвжЮϜ иϺк ϣтЮϝЛТ ϭϚϝϦжЮϜ ϤϼлДϒ .дтϦЧтϼА аϜϸ϶ϦЂϝϠϣЛϠϼϒ ϰϜϼϦЦϜ аϦ аϪ .ϣтЯвЛЮϜ ϭϚϝϦ  ϣУЯϦ϶в ϣвДжϒ

 сϚϝϠϼлЪЮϜ ШылϦЂъϜ ϣтϲϝж дв ϝлЊϚϝЊ϶ ϣжϼϝЧв м ϣвДжцϜ иϺк ЬтЯϲϦ аϦ .ϣтϚϝϠϼлЪЮϜ ϣЪϠІЮϜ дК ЬмϾЛв ϼтПЊ ЬϾжв атвЊϦЮ

 оϸв пЯК ϣтϸϝЊϦЦъϜ омϸϮЮϜ м20  ШылϦЂъϜ сТ ϼТмцϜ мк ̵ϼвϦЂвЮϜ ϼϝтϦЮϜ аϝДж ̵дϒ ϭϚϝϦжЮϜ ϤϼлДϒ .аϝК ϝтϸϝЊϦЦϜ оϸϮцϜм

.ϢϼϦУЮϜ иϺк Ьы϶                                                                                                                           

 дв ϣжмЪв ϢϼтПЊ ϣжтϸвЮ ЬвϝЪ аϝДж ̭ϝІжш ϼтПЊЮϜ ЬϾжвЮϜ ϜϺк ϢϼЪТ атвЛϦ аϦ100 Ϝ омϸϮЮϜ ϣЂϜϼϸ ϤвϦ м ЬϾжв ϣтϸϝЊϦЦъ

 ϤϜϼϝϠϦКϝϠ ̭ϝϠϼлЪЯЮ ϢϸмϾвЮϜ ϣЪϼІЮϜ ϼДж ϣлϮм двИмϼІвЯЮ ϣтЮϝвЂϒϼЮϜ РтЮϝЪϦЮϜ  ϠЧϦЂвЮϜ ϤϝЧУжЮϜ мЯ Ϥ̵вϦ ϝвЪ .ϤϜϸϜϼтшϜ м ϣт

 ϼвϦЂвЮϜ ϼϝтϦЮϜ аϝДж ̵дϒ ϭϚϝϦжЮϜ ϤϼлДϒ .ϣжтϮк дтвϝДж м ϸϸϼϦвЮϜ ϼϝтϦЮϜ рϺ рϸϝЛЮϜ аϝДжЮϝϠ ϼвϦЂвЮϜ ϼϝтϦЮϜ рϺ аϝДжЮϜ ϣжϼϝЧв

 рϸϮв ЀтЮϸмЦмЮϜ ϣвтЦ ЌϝУ϶жъ ϜϼДж сЮϝϲЮϜ ЙЎмЮϜ сТ ϣтϸмЛЂЮϜ ϣтϠϼЛЮϜ ϣЪЯввЮϜ сТ ϝтϸϝЊϦЦϜ  сϚϝϠϼлЪЮϜ аϝДжЮϜ ЬЛϮт ϝвв
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ϲϝж дв ЬЎТϒ рϸтЯЧϦЮϜϣтϸϝЊϦЦϜ ϣт ЬмϸЮ ϣϠЂжЮϝϠ ϝ̵вϒ . ̵дϗТ оϼ϶цϜ сϠϼЛЮϜ ϭтЯ϶ЮϜ аϝДж ϼвϦЂвЮϜ ϼϝтϦЮϜ  ϝтϸϝЊϦЦϜ ϼТмцϜϼϠϦЛт

ϣвтЦ ИϝУϦϼϜ ϞϠЂϠ иϺк сТ ϸмЦмЮϜ .ЬмϸЮϜ                                                                           .                    

 ЬЪІϠ ϸϸϲт дϒ ϬϺмвжЮϜ ϜϺлЮ дЪвт .сЎϝтϼ ϬϺмвж пЯК Ϝ̭ϝжϠ ϰϼϦЧвЮϜ ϼвϦЂвЮϜ ϼϝтϦЮϜ аϝДж ϣтϝвϲЮ ϣЧтϼА ϰϜϼϦЦϜ ̵аϦ ,ϣтϝлжЮϜ сТ

 ϣвмϝЧв ϣвтЦ м ЬАЛЮϜ Ϩмϸϲ ϸжК ϼϸЊвЮϜ ϼϝтϦ ,АϜм мЯтЪЮϝϠ сϚϝϠϼлЪЮϜ ЬвϲЮϜ ϣвтЦ Ϣ̭ϜϼЦ Ьы϶ дв ЬАЛЮϜ ϣТϝЂв ЬϝЛТ м ЙтϼЂ

ϦЂϾжϜϼϦ аϜϸ϶ϦЂϜ аϦ .ЬАЛЮϜ ϼϝтϦЯЮ ЙАϜмЧЪ ϞАЧЮϜ ϣтϚϝжϪ ϤϜϼмϪϓϦЮϜ дмϸ ЬАЛЮϜ ϝлтТ Ϩϸϲ сϦЮϜ ϣЧАжвЮϜ ЬϾЛЮ ШЮϺ м ϼвϦЂвЮϜт ϼ

                                                                                                          .оϼ϶цϜ ЬϝвϲцϜ пЯК           

 

 

 

 

 

 

 

 

 

 



1 

 

 CHAPTER 1    

 INTRODUCTION  

1.1 Overview and Historical Background 

The interest in the DC grid field is increasing over the recent years. The advancements in 

power electronics and the increasing penetration of DC sources have encouraged the 

researchers to carry out studies and investigations in this field. In addition, appliances 

manufacturers have now produced various appliances working directly on DC without 

any converters. This trend has shown the interest of such manufacturers to utilize the 

latest technology developments for the purpose of producing efficient and energy saving 

appliances. 

The idea of DC distribution is not new. It takes us back to the 19
th
 century where the 

electrical power was handled using DC power system configuration. This scheme of 

using the electrical power founded by Thomas Edison suffered from several difficulties. 

The main obstacles faced by the electrical power facilities at that time included the low 

voltage at generation level and the challenge of transmitting the power to consumers far 

from the generation plant. As a result, the power was generated and consumed locally as 

there were no means for stepping up or lowering the DC voltage. This necessitated 

transporting the power plants to the loads area or vice versa. 
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The AC concept was mainly introduced by George Westinghouse and Nikola Tesla. After 

the invention of the transformer, all drawbacks present in DC distribution were overcome 

by replacing the DC networks by AC systems. In the AC networks, the power could be 

transmitted easily by utilizing the transformer where the voltage could be stepped up or 

down at any desired level in order to transmit the power via conductors with small 

diameters. The power was also generated in centralized power plants far from the 

consumption level area where the voltage level was handled easily using the transformer. 

After the generation level, the voltage could be stepped up to high values to overcome the 

problems of power losses that resulted from transmitting the power over long distances. 

Then, the voltage could be stepped down to be used in the distribution level, and then 

stepped down finally to the consumption level. 

This debate between Edisonôs DC grid and Westinghouseôs with Teslaôs AC grid was 

known as ñThe War of Currentsò. Tesla and Westinghouse were considered to be the 

winners and the power incorporated with the transformers had been used from that time 

till today. However, with the advancements in power electronics devices and control 

strategies over the last 60 years, DC could be adopted in small power system networks. 

More attention has been paid to the DC grid at the excessive use of more DC-based 

sources such as photovoltaic panels (PV) and fuel cells. 

1.2 Dissertation Motivations 

1.2.1 Emergence of DC Appliances in the Existing Network 

Over the recent decades, the advances in power electronics have resulted in several 

household appliances powered by DC such as laptops, cell phones, TVôs, printers and 
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many other appliances. With the current AC network, these appliances require converting 

the input power from AC to DC. This means that rectifiers are needed in each appliance 

to convert the voltage from 230 VAC to the required DC voltage such as 12 VDC or 5 VDC. 

The rectification process results in some power losses and power quality issues. 

1.2.2 Use of Var iable Speed Drives Motors in Various Household Appliances 

Another point of interest is the excessive use of the conventional induction motors in 

several household appliances such as air conditioners and refrigerators. The idea of 

variable speed drives (VSDs) is implemented in the recent years for various motors used 

in the industry. The VSD is supplied with AC utility power with constant frequency. This 

is rectified and converted to DC which, in turn, is converted again to AC with variable 

and controlled frequency. This ensures efficient motor control in such a way smooth 

speed options can be selected instead of the successive ON/OFF behavior [1]. The main 

AC source supplying the VSD is simply replaced by a DC source to avoid one conversion 

stage, leading to more efficiency improvement.  

1.2.3 Availability of  DC Appliances 

One point of interest is the current emergence of completely DC appliances in the market. 

These appliances are ready manufactured to be directly supplied by a DC source, which 

is commonly 12, 24 or 48 VDC. Some of DC appliances available currently in the market 

include DC air conditioner, refrigerator, TV, lamp, fan, iron, kettle and washing machine. 

All these appliances are designed to work directly based on one or more of the DC 

voltages of 12, 24 and 48 VDC. These appliances are not assessed, investigated and 

modeled by previous research studies. It is of interest in this dissertation to carry out 
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experimental assessments and simulation models for such appliances, and to compare 

their characteristics with their AC counterpart.  

1.2.4 DC Nature of Renewable Energy Sources 

The utilization of renewable sources such as solar energy and fuel cells, which generate 

DC power in nature, is raising the debate again of the possibility and feasibility of using 

the DC distribution system instead of the existing AC system. In case of DC microgrid, it 

is easier to integrate such DC sources in the system for the purpose of directly supplying 

the DC loads. It is important to develop a model to the DC source which is simple, 

efficient and easy to implement. 

1.2.5 Proper DC Voltage Selection 

For more implementation of DC systems, it is essential to select an appropriate DC 

voltage for DC networks. The DC appliances existing in the market are available at a 

variety of DC voltages. There is no standard DC voltage available for DC systems. It is of 

interest to design a complete DC network with a common voltage in order to avoid 

conversion stages of DC voltages. 

1.2.6 Energy Saving Opportunities and Cost Analysis 

The DC appliances available in the market are characterized by low energy consumption 

and high capital costs. For energy assessment and cost analysis, it is important to study 

and implement a complete DC network that comprises all these appliances and carry out 

a comparative study with the conventional AC network and hybrid AC-DC systems.  

It is interesting to explore, address and investigate the aforementioned points and discuss 

the idea of the DC grid including DC generation sources as well as DC loads. It is also 
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important to design, model and analyze a complete DC network and compare its 

characteristics with a corresponding AC network in terms of different points of view. 

Several aspects can be investigated including systems modeling, energy saving 

opportunities and cost analysis. 

1.3 Dissertation Objectives 

In this dissertation, DC grid area of study is treated and analyzed based on different 

points of view. This field is extensively adopted in this study to achieve the following 

objectives: 

¶ Performing a literature review about the state of art of the DC distribution 

systems and their applications. 

¶ Analyzing the PV source, as one of the major renewable DC sources, by 

proposing efficient models to predict PV module characteristics under 

variable weather conditions by the knowledge of data sheet parameters and 

temperature and irradiance values. 

¶ Proposing a maximum power point tracking (MPPT) algorithm for PV 

systems using simple mathematical representation methodology. 

¶ Exploring and preparing the modern DC appliances for analysis and study. 

¶ Proposing simulation models for various major AC and DC household 

appliances using two approaches based on experimental field measurements. 

¶ Integrating the proposed AC and DC appliances models as to represent typical 

AC and DC houses employed for carrying out systems simulations and 

studies. 
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¶ Designing and implementing a small standalone house with different power 

system architectures, and carrying out comparative cost analysis and energy 

assessments. 

¶ Designing an entire network representing AC and DC microgrids and 

performing extensive energy saving comparisons as well as life cycle costs 

assessments based on the supply utility perspective. 

¶ Proposing an efficient and simple scheme for system protection and fault 

detection in DC microgrid. 

1.4 Dissertation Organization 

The dissertation is divided into 8 chapters as follows: 

Chapter 1 introduces the dissertation work along with some introductory overview about 

the topic. Dissertation motivations and objectives are also addressed in this chapter. 

Chapter 2 discusses the recent research works related to the DC grid field. 

Chapter 3 proposes a new method to predict the characteristics of PV modules from 

weather parameters and PV module data sheet specifications without estimating the 

parameters of the PV equivalent circuit model. The chapter also explains how the 

proposed models are employed for achieving MPPT for different PV systems. The 

performance of the proposed models is compared with SIMULINK simulations, some 

recent research works and I-V curves for some commercial PV modules. 
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Chapter 4 analyzes various major household AC and DC appliances. Simulation models 

are built for the appliances under study using two approaches by utilizing field 

measurements. 

Chapter 5 presents the design and implementation of a small scale DC house supplied by 

distributed generation (DG) sources. Corresponding AC and hybrid AC/DC houses are 

also designed for assessments and comparisons. The houses are extensively compared in 

terms of energy consumption and cost analysis. 

Chapter 6 designs a complete DC microgrid, as well as similar AC and hybrid microgrid 

configurations. Systems sizing and DC distribution voltage selection are addressed in this 

chapter. The chapter also presents the cost analysis and life cycle costs assessments of the 

proposed configurations based on the supply utility perspective. 

Chapter 7 presents a fault detection and identification methodology for the proposed DC 

microgrid. Rapid faulty feeder identification and isolation using IGBTs breakers are 

discussed in this chapter. 

Chapter 8 presents the conclusions and main findings obtained from this research and 

points out some directions for possible future work. 
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 CHAPTER 2    

 LITERATURE REVIEW  

2.1 Overview 

Research efforts around the world on the DC grid area have increased significantly in last 

decades. In 2015, the IEEE organized the first international conference on DC microgrids 

(ICDCM) in the USA [2]. More than 80 papers were published with diverse tracks on DC 

microgrid areas including monitoring and control, performance analysis and 

optimization, communication and security analysis and protection and switching 

techniques. The second ICDCM has been organized in 2017 in Germany [3]. More than 

100 research works have concentrated on recent topics in the DC environment. Some 

selective topics include DC breaker and arc detection, protection and grounding, energy 

management and DC appliances integration in the microgrid. More extensive research 

efforts are expected to be presented in the third ICDCM to be held in Japan in 2019. 

Although AC power is dominant for a long time, DC power has also been used for some 

applications. There are several applications of the DC grid employed in various facilities. 

The research efforts have concentrated more in this area especially during the last decade. 

This chapter presents some research works that have adopted the DC environment in 

different applications. 
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2.2 Research on DC Systems and Existing Applications 

DC systems are found in several applications. It is interesting to explore where such DC 

systems are found and how the idea of DC distribution is adopted. Various studies are 

carried out in distinct applications for DC networks. DC distribution is commonly 

adopted in isolated power systems such as telecommunication systems, electric vehicles, 

ships, as well as in small systems like computer systems. This section describes some of 

the facilities that adopt the DC distribution system and overviews several research works 

carried out for each application. 

2.2.1 Shipboards 

The shipboard distribution system is an example of adopting DC network. Due to the 

removal of transformers and switchgears in the case of the DC, the system provides 

several benefits like weight and space savings as well as flexible component arrangement 

[4]. 

A DC distribution system for a marine vessel power system was proposed [5]. 

Furthermore, an end-to-end modeling and simulation methodology was presented in [6] 

in order to facilitate system-level design, control, analysis and optimization of medium 

voltage DC (MVDC) ship power system. The computational speed and accuracy of the 

proposed method have been verified. 

A heterogeneous multi-agent system (MAS) framework was proposed for a DC zonal 

system of an electric ship. The purpose of this framework is to achieve load balancing 

and dynamic generation. At the same time, all operational constraints are satisfied and 
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load priorities are considered. The results have shown an efficient performance of this 

methodology [7].  

The benefits of DC-based shipboard and comparison of its performance with the 

conventional AC solution was explored in [8]. A survey of emerging concepts, design 

challenges and current initiatives has been performed. Different aspects were considered 

in this review including safety, power quality, reliability and efficiency. It is concluded 

from the survey that DC-based ships hold significant potentials. 

Extensive efficiency analysis for a shipboard with DC hybrid power system has also been 

performed [9]. The authors proposed an optimization algorithm for the purpose of 

minimization of fuel consumption when subjected to load variations. Using 

MATLAB/SIMULINK, an online optimization methodology for fuel saving is proposed. 

Furthermore, offshore support vessel simulations were carried out at different operating 

modes under the online optimization control. It has been concluded that the proposed 

methodology could achieve about 15% fuel saving with optimally utilized energy storage 

in the DC system under study. 

2.2.2 Data Centers 

A data center is a facility employed for housing computer systems and associated 

components including storage systems. In general, data centers involve backup power 

supplies, redundant data communications connections, environmental controls such as air 

conditioning and fire suppression, and several security devices [10].  

A DC distribution system has been proposed to replace the existing AC network for a 

data center [11]. In addition, the efficiencies of 220 VAC and 300 VDC systems feeding a 
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data center were compared [12]. The study shows that there is 15 % efficiency 

improvement when using the DC system compared to the AC system. 

A study has been presented by Lawrence Berkeley National Laboratory (LBNL) to 

compare the efficiencies of AC and DC systems for a data center [13]. It concludes that 

the DC system can improve the efficiency by up to 28 % as compared with the typical 

AC distribution system [13]. 

Reference [14] presented the possible power quality disturbances occurring in DC data 

centers as well as their effects on the performance of the system. In addition, design 

considerations to overcome these disturbances were discussed. There are various 

transients that occur in 380 VDC power system networks. These transients include voltage 

dip, short interruption, electrostatic discharge, electrical fast transient burst, surge 

voltage, radio frequency disturbances and inrush current. The most common disturbances 

in DC data centers are voltage sag, DC bus faults and load transients. The opportunity of 

using energy storage support with its capability to improve the power quality was also 

presented.   

2.2.3 Commercial Facilities 

Energy assessments on DC microgrid over the traditional AC networks were carried out 

[15]. The study assessed the system performance in different locations for various 

commercial facilities and operating conditions. The results show that the DC microgrid 

uses PV energy around 6% to 8% more efficiently than the conventional AC systems. 
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Daniel et al have performed a simulation-based efficiency comparison of AC and DC 

power distribution networks in commercial buildings. The work has shown that DC 

distribution system is more efficient [16]. 

An efficient DC electrical distribution system was analytically demonstrated in [17]. A 

48 VDC level was recommended to be used for distribution systems in rural banks. Three 

distribution systems were presented in this study which are: the conventional solar hybrid 

power system with battery back-up, hybrid distribution system and the 48 VDC electrical 

distribution system. The sizes of the system components (primarily solar PV capacity and 

the battery bank capacity) were calculated for the three distribution systems for 

comparison purposes. The results show that the DC distribution system is the most 

efficient system and also has shown savings of 15% over the conventional system.  

2.2.4 Telecommunication 

Similar to data centers, telecommunication networks are used to transfer substantial 

amounts of information. Telecommunications systems should be inexpensive, efficient 

and reliable [18]. The crucial components of a telecommunication system are rectifiers, 

batteries and a power system controller. Telecommunication systems distribute a DC 

power obtained from a backup battery that is continually charged by a rectifier/charger 

from the AC supply.  

A new power supply topology was suggested in [19] in order to use multitudes of power 

supply systems in telecom buildings. Two DC voltage levels are selected; 48 VDC and 

380 VDC. The topology is expected to enable to design highly reliable and efficient power 

supply systems [19]. 
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2.2.5 Lighting Systems 

Light emitting diode (LED) lamps are a rapidly developing technology which produces 

light in a more efficient way. It already outperforms the efficiency and quality of the 

existing lighting technologies including incandescent and fluorescent lamps. Each LED 

lamp is equipped with AC/DC and DC/DC converters. The advantage of DC-LED based 

lighting system is to mitigate the problem of AC/DC conversion using switched mode 

power supplies (SMPS) for each LED unit. 

In the work presented by [20], the authors examined the techno-economical advantages 

of low voltage DC distribution to a lighting system in a building using PV-based 

generation system. In the proposed DC scheme, the conventional fluorescent light bulbs 

are replaced by LED light resulting in efficiency improvement. It is shown that 60% load 

capacity is reduced and substantial energy saving has been achieved [20]. 

Substantial energy saving was also achieved by adopting the DC-based LED lamps [21]. 

A comparison of AC and DC-based LED lights efficiencies has been carried out in [22]. 

The thermal stability and driver efficiency have been evaluated for both AC and DC 

lighting systems. The testing results have shown that DC LED lights are more reliable 

and efficient than AC lights with 5 to 10% better efficiency, 3 to 10 times better 

reliability and a 20% lower cost [22]. 

2.3 Analysis of Different Aspects of DC Systems 

The DC systems have been analyzed in the previous research in terms of different points 

of view. This section presents some research studies analyzing some topics including 

modeling of PV systems, modeling of loads and some DC protection systems. 
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2.3.1 Modeling and Maximum Power Point Tracking of PV systems 

An essential field of study in the PV systems is the tracking of the maximum power 

produced by the PV at changing environmental conditions. Many algorithms have been 

proposed in the literature to track this point and improve the PV system efficiency. To 

achieve this purpose, the parameters at maximum power must be located properly. 

Several MPPT algorithms are basically dependent on predicting and setting one of the 

maximum power parameters as a reference value that changes with changing temperature 

and irradiance. This reference value is compared with the actual value in order to 

evaluate the error. Based on some algorithm, the duty ratio of a connected DC-DC 

converter is then adjusted in such a way that the maximum possible power at the 

specified conditions, can be harvested. 

Researchers have usually used three variables as reference parameters for MPPT 

purposes. These include the maximum power [23-30], voltage at maximum power [31-

38] and current at maximum power [39-44]. Without proper prediction of such variables, 

the MPPT algorithms may lead to inaccurate tracking of the maximum power which 

results in PV efficiency reduction. 

Recently, several new MPPT algorithms are proposed while some are modified in order 

to meet the requirements of the PV system. The techniques differ in several aspects 

including tracking speed, complexity, implementation, accuracy and the variety of 

software and hardware components involved. 

The most popular algorithms employed in MPPT purposes include incremental 

conductance (INC) [45, 46] and perturb and observe (P&O) [47, 48] algorithms. These 
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algorithms have been widely used. Intelligent techniques such as fuzzy logic (FL) [49], 

gravitational search algorithm  [50], differential evolution (DE) [51], particle swarm 

optimization (PSO) [52] and artificial neural network (ANN) [53] have been also used in 

PV systems for MPPT purposes. A hybrid method that integrates PSO with P&O is 

presented in [54]. Another hybrid technique is used including PSO and FL [55]. Other 

techniques like Taguchi method [56], flower pollination algorithm [57], and BAT search 

algorithm [58] have been also presented. 

2.3.2 Modeling of Household Appliances 

Several research works have analyzed load modeling concept and its applications to 

different power system networks. The authors of [59] have adopted simple, multiple 

linear and quadratic regression analyses to predict the energy consumption for a research 

house on an hourly and daily time bases.  

A genetic algorithm (GA) based methodology for modeling the loads in power system 

has been proposed in [60]. The values of voltage, active power and reactive power are 

evaluated after a disturbance in the voltage. The GA is then used to calibrate the load 

model parameters. The validity of the parameters values is tested with some different 

scenarios. 

The work presented by [61] has combined polynomial with the Fourier series models to 

analyze the power consumption of buildings. The model has used a polynomial for long-

term trends and Fourier series for periodic activities in which the data used in the analysis 

are divided to two parts. The model parameters are evaluated in the first part whereas the 

number of terms of Fourier series and the polynomial are determined in the second part. 
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A new method was proposed to model the load characteristics [62]. The method adopted 

multiple Gaussian functions for analysis. The model performance is compared with two 

different techniques. Efficient performance is achieved and mean percentage errors are 

reduced significantly using this model. 

Various research works have analyzed load modeling using the widely used exponential 

model [63-66] and the static polynomial ZIP model [67-71]. More extensive research 

efforts focusing on reviewing the recent research of load modeling and forecasting 

methodologies can be found in [72-77]. The available-in-market DC appliances with 

dominant DC voltages of 12 VDC and 48 VDC have not been yet analyzed and modeled. 

2.3.3 Protection and Fault Analysis in DC Systems 

A protection method against short-circuiting using the assistance of solid state circuit 

breakers (SSCB) in low voltage DC microgrid was presented [78]. The authors of [79] 

have used artificial neural network (ANN) for fault detecting and locating in a low 

voltage DC microgrid system. The faults on DC bus could be detected rapidly and then 

isolated without de-energizing the entire system, hence achieving a more reliable system.  

A protection scheme for DC microgrid against faults has been proposed [80]. The scheme 

isolates only faulty section from the system. The scheme is based on taking the difference 

between the sending and receiving end currents. A controller is implemented in order to 

detect this current difference and then opens the power switches for faulty section 

isolation.  

A protection scheme algorithm for a ring type DC microgrid system was discussed [81]. 

The algorithm senses the fault using differential current and then current derivative is 



17 

 

taken for segment isolation without isolation the entire system. A fault detection method 

using fuzzy logic has been proposed [82]. 

The authors of [83] have proposed a novel DC protection scheme based on the use of the 

combination of the voltage rate of change and the current rate of change. The 

methodology was developed for detecting and locating faults with reduced fault current 

levels within the DC system. The proposed protection scheme was tested on a LVDC 

distribution network using PSCAD/EMTDC simulation tool. 

2.4 DC Grid Research Challenges 

Although the concept of DC distribution has been studied by various research works, 

there are, however, some topics not well explored. Various works performed in this field 

have opened doors for future research opportunities. This section discusses and presents 

the topics that are recommended to be explored and the questions that have been raised in 

previous research. The following are various research gaps that are needed to be 

discussed, as stated by the indicated reviewed research works: 

¶ Various MPPT algorithms for PV systems have been proposed. These algorithms 

are usually characterized by the requirement of special software for executing and 

simulating the algorithms. In addition, some of the techniques require long 

simulation time since most of these techniques are based on iterative processes 

and trial and error operations till reaching to the optimal solution [84]. 

¶ The feasibility of adopting DC systems is evident, especially with the high 

penetration of DC sources and loads and the presence of advanced power 

electronics technologies. More work needs to be done on the topics of voltage 
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selection, modeling and protection. A complete system design has to be 

investigated with its practical aspects and impacts [85]. 

¶ The most essential problem in low voltage DC systems is that DC voltage values 

of devices are different from each other and that there is no standardization with 

regard to DC voltage as in AC system [86]. 

¶ One of the barriers of DC distribution systems is lack of DC ready products in the 

market [87]. 

¶ Modeling in DC distribution is constrained by the lack of available DC appliances 

and their power electronic interface with the mains. It is needed to show how a 

multiplicity of appliances that require different operating voltages can be 

interfaced to fixed voltage mains [88]. 

¶ Further work is needed to determine a feasible transition pathway to increase the 

presence of high-efficiency DC appliances in the homes and optimize DC 

generation technologies such as solar PV. The outcomes and cost-effectiveness 

are highly uncertain given the lack of previous research [89]. 

¶ One of the most promising applications are VSDs and LED lighting. Both of these 

technologies have proven their ability to generate savings when supplied by DC 

power, but little is known about their application in the residential sector [89]. 

¶ It is interesting to investigate the possibility of decreasing the size of a homeôs 

solar array to serve only a base DC demand. This allows the capital cost of the 

system to be decreased, while optimizing the benefits of DC distribution [89]. 

¶ While the use of DC has been studied in the commercial building sector and is 

being recommended as a key strategy for improved reliability and increased 
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energy saving, residential applications have received relatively little attention 

[90]. 

¶ A number of studies have examined residential DC systems. The majority of 

studies are analytical in nature, involving no demonstrations or laboratory 

measurements [90]. 

¶ Though DC distribution has been widely discussed in the literature, only a few 

research efforts focus on residential buildings, especially single-family houses 

[91]. 

¶ Although there are detailed reviews and analyses considering various aspects of 

low voltage DC systems, there are still some challenges, such as the simulation 

and implementation of DC systems because of a lack of object models and 

simulation skill [92]. 

¶ Limited attention is given to costs analysis of DC systems [93]. 

¶ Feasibility study of a complete DC distribution system based upon local DC 

generation is needed. In this case, an appropriate model of the whole system 

starting from DC generation to the loads can be simulated. Alongside this, the life 

cycle cost of this system and its components can also be compared with those of a 

corresponding AC system [94]. 

¶ A final decision may be given as to which of the AC and DC systems is better 

suited for residential power distribution in the modern day when the concepts of 

DGs and microgrids are gaining interest and power electronic converters have 

been developed [94]. 
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¶ It is of interest to validate the device models via experimentation using a 

sufficient selection of devices. It is essential to implement small mixed AC-DC 

distribution system test cases and compare the performance with the optimization 

results [95]. 

¶ Quantitative analysis has to be carried out to verify, via laboratory controlled 

measurements, that DC appliances use less energy than equivalent AC appliances 

[96]. 

¶ With the implementation of the DC home in emerging markets, what size will the 

new market for DC appliances be? How can this influence or/and convince 

appliance manufacturers to invest in research and development to produce low 

powered DC appliances? [96]. 

¶ It is interesting to study the protection of DC systems with respect to fault 

detection and isolation [97]. Several research works analyzing DC systems 

protection were based on specific conditions such as constant load or constant 

fault resistance. Thus, not all operating conditions were covered. 

¶ It is required to perform a comparison of AC and DC-based distribution for PV 

systems. The comparison can be done with the help of simulation or by analyzing 

identical actual AC and DC systems [98]. 

In this dissertation, the gaps and challenges stated by previous research will be analyzed 

and discussed for an attempt to cover and close these gaps. Thus, this dissertation will 

analyze the following aspects: 

¶ Proposing simple and efficient mathematical models for predicting the I-V curves 

of PV modules. The models can be executed in very short time without any 
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iterative processes and trial and error operations. In addition, no special software 

such as MATLAB or PSCAD is required for models estimation. 

¶ Proposing MPPT methodology by utilizing the proposed mathematical models. 

¶ Modeling of various major AC and DC household appliances based on field 

experiments. 

¶ Proposing typical AC, DC and hybrid identical houses considered as typical test 

systems ready for performing different analysis and studies. 

¶ Designing and implementing a complete DC house by utilizing the modern DC 

appliances while selecting an appropriate DC voltage level for the entire house to 

minimize the number of the required converters. 

¶ Performing extensive energy assessments and cost analysis for the DC house and 

compare the performance with different systems including conventional AC 

house as well as hybrid houses. 

¶ Creating a DC microgrid representing a town and carrying out a feasibility study 

and economical analysis in the utility company perspective. 

¶ Proposing a simple and efficient mathematical-based protection scheme for the 

DC microgrid under different operating conditions such as different fault 

distances, different load and different fault resistance values. 
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 CHAPTER 3    

 MATHEMATICAL  MODELS FOR 

PERFORMANCE CHARACTERIZATION OF PV 

SYSTEMS 

3.1 Introduction  

PV generation source is analyzed and discussed in this chapter in terms of different points 

of view. Two major aspects are given attention in this chapter. The first aspect is to 

propose a new methodology for predicting the PV module characteristics. The 

methodology presents general and robust mathematical models for any PV module with 

the knowledge of only standard test conditions (STC) values given from the PV module 

data sheet, as well as the temperature and irradiance values. Using these models, several 

important variables can be estimated under varying weather conditions including 

maximum power conditions, open circuit voltage and short circuit current. The variables 

are evaluated without needing to estimate the parameters of the PV equivalent circuit 

model. The prediction of the variables is useful in different applications such as MPPT 

and I-V curves generation under variable weather conditions. 
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In this chapter, all such variables, along with others, are modeled in the first part of the 

chapter using mathematical relationships without evaluating the PV equivalent circuit 

model parameters. The models take the STC values and weather parameters as input 

variables and determine the respective variables as output parameters. The effectiveness 

of the proposed methodology is assessed by comparing its performance with results 

obtained from specification sheet of different commercial PV modules, as well as 

simulations in SIMULINK. The performance is also compared with several recently 

published research articles. The results obtained from the proposed models are in close 

agreement with the results obtained using other methods. 

The second part of the chapter utilizes the proposed models in order to design a MPPT 

algorithm. The algorithm is also based on knowledge of STC values and weather 

variables. The validity of the proposed MPPT methodology is tested by application on 

two different PV systems. The algorithm performance is also compared with two of the 

most commonly used MPPT algorithms; INC and P&O algorithms. All mathematical 

models presented in this chapter are formulated using a commercially available software; 

EUREQA software [99, 100]. 

The chapter first gives a brief overview about EUREQA software. Then, the proposed 

methodology to formulate the mathematical models of PV module characterization is 

explained in details. This is followed by discussing the proposed MPPT algorithm and its 

applications to different PV systems.   
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3.2 EUREQA Software: General Overview [99, 100] 

Eureqa is a proprietary artificial intelligence-powered modeling engine originally created 

by Cornell's artificial intelligence lab and later commercialized by Nutonian, Inc. The 

software uses evolutionary search for determining mathematical equations that describe 

sets of measured inputs and outputs in their simplest form. Current modeling techniques 

require users to choose from a set number of predetermined algorithms (K nearest 

neighbor, support vector machine, etc.). Eureqa, on the other hand, builds numeric, time 

series, and classification models from the ground up, generating and updating models 

automatically [99]. Figure  3.1 shows the block diagram that illustrates the basic function 

of EUREQA. 

               inputs                                  

 

           output 

 

                

 

                y 

              u1 

                                  u2 

                                   . 

                                   . 

                                   . 

                                  un 

Figure  3.1: Basic function of EUREQA 

In this figure, the input parameters (u1,u2..,un) and the corresponding output parameter (y) 

are usually measured experimentally, where enough samples are necessary in order to 

represent all operating conditions of the system. The input and output data points are then 

transferred to EUREQA software to formulate the mathematical models. The equation 

representing the output, as a function of input parameters, takes the following form: 

1 2( , ,....., )  ny f u u u=  (3.1) 

y=f(u1,é,un) 
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In EUREQA, a series of simple and complex models are generated based on various 

selected mathematical operations such as addition, subtraction, multiplication and 

trigonometric and logarithmic functions. The user then selects the best model that fits the 

data with the lowest error. The flow chart shown in Figure  3.2 illustrates the steps 

followed for mathematical models formulation tasks using EUREQA. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure  3.2: Summary of steps followed in EUREQA to build mathematical models 

3.3 General Mathematical-Based Models for Characterization of PV 

Module Performance 

This section proposes and discusses in details a methodology for predicting the I-V 

curves of any PV module at different weather conditions. 

Collect data and 

transfer to EUREQA 

Define inputs/output 

parameters 

Select mathematical 

operators 

Start searching for 

models 

Select the best model 

with lowest error 
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3.3.1 Proposed Methodology 

3.3.1.1 Identifying key points on the I-V curve 

One of the essential topics in PV modeling is the generation of the I-V curves under 

varying environmental conditions. In this study, ten key points on the I-V curve are 

predicted and calculated using mathematical models. The predicted points are listed in 

Table  3.1 and are shown graphically in Figure  3.3. 

Table  3.1: Ten key points on I-V curve to be predicted 

point voltage current 

1 0 Isc 

2 0.25*Voc I25 

3 0.5*Voc I50 

4 0.6*Voc I60 

5 0.7*Voc I70 

6 Vm Im 

7 0.8*Voc I80 

8 0.9*Voc I90 

9 0.95*Voc I95 

10 Voc 0 

 

Where Voc is the open circuit voltage, Isc is the short circuit current, Vm is the voltage at 

maximum power, Im is the current at maximum power, and I25 to I95 represent current 

values at voltages between 25% to 95% of the open circuit voltage, respectively. For each 

of these points, mathematical relationships are formulated using EUREQA software as 

functions of weather parameters and STC values provided in the datasheet. 
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Figure  3.3: The ten key points on the I-V curve 

3.3.1.2 Mathematical models formulation process 

The proposed formulation starts by adopting the SIMULINK model of the PV module. 

Various PV modules are selected to carry out the simulations under diverse temperature 

and irradiance conditions. The selected PV modules represent different manufacturers, 

power ratings, numbers of cells, and STC parameters. As a first step, each selected PV 

module is simulated at a representative and uniform range of temperature and irradiance 

points. The I-V curve is generated for each temperature and irradiance point, and the ten 

key points are calculated and recorded. Along with these points, the STC parameters of 

the PV module are also recorded. This process is repeated for all PV modules chosen for 

the training process. By the end of SIMULINK simulations, the input and output 

variables are defined as shown in Table  3.2. 
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Table  3.2: I nput and output variables employed in the proposed models 

input variables 

T 

G 

N 

Vm_stc 

Im_stc 

Pm_stc 

Voc_stc 

Isc_stc 

output variables 

Pm 

Vm 

Voc 

Isc 

I25 

I50 

I60 

I70 

Im 

I80 

I90 

I95 

 

Where T is the temperature in 
o
C, G is the irradiance in W/m

2
, and N is the number of 

cells. The subscript stc denotes the value of the respective parameter at STC. The STC 

values play a major role in model formulation since they represent the operating 

characteristics of the PV modules and are usually given in the module nameplate data. 

The collected data are then transferred to EUREQA to build a mathematical model for 

each of the output parameters as a function of one or more of the aforementioned input 

variables. The mathematical models generally take the following form: 

_ _ _ _ _( ,G, , , , , , ) m stc m stc m stc oc stc sc stcY f T N V I P V I=  (3.2) 

Where Y represents any of the output variables listed in Table  3.2. 
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For certain output variables, it may be necessary to include other modeled output 

variables as inputs. This occurs in cases where the model is not capable of describing the 

parameter behavior properly. For example, the mathematical model of open circuit 

voltage may include the maximum power model as an input variable, along with the other 

defined basic input variables. This may take the following form: 

_ _ _ _ _ _ _( ,G, , , , , , , ) oc mdl m stc m stc m stc oc stc sc stc m mdlV f T N V I P V I P=  (3.3) 

The flowchart shown in Figure  3.4 summarizes all steps needed for the mathematical 

modeling of all output parameters. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure  3.4: Summary of proposed methodology for building the predictive models 

3.3.1.3  PV modules selected for training and the resultant generated models 

To formulate the parameters models, 20 PV modules are employed to generate the I-V 

curves and to manipulate all input and output values. It is important to select PV modules 

with different characteristics in order to represent a uniform range of all possible values. 

Select various PV modules from 

MATLAB/SIMULINK library  

For each module, generate 90 I-V curves 

representing 90 G and T points 

At each I-V curve, record G, T, module 

parameters at STC and the ten key points 

Transfer data to EUREQA and start 

building model for each output parameter 
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The specifications of the selected modules are listed in Table  3.3. For example, the first 

PV module in the table has 63 W maximum power and 22 cells. The parameters values at 

STC are 11.9 V for the voltage at maximum power, 5.3 A for the current at maximum 

power, 14.5 V for the open circuit voltage and 5.5 A for the short circuit current.  

Table  3.3: Specifications of PV modules selected in training process 

N Vm (V) Im (A) Pm (W) Voc (V) Isc (A) 

22 11.9 5.3 63 14.5 5.5 

24 13.45 5.65 76 16.2 6.02 

60 29.02 7.58 220 36.3 8.3 

60 29.6 7.7 228 37.8 8.3 

60 29.42 7.99 235 36.96 8.48 

72 40 5 200 47.8 5.4 

72 39.8 5.4 215 48.3 5.8 

72 40.5 5.55 225 48 5.93 

72 40.5 5.88 238 48.5 6.25 

72 40.5 5.93 240 48.6 6.3 

96 54.2 5.45 295 63.3 5.83 

96 54.7 5.49 300 64 5.87 

96 54.7 5.64 308 64.3 6.02 

96 54.7 5.67 310 64.4 6.05 

96 54.7 5.76 315 64.6 6.14 

96 54.7 5.82 318 64.7 6.2 

96 54.7 5.86 320 64.8 6.24 

128 72.9 5.35 390 85.3 5.72 

128 72.9 5.49 400 85.3 5.87 

128 72.9 5.69 415 85.3 6.09 

 

For each PV module, ninety points of temperature and irradiance values are generated. 

The corresponding I-V curve is plotted at each point, and all the input and output 

parameters are identified and recorded. To cover a wide range of operating conditions, 

the irradiance values are varied from 200 to 1000 W/m
2
 in steps of 100 W/m

2
 while the 

temperature values are changed from 15 to 60 
o
C in steps of 5 

o
C. Figure  3.5 shows the 
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generated temperature and irradiance points used in the training process for each selected 

PV module. 

 

Figure  3.5: Temperature and irradiance points adopted in training process 

All simulations have been carried out and the data composed of 20 PV modules × 90 

points (thus 1800 entries) have been collected. In other words, each input and output 

variable has 1800 entries to be processed by EUREQA for building the mathematical 

models. Models with different fitting accuracy can be obtained by using EUREQA. 

In EUREQA software, mathematical operators that are used to build the models must be 

selected before starting searching for the models. Different operators are available like 

addition, division, absolute value, exponential, factorial, square root and many other 

operators. Initially, the basic mathematical operations are selected to formulate the best 

model for each parameter. If the model does not fit the data accurately, additional 

operators are selected and the process is repeated till the most accurate model is 
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generated. The flowchart shown in Figure  3.6 illustrates the process of models 

generation. 
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For example, maximum power is basically evaluated by selecting the basic operators 

including addition, subtraction, multiplication and division. Then, the selection goes 

further for different combination till the desired level of accuracy is achieved. Table  3.4 

summarizes the generated models accuracy with respect to each combination of 

mathematical operators. Coefficient of determination (R
2
) is used as a tool for estimating 

Figure  3.6: Steps of mathematical operators adjustments and selecting the best model 
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Start simulations and 

searching for models 
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the models accuracy. Large number of combinations can be selected. The table shows 

that the combination of addition, subtraction, multiplication, division, constant, sine and 

cosine operators gives the best fitting accuracy for maximum power evaluation models. 

Same process is carried out for all other key points considered in this chapter. 

Table  3.4: Impact of changing operators on the accuracy of maximum power models 

selected mathematical operators R
2
 of the best generated model 

+, ï, ×, / 0.9392 

+, ï, ×, /, constant 0.9998 

+, ï, ×, /, exp, log 0.9531 

+, ï, ×, /, abs 0.9427 

 +, ï, ×, /, constant, sin, cos 0.9999 

+, ï, constant, abs, square root, exp, power 0.9886 

 

In summary, the best selected model for each of the output parameters is as follows:  

7
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1.25 10
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These models represent the ten key points that are required for generating the I-V curves 

for any PV module. The validity and effectiveness of the models are assessed in the next 

subsection. 

3.3.2 Simulation Results and Models Assessment 

The validity of the models is assessed using alternative PV modules with their respective 

STC parameters and new temperature and irradiance values. Three comparative 

assessment cases are considered. In the first case, ten random PV modules are selected 

from the SIMULINK library. The I-V curves generated from SIMULINK simulations are 

then benchmarked with the proposed models at three random temperature and irradiance 

points. In the second case, three commercially available PV modules are selected. The 

chosen PV modules have experimental data provided through manufacturerôs data sheet. 

The proposed mathematical models are subsequently compared with the module I-V 

curves from data sheet, as well as SIMULINK simulations. In the third case, the proposed 

models are used to evaluate variables analyzed in three recent research publications based 

on different algorithms. 

3.3.2.1 Comparison with different PV modules in SIMULINK library 

The performance of the proposed models is evaluated by considering alternative PV 

modules selected from the SIMULINK library. Ten different PV modules are chosen 

which represent different manufacturers and STC values. The specifications of the 

selected modules are shown in Table  3.5. 

 

 



36 

 

Table  3.5: PV modules specifications selected for models assessments 

 manufacturer N Vm (V) Im (A) Pm (W) Voc (V) Isc (A) 

PV1 AU Optronics 72 37.58 8.21 308.53 44.57 8.77 

PV2 China Sunergy 60 31 8.55 265.05 38.2 8.98 

PV3 Colored Solar 80 42 8.09 339.78 51.1 9.12 

PV4 DJ Solar 66 33.07 7.75 256.29 39.86 8.32 

PV5 Fire Energy 48 23.6 7.62 179.83 29.4 8.2 

PV6 GCL-Poly 54 27.79 7.93 220.37 33.69 8.54 

PV7 Grape Solar 96 50.32 8.15 410.11 61.06 8.77 

PV8 Hengji PV-Tech 36 18.52 5.13 95.01 22.56 5.54 

PV9 SunPower 128 72.9 6.04 440.32 86.5 6.5 

PV10 Tainergy Tech 36 17.32 7.52 130.25 21.8 8.06 

 

For each PV module, three random points of temperature and irradiance are generated. 

The I-V curves are then plotted using SIMULINK simulations and the proposed 

mathematical models represented by equations (3.4)-(3.15). Figure  3.7 to Figure  3.16 

show the I-V curves for all selected PV modules. The comparison shows that the 

proposed models fit the simulated I-V curves characteristics. This verifies the 

effectiveness of the proposed models to predict the I-V curves of any PV module, at any 

weather condition, by utilizing only the information provided in the data sheet at STC, in 

addition to temperature and irradiance values. 
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Figure  3.7: I -V curves of PV module # 1 at the indicated weather conditions 

 

Figure  3.8: I -V curves of PV module # 2 at the indicated weather conditions 
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Figure  3.9: I -V curves of PV module # 3 at the indicated weather conditions 

 

Figure  3.10: I -V curves of PV module # 4 at the indicated weather conditions 
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Figure  3.11: I -V curves of PV module # 5 at the indicated weather conditions 

 

Figure  3.12: I -V curves of PV module # 6 at the indicated weather conditions 
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Figure  3.13: I -V curves of PV module # 7 at the indicated weather conditions 

 

Figure  3.14: I -V curves of PV module # 8 at the indicated weather conditions 
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Figure  3.15: I -V curves of PV module # 9 at the indicated weather conditions 

 

Figure  3.16: I -V curves of PV module # 10 at the indicated weather conditions 
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3.3.2.2 Comparison with parameters extracted from commercial PV module datasheet 

For this assessment, three commercially available modules are selected. The technical 

specifications are listed in Table  3.6. The specifications data sheet including the I-V 

curves for the three modules are shown in the appendix. The points on the I-V curves are 

extracted using Digitizelt software [101]. Figure  3.17 to Figure  3.19 compare the I-V 

curves of the selected modules derived via SIMULINK simulations, the proposed 

models, and the extracted points. The effectiveness of the models performance is verified 

by the similarity of the depicted I-V curves for all modules at different weather 

conditions. 

Table  3.6: Selected commercial PV modules employed in models assessment 

 manufacturer N Vm (V) Im (A) Pm (W) Voc (V) Isc (A) 

PV1 S-Energy 60 30.4 8.08 245.63 37.4 8.63 

PV2 SunPower 96 54.7 5.58 305.23 64.2 5.96 

PV3 SunPower 128 72.9 5.83 425.01 85.6 6.18 
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Figure  3.17: I -V curves of 245 W S-energy module:(a) T=25oC and different G (b) G=1000 W/m2 and different T 
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Figure  3.18: I -V curves of 305 W SunPower module:(a)T=25oC and different G (b)G=1000 W/m2 and different T 
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Figure  3.19: I -V curves of 425 W SunPower module:(a) T=25oC and different G(b)G=1000 W/m2 and different T 
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3.3.2.3 Comparison with previously published research 

In the final assessment, the proposed models are applied to various PV modeling 

scenarios presented in the literature. For each of the cases presented, the parameters of 

the PV equivalent circuit are extracted using some optimization algorithms. The I-V 

curves are then generated based on the estimated parameters at different weather 

conditions. Three recent research articles are adopted in this analysis. 

The work presented in [102] has proposed an algorithm to estimate the I-V curves of PV 

modules based on the LevenbergïMarquardt (LM) method. The performance of this 

method is then compared with six alternative methods including genetic algorithm (GA), 

pattern search algorithm (PS), mean value theorem (MVT), Saloux model, non-linear 

least square (NLS) method and Gauss-Seidel (GS). These methods are applied to a 250 

W PV module for estimating the maximum power at different weather conditions. The 

specifications of the selected module are listed in Table  3.7. 

Table  3.7: PV module specifications at STC used in [102] for  methods assessments 

N Vm (V) Im (A) Pm (W) Voc (V) Isc (A) 

60 30.3 8.25 250 37.3 8.76 

 

The model proposed in this chapter to estimate the maximum power is applied to this PV 

module as well. The aforementioned methods are compared with experimental data 

provided by [102] at different weather conditions. The models are estimated at a 

temperature of 25 
o
C and irradiance values between 300 and 700 W/m

2
. The experimental 

results for evaluating the maximum power are listed in Table  3.8. The simulation results 
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of all seven models presented in [102], as well as the proposed model in this chapter are 

shown in Table  3.9.  

Table  3.8: Measured maximum power data at different conditins [102] 

G (W/m
2
) Pm_exp(W) 

300 74.2 

500 125.70 

700 176.8 

Table  3.9: Maximum power evaluation using the proposed model and [102] 

method G (W/m
2
)  Pm_est(W) error (%) 

GA [102] 

300 70.89 4.46 

500 123.17 2.01 

700 173.21 2.03 

PS [102] 

300 71.44 3.71 

500 123.06 2.1 

700 173.85 1.66 

MVT [102] 

300 70.76 4.63 

500 121.11 3.65 

700 172.63 2.35 

Saloux 

model [102] 

300 78.08 5.22 

500 129.9 3.34 

700 182.82 3.4 

NLS [102] 

300 72.71 2 

500 123.46 1.78 

700 174.27 1.43 

GS [102] 

300 71.92 3.07 

500 122.24 2.75 

700 174.27 1.43 

LM [102] 

300 73.18 1.37 

500 124.16 1.22 

700 175.07 0.97 

Proposed 

300 75.14 1.27 

500 125.48 0.18 

700 175.81 0.56 

 

The results indicate that the proposed model for estimating the maximum power has 

superior accuracy over the seven other reported methods. In the proposed methodology, 
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the maximum power model only requires one equation that can be evaluated without any 

iteration process or sophisticated operations. This has resulted in fast execution and 

estimation of the maximum power value. 

The authors in [103], have adopted the same 250 W module to build a complete 100 kW 

PV array. The array is composed of 10 modules connected in series to form a string. 40 

strings are connected in parallel to form a 10×40 PV array. The LM method is also 

employed by the authors for maximum power estimation. The performance of this 

method is evaluated at 25
o 

C temperature and irradiances of 300, 500, 700, and 900 

W/m
2
. The experimental results are listed in Table  3.10. The results of maximum power 

evaluation using the LM method and the proposed model are summarized in Table  3.11. 

The proposed model has again outperformed the method proposed by [103] in terms of 

both execution time and estimation accuracy. 

Table  3.10: Measured maximum power values at different conditions [103]  

G (W/m
2
) Pm_exp(W) 

300 29.93 

500 50.38 

700 70.75 

900 90.43 

Table  3.11: Maximum power evaluation using the proposed model and [103] 

Method G (W/m
2
) Pm_act(kW)  Pm_est(kW) error (%) 

LM [103] 

300 29.93 29.16 2.57 

500 50.38 49.52 1.7 

700 70.75 69.81 1.32 

900 90.43 89.88 0.6 

Proposed 

300 29.93 30.06 0.42 

500 50.38 50.19 0.38 

700 70.75 70.33 0.60 

900 90.43 90.46 0.03 
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In the work presented in [104], the crucial points at the I-V curve have been evaluated 

using three approaches including the Sandia model, software simulations, and adaptive 

neuro-fuzzy inference systems (ANFIS). A 70 W PV module is selected with 

specifications listed in Table  3.12. 

Table  3.12: PV module specifications at STC used in [104] for  methods assessments 

N Vm (V) Im (A) Pm (W) Voc (V) Isc (A) 

36 16.5 4.24 70 21.4 4.7 

 

The predicted parameters by [104] are open circuit voltage, short circuit current, 

maximum power voltage, and maximum power current. Simulation results comparing all 

techniques at temperature of 25 
o
C and different irradiance values are listed in Table  3.13 

The results show that the results of the models proposed in this study are similar to what 

were obtained by the estimation approaches presented in [104]. For example, at 600 

W/m
2
, the results have shown an error of 0.35 % in estimating the short circuit current 

using the proposed model with respect to Sandia model. 
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Table  3.13: Parameters evaluation using the proposed model and [104] 

method G (W/m
2
) Voc_est (V)  Isc_est (A) Vm_est (V) Im_est (A) 

Sandia 

model [104] 

1000 21.4 4.7 16.5 4.24 

800 21.17 3.76 16.56 3.42 

600 20.85 2.82 16.55 2.57 

400 20.29 1.87 16.35 1.72 

200 19.49 0.94 15.87 0.87 

simulation 

results [104] 

1000 21.37 4.68 16.37 4.25 

800 21.1 3.75 16.43 3.39 

600 20.74 2.81 16.41 2.53 

400 20.23 1.87 16.24 1.66 

200 19.32 0.93 15.66 0.79 

ANFIS-

based results 

[104] 

1000 21.38 4.68 16.33 4.27 

800 21.11 3.75 16.43 3.41 

600 20.77 2.81 16.45 2.54 

400 20.28 1.87 16.33 1.67 

200 19.42 0.93 15.82 0.80 

proposed 

1000 21.53 4.71 16.68 4.26 

800 21.15 3.77 16.73 3.41 

600 20.78 2.83 16.80 2.55 

400 20.46 1.88 16.95 1.70 

200 20.33 0.94 17.39 0.85 

 

The previous analyses have verified the effectiveness of all proposed models by 

comparison with recently reported research publications. The proposed models have 

effectively evaluated all parameters discussed in the presented publications. 

3.4 Application of the Proposed Models for MPPT of PV Systems 

MPPT concept is a crucial area of study in the field of optimization and control of the 

power obtained from PV systems. Employing MPPT algorithms in PV systems can 

significantly help to harvest the maximum power under varying environmental 

conditions. The change of temperature and irradiance values leads to a change in the 
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output PV power. Efficient MPPT control is thus essential for tracking the maximum 

power at any change in such environmental conditions. 

This section discusses the application of the proposed mathematical models to track the 

MPP of PV systems. The performance of the MPPT control is assessed by application to 

two different grid-connected PV systems. The methodology is also compared with two 

commonly used MPPT algorithms; INC and P&O algorithms. . 

3.4.1 Proposed MPPT Methodology 

The proposed MPPT methodology utilizes the mathematical models presented in the 

previous section. By considering the model proposed for the voltage at maximum power, 

and assuming that a DC-DC boost converter is connected to the PV array, the optimal 

duty cycle can be determined as follows: 

_dc m mdl

opt

dc

V V
D

V

-
=  (3.16) 

Where Dopt is the optimal duty cycle and Vdc is the output fixed voltage of the boost 

converter. 

Utilizing equation (3.16) and the model previously proposed for maximum power 

voltage, MPPT methodology can be designed as shown in Figure  3.20. 
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Figure  3.20: Proposed MPPT algorithm 

In this scheme, the voltage at maximum power is determined using its respective model 

which is defined in (3.6) as the ratio of the modeled maximum power over the modeled 

current at maximum power. In large PV systems, this value is multiplied by the number 

of series connected PV modules, Ns. The optimal duty cycle is then computed using 

equation (3.15). The effectiveness of the proposed MPPT control is verified by 

application to two different grid-connected PV systems.  

3.4.2 Study Case#1: Application to 100 kW Grid-Connected PV system [105] 

3.4.2.1 System description 

This system consists of a 100 kW PV array, DC-DC boost converter and inverter [105]. 

The complete system has been built using MATLAB/SIMULINK. The PV array is 

composed of 66 strings of 5 series-connected, SunPower 305 W modules connected in 

parallel. The total power is found as 66×5×305.2=100.72 kW. The DC-DC converter 

output is connected to a common 500 VDC bus. The layout of this scheme is depicted in 

Figure  3.21. 
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Figure  3.21: Scheme of the 100 kW grid-connected PV system 

3.4.2.2 Results and analysis 

The system is simulated for 3 seconds under varying temperature and irradiance profiles 

as shown in Figure  3.22. The simulations are carried out using the INC-based MPPT 

algorithm as well as the proposed methodology. Performance comparisons of the two 

approaches are shown in Figure  3.23 for the extracted power comparison. The maximum 

power extracted using both approaches are identical. The extracted interval shows that 

the behavior of the power using the proposed approach is steady while it is oscillating 

using the INC algorithm.   



54 

 

 

Figure  3.22: Temperature and irradiance profiles applied to the 100 kW system 
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Figure  3.23: proposed model and INC: (a) complete profiles (b) extracted period 
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3.4.3 Study Case#2: Application to 400 kW Grid-Connected PV system [105] 

3.4.3.1 System description 

This system consists of four PV arrays each delivering 100 kW at STC [105]. A single 

PV array block consists of 64 parallel strings where each string has 5 SunPower SPR-

315E modules connected in series. Each PV array is connected to a DC/DC converter, 

and subjected to different weather conditions. The outputs of the boost converters are 

connected to a common DC bus of 500 VDC. Each converter is controlled by an 

individual MPPT. The configuration of this system is shown in Figure  3.24. 

 

Figure  3.24: Scheme of the 400 kW grid-connected PV system 

3.4.3.2 Results and analysis 

The system is simulated for three seconds at different weather conditions. Each PV array 

is subjected to temperature and irradiance profiles different than the other arrays. The 
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proposed temperature and irradiance profiles are depicted in Figure  3.25. Under these 

weather profiles, the duty cycle for each DC-DC converter has been adjusted based on 

the implemented MPPT algorithm. The proposed MPPT control is compared with the 

MPPT control using P&O algorithm. The extracted maximum power profiles are shown 

in Figure  3.26 and Figure  3.27 for the individual PV arrays and the complete system, 

respectively. Efficient performance capability of the proposed methodology has been 

achieved. 
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Figure  3.25: Temperature and irradiance profiles for each PV array 
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Figure  3.26: Extracted maximum power profiles for each PV array 
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Figure  3.27: Extracted maximum power for the entire system: 

3.5 Summary and Conclusions of the Chapter 

The main points addressed in this chapter include the following: 

¶ General predictive models for generating the I-V curves of a PV module have 

been proposed. 

¶ The models can appropriately evaluate ten key points on the I-V curve with just 

knowledge about the temperature and irradiance values, as well as the STC 

values. 

¶ The performance of the proposed models is compared with SIMULINK 

simulations data and commercial modules I-V curves for different selected PV 

modules. 
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¶ The models are also assessed by comparisons with other recent published 

research. 

¶ The models assessments have shown efficient modeling capability of all proposed 

models under all performance assessments.  

¶ The proposed models are then employed to implement a MPPT algorithm. 

¶ The proposed MPPT algorithm is applied to two different grid-connected PV-

systems and compared with the most commonly used MPPT algorithms; INC and 

P&O algorithms. 

¶ The simulations results have shown identical results to what have been achieved 

using the INC and P&O algorithms. 

¶ The main advantages of the proposed MPPT methodology are its robustness since 

it can be used for any PV system and its effectiveness since it tracks the MPP 

efficiently.  

¶ Unlike most of the other techniques, the predictive models can be easily evaluated 

using any tool. No special software is required to apply the proposed 

methodology for I-V curve prediction. 

¶ Having modeled the DC source, it is important to develop models for household 

appliances. This will be discussed next chapter. 
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 CHAPTER 4    

 DEVELOPMENT OF  MODELS FOR MAJOR AC 

AND DC HOUSEHOLD APPLIANCES  

4.1 Introduction  

Load modeling is an important component of electrical power system. Proper 

representation of loads can effectively help to study the loads characteristics in both 

steady and transient states under different operating conditions. The models can be 

incorporated into any power system software. The integration of such models helps to 

carry out detailed system analysis. 

Moreover, efficient load forecasting and demand side management can be achieved by 

building accurate models. The models may represent entire network load, a small 

residential substation, a house or, more specifically, a single appliance. In addition, 

several parameters and characteristics of loads can be investigated using detailed models. 

This includes modeling and studying the problem in terms of various aspects such as 

power consumption, power quality issues and harmonics. 

The scope of this chapter is to build simulation models for some selected major AC and 

DC household appliances. The appliances models can be further incorporated into an 
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entire network to represent AC, DC or hybrid systems in order to carry out various 

studies in electric power systems. The work presented in this chapter is characterized by: 

¶ Building models for individual appliances for both AC and DC versions using two 

approaches utilizing actual field measurements. 

¶ All electrical parameters can be obtained from the proposed models including 

active power, current and power factor. 

¶ The data gathered from field measurements are taken each second in order to 

properly track the exact behavior of the appliances under study.  

¶ The modeling analysis includes the DC appliances available in the market 

working at the commonly used DC voltages of 12 VDC and 48 VDC. 

The chapter focuses on building models for various major AC and DC home appliances. 

All models are analyzed based on actual measurements and implementation. For all AC 

appliances, the power source is the conventional 230 VAC supply. The DC appliances are 

supplied by a DC source of appropriate DC voltage level including 12 VDC and 48 VDC. 

4.2 Methodology 

The research method followed in this chapter is to measure and collect the electrical 

parameters data using actual field measurements for selected major AC and DC home 

appliances. The collected data represents the electrical specifications of appliances under 

study. Using the collected data, two approaches are proposed in order to build a 

representative model for each appliance. The purpose of the appliance model is to be 
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used as a representative block that comprises the electrical specifications of the appliance 

under a fixed supply voltage. The research method is summarized as follows: 

¶ Step # 1: each appliance is operated for some predefined time that can insure that 

all operating conditions are covered. 

¶ Step # 2: various electrical parameters are measured and recorded each second 

using an efficient measuring device. 

¶ Step # 3: the collected data are employed for building representative models for 

each of the selected appliances using two approaches. 

¶ Step # 4: after the models are formulated, they are validated and compared with 

the actual measured data to assess and evaluate the effectiveness of such models. 

4.3 Experimental Set-up and Measurements Process 

4.3.1 AC and DC Appliances under Study 

Various major home appliances are adopted in this analysis. The selected appliances are 

an air conditioner, a refrigerator, a TV, a lamp and a fan. Such appliances are considered 

as crucial and major appliances in any average family house. Each selected appliance has 

both AC and DC versions in which the required task is achieved, irrespective of their 

electrical specifications. This includes, for example, same intensity levels for both AC 

and DC lamps and same size for the AC and DC TVs. The specifications of each 

appliance are listed in Table  4.1. 
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Table  4.1: Specifications of the appliances under study 

 

AC DC 

 

input voltage rated power input voltage rated power 

4100 lumens lamps 230 VAC 45 W 12 VDC 49 W 

32 inch TV 230 VAC 35 W 12 VDC 20 W 

fan 230 VAC 50 W 12 VDC 15 W 

98 L refrigerator 230 VAC  95 W 12 VDC 75 W 

18,000 Btu air conditioner 230 VAC ~ 1500 W 48 VDC ~ 1500 W 

 

One of the DC systems issues is the breaking of the DC current due to the absence of zero 

crossing point. In the experiments performed in this study, as long as we are in low 

voltage DC network, the normal AC breaker can be used successfully in such DC 

systems. In this study, a 40 A conventional AC circuit breaker is implemented in all 

experiments including the AC and DC appliances measurements. 

4.3.2 Measured Electrical Parameters 

Three major electrical parameters are given attention in the measurements and modeling. 

These parameters are the voltage, current and active power, in addition to the power 

factor that can be calculated from the measured current and power values. Once these 

parameters are measured and recorded, the other parameters such as apparent power and 

reactive power can be estimated. For the purpose of this chapter, apparent and reactive 

powers are not considered in modeling. 

4.3.3 Instrument used in Measurements 

The device used in the measurements is the single phase power quality analyzer (PQA), 

CA 8230 model, which can measure and store most electrical parameters such as active 

power, reactive power, voltage, current and power factor. It has an efficient measuring 



66 

 

capability and large data saving memory by reading and storing the measured parameters 

each second for several continuous operating hours [106]. 

4.3.4 Process of Measurements 

All selected appliances are operated for some time that is sufficient to collect a 

representative data for building the models. Based on the power characteristics of each 

appliance, the behavior and performance of the TV, lamp and fan are not affected by any 

other factors such as ambient temperature, room area and occupancy level. In case of 

refrigerator, as long as the refrigerator door is closed most of the time, and the set 

temperature is not changed, the ambient temperature factor has a minor or negligible 

impact. Moreover, as stated in the study presented in [107], the refrigerator door openings 

have small impact in altering refrigerator performance characteristics. This leads to a 

conclusion of having the flexibility in measurements time, duration and environmental 

conditions as such parameters have negligible impact on the performance of the 

aforementioned appliances, including the refrigerator. 

The desired temperature and the initial room temperature are main two driving factors the 

affect the power consumption behavior of the air conditioner. For measuring the AC and 

DC air conditioners performances, all operating conditions have to be identical for both 

AC and DC cases. These include same set temperature, same initial room temperature 

and same room to be cooled. 

Table  4.2 summarizes the duration for carrying out the measurements and collecting the 

data for all appliances in their both AC and DC versions. 
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Table  4.2: M easurements duration of the appliances under study 

appliance measurement duration (hours) 

air conditioner 4 

refrigerator 24 

TV 1 

lamp 1 

fan 1 

4.4 Proposed Modeling Approaches 

In this section, each appliance is modeled using data gathered from real measurements. 

The parameters considered in the proposed models include the current, active power and 

power factor. Two approaches are proposed in this modeling analysis. The first approach 

is based on building mathematical relationships between the input and output parameters 

that characterize the operation behavior of the appliance. The second approach is based 

on physical representation of electric circuit elements. Each appliance in this approach is 

modeled by a combination of resistor, inductor and capacitor. Each approach is discussed 

in details in the following subsections. 

4.4.1 Modeling using Mathematical Representation 

The main idea followed in this approach is to build mathematical models of the output 

parameters as functions of the input parameters that characterize the appliance 

performance. The mathematical relationships are formulated using EUREQA software.  

Based on the measured data, an output parameter, Y can be formulated as a function of an 

input parameter, X. This formulation takes the following form: 

( )Y f X=
 (4.1) 
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Where Y represents any of the output parameters including power and current. X 

represents any input parameter such as supply voltage and time. For all selected 

appliances, the proposed models are formulated for the following parameters:  

¶ Active power  

¶ Current 

The input variables depend on the operation characteristics of the modeled appliances. At 

constant supply voltage, most of the appliances are not affected by any other factors such 

as temperature or other environmental conditions. The operation in this case is mainly 

dependent on manual switching by the user. These appliances may be represented by 

constant values. In addition, time variable is included in the appliances in which their 

operation is based on pulsating and periodic behavior. The appliances are classified and 

modeled based on their operation characteristics. 

After the models are formulated, they are incorporated into MATLAB software for the 

purpose of representing each appliance by a MATLAB code that includes all 

mathematical relationships representing the selected appliance characteristics. 

4.4.2 Modeling using Circuit Representation 

In this approach, electric circuit elements are utilized to represent the behavior of the 

appliances. Data field measurements adopted in the previous approach are used here as 

well. Each appliance is then modeled as a parallel combination of resistor, inductor and 

capacitor. The values of the elements for each appliance can be computed by applying the 

electric circuits laws utilizing the measured parameters.  
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The modeling starts by assuming that any appliance can be represented by a parallel 

combination of resistor, R, inductor, L and capacitor, C, as shown in Figure  4.1.  

 

Figure  4.1: Parallel RLC circuit used for appliances models 

The values of R, L and C can be determined using the equations of parallel RLC circuits 

by employing the values of the measured parameters. 

4.4.2.1 Resistor estimation 

To estimate the value of the resistor, R, the following equation is used: 

2V
R

P
=  (4.2) 

Where V is the supply voltage and P is the active power found from the measurements. 

4.4.2.2 Inductor and capacitor estimation 

To evaluate the inductor and capacitor values, the equation of the power factor of parallel 

RLC circuit as a function of inductor and capacitor is first formulated. The power factor 

for any circuit is found by taking the ratio of the total impedance real part over the 

impedance magnitude as follows: 
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{}Z
pf

Z

Á
=  (4.3) 

Where Z is the magnitude of the total impedance. 

Using circuit theorem, it can be shown that the power factor of parallel RLC circuits is: 

2 2

1

1
(1 ( ) )

pf

R C
L

w
w

=

+ -

 
(4.4) 

The inductor and capacitor values are evaluated using APMonitor optimization toolbox in 

MATLAB  [108]. The objective function is formulated as follows: 

2

1 2minimize ( - )pf pf  (4.5) 

Subject to: 

3 31 10 100 10L- -³ ¢ ¢ ³ (4.6) 

6 61 10 100 10C- -³ ¢ ¢ ³ (4.7) 

Where pf1 is the measured (actual) power factor and pf2 is the estimated power factor 

from equation (4.4), using the selected inductor and capacitor values. 

At this stage, the calculated values of R, L and C are inserted into the parallel RLC circuit 

shown in Figure  4.1. This circuit ultimately represents the electrical parameters of each 

appliance. The models with evaluated elements are then incorporated into SIMULINK 

software for the purpose of representing each appliance by a SIMULINK model. Next 
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section presents the application of the proposed approaches to the major home appliances 

under study. 

4.5 AC and DC Appliances Models Building 

This section discusses in details the application of the proposed modeling approaches to 

the selected AC and DC appliances. The section builds the mathematical models 

formulated to the considered appliances and evaluates the values of the parallel RLC 

circuit elements for each appliance. As the operating characteristics are similar for the 

TV, lamp and fan, such appliances are modeled by the same concept. These appliances 

are categorized in one category in which their working performance follows steady and 

constant behavior under fixed input voltage. The second category includes the 

refrigerator and the air conditioner in which the operating behavior of these appliances is 

time-dependent and follows pulsating ON/OFF cycles. Each category is analyzed 

individually in the following subsections. 

4.5.1 Category I: Appliances with Constant Operating Characteristics 

The operation duration for these appliances is controlled completely by the user. As long 

as the supply voltage is not changed, the power consumption behavior, as well as other 

electrical quantities are steady and not affected by any other operating conditions. After 

the appliance performs its intended job, it is switched OFF manually by the user. 

Different types of loads belong to this group. The TV, lamp and fan are categorized to 

this type of appliances. The current and power profiles of these appliances are simply 

modeled as constant values. Table  4.3 summarizes the current and active power values 

for category I appliances. 
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Table  4.3: Power and current values for mathematical models of category I appliances 

appliance input voltage active power (W) current (A) 

AC TV 230 VAC 32.5 0.32 

AC lamp 230 VAC 9.3 0.08 

AC fan 230 VAC 46.5 0.21 

DC TV 12 VDC 24.4 2 

DC lamp 12 VDC 7.1 0.59 

DC fan 12 VDC 14 1.16 

 

These constant values are stored in a MATLAB M-file or in SIMULINK for representing 

the active power and current of each appliance, and then can be simulated for controlled 

simulation intervals. 

For the circuit representation approach, the measured active power and current are used 

to evaluate the resistor, inductor and capacitor values of the RLC circuit as discussed in 

the previous section. In this case, the measured active power and current of the AC TV 

during the operation interval are required. At 230 VAC input voltage, the averaged 

measured active power is 32.58 W, current is 0.32 A and the calculated power factor is 

0.45. This gives the values of the resistor, inductor and capacitor of the parallel RLC 

circuit as 1623.54 Ý, 84.72 mH and 79.78 µF, respectively.  

The evaluated elements values are inserted now into the SIMULINK RLC circuit with 

230 VAC supply voltage as shown in Figure  4.2. This circuit represents the final AC TV 

model considered in this chapter. 
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Figure  4.2: Evaluated circuit elements for the AC TV 

Table  4.4 lists the determined resistor, inductor and capacitor values of all appliances 

under this category. The DC appliances are simply modeled using resistors due to the 

absence of reactive power in DC circuits. The resistors values are evaluated by dividing 

the 12 VDC supply voltage by the averaged measured DC current. 

Table  4.4: Circuit elements values for appliances under category I 

 input voltage R (Ý) L (mH) C (µF) 

AC TV 230 VAC 1623.54 84.72 79.78 

AC lamp 230 VAC 5667.69 71.37 99.42 

AC fan 230 VAC 1137.74 84.48 82.63 

DC TV 12 VDC 5.91 - - 

DC lamp 12 VDC 20.16 - - 

DC fan 12 VDC 10.35 - - 

 

Each appliance is now modeled using circuit representation. The models are implemented 

using SIMULINK in which each appliance has its own parallel RLC circuit model that 

represents its electrical characteristics. 

4.5.2 Category II: Appliances with Pulsating Operating Characteristics 

The AC air conditioner and the refrigerators adopted in this study are all of ON/OFF 

compressor-type. On the other hand, the DC air conditioner selected in this chapter has a 

variable speed compressor. The power consumption profiles of these devices are depicted 
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in Figure  4.3 for a sample interval of two hours. The pulsating behavior is clear in case of 

the AC air conditioner, as well as the AC and DC refrigerators. The same modeling 

procedure is followed for modeling such appliances. The DC air conditioner first works 

at its rated power. Once the set temperature is achieved, it starts to decrease and stabilize 

its power till the end of operation, at an assumption of there is no further change of the 

weather conditions inside the room. The modeling approach of the DC air conditioner is 

slightly different.  

For the devices with pulsating behavior, it is not possible to model such behavior as 

constant values. As the pulsating behavior in this case is time-dependent, the electrical 

parameters are now modeled as functions of time for the mathematical modeling 

approach. The AC air conditioner model is discussed in details where the other 

appliances in this category follow the same approach.  
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Figure  4.3: Power profiles for the air conditioners and refrigerators 

The desired temperature and the initial room temperature are the main two driving factors 

the affect the power consumption behavior of the air conditioner. The modeling analysis 

starts by operating the AC air conditioner for a typical period of time and measuring and 

recording the electrical parameters as well as initial and current room temperature values 

each second. The modeling analysis is based on some specified operating conditions. The 

following are the operating conditions considered in this analysis: 

¶ initial room temperature is 30 
o
C. 

¶ desired temperature is 23 
o
C. 

The figure shows that the AC air conditioner starts and continues in operation for a long 

ON cycle for some time before it fluctuates between almost symmetric ON/OFF 

positions. The first long ON cycle depends mainly on the initial room temperature and 
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the set temperature that specify the ability of the air conditioner to cool the room. Based 

on a 30 
o
C initial temperature and a 23 

o
C set temperature, it is found that the first long 

ON interval stays for around 35 minutes. This is followed by approximately symmetric 

periods of ON/OFF cycles with around 5 minutes for the OFF cycle duration and about 7 

minutes for the ON cycle duration.  

For the mathematical representation approach, the complete model is divided to three 

equations as functions of time. The first equation represents the power value of the first 

long ON interval whereas the other two equations represent the power values of the OFF 

and ON intervals, respectively. The models of the power and current are proposed using 

mathematical representation as functions of time. The following equations represent the 

power consumption performance of the AC air conditioner used in this study under the 

specified operating conditions.  
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Same approach is followed to model the current which has the following model: 
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Where t represents the time in seconds and n is the number of periods. Each period has 

one complete ON/OFF cycle. 

The first equation represents the first long ON interval for the AC air conditioner where 

the other two equations represent the OFF and ON cycles, respectively. 

The DC air conditioner selected in this study has a variable speed motor that changes its 

speed based on the cooling requirements with no successive ON/OFF cycles. Unlike the 

AC air conditioner, the performance of the DC air conditioner follows steady behavior at 

its rated power at the starting of operation. Once the set temperature has been reached, 

the power gradually decays to a value corresponding to the adjusted temperature. The 

following equation represents the power characteristics of the DC air conditioner at the 

specified operating conditions: 
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The current is found by dividing this equation by the input DC voltage, which is 48 VDC 

in this case. 

The AC refrigerator follows the same modeling procedure performed for the AC air 

conditioner. The behavior in this case is pulsating over the entire operation interval with 

symmetric ON and OFF cycles. When the compressor is OFF, the power value is zero. 

Therefore, one representative ON cycle can be modeled. The remaining cycles are just 
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repetitions of this cycle. For the ON cycle, the active power and current are represented 

by the following equations: 

_ 2 2 3
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The range of the time variable is from 1 to 600 seconds which is the duration of each ON 

cycle. The above equations are evaluated for the time values from 1 to 600 seconds. The 

OFF cycle lasts for 1600 seconds. This ON/OFF cycle is now representing a complete 

period comprising the first ON cycle followed by the first OFF cycle. This period is then 

just repeated till the end of operation. This formulation can be implemented easily using 

SIMULINK blocks or an M-file code using for loop and if statements in MATLAB.  

Following exactly the same approach, the power consumption of the DC refrigerator is 

formulated as follows: 
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 (4.13) 

The ON and OFF cycles duration in this case are 300 seconds and 1000 seconds, 

respectively. The DC refrigerator current can be calculated by dividing the modeled 

power equation above by the supply DC voltage value, which is 12 VDC. 
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In case of circuit representation approach, the ON cycle for the AC air conditioner is 

averaged as an active power of 1350 W and current of 6 A. The elements values are then 

estimated based on these values. This gives constant performance over the entire 

operation interval. To represent the pulsating behavior, this constant profile is controlled 

by a pulse generator waveform that has a peak value of one and pulses widths of 35 

minutes to represent the first long ON cycle, 5 minutes to represent the OFF cycle and 7 

minutes to represent the ON cycle. The circuit diagram of the AC air conditioner model is 

shown in Figure  4.4. Other appliances in this category follow the same approach. 

Table  4.5 and Table  4.6 list respectively the circuit elements values for all AC and DC 

appliances under this category. 

 

Figure  4.4: AC air conditioner SIMULINK model using circuit representation 

Table  4.5: Circuit elements values for category II AC appliances 

 R (Ý) L (mH) C (µF) 

AC air conditioner 39.07 99.70 85.92 

AC refrigerator 755.71 87.50 84.07 
 

 

 


















































































































































































































































