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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

XX



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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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™ 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.



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 Edison’s DC grid and Westinghouse’s with Tesla’s AC grid was
known as “The War of Currents”. 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, TV’s, printers and
2



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 V¢ to the required DC voltage such as 12 Vpc or 5 Vpe.

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

1.2.2 Use of Variable 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 Vpc. 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 Vpc. These appliances are not assessed, investigated and

modeled by previous research studies. It is of interest in this dissertation to carry out



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.

o 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.

o Proposing a maximum power point tracking (MPPT) algorithm for PV
systems using simple mathematical representation methodology.

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

o 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.



J 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.

o 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.



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.



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.



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



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 wvariations. 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 Vpc 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 Vpc 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 Vpc 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 Vpc 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 Vpc and
380 Vpc. 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

14



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 Z/P 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 V¢ and 48 Vpc 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
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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:

e 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].

e 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 home’s
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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e 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].

e (Quantitative analysis has to be carried out to verify, via laboratory controlled
measurements, that DC appliances use less energy than equivalent AC appliances
[96].

e 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].

e 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.

e [t 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:

e 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

Uy ——>
U ——m———>

y=f(uj,...,u) I

Uy —————

Figure 3.1: Basic function of EUREQA

In this figure, the input parameters (u,,u>..,u,) 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:

v=fu,u,,...u,) (3.1)
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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.

Collect data and
transfer to EUREQA

Define inputs/output
parameters

o

Select mathematical J

)

operators
Start searching for
models

'

Select the best model
with lowest error

w

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.
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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 Iy
2 0.25*V,, Ls
3 0.5*V,. Iso
4 0.6%V,, Lso
5 0.7*V,. L7
6 Vin L,
7 0.8*V,, Iso
8 0.9%V,. Iy
9 0.95*V,, Iys
10 Ve 0

Where V,. is the open circuit voltage, /. is the short circuit current, V,, is the voltage at
maximum power, [, is the current at maximum power, and I»5 to Iygs 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: Input and output variables employed in the proposed models

T
G
N
Vm stc
]m stc
P m_stc
Voc stc
]xc stc
P m
Vin
Voc
]sc
Irs
Iso

input variables

output variables

Where T is the temperature in °C, G is the irradiance in W/m?, and N is the number of
cells. The subscript & 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:
Y=f(T,G,N,V, _.,I P ...V I. ..) (3.2)

m_stc? " m_stc? " m_stc?’ oc_stc? " sc_stc

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:

I/acimdl = f(T’G’ N’ Vmﬁstc’In175tc’Pmistc’I/ocistc’lscistc’])mimdl) (33)

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

modeling of all output parameters.

Select various PV modules from
MATLAB/SIMULINK library
l S
For each module, generate 90 I-V curves
representing 90 G and T points
J

.

At each I-V curve, record G, T, module
parameters at STC and the ten key points
|\ . o

v

Transfer data to EUREQA and start
building model for each output parameter
S

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.
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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 Vn(V) | In(4) | Pu(W) | Voe(V) | Iic(4)
22 11.9 53 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 54
72 39.8 54 215 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 [-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? in steps of 100 W/m” while the

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

temperature(°C)

0 200 400 600 800 1000 1200
irradiance(W/mz)

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 x 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

-

y

generation.

Select mathematical
operators

Start simulations and
searching for models

Select the best generated
model

Accuracy is No
acceptable ?

Yes

-

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

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?) is used as a tool for estimating
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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’ of the best generated model
+,—, X,/ 0.9392
+, —, %, /, constant 0.9998
+,—, X, /, exp, log 0.9531
+,—, X, /, abs 0.9427
+, —, %, /, constant, sin, cos 0.9999
+, —, constant, abs, square root, exp, power 0.9886

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

Pm mdl = 081VU(’ stc + OOOIGPm stc + I/oc stc Sln(18 X 1077 GTI/m stc)
- - - B B 34
- Vm_stc - 388 X 10_6Gl/m_stcl/oc_stc - 52 X 10_6 GTPm_slc
I, .y =0009]  +642x10°G+0.0008G  +0.0002GI
273610°G-1.63x10"'GR, , T* (3.5)
* cos(N) e
Pm mdl
Vo ma = » (3.6)
Vie o =0.056+0.153V  +0.0008GV ~ +2.95x107GV’
0.978P P 0.243-0.0003V P p (3.7)
+ m_m oc_stc m_m _OOOIGVm .
m _ mdl
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S 1.25x107 GT
I =0001GI  +444x107GTI - ———— — (3.8)

e =% sin(4.12+ N)

I, =00006/  +0.0005GI  +6.34x 107 GTI

50 _m stc

(3.9)
~3.25x10"°GT cos(V  +0.00067 )’ +0.0005GI
I25_mdl - O'SIsc_stc + 0'5150_de (3'10)
1 =0.0007G + 0.0008GI  +2.67x10°GT
60  mdl m_ stc
- - (3.11)
+1.88x10°GI,  +1.57x10"GT” cos(0.72N)
I =00097  +0.0009GI  +0.0002GI
_m sc _ste m _ stc sc _ste (312)
+3.58x10°GTN - 0.052 —8.45x 10" GN”
[, =0013+0.001GI  +3.5Ix 10°TG? cos(0.192N)
- - (3.13)
~437x10"°TGT,
4.03P  -0341
1 =1.71 +0.0006T + nn
90 _mdl 60 _mdl
oc _mdl (314)
—0.0008V ~0.3291 ~3.971
oc _mdl sc_mdl m _mdl
I =2411 +1.871 +0.1017;, . —0.004—3.75]
95  mdl 70 _ mdl 90 _ mdl _m 80 _ mdl
- (3.15)
+0.3331 cos(/ .y )—0.1217 I
90 _ mdl 80 _ mdl 50 _mdl 60 _mdl 90 _mdl
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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 manufacturer’s 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.
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Table 3.5: PV modules specifications selected for models assessments

manufacturer N | Va@V) | ©I,(A) P,(W) | Voo(V) | L (A)
PV, AU Optronics 72 37.58 8.21 308.53 44.57 8.77
PV, | China Sunergy 60 31 8.55 265.05 38.2 8.98
PV; | Colored Solar 80 42 8.09 339.78 51.1 9.12
PV, DJ Solar 66 | 33.07 7.75 256.29 39.86 8.32
PV Fire Energy 48 23.6 7.62 179.83 29.4 8.2
PV GCL-Poly 54 | 27.79 7.93 220.37 33.69 8.54
PV, Grape Solar 96 | 50.32 8.15 410.11 61.06 8.77
PVg | Hengji PV-Tech | 36 18.52 5.13 95.01 22.56 5.54
PV, SunPower 128 | 72.9 6.04 440.32 86.5 6.5
PVyo | 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
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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
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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
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Figure 3.12: I-V curves of PV module # 6 at the indicated weather conditions
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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
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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 Vi (V) 1, (A) P, (W) Voe (V) L. (A)
PV, S-Energy 60 30.4 8.08 245.63 37.4 8.63
PV, SunPower 96 54.7 5.58 305.23 64.2 5.96
PV; 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=25°C and different G (b) G=1000 W/m? 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 Levenberg—Marquardt (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 | V) | In(A) | Pu(W) | Voe(V) | Ise(A)
60 | 303 8.25 250 373 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 °C and irradiance values between 300 and 700 W/m?”. 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 (Win®) | Pu (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’) Py e(W) | error (%)

300 70.89 4.46
GA [102] 500 123.17 2.01
700 173.21 2.03
300 71.44 3.71

PS [102] 500 123.06 2.1
700 173.85 1.66
300 70.76 4.63
MVT [102] 500 121.11 3.65
700 172.63 2.35
Saloux 300 78.08 5.22
model [102] 500 129.9 3.34
700 182.82 3.4

300 72.71 2
NLS [102] 500 123.46 1.78
700 174.27 1.43
300 71.92 3.07
GS [102] 500 122.24 2.75
700 174.27 1.43
300 73.18 1.37
LM [102] 500 124.16 1.22
700 175.07 0.97
300 75.14 1.27
Proposed 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 10x40 PV array. The LM method is also
employed by the authors for maximum power estimation. The performance of this
method is evaluated at 25° C temperature and irradiances of 300, 500, 700, and 900
W/m?. 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) | Pu e(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 (Wim’) | Pu aclkW) | Po osikW) | error (%)
300 29.93 29.16 2.57
500 50.38 49.52 1.7
LM{103] 700 70.75 69.81 1.32
900 90.43 89.88 0.6
300 29.93 30.06 0.42
Proposed 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 Vi (V) 1, (A) P,(W) | Vo (V) I (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 °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?, 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/ mZ) Voc_est (V) Isc_est (A) Vm_est (V) ] m_est (A)
1000 21.4 4.7 16.5 4.24
Sandia 800 21.17 3.76 16.56 3.42
model [104] 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
1000 21.37 4.68 16.37 4.25
simulation 800 21.1 3.75 16.43 3.39
results [104] 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
1000 21.38 4.68 16.33 4.27
ANFIS- 800 21.11 3.75 16.43 3.41
based results 600 20.77 2.81 16.45 2.54
[104] 400 20.28 1.87 16.33 1.67
200 19.42 0.93 15.82 0.80
1000 21.53 4.71 16.68 4.26
800 21.15 3.77 16.73 3.41
proposed 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 Vm_mdl
p =% _mnd (3.16)

opt
dc

Where D,,; 1s the optimal duty cycle and V. 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, N;. 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 66x5x305.2=100.72 kW. The DC-DC converter
output is connected to a common 500 Vpc 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.
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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 Vpc. Each converter is controlled by an

individual MPPT. The configuration of this system is shown in Figure 3.24.
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Figure 3.24: Scheme of the 400 kW grid-connected PV system
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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

56



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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Summary and Conclusions of the Chapter

The main points addressed in this chapter include the following:

General predictive models for generating the [-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.

e All electrical parameters can be obtained from the proposed models including
active power, current and power factor.

e The data gathered from field measurements are taken each second in order to
properly track the exact behavior of the appliances under study.

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

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

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 V s¢ supply. The DC appliances are

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

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.

e Step # 2: various electrical parameters are measured and recorded each second
using an efficient measuring device.

e Step # 3: the collected data are employed for building representative models for
each of the selected appliances using two approaches.

e 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 Vpc 49 W
32inch TV 230 VAC 35W 12 VDC 20 W
fan 230 VAC 50 W 12 VDC 15W
98 L refrigerator 230 Vac 95 W 12 Vpe T5W
18,000 Btu air conditioner 230 Vac ~ 1500 W 48 Vpc ~ 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
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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: Measurements 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, ¥ 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:

e Active power

e (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.

I

[\ [ l
é)v | %1 Lg i
| S ‘r

Figure 4.1: Parallel RLC circuit used for appliances models

Ic

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:

R=" (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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pof =—— (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:

1
pf=
\/(1+R2(a)C— IL)z) (4.4)

Q)

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

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

minimize (pf, 'pf2)2 (4.5)
Subject to:

1x107 < L <100x10 (4.6)
1x10°<C<100x10°° (4.7)

Where pf; is the measured (actual) power factor and pf; 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)
ACTV 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 Vpc 24.4 2

DC lamp 12 Vpc 7.1 0.59
DC fan 12 Vpe 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 Q, 84.72 mH and 79.78 uF, respectively.

The evaluated elements values are inserted now into the SIMULINK RLC circuit with
230 V¢ 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 Vpc supply voltage by the averaged measured DC current.

Table 4.4: Circuit elements values for appliances under category I

input voltage R (Q) L (mH) C (uF)

ACTV 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
DCTV 12 Vpe 591 - -
DC lamp 12 Vpc 20.16 - -
DC fan 12 Vpe 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:

e initial room temperature is 30 °C.

e desired temperature is 23 °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 °C initial temperature and a 23 °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.

1291 +0.084¢ +129.9sin(0.004¢) — 0.096¢ 5in(0.00467),

1<t<1561
o 444.1+4.72x107°F +3.4x107°¢* c0s(0.045¢) — 0.38¢ — 9 cos(0.045¢), @38)
ACair conditoner 1562+ 744n < t <1869 + 744n, where n =1,2,......,11 '
1408.45in(0.0007¢) + 0.078¢ sin(0.046¢) —55.67 —174.27 sin(0.046¢),

elsewhere

Same approach is followed to model the current which has the following model:

5.68+0.0004¢ +0.57 sin(0.004¢) — 0.0004¢ sin(0.005¢),

1<t<1561
;L 3.85+0.038x107°# +0.03x107°¢* cos(0.045¢) —0.003¢ —0.078 cos(0.045¢), 4.9)
ACair conditoner 1562+ 744n < t <1869 + 744n, where n=1,2,.....,11 '
6.285in(0.0007¢) +0.0003¢ sin(0.046¢) —0.25 —0.778 sin(0.046¢),

elsewhere
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Where ¢ represents the time in seconds and 7 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:

0.069

20+1.2¢+7cos(—0.002¢*) ————————1.6cos(5.5+0.41),
cos(2.4+20¢)
1<t<80
Poc i conditioner = 549t +1.75x107" £ —12.32-8.15x107"¢* —1.55x107°¢°, (4.10)
81<¢<882
516.58, elsewhere

The current is found by dividing this equation by the input DC voltage, which is 48 Vpc

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:

997 7736 ., —8785 76497
p. . =T22+— +0.02¢ sin - —-0.02¢ 4.11
AC _refrigerator { 21.2 t2 ( t2 ) 8708+t3 —407¢t ( )
6,2 _12 ,4 35.81 93
Lic o = 054+ 4.15x10°7 +5.8x10™2¢* + —22"___0,001:-8.1x10”¢ (4.12)
- 9.3+0.27t

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:

= 57.6——14?'2 - 1(1?‘6 +10.6sin(L]
t

P

DC _ refirigerator

)* sin(sin(y))

57.6+10.6 sin(ﬂ) sin(sin(m)) (4.13)
. =251 5.4 ; ;
+6.3sin(——+

)+
£ sin(77t'7) t

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 Vpc.
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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.

AC air conditioner

power (constant behavior)

[

[p|
—J
power (pulsating behavior)
pulse generator ’
' G
v207 &) 39.07 Q% 6734 mHE  89.14 uF
kl

Figure 4.4: AC air conditioner SIMULINK model using circuit representation

Table 4.5: Circuit elements values for category II AC appliances

R (Q) L (mH) C (uF)
AC air conditioner 39.07 99.70 85.92
AC refrigerator 755.71 87.50 84.07
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Table 4.6: Circuit elements values for category II DC appliances

R (Q) L (mH) C (uF)
DC air conditioner 4.46 - -
DC refrigerator 2.06 - -

4.6 AC and DC Appliances Models Validation and Assessments

In this section, the proposed models are simulated and compared with the experimental
data. The mathematical models are coded in MATLAB using M-file scripts whereas the
circuit-based models are implemented in SIMULINK. For both approaches, the models
are simulated for some predefined time and the evaluated electrical parameters profiles
are compared with the measured data. As sample results for models assessments, power
consumption profiles for some selected appliances are demonstrated in this analysis. The
appliances considered here are the AC fan, AC air conditioner and DC air conditioner.
The measurements duration in assessment process are two hours for the AC fan, around
three hours for the AC and DC air conditioners. The power values are captured each
second. Figure 4.5 to Figure 4.7 respectively show the power consumption profiles for
these appliances at the defined operation intervals. The figures compare the profiles
obtained using the proposed models with the measured data. The proposed models

profiles are in good agreement with the measured data.
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Figure 4.7: DC air conditioner: (a) complete power profile (b) extracted interval

To summarize the testing and assessments of the models, the mean absolute percentage
error (MAPE) is adopted to evaluate the accuracy of all proposed models. Table 4.7
summarizes the MAPE values of the proposed models of category I as compared with the
measured data. For the AC appliances, the parameters considered in comparisons are the
power consumption, current and power factor whereas the power consumption and

current are considered for the DC appliances.

Table 4.7: Proposed models performance compared to the measurements (category I)

MAPE (%)
mathematical model circuit model
P ! of P ! o

AC lamp 0.204 0.184 0.054 0.205 1.757 1.727

AC fan 0.543 0.526 0.040 0.543 0.552 0.207
ACTV 0.242 0.710 0.886 0.240 0.879 1.037
DC lamp 0.002 0.002 - 0.0001 | 0.0001 -

DC fan 0.0003 | 0.0003 0.0004 | 0.0004

DCTV 0.406 0.406 - 0.405 0.405 -
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For the pulsating-behavior appliances, along with the DC air conditioner, the error
calculation is applied here for the total energy consumed over the entire time of
operation, rather than the instantaneous power consumption because an error in one
second of predicting a point in the ON cycle instead of the OFF cycle results in
considerable error. The power profiles for the measured data and proposed models are
identical as seen from the figures. Table 4.8 compares the total energy consumed using
both approaches for the AC and DC air conditioners and refrigerators. The table shows
that the total energy consumed using the proposed models are in well agreement with the

ones obtained from the measured data.

Table 4.8: Air conditioners and refrigerators energy comparisons to measurements

total energy consumed (kWh) absolute error (%)
measured | mathematical circuit mathematical circuit
AC air conditioner 2.418 2.40 2.430 0.707 0.534
DC air conditioner 1.637 1.638 1.646 0.098 0.611
AC refrigerator 0.056 0.057 0.057 0.378 0.310
DC refrigerator 0.023 0.023 0.024 1.494 2.797

4.7 Summary and Conclusions of the Chapter

In this chapter, the following points have been addressed and analyzed:

e Models for various AC and DC home appliances have been proposed.

e Two modeling approaches are proposed. First approach is based on representing
the electrical parameters of each appliance by mathematical representation.
Second approach represents each appliance by its representative parallel RLC
circuit. The modeling also includes the new DC appliances available in the

market.
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The results of models verification prove the effectiveness of all models proposed
for all appliances, in which low comparison percentage error is obtained.

All models of all appliances can be integrated into a complete system to represent
actual AC house, DC house or hybrid house. The main advantage of building such
models is the possibility of connecting the appliances models as to represent
actual AC or DC house in order to study these systems at different points of view.
In addition, AC and DC houses models can be built using MATLAB/SIMULINK
and extensive comparisons can be performed in terms of cost analysis and energy
assessments by utilizing the proposed models. Further analysis on such systems
can be carried out such as load flow, protection, load profiles comparisons and
fault analysis.

In case of circuit representation models, the models are implemented in
SIMULINK. In general, connection of several physical models in SIMULINK
needs long simulation time. Incorporating of all models in one SIMULINK file to
represent a complete house requires long simulation time. This issue can be
solved by carrying out the simulations in PC’s with high speed processors and
sufficient memory.

The mathematical models can be simulated in MATLAB M-files with fast
computational time.

Even though the proposed models have been built for some selected and specific
appliances, the same modeling concepts can be applied to other appliances.

The house that incorporates such selected appliances can be treated as a typical

test system comprising major AC and DC appliances, in which the AC and DC
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houses are performing the same required task, irrespective of the power
consumption behavior for each house.

In addition, the proposed models for the new available-in-market DC appliances
can help to study and simulate the characteristics of these new and efficient

energy saving devices
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CHAPTER 5

AC AND DC DISTRIBUTION ARCHITECTURES

FOR A STANDALONE HOUSE

5.1 Introduction

This chapter discusses the design and analysis of different low voltage AC and DC
networks. The analysis is presented for a small standalone house, in which several
distribution schemes are proposed and analyzed. The proposed layouts present
preliminary supplying AC appliances from AC source. Another configuration discusses
designing a complete DC network consisting of DC sources and loads. Hybrid systems
are also proposed in which combinations of different AC and DC sources and loads are
incorporated into the same network. The proposed configurations are studied and
evaluated extensively in terms of energy consumption, systems sizing, required
components and detailed economical analysis. Comparative analysis between all
proposed schemes is then carried out. In all cost analysis presented in this chapter, all
components required by each of the proposed configurations are prepared and purchased
by the consumer. These include appliances, converters, diesel generators, PV modules

and batteries.
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5.2 Design and Architectures of the Standalone House

This section discusses in details the design and analysis of supplying the power to a small
standalone house. Several major household appliances are incorporated into the proposed
house, in which both AC and DC versions are available for the selected appliances. A
proper DC supply voltage level is first selected based on the dominant DC voltage levels
available currently in the market. In this analysis, a diesel generator is considered as the

main AC supply whereas solar PV panels and batteries represent the main DC source.

The appliances considered represent the major home appliances essential for a small
house in Saudi Arabia. The appliances are air conditioner, refrigerator, lamps, TV, fan,
laptop, phone charger and internet router. For the first five appliances, both AC and DC
versions are available. On the other hand, the laptop, phone charger and internet router
are working internally based on DC due to the internal electronic components integrated
into the structure of these appliances. In the conventional AC network, these electronic
appliances are usually equipped with external AC/DC converters for the purpose of
converting the utility 230 V¢ voltage to the appropriate DC voltage level. The analysis
in this section starts by designing the standalone house, which is followed by networks

analysis and comparison.

5.2.1 Layout of the Proposed Standalone House
The proposed standalone house is composed of one room, a kitchen and a bathroom. The

arrangements of the appliances locations are listed in Table 5.1.
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Table 5.1: Appliances locations in the proposed standalone house

appliance location
air conditioner room
refrigerator kitchen
lamps room, kitchen, bathroom, outdoor
TV room
table fan portable
internet router portable
laptop portable
phone charger portable

The first step is to select the appropriate operating voltages for all AC and DC appliances.
All selected AC appliances are based on 230 Vc. The DC appliances voltage selection

depends on the available-in-market appropriate operating DC voltages for each appliance.

5.2.2 DC Appliances Voltage Selection and Specifications

A challenging task in dealing with DC distribution systems is the selection of the
appropriate DC voltage [85]. As concluded from an extensive search in the market, DC
home appliances are available with wide range of voltages 12, 24 and 48 Vpc. Other DC

voltages are also available such as 36 and 72 Vpc but these levels are not commonly

used.

Table 5.2 summarizes the availability of the selected DC appliances at each DC voltage

level, where “1” means “commonly available” and “0” means “unavailable” or “rarely

available”.
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Table 5.2: Appliances common DC voltage levels available in the market

DC voltage

5 12 20 24 48

air conditioner 0 0 0 0 1
refrigerator 0 1 0 1 0
fan 0 1 0 1 0

LED lamp 0 1 0 1 1
TV 0 1 0 0 0
laptop 0 0 1 0 0
phone charger 1 0 0 0 0
internet router 0 1 0 0 0

48 Vpc air conditioner is selected in this study whereas all other appliances are based on
12 Vpe. The DC voltage selection depends on limiting the steady state current to be

below than 100 A as shown in in Table 5.3. [109].

Table 5.3: System DC voltages based on 100 A maximum current [109]

rated power system DC voltage
<1200 W 12 Vpe
1200 - 2400 W 24 Vpc
2400 - 4800 W 48 Vpc

Another reason for selecting all other appliances at 12 Vpc is to avoid several DC voltage
conversion stages in case of selecting the appliances at different voltages. Same AC

circuit breaker adopted in the experiments carried out in chapter 4 is used here as well.

In summary, Table 5.4 lists all AC and DC appliances used in this study along with their
specifications and electrical power ratings. The main issue addressed in appliances
selection is to choose an appliance in which the required job is similar for its both AC

and DC versions, irrespective of their electrical parameters and specifications. This
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includes, for instance, the same size for AC and DC TV’s, same lumens levels for both

AC and DC lamps and same size for the AC and DC refrigerators.

Table 5.4: Specifications of the selected appliances

AC DC
input voltage | rated power | input voltage | rated power
~4100 lumens lamps 230 Vac 45 W 12 Vpc 49 W
32 inch TV 230 Vac 35W 12 Vpc 20 W
fan 230 Vac 50 W 12 Vpc I5W
98 L refrigerator 230 Vac 95 W 12 Vpc 75 W
18,000 Btu air conditioner 230 Vac ~ 1500 W 48 Vpc ~ 1500 W
19 inch laptop - - 20 Vpc 45 W
phone charger - - 5 Vpe 13 W
internet router - - 12 Vpc 13W

5.2.3 Proposed Power System Configurations for the Standalone House

Different configurations for powering the proposed standalone house are suggested.

These configurations represent AC system, DC system and hybrid AC-DC systems. Each

configuration is analyzed and investigated separately in terms of several factors including

energy consumption, required components and cost. The systems are implemented

experimentally in order to study the electrical behavior under proposed load profile. In

the measurements, the AC supply is represented by the 230 VAC utility supply whereas

the DC supply is represented by batteries.
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5.2.3.1 Architecture I: diesel generator supplying AC appliances

In this architecture, a standalone AC source, represented by a diesel generator, is used to
power the conventional AC appliances. AC/DC converters are used for all appliances that
work on DC voltage. Other appliances are connected directly to the main AC feeder.

Figure 5.1 depicts the schematic of this architecture.

diesel generator

J 230 VAC bus

]

)

|
] T

il
ARl
| LT
YL AR

o

4
!
_1_/
i

AC air conditioner  AC refrigerator AC table fan AC LED lamps ACTV laptop internet router phone charger

| ;
T e
= Y

)

Figure 5.1: Standalone house AC appliances supplied by AC source
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5.2.3.2 Architecture II: diesel generator supplying DC appliances

This architecture deals with powering DC appliances by AC supply. A 230 Vac/48 Vpc
converter is needed to supply the 48 Vpc air conditioner. The 12 Vpc appliances are
connected to the main feeder via central 230 Vac/12 Vpce converter. Other electronic
devices are connected via their respective converters to the main 230 V¢ bus. The
schematic of this configuration is demonstrated in Figure 5.2. Figure 5.3 shows sample
measurements set up for supplying the 48 Vpc DC air conditioner by the main 230 Vac

supply via 230 Vc/48 Vpc converter.
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Figure 5.2: Standalone house DC appliances supplied by AC source
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Figure 5.3: Experimental set up for AC-DC configuration (DC air conditioner case)
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5.2.3.3 Architecture I1I: PV panels and batteries supplying AC appliances

In this configuration, PV panels and batteries are used as power sources of the system.
DC/AC converter is required to convert the produced DC power to AC at a voltage level

0f 230 Vac. Figure 5.4 shows the arrangements of this configuration.

AC air conditioner  AC refrigerator AC table fan AC LED lamps ACTV laptop internet router phone charger

Figure 5.4: Standalone house AC appliances supplied by DC source
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5.2.3.4 Architecture IV: PV panels and batteries supplying DC appliances

Completely DC network is proposed in this architecture. Since the DC air conditioner is
working solely on 48 Vp, it is supplied by a separate 48 Vpc source. Figure 5.5 shows
the proposed architecture. Figure 5.6 shows sample measurements set up for supplying

the 12 Vpc appliances by a 12 Vpc battery.

12 VDC bus
20VDC 5vDC
v \ v v v \J
DC air conditioner DC refrigerator ~ DC table fan DC LED lamps DC TV internet router laptop phone charger

Figure 5.5: Standalone house DC appliances supplied by DC source
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Figure 5.6: Experimental set up for DC-DC configuration (12 V¢ appliances case)

5.3 AC and DC Sources Sizing

This section discusses the approach followed to size the proposed architectures. This
includes estimating the power rating of the diesel generator, rating and number of PV
modules, and the required capacity and number of batteries. The sizing is based on a
common load profile applied to all proposed configurations. The required components

along with their costs are presented and discussed for each architecture.

5.3.1 Diesel Generator Sizing
It is important to select the suitable generator that satisfies the power needed by the
supplied appliances. The type and number of the connected appliances are the main two

parameters that affect the sizing of the generator. [110]
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To properly size the generator, two categories of appliances are available. The first
category represents the appliances that have constant running power over the entire
operation interval. This includes lamps, fan, laptop, phone charger, internet router and
TV. The other category includes the appliances that follow periodic ON/OFF cycles, in
which high power is consumed at the beginning of each ON cycle. The appliances
belonging to this category are the air conditioner and refrigerator. The operation of such
appliances follows cyclic and repetitive ON/OFF behavior. At the beginning of each ON

cycle, the starting current may reach 2 to 3 times the running current.

The first step followed in generator sizing is to list all appliances included in the network
along with their running power rating values. Then, considering the worst case by
assuming that all appliances are working simultaneously, all power values are added up,
which simply gives the minimum required generator size. For future additional loads and
considering a safety factor, the estimated total power can be increased by around 10-15 %

which gives the ultimate generator size. [111]

To avoid shortening the lifetime of the generator, it is recommended to avoid operating it
at its maximum power for more than 30 minutes [112]. In this study, to get proper
generator sizing, all appliances rated power as well as surge power values are measured
experimentally rather than reading their values from their nameplate data. Once a
generator that meets the minimum running power is selected, it should be able to supply
the required surge power for a designated time. By surveying the specifications of several
commercial diesel generators, some generators have the ability to supply more than 50 %

of their rated power for short intervals such as 10 or 20 seconds.
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5.3.2 PV and Batteries Sizing Approach

To successfully design a solar PV system, the daily energy consumed by the loads has to
be estimated accurately. Moreover, the worst case scenarios are taken into consideration
including accounting system losses, days of autonomy and different components
efficiencies. Several research works and articles have presented different sizing
techniques for solar PV system [113-121]. Sizing approach for each component in the PV

system is discussed below.

5.3.2.1 Total energy consumption evaluation

As a first step in PV system sizing, the total energy consumed by the loads is calculated.
Accurate evaluation of the daily total energy consumption is necessary. To get an
accurate estimation in this study, the total energy consumption for each configuration is

calculated based on actual practical measurements.

5.3.2.2 PV array sizing

To evaluate the required PV array power, the total energy consumption is divided by the
value of the peak sun hours. This value depends on the location of where PV solar system
is installed. The resultant value has to be further adjusted based on the efficiencies of all
system components. Typically, the inverter and battery round trip efficiencies are around
85-90 % for each [122]. Moreover, a temperature correction factor is included based on
the maximum cell temperature. Based on [123], this value is 0.8 at a cell temperature of

60°C. The total power required by the PV array is calculated as follows [122]:
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required PV array power = £ (5.1)

HXTCFXninV ><77bat

Where E is the total daily energy consumed by the appliances, 7, is the inverter

efficiency, 7,, is the battery round trip efficiency, H is the peak sun hours for the

selected location and T'CF' is the temperature correction factor.
5.3.2.3 Battery bank sizing

The battery bank should be sufficiently sized in order to supply the required back up
power in the cases where no sunlight is available. Three factors are essentially accounted
for battery sizing calculations which are the depth of discharge (DoD), system DC
voltage and days of autonomy. The total required battery bank size in Ah is estimated as

follows [122]:

total Ah required = Exd (5.2)

DOD x 77inv X nbat X VDC

Where d is the value of the days of autonomy and Vpc is the system DC voltage.

5.3.2.4 Inverter sizing

The inverter size for the case of AC load is specified by the same way of generator sizing
discussed previously. The inverter input DC voltage must be consistent with the DC
voltage of PV modules and batteries. The running power ratings and surge power of all

appliances are also considered to specify the appropriate required inverter size.
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5.3.2.5 Charge controller sizing

The charge controller is a vital component of any solar PV system. Its role is to regulate
the power produced by PV array and to protect the battery from overcharging. In this

study, MPPT controller is employed in the proposed layouts that incorporate PV systems.

The current rating for the charge controller is simply estimated by evaluating the array

short circuit current, which is found as follows: [124]

total PV array power

charge controller size= (5.3)

system DC voltage

The sources employed in all configurations are sized based on the discussed sizing

approaches for both AC and DC sources.

5.4 Peak Sun Hours in Dhahran City

All measurements presented in this study were carried out in Dhahran, a city in the
Eastern province of Saudi Arabia. Especially in the summer season, this city is
characterized by substantial amount of solar radiation, as indicated in Figure 5.7 which

shows the monthly variation of peak sun hours in Dhahran. [125]
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Figure 5.7: Peak sun hours variation per month for Dhahran [125]

The average value of the peak sun hours in summer months (April to September) is 6.906
hours. This high value coincides with the peak demand required by the connected loads

due to the frequent use of air conditioners during this period.

5.5 Required Components Preparation and Architectures Sizing

The components needed for each configuration are specified based on the energy required
to be supplied to the connected appliances. The total energy consumption for each
configuration is first determined based on a common load profile. Accordingly, diesel

generator, PV array and batteries are sized.

A common load profile is suggested for all architectures of the standalone house. This
profile represents a common behavior for a standalone house in Saudi Arabia. A typical

summer day is used to represent the power consumption activities by residents. Table 5.5
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standalone house.

demonstrates the working intervals for all appliances considered in the proposed

Table 5.5: Common daily load profile for all configurations

appliance working interval
air conditioner 12.00 — 16.00
refrigerator 24 hours

fan 6.00—12.00, 17.00 — 21.00

LED lamps (room) 20.00 —00.00

LED lamps (kitchen) 20.00 —00.00
LED lamps (bathroom) 00.00 —4.00, 20.00 — 00.00

LED lamps (outdoor) 20.00 — 4.00
TV 12.00 — 13.00, 19.00 — 22.00

internet router 6.00 — 00.00
laptop 10.00 — 12.00, 16.00 — 18.00

phone charger 17.00 — 18.00

The total daily energy consumption for each architecture is evaluated based on this load
profile, in addition to the power ratings of the appliances incorporated into each

configuration.

The total energy consumption is calculated based on the measured secondly-basis power
consumption profiles. This can give more accurate results rather than reading the rated
power values from the appliances nameplate data. This step is important for accurately
estimating the surge power for air conditioner and refrigerator at the starting of each ON
cycle. The actual measured running and surge power values for all AC and DC
appliances are recorded. Each configuration is treated separately in which total energy

consumption and detailed analysis of the required components are presented.

102



5.5.1 Sizing, Required Components and Costs of Architecture I

Table 5.6 summarizes all resulting power and energy characteristics of all appliances

incorporated into this architecture.

Table 5.6: Power and energy characteristics of all appliances for architecture I

Prun (W) Psurge (W) | Srun (VA) E (Wh)
5 LED lamps 47 0 93 261
fan 46 0 47 465
TV 33 0 71 130
laptop 47 0 108 187
phone charger 15 0 30 15
internet router 15 0 30 270
refrigerator 95 675 120 448
air conditioner 1420 1518 1471 3227
SUM 1720 2200 1970 5000

The minimum generator rated power shouldn’t go below the summation of the running
power values for all appliances which is found as 1720 W for this configuration, with a
power factor of around 0.87. The total energy consumed by this system is calculated as

5000 Wh, where the surge powers summation for the air conditioner and refrigerator is

2200 w.

To meet such requirements and allowing 1.1 safety factor, a 2 kW, diesel generator is
selected. The detailed generator specifications are listed in Table 5.7. Table 5.8
summarizes the capital costs of all components required to implement this architecture.
The capital cost of the laptop, internet router and phone charger in all proposed

architectures is assumed to be $ 270. The total cost of this configuration is $ 1,510.
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Table 5.7: Diesel generator specifications selected for configuration I

brand name Sealine

output type AC single phase

rated power 2 kW
maximum power 2.2 kW
fuel tank capacity 12.5L

Table 5.8: Costs of all components required for architecture I

component cost ($)
diesel generator 255
AC air conditioner 666
AC refrigerator 160
AC fan 31
5 AC LED lamps 13
ACTV 120
other 3 appliances (common for all systems) 270
total capital cost 1,510

5.5.2 Sizing, Required Components and Costs of Architecture II
A diesel generator is used in this layout to supply DC appliances via several AC/DC
converters. For power profiles measurements, it is important to state that the measured

power is the AC power as seen from the 230 V 5¢ source side.

For both DC air conditioner and refrigerator, the absence of surge power can significantly
reduce the generator size. However, power quality issues caused by AC/DC converters
result in larger required generator size. All power and energy summary for this scheme

are listed in Table 5.9.
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Table 5.9: Power and energy characteristics of all appliances for architecture II

Prn (") | Pauge W) | Sam(VA) |__E (Wh)
7 LED lamps 62 0 137 318
fan 19 0 45 195
TV 28 0 62 111
laptop 47 0 108 187
phone charger 15 0 30 15
internet router 15 0 30 270
refrigerator 88 0 176 416
air conditioner 1500 0 2550 2052
SUM 1770 0 3150 3560

The evaluated total energy consumed for this configuration is 3560 Wh and the total
running power of all appliances has an active power of 1770 W and apparent power of
3140 VA with around 0.57 power factor. This low power factor is expected due to the
several power conversion devices incorporated with this system which reduce the power
factor significantly and have a negative impact on the overall system power quality. The
chosen generator has to be oversized in order to account for such low power factor

resulting from the AC/DC converters.

A 3 kW generator with specifications listed in Table 5.10 is selected for this purpose.
AC/DC converters should be sized appropriately based on the rated power of the
connected load. Converters with specifications listed in Table 5.11 are selected for this
configuration. In summary, Table 5.12 lists all components specifications required for

this configuration.
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Table 5.10: Diesel generator specifications selected for configuration II

brand name JLT POWER

output type AC single phase

rated power 3 kW
maximum power 3.3 kW
fuel tank capacity 12.5L

Table 5.11: AC/DC converters specifications selected for configuration I1

230 VAc/48 Vpc converter 230 Vpc/12 Vpce converter
brand Leyu MEILILE
rated power 1536 W 350 W
input AC voltage 200 V-260 V 230 V
output DC voltage 48V 12V

Table 5.12: Costs of all components required for architecture I1

component cost ($)
diesel generator 285
230 VAc/48 Vpc rectifier 225
230 Vac/12 Vpc rectifier 21
DC air conditioner 1383
DC refrigerator 258
DC fan 40
7 DC LED lamps 22
DC TV 270
other 3 appliances (common for all systems) 270
total capital cost 2,770

5.5.3 Sizing, Required Components and Costs of Architecture IIT

Same AC appliances employed in the first configuration are also used here. Instead of
powering these appliances by a diesel generator, they are supplied in this scheme by PV
modules and batteries integrated with a central inverter to convert the produced DC
power to AC in order to be compatible with the connected 230 Vac appliances. This
configuration is commonly used in off-grid systems. The same energy consumption of

architecture I is considered. The running and surge powers are used for sizing the

inverter, whereas the total energy consumed is used to size the PV array and batteries.
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The inverter is sized by the same approach of generator sizing. To limit the steady state
current to be below than 100 A, the selected input DC voltage for this inverter is 24 Vpc.
This inverter is also integrated with built-in MPPT charge controller. The inverter

specifications are summarized in Table 5.13.

Table 5.13: Selected inverter specifications for configuration III

type MPPT, pure sin waveform
rated power 2 kW
peak power 6 kW
inverter DC input 20V-32V
MPPT input voltage from PV 30V-200V
maximum output current 15 A

For PV modules and batteries sizing, the steps described by equations (5.1)-(5.3) are
followed. Accordingly, the total required PV array power is 1120 W while the total Ah
capacity needed by the battery bank considering one day of autonomy is 430 Ah. To meet
such requirements, a combination of four 290 W PV modules is selected, in which two
strings are connected in parallel with two series modules in each string. Also, four 12
Vbe, 220 Ah lead acid batteries are chosen for battery bank storage. To get 24 Vpc and
440 Ah, two batteries are connected in series, which are connected in parallel with the
other two series batteries. The specifications of the selected PV module and battery are
listed in Table 5.14. The details and number of all components needed for this system are

listed in Table 5.15.
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Table 5.14: Specifications of the selected PV module and battery for architecture 111

PV module specifications

type polycrystalline
brand name Osda Solar

open circuit voltage 4432V
short circuit current 837 A
maximum power 290 W
voltage at maximum power 37.08 V
current at maximum power 7.83 A

module efficiency 14.95 %

battery specifications

type deep cycle solar battery
brand name JYC battery
nominal voltage 12V
nominal capacity 220 Ah

Table 5.15: Costs of all components required for architecture I11

component cost ($)
PV modules 4x110=440
batteries 4x198= 792
inverter with MPPT charge controller 322
AC air conditioner 666
AC refrigerator 160
AC fan 31
5 AC LED lamps 13
ACTV 120
other 3 appliances (common for all systems) 270
total capital cost 2,810

5.5.4 Sizing, Required Components and Costs of Architecture IV

All DC appliances considered in architecture II are integrated into this network, but are
supplied here by PV modules and batteries. The DC air conditioner is supplied by
separate PV and battery bank of a voltage of 48 Vpc, while all other appliances are
supplied by another combination of PV and batteries of 12 Vpc. The total energy
consumed as well as power data for the DC air conditioner and the remaining DC

appliances are summarized in Table 5.16.
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Table 5.16: Power and energy characteristics of all appliances for architecture IV

Pun )| Pore ) | Sem(VA) | _E (Wh)
7 LED lamps 48 0 0 245
fan 14 0 0 139
TV 20 0 0 80
laptop 43 0 0 172
phone charger 13 0 0 13
internet router 13 0 0 234
refrigerator 75 0 0 363
SUM 226 0 0 1247
air conditioner 1500 0 0 2000

of the selected PV module and battery are listed in Table 5.17.

For the DC air conditioner, the required PV array power is 400 W while the needed
battery bank capacity is 75 Ah, considering one day of autonomy. A combination of two
230 W PV modules connected in series is adopted. In addition, four series 12 V, 100 Ah

batteries are chosen for power storage giving a total voltage of 48 Vpc. The specifications

Table 5.17: Selected PV module and battery data for architecture IV (48 V¢ system)

PV module specifications

type monocrystalline
brand name BAWOEI

open circuit voltage 578V
short circuit current 524 A
maximum power 230 W
voltage at maximum power 4833V
current at maximum power 4.76 A
module efficiency 14.7 %

battery specifications

type deep cycle solar battery
brand name ESG
nominal voltage 12V
nominal capacity 100 Ah
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This system requires MPPT charge controller to regulate the DC voltage at 48 Vpc. The
controller specifications must comply with the PV and batteries characteristics. The PV
array maximum power voltage must lie within the range of MPPT charge controller
working interval. Also, the system voltage has to be lower than the PV array voltage. To
meet these requirements, MPPT charge controller is selected with specifications listed in
Table 5.18. This charge controller is clearly compatible with all PV array and battery

bank ratings of this system.

Table 5.18: Selected charge controller data for configuration IV (48 V¢ system)

type MPPT
maximum current 40 A
Voo from PV 72 V-160 V
maximum PV input voltage 190 V
max PV input power 1700 W

For the other 12 Vpc appliances, the computed required PV array power is 250 W while
the needed battery bank capacity is 190 Ah by considering one day of autonomy. A single
280 W PV module and a single 12 V, 200 Ah battery are selected. Table 5.19 lists the

selected PV module and battery specifications.
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Table 5.19: Selected PV module and battery data for architecture IV (12 Vpc system)

PV module specifications
type polycrystalline
brand name JINSHI
open circuit voltage 38.62 V
short circuit current 928 A
maximum power 280 W
voltage at maximum power 31.63V
current at maximum power 8.85 A
module efficiency 17.11 %
battery specifications
type deep cycle solar battery
brand name Ouyad
nominal voltage 12V
nominal capacity 200 Ah

This system requires 12 Vpc MPPT charge controller, 12 Vp/20 Vpe converter and 12
Vpc/5 Vpe converter. The charge controller and DC-DC converters specifications are
shown in Table 5.20 and Table 5.21, respectively. The details and number of all

components needed for this entire DC system are listed in Table 5.22.

Table 5.20: Selected charge controller data for configuration IV (12 Vpc system)

type MPPT
maximum current 30 A
Vo from PV 20V-80V
maximum PV input voltage 190 V
max PV input power 360 W

Table 5.21: DC-DC converters required for configuration I'V (12 Vpc system)

12 Vpc/20 Vpc converter 12 Vpc/5 Vpce converter
type boost buck
rated power 60 W I5W
input voltage 10 V-20V 12/24 V
output voltage 20V 5V
application laptop phone charger
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Table 5.22: Costs of all components required for architecture IV

component cost ($)
PV modules (12 Vpc system) 1x92=92
PV modules (48 Vpc system) 2x85=170
batteries (12 Vpc system) 1x180=180
batteries (48 Vpc system) 4x75=300
MPPT charge controller (12 Vpc system) 72
MPPT charge controller (48 Vpc system) 84
DC air conditioner 1383
DC refrigerator 258
DC fan 40
7 DC LED lamps 22
DC TV 270
other 3 appliances (common for all systems) 270
12 Vpc/20 Vpc converter 18
12 Vpc/5 Vpce converter 2
total capital cost 3,155

5.6 Energy Saving Opportunities and Capital Cost Analysis

The total energy consumption and load profile are the main affecting parameters on
sources sizing. High energy consumption leads to larger sizes of diesel generator, PV
array and battery bank storage. The selection of energy efficient appliances can help to
reduce the system size significantly. However, these new appliances are expensive
resulting in higher capital cost. As analyzed in the previous section, the total energy
consumed by each configuration is calculated based on the suggested load profile. It is
interesting to compare these configurations in terms of the energy consumption and
capital costs of all incorporated components. Table 5.23 and Figure 5.8 summarize the

total energy consumption, as well as the total capital costs of all configurations.
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Table 5.23: Total energy consumption and capital cost summary of all configurations

architecture total energy consumed capital cost
I | AC source —> AC appliances 5000 Wh $1,510
II | AC source —> DC appliances 3560 Wh $2,770
T | DC source —> AC appliances 5000 Wh $2.810
IV | DC source —> DC appliances 3240 Wh $ 3,155
6000
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Figure 5.8: Energy and capital cost comparison of all architectures

The first configuration has the lowest capital cost as compared with other systems. This is
due to the low cost of the diesel generator as well as the conventional AC appliances,
regardless of their relatively higher energy consumption. In addition to its high capital
cost due to incorporating of DC appliances, the architecture with the diesel generator
supplying DC appliances is difficult to consider due to the low system power factor that

leads to several technical problems.
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The most widely used scheme in off-grid renewable energy applications is the PVs and
batteries system that supply the AC appliances via a central inverter. It is the highest
energy consuming system due to the integration of high power consumption conventional
AC appliances, in addition to the central inverter that causes some power losses. This
system has also high capital cost mainly because of the incorporation of the costly PV

modules and batteries.

The complete DC system has the lowest energy consumption. This configuration is
characterized by a unified DC voltage for sources and loads which helps in minimizing
the losses resulting from power conversion devices. Only two DC/DC converters are
required to convert the main bus DC voltage to the required DC voltage by laptop and
phone charger. Moreover, induction motor is usually used to drive the compressor of the
conventional AC air conditioner and AC refrigerator. The motor type used in DC air
conditioner and DC refrigerator is brushless DC motor (BLDC). The employed BLDC
compressors are more efficient, free of surge power and compatible with the input DC

power.

The negative impact of this configuration is the high cost of the DC appliances. The DC
appliances contribute to about 70 % of the total capital cost. Within the DC appliances,
the DC air conditioner is the most expensive appliance which contributes to more than 61
% of the total DC appliances cost. Figure 5.9 demonstrates the contribution of each

parameter in the total capital cost of the DC-DC system.
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Figure 5.9: Components cost summary of the DC system: (a) components contribution (b) appliances
contribution in total appliances cost

The DC air conditioner is the main component responsible for such high capital cost of
the DC system. Possible future reduction in DC appliances prices may lead to reducing

the capital cost of this system.

5.7 Economic Analysis over the Entire Life Cycle

For a selection of the appropriate power system network, it is essential to carry out
extensive cost analysis over the entire life cycle of all configurations. This means that
many additional costs can be included in the analysis. Based on these costs, the total cost
over the system life cycle can be evaluated. Some parameters included for total cost

estimation are capital cost, replacement cost, operation and maintenance (O&M) costs
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and fuel cost. Each of these parameters is discussed in which the equations employed in

calculations are presented.

5.7.1 Life Cycle Cost of the PV-Batteries Systems
To evaluate the total cost of the PV-batteries systems, the following equation is used

[122]:

+C

om_PV _pw

+ Cbattﬁpw (54)

install

CTfPV = CI;PV +C

Where Cr py is the total cost, C; py is the initial cost of the complete system, Cjzan is the
installation cost, C, py pw 1s the present worth of O&M and Cpuy v is the present worth
of the batteries after first replacement. Usually, the life cycle of the PV systems is
approximately 20 years. In this study, 20 years is considered as the total life cycle of all

proposed configurations.

The installation cost of the PV system can be estimated as 10 % of the initial cost [122].
Moreover, the annual O&M cost is considered as 1 % of the initial cost and it is scaled

over the 20 years by present worth calculations [126]. Therefore:

Cinstall = 0 1 e C'1'7PV (55)

20 0.01xC, ,, (1+k)""
C{)m_PV_pw = Z (1_+ l)n

n=1

(5.6)

Where 7 is the year number, £ is the annual inflation rate and i is the interest rate. The

annual inflation rate and interest rate are 5 % and 6 %, respectively. [127]

116



To evaluate the present worth of batteries, the old batteries are assumed to be replaced by
new batteries every 7 years with a rebate of 7 % [113]. Two replacements are considered

for batteries over the life cycle of the PV system. This cost is evaluated as follows:

o 093xC,, (1+k)" 57)

e n=7,14 (1 + i)n

5.7.2 Life Cycle Cost of the Diesel Generator Systems
Unlike the PV system, the most important cost parameter in diesel generator system is the
fuel cost. Also, the generator needs to be replaced each several years based on its lifespan

interval. The total cost of the diesel generator systems can be evaluated as follows:

CT_dg = Ci_dg + Crep_pw + Cam_dg_pw + Cﬁtel_pw (58)

Where Cr 4 1s the total cost of the diesel generator system, C; 4 is the initial cost of the
complete system, C,., ,, 1s the present worth of generator replacements, Coy g pw 15 the
present worth of generator O&M and Cje pw 1s the present worth of fuel consumption

over the 20-year life cycle.

Usually, manufacturers of low power generators do not provide various generator details
such as generator lifespan and fuel consumption at different loading conditions [128]. In
the study presented in [129], a 2 kW diesel generator is selected for a hybrid system to
supply power to an off-grid area. It is stated that the lifespan of this generator is about
15,000 hours [129]. Generally, the lifespan of small generators operating continuously is

around two years [130]. Accordingly, the diesel generator considered in this study is
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assumed to be replaced every two years. The present worth of diesel generator

replacements can be estimated as follows:

C. = G (5.9)

e n=2,4.6,...,18 (1+l)

In addition, the annual O&M and oil changing are considered as 5 % of the cost of the

diesel generator [122]. The present worth is calculated as follows:

2,0.05%C,, (1+k)""

om w = (5.10)
_dg_p ~ (1+l)n
And the following equation evaluates the present worth of fuel consumption:
Ax(1+k)"
Chr_ pw—Z (5.11)

o (1+0)"

Where A4 here represents the fuel cost of the first year which is estimated as follows:

A=fuel consumption in liters per day X fuel price per liter x 365 (5.12)

The fuel consumption information in liters per hours at different loading conditions are
not provided in the data sheets of the selected 2 kW and 3 kW diesel generators.
Table 5.24 lists the fuel consumption data for both generators as received from the
suppliers. Figure 5.10 and Figure 5.11, respectively show the trend of fuel consumption
in liters per hour with the percent loading conditions for the selected 2 kW and 3 kW

generators, respectively.
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Table 5.24: Fuel consumption in liters per hour at different loading conditions

percent loading (%) 2 kW generator 3 kW generator
25 0.22 L/h 0.347 L/h
50 0.44 L/h 0.694 L/h
75 0.66 L/h 1.042 L/h
100 0.87 L/h 1.389 L/h
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Figure 5.10: Fuel consumption trend for the 2 kW generator
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Figure 5.11: Fuel consumption trend for the 3 kW generator

As shown, linear equation is fitted to the data in order to estimate the fuel consumption at

any loading conditions for both generators.

All presented equations for PV and generator systems costs are evaluated and the results
are used for systems costs comparisons over the entire life cycle, as will be described in

next section.

5.8 Systems Comparisons Based on Total Life Cycle Cost

In this section, the total life cycle cost for each configuration is calculated. First, all
values of parameters incorporated into the calculations are identified as listed in
Table 5.25. Then, the total life cycle costs of all configurations are evaluated and the

results are listed in Table 5.26 and shown graphically in Figure 5.12.
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Table 5.25: Parameters values used in total cost calculations

systems life cycle 20 years
inflation rate 5%
interest rate 6 %

fuel price per liter in Saudi Arabia

$ 0.125 per liter

days of autonomy for PV-batteries systems 1 day
batteries lifespan 7 years
diesel generator lifespan 2 years

Table 5.26: Life cycle costs of all configurations

architecture

total life cycle cost ($)

life cycle cost ($)

I | AC source —> AC appliances 5,530
IT | AC source —> DC appliances 6,540
IIT | DC source —> AC appliances 4,340
IV | DC source —> DC appliances 4,080
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Figure 5.12: Life cycle costs comparisons for all configurations
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Based on the assumptions stated, it is clear that the DC system has the lowest life cycle
cost over the 20 year period. The major affecting parameters in diesel generator systems
costs are the future costs including generator replacement, O&M and fuel costs. On the
other hand, PV systems are characterized by high capital cost, but no fuel is required for
operation. These factors have resulted in such higher life cycle cost of the AC-AC system
as compared with both PV systems configurations. Figure 5.13 shows the comparison of
capital and future costs for each configuration and Figure 5.14 demonstrates the percent

contribution for each.
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Figure 5.13: Capital and future expenses comparison
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Figure 5.14: Contribution of capital and future expenses in total life cycle cost

In general, as a comparison between all systems in terms of total life cycle costs, the DC-
AC and DC-DC configurations have relatively similar life cycle cost. In case of AC-DC
scheme, the total life cycle cost is much higher. Moreover, technical problems may be
present due to the low power factor resulting from integrating various converters. It is
recommended to avoid implementing this system. The most commonly implemented off-
grid schemes are the AC-AC and DC-AC systems. The AC appliances are available

easily in the market and they are compatible with the output AC power from the inverter.

For the complete DC system, it is interesting to consider this system due to its lowest life
cycle cost overall other proposed systems. The expected reduction in DC appliances
prices can reduce the total cost more. It is interesting to raise the awareness of consumers
to implement such complete DC systems. Except for the DC air conditioner and DC

refrigerator, all other appliances are available in the local market in Saudi Arabia, as of
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2018. It is also advised for commercial sector and manufacturers to make the DC air

conditioner and DC refrigerator available in the local market.

5.9 Sensitivity Analysis

This section discusses some different scenarios and presents the impact on total life cycle
costs of all configurations. The analysis carried out before is considered as a base case.

The systems are then re-evaluated based on changing the following factors:

e reduction in DC appliances prices.
e increasing days of autonomy for PV-batteries systems.

e increasing diesel generator lifespan.

Based on the base case situation, each factor is varied in which the response on life cycle

cost is noticed.

5.9.1 Reduction in DC Appliances Prices

In this study, the total AC and DC appliances prices are $ 1,260 and $§ 2,240,
respectively. The total life cycle costs of all systems are re-calculated in this subsection
considering a reduction of DC appliances prices. By future emergence of such appliances
in the market, it is expected that their costs will be reduced. The analysis presented here
assumes fixed existing AC appliances prices, and reduction of DC appliances prices by
10 %, 20 %, 30 % and 40 % till the prices of DC and existing AC appliances become
identical. Figure 5.15 shows the life cycle cost profiles for all systems under this

assumption. The reduction of DC appliances prices can lead to more saving opportunities.
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When the prices of AC and DC appliances are the same, the DC-DC system is the

cheapest.
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Figure 5.15: (a) Impact of reduction in DC appliances prices (b) life cycle costs at equal AC and DC appliances
prices

5.9.2 Increasing Days of Autonomy for PV-Batteries Systems

All analyses presented previously were for an assumption of one autonomous day for
estimating the required capacity of battery bank storage. Dhahran city is characterized by
long sunshine hours in the summer with almost no or seldom cloudy days. In the winter,
this city has several cloudy days but with the need for air conditioners due to the cold

weather at this season. The selected battery bank capacity at the assumed one
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autonomous day is expected to be still sufficient to supply the appliances with power
even though at two or three days of autonomy in the winter. It is interesting to study the
impact of two and three days of autonomy on the total life cycle cost of PV-batteries
systems. Figure 5.16 demonstrates the impact of varying days of autonomy from 1 to 4.
Increasing days of autonomy means that more energy storage capacity is required. The
life cycle cost of PV-batteries system increases sharply at the increase in days of
autonomy. The additional costs are included in the present worth of batteries

replacements.
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Figure 5.16: (a) Impact of days of autonomy variation (b) life cycle costs at four days of autonomy

126



5.9.3 Increasing Diesel Generator Lifespan

The lifespan of the diesel generator is basically dependent on several factors governed by
the consumer behavior and the supplied load including regular O&M, oil changing,
loading conditions and generator parts lubrication. It is assumed in the previous analysis
that the lifespan of the diesel generator is two years based on data taken from [129]. In
this subsection, the generator lifespan is increased to 5 years in steps of one year.
Accordingly, the impact on life cycle cost of diesel generator systems is monitored. All
parameters of PV-batteries systems are assumed unchanged. The responses of life cycle
cost profiles for all systems are shown in Figure 5.17. At around generator lifespan of 4
years, the life cycle costs of AC-AC and DC-AC systems are identical. The life cycle cost
of the AC-AC system then continues to decrease further. The DC-DC system is still the
most economical system even at 5-year generator lifespan. The AC-DC system is still the

most expensive network even with increasing the diesel generator lifespan.
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Figure 5.17: (a) Impact of diesel generator lifespan variation (b) life cycle costs at 5-year lifespan

5.10 Summary and Conclusions of the Chapter

By the end of this chapter, following are the main findings and conclusions obtained from

all analyses presented in this chapter:

e Extensive analysis and investigation of various low voltage distribution schemes
for a small standalone house are presented.

e The proposed schemes are represented by complete AC and DC networks, in

addition to hybrid networks.
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In terms of energy saving, the DC system is the most energy saving system due to
the integration of efficient and energy-saving new DC appliances.

The DC appliances are too expensive resulting in high capital cost of the DC-DC
system.

In terms of total life cycle cost over 20 years, the DC system is considered as the
most suitable configuration with an assumption of one day of autonomy and two-
year diesel generator lifespan.

Energy saving and cost reduction of the DC system could be more at a reduction
in DC appliances prices.

Increasing days of autonomy can sharply increase the cost of the DC system due
to the requirement of more batteries.

Increasing diesel generator lifespan leads to cheaper cost in the case of AC-AC
system.

The AC-DC network is not recommended due to its high life cycle cost even with

DC appliances prices reduction and more diesel generator lifespan.
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CHAPTER 6

MICROGID DESIGN: SYSTEM

CONFIGURATIONS AND COMPARATIVE

STUDY

6.1 Introduction

This chapter discusses the design and analysis of a microgrid, incorporated with various
sources and loads. Different situation is considered in this chapter as compared with the
analysis presented in chapter 5. The chapter extends the idea of chapter 5 by designing a
simple microgrid for a small town, rather than a single standalone house. The analysis in
this chapter involves the design of a distribution network in which all cost analysis is
based on the utility supply perspective. For example, the appliances costs are not
considered in the costs calculations in this case. Also, the revenues are involved here in
the calculations based on the recent electricity tariffs in Saudi Arabia. The required land

for installing the generation sources is also accounted.

Four configurations are proposed to represent the entire network. The proposed
configurations adopt a variety of AC and DC sources for the purpose of supplying the

power to a residential area. The area represents a small town composed of 100 houses.
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Two versions of the residential area are discussed; all AC load and all DC load; with each
having a respective hourly load profile. The two load profiles are identical in terms of
performing the task required by each AC or DC appliance. However, the load curves
behaviors could be different due to the different electrical specifications between each

AC appliance and its corresponding DC version.

The design considers a number of factors. These include system configurations, operating
voltage selection, generation capacity and distribution voltage level selection. Converters
efficiencies are also considered. The purpose is to investigate the impact of integrating
the DC microgrid environment on the operation of the power generating units as well as
the PV array and battery bank sizing. Another point of focus is the critical selection of the
DC distribution voltage level that can mitigate the high losses caused by the high current
resulting from the low DC appliances voltages, available at 12 Vpc and 48 Vpc voltage

levels.

With regard to fuel consumption, the economic dispatch (ED) is usually used to estimate
the fuel cost. Most of the previous research has concentrated on studying the ED problem
under a fixed or dynamic load, without any consideration and attention to whether the
supplied grid area is AC or DC. The emergence of the DC appliances into the market
presented new challenges. In this chapter, the actual AC and DC load profiles proposed in
chapter 5 are adopted, but are scaled to represent a small town of 100 houses. Each house
is composed of the same appliances considered in chapter 5. Diesel generating units as
well as PV array and batteries are employed in this chapter to represent AC and DC
sources, respectively. Detailed cost analysis is carried out over an interval of 20 years in

terms of capital costs, generation cost, revenues and overall total life cycle costs.
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6.2 Design of the Power System Network under Study

This section discusses the components involved in the power system network under
study. Various power generation sources and loads are incorporated to represent a
microgrid system. Both generation and load sides comprise various components. All
components that constitute the power network are identified with their operating voltages

and detailed power characteristics.

6.2.1 Demand Side

The load area considered in this chapter represents a small town with 100 houses. Each
house is assumed to have two identical rooms with same load profiles as suggested in
chapter 5. For the AC house, the conventional distribution scheme is adopted. This
comprises the 230 V¢ outlets distributed over the two rooms. All appliances are either

connected directly to the source or via portable AC/DC converters.

For the DC case, each house is incorporated with a central DC/DC converter. A line is
taken from the 48 Vpc feeder and converted via a DC/DC converter to 12 Vpc. This is
distributed over the house to supply all other 12 Vpc appliances. Figure 6.1 depicts the
configuration of the proposed DC house for a single room. The AC load profile is shown
in Figure 6.2 with a peak of 200 kW at 12.00. The DC load profile is given in Figure 6.3.
The peak demand in this case is around 120 kW at 12.00. The demand characteristics for
the AC and DC load curves are different due to the different electrical specifications and

power ratings between each AC appliance and its corresponding DC version.
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Figure 6.1: Electrical layout of the proposed DC house
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Figure 6.2: Hourly load profile of the AC load area
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Figure 6.3: Hourly load profile of the DC load area

6.2.2 Supply Side

The power sources of the microgrid include various types of AC and DC sources. The
diesel generator is selected to represent an AC source while PV and batteries represent
the DC sources. In some schemes, conversion devices including AC/DC, DC/AC and
DC/DC converters are required. The power ratings and specifications of such sources and
converters are specified based on the connected load. The diesel generator is sized by the

same approach discussed in chapter 5.

The selected PV array and battery bank are sized based on the connected load and the
total energy consumed. The sizing procedure, followed in chapter 5, is employed in this
chapter to evaluate the appropriate number and capacities of the required PV modules

and batteries.
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6.2.3 Selection of DC Grid Distribution Voltage

An appropriate DC distribution voltage has to be selected to compensate for the losses
resulting from transmitting the power from generation station to the load. The generation
station is assumed to be installed in the same area where the residential area is located.
There is no standard DC distribution voltage yet available. Selection of low DC voltages
at, for example, 24 Vpc or 48 Vpc, will significantly lead to high losses. Different
research articles have suggested adopting distribution DC voltages of 380 Vpc and 750
Vpc [131-134]. Such voltage levels have proven to be efficient in reducing the current
values and accordingly, needing for small cross-section area conductors. In addition, 380
Vpc is considered as a standard DC voltage for commercial and residential facilities by
IEC [135] and by EMerge Alliance in the US [136]. In this chapter, 380 Vpc is selected
as the DC distribution level for the proposed DC microgrid. Conventional three phase

system with 400/230 V is selected for the AC microgrid.

By adopting 400 Vscq.1) for the AC microgrid and 380 Vpc for the DC microgrid, the
maximum currents for both networks are around 500 A and 310 A, respectively. Further
design arrangements are required to avoid such high current values. The main common
bus at generation is sub-divided to several buses with same voltage level, with each
supplying, for example, 10 or 20 houses. This point will be analyzed in the sections of

power systems configurations analysis and design.
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6.3 Proposed Network Schemes

This section combines all discussed generation sources and load area into a complete
network with different configurations. The following four scenarios are considered in

designing the proposed network:

e AC source supplying the AC grid area.
e AC source supplying the DC grid area.
e DC source supplying the AC grid area.

e DC source supplying the DC grid area.

6.3.1 System # 1: AC Source Supplying the AC Grid Area

This scheme adopts AC generating units to supply the AC grid residential area. This
configuration is commonly adopted in all existing conventional AC power networks.
Based on the proposed profile, the maximum load is 200 kW. The total generation
capacity of 200 kW is required. Accordingly, a 200 kW diesel generator is selected. The

generator specifications are listed in Table 6.1.

Table 6.1: Specifications of the selected 200 kW diesel generator

brand name Huaquan
output type AC three phase
rated power 200 kW

power factor 0.8

The 100 houses are divided to 5 groups. Each group is composed of 20 houses; with a

maximum current of around 100 A. Figure 6.4 depicts the detailed layout of this
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configuration. It is important to note that both sources and load area are AC. This scheme

represents the base case conventional grid system.

400 V poc common bus
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Figure 6.4: Layout of the diesel generator supplying the AC grid load area

6.3.2 System # 2: AC Source Supplying the DC Grid Area

Pimax=40 kW

Pimax=40 kW

Pax=40 kW

Pimax=40 kW

Prax=40 kW

DC grid load area with its respective load profile is considered in this configuration. The

conversion losses caused by the AC/DC converter efficiency are accounted for this case.

The maximum power for this scheme is around 120 kW. After accounting for converter

losses, around 130 kW power is required from the generation plant. A 140 kW diesel

generator is selected. The specifications of this generator are shown in Table 6.2.

Table 6.2: Specifications of the selected 140 kW diesel generator

brand name YLFDJ
output type AC three phase
rated power 140 kW

power factor 0.8
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A 380 Vpc is selected for the DC distribution voltage level. The grid area is divided to 5
groups. Each feeder has a maximum current of around 63 A. The configuration of this

scheme is demonstrated in Figure 6.5.

380 Vpc common bus
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Figure 6.5: Layout of the diesel generator feeding the DC grid load area

6.3.3 System # 3: DC Source Supplying the AC Grid Area

PV array and battery bank are adopted to represent the DC source. A DC/AC converter is
required for this system. The PV array and batteries are sized based on the approach
discussed in chapter 5. For the typical day proposed in chapter 5, the total energy
consumed by this scheme is calculated as 1565 kWh. A 350 kW PV array and about 7300
Ah of back up battery bank are required. The structure of this scheme is depicted in

Figure 6.6.
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Figure 6.6: Layout of the PV array and battery bank supplying the AC grid load area

6.3.4 System # 4: DC Source Supplying the DC Grid Area

The entire residential AC grid load area is replaced by a corresponding DC grid. The DC

load profile is adopted here. Figure 6.7 shows the structure of this scheme. Based on 1275

kWh total energy consumption, the required PV array and battery bank are 260 kW and

5300 Ah, respectively.

139



260 kW

380 VDC bus

20 houses

20 houses

20 houses

Imax=63 A
Imax=63 A
( W Lhax=63 A
PV array > DC/DC
Imax=63 A
Battery
bank Inax=63 A

6.4

20 houses

Figure 6.7: Layout of the PV array and battery bank feeding the DC grid load area

Cost Analysis of the Proposed Schemes

6.4.1 Cost of Generation Sources

20 houses

Prax=24 kW

Prax=24 kW

Pmax=24 kW

Pmax=24 kW

Pmax=24 kW

System # 1 requires a 200 kW diesel generator while system # 2 requires a 140 kW diesel

generator. For systems 3 and 4, a 250 W PV module and a 12 V, 250 Ah battery are

selected. The difference is only in the estimated required number of such PV modules

and batteries. In addition, several converters are needed according to the voltage levels

and AC and DC distribution lines of the respective systems. In summary, the costs of all

components in generation side for all configurations are listed in Table 6.3.
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Table 6.3: Cost of all components of the AC and DC microgrids at supply side

AC-AC AC-DC DC-AC DC-DC
(200 kW) (140 kW) (350 kW) (260 kW)
diesel generators 16,900 9,400 - -
converters - 3,250 5,200 3,650
PV array - - 125,280 92,160
batteries - - 201,600 147,840
total 16,900 12,650 332,100 243,650

Figure 6.8 compares the costs of the supply side components of all systems. The system
with DC source supplying the AC microgrid is the most expensive system. This is due to
the high costs of PV modules and batteries. The total energy consumed by the AC load
area including the inverter losses is higher by around 23 % of that of the DC microgrid.
Consequently, this has led to the requirements of more PV modules and batteries. The

diesel generators have low cost as noticed from systems 1 and 2.
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Figure 6.8: Cost comparisons of supply side components
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6.4.2 Diesel Generator Fuel Consumption Estimation

The manufacturers of small diesel generators rated at few hundreds of kilowatts do not

include the fuel consumption at different loading conditions [128]. A mathematical

modeling approach was proposed by [128] for approximate fuel consumption estimation

under variable loading conditions.

The approach utilized an approximate fuel

consumption chart presented by the Diesel Service & Supply Ltd [137]. This company, of

more than 30 years of experience, has proposed an approximate look up table of the fuel

consumption of diesel generators (20-200 kW) under the 0.25, 0.5, 0.75 and full loading

conditions, shown in Table 6.4. [137]

Table 6.4: Approximate fuel consumption based on generator size and loading [137]

size (kW) | 0.25 load (L/h) | 0.5 load (L/h) | 0.75 load (L/h) | full load (L/h)
20 2.73 4.09 591 7.27
30 591 8.18 10.91 13.18
40 7.27 10.46 14.55 18.18
60 8.18 13.18 17.28 21.82
75 10.91 15.46 20.91 27.73
100 11.82 13.64 26.37 33.64
125 14.09 22.73 32.28 4137
135 15.00 24.55 34.55 44.55
150 16.37 26.82 38.19 49.55
175 18.64 30.91 44.10 57.74
200 2137 35.00 50.00 65.46

Based on this table, a mathematical model of the fuel consumption as a function of power

was formulated as: [128]

F=3.252x10°P*-0.00101P* +0.391P +2.24

Where F'is fuel consumption in L/h and P is the load value in kW.
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This model is used for fuel consumption estimation under the hourly AC and DC load

profiles over a complete year.

6.4.3 O&M Costs

The O&M costs for the systems comprising diesel generators are 5 % of the diesel
generator cost. The annual O&M for the PV arrays and batteries are assumed to be 1 % of
the PV modules costs. Table 6.5 lists the O&M costs for all configurations for the first

year.

Table 6.5: Cost of all components of the AC and DC microgrids at supply side

system O&M cost ($) for the first year
AC-AC 844.4
AC-DC 469.9
DC-AC 1252.8
DC-DC 921.6

6.4.4 Annual Load Profiles for the AC and DC Microgrids

In the previous analyses, the presented load profiles for the AC and DC microgrids are
proposed based on the worst case, considering a typical day of June. In order to estimate
the hourly generation cost of the diesel generators over one year, hourly load profile for
the entire year is required. Residents’ activities and some appliances power consumption
behavior are different from season to season. To estimate the hourly load profile over one
year, the hourly load profile for a residential substation in Dhahran for the year 2005 is
used, as depicted in Figure 6.9 [138]. This profile is employed here as an indicator for

evaluating the annual hourly load profiles for the presented AC and DC microgrids.
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Figure 6.9: Hourly load profile for a residential area in Dhahran, 2005 [138]

The proposed load profile will be adjusted and scaled over the year by using the trend of
Figure 6.9. The loads at hours 12.00 to 15.00 are used here as illustrative examples. The
load values at the other hours follow the same approach. Figure 6.10 shows the extracted

load profiles at the hours 12.00 to 15.00.
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Figure 6.10: Load profiles at the designated hours for the area in Dhahran, 2005 [138]

For each hour, the value of the daily load is scaled as a percent with respect to the annual
peak load at that hour. For example, at 14.00 hour, the entire curve shown in
Figure 6.10(c) is now divided by the peak value of that curve. Figure 6.11 shows the
percentage of all profiles at the designated hours over the year with respect to their
respective peak values. The scaled profiles for the proposed AC and DC load profiles at
the four hours are then evaluated and shown in Figure 6.12 and Figure 6.13, respectively.
This operation is performed for all remaining hours. Finally, Figure 6.14 shows the
complete hourly AC and DC load profiles that are adopted for evaluating the total

generation costs over one year.
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To estimate the hourly generation costs over the year for systems 1 and 2, these profiles
are used to calculate the fuel consumption. The conversion losses in system # 2 are

accounted by dividing the DC load profile by 0.9, before processed to the model.

The evaluated total costs of generation for both systems for one year are demonstrated in
Table 6.6. The diesel cost in Saudi Arabia as of 2018 is $ 0.125 per liter. The generation
cost of system # 1 is higher than system # 2. This is due to the low power consumption

behavior of the DC appliances incorporated with system # 2.
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Table 6.6: Total generation costs for systems 1 and 2 for the first year

AC-AC AC-DC
‘ total generation cost ($) 15,855 14,825

6.4.5 Required Land Area for PV Systems

The approximate land area for PV modules installation can be simply estimated by the
product of the area of a single PV module and the total number of modules [139-141].
The selected PV module has an area of 1.7 m*. The number of required PV modules for
the DC-AC and the DC-DC systems are 1,392 and 1,024 modules, respectively.
Therefore, the required land area for the DC-AC system is around 2,370 m* whereas the

required land area for the DC-DC system is around 1,750 m?.

6.5 Life Cycle Cost Analysis and Systems Comparisons

This section presents a comparative study between the four systems in terms of total life
cycle cost analysis. The period of study is 20 years. All equations discussed in chapter 5
for total life cycle cost calculations are employed here as well. Table 6.7 and Table 6.8
show the values of all parameters involved in the total cost calculations for all proposed
configurations. For revenues estimation, the energy of each scheme is sold at the same
price. As of 2018, the electricity tariff in Saudi Arabia is $ 0.048 per kWh. Unlike the
small generators presented in chapter 5, the diesel generators rated at few hundreds of

kW are assumed to be replaced every 7 years.
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Table 6.7: Total life cycle cost calculations for systems 1 and 2

AC-AC AC-DC
generation side cost $ 16,888 $ 12,647
PW of generator replacement $ 29,136 $16,213
PW of O&M cost $ 14,582 $8,114
PW of generation cost $ 273,797 $ 255,982
revenue $ 254,383 $207,317
total life cycle cost $ 80,020 $ 85,640
Table 6.8: Total life cycle cost calculations for systems 3 and 4
DC-AC DC-DC
generation side cost $ 332,080 $ 243,650
PW of batteries $ 323,466 $ 237,209
PW of O&M cost $21,634 $ 15915
revenue $ 254,383 $207,317
total life cycle cost $ 422,460 $ 289,460
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Figure 6.15: Life cycle costs comparison for all proposed configurations
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The systems comprising PV arrays and batteries are the most expensive systems. The
main factor contributing to such high cost is the cost of PV modules and batteries. The
systems with diesel generators supplying AC and DC microgrids are the most economical
solution with almost identical life cycle cost. This is mainly attributed to the low costs of
the diesel generator. Although fuel is continuously consumed for system operation, the
cost of diesel in Saudi Arabia is low which makes this factor to be insignificant in life

cycle cost.

For comparison purposes, the study is extended to GCC countries with different diesel
prices and electricity tariffs. Table 6.9 lists the electricity tariffs and the diesel prices per

liter for the GCC countries in 2018 [142].

Table 6.9: Diesel prices of GCC countries in 2018 [142]

country diesel price ($/L) | electricity tariff ($/kWh)
Saudi Arabia 0.125 0.048
Bahrain 0.42 0.0079
UAE 0.68 0.0204
Qatar 0.51 0
Kuwait 0.38 0.0248
Oman 0.63 0.0259

Assuming all components costs, load profiles and sizing results are same as of Saudi
Arabia case, the life cycle costs are estimated here for each country by considering the
respective diesel prices. This means that the DC-AC and DC-DC systems are kept
unchanged. The impact of varying fuel prices from a country to another on the life cycle
cost is investigated. Figure 6.16 compares the life cycle costs of GCC countries for the

four configurations. For all other GCC countries, the systems with diesel generator have
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high life cycle cost. The complete DC-DC system is the most economical system of four

of the six GCC countries.
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Figure 6.16: Life cycle cost comparisons for GCC countries for all proposed schemes

6.6 Summary and Conclusions of the Chapter

By the end of all analyses and discussions carried out in this chapter, the following points

summarize the main topics addressed:

e Load profiles for AC and DC houses representing a small town of 100 houses are
presented.

e All analysis presented in this chapter is considered according utility supply
perspective, not from the consumer perspective.

e The profiles are proposed on the basis of actual implementation and

measurements of various common appliances having both AC and DC versions.
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The main issue addressed in appliance selection is the choice of an appliance in
which the required task is similar for both AC and DC versions, irrespective of
their electrical parameters and specifications.

Diesel generators are used to represent AC source while PV array and batteries
are employed to represent DC sources.

Four cases are considered for designing a microgrid: AC source supplying AC
microgrid, AC source supplying DC microgrid, DC source supplying AC
microgrid and DC source supplying DC microgrid.

For cases 1 and 2, the fuel consumption in (L/h) is computed using a
mathematical model of fuel consumption as a function of load value.

For cases 3 and 4, the PV array and battery bank are sized based on the total
energy consumed.

The conventional complete AC system has the lowest capital investment due to
the low capital cost of diesel generator.

The systems with PV arrays and batteries are characterized by high capital cost
due to the expensive PV modules and batteries.

For a life cycle of 20 years, the AC-AC system 1is still the most economical
solution in Saudi Arabia in 2018 due to the low prices of diesel.

At the current situation of fuel and PV and batteries prices, it is not economical
for the utility companies to implement completely DC systems.

For all other remaining GCC countries, the DC-AC and DC-DC systems are more

economical in this case.
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CHAPTER 7

PROTECTION SCHEME FOR DC MICROGRID

7.1 Introduction

Rapid fault detection and location is a crucial issue in power system protection field.
Extremely high current is generated when a fault occurs. Accordingly, the system
components may be affected leading to negative impacts on the entire power system. If
the fault is not detected and cleared rapidly, vital components in the power network may
be damaged. An efficient method to detect and locate the faults, while protecting the
power system against such faults is essential. Generally, the fault detecting and locating
components must be efficient enough to protect the power system at the minimum
possible time in order to enhance the system stability. This chapter proposes a
methodology to detect and locate the faults in DC microgrid under variable loading

conditions. The DC microgrid proposed in chapter 6 is adopted here for the analysis.

The chapter starts by briefly describing the DC microgrid under study including its
components. This is followed by presenting the proposed methodology for detecting and
locating the faults in the DC microgrid. The mathematical model for evaluating the fault
distance with respect to the common DC bus is then proposed. The chapter is concluded
by testing the model accuracy and assessing its application in online simulations for an

efficient DC microgrid protection scheme design.
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7.2 DC Microgrid System Description

The DC microgrid proposed in chapter 6 is employed in this chapter for protection

scheme application and simulations. It consists of a 380 Vpc source supplying a

residential DC microgrid with a maximum power of 120 kW. The 380 Vp¢ distribution

line linking supply and demand sides is assumed to has a length of 200 m. The power is

transmitted via five feeders with each having a 24 kW maximum power. Figure 7.1

depicts the power system configuration of the DC microgrid under study.

380 VDC bus

Line length =200 m

20 houses

DC

20 houses

source

20 houses

20 houses

20 houses

Figure 7.1: Layout of the DC microgrid under study

Pmax=24 kW

Pmax=24 kW

Pmax=24 kW

Pmax=24 kW

Pmax=24 kW

This system is modeled using SIMULINK in which the power supply is represented by a

DC source of 380 Vpc. The parameters values of all system components are listed in

Table 7.1. Figure 7.2 shows the single line diagram of one representative feeder of the

DC microgrid under study. This system represents a DC microgrid built using actual DC

home appliances as discussed in the previous chapters.
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Table 7.1: Parameters values of the DC microgrid components

DC voltage source 380 Vpe
internal resistance 0.0013 Q
line length 200 m
line resistance 0.0006 Q/m
load resistance (at peak load) 5.94 Q

distribution feeder

380 Voc i / |

fault

load

Figure 7.2: Single line diagram of the DC microgrid under study

7.3 Proposed Fault Detection and Locating Methodology and

Resultant Mathematical Model

The proposed methodology for the detection and location of faults starts by simulating
the SIMULINK model of the system shown in Figure 7.2 at various load values, various
fault locations and various fault resistances. At each point, the sending end current at the
instant of fault occurrence is recorded. This process is repeated for a representative range

of distance values. The range of the varied parameters is as follows:

e Fault distance from the common DC bus: 0 m to 200 m in steps of 10 m.
e Fault resistance: 0.1 Q to 1 Q in steps of 0.1 Q.

e Load: nine arbitrary selected values between 1 kW and 24 kW.

The data collected is composed of 21 x 10 x 9 = 1890 points with each point having the
fault resistance, supplied load and source current at fault as input variables, in addition to

the corresponding fault distance as output variable. Sample data resulting from
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SIMULINK simulations are listed in Table 7.2. For example, when the fault resistance is
0.1 Q, 70 m from the source while the load power is 1108.58 W, the sending end feeder

current increases from 63 A to 2653.10 A.

Table 7.2: Sample data collected from SIMULINK simulations

R (Q) 1(A) (at fault) d (m)
0.1 3753.94 0
0.1 3543.88 10
0.1 3356.08 20
0.1 3187.18 30
0.1 3034.47 40
0.1 2895.72 50
0.1 2769.11 60
0.1 2653.10 70
0.1 2546.42 80
0.1 2448.00 90
0.1 2356.89 100
0.1 2272.33 110
0.1 2193.62 120
0.1 2120.18 130
0.1 2051.50 140
0.1 1987.13 150
0.1 1926.68 160
0.1 1869.80 170
0.1 1816.18 180
0.1 1765.55 190
0.1 1717.66 200

The maximum normal operating current is around 63 A. The data collected from
simulations have shown that the minimum sending end current value at fault is 341.21 A,
which is more than 5 times the normal operating current. This makes the implementation

of a protection scheme to be very essential. EUREQA software is utilized here as an
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efficient mathematical formulation tool to build a precise model for the fault distance as a

function of the pre-fault load value, fault resistance and the sending end current at fault.

To start building the mathematical model of the fault distance, the collected data are
transferred to EUREQA software for the purpose of building a mathematical model of the

form;

d=f(R,P,I) (7.1)

Where d is the fault distance in meters, Ry is the fault resistance in €, P; is the pre-fault
load value in Watt and /; is the sending end current at the time of the fault occurrence.

The final resulting model is:

633329
I

1

d +0.0114PR> —2.235-1666.5R —1.28x10"""I P’R" (7.2)
20 f f L2 7 '

In the on-line simulations, the purpose is to read the feeder sending end current at each
instant of time. If this current is less than some predefined value, this model is
deactivated and the output is forced to give a value indicating that the system is normal.
In this system, 63 A is the maximum current value under 380 Vpc source and 24 kW
load. Once the sending end current exceeds this value, the model shown in equation 7.2 is
activated and starts to evaluate the fault distance by reading the aforementioned

parameters. Model validation is presented in next section.
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7.4 Simulation Results and Analysis

7.4.1 Model Accuracy Verification

The proposed model for locating the fault distance is tested by applying faults at the same
DC microgrid SIMULINK model but at different test cases. Ten arbitrary fault locations
at different fault resistances and load values are considered in this process. Table 7.3
compares the results obtained using the SIMULINK simulations and using the proposed
model for evaluating the fault distance. The results have verified the effectiveness of the
proposed model and its validity to be further used in online simulations for designing the

protection scheme of the DC microgrid.

Table 7.3: Results of model testing at new input data

SIMULINK model
R¢ (Q) P (W) [(A) d (m) d (m) difference (m)
0.312 8824.77 1185.55 21.33 21.34 -0.01
0.696 10754.61 488.52 192.38 192.35 0.03
0.672 1866.79 568.49 0.927 0.933 -0.006
0.205 1305.03 1273.43 154.98 154.96 0.02
0.163 1098.88 1449.10 163.46 163.43 0.03
0.523 6116.32 615.23 173.74 173.73 0.001
0.962 1751.37 394.96 16.89 16.88 0.01
0.373 2089.13 903.34 79.96 79.96 0
0.606 18534.87 639.44 51.97 52.01 -0.04
0.263 2809.99 1059.61 160.01 160.02 -0.01

7.4.2 Online Monitoring and Simulations of the Proposed Protection Scheme
The model will be employed here for the purpose of building an efficient protection
scheme for the proposed DC microgrid. This includes online fault detecting and locating,

as well as instant isolation of the faulty feeders. The DC microgrid SIMULINK model
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incorporated with the proposed protection scheme for a representative feeder is
demonstrated in Figure 7.3. This figure comprises all components and algorithms

required for building the protection scheme.

IGBT-based circuit breakers are implemented at both ends of the feeder. IGBTs have
been widely used in low voltage DC systems due to their ability to operate in a few
milliseconds [143]. Moreover, IGBTs are characterized by high withstanding capability
against short circuit currents [144]. Various studies have adopted IGBTs as circuit

breakers in different DC systems [143], [145-148].

The fault resistance in the on-line simulations is evaluated by dividing the voltage across

the fault by the fault current:

Vv (7.3)
R =1L
I

A
Where Vs the voltage across the fault and Ir is the fault current. These two parameters
cannot be measured online since there is no prior knowledge about fault location.
Alternatively, from the data collected for building the fault distance, a mathematical

model for the fault resistance can be formulated as a function of sending end current, /;,

load current, /7, and load voltage, V', as follows:

v
R =569x10"1 +1.84x10"V I +6x10 "I+ ——2——-3.63x10"1 1 (7.4)
s 2 22 * 1 -0.003V 1 2!

The variables of this equation can be measured in online simulations and the fault

resistance can be then easily evaluated.
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The IGBTs control block shown in the figure is responsible for generating signals for
opening or closing the IGBTs. The algorithm of this block is depicted in Figure 7.4. The
feeder sending end current is compared with the normal operating current. If this value is
less than 63 A, the output signal is “1”” and the IGBTs act as short circuit and the power is
continuously delivered to the load. The mathematical model block in this case gives an
arbitrary constant value of “222” indicating that the system is working properly without

any faults.

On the other hand, as the sending end current value exceeds 63 A, the IGBTs control
block algorithm is executed and “0” value is generated to the IGBTs to act as open circuit
and isolate the faulty feeder instantly. At the same time, the mathematical model is now
activated and evaluated which gives the fault distance in meters as measured from the
common DC bus. The faulty feeder is also identified during the same process. The faulty

feeder is then isolated without affecting the loads supplied by the other feeders.

=| <1 »
L _E’—b Oorl

_

Figure 7.4: Algorithm of the IGBTSs switching and controlling block

Figure 7.5 shows the steps of fault detecting and locating, as well as the faulty feeders
isolation process. The complete DC microgrid SIMULINK model including all feeders
incorporated with the proposed protection algorithm is depicted in Figure 7.6. Each

feeder has its own protection scheme by the same method of the discussed scheme for the

162



representative feeder. In addition, the indicators displayed in the figure show the feeder

number and the fault location through the feeder with respect to the common DC bus.

-

v

Read [1, 12, Vg, P2

v

Calculate Ry from (7.4)
No Yes
Calculate d from (7.2) and Deactivate d evaluation and
identify the faulty feeder output “222”
Send signal to IGBTs to act Send signal to IGBTs to
as open circuit remain shorted

Immediately isolate the
faulty feeder

Figure 7.5: Proposed protection scheme process
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7.4.3 System Simulations and Performance under Different Fault Conditions
In this subsection, the system shown in Figure 7.6 is subjected to faults at various

locations. Two cases are considered in this analysis under ten-second simulations:

e Case #1: fault with 0.815 Q resistance at the second 6 at a distance 113.5 m of
feeder # 4 supplying 10 kW load. The loads at feeders 1, 2, 3 and 5 are 20 kW, 6
kW, 17.5 kW and 15.6 kW, respectively.

e Case #2: two sequential faults: the first fault is applied at the second 3.5 at a
distance 192 m of feeder # 5 supplying 17.2 kW load. Then, another fault is
applied at the second 8.25 at a distance 8 m of feeder # 2 supplying 8.2 kW load.
The fault resistances of the faults at feeders # 5 and 2 are 0.279 Q and 0.547 Q,
respectively. The loads at feeders 1, 3 and 4 are 16.7 kW, 6.4 kW and 22 kW,

respectively.

For each case, the response of all parameters to the fault is presented including the load

power, breakers performance and feeder and distance evaluation capability.

7.4.3.1 Case # 1: fault at feeder # 4

The DC microgrid in this case is exposed to a fault at feeder # 4. The fault resistance is
0.815 Q. The distance of the fault to the common 380 Vpc bus is 113.5 m. The system is
operating normally before it is subjected to that fault at t = 6 sec. Figure 7.7 shows the
response of the proposed mathematical model for fault distance evaluation. The number
“222” designates the normal operating conditions of the respective feeder. The figure also

indicates that all other feeders are not subjected to any fault. The faulty feeder is also
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designated by “222” up to just prior to the time of the fault. Once the fault is applied at 6

sec, the fault distance with respect to the common bus is evaluated.

The output signal profiles of the IGBT’s control block are displayed in Figure 7.8 for all
feeders. As long as the system is normal, the signal is always “1” and the IGBTs are
accordingly closed. Once feeder # 4 is subjected to a fault, the signal is changed to “0”
giving the IGBT’s a command to open and isolate the load connected to the faulty feeder.

All IGBTs incorporated with the other feeders are not affected by that fault.

The load power values for all areas are depicted in Figure 7.9. The power is cut off from
the faulty line immediately at the time of the fault. The loads supplied by other feeders
are not affected and all respective connected loads are supplied by power properly. High
source current is noticed at the time of fault after being suppressed by rapid disconnection
of the faulty line. This can validate the value and effectiveness of the proposed protection

scheme. The total power is shown in Figure 7.10.
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Figure 7.7: Fault distance evaluation under fault at feeder # 4 (case # 1)
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Figure 7.8: Response of the signals sent to the IGBT’s (case # 1)
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Figure 7.10: Total load supplied by the main generation source (case # 1)

7.4.3.2 Case # 2: sequential faults at feeders # 5 and 2

In this case, the system is subjected to two different faults at different locations, different
fault resistances and times. At 3.5 s, feeder # 5 is subjected to a fault with a resistance of
0.279 Q and 192 m away from the common DC bus. Another fault with 0.547 Q
resistance is applied at the feeder # 2 at 8§ m from the common DC bus at 8.25 s.
Figure 7.11 to Figure 7.13 show the response of distance evaluation, signals sent to the
IGBTs and the supplied loads, respectively. The total supplied power is demonstrated in
Figure 7.14. The complete protection scheme has shown efficient performance for fault
detecting, locating and rapid isolating of the faulty line without affecting the other

feeders.
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Figure 7.11: Fault distance evaluation under faults at feeders # 2 and 5 (case # 2)
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Figure 7.14: Total load supplied by the main generation source (case # 2)

7.5 Summary and Conclusions of the Chapter

The following points summarize the main outcomes and findings concluded from this

chapter:

e The DC microgrid presented in chapter 6 is adopted in this chapter for the purpose
of proposing an efficient protection scheme.

e An effective methodology for the DC microgrid protection is proposed.

e The protection scheme can be employed effectively to detect, locate and clear the
faults occurring at any point in the DC microgrid under variable loading

conditions.

174



A mathematical model is proposed to identify the faulty feeder and estimate the
fault location.

IGBTs are employed to act as DC breakers controlled by a control block of “0”
or “1” output signals based on the system operating conditions.

The protection scheme performance is tested by applying faults at different points
of the feeders, different loading conditions, different fault resistances and
different fault times.

The results have verified the effectiveness of the proposed protection scheme for
rapid detection, faulty feeder identification, fault distance evaluation and faulty

feeder isolation without affecting the loads connected to other feeders.
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CHAPTER 8

CONCLUSIONS AND FUTURE WORK

8.1 Conclusions

In light of this dissertation, the work presented has explored various aspects concerned
with DC systems including design, modeling, cost analysis, energy assessment and DC
microgrid protection. The main outcomes of this dissertation are presented in the

following subsections.

8.1.1 Modeling and Control of One of the Essential DC Sources: PV System
Models for predicting the characteristics of PV modules under variable weather

conditions were proposed in this study. The main features of the proposed models are:

e Ability to generate the [-V curves of any PV modules by just knowledge of
weather conditions and module technical specifications at STC.

e The estimation of PV circuit model parameters is not required.

e No need for a special software for models computations.

e Efficient evaluation capability by obtaining similar results to SIMULINK
simulations and experimental data.

e Best performance as compared with other seven recent reported algorithms, in

terms of both execution time and estimation accuracy with respect to actual data.
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e Similar results when compared with other two commonly used algorithms for

achieving MPPT for PV systems.

8.1.2 Modeling of Major AC and DC Home Appliances
Having modeled the DC source, it is important to develop models for major AC and DC
household appliances. Two approaches were proposed in this dissertation for modeling

analysis. The proposed models are characterized by:

e Ability for studying and modeling each appliance individually, rather than
modeling a complete residential area or an entire substation.

e Efficient modeling capability of the appliances under study when compared with
the experimental data.

e Ability to represent the electrical characteristics of the appliances under study in
on-line simulations using MATLAB/SIMULINK.

e Modeling the new DC appliances available currently in the market. These new
appliances have not assessed and modeled before.

e Opening opportunities for further analysis of the proposed models including
simulating AC and DC houses, performing more energy assessments and carrying

out load flow analysis and short circuit studies.

8.1.3 Energy and Cost Assessments for a Standalone House Configurations

One of the issues needed to be explored, as recommended by previous research, is to
design a complete system comprising DC components, and to compare its performance
with a corresponding conventional AC and hybrid AC/DC systems. In this dissertation, a

complete DC system has been experimentally implemented. A small standalone house
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was designed comprising the major household appliances. The cost analysis adopted in
this part was conducted based on the costs of all components in the house, including
generating sources, converters and appliances. The outcomes of the energy assessments

and cost comparisons are as follows:

e The complete DC system is the most energy saving system due to the integration
of efficient and energy-saving new DC appliances.

e Around 35 % energy saving is achieved when compared with the conventional
AC system.

e The DC appliances are too expensive which results in high capital cost of the DC
system.

e In terms of total life cycle cost over 20 years, the DC system is considered as the
most suitable configuration with an assumption of one day of autonomy and two-
year diesel generator lifespan.

e Energy saving and cost reduction of the DC system could be more at a reduction
in DC appliances prices.

e Increasing days of autonomy can sharply increase the cost of the DC system due
to the requirement of more batteries.

e Increasing diesel generator lifespan leads to cheaper life cycle cost in the case of
AC-AC system.

e [t is not recommended to implement the AC-DC network due to its high life cycle

cost even with DC appliances prices reduction and more diesel generator lifespan.
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8.1.4 Proposing a Microgrid with Different Configurations for Analysis and

Study
The concept of the small standalone house was then extended to represent an entire
microgrid area. The microgrid was represented by a small town comprising 100 houses.
In this part, the analysis carried out was in terms of utility supply perspective. The main

findings of this chapter are summarized as:

e 380 Vpc distribution voltage is selected in order to mitigate the losses that result
from transmitting the power at lower voltages.

e The conventional AC system has the lowest capital investment due to the low
capital cost of the diesel generator.

e The systems with PV arrays and batteries (DC-AC and DC-DC systems) are
characterized by high capital cost due to the expensive PV modules and batteries.

e For a life cycle of 20 years, the AC-AC system is still the most economical
solution in Saudi Arabia as of 2018 due to the low prices of diesel in the
Kingdom.

e At the current situation of fuel and PV and batteries prices, it is not economical
for the utility companies to implement completely DC systems.

e For all other GCC countries, the DC-AC and DC-DC systems are more

economical than diesel generator systems.
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8.1.5 Designing a Simple and Efficient Protection Scheme for DC Microgrid
After the DC microgrid has been designed, it was modeled using SIMULINK. A new
simple and efficient protection scheme was proposed using a mathematical model. The

main features of the proposed scheme are:

e Ability to detect, locate and clear the faults occurring at any point in the DC
microgrid under variable loading conditions and fault resistance values.

e Ability for successful identification of the faulty feeder and estimation of the fault
distance.

e Successful implementation of the IGBTs employed as DC breakers controlled by
a control block of “0” or “1” output signals based on the system operating
conditions.

e Efficient response of the proposed protection scheme for rapid detection and
instant faulty feeder isolation without affecting the loads connected to other

feeders.

8.2 Future Work

During the course of this study, it has been observed that it is worth to direct the related

future work to the following points:

e In this study, diesel generator, PV system and battery bank are employed to
represent the DG sources. Other DG sources can be also presented in the future

including fuel cells as a DC source, as well as wind energy systems.
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More DC appliances are emerging now in the market including DC iron, DC
kettle, DC washing machine and DC vacuum cleaner. All these appliances are
manufactured to work based on 12 Vpc. These appliances can be integrated with
the appliances presented in this dissertation to represent larger system with more
appliances.

The proposed modeling approaches can be applied also to model the DC
appliances not considered in this study, as well as all other remaining AC
household appliances such as kitchen appliances, washing machine and dryer.

The proposed appliances models can be connected together to represent actual DC
house considered as a typical test system for carrying out various studies. The
models can be controlled upon the researcher preferences including selecting the
number of each appliance in the house, in addition to controlling and changing the
operation intervals and the load profiles.

The study presented here was for residential application. Another field of possible
application of DC system is the industrial sector. VSDs are widely used in the
industrial facilities. It is of interest to carry out similar cost analysis and energy
assessments of the feasibility of removing the rectification stage and coupling the
DC bus directly to the input of the inverter.

It is of interest to study and investigate the performance of DC system at medium

voltage networks rather than low voltage DC network adopted in this study.
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APPENDIX

SM-255PC8

Polycrystalline PV Module

Electrical Characteristics
STC fradiance 1000W/n’, modue emperzture 25°C. AM=1.5) SM-240PC3 SM-245PCB SM-250PCE SM-255PCE
Rated power (Pms) 240W 2A5W 2500 255W
Voltage at Pmax (Vmg) 0.0V 0.4 30.8¢ 0.8V
Current at Pmax (l=p) B.02A 8.08a 3.144 B.2BA
Warmranted minimum Prmax 240W 245W 250W 255W
Short-circuit current (ls:) B.5RA 3.634 3.67A B.B2A
Open-circuit voltage (Voc) 3rav a4V 375V aray
Module efficiency 14.42% 14.72% 15.03% 15.33%
Oparating moduls temparatura -407C to + 85°C
Maximum system voltage GOOVDE (UL / 1000VDC (IEC)
Maximum saries fusa rating 154
Maximum reverse current 20.25A
Power tolerance 0-+5W
Temperature Characteristics
= s = Temperature coefficient of lsc 0.052%/C
T T Temperature cosfficient of Voc -0.312%T
_'_ gg Temperature cosfficient of power -0.420%C
"‘.a_"" = NOCT {Air 20°C; Sun 0.8kW/m?; Wind 1m/s) 45+3C
’ " “ Packing Configuration
o O EE gi Container 40" H/C
b r **‘ Modulas per pallet 20 pes
B Pallats par container 26 pallets
H - ﬁz Modules per container 520 pcs
8§ | = i |
E
kot Ioac, = 1020 Wi
o b
vt non ® =
( Remarks :
1 Pmex measurement tolerancs : +3%

5-Emangy uses friple A class simulstor.
Specification subject to change withowt prior notice. S-Enengy reserves the rights of final interpretation.
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SUNPOWER 305 SOLAR PANEL

EXCEPTIOMAL EFACIEMNCY AND PERFORMAMNCE

Electrical Dala IV Curve
Mecered o Soriord Tk Condiiom E30) rediorcs.of #0000, Al 1.5, oxd ool ipemie 257 C
Paak Powar [+/-5%) Prax 305 W 70
Rriod Volinga Vipn 547V 50 ! .
1000 W /mP =
Foied Currant Impg 558 A - 50 - \
B00W/aF .
ipan Circutt Vokiage Voo 42V i 40 \~.__ \I,
Sheet Cireutt Currant lee 596 & a2 30 Ill.
Moximum Sysiem Violioge n 500V 0 .'.'l
1,0 = !
Temparature Coafficknts 00 00 WP -\\ "I|
T
Porwer 038 /K 8 10 2 30 40 50 &0 70
Vobiage Vool -174.6mV /K Viltage (V)
Currant fly] I5mb J K Curmrl/volioge chomoderistics wih dapendancs on imadionca and moduks empsnoivs
HOCT 45 C el T
Tested Operating Conditions
Sarlas Fusa Rating 154
Tempernature -40° F o + 185" F 407 C fo + B5° C)
Mechanical Data Max load 50 psf 245 kg/m? (2400 Pa) Front and back — g,
Solar Cells 94 SunPower alkback confodt monocrysialine wind
Frond Glass high transmission tempared ghass Impadt Reststonce Hail 1 in (25 mm) of 52mph (23 m/s)
Junction Box P-45 rated with 3 bypass diodes
Dimenslons: 32 x 155 x 128 (mm)| Warranties and Cerfifications
Cartput Cables 1 000mm length cobles / MuliConioct [MC4) connechors Warranties 25 yaar limifed power warranty

Ancdized aluminum alloy type 4083

Frame fiver): stacking pins 10 year Imifed product warrarty
Weight 41 Ibs. [18.5 kg Certifications Tesiad 1o UL 1703. Class C Fire Rating
Dimensions
2 Gronchog Hom
3 SekePin
ERRE:
Rt |
s 4y ass ¢ A E T - - |77
[H1 - - - L ] e 5 57T L ' PR ]
: ; | e . N . I
1] 1] ¥

. "I"T"I“"I“ A
0
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E19 / 425 SOLAR PANEL

MAXIMUM EFFICIENCY AND PERFORMANCE

SUNPQWER

Electrical Data I-¥ Curve
Merzred i Sorcord i Coradlion [0 rafions o HEO0ME i 1.2, o coll e 257 2

Peeak Poswear [+/-5%) Prax 425 W 70

Efficiancy L] 19.7% &0 1@'_#”'

Rokd Voliog Vg 729V % 50

= 4

Rotd Coerant mpp 583 A ; A

Dgan Circult Vobioge Ve B5.6V s 30

Shaort Circutt Currant Iy S8 A 20 § I'I
A Sysom Vol r 400V 10 o I

oximum Zysiom Volioge L 0.0 ‘\-\ |
Temparatura Coalicints Prwrar ) 038% /K 6 10 0 30 40 50 &0 O &0 90 100

Vobage Vo  -235.5mV K Valtage (¥)
Curant fl| 3.5mb /K Cumanlvolioge chamcsristics =th dapandance on imadianca and moduls Empssche
MOCT 45 C I C ed ondi
Tested Operating Conditions
Sarlas Fusa Rating 154 perding
Temperature -40F Fio +185°F (40° C o + B5° C)
Mechanical Data ;
nad 50 pof (245 kg/m? | 2400 Pa) front and bock -

Solar Cells 128 Sunfower alHbock contod monacrysialline M b e.g. win

Froni Glass ;.:Eh_e}ilizs;::;?:mﬁ:;c gloss with Impadt Resistance  Hall 1 In [25 mm) ot 52mph (23 m/5)

o P45 roted with 3 bypass diodes
Jnlion £ox Damensions: 32 x 155 x 128 (mm| VWarranfies and Cerfifications
C-_anI' Cables 1000 mm lengﬂ'l cables MukiConioct (MC4) connaciors ‘Warranies 75 year limited power weormanty
Ancdized ahuminum alloy type 8063 (sihve; '
Frame siacking pins 0 year limited product warranty
Wight 56.0 lbs. [25.4 kg) Cartfications Testad fo UL 1703. Class C Fira Rating
Dimensions
= Grmurding Hoba
- Siexding fim L F r
1] F *, ]
fH] LR . [ B

=

T [41.18] 3
| Ll
1 4 +
A = i [ ! 1
i 1] . -
n [e1.x] ™ LT Snaf T
- — —_— — —
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