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ABSTRACT
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In recent yearsPC distribution system$iave gained a special attention by various
research studie§his dissertation dicusses thdesign, modeling andnalysis of a low
voltage DCmicrogrid involving different DC sourcesandDC appliancesMathematical
based models arfast proposed to predict the maximum power parameters and\the |
curves for any ¥ module by justthe knowledge ofthe nodule data sheet and
temperature and irradiance valudhe models are then employed for tracking the
maximum power of PV systems uwerd different weather conditionsThe models
effectiveness is compared with MBULINK simulations, commercial PV module
specificationsfrom datasheetand with somepublished research. The proposed models
have shown more efficient performance in paramseéstimation and¢omputationtime
than the other reported algorithniaving modeled the DC sourceajor household\C
and DC appliancesare then adopted in this dissertaticior analysis and studyTwo
approaches are proposed foe modeling The simulation results are compared with the

experimental data and the models effectiveness has been verified.

Four configurationgor a small standalone hase have been proposedthis study The
configurations representomplete AC system, completeCDsystem and two hybrid
systems The configurations are extensively analyzed and compared in terms of energy

assessmentsnd life cycle cost analysis. The rétsuhave sbwn thatthe complete DC
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systemhas shown promising results for energy and money sawwgysalife cycle of 20

years.

The ideaof this small houseis then generalized to build complete microgrid
representing amall town of 100 housesThe life cycle cost of the DC system is also
compared with different schemes considering capital costs, future expenses and revenues
in the utility company perspectivd he results have shown that the completedy&tem

in this caseas not recommended toe consideredth Saudi Aabia due to the current low
dieselprices in the Kingdom that make the diesel generator systems more cost effective.
However, for other GCC countrieghere the diesel prices are highttie DC system is

considered asne of the mst economical solutions.

A protection scheme is then paged and applied to th@oposedDC microgrid. The
proposedmodel can effectively and rapidly determine the fault distance as welkas th
faulty feeder by reading the loadlue in kW sourcecurrent at fault and fautesistance

The scheme is incorporated wittsulatedgate 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 sourcesehawveraged 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 manafactorutilize 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 tffeck@tury where the
electrical power was dndled using DC power systeaonfiguration This scheme of
using the electrical posy founded by Thomas Edison suffeffeaim severaldifficulties.
The main obstackefaced by the electal power facilitiesat thattime included the low
voltage at gearation level and the challengétransmittingthe power to consumers far
from the geneation plant. As a resulthe power was generated and consumed loeaslly
there wereno meas for stepping up or lowering the DC voltag€his necessitated

transporting the power plants to the loadsazor vice versa.



The AC concept was mainly introduced by George Westinghouse and Nikola Tesla. After
the invenion of the transformer, atirawhbacks present iDC distribution werevercome

by replacing the DC networks by AC systerfis the AC networksthe power could be
transmittel easily byutilizing the transbrmer where the voltage could beepped up or

down at any desired leveéh order to transmit the poweria conductors with small
diameters The power was also generated in centralized pqulents far from the
consumption level area where the voltage level was handled easily using the transformer.
After the generation level, the valje could be stepped uphigh values to overcome the
problems of power losses that resulted from transmittiegpower 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 Edisonés DC grid and
known asin The War of Currentso. Tesla and West
winners and the power incorporated with the transformers had been used from that time

till today. However, with the advancements in power electronics dewndscontrol
strategieove the last 60 years, D€ould be adopted in small power system networks.

More attention has been paid to the DC gatdthe excessive use of more {b@sed

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

1.2 Dissertation Motivations

1.2.1 Emergence of DC Appiances in the Existing Network
Over the recent decades, the advances in power electronics haitedres several

household appliancgsowered by DC @ch as laptops, cell phonéE,V § @inters and
2



many other appliance®Vith the current AC netw®, these appliances require converting
the input powefrom AC to DC This means that rectifiers are needed irhesgapliance
to convert the voltagifom 230 Vic to the required DC voltage such as 12-Vr 5 Vpc.

The rectification process results in some polesses angower qualityissues

1.2.2 Use ofVariable Speed Drives Motors in VarioudHouseholdAppliances
Another point of interest is the excessive usehef conventionalnduction motorsin
severalhousehold appliancesuch as air conditioners and refrigeratorbe idea of
variable speedrives (VIs) is implemented in the recent years for variousonsotised
in the industry. The VB is suppliedwvith AC utility powerwith constant frequency. THi
is rectified and convéad to DCwhich, in turn,is converted again to AC with variable
and controlled frequencyThis ensures efficient motocontrol in such a way smooth
speed options can be selected instead of the successive ON/OFF bglavioe main
AC source supplyinghe VD is simply replaced by a DC source to avoid cpaversion

stageleading to morefficiencyimprovement

1.2.3 Availability of DC Appliances

One point of interessithe currenemergence ofompletelyDC appliances in the market.
These appliances are ready manufactured to be directly supplied by a DC source, which
is commonly 12, 24 or 48pé. Some ofDC appliances available currently in the marke
include DC air conditionergfrigerator, TV, lamp, fan, iron, kettle amgashing machine.

All these appliances are designed to work directly based on one or more of the DC
voltages of 12, 24 and 48p¥. These appliances areot assessednvestigated and

modeled by previousesearchstudies. It is of interest ithis dissertatiorto carry out



experimental assessments and simulation models for such appliandée compare

their characteristics with their AC counterpart.

1.2.4 DC Nature of Renewable Energy Sources

The utilization of reneable 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 #yStem In case of DC microgrid, it

is easier to integrate such DC souritethe system for the purpose of directly supplying
the DC loadslt is important to develop a model to the DC source which is simple

efficientand easy to implement.

1.2.5 Proper DC Voltage Seéction

For more implementation of DC systems, it is essential to select an appropriate DC
voltage for DC networks. The DC appliances existingh@ market are available at a
variety of DC voltagesThere is no standard DC voltage available for DC systinssof
interestto 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 availabia the market are characterized by low energy consumption
and high capital costs. For energy assessment and cost analysisyporigntto study
andimplement a complete DC network that comprises all these appliances and carry out

a comparative study with the conventional AC network and hybrieD&Cystems.

It is interesting teexplore,addressand investigate the aforementioned points and discuss

the idea of the DC grid including DC generation sources as well as D€ lo&dalso
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important to design, mdel and analyze a compleC network and comparés

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

Several aspects can be investigated including sgsteradeling, 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 adoptedthis studyto achieve the following

objectives:

T

Performing a literature review about the state of art of the DC distribution
systems antheir applications.

Analyzing the PV source, as one of the major refmdsvdC sources, by
proposing efficient modek to predict PV module characteristics under
variable weather conditiornisy the knowledge of data sheet parametansl
temperature and irradiance values

Proposing amaximum power pointtracking (MPPT) algorithm forPV
systens using simple mathematical representation methodology.

Exploring and pregring the modern DC appliancks analysis and study.
Proposing simukgoon models for various major AC and DC household
appliancesusingtwo approaches based on experimefitéd measurements.
Integrating the proposed AC and DC appliances models as to represent typical
AC and DC houses employed for carrying out systesnsuations and

studies.



1 Designing and implementing small standalone house with different power
system architecturegnd carrying out comparative cost analysis and energy
assessments

1 Designing an entire network representing AC and DC micrograidd
performing extensive energy saving comparisons as well as life cycke cost
assessmentsased orthe supplyutility perspective

1 Proposing an efficienand simple scheme faystem protection antault

detection inDC microgrid

1.4 Dissertation Organization

Thedissertationis dividedinto 8 chapters as follows:

Chapter 1 introduces thissertatiorwork along with some introductory overview about

the topic.Dissertatiormotivatiors and objectives are also addressetthis chapter.
Chapter 2 discussdiserecent research works related to the DC grid field

Chapter 3 proposes rrew methodto predict thecharacteristics oPV modules from
weather parameters and PV module data sheetifecations withoutestimating the
parameters of the PV equivalent circaitodel. The chapter also explains how the
proposed models @aremployed for achieving MPPT fdlifferent PV systemsThe
performance of the proposed models is compared SifhULINK simulations, some

recent research waslandl-V curves for some commerciBV modules



Chapter 4 analyzes various major householdah@ DCappliances Smulation models
are built for the appliances under studging two approaches by utilizingeld

measurements.

Chapter 5 presents the design and implementation of a smalDs€dleuse suppliedyb
distributed generation (D&ources. Corresponding A&hd 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 designscomplete DC microgridas well as similar AC and hybrid microgrid
configurations. Systensizing andDC distribution voltageselection are addressed in this
chapter.The chapterlsopresers the cost analysis and life cydestsassessments the

proposed configurationsased on the supply utilifyerspective

Chapter 7 presest fault detectionand identification methodolodipr the proposed DC
microgrid. Rapid faulty feeder identification and isolation usiGBTs breakers are

discussedn this chapter.

Chapter 8presentghe 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 effortaround the world v the DC grid arehave increased significantly last
decadesIn 2015, thdEEE organized the first international conferermn DC microgrids
(ICDCM) in the USA [2]. More than 80 papers wepeblished with diverse tris an DC
microgrid area including monitoring and control, performance analysis and
optimization, communication and security analysis and protection and hswitc
techniquesThe second ICDCM has been organized in 2017 in Gerfp®niore than

100 research works hawconcentratedn recent topics in the DC environment. Some
selective topics include DC breaker and arc detection, protection and grounding, energy
management and DQopliances integratio in the microgrid. More extensive research

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

Although AC power is dominant forlang time, DC power haalsobeenused for some
applications. There are several applications of the DC grid employed in various facilities.
The research efforts have concentratedenmotthis area especially duritige last decade.
This chapter presents some research works that haveeddibygt DC environment in

different applications.



2.2 Research o 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 distributicedgpted.Various studies are
carried out in distinct applications for DC networks. DC distribution is commonly
adopted in isolated power systemstsas telecommunication systems, electric vehicles,
ships as well asn small systems like computsystens. This sectio describes some of

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

carried ot for each application.

2.2.1 Shipboards
The shipboat distribution system is aexample of adopting DC network. Due to the
removal of transfomers and switchgears in the case of the DC, the system provides

several benefits like weight and space savings as well as flexible comporengement

[4].

A DC distribution system for a marine vessel power system was profgé$ed
Furthermorean endto-end modeling and simulation methodology was presentgg] in

in order to facilitate systedevel design, control, analysis and optimizationnedium
voltage DC MVDC) ship power system. The computational speed and accuracy of the

proposed method have been verified.

A heterogeneous muléigent 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 Debased shipboard and comparison of iexfgrmance with the
conventional AC solution was explored [B]. A survey of emerging concepts, design
challenges and current initiatives has been performed. Different aspects were considered
in this review including safety, power qualitseliability and efficiency. It is concluded

from the survey that D®ased ships hold significant potentials.

Extensive efficiency analysis for a shipboard with DC hybrid power system has also been
performed[9]. The authors proposed an optimization algorithm for the purpose of
minimization of fuel consumption when subjected to load variations. Using
MATLAB/SIMULINK, an online optimization methodology for fuel saving is proposed.
Furthernore, 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 connegte@ngronmental controls such as air

conditioning and fire suppressipand several security devida$].

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

data centefll]. In addition, the efficiencies of2BD Vac and 300 ¢ systems feeding a
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data center were compardd?]. The study showdhat there is 15 % efficiency

improvement when using the D@ssem compred to the AC system

A study has been presented by Lawrence Berkeley National Laboratory (LBNL) to
compare the efficiencies of AC and DC sysseior a data centdfL3]. It concludes that
the DC system can improve the efficienmyup to 28 %ascompared with the typal

AC distribution systenfil3].

Referencg14] 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 discuBserk ae various
transients that @urin 380 ¢ power system networks. These transients include voltage
dip, short interruption, electrostatic discharge, electrical fast transient burst, surge
voltage, radio frequency distwrbces and inrush currenthd most common disturbances

in DC dat centers are voltage sag, DC bus faults and load transients. The opportunity of
using energy storage support with its capability to improve the power qualitals@s

presented.

2.2.3 Commercial Facilities

Energy assessments on DC microgrid over the traditid@ networls were carried out
[15]. The studyassessedhe system performance in different locations for various
commercial facilities and operagy conditions. The results shawat the DC microgrid

uses N energy around 6% to 8% more efficiently than the conventional AC systems.
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Daniel et al have performed a simulatioased efficiency comparison of AC and DC
power distribution networks in commercial buildings. The work has shown that DC

distribution systm is more efficien{l6].

An efficient DC electrical distributiosystemwas analytically demonstratenh [17]. A

48 V¢ level was recommended to be used for distribution systems in rural banks. Three
distribution systems were presented in this study which are: the conventilamadd\dwid

power system with battery backp, hybrid distribution system and the 48c\electrical
distribution system. The sizes of the system components (primarily solar PV capacity and
the battery bank capacity) were calculated for the three distnbwistems for
comparison purposed.he results showhat 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 tesddansfer substarai
amounts of information. dlecommunications systems should be inexpensive, efficient
and reliable[18]. The crucial components of a telecommunication system arnéenesct
batteries and a power system controller. Telecommunication systems distrib@e a
power obtained from a backup battery that is continually charged by a rectifier/charger

from the AC supply.

A new power supply topologwas suggested ifi9] in order to use multitues of power
supply systems in telecom buildings. Two DC voltage levels are selecteds4a8nd

380 Wpc. The topology is expected to enable to design highly reliable and efiicerr

supply systemgL9].

12



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 #féiciency and quality of the
existing lighting technologies including incandescent and fluorescent lamps. Each LED
lamp is equipped with AC/DC and DC/DC convert@iise advantage of DCED based
lighting system is to mitigate the problem of AC/DC conversismg switched mode

power supplies (SMPS) for each LED unit.

In the work presented H0], the authors examined the teckampnomical advantages

of low voltage DC distribution to a lighting system in a building using-k%ed
generation system. In the proposed DC scheme, the conventional fluorescent light bulb
are replaced by LED light resulting in efficiency improvement. It is shown that 60% load

capacity is reduced and substantial energy saving has been a¢B@ved

Substantial energy saving was alstiaved by adopting the DBased LED lampf21].

A comparison of AC and D®ased LED lights efficiencies has been carried o{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 co$22].

2.3 Analysis of Different Aspects oDC Systems

The DC systems have beanalyzed in the previous research in terms of different points
of view. This section presensme research studies analyzsmme topics including

modeling of PV systems, modeling of loads and some DC protection systems.

13



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 theyRiem 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 witmghengperature

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 connect&C DC
converter is then adjusted in such a way that the maximum possible powss at t

specified conditionan be harvested.

Researchers havasually used three variables as reference patars for MPPT
purposes These includehe maximum powef23-30], voltage at maximum pow¢B1-

38] and current at maximum pow9-44]. 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 neMPPT 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 commns involved.

The most popular algorithms employed in MPPT purposes incindeemental

conductancé&INC) [45, 46] and perturb and observd?&O) [47, 48] algorithms. These

14



algorithms have been widely used. Intelligent techniques such as fuzzy layipAeF,
gravitational search algorithrib0], differential evolution (DE)[51], particle swarm
optimization (PSO)52] and artificial neural network (ANNB3] have been also used in

PV systems for MPPT purposes. A hybrid method that integrates PSO with P&O is
presented if54]. Another hybrid technique is used including PSO and34]. Other
techniques like Taguchi meth¢86], flower pollinaton algorithm[57], and BAT search

algorithm[58] have been also presented.

2.3.2 Modeling of HouseholdAppliances

Several research works have analyzed load modeling concept and its applications to
different power gstem networks. The authors [§9] have adopted simple, multiple
linear andquadratic regression analyses to predict the energy consumption for a research

house on an hourly and daily time bases.

A geneticalgorithm (GA) based methodologfor modeling the loads in power system

has been proposed j60]. 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 testedsawite different

scenarios.

The work presented 1] has combined polynomial with the Fourier series models to
analyze the power consumption of buildings. The modelisad 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 thi/pomial are determined in the second part.

15



A new method wsa proposed to model the load characterigé@$. The method adopted
multiple Gaussian functions foanalysis. 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 ysmtkeeial

model [63-66] and the static polynomialP model [67-71]. More extensive research
efforts focusing on raewing the recent researabf load modeling and forecasting
methodologies can be found [i@2-77]. The availablein-market DC appliances with

dominantDC voltages of 12 Yc and 48 \4c havenotbeen yetinalyzed and modeled.

2.3.3 Protection and Fault Analysis inDC Systems

A protection method against shaitcuiting using the assistance of solid state circuit
breakers (SSCB) in low voltage DC microgrid was preseff8f The authors of79]

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 withoutle-energizing the entire system, hence achieving a more reliable system.

A protection scheme for DC microgrid against faults has been profg@edhe 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 thepens the power switches for faulty section

isolation.

A protection scheme algorithm for a ring type DC microgrid system was disdiédded

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

16



taken for segment isolation without isolation the entire sysfefault detection method

using fuzzy logic has been propog8d].

The authors 0of83] have proposed a novel DC protection scheme based on the use of the
combination of the voltaggate of changeand the currentrate of change The
methodology was develogdor detecting and locatinqults with reduced fault cuent
levels within the DC system. The proposedtection scheme was tested o \aDC

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
thetopics that are recommended to be explored and the questions that have been raised in
previous researchThe following are variousesearchgaps that are needed to be

discussed, as stated by the indicated reviewed research works:

1 Various MPPT algorithms for PV systems have been proposed. These algorithms
areusuallycharacterized by the requirement of special software for executing and
simulating the algorithms. In addition, some of the techniques require long
simulation time sincenost of these techniques are based on iterative processes
and trial and error operations till reaching to the optimal soly@dn

1 The feasibility of adofng 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

17



selection, modeling and protection. A complete systeéesign has to be
investigated with its practical aspects and impB3§

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 syst§se].

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 ektronic 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 maiffid8].

Further work is needed to determine a feasible transition pathway to increase the
presence of higlefficiency DC appliances in the homes and optimize DC
generation technologies such as solar PV. The outcomes anreffegtiveness

are highly uncertain given the lack of previous resef@h

One of the most promising applications are VSDs and LED lighting. Both of these
technologies have proven their ability to generate savings aingplied by DC
power, but little is known about their application in the residential sEr

It i's Iinteresting to investigate the
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 distni{88].

While the use of DC has been studied in the commercial buildingrsaatl is

being recommended as a key strategy for improved reliability and increased

18



energy saving, residential applications have received relatively little attention
[90].

A number of studiehiave examined residential DC systems. The majority of
studies are analytical in nature, involving no demonstrations or laboratory
measurement®0].

Though DC distribution has been widely dissad in the literature, only a few
research efforts focus on residential buildings, especially sfagidy houses

[91].

Although there are detadereviews 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 systg18k

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 tfs system and its components can also be compared with those of a
corresponding AC syste@4].

A final decision may be given as to whiof 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 develope[®4].
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1 It is of interest to validate the device models via experimentation using a
sufficient selection of devices. It is essential to implement small mixed&C
distribution systm test cases and compare the performance with the optimization
results[95].

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

1 With the implementation ahe 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 appliance$96].

1 It is interesting to study therotection of DC systems with respect to fault
detection and isolatiorf97]. Severalresearch 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.

1 It is required to perform aomparison of AC and D®ased distribution for PV
systems. The comparison can be done with the help of simulation or by analyzing
identical actual AC and DC syste@s].

In this dissertation, thgaps and challenges stated by previous research witiddgzad
and discussed for an attentptcover and close these gaps. Thus, this dissertation will

analyze the following aspects:

1 Proposingsimple and efficient mathematical models poedicting the 4V 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 MPP methodology #p 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 performimtifferent 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 toouse
minimize the number of the required converters

Performing extensi 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 aDC microgrid representing a town and carrying out a feasibility study
and econoncal analysis in the utility comparperspective

Proposing a simple and efficient mathematlzased protection scheme for the
DC microgrid under different operating conditions such as different fault

distances, different load and different fault resistavalues
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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 thapter. 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 @igenthe PV module

data sheet, as well as the temperatum@ irradiance values. Using fsemodels, several
important variables can be estimatechder varying weather conditiongicluding
maximum power conditions, open circuit voltage ahdrt circuit current. Theariables

are evaluated without needing to estimate the parameters &M\legjuvalent circuit

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

and FV curves generation under variable Wea conditions.
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In this chapter, all such variables, along with others, are modeled in the ftrsif plae
chapter usingnathematical relationships without evaluating the PV equivalent circuit
model parameters. The models take the STC values and weattaeneters as input
variables andleterminethe respectiverariables as output parametefsie effectiveness

of the proposed methodology is assessed by comparing its performance with results
obtained fromspecification sheet of different commercial PV mles, as well as
simulations in SIMULINK. The performance is also compared with several recently
published research articleBhe results obtained froithe proposed models are in close

agreement with the results obtained using other methods.

The second paof the chapter utilizes the proposed reksdin order to desiga MPPT
algorithm. The algorithm isalso based on knowledge &TC values and weather
variables. The validity of the proped MPPT methodology is tested by application on
two differentPV sysems. The algorithm performance is also compared with two of the
most commonly usedMPPT algorithms; INC and P&Q@ilgorithms. All mathematical
models presented in this chapter are formulated wsitmmmercially available software;

EUREQA softwarg99, 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.

23



3.2 EUREQA Software: General Overview[99, 100]

Eureqa is a proprietartificial intelligencepowered modeling engine originally created

by Cornell's artificial intelligence lab and later commercialized by Nutonian, Inc. The
software uses evolutionary seaffdn determining mathematical equations that describe
sets of meased inputs and outputs in their simpléstm. Current modeling techniques
require users to choose from a set number of predetermined algorithms (K nearest
neighbor, support vector machine, etc.). Eurega, on the other hand, builds numeric, time
series, andtlassification 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
U ———>
b —

y:f(Ul, é n) U% y

Uy —— >

Figure 3.1: Basic function of EUREQA

In this figure, the input parametenrs,(i..,u,) and the corresponding output parameger (

are usually measured experimentally, where enough samples are necessary in order to
represent all operaig 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:

y=flu,u,......y) (3.1)
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In EUREQA, a series of simple and complex models are genebatestl ornvarious
selected mathematical operations such as addition, subtraction, multiplication and
trigonometric and logarithmic function$he usethenselecs the best model that fits the
data with the lowest error. The flow chart shownFigure 3.2 illustrates the steps

followed for mathematicahodelsformulation tasksising EUREQA.

Collect data and
transfer to EUREQA

l J
Define inputs/output
parameters

I

Select mathematical
operators

Start searching for
models

'

Select the best mode
with lowest error

.

.

7

Figure 3.2: Summary of steps followed in EUREQA to build mathematical models
3.3 General MathematicalBased Models for Characterization of PV

Module Performance

This sectionproposesand discussefn details amethodology for predicting the\

curves of any PV moduld different weather conditions.
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3.3.1 Proposed Methodology

3.3.1.1ldentifying key points on the-V curve

One of the essential topics in PV modeling is the generatidgheol-V curves under
varying environmetal conditions. In this study, ten key points on thHé turve are
predicted and calculated using mathematical models. The predicted points are listed in

Table3.1 and areshown graphically ifrigure 3.3.

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

point voltage current

1 0 lsc
2 0.25%/q¢ 25
3 0.5*Vqc 50
4 0.6*Voc l6o
5 0.7*Voc 170
6 Vi Im
7 0.8*V,¢ Iso
8 0.9*V¢ l9o
9 0.95%/q¢ lgs
10 Voc 0

WhereV, is the open circuit voltages. is the short circuit current/, is the voltage at
maximum powerJn is the current at maximum power, ahg to lgs represent current
values at voltages between 25% to 95% of the open circuit voltage, respectivelych-or ea
of these pointsmathematical relationships are formulated using EUREQA software as

functions of weather parameters and STC values provided dathsheet.
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Figure 3.3: The ten key points on thedV curve

3.3.1.2Mathematical models formulation process

The proposed formulatiostarts by adopting th8IMULINK model of the PV module
Various PV modules arselected 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 simulatedt a representative and uniform range of temperadnd irradiance
points. Thel-V curve is generatefibr each temperature and irradiance point, anddhe

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

the PV modle are also recorded. This process is repeated for all PV maxhasen for

the training process. By the end dBIMULINK simulations, the input and output

variables are defined as shownTliable3.2.
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Table 3.2: Input and output variables employed in the proposed models

T
G
N

mestc

input variables

Im stc

I:‘mistc
Voc stc

ISC stc
Pm
Vim
VOC
ISC
I 25
Iso
leo
170

output variables

Im
8o
loo
los

WhereT is the temperature iC, G is the irradiance in W/ andN is the number of
cells. The subscript. denotes the value of thespective parameter at STC. TB&C
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 latendgta.

The collected data arken transferred to EUREQA to build a mathematical model for
each of the output parameters as a function of one or ofidhee aforementionethput

variables. The mathematical modgknerallytake the following form:
Y = f(T’G’ N’\A_stc’ Im_ stc? Pnl stcvog stcl sC s)c (32)

WhereY represents any of the output variables liste@ahle 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 de&ibing
parameter behawopropely. For example, the mathematical model of open circuit
voltage may include theaximum powemodelas an input variable, along with the other

defined basic input variableEhis may take the following form:
Voc_mdl = f(T’G’ N’\/m_ stc? I m stc Pm stcv oc stc’ sc SIP _m n)d (33)

The flowchart shown inFigure 3.4 summarizes all steps needed for the mathematical

modeling of all output parameters.

Select various PV modules from
MATLAB/SIMULINK library

For each module, generate 9V turves
representing 9G andT points

.

At each tV curve, records, T, module
parameters at STC and the ten key poir
~ . W,

v

Transfer data to EUREQA and start
building model for each output paramete
W,

.

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 parametensodels, 20 PV modules are emy#d to generate theM
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 sted inTable 3.3. For example, the first
PV module in theable has 63 W maximum powand 22 cells. The parameters values at
STC are 11.9 V for the voltage at maximum power, 5.3 A forctiveent 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 | VaV) | 1A | PaW) | Voe(V) | 1sc(A)
22 11.9 5.3 63 145 | 55
24 | 1345 | 565 | 76 16.2 | 6.02
60 | 29.02 | 758 | 220 | 363 | 83
60 29.6 7.7 228 | 378 | 8.3
60 | 29.42 | 7.99 | 235 | 36.96 | 8.48
72 40 5 200 | 478 | 54
72 39.8 5.4 215 | 483 | 5.8
72 405 | 555 | 225 48 5.93
72 405 | 588 | 238 | 485 | 6.25
72 405 | 593 | 240 | 486 | 6.3
96 542 | 545 | 295 | 63.3 | 5.83
96 547 | 549 | 300 64 5.87
96 547 | 564 | 308 | 64.3 | 6.02
96 547 | 567 | 310 | 644 | 6.05
96 547 | 576 | 315 | 646 | 6.14
96 547 | 582 | 318 | 647 | 6.2
96 547 | 586 | 320 | 64.8 | 6.24
128 | 729 | 535 | 390 | 853 | 5.72
128 | 729 | 549 | 400 | 853 | 5.87
128 | 729 | 569 | 415 | 853 | 6.09

For each PV module, ninepgoints of temperature and irradiance values are generated
The corresponding-V curve is plottedat each point, and all thmput and output
parameters are identified and recorded. To cover a wide range of operating conditions,
the irradiance values are varied from 200 to 1000 ¥Winsteps of 100 W/fwhile the

temperature values are changed from 15 t6@Gn steps of 5C. 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 ahe data composed of 20 PV modules90
points (thus 1800 entries) have been collected. In other words, each inpatitand
variable has 1800 entries to be processed by EUREQA for building the mathematical

models. Models with different fitting accuracy can be obtainedsiygEUREQA.

In EUREQA software, mathematical operators that are used to build the models must be
sdected before startg searching for the models. Different operators are available like
addition, division, absolute value, exponential, factorial, square root and many other
operatorslnitially, the basic mathematical operations aetected to formulatéhe best

model for each parametelf the model does not fit the data accurately, additional

operators are selected and the process is repeated till theaoosttemodel is
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generated. The flowchart shown iRigure 3.6 illustrates the process of models

D

y

Select mathematical
operators

generation.

Start simulations and
searching fomodels

Select the best generateo
model

Accur a No
accept

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 combinatiotill the desired level of accuracy is achievédble 3.4
summarzes the generated models accuracy with respect to each combination of

mathematical operator€oefficient of determinatio(R?) is usedas a tool for estimating
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the models accuracy.arge number of combinations can be selected. The table shows
that the combination of addition, subtraction, multiplication, division, constant, sine and
cosine operatrs gives the best fitting accuracy for maximum power evaluation models.

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

Table 3.4: Impact of changingoperators on theaccuracy of maximum power models

selected mathematicaperators R? of the best generated mod{
+,0, %,/ 0.9392
+,1, X, /, constant 0.9998
+,T, %, /, exp, log 0.9531
+,1, X, /,abs 0.9427
+,T, %, /,constantsin, cos 0.9999
+, T, constant, abs, square root, exp, po 0.9886

In summary, lte best selected model for each ofdhigut parameters is as follows

P, ma=08N_ . +0.00GP, . V¥  sin(.8 16 GTV, «
(3.4
-V, 4 -3.88 31(vam_ oo w0 52 19 GTP, .
Iy ma =0.009 +6.42 310G 6.00aH .. &ooBe_ _
2.73 10°G -1.63 16'GP, . T? (3.9
+ - -0.047
cos(N)
V — I:)m_ mdl
m_md — 1. (36)
m_ mdl
V. na=0.056 +0.158 _ 40.0008V_ _ £.95 ¥GV_ _
0978 - 0.243- 0.0008 P (3.7)
+ m_ mdl oc_ stc m_ mdl _ OOO(BV ,
m_ mdl -
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1.25% 10'GT

| =0.00GI +4.44 3UGTI i
dl sc_ stc sc stc Sln(4.12+ N )

sc_m

|, ,=0.0008_ _ +0.0008l ~_ +6.34 IGSTI .

50_m Cc stc

- 3.25310GT” coy( _ +0.0006 _“) +0.0085_

st

=0.49 +0.5
25 _mdl sc_ stc 50_ md

|, =0000G +0.00081 _  +2.67 IGT

60_m

+ 1.883 10GI2 +.57 IWET® cos(0.R2

sc_ stc

I =0.00¢ _ +0.000@I =~ = +0.00@& _

70 _mdl

+ 3.58310GTN -0.052 -8.45 FOGN’

|, . =0.013 +0.006I .51 IMG" cos(0.182

80_m

- 4.37310°TG*I°

m_ stc
4.03P " 0.341
=1.7 +0.0006 + ="
90 _mdl 60 _mdl
oc_ mdl
- 0.0008 - 0.329 - 3.97
oc_ mdl sc_ mdl m_ mdl
| =2.41 +1.87 ©.10%, , 0.004 3I75
95 _mdl 70 _mdl 90 _mdl _m 80 _mdl
+ 0.338 coisg3 -l ) -0.1RP1 |
90 _mdl 0 _mdl 50 _mdI 60 _mdl 90 _mdl
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These models represent the ten key points that are redoirgénerating the-V curves
for any PV moduleThe validity andeffectiveness of thenodels aressessed in the next

subsection.

3.3.2 Simulation Results and Models Assessment

The validity of the models iassessed using alternative PV mieg with their respectes

STC parametersand new temperature and irradiance valu&@hree comparative
assessment casa®e consideredin the first case, ten random PV modules are selected
from the SIMULINK library. The 4V curves generated from SIMULINK simulations are

then benbmarked with the proposed models at three random temperature and irradiance
points. In the second case, three commerciallylavai PV modules are selectechel

chosen PV modulesave experimental data providddoughma nuf act ur er 6 s d a
The proposed mathematical models are subsequentlypamd with the module-V

curves from data sheets 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.

3.3.2.1Comparison with differenfPV 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 represet different manufacturers and STC values. The specifications of the

selected modules are shownTiable3.5.
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Table 3.5: PV modules specifications selected for models assessments

manufacturer N | Vn(V) | Im(A) Pn(W) | Voc(V) | lsc(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
PVs Fire Energy 48 23.6 7.62 179.83 29.4 8.2

PVs 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
PVs | Hengji PVvTech | 36 | 18.52 | 5.13 95.01 22.56 | 5.54
PVq SunPower 128 | 72.9 6.04 440.32 86.5 6.5

PVip| 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 FV curves are then plotted using SIMULINK simulatioasid the proposed
mathematical modg repesented by equations (3:@.195. Figure 3.7 to Figure 3.16

show the 1V curves for all selected PV moduleshe comparison showthat the
propogd models fit thesimulated {1V curves characteristicsThis verifies the
effectiveness of the proposed models to predict-Meurves of any PV module, at any
weather condition, by utilizing only the information provided in the data sheet at STC, in

addtion to temperature and irradiance values.
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Figure 3.7: 1-V curves of PV module # 1 at the indicated weather conditions
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Figure 3.8: -V curves of PVmodule # 2 at the indicated weather conditions
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Figure 3.9: 1-V curves of PV module # 3 at the indicated weather conditions
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Figure 3.10: 1-V curves of PVmodule # 4 at the indicated weather conditions
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Figure 3.11: 1-V curves of PV module # 5 at the indicated weather conditions

5 10 15 20 2
voltage(V)

simulink
2 o O model
G=947.21 W/m* , T=36.12"C
O o o -
S T’\?’a\
2 o \
G=o55.00 W/m™, =301/ "C \
© = = =
A\
\K
A _ Ao 6O ANl T 4 4O~
G=303.92 W/ ,T=1554 \
S = = = =
AN
5 10 15 20 25 30 35
voltage(V)

Figure 3.12: 1-V curves of PVmodule # 6 at the indicated weather conditions

39



[
8 simulink [
) G=835.43 W/m? , T=22/45°C O  model
7 d - 3\6\
6 2 o
) G=622.83 W/m? , T=26/83°C \
g 5
g G=448.97 Wim? , T=42/09°C
£ 40 © & _— \Nﬁ
(&)
3 \ \
2 \ \ \
| \
0 & ©
0 20 30 40 50 60
voltage(V)
Figure 3.13: |-V curves of PV module # 7 at the indicated weather conditions
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Figure 3.14: -V curves of PVmodule # 8 at the indicated weather conditions
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Figure 3.15: 1-V curves of PV module # 9 at the indicated weather conditions
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Figure 3.16: |-V curves of PVmodule # 10 at the indicated weather conditions
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3.3.2.2Comparison with parametersxtracted fromcommercialPV module datasheet

For thisassessment, three commercially aafalé modules are selected. The technical
specifications are listed imable 3.6. The specifications dateheet including thd-V
curves for the three modules are shown in the appemtlix points on théV curves are
extracted using Digitizelt softwarfl01]. Figure 3.17 to Figure 3.19 compare the-V
curves of the selected modules derived via SIMULINK simulations, the proposed
models and the extractepoints.The effectiveness of the modgderformance is verified

by the similarity of the depicted -V curves for all modules tadifferent weather

conditions.

Table 3.6: Selectedcommercial PV modules employed in models assessment

manufacturer N Vi (V) Im(A) Pn(W) | Vo (V) Isc(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

PVs SunPower 128 72.9 5.83 425.01 85.6 6.18
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Figure 3.17: -V curves of 245 W Senergy module(a) T=25°C and different G (b) G=1000 W/nt and different T
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3.3.2.3Comparison 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 circuiire extracted using some optimization algorithms. Fhe |

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 if102] has proposed aalgorithm to estimate theV curves of PV
modules based on the Levenligvtarquardt (LM) method. The performance of this
method is then compared with six alternative methods including genetic algorithm (GA),
pattern search algorithm (PS), mean value #gmo(MVT), Saloux model, naelinear

least square (NLS) method and Ga8ssdel (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 listetable3.7.

Table 3.7: PV module gecifications at STC used irf102] for methods assessments

N Vi (V) Im(A) Pm(W) | Voc(V) Isc(A)
60 30.3 8.25 250 37.3 8.76

The model proposed in this chapterestimate the maximum power is applied to this PV
module as well. The aforementioned methods are compared wdriental data
provided by[102] at different weather conditions. The models are estimated at a
temperature of 28C and irradiance values between 300 and 7003\¥he experimental

results for evaluating the maximum power are liste@idble 3.8. The simulationresults
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of all seven modelpresented i102], as well as the proposed model in this chapter are

shown inTable3.9.

Table 3.8: Measured maximum power data at different conditing102]

G (W/n) Prm_exfW)
300 74.2
500 125.70
700 176.8

Table 3.9: Maximum power evaluation usingthe proposed model and102]

method | G (W/nf) | P 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 indicat¢hat the proposed model for estimating the maximum power has

superior accuracy ovehe seven other reported methotisthe proposed methodology,
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the maximum power model only requires one equationcératoe evaluated without any
iteration process or sophisticated operatiofnisis has resulted in fast execution and

estimation of the maximum power value.

The authorsn [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. Themdthod is also
employed by the authors fanaximum powerestimation. The perfomance of this
methodis evaluated at 25C temperature andradiances of 300, 500, 700, and 900
W/m?. The experimental results are listedTiable 3.10. The resultsof maximum power
evaluation using the LM method and the proposed madesummarized imable3.11.

The proposed model has again outpented the method proposed 03] in terms of

both execution time and estimation accuracy.

Table 3.10: Measured maximum power values at different condition$103]

G (W/n) Prm_ex¢W)
300 29.93
500 50.38
700 70.75
900 90.43

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

Method | G (W/nf) Pm acdlkW) | Pm (kW) | 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 if104], the crucial points at theM curve have been evaluated
using three approaches including the Sandia model, software simulations, and adaptive
neurcfuzzy inference systems (ANFIS). A 70 W PV module is selected with

specifications listeth Table3.12.

Table 3.12: PV module sgecifications at STC used irf104] for methods assessments

N | Vm(V) | Im(A) | Pn(W) | Vec(V) | lsc(A)
36 | 165 4.24 70 21.4 4.7

The predicted parameters KH§04] are open circuit voltage, short circuit current,
maximum power vaage, and maximum power curreimulation results comparing all
techniques at temperature of Z5and differentrradiance values ailstedin Table3.13
The resultsshow that the results oféehmodels proposed in this study are simitawhat
were obtained by the estimation approaches predeimtg104]. For example, at 600
W/m?, the results have shown an error of 0.35 % in estimafiagshort circuit current

using the proposed model with respecBemdia model.
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Table 3.13: Parameters evaluation sing the proposed model anf104]

method G (W/nf) | Voc es(V) lsc_es(A) Vin_es(V) Im es(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 afparametersliscussed in the presentedblications

3.4 Application of the Proposed Models foMPPT 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 algorsthm PV sysems can
significantly help to harvest the maximum power under varying environmental

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

powe at any change in such environmental conditions.

This section discusses the application of the proposeldematical models ttrack the
MPP of PV systems. The performance of the MPPT control is assessed by application to
two different gridconnected PV ystems. The methodology is also compared with two

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

3.4.1 Proposed MPPT Methodology

The proposedPPT methodology utilizeshe mathematical models preseniedthe
previous section. Y8 considering the modg@roposed for the voltage at maximum power,
and assuming that a BDOC boost converter is connected to the PV array, the optimal

duty cycle can be determined as follows:

D — Vdc ) Vm_ mdl 3 1
opt V ( . @

dc

Where Do is the optimal duty cycle andyc is the output fixed voltage of the boost

converter.

Utilizing equation (3.1p and the model previously proposed for maximum power

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

In this scheme, the voltage at maximum power is determined using its respeatige
which is defined in (3)6as the ratio othe modeled maximum power over the modeled
current at maximum power. In large PVssms this value is multiplied by the number
of series connected PV moduldd,. The optimal duty cycle is &m computed using
equation (3.1p The effectivenesof the proposed MPPT control is verified by

applicationto two different gridconnected PV systems.

3.4.2 Study Casetl: Application to 100 kW Grid-Connected PV systenj105]

3.4.2.1System descripn

This system consists of a 100 kW PV array,-DC boost converter and invertgr05].
The complete system has been built using MATLAB/SIMULINKie PV array is
composedf 66 strings of 5 seriesonnected, SunPower 305 W modulesramted in
parallel. The total power is found as 66x5x305.2=100.72 kW. TheOlCconverter
output is connected to a common 508:-\bus. The layout of this scheme is depicted in

Figure3.21.
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Figure 3.21: Scheme of the 100 kW gridconnected PV system

3.4.2.2Results and analysis

Bl

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

as shown inFigure 3.22. The simulations are carried out using the ib&sedMPPT

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

approaches are shown kigure 3.23 for the extracted power comparisofihe maxmum

power extracted using both approaches are idenfite. 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 systenf105]

3.4.3.1System description

This system consists of four PAfrayseachdelivering100 kW at ST(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 differenteather conditions. The outputs of the boost converters are
connected to a common DC bus of 50@8cVEach converter is controlled bgn

individual MPPT. The configuration of this system is showRigure3.24.
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Figure 3.24: Scheme of the 400 kW gridconnected PV system

3.4.3.2Results and analysis

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

is subjected to temperature and irradiance profiles different than the other arrays. The
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proposed temperature and irradiance profiles are depictédyume 3.25. Under these
weather profiles, the duty cycle for each IDC converter has been adjusted based on
the implemented MPPT algorithm. The proposed MPPT corgrecbmpared with the
MPPT control using P&O algorithnThe extracted maximum power profiles are shown
in Figure 3.26 and Figure 3.27 for the individual PV arrays and the complete system,
resgectively. Hficient performance capability of the proposed methodology has been

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

3.5 Summary and Conclusions of the Chapter

The main points addressed in this chapter include the following:

1 General predictive models fgenerating the-V curves of aPV module have
been proposed.

1 The models &n appropriatelevaluateten key points on theV curve with just
knowledge about the temperature and irradiance values, as well as the STC
values.

1 The performance of the proposed models is compared with SIMULINK

simuldions data and commercial module¥ Icurvesfor 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 poposed models are then employednplement aMPPT algorithm.

The proposed MPPT algorithm is applied to two different-gdadnected PV
systems and compared with the most commonly used MPPT algorithms; INC and
P&O algorithms.

The sinulations results havehownidentical 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 atsdeffectiveress since it tracks the MPP
efficiently.

Unlike most of the other techniques, the predictive models can be easily evaluated
using aiy tool. No special software is required to apply the proposed
methodology fordV curve prediction.

Having modeled the DC source, it is important to develop modelsdusehold

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 odfctrical power system. Proper
representatiorof loads caneffectively help tostudy 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 systeanalysis.

Moreover, efficient load forecasting and demand side management canideddby

building accuratemodels. The models may represent entire network load, a small
residential substation, a house or, more specifically, a single applianeelditon,

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 tils chapter is to build simulatianodels for some selectanajor AC and

DC householdappliance. The appliances models can be further incorporated into an

62



entire network to represent AC, DC or hybrid systems in order to carry out various

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

1 Building models for individual appliances for both AC and DC versions using two
approaches utilizing actual field measurements.

1 All electrical parameters can be obtained from the pmapenodels including
activepower, current and power factor.

1 The data gathered from field measurements are takem s=cond in order to
properlytrack the exact behavior of the appliances under study.

1 The modeling analysis includes tH@C appliancesavailable in the market

working at the commonly used DC voltages of Iz ¥nd 48 \4c.

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 230sdpply. The DCappliances are

supplied by &C source of appropriate DC voltage level including 12 &d 48 \Ac.

4.2 Methodology

The research method followed in this chapter is to measure and cobeetettirical
parameters data using actual field measurements for selected major AC and DC home
appliances. The collected data repres#re 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 goses the electrical specifications of the appliance

under a fixed supply vtdge. The researchethod issummarized as follows:

1 Step # 1. each appliance is operated for some predefined titreathensure that
all operating conditions are covered.

1 Step# 2: various electrical parameters are measured and eeceath second
using an efficientneasuring device.

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

1 Step# 4: dter the models aréormulated, they are validated and compared with

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

4.3 Experimental Setup and Measurements Process

4.3.1 AC and DC Appliances under Study

Various major home appliaes 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 DCversions in which the required tagk achieved irrespective of their
electrical specificationsThis 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

applianceare listed inTable4.1.
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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 Vic 35W 12 Vpc 20 W
fan 230 Vic 50 W 12 Vpc 15W
98 L refrigerator 230 Vac 95 W 12 Vpc 75 W
18,000 Btu air conditione] 230 Vic ~ 1500 W 48 Vbc ~ 1500 W

One of theDC systems issues is the breaking of the DC current due to the abseaoe of
crossing point. i the experiments performed in thstudy, as long as we are in low
voltage DC network, the normal AC breaker can be used successfufych DC
systems In this study,a 40 A conventional AC circuit breaker is implemented in all

experiments including the AC andC appliances measurements.

4.3.2 Measured Electrical Parameters

Three major electrical parameters are given attention in the measurements and modeling.
These parameters are theltage current and active powem addition to the power

factor that can be calculated from the measuredeotiand power values. Once $he
parameters are measured and recorded, the other parameters such as apparent power and
reactive power can be estimatdebr the purpose of this chapter, apparent and reactive

powersare not considered in modeling

4.3.3 Instrument used in Measurements
The devie 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. lahadficient measuring
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capabiity and large data saving memory by reading and storing the measured parameters

each second for several continuous opegatiours106].

4.3.4 Process of Measurements

All selected appliances are operated for some titha is sufficient to collect a
representative data for building the models. Based on the power characteristics of each
appliance thebehavior and performance of the TV, lamp and fan are not affected by any
other factors such as ambient temperature, raoea 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 facta masor or negligible
impact. Moreover, as statén the study preséed in[107], the refrigerator dar openings

have small impact in alteringefrigerator 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, inding the refrigerator.

The desired temperature and the initial room temperature are main two driving factors the
affect the power consumption behavior of gieconditioner. Br measuring the AC and
DC air conditioners performances, all operating conaitibave to be identical for both
AC and DCcases. These include same set temperature, same initial room temperature

and same room to be cooled.

Table4.2 summarizes the duration for carrying out the measurements and collecting the

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

appliance measurement duration (hours
air conditioner 4
refrigerator 24
TV 1
lamp 1
fan 1

4.4 Proposed Modeling Approaches

In this section, each appliance is modeled using data gathered from real measurements.
The parameters considered in the propasedels 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 betor of the appliance. The second ammio isbased

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 MathematicalRepresentation
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 EURE®@Arso

Based on the measured data, an output paranYatan be formulated as a functionaof

input parameteiX. This formulation takes the following form:

Y = £(X) 4.1)
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Where Y represents any of the output parameters including power and cuxent.
represents any input parameter such as guppltage and time. ¢t all selected

appliances, the proposed models arenfdated for the followingparameters:

1 Active power

1 Current

Theinput 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 thisscasenly
dependent on manual switching by the user. Theseamgpels may be represented by
constant valuesin addition, time variable is included in the appliances in which their
operation is based on pulsating and periodic behavior. The applianceassifiedd and

modeled based on their operation characteristics

After the models are formulatethey are incorporated into MATLAB software for the
purpose of representing each appliance by a MATLAB code that includes all

mathematical relationships represeg 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 ussd here
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 stas by assuming that any appliance can be representedphyallel

combination of resistoR, inductor,L and capacitorC, as shown ifrigure4.1.

I
L

| I I
b

Figure 4.1: Parallel RLC circuit used for appliances models

Iz Ic

1

1

.l
]

The values oR, L andC can be determined using the equations of paml&l circuits

by employing the vales of the measured parameters.

4.4.2.1Resistorestimation

To estimate the value of the resisterthe following equation is used:

R=— (4.2

WhereV is the supply voltage arfélis the active power found from the measurements.

4.4.2.2Inductor and capacitor estimation

To evaluate thénductor and capacitoralues the equation athe power factor of parallel
RLC circuit as a function of ituctor and capacitor is first formulatethe 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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A{Z})

pf ==
2]

4.3

Where|Z|is the magnitde of the totaimpedance

Using circuit theorem, it can be shown that plogver factorof parallelRLC circuits is

1

2 1.
\/(1+R (wC —M) )

pf =

4.9

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

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

minimize (pf, - pf, ¥ (4.5)
Subiject to:

1210° ¢ 00 1¥° (4.6)
1310° « t00 1©0° 4.7

Wherepf, is the measured (actual) power factor afidis the estimated power factor

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

At this stage, the calculated valuespL andC are inserted into the paralleLC circuit
shown inFigure4.1. 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 represegtisat appliance by a SIMULINK modeNext
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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 moaefirmaches to

the selected AC and DC applianceBhe section builds the mathematical models
formulated to the considered appliances and evaluates the values of the pa@llel
circuit elements for each appliance. As the operating characteristics ala $amithe

TV, lamp and fan, such appliances are modelethb same concepth&e appliances

are categorized in one category in which their working performance follows steady and
constant behaviorunder fixed inputvoltage The second category includdbe
refrigerator and the air conditioner in which the oisgabehavior of thee 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 the 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 lyyodimer operating conditions. After

the appliance performs its intended job, it is switchdéF Gnanually by the user.
Different types of loads belongtthis group. fie TV, lamp and fan are categorized to

this type of appliances. Thaurrent and power priés of these appliances arg&mply
modeledas constant value3.able 4.3 summarizes theurrent and active power values

for category | appliances
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Table 4.3: Power and current valuesfor mathematical models of category | appliances

appliance | input voltage | active power (W) | current (A)
AC TV 230 Vac 32.5 0.32

AC lamp 230 Vac 9.3 0.08
AC fan 230 Vac 46.5 0.21
DC TV 12 Vpc 24.4 2

DC lamp 12 Vppc 7.1 0.59
DC fan 12 Vpc 14 1.16

These constant valuese stored im MATLAB M-file or in SIMULINK for representing
the active power and current of each appliaace, then can be simulated for controlled

simulaton intervals

For the circuit representatiaapproach, the measured actp@ver and current are used

to evaluate the resistor, inductor and capacitor values dRltixcircuit as discussed in

the previais sectionlin this case, the measured active power and current of the AC TV
during the operatiorinterval are required. tA230 Vac input voltage, theaveraged
measuredactive power is 32.58 W, current is 0.82and the calculategower factor is
0.45 This gives the values of the resistor, inductor and capacitor of the p&thllel

circuit as 1623.54 ,84.72mH and79.78uF, respectively.

The evaluated elements values are inserted now into the SIMURNGEK circuit with
230 Vac supply voltageas shown irFigure4.2. 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 powen DC circuits. The resistors values are evaluated by dividing

the 12 \b¢c supply voltage by the averaged measured DC current.

Table 4.4: Circuit elements values for appliances under category |

input voltage R(Y) L (mH) C (UF)

AC TV 230 Vac 1623.54 84.72 79.78

AC lamp 230 Vac 5667.69 71.37 99.42

AC fan 230 Vac 1137.74 84.48 82.63
DC TV 12 Vpc 5.91 - -
DC lamp 12 Vpc 20.16 - -
DC fan 12 Vpc 10.35 - -

Each appliance is now modeled using circuit representation. The models are implemented
using SIMULINK in which each appliance has its own pardREelC circuit model that

represents its electrical characteristics.

4.5.2 Category Il: Appliances with Pulsating Operating Characteristics
The AC ar conditioner and theefrigerators adopted in this study are all of ON/OFF
compressotype. On the other hand, the DC air conditioner selected in this chapter has a

variable speed compressor. Thevweo consumption profilesf thee devices are depicted

73



in Figure4.3 for a samplenterval of twohours. The pulsating behavior is clear in case of

the AC air conditioner, agvell as the ACand DC refrigerators. Theame modeling
procedure is followedor modeling such applianceshe 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 roomhélmodeling approach of the DC air conditioner is

slightly different.

For the devices with pulsating behavior, it is not possible to model suchibels
constant values. #\the pulsating behavior in this case is tidependent, the electrical
parametes 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 ardumeg and
recording the electrical parameters as well as initial and current room temperature values
each second. The modeling analysis is based on some spepiieding conditions. The

following are the operating conditions considered in this arglysi

{ initial room temperature is 3.
1 desired temperature is 2G.
The figureshowsthat the AC air contdoner starts and continues aperation for a long
ON cycle for some time before it fluctuates between almost symmetric ON/OFF

positions. The firstdng 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 Baced

on a 30°C initial temperature and a 28 set temperature, it is found that the first long
ON intewval 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 camnpietiel is divided to three
equations as functions of time. The first equation represenisothier valueof the first
long ON interval wherasthe other two eggtions represent the power valuwéthe OFF
and ONintervals, respectively. Theodels of thgpower 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.
61291+ 0.084 +129.9sin(0.004 )- 0.096 sin(0.0046 )

kt <1561
4441+ 472310t 8.4 16t cos(0.a45) 038 9cos(Oth-

1562 744 ¢ <1869 +rddwheren  £.2,.,11

1408.4sin(0.00074 0.078 sin(0.0446-) 55.67 Z274in(0.046 )
elsewhere

P -_—

AC_ air conditioner —

(4.8

— ) =) =) ) =)

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

85.68+ 0.0004 +0.57sin(0.004 )- 0.0004 sin(0.005)
kt <1561

3.85+ 0.038310t* +0.03 1&* co0s(0.045) 0.003 0.078@6=5 ),
1562 744 <« <1869 +7d4where n=1,2,...... 11

6.28sin(0.0007  0.0003 sin(0.046-) 0.25 0.3irg0.046 ),
elsewhere

—> = = (D

I ~

AC_air conditioner — |

(4.9

—_——) =) —>
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Wheret represents the time in seconds and the number of periods. Each period has

one complete ON/OFF cycle.

The firstequation 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 dhe 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 thstarting of operation. ii@e the set temperature has been reached,
the pover gradually decays to a valwcorresponding to thadjusted temperature. The
following equation represents the power characteristics of the DC air conditioner at the

specified operating conditions:

Te20+1.2 +7 cos( 0.0a2 )ﬂ 1.6cos(5.5 Ok
3 cos(2.4+ 20)
i ¢t ¢80
PDC_airconditioner:15'4g +.75 10"t 12.32 8.15 18t° 1.55 fo*= | (4.10
81tt ¢882

516.58¢elsewhere

—_ =) —) —) —

The current is foundy dividing this equation by the input DC voltage, which is 43 V

in this case.

The AC refrigerator follows the same modeling procedure performed for the AC air
conditioner. The behavior in thissmis pulsating ovehe entire operation interval with
symmetric ON and OFF cycles. When tbempressor is OFF, the powealue is zero.
Therefore, one represaive ON cycle can be modeled. Themaning cycles are just
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repetitionsof this cycle. For the ON cycle, the active power and current are represented

by the following equations:

997 7736 . - 8785 76497
£

Pac. refigerator = 722 0402 sing 0.0¢ 4.1
ACreerter t 21.2+t? ) wse 4o 10
_ 2 s 3581 :
lac_reiigeraior = 0-54 +4.15 4Ct* 5.8 161" —+—— 0001 81-1D (4.12
- 9.3+ 0.2

The range of th time variable is from 1 to 6G&conds which is the dation of each ON
cycle. The above equations are evaluated for the time sdhoen 1 to600 seconds. fie

OFF cycle lasts fo600seconds. 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 cammpéemented easily using

SIMULINK blocks or an Mfile code usindor loop andif statementsn MATLAB.

Following exactly the same approach, the power consumption of the DC refrigerator is

formulated as follows:

149.2 106 6 77.7
PDC_refrigerator 57.6 _t t 18.6si n'(_ )*S n(S n(_ ))

57.6+ 10. 6smL )sm(smL7 (4.13

+ 6. 3SIH@- 5747 7 )+
t? sm(—)

The ON and OFF cycles duration in this case @60 seconds and 100&econds,
respectively. The DC refrigerator current can be calculated by dividing the modeled

power equation above by the supply DC voltage value, which i$¢2 V
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In case of circuit representati@pproach, the ON cyclor the AC air conditioner is
avaaged as an active power of 13B0and current of 6 A. The elements values are then
estimated based on these values. Thigeegiconstant performance ovdre entire
operation interval. To representetpulsating behavior, this constant profile is controlled

by a pulse genator waveform that has a peak valofeone 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 theNycle. The circuit diagramaf the AC air conditionemodel is

shown in Figure 4.4. Other appliances in this category follow the same approach.
Table4.5 and Table 4.6 list respectivelythe circuit elements values for #IC and DC

appliances undehis category.

Figure 4.4: AC air conditioner SIMULINK model using circuit representation

Table 4.5: Circuit elements values for category IIAC appliances

R (YY) 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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