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The concept of microgrids, just like the renewable energy systems, is not entirely new, but not

until recent decades did these technologies gain tremendous interests from researchers, utilities

and governments. The world now clamours for renewable energy integration into the conventional

electricity supply chain. However, setbacks challenge renewable sources and their integration. The

uncontrollable intermittency of the sun irradiance and wind speed needed for solar photovoltaic

and wind energy generation respectively have made these energy sources non-dispatchable. Hence,

neither the conventional power grid nor the renewable sources are 100 percent reliable. This thesis,

while acknowledging the reliability issues of these sources, intends to make-out possibilities for a

hybridized microgrid system. In particular, the wind, battery and solar energy resources will be

used in connection to the grid for improved energy supply reliability of several consumer types.

In analyzing the reliability performance of the hybrid renewable system, a new set of formulations
for load points and system reliability indices are proposed. This method is based on a pseudo-
digitization technique of recording system conditions over the mission time which aids analysis
via counting procedures. A method of obtaining the tie-sets between sources and load points based
on depth first search was also proposed. A four-objective optimization model is formed and solved

via a mixed-integer multiple objective particle swarm optimization method for several cases. Long
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term models of wind turbine, solar PV, battery and conventional DG are employed. Ten years of
real life data of solar irradiance, wind speed, and temperature were used as inputs to the models.
The method provides a viable means of improving several reliability indices of any distribution
system with minimum cost implications for both installation and operation costs. The methods
proposed and utilized can serve as a motivation for further digitization of electric power systems
studies in general. In the sense that, formulations can be made compatible with the ways digital

equipment view and utilize data.
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CHAPTER 1

INTRODUCTION

The non-renewable nature of depleting fossil fuels, issues of climate changes, and calls for
increased power quality and reliability, have provoked worldwide concerted efforts seeking
solutions in distributed generations (DG), microgrids and the ultimate smart grid. The microgrid
is at the center of this new scheme; it contains at least one DG and load, and also serves as building
block for the smart grid [1]. Essentially, the microgrid is popularly termed as a consortium of
energy generation resources, storage facilities and associated loads, together perceived as a single
entity capable of power balancing function and, demand and supply resource management [1] [2].
The de-facto concept of microgrid is not entirely new. During Thomas Edison’s era in the late
nineteenth century, the power system was modular and generators were only installed at the
distribution level before the support for centralized generation by state-regulated monopolies

became rampant [3].

However, recent literatures reiterated that recent driving forces for the successful comeback of
microgrid concept are breakthroughs in power electronics, solar photovoltaic (PV), wind turbines,
micro-turbines, fuel cells, energy storage technologies and so on [1] [2] [4] [5]. The microgrid
conceptualizes the connection of generation resources close to consumers on the low voltage grids,
460V class, supports the integration of diverse renewable and non-renewable energy sources, such
as wind, solar energy and internal combustion engines. It also makes heat energy easily accessible
through combined heat and power (CHP), i.e. cogeneration, which increases the thermal efficiency

of generation plants to about 70% [6].



Several features of the microgrid scheme earns it several advantages over the hierarchical,
unidirectional power flow convention of traditional power grid system. Microgrids are established
at the power distribution system level either by reconfiguration of existing distribution system or
newly built [4]. This proximity to loads precludes power losses hitherto incurred when power is
transferred via longer transmission lines from centralized generations to distant loads. Efficiency
is therefore improved. Microgrids can operate in two modes—grid-connected or standalone—and,
any DG that is only grid-connected and cannot operate in the islanding mode is merely referred to
as grid-tied DG [7] [8]. The microgrid islanding capability enables the microgrid to disconnect
from the utility grid during times of disturbances or fault in the local grid. This increases the

availability, reliability and power quality of electricity supply.

Through the capacity to integrate and operate only on renewable energy sources and use of storage
facilities to smoothen generator responses, the microgrid can operate environmentally friendly
power generation system, hence reducing carbon footprint and ameliorating the dangers of climate
change. Furthermore, the microgrid architectures are either AC or DC bus types. These
architectures and advanced power electronic technology facilitate the plug and play feature which
is critical to the potentials of microgrids. The plug and play feature is what enables any types and
numbers of electrical power energy sources to be connected to the same bus and feed loads in the
same microgrid. Also, this feature eases the rigmarole of expansion planning, rather than the
extensive transmission and distribution planning which takes years to accomplish and is very
costly.

1.1  Thesis Motivation

Electricity is said to be a fresh commodity, that is, demand and supply must be balanced at all

times with or without storage facility. Hence proper amount of generation facility must be



scheduled for the load at times. Usually, load demands are usually volatile and really never
constant but generation can be ramped up and down to satisfy the load. This is the working
condition of the conventional power system where all the generation facilities, majorly turbine-
generator systems, are dispatch-able units. In the modern grid structure where several renewable
energy resources are to be integrated, the luxury to dispatch units at will is lost. This is because
most of the energy sources needed by these highly demanded renewable energy systems are
uncontrollable, intermittent, and cannot be stored in a direct form. The solar radiation required by
solar PV cells to generate direct current is dependent on time of the day, season of the year, and
other arbitrary weather conditions. The wind gale needed by wind-turbine systems is intermittent
and cannot be stored. Furthermore, the high heads of water falls cannot be solely claimed by hydro-
turbine generation station because these water bodies usually serve other purposes such as
irrigation, fishing and recreation. However, hydrogen and earth-crust heat required, respectively,
by fuel cells and geothermal stations seems more readily available. But the fuel cells, geothermal,
and other renewable energy technologies are not as researched and advanced as are the wind and
solar energy systems technologies in recent years. One of such advancement in wind and solar

systems technologies is the attainment of grid parity.

In a broader view, the intermittency of wind and solar energy is not necessarily a deficiency. These
resources usually oscillate between being in excess and deficient in supply. Therefore, another
function of the storage facilities is to store excess energy at times of abundance. Apparently, recent
power system technologies support varieties of energy resources integrated into the system such
as hydro-power and nuclear energy, wind and solar energy, fossil fuel, fuel cells, biomass,
geothermal, micro-turbines and cogeneration. Power demands are typically cyclical and consist of

daily peaks, weekly peaks and monthly peaks over the period of a week, month and year



respectively. Since some sources too are intermittent and unpredictable, these resources and loads
must be synchronized and optimized in order that peak loads at all demand cycles are efficiently
satisfied with minimum production and distribution costs, power losses, and maximum reliability.
It is worthy of note that the configuration of such a system must be well chosen. The sizes of every
installed generation capacity, the number of each type of unit to be installed, and where to be

installed, are the parameters of each unit that must be determined in the optimization.

The above mentioned fleet of optimization is what is aimed at in this thesis. However, the types of
DGs proposed for use in this work are mainly the solar-PV and wind energy systems, in addition
to storage facilities and few conventional generators. The effects of the randomness of the wind
gale and sun light on the electricity generation levels of wind-turbine and solar-PV energy systems
are put into consideration. A microgrid system with maximized efficiency, reliability, and
minimized cost and power losses is sought through multi-objectively optimized parameters of size,
numbers of each type of DG and storage to be used, and where to be placed. The downtimes
experienced by the different types of customers during failures are minimized through restorative

measures.

1.2 Thesis Objectives

The main objectives of this thesis are given below.

1. Tomodel the impact of renewable and non-renewable DG systems on the reliability of load
points.
2. To analyze the effects of the location, type, size and numbers of generation units on the

reliability of the microgrid system.



3. To develop an optimization model that minimizes the cost of investment and maximizes
the reliability parameters of the load points and entire microgrid system.

4. To analyze the effects of energy storage on the reliability of the microgrid system.

1.3  Thesis Organization

In the second chapter, past works from the literature about the effects of wind and solar DGs on
the quality and reliability of power systems. Several hitherto proposed methods and objective
functions for the derivation of maximum reliability at minimal cost are presented. A chronicle of
the most popular solar and wind DG models are also discussed. Several mathematical models of
solar and wind DGs, battery energy storage system, and cost function of conventional diesel DG
are given in the third chapter. In chapter four, a general tie-set algorithm, and a pseudo-digitization
method of obtaining reliability indices of any system are proposed. The thesis formulated problems
and methods of obtaining solutions, including the monte-carlo simulation and multi-objective
particle swarm optimization, are presented. The RBTS-Bus2 test system and results of several
system simulations based on the thesis problem formulations are presented and discussed in the
fifth chapter. Finally, the last chapter contains statements of possible future works and conclusion

paragraphs.



CHAPTER 2

LITERATURE REVIEW

2.1 Reliability Effects of Wind and Solar Energy on Microgrids

The sophisticated interconnection of the traditional grid system has both its advantages and
disadvantages. This interconnection helps in several ways to supply power to distant consumers,
make-up for loss of generation in a plant by other distant plants, reduces generation reserves, and
hence, reduces generation cost and increases the system reliability. However, there is a limit to the
reliability of the conventional power system based on it limited contingency design platform. This
leads to some of the disadvantages when a contingency limit is reached or major events occur,
such as natural disaster or accidents, a large number of customers are usually affected due to the
massive interconnection of the feeders and inherent transfer of the effects of outages [9].
Obviously, the significance and importance of the microgrid concept and structure can help

ameliorate these system failures.

The microgrid is an interconnection of a single type or varieties of microsources, storage systems,
and loads that the macro-grid sees as single entity [10] [11]. Typically, the microsources, such as
PV panels and wind generators (mostly<500KW) are situated at the load centers [10] [12] [13]
[14]. The microgrid could be AC or DC microgrid and can operate in two modes; on-grid (non-
autonomous), and islanded (autonomous) mode [15]. In on-grid mode, the microgrid is connected
with the main grid. This enables it to deliver or receive power from the main grid or otherwise in
accordance with the market policy [16]. Although microgrids are mostly sought to increase supply
reliability during contingencies, microsources are slow in response and have little inertia which

hampers their ability to immediately meet sudden rise in loads, hence, the need for storage



elements [17]. Storage systems, such as batteries, flywheels and super-capacitors, are used in
microgrids to meet such unbalance between supply and load. This intervention is required as often
as load fluctuates but for few seconds (<100s) with the requirements that the storage system has
high charging and discharging rates in order to satisfy immediate response. The heart of the
microgrid is an advanced power electronics interface that controls the disconnection, connection
and exchange of power between the microgrid and macro-grid [18]. Both power wind mills and
solar panels require power electronics and energy storage systems to smoothen their power

outputs.

The sole purpose of reliability studies of power systems is to measure and reduce the frequency
and duration of power system failures or interruptions. Interruptions have economic and social
consequences for both the utilities providing power and the power consumers [19]. The cost of
interruptions is usually huge based on the durations of the interruptions and types of customers
interrupted. The more sensitive the loads interrupted, the higher the cost, therefore, industrial and
commercial load interruptions are most costly [17] [19]. Venkataramanan et al [17] connoted that
distributed generation be used for sensitive loads. Moreover, in present dispensation, the concept
of microgrid shoulders the responsibility of improving the entire system reliability. Microgrids are
closer to the consumers and allow easy expansion by the “plug and play” feature where a
microsource can be added at any point without need for central system reconfiguration [12]. The
distributed generation concept of the microgrid will facilitate localization of the effects of faults,
maintain supply to local loads during faulty grid, and hereby, increase the reliability of the power
system. However, it is widely indicated in literatures that the microgrid is to support the macro-
grid rather than replacing it. In this thesis, solar panel and wind power supplies are used to support

the main grid system in order to reduce the frequency and duration of interruptions. During



interruptions on the main grid, these renewable resources are expected to supply the loads.
However, due to the unpredictable nature of wind and sun heat supply, these power sources are
not hundred percent reliable and the need to be critically studied. In general, the aim of microgrids
IS to increase system reliability and questions of what if the solar and/or wind is not available
during power failures come to mind. This is a probabilistic problem; however, reliable results are
possible after extensive study and analysis of trends. The two sources are tested on residential,
commercial and industrial loads. However, little research has been made on the reliability risks of

going green [20].

2.2 DG Sizing and Placement to Improve Reliability

The distribution system conveys electricity from the distribution substation to consumer
equipment. It’s divided into primary and secondary distribution systems which are widely radial
or partially meshed [21]. Due to this topology, failures in distribution system account for 80% of
the interruptions experienced by customers [22] [23]. Also, it is claimed that distribution systems
are accountable for 70% of the electrical power losses in power systems [24] and suggested the
use of flexible D-STATCOM devices in reducing system power loss and improving voltage
profile. In essence, the conventional distribution system is faced with power reliability issues and
several methods have been researched in literatures for improvements. Rajaram et al [25]
suggested continuous network reconfiguration of distribution systems, through switching of tie
lines, in order for continuous operation at minimal loss and improve voltage profile. Also, Muller
et al [26] proposed rebuilding of old systems using the Greenfield planning method to reduce
operating cost and increase reliability. However, in general, most of the proposed solutions in the
literature are broadly distribution automation (DA), smart restoration, and microgrid

implementation.



Most solutions require the installation of distributed energy resources, including distributed
generation (DG) and storage, as in the microgrid, while others call for additional control, two-way
communication, advance metering and monitoring infrastructure in the distribution system for a
self-healing system, as in the smart grid [27] [28]. As regards microgrid implementation, one or
more DGs must be installed to improve reliability, and this also makes islanding possible.
Furthermore, the location and size of the DGs must be optimized for an effectively optimum
operation. Several works in the literature with different methodologies, but similar objectives, have
been done. Bahram et al [29] proposed a new voltage stability index to optimally size and place
DG to enhance voltage stability and reduce active power losses while considering load variations
using the cuckoo search algorithm and imperialist competitive algorithm. Benvindo et al [30]
proposed a model that simultaneously considers capacitor and DG placements and capacity to
effect optimal system performance using a hybrid of tabu search and genetic algorithm (GA)
techniques. Amir et al [31] used the traditional multi-objective PSO technique to optimize loss
minimization, voltage profile improvement to optimally locate and size DGs in distribution system

while considering the economical merits for both the operator and the utility.

Sevya et al [32] proposed an analytical solution method based on base case power flow and most
beneficial location and size of DG considering both active and reactive power loss minimization.
Hajar et al [33] suggested a multiple objective model in a fuzzy ant colony optimization hybrid
method for location and sizing of PV array and DSTATCOM considering load balancing, voltage
profile and loss minimization. Neeraj et al [34] proposed improved versions of PSO, GA and cat
swarm optimization techniques for placing DGs and shunt capacitors for optimal reduction of
losses. Wanxing et al [35] proposed an improved nondominated sorting genetic algorithm that

deals with the familiar multi-objective power system problem of DGs sizing and location. Hegazy



et al [36] proposed the use of Big Bang-Big Crunch algorithm (BB-BC) for optimal location of
pv-modeled DGs where the Big Bang is about the spread-out searching of solution space while the
Big Crunch uses the idea of center of mass to converge all solution points and to choose the best
solution. Komail et al [37] claim that using an improved harmony search algorithm for the optimal
location and sizing of DG in a distribution system in multi-objective model of minimizing power
loss and voltage deviations is effective. For the nearest future, when plug-in electric vehicles
(PEV) become common, Kaigiao et al have proposed coordination of PEV charging at appropriate

times contingent on load profiles in order to preserve the reliability of future systems [38].

2.3  Models of the Solar and Wind DGs

Solar photovoltaic and wind energy have been tagged the two most important renewable energy
sources after hydro energy in terms of their totally installed world capacities, research spending
and attainment of grid parity [39]. In 2014, solar energy has reached grid parity in more than 19
countries while wind energy had earlier recorded such feats in most European countries. The solar
and wind energy presently have more than 177GW and 336GW globally installed capacity
respectively [39] [40]. Their applications ranges from power stations, transportation, water
pumping, telecommunication and signaling, to satellite missions. Obviously, these technologies

are very paramount and, hence, the importance of their mathematical modeling is high.

The solar PV performance and characteristics modeling, as well as wind energy, has received lots
of attention in the literature. Luft et al proposed a simple explicit I-V characteristic equation, called
TRW equation, for predicting the output of solar PV cells using manufacturer provided data [41]
[42]. However, this model grossly overestimates solar PV outputs at several points. King et al used
spectral data, empirically and directly measured parameters with manufacturer supplied data to

predict the power output and five points on the 1-V characteristics of any solar cell or module [43].
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The five points are voltage current pairs at open circuit, short circuit, maximum power, mid of
open circuit, and midway between maximum and open circuit points. The model is also known as
Sandia Array Performance Model (SAPM) and it is used by some PV modeling software. The
model has a good degree of accuracy but requires lots of not-easily-available input parameters and

can only predict five points [42].

The commonly used solar PV model is called the 5-parameter model. The model comprises a
parallel combination of an irradiance controlled current source, a diode, and a shunt resistor, all in
series with a resistor. Once the 5-parameters are calculated, usually at reference conditions, the
power output and I-V characteristics can be predicted for any temperature and irradiance. The
parameters are output of the current source, the diode’s reverse saturation current, series and shunt
resistor values, and diode ideality factor. The 5-parameter model equation is inherently implicit.
Several works and improvements have been done to the 5-parameter model. Hadj et al used
classical data provided by manufacturers, and slopes at open and short circuit point to plot the
output curve of the model [44]. However, curves at other conditions other than reference
conditions are obtained by translation. Barker and Norton proposed a scheme that manipulates the
combination of the SAPM, 5-parameter, and TRW equations [41]. It requires tuning of two
parameters, series resistor and ideality factor, to fit the characteristics at the two non-classical
points predicted by SAPM and uses TRW equation to avoid implicitness of the conventional 5-
parameter equation. They claimed that the tuning process will compensate for the inconsistency of

the TRW equation.

Desoto et al [42] proposed an improvement to the 5-parameter model by relating the temperature
and irradiance dependence of the needed five parameters to the model. By ensuring that

temperature coefficient of open circuit voltage is well accounted for, Desoto et al further achieved
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an improvement of the model. The model requires only manufacturer provided data. Desoto et al
model is used in solar PV modeling programs and shows better reliability and accuracy than all
the earlier discussed models. Furthermore, Hongmei et al expanded Desoto et al’s model to work
for modules of cells, and arrays of series and/or parallel connected modules [45]. This model can
also be used to study partial shading effects. The five parameter model is not entirely limited to a
single diode model. Two, three or more multi diode models have been proposed in literature [46]
[47]. These models are usually more complex with two additional parameters, diode reverse

saturation current and ideality factor, for each diode added.

More so, the improvements sought after is either not guaranteed or insignificant despite increased
complexity [47]. However, in 2015 Jing et al [48] proposed using generalized multidimensional
diodes in solar PV models. The model uses (nxm) number of diodes; where n is the number of
parallel branches and m is the number of series diodes per branch. This makes the model flexible
and configurable for any type of PV cell technology. Jing et al claimed that both single and double
diode model perform poorly at lower temperatures. The Jing et al model showed marked
improvement and accuracy than the single and double diode models. However, the Jing et al model
is more computationally extensive due to large number of parameters needed for modeling and the

use of particle swarm optimization technique for parameter calculation.

Mathematical models give designers, manufacturers and researchers the chance to easily interact,
predict, and vary several parameters and conditions of operations of any device without
consequences. This can also be said of wind energy systems. The wind turbine system technology
has received great attentions from researchers and sponsors within few decades. All subsections
of the earlier wind turbine systems have been fully overhauled. Blades are now longer, towers are

higher, individual blades can now be turned to improve efficiency and turbine protection at high

12



wind speed, and variable speed wind turbine systems are fast taking over from the conventional
fixed speed systems. At an attempt to the increase the accuracy of wind turbine output model,
Anderson and Bose paid a detailed attention to the aerodynamic modeling of several parts of a
wind gust thereby complementing the works of Wasynczuk et al on the effects of wind fluctuations
on the dynamic stability of power system [49] [50]. Wasynczuk et al [49] obtained a non-linear
relationship between the power coefficient and both tip speed ratio and pitch angle using least

squares best fit.

Initially, wind generating systems used synchronous generators directly connected to the grid. This
system can only operate at constant speed, the synchronous speed, despite the high fluctuations of
the wind. Hence the system was prone to frequent faults. Later on, cheaper and better performing
induction machines replaced synchronous generators. But the system was still directly connected
to the grid and tolerates only fixed speed operations. Recent achievements in the field of power
electronics and advanced control principles have made the wind energy system more robust.
Attention swiftly turned to electronic converter-assisted systems, such as the doubly-fed induction
generator and full converter wind generating systems. These systems are variable speed tolerant,
have higher performance, more flexibility, and can maintain rated output, however, they cost more.
Several studies and improvements of these configurations have been proposed in literatures;
stability analysis, wind forecasting, load modeling, grid integration requirements and issues,

control methods and load flow analysis including wind power.
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CHAPTER 3

SYSTEM MODELING

3.1 Solar DG Model

Several models have been developed to predict the 1-V characteristics, power outputs, and
performances of PV solar generators. These models work well for individual cells, modules of
series and parallel connected cells, and arrays of interconnected modules. Most of these models
utilize the Standard Reference Condition (SRC) or Standard Test Condition (STC) to calibrate the
parameters needed to depict their models. SRC defines the ambient temperature of 25° Celsius,
irradiance of 1000W/m? and air mass of 1.0 or 1.5 at which manufacturers usually provide solar

PV model data.

3.1.1 Sandia Array Performance Model (SAPM)

This is also referred to as King’s model. The SAPM method of modeling PV modules is to provide
information for five different points for a predicted I-V characteristics curve. These points include
the short circuit current (Isc), maximum power point (MPP), open circuit voltage (Voc), mid of
Voc, and midway between MPP and Voc. SAPM provides information about the voltages and
currents at these five points [43]. This model can translate the module data from the STC to any

other utility conditions. The SAPM model is presented in equations (3.1)-(3.14).

Epfo(AOD+F4E g
Ise = Isco f1(AMQ)[1 + a5 (T — To) ][ - Eq < dff] (3.1)
Imp = Impo [COEe + ClEg][l + Ay (T. — TO)] (3.2)
Vmp = mpO0 + CZNS6(TC) ln(Ee) + C3Ns[6(Tc) ln(Ee)]z + BVmp(Ee) ' (Tc - TO) (3-3)
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Voc = Voco + Ns8(T) In(E,) + Byoc(Ee) - (Te — Tp) (3.4)

Iy = LolCaEe + CsEZI[1 + aysc(Te — To)] (3.5)
Lex = Lixo[CeEe + C7Ee2][1 + Ay (Te — To)] (3.6)
Brp = ImpVmp (3.7)
FE= 1 (38)
Where:
Ee = Isc0[1+aIISch(Tc_TO)] (39)
5(T,) = M (3.10)
fi(AM,) = ag + a,AM, + a,(AMy)? + az(AMy)3 + a,(AM)* (3.12)
£,(AOI) = by + by (AOD) + b,(AOD)? + b3(AOI)? + b, (AOD)* + b (A0I)® (3.12)
Bvoc(Ee) = Byoco + Mpyoc(1 — Ee) (3.13)
Bvmp(Ee) = Bympo + Mpymp(1 — E,) (3.14)

Where AOL is solar angle of incidence, I,,,,, is current at maximum power point, I,,,,,o current at
maximum power point at SRC, I, is short circuit current, V,. is open circuit voltage, V, ., is open
circuit voltage at SRC, V., is voltage at maximum power point, V,,,,,¢ is voltage at maximum
power point at SRC, I, is currentat V = 0.5V, I, is currentat V = 0.5V, at SRC, I,., is current

atV = 0.5(Vip + Voo, Lexo iscurrentat vV = 0.5(V,, + V), at SRC, f;(AM,) is the polynomial
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relating spectral influence on I, to AM,, f,(AOI) is polynomial describing AOI influence on I,
T, is cell temperature, T, is cell temperature at SRC (25° C), T,p IS ambient temperature, E}, is
beam component of irradiance on module, E; ¢ is diffuse component of irradiance on module, E,

is dimensionless effective irradiance, F,; is fraction of diffuse irradiance used by module.

3.1.2 Luft et al’s Model

Luft et al proposes an equation to predict all the points in the 1-V characteristics of any PV module
[41] [42]. This model is represented in equations (3.15)-(3.17). This work was carried out with the
sponsorship of TRW Systems Group, hence, the TRW subscript in equation (3.15). An advantage
of this model is the simplicity of its usage. On the other hand, inaccuracies such as over-estimation

at several data points in Luft et al’s model, were claimed by Hart and Raghuraman [41].

\4

Itpw = Isc[1 — ky(eVockt — 1)] (3.15)
Vmp_
\%4

k, = —25— (3.16)

1
ln(l—ﬂ)
Isc

—Vmp

ky = [1— 2] eVock: (3.17)

sc

Where Irgy, is current predicted using TRW Incorporated equation, I,,,,, is current at maximum
power point, I, is short circuit current, V, is open circuit voltage, V;,,, is voltage at maximum
power point.

3.1.3 Improvement of Luft et al’s Model

Barker and Norton sought to use the strength of three different models (5-parameter, King’s and
Luft et al’s models) to improve the PV performance model [41]. The original 5-parameter model
is given in (3.18) while the improved model is given in equations (3.19)-(3.22). By using the points
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predicted by the King’s model, Barker and Norton manipulated the 5-parameter model to obtain a
function for current output in terms of two of the five parameters, R, and a, in a 5-parameter
model. Solving for I, in (3.18) by using the open-circuit voltage data point,/ =0at V =V,
gives (3.19). Substituting (3.19) into (3.18) and solving for I, considering the short-circuit data
point, I = I;. at V = 0, gives (3.20). Also by slotting (3.19) and (3.20) into (3.18) and solving for
R, considering the MPP, I = I,,,,, at V = V,,,,, gives (3.21). These three equations, (3.19)-(3.21),
are then slotted into (3.18) to obtain an implicit equation for I in terms of R and a. The implicit
function is very cumbersome, hence, is not shown here. Barker and Norton realized using the
implicit function did not give a steady result, so they replaced the I terms on the right hand side of

the function with Iy, as shown in (3.22).

V+IR
I=1,—Llea —1] 5% (3.18)
14
v, Voc
=24, e -1 (3.19)
Rp
IscRp+ IscRs—V,
lo = ~ 7o TRy (3.20)
Rp (e a —e a >
Voc Vmp +ImpRs Vo IscRs
(IscRs_Voc)<eT—€ a ) + (VOC—Vmp—ImpRS)<eT—eT>
Rp = Voc IscRs Vinp ¥ ImpFs  Voc (3.21)
Imp(ea—e a >+Isc<e a —ea>
V+ITRWRS
I=1,-1, [eT - 1] - —V“;RW’?S (3.22)
14

Where [ is the current output of the solar PV model and V is the terminal voltage at the solar PV

terminal, Iy, is current predicted using TRW Incorporated equation, I, is current at maximum
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power point, I, is short circuit current, 1, is open circuit voltage, V;,,, is voltage at maximum
power point, a is ideality factor parameter, I, is light current, I, is diode reverse saturation
current, Ry is series resistance of the Solar PV model and R,, is shunt resistance of the Solar PV

model.

3.1.4 Hadj Arab et al Model

The Hadj Arab et al model proposed a method to predict the I-V characteristics of PV modules
based on the analytical 5-parameter model. Once the five parameters, (1., I,, m, Rs, R,,), are known
and plugged into the 5-parameter model, (3.23), the I-V characteristics can be graphed for a

particular irradiance and cell temperature.

V+IRg
I=1,—1, [e e — 1] — (3.23)

Where:
v, =% (3.24)

Where V, is thermal voltage, k is Boltzmann’s constant, g Elementary Charge and m is ideality
factor.

The needed five parameters are obtained through classical information associated with any PV
module features, (Vo Isc, Vinp, Imp), @and Ry and R, defined in (3.25)-(3.26) respectively [44].
Equations (3.27)-(3.31) are used to calculate the five parameters at any particular irradiance and
cell temperature. To graph the I-V characteristics of the module at other ambient conditions
requires translation of the (I, V) points, usually at STC, to new points using equation (3.32)-(3.35)

proposed by Chenlo et al [44]. The curve is translated without distortion of its shape.

18



Vimp +ImpRso—Voc

m =

Vmp v Rplmp
v 1n<1 -1 )—ln(l "C)+
t[ sc Rp mp sc Rp IscRp‘VOC

-V,
AL

Ry = Ry — (22) emve

Io

IscRs
I, =1, (1 +If—) +1, (eth - 1)
14
Gz
lsep = Iscq G_1 + a(TZ - Tl)
G
Vocz = Voer + mVi In (G_j) + ﬁ(TZ - T1)

L=5L+ (Iscz - Iscl)

Vo=V, + (Vocz - Vocl)

(3.25)

(3.26)

(3.27)

(3.28)

(3.29)

(3.30)

(3.31)

(3.32)

(3.33)

(3.34)

(3.35)

Where Rq is series resistance of the solar PV model at SRC, R, is shunt resistance of the solar

PV model at SRC, «a is short circuit current temperature coefficient,  is open circuit voltage

temperature coefficient and G is total solar irradiance.
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3.1.5 The 5-Parameter Model

Desoto et al’s [42] improved the 5-parameter model and made the model compatible with minimal
information for its characterization. The improved model requires data only from the
manufacturer’s datasheets of a solar PV panel for characterization. The panel current-voltage
relationship is given in (3.36). Also, the equivalent circuit of the 5-parameter model depicting all

the five parameters is shown in figure 3.1. Where the parameter a is given as a = nKTN;/q.

Iy =

(VatiaRs) V,+ LR
1L—10[e A —1]—u (3.36)

a

RP
Where I, is light current, I, is diode reverse saturation current, R is series resistance of the Solar
PV model and R, is shunt resistance of the Solar PV model, a is ideality factor, and N is the

number of solar cells in series.

14

10 1”% gl vA

Figure 3.1: Equivalent Circuit of the 5-Parameter Model

As every other 5-parameter based model, once the five parameters (1., I, a, Rs, R,,) are calculated,
usually at SRC, the I-V characteristics of the array at SRC can be obtained. To produce the I-V
curve and P-V curve at any other temperature and irradiance, the parameters at that ambient
condition must be obtained. Equations (3.37)-(3.42) show the relationships of the parameters at
SRC to changes in operating conditions [51]. These equations are used to obtain the parameters at

different temperature and irradiance, however, R, does not change.
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I, = <_> [ILO + ay 5 (T, — Tco)] (3.37)

Go
T, 3 [Ego Eg
I, =L (_) |KTeg R (3.38)
TcO
TZ
E, =117 —4.73x 107* <—C> (3.39)
g T. + 636
R, G
p 0
. 3.40
Ry G (3.40)
RS = RSO (341)
e _L (3.42)
ay Teo .

Where Ry is series resistance of the solar PV model at SRC, R, is shunt resistance of the solar
PV model at SRC, a; . is short circuit current temperature coefficient, G is total solar irradiance,
G, is total solar irradiance at SRC, I, is light current at SRC, I, is current at maximum power
point at SRC, I, is short circuit current at SRC, 1, is diode reverse saturation current at SRC, E,

is material band gap energy, and E, is material band gap energy at SRC.

To calculate the 5-parameters at reference conditions, equations (3.43)-(3.49) are used including
information provided by the manufacturers. Equations (3.43)-(3.45) are based on the open circuit
(I4 = 0,Vy = V), short circuit (Iy =I5, V4 =0), and MPP  (I4 = I;ypo, Va = Vinpo)
respectively substituted into (3.36) at SRC. Equation (3.46) is based on the fact that the derivative

. I ap
of power at maximum power point is zero, o = 0. In order to properly account for

=Pmax

temperature coefficient of open circuit voltage S, (3.47) is used. In (3.47) temperature is taken
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within the range T = T,, £ 10. To evaluate V. at T, this open circuit condition is slotted into
(3.36) to obtain (3.49). Then equations (3.37)-(3.39), giving the temperature dependencies
of I;and I,, and (3.48) must be substituted into (3.49). Equations (3.43)-(3.46) and (3.49) are the

five equations necessary to solve for the 5-parameters at SRC.

_ Yoco VocO
0=1I0—Iple® —1 |- (3.43)
Rpo
IscoRso I..-R
Lico = 110 — Loo le aQ —1 l - 5;’ 0 (3.44)
p0
(VmpO‘HmpORso) V + 1 R
Impo = ILO - 100 [e (10 - 1 - mpo R :lpo S0 (3.4‘5)
14
(Vmpo+ImpoRso)
lop e tmeefte) -y
ImpO _ Ao RpO (3 46)
Vmpo I OR 0 (Vmp0+1mp0RSO) R o '
1 + 00" SO e Qg + S
Qo Rpo
aVZ)c Voc VocO
= = 3.47
Voc = Voco + Br (T — Teo) (3.48)
VDC
0=1, ea —1 |-=X (3.49)

In order to obtain MPP voltage and current at any ambient conditions, equations (3.50) and (3.51)
must be simultaneously solved. Equation (3.52) gives the cell temperature based on the ambient
temperature, irradiance level and NOCT.

(Vinp +ImpRs) Vo, + L,,R
Ipp=1,—1,le @ -1 |- % (3.50)
14
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L, =
II/’"P __ ¢ s )Rp (3.51)
mp I,Rg “mpTmpTs) Ry
1+= e a + R,
NOCT - 20
Te = Tomp + G ( 0.8 ) (3.52)

Where T,,,p is ambient temperature and NOCT is nominal operating cell temperature.

3.2 Wind DG Models

The theoretical physics of wind energy conversion via the mechanics of wind turbines to electrical
power generation is well known. However, there are several issues with the model of practical
wind turbines. This absence of standardized wind turbine models can be attributed to
manufacturers’ propriety claims, and the lack of sufficient data on how models work [52]. On the
other hand, several efforts have been made to predict the working principles and output power of
wind turbine systems. The power output models of wind turbines are characteristics of the wind
parameters, the wind turbine rotor and blades features, and dynamics of atmospheric condition.

The total power available in wind passing through an area A is given in (3.53).
P = 0.5pAV;3 (3.53)

Where P is power in wind, p is air density, 1, is wind velocity.

But not all this power can be extracted. Betz has proven that the maximum power extractable from
wind by a rotor of infinite number of blade is a 59.3%. This derating is accounted for by the
parameter C,, the power coefficient, which is defined as the ratio of the extracted power to total
available wind power. Wind turbines with C,, of 0.5 have been claimed. The turbine power is given

in (3.54). C, is a function of tip speed ratio A and pitch angle 0 of the turbine rotor.
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Py = 0.5pAV3C, (2, 6) (3.54)

(3.55)

Where Py, is power extracted from wind, A is tip speed ratio, Cyis power coefficient, R is length

of turbine blade, and 6 is pitch angle.

The relationship between C, and (A,0) is not linear and several attempts have been made using
numerical techniques and regression analysis to define C,, (4, 8). Separate models have been used

for constant speed and variable speed wind turbine system types. The most common models for
constant speed turbine type are given in (3.56) and (3.58) [50] [53] [54]. For variable speed turbine

applications, the models proposed in literature are given by (3.60)-(3.61) [53] [54] [55].

C,(4,8) = 0.5(1; — 0.02262 — 5.6)e 0174 (3.56)
125 165
C,(4,0) = 0.44(T — 6.94)e X (3.57)
k
Where:
_ 3600R 258
716091 (3:58)
1
M =1—— (3.59)
7 +0.002
151 -184
C,(1,8) = 0.73(/1— —0.580 — 0.0020%1* — 13.2)e A (3.60)
i
C, =Ce
C,(1,6) = C, (? — C40 — C,0% — C5> e P (3.61)
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Where:

1 1 0.003

1 1-0020 "1+6° (3.62)
11 0.035 263
B A+0080 1+ 63 (3.63)

A common set of values for the constants of (3.61) are C; = 0.5,C, = 116,C; = 0.4, C, =

0,Cs = 5,Cy = 21, however, Manyonge et al [55] suggest the use of C, = —0.5.

These models usually perform well for almost all types of wind turbines because only insignificant
differences exist among wind turbine models. The given C,, (4, 8) relations are used to plot C, — 2
curves to predict the best performance of turbine at several operational conditions. Mostly, the
C, — Acurves are drawn for different values of wind speed while keeping the pitch angle 6
constant. Hence, at any wind speed the best power performance coefficient C, and pitch angle, in

case of variable speed turbine, can be chosen along the locus of the MPPT as required.

3.3 Battery Energy Storage System

Energy storage systems have become more important in recent years mainly due to the need to
make-up for the intermittency of renewable energy sources, to power hybrid electric vehicles, and
for regulation purposes in power markets. Energy storage technologies include mechanical, such
as the pumped hydro, compressed air energy storage (CAES) and fly wheel, electrical system, such
as ultra-capacitors and super conducting magnetic coil, thermal, such as hot water and thermal
fluid storage, and electrochemical storage systems [56]. The electrochemical storage technologies
include secondary batteries, such as Lead-acid, sodium-sulphur, Nickel-Cadmium and lithium-ion,

flow batteries, such as redox flow and hybrid flow, and chemical hydrogen, such as the electrolyzer
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and fuel cell. Pumped hydro and CAES system have geographical limitations and are not modular
in nature while batteries can be set-up almost anywhere and can be packed in modules. This makes
batteries an ideal system for use with distributed generation facilities. However, not all battery
technologies are commercially matured. The lead-acid battery is the most matured and

commercially available battery with low cost.

Several mathematical and equivalent circuit models have been proposed for the use of electrical
power researches in literature. Mathematical battery models such as the Shepherd, the Unnewehr
Universal and the Nernst Models have been proven to be less accurate than equivalent circuit
models due to advanced complexity in relating circuit parameters to battery physical states [57].
The most basic circuit model contains an ideal voltage source as its only component. The efficiency
is usually considered 100% which is far from reality. A modification included an internal
resistance element while an even more advanced modification considered the non-linearity
between the voltage source and internal resistance via dependence on state of charge [58]. The
Thevenin model includes additional capacitance-resistance parallel branch representing
overvoltage and transient conditions. It takes into account the discharging process and the effects
of stage of charge on internal resistance and open circuit voltage [58]. An improved resistive
Thevenin battery model employs diodes in series with resistors to implement both charging and
discharging regimes. This model is better than the former but cannot account for transients and

elements are regarded constant.

A dynamic fourth order model having several branch elements representing ohmic effects,
electrolytic reactions, energy or power loss and leakages in lead acid batteries have been popular
in literature [59]. It is more accurate than aforementioned models, but it is more complex, requires

lots of data, and longer computation time [59]. A less complex, yet accurate, model is the third
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order model. It consists of two parts; main battery and the parasitic branch. The main branch
represented the charging and discharging dynamics while the parasitic branch represented
irreversible processes involved in power loss, such as during overcharge [60]. The third order
model balances between complexity, accuracy and computation time. All the circuit parameters
vary with the electrolyte temperature, state of charge and charging current. Also dynamic model
of batteries obtained via manufacturer data have been used. In addition to the manufacturers data,
several equations such as Peukerts equation for obtaining capacity in terms of discharging current,

and relationships between internal resistance and discharge voltage to the state of charge [61].

3.3.1 Third Order Battery Dynamic Model

The third order model accounts for the effects of changes in electrolyte temperature, charging and
discharging current, and state of charge (SOC). The model also considers the heat loss and non-
thermal power losses, such as electrolysis of water, in the battery. Though third order model
provides an electrical circuit equivalent of the lead acid batteries, it elements are not constant. The
elements, including capacity, are functions of the discharging current, electrolyte temperature and
SOC. The capacity of the battery systems as proposed by Massimo [60] is shown in (3.64).
Equation (3.64) can be used when both current and temperature are considered constant and when

they vary with transients. In the latter case, I is replaced with a filtered current value I,,,4. Also
lqyg = Iy is proven to perform well in the model, while I; is defined in (3.65) and in a differential

equation in (3.66). The quantity of charge derived out of the battery is defined in (3.67) while the
SOC and depth of charge (DOC) are defined in (3.68)-(3.69). These formulae constitute the

capacity model of the third order model.
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in equations (3.72)-(3.76).

€
K6 (1+-2)

c1,0) = ’; .
1+ (K- 1) (F)
I
11 = m
1+ 148
dll _ Im - 11
at 1

t

Qu(6) = Qu(to) + f I (0) dt

to

IR0

SOC = 1_C(0,9)
Qe

DOC =1 C(Iavg: 9)

depth of charge, and K, 6 and ¢ are empirical constants.
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(3.64)

(3.65)

(3.66)

(3.67)

(3.68)

(3.69)

Where C is battery’s capacity, C,, is no-load capacity at 0°C, 6 is electrolyte temperature, I is
discharge current, I* is nominal battery current, I,,, is main branch current, Q. is battery’s charge,

l4,4 is mean discharge current, 7, is main branch time constant, SOC is state of charge, DOC is

The temperature change of the electrolyte is represented in the third order model as thermal sub-
model. The temperature of the electrolyte is assumed uniform, but it has only little effects on the
accuracy of the model. The differential equation representing the thermal property in the model is
given in (3.70). The parasitic current equation, a function of the parasitic branch voltage and

electrolyte temperature, is given in (3.71). Also other parameters of the third order model are given



a _ i(ps _o- Ba) (3.70)

dt Gy Ry
Vey
I, = VPNGpoeVpO+AP<19;f) 3.71)
E, = Emy — Kz(273 + 6)(1 — SOC) (3.72)
R, = —R,, In(DOC) (3.73)
1, = C,R, (3.74)
Ry = Roo[1 + A,(1 — SOC) | (3.75)
o 421(1-500)
Ry = Ryo——— (3.76)

Im
1+ et2eT

Where C, is battery thermal capacitance, R, is battery thermal resistance, 6, is ambient
temperature, P, is source thermal power loss, i.e. heat generated in the battery, Vpy is voltage at
parasitic branch, Ip is current of parasitic branch, 6; is electrolyte freezing temperature, E,, is
open-circuit voltage, E,,, is open-circuit voltage at full charge, R, and R, are main branch

resistances, R, is terminal resistance and G,,, Vpo, Ap, Roos R10s R20, A21, A2z, A and K are

po>

constants.

3.3.2 A Simple Battery Model

A battery model which is easily compatible with long term planning of hybrid renewable energy
systems, including wind and solar DGs, is considered. This model consists of charge and discharge
equations as given in (3.77) and (3.78) respectively. The limits of the charging and discharging

power rates are given in (3.79)-(3.80). The minimum and maximum level of energy stored in the
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battery is represented in (3.81). The state of charge of the battery at any time is the ratio of the

energy stored at the time and the capacity of the battery; this is shown in (3.82).

Charging : C(t + 1) = C(t) — At PPn, (3.77)
. , At PtB'd
Discharging : C(t + 1) = C(t) — (3.78)
0< pP¢ < pom (3.79)
0< pP4 < pimex (3.80)
C(t)min < C(t) < C(t)max (3-81)
SOC(t) = a0, (3.82)
C () max '

Where C (t) is battery capacity at time, t, P, is battery charging power, PtB'd is battery is charging

Ptd,max

cmax
power, P,

IS maximum battery charging power, and iIs maximum battery discharging

power.

3.4 Conventional DG Model

The conventional power generation system uses non-renewable fuels, usually fossil fuel. The most
popular of these systems are powered via diesel engines, gas turbines, steam turbines and more
recently, micro-turbines. Unlike solar PV and wind DG renewable energy systems, these systems
are dispatchable and their power outputs can easily be controlled and predicted. Generally, the
control and operation of conventional power systems are well developed and reliable. However,
the fossil fuels burned by these systems have created worldwide climate and environment hazards.

These hazards are global warming, glacier melting, flooding, and climate changes. Conventional
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DG systems incur operation costs as well as installation cost. The cost function is usually a function
of the power generated by individual generator. A cubic cost function is given in equation (3.83).
The power output of a generator is usually bounded by its limited power capacity, ramp rate and
minimum up/down time. In this work, a diesel engine generating system is considered as the

conventional DG.
CF(P)=A+BP+CP?>+DP3 (3.83)
CF (P) is cost function of thermal generator producing power, P and, 4, B, C,and D constants.

3.5 Modeling Output of the Power Sources on a Long-Term Basis

3.5.1 Solar PV Power Output

The solar PV outputs in this section are obtained via Desoto et al’s model of solar PV cell as given
in (3.36). The Canadian Solar Max Power CS6X-320P solar panel manufacturer data are used as
to characterize the solar model. The required 5-parameters to characterize the solar panel were
obtained via (3.43)-(3.49) and the MPP via (3.50)-(3.51). New 5-parameters at different operating
points were obtained via (3.37)-(3.42) and cell temperature via (3.52). Table 3.1 compares the
parameters obtained from the model with the manufacturer’s datasheet [62]. Table 3.2 provides
the 5-parameters obtained at SRC and at the NOCT. |-V characteristics of the panel at both SRC
and NOCT are shown in figure 3.2. A month output of the solar-PV is shown in figure 3.3. The

data used are raw data for the month of January 2014 in Oregon.
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Table 3.1: CS6X-320P Datasheet and Model Parameter [62]

Operating Conditions Parameters 320P Datasheet Model
Prax (W) 320 319.79
SRC Voom (V) 36.8 36.8
1000 W/m? Lnpp (4) 8.69 8.69
. Voc (V) 45.3 45.3
Isc (A) 9.26 9.26
Prax (W) 232 236.08
NOCT Voow (V) 336 33.78
800 W/m? Lnpp (A) 6.91 6.99
47C Voc (V) 41.6 42.21
Isc (A) 7.50 7.496
Table 3.2: The Calculated 5-Parameters Values
Operating Parameters Model
SRC i, (A) 9.2713
i, (A) 5.7832 x 10~ 1
1000 W/m? a 1.7569
250C Ry, (ohm) 301.5768
R, (ohm) 0.3692
NOCT i, (A) 7.5034
i, (A) 1.7818 x 10~°
800 W/m? a 1.8865
47°C Ry, (ohm) 376.9710
R, (ohm) 0.3692
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3.5.2 Wind Power Output

The wind turbine output is based on the models given by equations (3.54)-(3.55), (3.61) and (3.63).
Hence, a variable speed wind turbine is implemented. The GE 1.5s wind turbine specifications
given in Table 3.3 are used to verify the model. The power curve of the GE 1.5s is shown in figure
3.4. At wind speeds lesser than the cut-in speed the power out-put is zero, similarly, the power

output at wind speeds higher than the cut-out speed is also zero. The latter is necessary to protect
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the wind turbine from damage due to excessive wind gust. However, at wind speeds between the
cut-in and rated speeds, a maximum power point algorithm is used to maximize the power output
of the wind turbine. At every wind speed, the Cp-A curve is drawn at several pitch angles. This
enables the maximum value of Cp with corresponding values of pitch, A, and rotor speed to be

chosen. A sample Cp-A curve is shown in figure 3.5.

At wind speeds above rated but below the cut-out speed, the pitch angle and C, are chosen such
that the rated power output and rated turbine rotor angular speed are maintained. By obtaining
wind data for a month at a resolution of 10 minutes, the power output, wind speed data, pitch
variation, Cp and rotor angular speed of the wind turbine are shown in the figures 3.6-3.10

respectively.

Table 3.3: GE 1.5s Specification [63]

Specification Parameters Data Value
Rated Power 1.5MW
Rotor Diameter 70.5m
Area Swept 3904m?
Minimum Rotor Speed 1.152 rad/s
Maximum Rotor Speed 2.304 rad/s
Rated Wind Speed 13m/s
Cut-in Wind Speed 4m/s
Cut-out Wind Speed 25m/s
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Figure 3.5: General Curve of Cp-A
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3.5.3 Combined Wind Turbine and Solar PV Power Output

A combined power output of a solar PV farm and wind turbine is simulated and shown in figure
3.11 below. The number of solar panel is chosen such that the solar PV farm output is significant
and not masked by the wind turbine output. The solar PV farm model consists of 6000 units of the

CS6X-320P solar panel model. The graph of the individual and combined outputs is shown in

figure 3.11.
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Figure 3.11: Combined Power Output of Wind Turbine and Solar PV DGs
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3.5.4 Combined Wind Turbine, Solar PV and Conventional DG Power Output
A combined power output of the GE 1.5s wind turbine model, 6000 units of the CS6X-320P and

the conventional diesel DG model given in (3.75). The coefficients and constant term in equation
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(3.75) are taken as A =530; B =6.89; C = 7.1 x10™% D = 7.32 x 1078, Equation (3.75)
only computes the cost of generation. The study of the control mechanisms of generated power is
not included in the scope of this work. The conventional DG is made to generate a constant 850

KW power output. The combined output curve is shown in figure 3.12.
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Figure 3.12: Combined Output of Wind, Solar PV and Conventional DG

3.5.5 Combined Solar PV Power and Energy Storage

A single CS6X-320P panel output is considered along with the energy storage system. The energy
storage models given in (3.77)-(3.81) was used in a day charging session of the battery with the
solar panel. The curves depicting available power output from the solar PV panel when the panel

is acting alone, and when the panel charges a battery are shown in figure 3.13. Also, the pattern of
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charging and energy storage of the battery system during the same period is given in figure 3.13.

The battery assumes a 500Wh capacity with a 100W charging and discharging power limits.
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CHAPTER 4

PROBLEM FORMULATION AND METHODS

4.1 Proposed General Network Tie Set Algorithm

The tie set of any two nodes on a network consists of all possible minimal paths between the nodes.
A minimal path consist of all paths traversed from an entry node to a particular target node without
traversing any path and intermediary nodes more than once [64]. An up-state or good condition of
all elements in any one path in the tie set assures connectivity between the nodes. Hence, all paths
in a tie set are placed in parallel, such that reliability of the connection is a function of the union

of the up-states of all the paths.

Figure 4.1 shows the flowchart of the proposed algorithm for the evaluation of all minimal paths
in a distribution network. The algorithm uses an adapted form of the breadth first search (BFS)
algorithm to search for all minimal paths and obtain the tie sets of every load point (LP). The
algorithm can accommodate distribution networks with large number of source points (SP) and
branches; either unidirectional, bidirectional or mixture of both in the same network. The algorithm
searches for all ties by starting from the target LP and working out paths to all SPs. The inputs of

the algorithm are all the input nodes or SP, output nodes or LP, and the predecessor table.

The elements of the proposed algorithm are briefly explained below:

1. Predecessor Table, P(N,,;): The predecessors of any branch are other branches having the
same receiving end node as the sending end node of that branch [65]. The predecessor table is
unique for every target output node, N,,;. P(N,,:) contains the predecessors of all branches in
the network such that the predecessors of any branch x;, P, can be easily accessed. The steps

required to obtain the predecessor table are well explained in [65].
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2. Stack Box: This is used to facilitate the BFS algorithm and it works on a first-in first-out
principle. This ensures that branches at the same depth are searched before moving to others. It
is basically a row vector containing branches whose predecessors are yet to be exploited. A
branch is deleted from the stack box after exploiting the predecessors and replacing it by them.

3. Route Table: The route table stores all viable possible paths and directions that the search could
take. It also indicates the level of search the algorithm as reached through the last elements of
all its rows. This last element is where the next search starts from. Once the route table supplies
a route(s) to start a new search cycle based on the first element of the stack box, this route(s) is
deleted from the route table. At the end of each search cycle, the route table may receive an
updated version of the formerly deleted route(s) if the route(s) is not a dead end, does not lead
to a cycle or a tie-set.

4. SubRoute: The subroute is the placeholder that stores the route(s) supplied by the route table at
the beginning of every search cycle. The routes in subroute are chosen from the route table
based on the fact that the first element of the stack box is the same as the last elements of those
routes. Subroute is one of the two temporary stores which are initialized at every search cycle
and deleted at the end.

5. SubRoute NC: This is the second temporary stores of every cycle. It is used to specify the
route(s) in SubRoute that pass the non-cyclical test. It also indicates routes which might be
updated and returned to the route table as a viable route for future further exploitation.

6. Tie Set: This is a set of all ties or minimal paths between the target output node and all input

nodes. The last element of all these ties is the input node or SP.
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4.2  Monte-Carlo Simulation and Inverse Transform Method

There is always a level of uncertainty in the availability and operation of any element in a power
system. This uncertainty is quantified with several reliability indices, such as the failure rate (),
unavailability (U), and availability (A). Stochastic simulation approach, rather than the analytic
method, is used to measure the reliability indices of the original system without DG and when
reinforced with DG. Each component of the power system is assumed to either be in the up-state
when it is not faulty or in down-state when in repair mode. The time-to-failure and time-to-repair
of each component are taken as exponentially distributed. The exponential distribution is described

in (4.1) and the time the system spends in any of the two states (t) is given by (4.2).
f(t) = Ae M 4.1)
F(t)=1—e (4.2)

In general, A is referred to as the rate of departure from a state; hence it can represent the failure
rate and repair rate. F(t) is the probability that the system will reside in a state for a period of time
(< t) before going into another state. For the Monte-Carlo simulation (MCS), a random number
generator is used in generating F(t) and t is obtained through the inverse transform method (ITM)

as given in (4.3).
t=—=In(1—F(1) (4.3)

When A represents a failure rate, t is referred to as the mean-time-to-fail (MTTF) and mean-time-
to-repair (MTTR) when A represents the repair rate [64]. The flowchart depicting the several steps
and processes involved in this use of Monte-Carlo simulation is drawn in figure 4.2. Repeated

simulation sequences of operating—repair cycles are carried out till the mission time is reach. Via
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counting and other enumeration processes, several reliability indices are calculated for every load

point. The failure rate, availability (A) and unavailability (U) are given in (4.4) — (4.6).

Failure Rate (4y)
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Figure 4.2: Flow Chart for the Monte-Carlo Simulation Process

number of failures

Failure Rate = (4.4)

total operational life simulated
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total uptime

Availability = (4.5)

total operational life simulated

total downtime

Unavailability =

(4.6)

total operational life simulated

In addition, the fact that the DG in operation does not meet the load does not mean the DG is totally
down. This is referred to as a derated state of the DG. The effects of these derated outputs of DG

are accounted for by the energy not supplied (ENS) index given in (4.7).

ENS = ) qown time l0ad curtailed X duration 4.7)

4.3  Proposed Method to Obtain Reliability Indices

The proposed method banks on a pseudo-digitization technique of representing the MTTF and
MTTR obtained from MCS and ITM. Hence, the entire mission time of any component is
represented by strings of ones and zeros at every time-division. In addition, the proposed method
uses only simple operations, ‘logical and (A)’ and ‘logical or (V)’ operations and basic arithmetic,
to obtain the reliability indices of LPs and entire system. The method utilizes each component of

the tie set of each LP to obtain each LP reliability indices.

After obtaining the tie set of each load point, the states of all components in each tie set over the
entire period of observation is needed. A binary form of representing the states is chosen; ‘1’ for
up state and ‘0’ for down state. The state of each component is updated or recorded every ‘D’ hour.
The smaller ‘D’ is, the better is the accuracy of measurement. In this thesis, ‘D’ is limited by the
time resolution of available wind speed, ambient temperature and solar radiation data, hence, D =
0.25 hrs. To conform to this, the results of the ITM algorithm, that are not multiples of D, are
rounded up based on mid-interval points. To obtain the states of an LP, the states of each tie in the

tie set of the LP need to be obtained. The state of each tie is the ‘and’ bitwise operation of the
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states of its components, while the state of the entire tie set or an LP is the ‘or’ operation of all the
ties in tie set of the LP. This operation is carried out per each time division, d. The ‘or’ operation
gives the states of the LP. The entire operation is mathematically represented in equations (4.8)-

(4.9). Via enumeration, the reliability indices of the LP can be obtained.

TV = /\ cx vd € (1,23, .., Ny} (4.8)
CXeTwW

s% = \/ TV vd € (1,23, .., Ny} (4.9)
TWeSZ

Where C3, T} and Sj are the states of component ‘x’, tie ‘w’, and LP ‘z’ at time division ‘d’

respectively.

For instance, let the tie set of a hypothetical LP be as given in table 4.1. The tie set contains two
paths between the LP and the SPs. The first tie, tie-1, has two components on its path while tie-2
has three components. The states of each component is obtained via ITM whereas the states of tie-
1 and tie-2 are obtained from the ‘and’ operation of their respective components as shown in table
4.2. Table 4.2 shows a 3.50 hours window of the proposed procedure of obtaining the reliability at
any LP via components’ states. The example has 14 time divisions (Nq = 14) with 15 minutes
intervals, 5 components (x = 5) and 2 ties (w = 2) for a single LP (z=1). By using equations (4.8)-
(4.9), the states of individual tie and the states of the entire LP is obtained at each time division as

shown in table 4.2.

Table 4.1: Tie Set of an Example LP

Number of Ties Components of the Tie Set
1 AB
2 CDE
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Table 4.2: Operations to Obtain the States of an LP

Time(hr) | 0.00 | 0.25 | 0.50 | 0.75| 1.00 | 1.25 | 1.50 | 1.75 | 2.00 | 2.25 | 2.50 | 2.75 | 3.00 | 3.25 | 3.50

Al 1l 1 1 0 0 0 1 1 1 1 0 0 0 1 0

Bl 1 1 1 0 0 0 1 0 0 0 0 0 0 1 0

Tie-1| 1 1 1 0 0 0 1 0 0 0 0 0 0 1 0

cl 1 1 1 1 0 0 0 0 0 0 1 1 1 0 1

D| 1 0 0 1 1 1 0 0 0 0 1 1 0 1 1

E| 1 1 1 0 0 0 1 1 1 1 0 1 1 1 1

Tie-2| 1 0 0 0 0 0 0 0 0 0 0 1 0 0 1

LP| 1 1 1 0 0 0 1 0 0 0 0 1 0 1 1

From table 4.2, it is obvious that the example LP experiences 3 failures, has a total down time of
2.00 hours and a total uptime of 1.5 hours. The total mission time is 3.50 hours. The method is
easily programmable, executes fast, and directly connects simulation results to their physical

essence.

4.4 Problem Formulation

The objective function of this thesis is to increase the reliability of entire distribution system via
proper placement and sizing of solar and wind DG, battery energy storage system and conventional
diesel DG. The renewable DGs are used only during downtimes and the battery is discharged to
support the renewable DGs, while the diesel is used when there is neither wind nor sunlight. The
load point indices are needed to obtain the several system indices. The system indices are used to
decide the performance of the entire system. The objective is to obtain the system with maximized

system reliability indices and minimum cost of this reinforcement.

4.4.1 Load Point Reliability Indices
The load point (LP) indices are obtained via the analysis of the tie sets of each LP. Every

component in the tie set is simulated via the ITM and MCS to obtain the state of each component
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throughout the mission time (MT). The main quantities of counting are the states, either 1 or zero,
of the component, tie-sets and LPs at any time. The process to obtain the LP states are illustrated

in equations (4.8)-(4.9).

wo= oy vihy (48)
CXeTW

= \/ TH vihy (49)
TWeSZ

Where: i=1,2,3,..,1/5; h=1,23,..,8760 ; y=1,2,3,.. ,MT

Hence, ‘1’ is the index for interval number while ‘D’ is the duration, in hours, of each interval. ‘h’
is the index for the hour of the year, ‘y’ is the index for the year while ‘MT’ represents the planning
horizon or mission time. Also Cjj,, , Tify, and Sfj,, are the states of component ‘x’, tie ‘w’, and LP

ihy » ihy
‘z’ at time division ‘1’, at hour ‘h’ and year ‘y’ respectively.
After obtaining the states of an LP via (4.9), this states are further processed to obtain the reliability
indices of the LP. The required procedures and proposed formulations are given below.
nY
TUT = Z MTTF, (4.10)

y=1

But MTTF is defined in terms of LP state “S”, which is either ‘1’ or 0’, as given below.

nH nD

MTTF = D Z Z SZ, (4.11)
h=1i=1

Hence TUT (Total UpTime) of any LP can be expressed in terms of state is given in (4.12).
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nY nH nD

TUT, = D Z Z Z Sty vz (4.12)

y=1h=1 i=1

Similar to MTTF, the MTTR is obtained as given in (4.13), while TDT (Total Downtime) is given

in (4.14). The number of failures (NF) experienced by an LP is given by equation (4.15).

nH nD
MTTR, = D z 2(1 —S%.) vz (4.13)
h=1i=1
nY nH nD
TDT, = D Z Z 2(1 —$%) V2 (4.14)
y=1h=1i=1

Y Yh Y |Sh, — Shi-
NF, :[ y=1oh=1 4 12| fhy ~ Sty | V2 (4.15)
TDT
Repair Time,r, = < vz (4.16)
NF,
NF
Failure Frequency,A, = TU';Z vz (4.17)
Availability, A, = TV, - UL v 4.18
vatablity, & = TUT. ¥ TDT, _ nY x 8760 z (4.18)
Unavailability, U, = O, _ L v 4.19
navatabiity, Uz = 10T, 7 TDT, ~ nY x 8760 z (4.19)
TDT
Annual Unavailability, U,, = A,1, = z Vz (4.20)
: TUT,
nY nH nD
ENS, = DZZZ PDjpy (1 — S%y) V2 (4.21)
y=1h=1i=1
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TUT. is the sum of all the uptime sessions encountered by the LP, z, while TDT; is the sum of the

entire downtimes seen by the same LP, as presented in (4.10) - (4.14). NF,, in (4.15) is given by

the ceil operation of half of the number of times the LP changes state; from up to down state and

vice-versa. The energy not served (ENS) at any LP is the sum of all the energy not met at the LP

of concern is given (4.21).

4.4.2 System Reliability Indices

The LP indices are used to obtain the entire system indices in order to study the performance of

the entire system as a single unit. These indices are either duration based, frequency based or

energy based. The considered indices are:

1. System Average Interruption Duration Index (SAIDI)
2. Customer Average Interruption Duration Index (CAIDI)

3. System Average Interruption Frequency Index (SAIFI)

4. Energy not Served (ENS)

SAIDI = 2221 Uz Ny
ZnLPN
nLP
-1 U,, N
z=1 %Yaz ‘'z
z=1""2 *“z
nLP/’{ N
z=1"'z ‘vz

SAIFI = SN

nLP

ENS = z ENS,
z=1
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4.4.3 Objective Functions and Constraints

The objectives of this thesis aim at optimizing both the cost of system reinforcement and the level

of reliability obtained via the reinforcement. To calculate the total cost of system reinforcement,

the total operational cost over the planning horizon must be estimated. The total operational cost

(TOC) for ‘nR’ runs of the ‘nY” simulation years is given in (4.26). The average annual operating

cost (AAOC) and net present value for the planning horizon (PH) are given in (4.27) and (4.28)

respectively.

nY nH nD

TOC = Z ZZZCF( T

r=1 \y=0h=0d=

TOC
nR *nY

NPV = Z AAOC
(1 + ir)ym-05

Hence, the proposed objectives are given below in (4.29)-(4.32).

AAOC =

o . S SAIDI,
1. Minimize: F(Duration Index) = z =

r=1

L SAIFI,
2. Minimize: F(Frequency Index) = z =

r=1

nR
3. Minimize: F(Energy Index) = Z

r=1

ENS,
nR

4. Minimize: F(Cost) = ICW-PR +1CS-PR +ICB-CR +ICD - PR + NPV
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(4.29)

(4.30)

(4.31)
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Where ICW, ICS, ICD and ICB are total investment cost of wind turbine, solar PV, battery and

conventional DG, PR, PR, CR, PR are power rating of wind turbine system, solar PV farm, capacity

rating of battery energy storage system, and power rating of conventional DG, and ir is interest

rate.

The duration and frequency of interruption based reliability indices are represented in (4.29) and

(4.30) respectively. The energy not served index is given in (4.31). Due to the stochastic nature of

the MCS and ITM used, average values of these indices are sought over a repeated simulation

cycle of ‘nR’ times. The one-time investment costs of all required DGs are summed and given in

(4.32), with the last term representing the operational cost of the thermal DG.

The objectives are subject to several microgrid and individual unit constraints. Since the DG units

are used only during islanding, equation (4.33) guarantees islanded loads (iL) -DGs output balance.

S B T iLNS __ iL .
ivfliy+Pihy+Pihy+Pihy+Pilhy _Pilhy Vihy
iLNS iL .
0 Spl'lhy SPilhy Vl,h,y

>0 P}, + P}, < Py, and C(t) > Cpin

PE,=4<0 My + Py > Pl and Cn < C(6) < Crax
0 Pivl\:y+Pi§ly=Pilf€y
Pg;l = {P;ly Pi‘,;l/y+Pi§1y+Pili31y<Pililfy
Y 0 otherwise
Phy < |Ply = (Phhy + Piny)| Vihy
PiqfwlyS Piiffy_(Pi‘;L/y+Pi§Ly+Pi?ly) Vi,h,y
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(4.36)
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Where Py, Pishy, Pﬁ’ly and PZ,"ly represent power output of wind turbine, solar PV farm, battery

and conventional DG at time division i, hour h and year y, and P{%, and PjiY'*

iny  are power demand

of islanded loads and islanded loads not served at time division i, hour h and year y.

Limits on the island loads not served (iLNS) is maintained via (4.34). Equation (4.35) shows that
the battery power is positive when discharging, negative when charging and zero otherwise. It also
enforces that the battery charges only when the wind and solar DGs have excess power while the
battery is not fully charged, and to discharge only when wind and solar DGs output are deficient.
The thermal generator is required only when the sum of wind and solar DGs, and battery outputs
do not balance islanded loads (4.36). However, the outputs of both the battery and thermal engine
must only be as much as necessary not to cause imbalance in the system, equations (4.37) and

(4.38) ensure this effects.

Each DG has a size limit constraint. These constraints are given in (4.39)-(4.42) below.

Py min < Py (4.39)
PS'min < P (4.40)
Chmin < CE (4.41)
Plmin < PF (4.42)

Hence, the output of each DG is limited by its rated size. These power output constraint is given

below (4.43)-(4.45).

0 <P}, <RS Vih,y (4.43)
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0 < P, < P§ Vihy (4.44)
0 < Pj, < Pf Vihy (4.45)

The charging and discharging equations of the battery are given in (4.46)-(4.47). The battery can

be charged only via the renewable DG has given by (4.35).

Charging : C{iy1ypy = Chy — Adn P, Vihy (4.46)
Discharging : C{ly1yny = Cihy — Adp‘%y/nd Vi hy (4.47)
Chymin < Clhy < Chymax = C§ Vi hy (4.48)

—Pjy max < Plhy < Phy max Vihy (4.49)

To limit the charging of the battery to its rated capacity value and discharge to a minimum state to
charge enough to preserve battery life, equation (4.48) is deployed. The power output of the battery

(Pi‘fly) is limited to within safe boundaries with (4.49).

4.5 Mixed-Integer Multi-Objective Particle Swarm Optimization

The multi-objective PSO (MOPSO), although requires much computation, is used because of its
fast convergence rate and reliability. The objectives are treated individually for each candidate
particle rather than using the traditional method that combines weighted objectives. The MOPSO
is an extension of the single objective PSO. Generally, the PSO algorithms are global search
methods based on social behavioral patterns of bird flocks known as swarm [66] [67]. Each
candidate solution, called a particle, has the capacity to learn from its past experience and

experience of other particles to update its position. The dynamics of MOPSO are well detailed in
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[68]. The MOPSO add multi-dimensional analysis to the PSO where several best solutions for a
given problem are obtained. These solutions are termed the Pareto set. The Pareto set contains
non-dominated solutions of the problem obtained through the dominance criteria given in

equations (4.50-4.51) [69]. If (4.50-4.51) is true, then x* dominates x2.
vi €{1,23,..,Nopi} : fi(x}) < fi(x?) (4.50)
3j €{1,2,3,...,Nop} : £i(x1) < f;(x?) (4.51)
Where N,,; is the number of objective functions and, x*and x? are any two different solutions.

Several steps of the MOPSO are similar to PSO except for additional terms like non-dominated
local set S*, non-dominated global set S*, and the external set. Furthermore, the criteria for
selecting the individual particle local best X*, and global best X** are different [68]. At the onset,
each particle position X and velocity V are initialized as given in (4.52), while the limits of V are
expressed in (4.53). The dominance criteria (4.50)-(4.51) are used to select the members of S*
per individual particle, and to select members of S* from the union of all S*. The external set
contains the Pareto set and is updated by non-dominated particles of S*™* at every generation. Then
closest particle in S** to individual S* is chosen as the global best while the corresponding particle
in S* is chosen as the local best. For other generations, the particle velocity and location are updated
as in (4.54) and (4.56) respectively. The cycle continues until maximum number of generation is

met.
Xik = Xik™™ + r(x; " *—x;™") (4.52)

min

and Viyin = —Vinax (4.53)

max

X —X

Vmax =
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Vi(® = WOVt = 1) + erry (it — 1) = xt = D) + <X"*"*‘(t_ Y _> (4.54)
k(D) = w(t)Vjx 1y Xk Xjk Cyoly (= 1) ,

w(t) = aw(t—1) (4.55)

Xjk () = Vix(®) + xjx(t— 1) (4.56)

Where r, r; and r, are uniformly distributed random numbers in [0, 1], and N is the number of
intervals each parameter is divided into. Where a is a constant less than 1 but very close to 1, ¢;
and c, are cognitive and social parameters positive, x; is a parameter of particle j in dimension k,
Xj is the local best of parameter k of particle j, and x; is the global best of parameter k of particle

J, and w(t) is the inertia weight defined in (4.55).

4.5.1 Dealing with the Discrete Variable

The expected optimization problem has a discrete variable which lies in every particle. The discrete
variable cannot be dealt with like the continuous variable as explained in the section above. Given
a set of discrete variables (Xpy) as in (4.57), the method of optimizing the index ;> of the chosen

discrete variable x; € Xpy, rather than directly optimizing the discrete variable is employed [70].
Xpv = {x1,%2, .., X0y, } (4.57)
Where npy, is the total number of discrete variables.

Normally, real coded variables in the range [1, np,] are generated in every particle, hence in
choosing an index of a discrete variable, the two closest integers to the real coded variables are

used. A die is tossed to choose one of the two integers as the required index.
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4.6  Theory of Calculating the Objective Functions

This thesis work has proposed a four objective optimization problem for the optimal design of a
hybrid renewable electrical microgrid as given in (4.29)-(4.32). Furthermore, a bid is made to show
the theories of calculating each objective. A matrix each for the base cases of Ci},y, , Tipy , and Sij,,

ihy »

are presented in (4.58)-(4.60) below.

1 1 1
[C111 C211 CnD,nH,nY]
CZ CZ CZ
— 111 211 D,nH,nY
Cpe = | : : : n n n | (4.58)
nX nX nX
lc111 C211 CnD,nH,nYJ
1 1 1 §
[T111 T211 TnD,nH,nY
T2 T2 eee T2
TBC,Z — | 1:11 2:11 : nD,r:lH,nY vV z (4_59)
nW nw nWw
lT111 T211 nD,nH,nY-
1 1 1 .
rs111 S211 SnD,nH,nY
g2 S2 w. S2
Spe = 1:11 2:11 : nD.r:lH,nY (4.60)
nZzZ nZ nZ
S111 S211 SnD,nH,nY—

Where Cgc , Tpc z,and Sgc contain base case (BC) state values of all components, tie-sets of the
‘z-th’ LP, and LPs respectively. Also, ‘nX’ and ‘nZ’ are the total numbers of all components and
LPs respectively, while ‘nW’ is the total number of tie-sets of a corresponding LP.
Furthermore, Cgc, Tgcz,and Sgc, all have the same number of columns since it represents the
total number of states, ‘nstates’, in any simulation period defined in (4.61). And lets ‘k’ be the

index of the states of the components.

k=1,2,3, ..., nstates = nD X nH X nY (4.61)
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Hence with the definition of the index ‘k’, Cgc , Tgc z, and Sg can be re-written in terms of ‘k’.

Matrix Cgc is exemplified in (4.62).

[ C% C% Crllstates]
CBC — | C% C% Crzlstatesl (4.62)
lC?X CSX Crrg(tatesJ

To infuse the effects of the MOPSO, every particle, X, has the required dimension and a general
case of expected particle is expressed in (4.63). The location of all the DGs is indicated by Lpg. In
order to assess the possibility of power transfer from Lpg to any LP, the states of each LP and
corresponding tie-sets must be obtained. Hence, let Typg 7z and Sy pg represent matrices containing
states of tie-sets of individual LP and LPs similar to Tgc 7, and Sgc respectively. Equation (4.64)
gives a clarification of the operational states of any ‘z-th’ LP, at any state number ‘k’, during the

base case and optimization.
X=[P§, B, C§, Pr, Lpg] (4.63)
Ti'toc € Tupezs Tese € Teezs Skpg € Supe s Sksc € See vk (4.64)

The possibility of increasing reliability performance of any system is enhanced via existence of
alternate power flow route when the base case fails via failure of any component(s). This is the
essence of Lpg, Trpgz and Sppg. Hence, there exist one or more states were an LP is islanded in
the base case, this states must be found and analyzed for alternative route via the DGs placed

at Lpg. The required procedures are delineated below.

3k € {1,2,3, ..., nstates} : Cf = Ty'gc = Sf gc = {0 1C* c TWBCand TVBC c $2BC¢}  (4.65)
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iLP, = {z | Sfgc = 0} and R*" = ¥, P? Vz|Sigc =0  (4.66)

But: NiLP = {z| z € iLP; and S¢ | pc = 0} (4.67a)
RiLPy = iLP, — NiLP; = {z| z € iLP; and z & NiLP; and S§; ¢ = 1} (4.67b)
PRILP = 3 P? vz |z € RiLP, (4.68)

Hence, the set of islanded LP, “iLP* and the total power demand of these LPs at any state, PI'?, are
given in (4.66). However, not all members of iLP are reachable via Lpg, hence iLP is divided in
two groups; reachable (RiLP) and non-reachable islanded LPs (NiLP) in (4.67). And the total
power demand of all members of RiLP is given in (4.68). Obviously, the only helpable LPs are
those of the RiLP set. However, the level at which the demand of RiLP will be covered depends

on the total available power from all DGs at the particular state ‘k’. First the conditions at which

all RiLP demand will be met are given in (4.69).

PY +pS > pRILP (4.69a)
PV +PS + pB > pRiLP (4.69b)
PY¥ +PS + B2 + pf > pRiLP (4.69c)

If any condition of (4.69) is satisfied, arranged by priority, then all LPs of the RiLP group have
their power needs covered. Hence, a final state matrix ‘Sg’ that registers these adjustments is
required. First, Sg is a replica of Sgc before the adjustments are made in it as depicted in (4.70)-

(4.71).

SF = SBC (470)
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1 .
Skzxk) = max (S§ac, SkLoa) = 5 Skse + Skpe * |Skec — Skipg)  Vzl|z € RILR (4.71)
But if : P¥ + PS5 + P + Pl = PAV < pRILP (4.72)
Then : CGx = {z| z € CRand z € RiLP; } (4.73)

However, if the total available power, PZY, is less than PRILP as shown in (4.72), then RiLP is
divided to two groups; Critical group CG and Non-critical group NCG. All members of both
CGg and NCGy, groups are further ranked by the distance of each element from L. Thereafter,
the critical loads are given priority over the non-critical group members. Whenever P2 is larger
than the next demand in the hierarchy of LP to be met, then such LP state is updated and its power

is deducted from PAY has given in (4.74).
if B2V > PZ, then BV = P2V — PZ and Sg(uxiy = max (Sfpc,Skipg) Vz|z€CG,  (4.74)

If all CGy, members are supplied and P2 > PZ still holds for the first and more members of NCGy,,
then (4.74) continues to hold for the LPs in NCGy. But this not guaranteed, as P2V < PZ might
hold even before all CG, members are supplied. However, it is guaranteed that there must be at
least one LP such that P2V < PZ and this condition with consequent actions are given in (4.74)-

(4.75).
3z | (z € CGy or z € NCGy) : P2V < P? (4.74)
« PES, = PES, + D - B2V and Sg(;xx) = min (S gc, S o) (4.75)

At this stage, the remaining available power P2V < PZ which is not enough for the next LP makes

the LP be partially served. Hence equation (4.75) confirms that partial energy served (PES) but
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the state of such LP will remain zero. Therefore, via the equations in section 4.4 and the use of

final states of all LPs given in Sg all objectives can be comfortably calculated.

4.7  Other Important Algorithms

4.7.1 Clustering Algorithm

Similar to the amount of real numbers between any two numbers, there could be an enormous
number of data points on the Pareto optimal front. To reduce the size of the Pareto optimal front
to a preset size, the clustering algorithm is employed. Clustering algorithm groups non-dominated
solutions into the same cluster based on their proximity in objective space. This process continues
repeatedly until the required number of clusters is obtained. The algorithm for selecting the closest

clusters is given in (4.76).

1
d, = z d(iy, iy) (4.76)
nlnz ilecl,ize(:z

Where d. is the distance between the two clusters c¢; and c,, d(iy, i) is the distance between the
two particles i; and i,, while n;and n, are the total number of particles in clusters c; and c,
respectively. Hence, at any iteration any two clusters with minimum d. are combined. Afterwards,

a representative of each cluster is defined as the closest particle to the centroid of the cluster.

4.7.2 Fuzzy Approach to Extract Best Compromise Solution

After reaching the maximum number of generations and obtaining the required number of clusters,
it is useful to indicate a solution of best compromise. The best compromise solution of all the non-
dominated global best solutions can be selected using a fuzzy approach as explained in [71]. In the

fuzzy logic approach for obtaining the best compromise solution, each objective function of every
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non-dominated solution is mapped to a membership function value, y;, in the range [0, 1] using

equation (4.77). This involves the maximum and minimum values of each i-th objective function;

fimaxand fimin.

(1 f; < fmin
I fmax
f, .
4 fmax _ fmm 77 < fi < §7 (4.77)
L 0 fi > fimax
Then a normalized membership function, u*, representing the k-th non-dominated solution, is used

to obtain the best compromise solution. The solution with the maximum p* is the best compromise

solution. u* is defined in (4.78).

Nobj | k
k — _ iz M b‘ (4.78)
M 12 Tk

63



CHAPTER S
SIMULATION AND RESULTS

5.1 TEST SYSTEM: RBTS-BUS2

The earlier proposed algorithms will be implemented on the RBTS-Bus2 [72] to obtain all the tie
sets of all LPs in these RBTS buses, the reliability indices at all the LPs, and the overall system
reliability indices. The single line diagram and the single line block diagrams of RBTS-Bus2 are
shown in figures 5.1 and 5.2 respectively. RBTS-Bus2 has 22 LPs, 56 line components and 55

nodes. The line components are 36 feeders (labeled 1-36) and 20 transformers (labeled 37-56).

é 11
e——+(O)-e7
6 10
9 15
LP3|—@ } } ©—|LP6 LPo}———e
5 7
8
LPs5 100% Reliable Source
} LP8
Lp2 |_© ’ 3 1 12 13
2
@ F1 & 4 F2
LP1
Fa F3
Lp18 LP11
20 19
27 20
LP 19 } } LP 16 } LP 12
HO+—; > HOOH = OO
28 17
32 @ E 2
LP17 LP 10
35 24 22
. ° . ° .
tp 20 H(OD+—; ” HO)H p21 =D rp1s
36 25 23
LP 22 LP15 LP 14

Figure 5.1: Single line diagram of RBTS-BUS2
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Figure 5.2: Single Line Block Diagram of RBTS-Bus2

5.1.1 Consumer Types and Load Modeling
The RBTS-Bus 2 has a total peak load of 20MW distributed over 22 LPs. Each LP consists of a

unique consumer type. The four consumer types are outlined below:

1. Residential Consumer.

2. Commercial Consumer.

3. Industrial Consumer.

4. Government/Institution Consumer.

65



The numbers of each consumer type attached to each LP, and the peak load observed at each LP

are shown in Table 5.1.1.

Table 5.1: Load Points Data and Consumers [72]
LP Type Peak Load (MW) Number of customers

1 Residential 0.8668 210
2 Residential 0.8668 210
3  Residential 0.8668 210
4 Gov/Inst 0.9167 1
5 Gov/Inst 0.9167 1
6 Commercial 0.75 10
7  Commercial 0.75 10
8  Small user 1.6279 1
9  Small user 1.8721 1
10 Residential 0.8668 210
11  Residential 0.8668 210
12 Residential 0.7291 200
13 Gov/Inst 0.9167 1
14 Gov/Inst 0.9167 1
15 Commercial 0.75 10
16 Commercial 0.75 10
17 Residential 0.7291 200
18 Residential 0.7291 200
19 Residential 0.7291 200
20 Gov/Inst 0.9167 1
21 Gov/Inst 0.9167 1
22 Commercial 0.75 10

5.1.2 Seasonal Effects

Each consumer is unique in its consumption pattern, the consumption pattern depends on factors
like the season of the year, the time of the day, and the day of the week. Four seasons were
considered in every year, and season timing and sequence of the northern hemisphere is chosen. It
is known that about 90% of the world population lives in the northern hemisphere. Table 5.2 shows
the seasons and their sequence of occurrence, dates and hours. The seasons affects the consumption
patterns of different consumers in diverse ways. The residential consumption has the largest

seasonal power consumption variation. For instance, during summer, air conditioning and
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refrigeration loads soar in number, while in winter, it is more of heating loads. The commercial
loads show slight seasonal effects, while the industrial and government loads are almost immune
to seasonal effects. Also the time of the days is a major cause of variation in consumption pattern
of most consumers. Residential loads usually have peaks in the evenings towards early nights and
reduces onwards to a minimum just few hours after midnight. The commercial consumers also
show a marked time-based consumption, being more active from mid-morning to late afternoons.
The industrial user is mostly consuming power at a constant rate except for few hours after
midnight, hence showing an almost constant load profile. Residential loads seem a bit lower during
weekends than week days. All other loads show no day-of-the-week variations. These pattern are

depicted in tables provided in the appendix.

Table 5.2: Northern Hemisphere Seasons, Dates and Hours [73]

Season Period Hour Range Total Days
Winter December 21, Solstice — March 20,Equinox 1-1896 and 8497-8760 90
Spring March 21, Equinox — June 20, Solstice 1897-4104 92
Summer June 21, Solstice — September 20,Equinox 4105-6312 92
Fall September 21, Equinox — December 20, Solstice 6313-8496 91

5.1.3 Load Profile

To produce the load profile of the several considered load types, efforts are made to represent
seasonal effects in terms of time of the day, day of the week, and week of the year variations. This
factors were represented as fractions in per unit as given in the appendix. The hourly loads (P},),
daily loads (P,), and weekly loads (P, ) are given as percentages of daily peaks, weekly peaks, and
annual peaks respectively. Hence, a per unit load demand of any consumer types at hour h of day

d in week w is given in equation 5.1 below.

L(h, d,W) = PWPdPh A h, d,W (51)

67




By using equation 5.1, the load profile of each consumer type is generated for a year. However,
each 7 days of 52 weeks amounts to 364 days rather than 365 days per year. Hence, the allocation
factor of the 365th day is missing. To solve this issue, the average of the allocation factors of the
364th and 1st day was used. Therefore, the per unit load demand of every consumer type at every
hour for all 365 days amount to 8760 hourly load data. The load profiles of each consumer type

are given in figures 5.1-5.4.
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Figure 5.3: Residential Load Profile

o

g

Per Unit Value

0 30 60 90 120 150 180 210 240 270 300 330 360
Days

Figure 5.4: Commercial Load Profile
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Figure 5.6: Government/Institution Load Profile

The load profile in Megawatts (MW) at every LP is obtained by multiplying the corresponding

load profile in per unit with the corresponding peak load of each LP.

5.1.4 LP Tie-Sets and Reliability Data of RBTS-BUS2 Components
The proposed algorithm is used to obtain the tie sets of all the 22 LPs of RBTS-Bus2 as given in

table 5.3. The tie sets consist of all components traversed from the source to the LPs. Obviously,
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each LP has one path for receiving power from the SP. The SP as four main feeder components

(1, 12, 16 and 26) which distribute power to all other sub-feeders. The main feeders begin every

tie set, and each LP can receive power from only one of these four main feeders.

Table 5.3: Tie Set of LPs in RBTS-Bus2

LP TIE SET LP TIE SET LP TIE SET
1 [1-2-37] 9 [12-14-15] 17 [26-28-51]

2 [1-3-38] 10 [16-17-44] 18 [26-29-30-52]

3 [1-4-5-39] 11 [16-18-19-45] 19 [26-29-31-53]

4 [1-4-6-40] 12 [16-18-20-46] 20 [26-29-32-33-54]
5 [1-4-7-8-41] 13 [16-18-21-22-47] 21 [26-29-32-34-35-55]
6 [1-4-7-9-42] 14 [16-18-21-23-48] 22 [26-29-32-34-36-56]
7 | [1-4-7-10-11-43] | 15 [16-18-21-24-25-49]

8 [12-13] 16 [26-27-50]

The reliability data of all the components in RBTS-Bus2 are given in table 5.4.

Table 5.45.4

contains the failure rate (1) in failures/year (f/y), and repair rate () in repairs/year (r/y) of each

component, and the length if the component is a feeder.

Table 5.4: Reliability Data of RBTS-Bus2 Components

Components Length (km) A (fly) U (rly)
2,6,10,14,17,21 0.64 2.3 500
25, 28, 30, 34 0.71 2.5 500
1,4,7,9,12, 16,19 0.77 2.8 500
22,24,27,29,32,35 0.83 3.1 500
3,5,8,11, 13,15, 18 0.88 34 500
20, 23, 26, 31, 33, 36 0.92 3.8 500
37 - 47 NA* 1.5 53
48-56 NA* 1.3 47

*NA mean Not Applicable (for Transformer Components)
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5.2 LP and System Reliability Indices without DGs (Base Case)

The reliability indices of the 22 LPs in RBTS-BUS?2 are calculated via the results of the proposed
tie-set algorithm explained in section 4.1 and results given in Table 5.3, and the MCS and ITM
simulations. The component reliability data given in  Table 5.4 are used for the MCS and ITM
simulations while the proposed pseudo-digitization method explained in section 4.3 is used to
routinely capture the state of each component. Individual LP indices are obtained via the equations
4.10-4.21 given in section 4.4.1. However, due to the stochastic nature of the underlying MCS and
ITM techniques, several repeated simulations are required to obtain steady average values of the

LP indices. Figures 5.7-5.10 show how LP reliability indices vary with simulation time.
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Figure 5.10: Variation of Energy Not Served of All LPs

The average values of several load point reliability indices are computed and given in table 5.5.

The computed indices are availability (A), failure frequency (A), repair time (r), average

interruption duration (AID), average uptime duration (AUD), energy not served (ENS), average

energy not served (AENS), and energy not served per interruption (ENSI).

The overall system indices are computed from individual LP reliability indices via equations 4.22-

4.25 explained in section 4.4.2. The computed system indices are ASAI, SAIDI, CAIDI, SAIFI,

ENS and AENS. The final values of these metrics, calculated and averaged over 7000 years of

simulation time, are given in table 5.6.
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Table 5.5: Reliability Indices of All Load Points without DGs

LP A A (fly) r (h/f) AID AUD ENS AENS ENSI
(hly) (hly) (MWhly) | (MWh/cy) | (MWh/f)
1 | 0.963686 | 6.563195 | 50.29581 | 318.1138 | 8441.886 | 151.6378 | 0.7220850 | 23.974904
2 |0.961413 | 7.647968 | 45.97139 | 338.0211 | 8421.979 | 161.4563 | 0.7688394 | 21.958303
3 10.955697 | 10.40796 | 39.01697 | 388.0962 | 8371.904 | 185.3369 | 0.8825567 | 18.632711
4 10.957784 | 9.430546 | 40.94249 | 369.8101 | 8390.190 | 190.1218 | 190.12177 | 21.048799
5 10.950171 | 13.21447 | 34.76453 | 436.5034 | 8323.497 | 224.8581 | 224.85814 | 17.908422
6 | 0.951445 | 12.66480 | 35.29847 | 425.3416 | 8334.658 | 172.3175 | 17.231747 | 14.300374
7 10.946008 | 15.41590 | 32.43142 | 472.9659 | 8287.034 | 191.7652 | 19.176516 | 13.149396
8 |0.987739 | 6.160821 | 17.64953 | 107.4024 | 8652.598 | 145.9399 | 145.93989 | 23.982423
9 |0.983416 | 8.425445 | 17.53368 | 145.2791 | 8614.721 | 226.7443 | 226.74426 | 27.365686
10 | 0.963262 | 6.554812 | 50.97041 | 321.8272 | 8438.173 | 153.2875 | 0.7299403 | 24.277394
11 | 0.955425 | 10.39537 | 39.31485 | 390.4751 | 8369.525 | 186.2899 | 0.8870945 | 18.756529
12 | 0.953907 | 11.44197 | 36.99422 | 403.7761 | 8356.224 | 161.9772 | 0.8098862 | 14.840457
13 | 0.950367 | 13.04579 | 35.06814 | 434.7848 | 8325.215 | 223.8718 | 223.87177 | 18.056672
14 | 0.950086 | 13.50976 | 34.06564 | 437.2471 | 8322.753 | 225.2121 | 225.21211 | 17.546131
15 | 0.946888 | 15.23095 | 32.26078 | 465.2650 | 8294.735 | 188.4818 | 18.848180 | 13.069047
16 | 0.960483 | 8.175797 | 44.08268 | 346.1687 | 8413.831 | 140.1577 | 14.015768 | 17.848311
17 | 0.961693 | 7.572952 | 46.07628 | 335.5670 | 8424.433 | 134.5792 | 0.6728959 | 18.478897
18 | 0.956327 | 10.58872 | 37.78023 | 382.5734 | 8377.427 | 153.4902 | 0.7674512 | 15.157606
19 | 0.953093 | 11.92793 | 36.14423 | 410.9031 | 8349.097 | 164.8657 | 0.8243283 | 14.502063
20 | 0.947074 | 15.10955 | 32.39954 | 463.6329 | 8296.367 | 238.7602 | 238.76024 | 16.685019
21 | 0.944181 | 16.81214 | 30.80377 | 488.9702 | 8271.030 | 251.7714 | 251.77137 | 15.860899
22 | 0.941873 | 17.48082 | 30.92646 | 509.1952 | 8250.805 | 206.5695 | 20.656955 | 12.546196
Table 5.6: System Reliability Indices without DGs
ASA| SAIDI CAIDI SAIFI ENS AENS
(hic.y) (h/f) (flc.y) (MWhly) (MWh/c.y)
0.956233 383.39567 41.047540 9.340284 4079.491878 2.138098
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Figure 5.11: Variation of System Reliability Indices without DGs

Figure 5.11 depicts how the overall system reliability indices gradually converge to a steady value

as the years of simulation increases. It also helps to justify the use of large simulation time.

5.3 LP and System Reliability Indices with System-Connected DGs

The methodology and formulations delineated in chapter 4 are applied on the RBTS-BUS2 test
system to optimize the performance of the entire system and individual LPs. In the mixed-integer
multi-objective particle swarm optimization, the integer decision variable is the location of all the
DG resources (Lpg), While the other four decision variables ( PR, PR, CR , PR ) are real numbers.

The lower limit of real coded decision variables, Py i, P&in and PR, is 50KW, while
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minimum capacity of the battery storage system, Cg,mm, is 50KWh. The charging and discharging

rate is limited to 50% of CR enabling full charge and discharge within 2 hours. Also, the
charging/discharging efficiencies are 90% and the DOD is capped at 65% maximum. The location

variable is a set of selected buses of RBTS-BUS2 as given in (5.2).
Lpc €1{1,2,7,12,17,20,23,26,31, 36,39, 44,49,56,57 } (5.2)

The total installation cost of each type of DG are determined as ICW = $1835/KW, ICS =
$2955/KW, ICB = $700/KWh, ICD = $400/KW and OCD = $0.45/KWh [74] [75]. The wind
speed, solar irradiance and ambient temperature data for 10 years with resolution of 15 minute per
data point is used [76] [77]. Hence, each division interval, D = 0.25 hrs. Each particle of the

optimization makes 30 runs of the 10-years set of data, culminating in 300 years of simulation.

The optimization procedure contains 50 particles per generation, each particle runs 300 years of
simulation, and ends at 150 generations. Also the inertia weight, w(t) = 1.1, decrement factor, o =
0.99, the acceleration constants, C1 = C> = 2.0. Clustering the non-dominated local set and external
set are kept at 10 and 100 particles respectively. Two cases of the optimization are analyzed; One

with all DGs including the battery and the other without the battery.

5.3.1 System With All DGs Including Battery (Case-1)

In this case study, all five variables, including the battery size, are considered. All other parameters
of the optimization are as stated earlier. Hence, the Pareto optimal front contains 100 solution
points of the four objective functions and five decision variables. This four dimensional Pareto

optimal front is shown in figure 5.12 given below.
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Figure 5.12: Plot of Four Dimensional Pareto Optimal Solutions (Case-1)

The plot of the four dimensional Pareto optimal solutions also shows the best compromise solution

(BCS). The Pareto optimal solutions contain 100 solution points. However, other views of the

Pareto optimal solutions are plotted in figures 5.13- 5.15. Also, the particle and objectives of the

BCS solution are highlighted in table 5.7 given below.

Table 5.7: Variables and Objectives of the Best Compromise Solution (Case-1)

Particle Decision Variables Objectives
PR (KW) PR cR PR (KW) | Lpg SAIDI SAIFI ENS Total Cost
(KW) (KWh) (Bus) (h/c.y) (flc.y) (MWhly) ($10,000)
5627.636 | 1619.12 | 8450.783 | 7365.021 49 336.4691 | 7.3679 | 3636.7367 | 2652.1345

77




SAIFI (flc.y)

SAIFI (flc.y)

9 5 y 3 C 3 C C ES T %%ﬁ‘
*
o = & 6000
A 5500
9~ i
5000
~ 44500 &
S
o
85r g 1k {40003
= 13500 §
. s
8- iy e 4 | 43000 °
* # *
* 2500
7.5 w, £ ¥ ] 2000
x Rt A 1500
340 350 360 370 380 390
SAIDI (h/c.y)
Figure 5.13: Plot of SAIFI, SAIDI and Total Cost
9.5ﬁ T T T Li/;%- E
b g * 6000
% 5500
9~ |
5000
- 14500 S
S
o
851 o T - 44000 &
% ok ke ke g
= 13500 §
<
8- £ % 1k 43000 ©
& 2500
: *
25l . = & * 2000
* b §
* % i# AR N 1500
3600 3700 3800 3900 4000

ENS (MWhly)
Figure 5.14: Plot of SAIFI, ENS and Total Cost

78



400 T : r : C

6000
?%-?%- %?ﬁ
390+ e i 5500
?K' Ay
*f &
a80- | £ 45000
* - 14500 S
> 370 - LE I =
g - - - 4000 &
= * —
B 3
< 360" e 1 [ 139006
? *%%* woox = 43000 g
350 et ig T )
N s 2500
340 - " £° . 2000
. ©
1500
330 ;

3500 3600 3700 3800 3900 4000 4100
ENS (MWhly)
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Furthermore, objective functions’ values at both extremes are given and compared with the values
at the base case where there are no DGs connected to the system in table 5.8. This gives a view in
the direction of the amount of improvement that can be obtained even when two or more locations
are chosen for the DG placements. Also, table 5.9 gives all the details of each particle decision

variables and corresponding objective functions of the solutions containing the extreme values.

Table 5.8: Comparison of Objective Function Values at both Extremes

Objectives Base Case (No DGs) BCS Cés? With DGs InStélled

Minimum Maximum

SAIDI (h/c.y) 383.3956 336.4691 333.5693 394.1832
SAIFI (flc.y) 9.340 7.3679 7.1992 9.5255

ENS (MWhly) 4079.492 3636.7367 3574.0041 4020.6553

Total Cost ($10,000) Not Applicable 2652.1345 1247.3576 6312.5785
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Table 5.9: Values of the Eight Particles with the Extreme Objective Functions

PARTICLE DECISION VARIABLES OBJECTIVES
R R R R Lpc | SAIDI | SAIFI ENS | Total Cost
Py (KW) | Ps' (KW) | Cg (KWh) | Pr (KW) | gioy | (hicy) | (flcy) | (MWhA) | ($10,000)
Minimum and Maximum SAIDI
10533.997 | 3477.545 | 7108.370 | 10077.882 15 333.5693 | 7.3091 | 3634.6484 | 4041.9717
3943.333 153.872 2379.029 | 5041.516 6 394.1832 | 9.3742 | 3999.6642 | 1259.5827
Minimum and Maximum SAIFI
5320.448 | 4266.627 | 10171.950 | 7683.918 15 346.0237 | 7.1992 | 3664.5041 | 3473.6099
3876.521 166.047 2822.931 | 5531.846 7 387.2788 | 9.5255 | 3912.0823 | 1337.7581
Minimum and Maximum ENS
12473.329 | 8127.877 | 4298.559 | 13020.124 15 339.6852 | 7.2844 | 3574.0041 | 5627.5908
4254.077 213.476 2314.286 | 5457.775 8 366.9481 | 8.3447 | 4020.6553 | 1330.8942
Minimum and Maximum Total Cost
3468.218 146.954 2809.815 | 5436.278 7 393.1869 | 9.5052 | 3980.7714 | 1247.3576
12780.237 | 9582.388 | 8782.383 | 9727.498 15 335.4515 | 7.2768 | 3598.7543 | 6312.5785
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Figure 5.16: Plot of Normalized Objective Values BCS and Extreme Particles (Case-1)
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Furthermore, table 5.10 gives the details of some reliability indices of all LPs based on the best

compromise solution. It is obvious that several LPs performance criteria were improved while

some LPs remain almost the same. Figure 5.16 shows line graphs of the BCS alongside particles

with extreme objective function values given in table 9. Also figures 5.17 and 5.18 shows plots

that compare some overall system performance indices, SAIDI, SAIFI and ENS, of all Pareto

optimal front solutions with the base case indices. These show notable improvements with a wide

variety of solutions to choose from based on personnel interest and budgets.

Table 5.10: Reliability Indices of All Load Points with DGs at BCS (Case-1)
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5.3.2 System With All DGs Excluding The Battery (Case-2)

This case studies only four variables, all but the battery size. All other parameters of the
optimization are as stated earlier. Hence the four dimensional Pareto optimal front indicating the
BCS is shown in figure 5.19. The Pareto optimal solution contains 100 solution points. However,
other views of the Pareto optimal solutions are plotted in figures 5.20- 5.22. Also, the particle and

objectives of the BCS solution are highlighted in table 5.11.

Table 5.11: Variables and Objectives of the Best Compromise Solution (Case-2)

Particle Decision Variables Objective Values

PR (KW) | PR (KW) | PR (KW) | Lpg SAIDI SAIFI ENS Total Cost
(Bus) (h/c.y) (flc.y) (MWhly) ($10,000)

2105.499 | 6727.477 | 6032.992 15 339.7248 | 7.2852 | 3572.9993 | 2905.5699
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Figure 5.19: Plot of Four Dimensional Pareto Optimal Solutions (Case-2)
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Figure 5.22: Plot of SAIDI, ENS and Total Cost (Case-2)

The extreme values of the objective functions are given and compared with the values at the base
case where there are no DGs connected to the system in table 5.12. Also, table 5.13 gives all the
details of each particle and corresponding objective functions of the solutions containing the
extreme values. Objective values at these extremes alongside the BCS are plotted in figure 5.23.

Similar to case-1, figures 5.24-5.25 show comparison of SAIDI, SAIFI and ENS of all Pareto front
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solutions of case 2 and those of the base case. Also table 5.14 gives LP reliability indices at all

LPs for the BCS of case-2.

Table 5.12: Comparison of Objective Function Values at both Extremes (Case-2)

Objectives Base Case (No DGs) BCS Ca_lsg With DGs InStf’i“ed
Minimum Maximum

SAIDI (h/c.y) 383.3956 339.7248 336.9907 384.7351
SAIFI (flc.y) 9.340 7.2852 7.1992 10.0606
ENS (MWhly) 4079.492 3572.9993 3572.9993 3980.4247
Total Cost ($10,000) Not Applicable 2905.5699 1054.6671 5572.7070
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Table 5.13: Values of the Eight Particles with the Extreme Objective Functions (Case-2)

PARTICLE DECISION VARIABLES OBJECTIVES
R R R Lpc | SAIDI | SAIFI ENS | Total Cost
Py (KW) | Ps (KW) | Pr (KW) | gy | (hicy) | (flcy) | (MWhiy) | ($10,000)
Minimum and Maximum SAIDI
1532.8235 | 6551.2602 | 6366.0234 15 336.9907 | 7.4035 | 3635.2094 | 2795.8835
942.9921 1964.9322 | 6487.4541 7 384.7351 | 9.3242 | 3867.7818 | 1257.6006
Minimum and Maximum SAIFI
966.3281 8102.1926 | 12326.1791 | 15 346.0237 | 7.1992 | 3664.5041 | 3372.4569
5132.6756 267.7756 | 1750.2064 10 367.2067 | 10.0606 | 3807.0219 | 1328.2603
Minimum and Maximum ENS
2105.4997 | 6727.4771 | 6032.9921 15 339.7248 | 7.2852 | 3572.9993 | 2905.5699
4668.1432 64.7235 2113.9015 8 374.2768 | 9.2590 | 3980.4247 | 1054.6671
Minimum and Maximum Total Cost
4668.1432 64.7235 2113.9015 8 374.2768 | 9.2590 | 3980.4247 | 1054.6671
12697.6538 | 9437.5281 | 7543.2478 15 338.1522 | 7.3129 | 3618.5778 | 5572.7070
1ﬁ |
0.9~ .
0.8+ .
07 [ _._ BCS 7
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05 —— SAIF| Min ]
——SAIFI Max
0.4+ ——ENS Min ,
ENS Max
0.3 —+—Cost Min g
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0.2, r r ]
SAIDI SAIFI ENS Total Cost

Figure 5.23: Plot of Normalized Objective Values BCS and Extreme Particles (Case-2)
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Figure 5.25: Comparison of Energy Not Served of Pareto Optimal Front with Base Case (Case-2)
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Table 5.14: Reliability Indices of All Load Points with DGs at BCS (Case-2)

LP[ A » (f7y) r(h/f) | AID (hly) | AUD (hly) ENS AENS ENSI
(MWhly) | (MWhic.y) | (MWh/f)
1 | 0.962049 | 6.624751 | 52.163049 | 332.452500 | 8427.54750 | 158.644216 | 0.755449 | 24.891875
2 | 0.960993 | 7.755864 | 45.845036 | 341.698333 | 8418.301667 | 161.703542 | 0.770017 | 21.695466
3 | 0.959020 | 10.284804 | 36.395826 | 358.984167 | 8401.015833 | 171.432228 | 0.816344 | 17.380759
4 | 0.955228 | 9.484644 | 43.289183 | 392.200000 | 8367.8000 | 201.850963 | 201.850963 | 22.279356
5 | 0.953335 | 12.839136 | 33.397399 | 408.784167 | 8351.215833 | 209.816796 | 209.816796 | 17.141895
6 | 0.954527 | 12.362142 | 33.757839 | 398.342500 | 8361.657500 | 161.475295 | 16.147530 | 13.684347
7 | 0.949901 | 15.492843 | 29.821121 | 438.867500 | 8321.132500 | 177.478458 | 17.747846 | 12.059691
8 | 0.986686 | 6.395144 | 18.483228 | 116.629167 | 8643.370833 | 158.653413 | 158.653413 | 25.143172
9 |0.982838 | 8.641645 | 17.701236 | 150.342500 | 8609.657500 | 234.785719 | 234.785719 | 27.643530
10 | 0.961822 | 6.567393 | 52.944855 | 334.435000 | 8425.56500 | 160.340793 | 0.763528 | 25.383767
11 | 0.955707 | 10.292556 | 39.445019 | 388.007500 | 8371.992500 | 186.313672 | 0.887208 | 18.940733
12 | 0.952313 | 11.2357997 | 39.040810 | 417.736667 | 8342.263333 | 167.814574 | 0.839073 | 15.683605
13 | 0.950851 | 13.153131 | 34.425307 | 430.545833 | 8329.454167 | 221.584007 | 221.584007 | 17.717271
14 |0.947778 | 13.610779 | 35.462209 | 457.462500 | 8302.537500 | 235.447599 | 235.447599 | 18.251752
15 | 0.945753 | 15.338747 | 32.757583 | 475.203333 | 8284.796667 | 192.928932 | 19.292893 | 13.299329
16 | 0.966923 | 4.429861 | 67.647471 | 289.756667 | 8470.243333 | 117.590340 | 11.759034 | 27.452998
17 | 0.966257 | 3.977548 | 76.909367 | 295.588333 | 8464.411667 | 118.258235 | 0.591291 | 30.769706
18 | 0.968659 | 4.039949 | 70.156516 | 274.545833 | 8485.454167 | 110.993259 | 0.554966 | 28.362843
19 | 0.965395 | 5.313889 | 59.092105 | 303.142500 | 8456.857500 | 122.091899 | 0.610459 | 23.799591
20 | 0.965675 | 5.226051 | 59.581407 | 300.687500 | 8459.312500 | 155.262247 | 155.262247 | 30.765307
21 | 0.965832 | 4.238143 | 73.122353 | 299.314167 | 8460.685833 | 154.090417 | 154.090417 | 37.644239
22 | 0.970165 | 4.906383 | 54.906688 | 261.355833 | 8498.644167 | 106.006008 | 10.600601 | 22.270170
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CHAPTER 6

CONCLUSION AND RECOMMENDATION

6.1 Conclusion

This thesis work has shown that the reliability performance of a distribution system can be
improved via intelligent location and sizing of wind turbine, solar PV, battery storage system and
diesel engines. Several system components models were acquired and harnessed together to obtain
the much needed optimization model. The optimization model contained five decision variables

and four objective functions, hence producing four dimensional Pareto optimal solutions.

In this thesis work, much emphasis has been placed on the improvement of both LP and entire
system reliability performance indices. This thesis has also proposed several methodologies and
formulations that can be used to simplify the procedures for obtaining, recording and enumerating
the states of components, tie sets, and LPs. The proposed Tie-Set Algorithm and Pseudo-
Digitization Technique led to a new form of reliability formulation sets which have been shown to
be effective. This thesis work has utilized real-life solar irradiance, temperature and wind speed
data to simulate and indicate the location of wind turbine, solar PV, storage and diesel conventional
system in a microgrid. The simulation uses the Mixed-Integer Multiple Particle Swarm
Optimization technique to arrive at the non-dominated solutions on the basis of five different
objective functions. The best compromise solution is also indicated and analyzed. The
formulations and exercises in this thesis can be utilized by major power distribution utilities to

improve the reliability and reduce the outage costs of each LP and entire system in general.
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6.2

Recommendation

Although several works and instances have been discussed and covered in this thesis work, some

recommendations still exist. These are outlined below.

1.

In this entire thesis work, it has been all about reliability performance and, size and location
of hybrid DG systems using several classical reliability indices but power loss. Hence, an
additional objective or constraints could be the entire system power loss function via power
flow formulations.

Amidst the several simulations made in this thesis, the number of locations to be chosen
for DG connection is limited. More DGs can be located in the system at different locations
with all running simultaneously. This will definitely increase the reliability levels.

In another dimension, the entire theme of this thesis could have been the quest to formulate
the rightly worldwide acceptable power flow model of a single bus that contains all for
types of DGs included in this thesis. However interesting, this dimension will require not

just simulations but practical implementations and verifications.
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