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Summary
Operational challenges of classical electric utilities, evolutionary changes in the
regulatory and the emergence of smaller generating systems (e.g. micro turbines, wind
turbines, hydroelectric generators etc.) have unlocked new prospects for distributed
generation at site by electricity users. Distributed energy resources (DERs), i.e. small
power generating systems which are typically located in the vicinity of end-users, have
materialized as a favourable route in meeting the growing electric power needs of endusers and the increasing emphasis on power quality, reliability and energy resilience.
DERs are integrated with load demand and energy storage systems (ESSs) providing an
opportunity for an entirely new approach in establishing a microgrid. Such a microgrid
can provide a lot of benefits to the end-users as it is designed and implemented to meet
the immediate power and heat needs of the immediate site. The microgrid can provide
uninterruptible power supply, decrease feeder cable losses, enhance local reliability and
improve power quality. The energy resources connected to the microgrid include stable
sources such as micro turbines, fuel cells and diesel generators; and intermittent energy
resources such as photovoltaic system (PVS).

A microgrid can be operated as a stand-alone electrical grid, or grid-tied when connected
to the main utility grid. In remote villages, islands, emergency situations (e.g. refugee
camps, tsunamis, earthquakes etc.), remote mining operations and military command
posts, stand-alone microgrids would be a natural choice to provide electricity.
This thesis serves to establish the probabilistic reliability of hierarchical level I (HL I)
of stand-alone microgrid operational adequacy taking into considerations of
uncertainties in ESSs, PVSs and conventional generators (CGs). The IEEE Reliability
Test System (IEEE-RTS) constant intra-hour load model is modified and used to include
a minutely random rapid-ramp microgrid demand model. Instead of using the classical
constant intra-hour or intra-day time step, an operating period of one-minute time step
to incorporate the effect of fast ramp up (or down) of system components is considered
for microgrid operating adequacy due to load and resource variations. The ESS model
is proposed with time dependent state-of-charge (SOC) in order to determine the output
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power from cell to system level. The PVS reliability is modelled using the basic solar
photovoltaic cell to form the PV system in various different configurations and different
penetration levels. The interaction between the variability of PVSs and random rapidramp demand; and between the variability of PVSs and ESSs are evaluated. The two
reliability indices used for the stand-alone microgrid considered are the expected energy
not supplied (EENS) and the expected energy not used (EENU).
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Page | X

Pm

maximum single solar PV cell output power

Po

single solar PV cell output power

pi

probability of existence of the unit state i

RL

load resistance

Rp

parallel resistance across the Shockley diode

U

unit unavailability

Uc

component c unavailability

Vd

diode voltage (volts)

Vo

cell output voltage

Voc

cell open-circuit voltage



component c failure rate

μ

component c repair rate

η

empirical constant

ηm

conversion efficiency of PV cell for the maximum power generated

σPLi

standard deviation of PLi.

Constants:
k

Boltzmann constant 1.38047 x 10-23 J/K
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HL II

Hierarchical level II
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load demand



net demand

Ncg

total number of CG states

Nes

total number of ESS states

Npv

total number of PVS states

Nsi

total number of system operating intervals

NX

total number of X system component states

Pc/Pd

ESS charging / discharging rate, i.e. power rating of energy storage)





state probability of CGs



state probability of ESS

!

state probability of PVS

"


state probability of X system component


#

output power of a PV cell


#

output power cell of an energy storage cell


#
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$

reliability of PV cell
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unreliability of component at time
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X system component



failure rate for component
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diode voltage (volts)
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operating period i
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operating state j
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kth component
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kth component reliability of CG sub-system
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kth component reliability of PVS sub-system




kth component reliability of ESS sub-system



CG ith operating period at jth state

(* ) /

depth of charging / discharging and the SOC for ti

+(* )
,

energy not supplied for ith operating period jth state

&

energy not used for ith operating period jth state

+

Shockley temperature-dependent diode current



solar cell current at ith operating period



PV cell leakage current



photon current at ith operating period



reverse saturated current of the diode



load demand at ith operating period



net demand at ith operating period
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total number of CG states



total number of ESS states
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!



total number of system operating intervals

"

total number of X system component states

 /+

ESS charging / discharging rate, i.e. power rating of energy storage





probability of CG sub-system at ith operating interval jth state



probability of ESS sub-system at ith operating interval at jth state



!

probability of PVS sub-system at ith operating period jth state

"

probability of X sub-system at ith operating period jth state




ith operating period output power of solar cell
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$
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$
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$%

!

reliability of energy storage Inverter at ith operating period
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$
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$

reliability of single-cell energy storage ith operating period

$

reliability of energy storage system ith operating period
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reliability of solar PV module ith operating period
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&
&
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kth component unreliability of ESS sub-system
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(
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kth component failure rate for CG sub-system




kth component failure rate for ESS sub-system

!

kth component failure rate for PVS sub-system



μ

kth component repair rate for CG sub-system

μ!

kth component repair rate for PVS sub-system

μ


kth component repair rate for ESS sub-system

ηc/ηd

ESS charging / discharging efficiency
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energy not supplied
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energy not supplied
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energy storage system

FOR
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priority loading order

PV

photovoltaic
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Chapter 1: Introduction

1 Introduction
1.1 Motivation
A very comprehensive assessment on greenhouse gas (GHG) emission and mitigation
was reported by Inter-governmental Panel on Climate Change (IPCC) Fourth
Assessment Report on Climate Change 2007 [1]. The aim is to stabilize GHG
concentration emission in atmosphere at a level that will avoid endangering
anthropogenic interference with the climate system. This concentration level has to be
reached at an appropriate time frame so that the ecosystem has adequate time to adapt
naturally to climate change and not adversely impact on food production. Global
economic progression can then hopefully be continued in a socially and environmentally
sustainable manner.

Power generation and road transport contribute to the largest growth of CO2 emission,
and one of the simplest mitigation techniques is via energy efficiency. The centralized
electric power system structure is expensive in infrastructure. It requires long planning
lead time, and suffers high losses. Augmentative mechanisms should be adopted in order
to meet consumers’ growing demand on energy in an effective and efficient manner, yet
providing reliable and resilient energy supply. Reference [2, 3] argued that a microgrid
has emerged as an augmenting technology with higher resilience, flexibility and
efficiency. Isolated microgrids naturally find their applications in islands, remote
villages and military command posts [4-7].

Photovoltaic technology has received notable investment for more than a decade due to
considerable interests in renewables adoption worldwide. However, deep penetration of
intermittent photovoltaic and wind power technology compromises on electric power
system reliability, and even more so for an isolated microgrid with low inertia [8-10].
E. Ela and B. Kirby [11] recounted in the February 26, 2008 event where the Electric
Reliability Council of Texas (ERCOT) declared a system emergency due to a swift and
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enormous ramp down of the output power of the wind turbines. B. Kirby [12] pointed
out that generators track load at roughly in one to two-minute interval level and a swift
system load fluctuation may cause generators to regulate in the wrong direction. Hence,
fast ramp operations and dispatch in isolated microgrids could lead to serious
implications and warrant further research.

W. Y. Li and L. Goel [13] articulated the research gap of coordination in adequacy
between intermittent sources and random loads; and between intermittent sources and
storages. Other researchers have considered large power systems ramp issues in unit
commitment and generation economic dispatch [14-19]. Specifically, the impacts of
ramp rates of conventional generators on power system reliability have not been
investigated in detail. Moreover, operational ramp rate issues in microgrids are more
acute because the conventional generators have slower ramp rates than the large power
systems and the impacts of fast ramp on microgrid operational adequacy have barely
been investigated.

Classical constant intra-hour demand, conventional generators (CGs) and renewable
source models have been used in [20-26]. However, the ramp rates of CGs were not
considered in these papers. This thesis endeavours to fill this gap by considering the
probabilistic 2-state and higher state enumeration methodologies for all the system
components such as CGs, PVSs and ESSs with ramp up (or down) operating in a
microgrid .

J. V. Milanovic et al. [14] indicated that regular update of load model parameters is
crucial for better accuracy in simulation, due to emerging penetration of new nonconventional generation (mostly intermittent sources through power electronics
interface) in power systems. Hence, per minute demand model used in this thesis will
be of great research value to describe microgrid operation adequacy more accurately.
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There have been attempts to connect large solar photovoltaic (PV) farms and energy
storage systems (ESSs) at generation and/or transmission level. The cost of such large
solar farms and ESSs are prohibitive even for Independent System Operators. However,
the general public awareness of global warming and environmental sustainability issues
have created a general acceptance of the installation of the rooftop solar PV and the
ESSs at the distribution level. The rate of solar PV systems (PVSs) and ESSs installation
has increased tremendously for the last two decades at the distribution level. There has
been a growing awareness and the need of microgrids that have the options to connect
to the larger grid or configure as an isolated microgrid. This has changed the dynamics
dramatically of the electric power system where conventional generators will interact
with PVSs and ESSs installed at the generation level. The rapid and random change of
demand for a small microgrid or isolate microgrid with conventional generators, PVSs
and ESSs connected at the distribution level should change the complete dynamics of
the microgrid operation. This dynamics of such an interaction in an isolated or small
microgrid is completely different from large electric power systems.

Notably, the reliability of all system level components in a microgrid impacts on both
its short term and long term viability. Taking PVS and ESS as an example where the
system level is made up of hundreds if not thousands of single PV cell and single energy
storage (ES) cell respectively. The techniques of connecting all these single cells, the
adopted configurations, the manufacturing quality control, application ambient
conditions, mean time between failures of each single cell etc. would have an impact on
the system level and eventually the microgrid operational adequacy. Hence, it is
paramount to investigate and understand the reliability from a single cell component
level to the reliability of a complete system level at a distribution level. Furthermore,
one or more single PV cell or single ES cell could mal-function prematurely. This will
result in a multistate system (MSS) model where performance of the system level
component will be derated.

ESS has been widely published in several literatures for many years. The state of charge
(SOC) at any point in time has remained a keen research area. In lieu of the hundreds or
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thousands of single ES cell, the SOC from single ES cell to ESS level will be time
dependent as it interacts with the demand, PVSs and CGs. The research on such time
varying SOC of ESSs in the short time analysis will stretch an intriguing scientific value
in the operational adequacy of the microgrid.

To fill the research gaps of operational adequacy of microgrids, which are more versatile
for load and resource variation, this thesis evaluates the reliability of a stand-alone
microgrid with fast demand ramps and high PV penetration. The expected energy not
supplied (EENS) and expected energy not used (EENU) have been formulated to
represent energy generation / demand corresponding to efficiency and energy surplus in
the system operation taking into consideration the effects of the ramp rates of the load,
renewable resources and conventional generators. Adequacy coordination among
intermittent sources, random demand, generalized PVS reliability model and time
varying state of charge (SOC) of ESSs are also considered in the proposed technique.
As PVSs and ESSs are made via multiple single PV cells and multiple single ES cells
respectively, the multistate system (MSS) model can be applied aptly to study the impact
on system level reliability and power output.

1.2 Objectives
This thesis focuses on the stand-alone microgrid operational adequacy studies
incorporating energy storage systems (ESSs), photovoltaic systems (PVSs) and
conventional generators (CGs). The main objectives of this research are:
1)

Understand the existing techniques used in conventional power systems and
microgrid reliability evaluation; and identify research gaps for operational
adequacy in stand-alone microgrids reliability.

2)

Study the new planning and operation issues due to the integration of
intermittent renewable energy sources and energy storage in stand-alone
microgrid, while considering uncertainties of all the system components.
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3)

Examine the microgrid operational adequacy due to intermittent PVS
generation and random rapid-ramp demand models, in one-minute time step.

4)

Investigate the microgrid operational adequacy due to intermittent PVS
generation and ESS, in one-minute time step.

5)

Apply probabilistic 2-state and higher state enumeration to cater for the
uncertainties of system components, e.g. ESSs, PVSs and CGs.

6)

Consider the impact of spinning reserve (SR) capacity of CGs, priority
loading order, forced outage rate (FOR) and ramp rates on the reliability of
stand-alone microgrids.

7)

Improve the techniques for reliability evaluation of operational adequacy of
stand-alone microgrid with integrated of PVSs and ESSs.

8)

Develop techniques in the selection of the optimal size of ESSs and PVSs.

1.3 Major Contributions
The major contributions of this thesis for microgrid operation adequacy are as follows:
1) Introduce ramp up (or down) for ESSs, PVSs, CGs and demand model to
determine EENS and EENU due to load and resource variations.
2) Consider uncertainties of ESSs, PVSs and CGs at every time step interval such
that all contingency states are considered for each system component in the
computation of EENS and EENU.
3) Deploy probabilistic 2-state and higher state enumeration techniques in random
rapid-ramp environment for the system components.
4) Formulate reliability modelling and power output of PVS and ESS from the cell
level to system level, and identify configuration for better performance over
lifetime. The MSS model fits the scenario perfectly as the anomaly of one or
more single PV cell and/or single ES cell can be explained nicely via MSS.
5) Introduce time varying state-of-charge (SOC) for ESS with uncertainty
considerations to determine power output.
6) Propose generalize equations to cater for any additional system components with
uncertainties to be added to the model.
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7) Study impact of SR capacity, priority loading order, FOR and ramp rate in rapidramp microgrids.
8) Enable the system planner to select the type and size of microgrid systems that
contain alternative energy sources and energy storage systems.

1.4 Report Organization
This report is organized such that Chapter 2 explains the basic power system and
microgrid reliability adequacy, reliability cost / worth and its respective indices. Chapter
3 narrates energy sources, energy storage system and demand modelling. Chapter 4
describes the impact of energy storage and variability of PV on hierarchical level I (HL
I) power system reliability evaluation. This is a traditional IEEE-RTS electric power
system with conventional generators of 3405MW installed capacity, considering both
system reliability and annual cost saving using typical constant intra-hour analytical
method. Chapter 5 evaluates the operational adequacy studies of a stand-alone 2.4MW
HL I microgrid in per minute ramp analysis with PVS and ESS. Chapter 6 extends the
research covered in Chapter 5 to include multistate reliability modelling of the isolated
2.4MW HL I microgrid using per minute ramp technique. Conventional generators, PV
systems and energy storage systems are all modelled as multistate system to study the
impact on microgrid system adequacy. Finally, Chapter 7 provides the conclusions, and
explores the potential of future work to be studied.
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2 Literature Review on Reliability Techniques
2.1 Introduction
A modern electric power system is extremely complex due to several reasons. Some of
which are sheer physical size, widely dispersed geography, national and international
interconnections, flows that do not readily follow the transportation routes as expected
by operators but they naturally follow physical laws. The fact that electrical energy
cannot be stored efficiently or effectively in large quantities, unpredicted system
behaviour at one point of the system can have a major impact on system reliability at
long distances from the source of trouble, and many other implications [15].

The fundamental purpose of an electric power system is to supply customers with
electricity. It has come to a point where society expects electrical supply to be always
available with a reasonable degree of quality. It is neither economically nor technically
feasible to build an absolutely reliable power system due to uncontrollable factors, such
as the random failures of components. Over-investment can provide high reliability but
result in excessive cost. On the other hand, under-investment may cause a large number
of power system faults, and therefore leads to much more economic losses. Reliability
and economic are competing constraints. This dilemma leads to difficult managerial
decisions at both the planning and operating phases.

Deterministic technique has been widely studied and better understood in general.
However, electric power systems behaviour is stochastic in nature where deterministic
technique cannot account for and shows incongruence. Stochastic electric power
systems behaviour will be better studied and explained via probabilistic technique as all
input and output event considerations are stochastic variables in nature. Hence,
probabilistic techniques can be a better decision supporting tool to resolve the competing
constraints between operation, reliability and economic cost.
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Reliability is an inherent characteristic of a system or product. It is therefore a design
parameter and its assessment should be performed as an integral part of the design
process. In order to achieve this, it must be expressed in quantitative term and specified
as part of the system objective [16].

Quantitative assessment can be used for two specific applications namely a) evaluation
of historical performance, and b) establishment conjecture of future performance. The
former can and is frequently done in practice by organizations or individuals that may or
may not perform future predictions. The latter, however, requires knowledge of the past
in order to predict the future.

In all cases, the system behaviour cannot be defined as deterministic but as stochastic in
nature, i.e., it varies randomly with time. Complete assessment of a stochastic process
can only be achieved using probability techniques. However, one should note that
probability theory alone cannot predict either the reliability or the safety of a system. The
system assessment requires a thorough understanding of the system, the manner in which
it fails, the method it operates, its design, the stresses and the situation in which it is
subjected to. It is in this aspect of reliability evaluation that engineering judgment is
paramount and no amount of probability theory can circumvent it [16]. Probability theory
is only a tool available to the engineer to transform knowledge of the system into a
prediction of its likely behaviour.

The probability of a device carrying out its tenacity sufficiently for the period of time
planned under the functioning environments [16] is its reliability. The characterization
has four simple portions; 1) adequate performance, 2) operating conditions, 3) time, and
4) probability. Adequate performance, operating conditions and time are all engineering
parameters, and probability theory is of no assistance in this part of the assessment.
However, the probability portion provides the numerical input for the assessment of
reliability and also the first index of system adequacy. In many instances it is the most
significant index, however there are many more calculated and used parameters.
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Typically, in the initial planning phase to evaluate power system reliability, both
probabilistic and deterministic techniques are used [15]. Examples of deterministic
techniques are spinning reserves sufficient to cover likely contingencies and planning
generation margins equivalent to predetermined margin of forecast peak demand.
Similarly, N-1 or N-2 principles are applied as network capacity contingency in case one
or more networks are out of order. Hence, deterministic technique suffers from the fact
that it cannot anticipate or account for the system behaviour, which is inherently
stochastic.

In design, planning and allocation of resources, more consequential information can be
derived from probabilistic techniques. The basic aspects of power system reliability
evaluation using probabilistic techniques are system security and system adequacy [15,
17] as in Figure 2-1. System adequacy is associated with static conditions, e.g.
availability of satisfactory generation, transmission and distribution capability inside the
system to meet the demand. System security is related to system dynamics, e.g.
capability of the system to react to instabilities appearing within the system. The two
methods usually employed to evaluate system performance are simulation techniques
and analytical techniques, however this thesis focuses on the latter.

Page | 9

Chapter 2: Literature Review On Reliability Techniques

Figure 2-1 Subdivision of system reliability

For all analytical techniques, the system can be described via a mathematical model with
direct numerical solutions applied to evaluate the reliability indices. These techniques
generally provide expectation indices in a relatively shorter computational time. The
analytical model of the system would require assumptions to obtain a simplification of
the problem, even more so when modelling complex systems with complex operation
procedures.

Reliability evaluation using probabilistic techniques is usually in the field of adequacy
assessment. It is important to appreciate that most of the indices available at present are
not overall reliability indices but adequacy indices.
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Functional
Zone 1
(Generation)

Functional
Zone 2
(Transmission)

Functional
Zone 3
(Distribution)

Hierarchical level I
(HL I)

Hierarchical level II
(HL II)

Hierarchical level III
(HL III)

Figure 2-2 Power system hierarchical levels

A power system is complex, highly integrated, and very large. It is not necessary to
analyse a power system as a whole. The system can be divided into appropriate
subsystems, which can be analysed separately. An appropriate method to divide the
power system is to use its main purposeful areas, which are a) generation systems, b)
transmission systems and c) distribution systems. Reliability evaluation can be shown
in each of these purposeful areas in the groupings that give the hierarchical levels.
Hierarchical level I (HL I) reliability evaluation is interested only with the generation
facilities. Hierarchical level II (HL II) assessment includes both generation and
transmission facilities. Hierarchical level III (HL III) evaluation includes all three
purposeful areas [15] as in Figure 2-2.

There is considerable interest in using solar photovoltaic (PV) and wind to provide
electric power generation due to the global environmental concerns associated with
conventional energy sources. Both of these are, however, intermittent and diffused
renewable energy resources, however, are intermittent and diffuse energy sources as
both are highly variable and site specific. PV and wind behave quite differently from
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that associated with conventional energy sources, and therefore the incorporation of
these renewable resources will affect the power system reliability in a different manner
than the pure conventional energy source system. As power generation from renewable
resources at megawatt level are integrated into existing power systems, it becomes
particularly important to evaluate the impact of these renewable resource generations on
the overall system reliability. Similarly, integrating these renewable resources into an
isolated microgrid will impose additional considerations as the microgrid has very low
inertia. The intermittency of the power generation from renewable resources could
impact the power supply quality and system reliability, which may pose additional
concerns.

2.2 Power System Adequacy Assessment
2.2.1

Generation System Studies

All power system planning and operation will require objective determination of the
required amount of system generating capacity to ensure an adequate supply [15].
Generation model, load model and risk model as shown in Figure 2-3, are basic
approaches to evaluate the adequacy of a particular generation system.

In the reliability evaluation of a HL I generation systems, all the loads are added together
to form a total system load and all the generating units are lumped together to form the
total system generator, as shown in Figure 2-4. The convolution of system generation
and load models will form the appropriate reliability model. The reliability indices can
be calculated based on these models. Load modelling will be discussed in the next
chapter. In this chapter, the generation system model and reliability indices are
introduced.

The elementary approach to evaluating the adequacy of a particular generation
configuration consists of three parts as shown in Figure 2-3. The load and generation
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models shown in Figure 2-3 are convolved to form the proper risk model. The calculated
indices do not normally include transmission constraints or transmission reliabilities,
although it has been shown how these constraints can be included, they are therefore
overall system adequacy indices. The system representation in a conventional study is
show in Figure 2-4. The calculated indices in this case measure the overall adequacy of
the generation system [15].

Figure 2-3 Conceptual tasks in generating capacity HL I reliability evaluation

Total
System
Generation
G

Total System Load

Figure 2-4 Conventional system (HL I) model
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The basic approach for a HL I study is show in Figure 2-3. Analytical methods and Monte
Carlo simulation utilize different techniques to assess generation and load models. The
essential concept shown in this figure, however, is basically the same for both techniques.

2.2.2

Composite System Studies

In HL II studies, bulk transmission is included in the simple generation-load model
shown in Figure 2-4. This is usually termed composite system or bulk transmission
system evaluation for adequacy assessment. An example of a composite system is show
in Figure 2-5. This level assesses the adequacy of a present or planned system including
the impact of various strengthening alternatives at evaluating two sets of indices:
individual bus (load points) indices and overall system indices.

Figure 2-5 A sample composite system for HL II studies
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2.2.3

Distribution System Studies

HL III starts at the generating stations and terminates at the individual consumer load
points. It is a very complex system as this level involves all three purposeful areas. The
distribution purposeful areas are usually analysed as a separate entity. HL II load-point
indices will serve as the input values of HL III indices.

Distribution system adequacy evaluation involves assessment of suitable adequacy
indices at the actual consumer load points. There are two basic types of distribution
system: meshed and radial configurations. Evaluation methods for meshed distribution
systems are conceptually the same as those used for composite systems. The techniques
for a radial distribution system are based on failure-mode analysis including
considerations of all realistic failure and restoration processes. These techniques also
apply to substation adequacy assessment as a substation has similar configurations and
failure modes.

2.3 Reliability Cost/Worth

In addition to adequacy studies, the economics of different facilities do have a significant
part in the decision making process. A simplified approach is to consider the investment
only with different facilities selected. The reliability incremental cost can be computed
via the investment cost associated with each alternative facility with increased reliability,
in other words it is the cost for a per-unit increase in reliability. The most cost effective
solution remains as the lowest incremental cost of reliability. For power system
expansion planning to increase system adequacy, this technique can be a useful method
when comparing alternatives.

Page | 15

Chapter 2: Literature Review On Reliability Techniques

Figure 2-6 Consumer, utility and total cost as a function of system reliability

The basic concept can be illustrated using the cost/worth curves of Figure 2-6. Figure
2-6 shows if higher reliability is required by end-users, than the utility costs will generally
increase. On the contrary, end-user costs related with supply interruptions will decrease
as the reliability increases. The sum of these two individual costs is the total cost to
society. The “optimum” or desired level of reliability is located at the total cost minimum
point [17] in Figure 2-6.

2.4 Adequacy Indices

Commonly used adequacy indices are expected values of a random variable. However,
in some cases the probability of adequacy indicies can be calculated. An adequacy
indices entail various inputs such as demand characteristics and uncertainty, system
component capacity and availability, system operation conditions and configurations,
etc. An expected value is a long-term average of the experience under analysis with
stochastic inputs, and hence it is not a deterministic parameter.
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2.4.1

Adequacy Indices in HL I Studies

Loss of load duration (LOLD), loss of load frequency (LOLF), loss of energy
expectation (LOEE) and loss of load expectation (LOLE) are the four commonly used
adequacy indices in generating system adequacy assessment in HL I. These adequacy
indices can be represented mathematically by the following equations:

(1) Loss of load duration (LOLD) is represented in (hour/disturbance);

LOLD =

LOLE
LOLF

(2-1)

where the expected duration of the deficiencies and the expected frequency of
encountering a deficiency is the definition of LOLD. This index provides more
information to system planners, as it is sensitive to additional generation system
parameters.

(2) Loss of load frequency (LOLF) is described in (occurrence/year);

LOLF =

( Fi −
∑
i∈S

fi )

(2-2)

where  is the frequency of the departing system state 3. 4 is the portion of  which
relates to not going through the boundary wall between the no-loss-of-load state set and
the loss-of-load state set.
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(3) Loss of energy expectation (LOEE) with units in (MWh/year);

LOEE = ∑ 8760C i pi

(2-3)

i∈S

where loss of load system state 3 is described by  . All system states associated with
the loss of load are represented by ,, whereas  is the probability of system state 3. The
expected energy not supplied by the generating system because of the demand exceeding
the available generating capacity is LOEE. The duration of loss load, the frequency of
loss load, and the severity of the deficiency of loss of load are encompassed within
LOEE. Therefore, the likelihood as well as impact of energy shortfalls is evaluated in
this adequacy index.

(4) Loss of load expectation (LOLE) with units in (day/year) or (hour/year);

LOLE = ∑ piT

(2-4)

i∈S

where all system states associated with the loss of load is represented by ,, whereas 
is the probability of system state 3. The LOLE is the average number of days or hours
in a given period, e.g. over a year, in which the daily peak load or hourly load is expected
to exceed the available generating capacity. However, a distinction shall be made at this
stage that LOLE does not provide information on the duration of the loss load, nor the
frequency of loss load, nor the severity of the deficiency of loss of load.

2.4.2

Adequacy Indices in HL II Studies

Page | 18

Chapter 2: Literature Review On Reliability Techniques

The adequacy index concepts used in HL I studies can be extended to composite system
adequacy assessment. More indices, however, are required to reflect composite system
features.

(1) Expected demand not supplied (EDNS) is expressed in (MW);

EDNS =

C i pi
∑
i∈S

(2-5)

where loss of system state i is described by Ci.
(2) Expected energy not supplied (EENS) is characterized in (MWh/year);

EENS =

C i Fi Di
∑
i∈S

=

8760C i pi
∑
i∈S

(2-6)

where at system state 3, the duration is  . The EENS index in HL II system adequacy
assessment is comparable to the LOEE index in HL I studies.

2.4.3

Reliability Worth Indices

Unreliability cost is usually assessed through interruption cost, in order to determine
system reliability worth. The reliability worth indices can be explained as follow.

(1) Expected interruption cost (EIC) is expressed in (k$/year)

EIC =

C i FiW ( D i )
∑
i∈V

(2-7)
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The set of all load loss events is defined by '. At load lost event 3,  is the load
curtailment. The frequency and duration of load loss event 3 are represented by  and
 , respectively.

(2) Interrupted energy assessment rate (IEAR) is described in ($/kWh)

IEAR = EIC / EENS

(2-8)

In HL I studies, the LOEE index is normally utilized. In distribution studies, the ENS
index is typically deployed. It should be noted that in generation system assessment the
EIC and IEAR are system indices, while in composite system and distribution system
assessments they can either be system or load point (bus) indices depending on the
particular focus of the study.

2.5

Summary

This chapter articulates the importance of probabilistic techniques to study and explain
the stochastic behaviour of an electric power system. The system adequacy of the
electric power system will be evaluated via analytical technique as this technique
generally has a shorter computation time. The hierarchical concept has been introduced
and HL I is selected. Though many power system adequacy indices have been
introduced in this chapter, the focus of this thesis is on LOLE, LOEE and EENS. A
fourth system adequacy index, EENU, will be introduced in chapter 5 and chapter 6.
Most of the HL II and HL III adequacy indices have been omitted in this thesis as they
are not relevant.
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3 Energy Resources and Demand Modelling
3.1 Introduction
It is an important aspect of stand-alone microgrid and power system planning and
operation to determine the required amount of system generating capacity to ensure an
adequate supply. This can be simplified and categorized into two areas naming; a) static
and b) operating capacity requirements. Static capacity typically refers to long-term
evaluation of the overall system requirement, whereas operation capacity infers the
short-term evaluation of the actual generation capacity required to meet a given demand
level. Both these criteria are equally important to evaluate at the planning stage, knowing
that once decision has been made, the short-term requirement becomes an operating
problem [15].

3.2 Generation System Reliability Model
A generation system usually consists of many generating units. There are many system
states when considering random failures of units. The generation system model used for
generation adequacy evaluation is known as a capacity outage probability table (COPT),
which includes all possible system states, available capacities, capacity outages,
individual state probabilities and cumulative state probabilities. This section introduces
the different methods that are used to build the COPT of power systems.

3.2.1

Generator System Model

The 2-state reliability model as shown in Figure 3-1 is the fundamental representation of
a generator unit. The generation unit can transit from the operating state (or up state) to
the failure state (down state) at failure rate (λ). The generation unit can return to the
operating state at repair rate (µ) after the unit is repaired.
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λ

Operating
State

µ

Failure
State

Figure 3-1 2-state model for a base load generating unit

In static capacity evaluation of generating units, the unit availability (A) and the unit
unavailability (U) are two fundamental parameters deployed. The probability of a unit
being in the operating state is termed availability (A). The probability of a unit being in
the failure state is called unavailability (U) [15]. The unit unavailability is analogous to
the unit forced outage rate (FOR) in power system or microgrid reliability. Ac and Uc for
component c can be calculated using (3-1) and (3-2).

Ac =

Uc =

µc
λc + µ c

λc
λc + µ c

(3-1)

(3-2)

λc is the expected failure rate of component c, and µc is the expected repair rate of
component c.

3.2.2

Binomial Distribution Technique

To evaluate system reliability, a contingency enumeration technique can be used to
determine all the possible system states. The generating units with identical capacities
and identical probabilities of success and therefore of failure can be deemed as identical
generating units. The COPT can be easily obtained using the binomial distribution as
shown in (3-3), for n identical generating units. The number of terms in (3-3) represents
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the possible system states and the value of each term is the probability of the individual
state. The available capacity for a system state can be obtained from the exponent of AC,
e.g. the available capacity of the second term is (n-1) multiplied by the rated capacity of
the generating unit.

(Ac +U c )n = Ac n + nAc n-1U c +

n(n -1) n-2 2
Ac U c + ...
2!

n(n - 1)...(n - r +1) n-r r
+
Ac U c + ...+U c n = 1
r!

(3-3)

The binomial coefficients can be obtained by many methods, such as direct hand
evaluation, Pascal’s triangle, Stirling’s formula and special binomial distribution tables
[16]. They all have certain limitations for application. For example, the direct hand
evaluation method can only be used when the factorial is small and the special binomial
distribution tables can only be used for a certain range of data. With the advance in
computer techniques, computer software can provide pre-programmed functions to
calculate the binomial coefficients, such as the Matlab software.

If the generating units are not identical, the binomial distribution cannot be used
directly to form COPT. A procedure can be used. First, combine together all identical
units using the binomial distribution. Second, combine together one at a time these
groups of tables by identifying all possible system states and evaluating the probability
of each state [15]. The COPT of a generation system with two non-identical generating
units is created with this procedure, as shown in Table 3-1 C1 and C2, and FOR1 and
FOR2 are the capacities and forced outage rates of the two units, respectively.

The final COPT for the generation system with two non-identical units is shown as Table
3-2.
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Table 3-1 Procedure to form COPT using basic probability method
State

Capacity

Individual

in

probability

Step 1: Unit 1 is added
1

C1

1-FOR1

2

0

FOR1

Step 2: Unit 2 is added
1

C1+C2

(1-FOR1)·(1-FOR2)

2

0+C2

FOR1·(1-FOR2)

3

C1+0

(1-FOR1) ·FOR2

4

0+0

FOR1·FOR2

Table 3-2 COPT for a generation system with two non-identical units
State

1

Unit

Unit

Capacity

Capacity

Individual

Cumulative

1

2

in

out

probability

probability

Up

Up

C1+C2

0

(1-FOR1)·(1-

#1+#2+#3+#4

FOR2) #4
2

Up

Down

C1

C2

(1-FOR1)·FOR2

#1+#2+#3

#3

3

Down

Up

C2

C1

FOR1·(1-FOR2)

#1+#2

#2

4

3.2.3

Down Down

0

C1+C2

FOR1·FOR2 #1

#1

Recursive Algorithm

If the number of system components increases, the above approach will take a lot of
computational time and power. An alternative method is a recursive algorithm in which
units are added sequentially to produce the final capacity model [15, 18, 19]. This
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technique will work efficiently for both multi-state (with derated states) units as well as
2-state (with no derated states) units. Equation (3-4) shows the cumulative probability
P(X) for the case if no derated state is considered.
(3-4)

P ( X ) = (1 − U ) P ′( X ) + (U ) P ′( X − C )

P'(X) and P(X) signify the cumulative probabilities of the capacity outage of X MW when
the previous and subsequent unit are added, respectively. Equation (3-4) is prepared
originally by setting P'(X) = 1.0 for P'(X) =0 and X ≤0 otherwise. For the case of derated
states considered, the cumulative probability P(X) can be calculated using (3-5):

n

P( X ) = ∑ pi P′( X − Ci )

(3-5)

i =1

pi is the probability of existence of the unit state i; Ci is the capacity outage of state i for
the unit being added; and n is the number of unit states. Table 3-3 shows an example of
a COPT for a general generation system.

Table 3-3 COPT for a general generation system
State

Capacity

Individual

Cumulative probability

in

probability

1

C1

p1

P1=p1+···+pi+···+ pn-1+ pn

2

C2

p2

P2=p2+···+pi+···+ pn-1+ pn

:

:

:

:

i

Ci

pi

Pi=pi+pi+1+···+pn-1+ pn

:

:

:

:

n-1

Cn-1

pn-1

Pn-1=pn-1+ pn

n

Cn

pn

Pn=pn
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In Table 3-3, it is assumed that C1> C2>···>Ci>···>Cn-1>Cn since the values in column
“capacity in” are organized in descending order. Due to the potentially large number of
states in COPT, this will create a burden in computation. As such cumulative probability,
which is less than a specified amount (e.g. 10-8) can be curtailed by omitting these states
without compromising on expected indices. This can save considerable computational
time.

3.3 Solar PV Model
Figure 3-2 shows an equivalent circuit of a single solar photovoltaic (PV) cell, from
where the following equation can be derived [20]. Let Io be the output current of a single
solar PV.

Io = Iλ − Id − I p

(3-6)

The photon current, Iλ, depends primarily on the light wavelength (λ) and illumination
intensity. Id represents the Shockley temperature-dependent diode current. Ip describes
the PV cell leakage current. Finally, Io is the output current of single solar PV cell.

Figure 3-2 Equivalent circuit of a single PV Cell
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Figure 3-3 I-V characteristic of a solar cell

Figure 3-3 shows the I-V characteristic for a given single solar cell. The cell current is
related to both the cell open-circuit voltage, Voc, and the cell short-circuit current, Isc.
When the cell output voltage Vo is zero, the short-circuit current may be obtained from
the I–V characteristic for a given solar cell, as in Figure 3-3. Similarly, setting Io=0 (no
load), for zero output current, will yield the open-circuit voltage.

Let Ls be the nominal sunlight intensity on a bright clear day on earth and Ls = 1.0 (or 1
sun) is measured 1000W/m2. Let L be the variable sunlight intensity. If Ls = 1.0 sun has
a prescribed value of IλO, the photon current Iλ can be approximated for every other level
L through the (3-7).

Iλ =

L
I
LS λ O

(3-7)

The Shockley diode current is given by the classical expression
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I d = I s ( e qVd /η kT − 1)

(3-8)

where
Is = the reverse saturated current of the diode, typically 100pA for the silicon cell
k = 1.38047 x 10-23 J/K is the Boltzmann constant
q = 1.60210 x 10-19 C is the electron charge
Vd = diode voltage (volts)
η = empirical constant
T = 273.2 + tc is the absolute temperature given as a function of the temperature
(OC), tc , generally taken as T = 298K (i.e., 25 OC)
q/kT = 38.94452 C/J for tc = 25 OC; or in a more general way, for any
temperature, q/k = 11605.4677 OC

The PV cell converts the sun’s rays or photons directly to electrical energy. Rp is the
parallel resistance across the Shockley diode, which represents internal losses due to the
leakage current. The values of Rp commonly range between 200 and 300Ω. Rs is a series
resistance between the load across the photovoltaic cell terminals and the photon current
source, which is normally range between 0.05 to 0.10Ω. Rs reflects on the manufacturing
excellence of the PV cells. As such, (3-6) becomes
I o = I λ - I s ( e qVd / kT - 1 ) -

Vd
Rp

(3-9)

The diode voltage is Vd = Io(Rs+RL) = Vo(1+Rs/RL). It can be clearly seen that both load
resistance, RL, and series resistance, Rs, are a function of the diode voltage and play a
significant role on the cell output power. Hence, the output current (3-9) can be solved
by using Vd from Figure 3-3. The output current is shown below.

Io =

Rp
Rp + Rs + RL

[ Iλ - I s (eqVd / kT -1)]

(3-10)
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It is obvious that if the load resistance, RL, is very much larger than the parallel
resistance, Rp, then the output current may become very small from (3-10). In (3-9) or
(3-10), the empirical factor, η, in the exponential term serves to adjust the cell output
current based on the practical data from the manufacturers as show below.

I o = Iλ - I s (eqVd /ηkT -1) -

Vd
Rp

(3-11)

Or

Io =

Rp
Rp + Rs + RL

[ I λ - I s (eqVd /η kT -1)]

(3-12)

With reference to Figure 3-3, both the open-circuit voltage, Voc, and the diode voltage,
Vd, will vary with the load current. Hence, (3-13) illustrates the single-cell open-circuit
voltage when Io is zero in an illuminated panel.

Voc = Vd |Io = 0 = ( I λ - I d ) R p = [ I λ - I s (eη qVoc / kT -1)]R p

(3-13)

Equation (3-14) shows the logarithmic simplified form of the open-circuit voltage,
which is a transcendental equation.

Voc =

I
kT 
V 
ln  1 + λ - oc 
η q  I s I s R p 

(3-14)

The transcendental equation can be solved using numerical method. Furthermore, Rp is
about 200Ω to 300Ω with negative sign and Voc is in the order of 0.6V, as in (3-15).

Voc ≅

kT  I λ 
ln  
ηq  I s 

(3-15)
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If the single-cell PV is shorted, practically the cell current will follow through Rs, as it
is in the order 0.1 Ω. Hence, the short-circuit current, Isc, can be written as in (3-16).
I sc ≅ I λ

(3-16)

Equation (3-17) is the output power, Po, which is the product of cell output voltage, Vo,
and the output current, Io as shown in (3-12).

Po =

Vo Rp
R p + Rs + RL

[ I λ - I s (eqVo (1+ Rs / RL )/η kT -1)]

(3-17)

Differentiating (3-17) with respect to Vo, then setting the derivative equal to zero, (3-18)
is the condition to satisfy the maximum output power of the cell with external load
voltage Vom.

Ise

qVom (1+ Rs RL ) η kT

=

Iλ + Is
1 + Vom

(3-18)

q (1+ Rs RL ) η kT

Alternatively, (3-15) can be plotted and locating the maximum voltage Vom graphically.
Using either technique, the maximum PV cell output power can be obtained by

Pm =

Vom ( I s + I λ )
1 + η kT qVom (1 + Rs RL )

(3-19)

The conversion efficiency of PV cell for the maximum power generated is shown in
(3-20) if the incident flux power, Pi, on the cell is known.

ηm =

Vom ( I s + I λ )
Pm
=
Pi Pi (1 + kT η qVom )(1 + Rs RL )

(3-20)

3.4 Demand Model
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Load modelling plays an important role in all microgrid and power system reliability
evaluation. A mathematical function can describe a load model, for example load
variability with respective to time. In this section, three types of load models for
generation system reliability evaluation, constant load models, time varying load models
and probabilistic load models, are introduced.

3.4.1

Constant Load Model

The constant load model includes annual constant load model and daily constant load
model, in which the load is constant during a year and a day, respectively. In practice, a
periodic constant load model is often used, which the energy consumption is relatively
constant during a period of hours with very little weather dependent variation [21]. The
demand for electrical energy is quite stable from day to day and season to season. The
load level changes one, two or three times over 24 hours depending on different shift
operation and production. For example, the load profile for a day with three shifts is
shown in Figure 3-4.

Figure 3-4 Load profile for a periodic constant load
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Large users and many industrial customers belong to the periodic constant load class.
This model has relatively high accuracy and can reflect the seasonal and diurnal
characteristic of the load in certain level, comparing to the annual constant load model
and daily constant load model.

In general, the constant load model is very simple to develope and can save much
computation time. The low accuracy and lack of chronological information of the
system load are the main disadvantages of the constant load model.

3.4.2

3.4.2.1

Time Varying Load Model

Variable Load Model

It is in the characteristic of the variable load model with load level changing from hour
to hour, from minute to minute, and from second to second. [22-28] showed that hourly
variable load model is most commonly used. In hourly variable load model, it is assumed
that the intra-hour load is constant. The load level for hourly variable load model can be
acquired from load forecasting model. Alternatively, IEEE-RTS [29] provides a detail
hourly variable load information for a year which is shown in Figure 3-5.
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Figure 3-5 IEEE-RTS hourly variable load model

The variable load model over a year from IEEE-RTS (or load forecasting) reflects the
chronological characteristic of the system load. This system load characteristic is
commonly used in the evaluation of operation reliability. As there are 8760-hours in a
year, there will be considerable computation power required to accomplish the
evaluation of operation reliability using analytical technique, and much more for Monte
Carlo simulation.

3.4.2.2

Load Duration Curve (LDC)

Each hourly data over a defined period from the variable load model in chronological
form, either from IEEE-RTS or load forecasting, can be sorted in descending or
ascending order. The hourly data sorted in the descending order results in the load
duration curve (LDC) [30], as shown in Figure 3-6. The total energy generated by the
utility over a defined period is the total area under the LDC.
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Figure 3-6 IEEE-RTS load duration curve (LDC)

The take away from Figure 3-6 is that the LDC can be separated into three regions [31].
First is the Base Load which is required all the time over the defined period of the study.
Second is the Intermediate Load. Finally third is the Peak Load which may be normally
required for only a short period of time in the defined period of the study, depending on
the system load characteristic. Hence, understanding the three regions of LDC, it allows
system planners to make decision on the types of generating station to be built and
determine their operating schedules. Each region of the LDC is generally supplied by
different types of generating units.

One major disadvantage of the LDC is the loss of chronological information of the
system load and therefore it is not possible to represent some aspects of time dependent
by nature, such as the frequency and duration characteristics. In the context of energy
supply modelling and utility scheduling, LDCs have to be approximated by some
functions, such as the step functions, piecewise functions, and smooth functions [31].
The step and piecewise functions gain accuracy at the expense of simplicity while the
smooth functions are quite complex. A trade-off has to be made when using the LDC.

3.4.3

Probabilistic Load Model
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Even in the time varying load model, such as the model in Figure 3-5, the load level in
an hour is assumed to be constant at a value of the forecasted or statistical average value.
However, it is not accurate using these average values due to the load uncertainty. The
probability distribution, whose parameters can be estimated from historical experience
and forthcoming considerations, is defined as load uncertainty. In practice, adequate
past data may not be available in order to determine the distribution type of the system
load. Hence, it is common to assume a normal distribution with a given standard
deviation to describe the uncertainty of the system load [15]. Hence, load PLi considering
uncertainty for load period i can be represented by the normal distribution (3-21).

f (PLi ) =

1

σ P 2π
Li



 ( PLi − PLi ave )2 
exp  −

2σ P 2


Li



(3-21)

PLiave is the average load level for period i and σPLi is the standard deviation of PLi. Figure
3-7 shows the normal distribution load can be sliced into pre-determined number of
approximate steps, which can be used in analytical technique.

f (PLi)

PLi
PLiave

PLij

PLij+2

Figure 3-7 Normal distribution of load
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At time step j, the load level, PLij, can be presumed to be constant. Therefore, for
operating period i, time step j, the probability of load can be computed via (3-22).

PLi j ≈ f ( PLi j )( PLi j +1 − PLi j )

(3-22)

The constant load model and time varying load model are changed to the probabilistic
load model when the load uncertainty is considered. Figure 3-8 is a probabilistic hourly
variable load model. The load level at each time step (hour) is a probability distribution,
whose parameters can be estimated using historical data. The probability distributions
at all steps could be different.

Figure 3-8 A probabilistic hourly variable load model

It is very important to consider the load uncertainty for electric power utilities. Higher
accuracy can be achieved when the probabilistic load model is used to evaluate the
reliability indices. However, much more computations may be needed, especially when
used in Monte Carlo simulations.
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The minute-to-minute variable load model similar to Figure 3-5 is used in this current
research. In the future works, the load uncertainty will be incorporated to obtain more
accurate results.

3.5 Energy Storage Model
Energy storage is a potential resource to solve the uncertainty problem of PV energy
variability. The existing energy storage techniques include pump station, flywheel,
compressed air energy storage, battery, capacitor, electrolysis hydrogen production
device, and heat or cold storage. Energy storage systems can be installed in power
systems with PV generation, adding values in a variety of ways, as summarized in [32].

Generally, the short-term energy storage could smooth out the effects of fluctuation of
power output from renewable energy resources and so facilitate a higher installed
capacity (i.e. penetration level), without exceeding local voltage limits. On the other
hand, the long-term energy storage could time-shift power output from renewable
energy resources to a time when the local load is higher and, therefore, allow even more
generation capacity.

The criteria for selecting suitable energy storage technologies include power and energy
capability, response speed, cyclic capability and ramping capability [33]. The competing
technologies could also have more credits for high energy density, low maintenance,
long life and low cost. The ability to support fast response regulation service also helps
to identify suitable technologies. Ease of siting, ability to provide other ancillary
services and other specified project requirements are also considered.

Battery techniques are selected to be the energy storage in this research. The main
characteristics of several batteries [34] are listed in Figure 3-9, in terms of energy
density, cycle life, operating temperature, etc.
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Since the charging / discharging efficiencies are assumed to be 100%, the charging and
discharging processes are only limited by the charging and discharging rates, as shown
in Figure 3-10. The maximum energy in storage is equal to the rated capacity and the
minimum energy in storage is equal to 10% of rated capacity.
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Figure 3-9 Batteries' Characteristics
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Figure 3-10 Energy storage charge / discharge strategy

3.6

Summary

The generator system model has been introduced. The 2-state reliability model,
COPT and recursive algorithm will form the basis of the analytical technique in
this thesis. A time independent single-cell solar PV model has been presented in
this chapter. However, chapter 5 and chapter 6 will take into consideration the
time dependency of the single-cell solar PV model.
The IEEE-RTS hourly variable load model and the load duration curve have
been presented. This will be used in chapter 4 to evaluate the reliability of an
electric power system. However, the IEEE-RTS hourly variable load model will
be modified to per minute variable load model to suit the research objectives in
chapter 5 and chapter 6.
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Finally, the energy storage system selected for this thesis is utilizing the battery
technique. The minimum ES level, maximum ES level, maximum ES charge /
discharge duration, ES charge / discharge rates and ES charge / discharge
efficiency are key parameters in the modelling of the energy storage system.
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4 Impact of Energy Storage and Variability of PV on Power
System Reliability
4.1 Introduction

The variability of renewable sources has high impact on power system reliability, e.g.
photovoltaic (PV), has high impact on power system reliability and integrating this with
energy storage (ES) is one of several options for better grid reliability [35-37]. This
chapter serves to establish power system reliability of hierarchical level I (HL I) using
analytical techniques. The IEEE Reliability Test System (IEEE-RTS) generation model
and load model are applied to convolute a system risk model. Incorporating PV
improves system reliability but the variability of PV power output compromises on PV
capacity credit. ES is included into the system risk model to enhance system reliability
performance. System adequacy indices are investigated to show the system reliability
performance. Impact on system generation cost, via variation of PV and ES capacities
are presented. Actual Singapore PV irradiance data and Energy Market Company price
information are incorporated in this study. This analytical technique can help
Independent System Operators (ISO) to evaluate the potential of PV to benefit system
reliability and find ways to improve its potentials.

4.2 Why Investigate the Impact of Energy Storage and Variability of PV
on Power System Reliability
The power systems’ three main functional sub-systems have been articulated in Section
2.1 [15, 38-44]. Similarly, the challenges and opportunities of solar photovoltaic (PV)
have been stated. ISOs are responsible for complying with requirements for renewable
portfolio standards (RPS), energy conservation measures, mitigation of greenhouse
gases (GHG) and environmental issues. RPS mechanism places an obligation on ISOs
to have a minimum percentage of their electricity from an approved renewable energy
source. The impact of the variability of renewable sources, e.g. photovoltaic (PV) on
power system reliability has been widely reported, as this is of great importance to grid
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reliability, especially when dealing with an aging infrastructure [35, 45, 46]. Energy
storage (ES) is one of several options available to increase reliability.

System behaviour is mostly stochastic and changes randomly with time, while a
probability based approach for a stochastic problem will give a comprehensive
assessment. However a probability based approach towards a stochastic problem is by
no means the only methodology that can be adopted in determining the safety or the
reliability of a system. Additional understanding of the system, the way it operates, the
way it malfunctions, its environment, its design and the stresses imposed on the system
are equally important. Probability is only an enhancement of knowledge in predicting the
expected behaviour of the system.

The basic approach of this chapter is use Figure 2-2 to evaluate the adequacy of a
particular generation system requires the integration of a generation model with a load
model and a risk model using HL I. These calculated indices, do not reflect generation
deficiencies at any particular customer load point but measure the overall adequacy of
the generation system [15].

Section 4.2 describes the motivation behind the research studies and also serves as an
introduction. Section 4.3 presents the modelling and techniques used in this research.
Section 4.4 illustrates system adequacy sensitivity study results and discussion. Finally,
Section 4.5 presents the conclusions reached.

4.3 Models and Proposed Techniques

Practitioners for electric power systems usually associate reliability evaluation by using
probability distributions. This is understandable as not all components will fail at the
same time, but will fail at different times according to their own probability of failure
function. Hence, time-to-failure obeys a probability distribution which depicts the
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probability of a component failing within a certain specific time. There are two
commonly used distributions, namely Continuous and Discrete.

Continuous

distributions include Gaussian (or Normal), gamma, Weibull, Rayleigh and exponential
distributions, whereas Discrete distributions are Poisson and Binomial distributions. The
9

probability of surviving that period of time, $( ) = 6 0 7: 8(*)+* , without assuming any
specific form of functions and is equally applicable to all probability distributions used
in reliability evaluations, where the failure rate ( ) is time dependent [36]. $( ) =
9

6 0 7: 8(*)+* applies equally well to all failure distributions as there are no distributional
assumptions in the derivation of the equation. That is this is a general equation which is
applicable for all types of failure distributions. During the useful life of a component, 
9

can be assumed constant and independent of time. $( ) = 6 0 7: 8(*)+* can then be
simplified to $( ) = 6 08* and thus treated as an exponential distribution. This is a
special case of failure rate as it is a constant. For an n-component time dependent
probability series system, with hazard rate  ( ), the probability of surviving is
9

expressed as $ ( ) = ∏<1 6 0 7: 8 (*)+* . For n-component time independent probability
series system when  ( ) is known and integrated, Rs(t) can be expressed as $ ( ) =
exp(− ∑<1  ). The total reliability for a n-component time independent series system
is simply the summation of each component failure rate.

4.3.1

Conventional Generator Modelling

A conventional generating unit can be represented by a 2-state reliability. Section 3.2
has elaborated the generating unit moving from the operating state to failure state at
failure rate (λ) and returning to operating state at repair rate (µ) after the unit is repaired.
In section 3.2.1, (3-1) and (3-2) have Ac and Uc for component c defined via λc and µ c.

The above approach can be extended to a recursive algorithm in which units are added
sequentially to produce the final capacity model as described in [15, 18, 19]. This
algorithm can be used for multi-state (with derated states) units as well as 2-state (with
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no derated states) units. Using IEEE-RTS generation model, the capacity outage
probability table (COPT) is generated using this technique for up to 1871 states, with
other states omitted where cumulative probability is less than a specified amount, e.g. 108

.

Hierarchical level I (HL I) basic adequacy indices in generating system adequacy
assessment are loss of load expectation (LOLE), loss of energy expectation (LOEE) and
can be calculated using (2-4) and (2-3). The LOLE does not indicate the severity of the
deficiency nor the frequency or the duration of the loss of load. The LOEE incorporates
the severity of deficiencies in addition to the number of occasions and their duration, and
therefore the impact of energy shortfalls as well as their likelihood is evaluated. The
LOEE index is the expected energy not supplied by the generating system due to the load
demand exceeding the available generating capacity.

4.3.2

Time Varying Load Model

The variable load may change its load level from hour to hour, from minute to minute
and from second to second. In practice, an hourly variable load model is usually used.
It is assumed that the load level within an hour is constant in this load model, which the
load level can be obtained from the load forecast. The load information provided in
IEEE-RTS [29] is a typical hourly variable load for a year. The hourly variable load
model can reflect the chronological characteristic of the system load and is usually used
in operational reliability evaluation.

4.3.3

Solar PV Model

The Solar Photovoltaic (PV) model provides hourly solar irradiance data collected from
the roof top of the School of Electrical and Electronic Engineering (EEE), Nanyang
Technological University (NTU) during 2010. The original high resolution per minute
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data has been averaged to per hour data, normalized and scaled as PV power hourly
output for ease of analytical computation.

Using the risk modelling concept, the hourly solar irradiance data can be scaled as a
relative percentage of the IEEE-RTS system generation capacity, yielding PV peak
installed capacity in mega-watts. The PV peak installed capacity can be incorporated as
generation model or negative load model, where the latter was chosen to compute
system adequacy indices.

4.3.4

Energy Storage Model

For reliability evaluation, four parameters are usually used to characterise a battery
energy storage unit [47-50]. They are storage capacity, charging / discharging rate (Rc /
Rd) (i.e. the power rating of energy storage), charging / discharging efficiency (ηc / ηd)
and charging / discharging limit (Lc / Ld) (i.e. maximum/minimum capacity of energy
storage). The available energy remaining in the energy storage is the state of charge
(SOC), where AGsoc(i) is the state of charge at time step i; ti is the duration of time step
i; and Eci and Edi are the available energy for charging and required energy for
discharging at time step i, respectively.

The boundary conditions used in (4-1) are B+ ∙
$ ∙

L

MNO J0 ≤ + ≤ $+ ∙

AGsoc (i )



≤ EFG() ≤  ∙

 H, J0

≤  ≤

 L.

 AGsoc (i −1) + ηc .Eci , in charging states

=
1
 AGsoc (i −1) − η .Edi , in discharging states
d


(4-1)

In the charging states, the available PV energy Eci for charging may not be equal to the
produced PV energy since some PV energy may be used to supply the system load. Only
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the excess PV energy is available to charge the energy storage (batteries). The excess
PV energy is limited by the charging rate and charging efficiency when charging the
batteries. In the discharging states, the energy left in the batteries is discharged with the
limits of the discharging rate and discharging efficiency. In any state, the energy left in
the batteries must be within the maximum and minimum capacities, i.e. the charging
and discharging limits. The charging / discharging efficiencies are set to be 100% for
this study. For the sensitivity study the maximum energy in storage (i.e. ES rated
capacity) is equal to a pre-determined percentage of installed generation capacity, and
the minimum energy in storage is equal to 10% of ES rated capacity.

4.3.5

Annual Energy Cost Considerations

Singapore is the first liberalised electricity market in Asia, where the wholesale
electricity market is operated by the Energy Market Company Pte Ltd (EMC). The
National Electricity Market of Singapore (NEMS) opened for trading on 1-January2003. Modelling for the annual energy price is taken from the time series of the Uniform
Singapore Energy Price (USEP) in Singapore dollar per mega-watt ($/MWH) for the
year 2010 shown in Figure 4-1. USEP is the energy purchase paid by retailers. It is the
weighted average of energy prices at all the off-take nodes on Singapore’s electricity
network. The statistics for year 2010 time series USEP are depicted in Figure 4-1,
peaked at 3235 $/MWH on the 73rd day of the year, 1100 hour [51].
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Figure 4-1 Energy Market Company time series year 2010 USEP

α(Si, X%, Li) is the annual energy cost in S$; βi is the Uniform Singapore Energy Price
(USEP) in S$/MWH; DR is the demand response signal;  is the ith interval of ES
charge; + is the ith interval of ES discharge; 

is the ES maximum storage in MWH;

 is the ES minimum storage in MWH; m is the PV peak installed capacity ranging
from 0~50% of total generation capacity; Si is the ith interval PV power from solar
irradiance; X% is the percentage of maximum allowable PV energy to meet load demand
with respect to (w.r.t.) the maximum system generation capacity; Li is the ith interval
LDC; CDi is the ith interval energy storage (ES) charging / discharging limit; k is the
total interval of reliability simulation; and n is the percentage of demand. The 2010
USEP time series can be convolved into the IEEE-RTS time varying demand model,
conventional and solar power generation, energy storage (ES) time series, as shown in
(4-2) to yield the expected annual energy cost. That is at each time interval, there is
known demand level from IEEE-RTS time vary load model, conventional and solar
power generation and the SOC of ES. The EMC publishes the Singapore peak demand
profile which typically occurs in the day. As such, the DR will turn on within this fixed
interval in the day catering to the Singapore peak demand duration. Hence, depending
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on the PV power from solar irradiance there are two conditions to be considered in each
ith interval, that is (, ≤ (% ∗  ) and (, > (% ∗  ) as described in (4-2), to be
considered in each ith interval. In the event when (, > (% ∗  ), the remaining excess
PV power from solar will be stored in the ES within the limitation of  .

n
k
 m
 ∑ ∑ ∑βi Li − Si − Edi ,
( Si ) max =0 X %=0 i =1
 m
n
k

α ( Si , X%, Li ) =  ∑ ∑ ∑βi Li − X%*Li − Edi ,
( Si ) max =0 X %=0 i =1
 m
n
k
 ∑ ∑ ∑βi Li − X%*Li + Ec ,
i
( Si ) max =0 X %=0 i =1

{

k

Eci

Emax
Emin

Edi

Emax
Emin

Eci

Emax
Emin

}

DR = On & ( Si > X%*Li )

{

}

DR = Off

{

= CDi ,
k

CDi

}, DR = On
DR = On

= ∑ Eci −1 + CDi ,

{

DR = On & ( Si ≤ X%*Li )

{

= ∑ Eci −1 + ( Si − X % * Li )
n =1

}

}

(4-2)

DR = Off

n =1

4.4 Results and Discussions

This section describes the system sensitivity studies using system adequacy indices,
LOLE and LOEE. This provides insights of the impact to power system adequacy due
to variation of peak PV installed capacity; energy storage (ES) installed capacity,
maximum ES charging / discharge hours, and finally the impact on the annual cost of
energy due to PV and ES.

4.4.1

System Adequacy with addition of PV only

Figure 4-2 shows that once PV peak installed capacity reaches 30% of IEEE-RTS
system generation capacity, i.e. 3405MW * 30% = 1201MW, LOLE improves
marginally with no major gain in benefit on system adequacy. Further increases in PV
peak installed capacity yields diminishing return on system adequacy.
Page | 48

Chapter 4: Impact of Energy Storage And Variability Of PV
On Power System Reliability

The NTU EEE scaled PV peak installed capacity varied from 0~50% of IEEE-RTS
system generation capacity formed as part of the negative load model to arrive at the
risk model as shown in Figure 4-3.

Figure 4-2 LOLE of PV peak installed capacity (MW) as percentage of system
maximum installed capacity
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Figure 4-3 System LOEE with PV peak installed capacity (MW) as percentage of
system maximum generation capacity

Again, LOEE in Figure 4-3 shows diminishing improvement once PV peak installed
capacity exceeds 30% of the system generation capacity, i.e. 3405MW * 30% =
1021MW. It is worthy to highlight that system adequacies relationship improve
positively with increase in Peak PV Installed Capacity.

4.4.2

System Adequacy with addition of PV and ES

Figure 4-4 and Figure 4-5 show the results of using (4-2) by keeping all the parameters
constant except the PV peak installed capacity which varies from 0~50% of the installed
generation capacity. Clearly, both LOLE and LOEE improved. Consideration of both
PV and ES in the computation yielded a significant positive outcome on system
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adequacy, which is clearly evident from beyond the 15% generation capacity.

Figure 4-4 Impact of varying PV peak installed capacity on LOLE (ES = 30%)
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Figure 4-5 Impact of varying PV peak installed capacity on LOEE (ES = 30%)

The results of varying the energy storage capacity from 0~50% of installed generation
capacity in (4-2) whilst maintaining the other parameters constant are shown in Figure
4-6 and Figure 4-7. Again both the LOLE and LOEE improve with increasing energy
storage capacity. With both PV and ES taken in the computation, the results show that
they yield a relatively positive outcome on system adequacy.

Figure 4-6 Impact of varying energy storage capacity on LOLE (PV = 30%)
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Figure 4-7 Impact of varying energy storage capacity on LOEE (PV = 30%)

Similarly, with all parameters being kept constant except the energy storage maximum
charge / discharge hours varying from 5~10-hours the results of using (4-2) are shown
in Figure 4-8 and Figure 4-9. The energy storage maximum charge / discharge hours is
defined as in Figure 3-10. LOLE and LOEE improve with increasing maximum energy
storage charge / discharge hours. However, it can be observed from Figure 4-8 and
Figure 4-9 that once the maximum energy storage charge / discharge hours exceed 8
hours, the system adequacy indices yield diminishing returns. Considering both PV and
ES in the computation yielded a more positive outcome on system adequacy than simply
considering ES only.
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Figure 4-8 Impact of varying maximum energy storage charge / discharge hours on
LOLE (PV = 30% and ES = 30%)
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Figure 4-9 Impact of varying maximum energy storage charge / discharge hours on
LOEE (PV = 30% and ES = 30%)

4.4.3

Impact on Electricity Cost

Figure 4-10 shows the impact of PV peak installed capacity on annual energy cost and
annual cost saving using the USEP time series for the year 2010. In this case, the ES
percentage of maximum system generation capacity and ES maximum charge /
discharge hours are prefixed at 30% and 10 hours respectively. The PV peak installed
capacity variation has a positive linear relationship on annual energy cost saving. Once
the PV peak installed capacity exceeds 10% of installed generation capacity, the positive
energy cost saving becomes obvious. At 30% PV peak installed capacity of the installed
generation capacity, the additional cost saving of PV and ES combination is S$131M
per annum. Note that the capital and operation costs of PV and ES are not included in
this cost saving computation.
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Figure 4-10 Annual energy cost vs PV peak installed capacity percentage with price
information from EMC uniform Singapore energy price

4.5 Conclusions

Analytical techniques with numerical solutions used in conventional power system
reliability evaluation, e.g. capacity outage probability table (COPT), has been presented
using the IEEE-RTS generation and load model. Intermittent PV energy and the crucial
supporting role of energy storage (ES) on improving system adequacy have been shown.
Optimal ES Capacity and the PV peak installed capacity for better electric power system
adequacy assessment and annual energy cost saving have been demonstrated. Applying
USEP from EMC for the year 2010 time series data provides some understanding on
annual energy cost and cost saving, with implementation of PV and ES at various
capacities.
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5 Operational Adequacy Studies of a PV-Based and Energy
Storage Stand-Alone Microgrid
5.1 Introduction

This chapter presents a probabilistic approach in the modelling of stand-alone
microgrids to predict their operational adequacy performance by considering
uncertainties of energy storage system (ESS), photovoltaic system (PVS) and
conventional generator (CG). Instead of using the daily or hourly time step, an operating
period at one-minute time step is considered to incorporate the effect of fast ramp
up/down of system components. This is used to study the microgrid operating adequacy
due to load and resource variation through the use of expected energy not supplied
(EENS) and expected energy not used (EENU). A time varying state of charge (SOC)
model is proposed to determine the power output of an ESS in reliability modelling. The
reliability of a PVS is modelled in detail based on the total cross-tied configuration
(TCTC) of photovoltaic (PV) cells. TCTC configuration has been reported with higher
efficiency and operational life cycle [60]. The proposed technique and indices will be
useful for system planners to select the type and size of microgrid systems that contain
alternative energy sources and storages.

5.2 Why Operational Adequacy Studies for Stand-Alone Microgrid

This chapter evaluates the reliability of a stand-alone microgrid system via operational
adequacy and efficiency of energy usage, with fast ramp up/down rate of demand, and
high PVS penetration. Expected energy not supplied (EENS) has impact on system
operational adequacy, whereas expected energy not used (EENU) reflects the energy
generation/demand matching efficiency and energy surplus in the system. Adequacy in
the coordination of intermittent sources and random demand, and intermittent sources
with ESS, with different forced outage rate (FOR) and spinning reserve (SR) are
evaluated. Section 5.2 gives an introduction on literature review, research gaps and
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motivation of this study. Section 5.3 narrates the system modelling approach for each
system component and Section 5.4 describes the formulation of the system components.
Section 5.5 dwells on the detail system studies and finally, Section 5.6 concludes this
chapter.

As the penetration of renewable energy in isolated microgrids continues to increase
globally, the impact of random intermittency of renewable sources on operation
reliability and efficiency is becoming evident. The reliability challenges faced by system
operator during system operation are power shortages and surplus due to the rapid
changes in the renewable power source and load. Ramping of power production and
load is a notable characteristic in a typical power system time series associated with
drastic change in values in a set of consecutive time steps. AWS Truewind, on January
28, 2008 reported [11] that the Electric Reliability Council of Texas (ERCOT) can
expect an amount of less than 2.8GW, 30-minute drop in wind output (93MW/minute)
per year with the 15GW wind fleet. Two to four 1.3GW, 30-minute increase or decrease
of 43MW/minute can be expected. E. Ela and B. Kirby [11] reported a rapid and large
ramp-down event occurred in the ERCOT operation area on February 26, 2008, which
forced ERCOT to declare an emergency. B. Kirby [12] revealed that the rapid system
load fluctuations typically measured at 2-second intervals by utility control centres
cannot be tracked by generator. B. Kirby indicated that generator tracks load at roughly
1 to 2-minute interval level. Hence, if ramps in microgrid operation and dispatch are not
investigated, it could lead to serious problems such as high costs and additional risks
incurred.

W. Y. Li and L. Goel [13] articulated that “adequacy evaluation of generation,
transmission, distribution and microgrids with random intermittent sources has been
investigated for decades. However, coordination in adequacy between intermittent
sources and random loads; and between intermittent sources and storages shall be
investigated too”. The ramp issues have been considered in unit commitment and
generation economic dispatch of large power systems [52-57]. Moreover, the reliability
problems of power systems caused by the ramp rates of conventional generators have
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not been investigated in detail. On the contrary, the ramp rate issues are more critical in
the operation of microgrids because the system has lower ramp rates compared with
those of the large systems. The impacts of fast minute-to-minute ramp on operation
adequacy have hardly been investigated.
Y.A. Katsigiannis [22] argued that the reliability evaluation of small isolated power
system with renewable energy sources cannot be implemented using the traditional
deterministic and analytical methods. Renewables power sources increase the
complexity of the power system as their power output are non-dispatchable, seasonal
and highly intermittent. This is aggravated and more challenging by the large number
of design options and the uncertainties in key parameters. E. S. Gavanidou [23] proposed
a multi-objective planning under uncertainty in the design of a stand-alone system with
renewable energy sources consisting wind, solar and storage battery. The load and wind
time series information at the site of study is assumed to be available. P. Arun [24]
considered the uncertainty of solar insolation to optimally sized photovoltaic battery
systems through a design space approach. The time series simulation of the entire system
is proposed using the design space approach so as to incorporate resource uncertainties.
R. Karki [25] used Monte Carlo simulation technique for adequacy study on variability
of wind, hydro energy storage with conventional generators (CGs). The IEEE 4-state
model was adopted to simulate the irregular operation of the hydro units. Anindita Roy
[58] considered the uncertainty of wind speed only to size a wind-battery system for
isolated applications. The paper used pre-determined reliability parameters and time
series simulation of the entire system to arrive at a deterministic corresponding energy
balance equation. E.S. Sreeraj [59] considered a wind-PV-battery system for isolated
renewable hybrid power systems. It capitalized on the availability of renewable
resources and load to find the minimum size of battery capacity. Bagen [26] used
probabilistic evaluation based on the well-being concept for small stand-alone power
systems with wind, solar, diesel and energy storage. The paper argued why probabilistic
techniques can overcome the drawback of deterministic criteria because of customer
demands, system behaviour and inherent random nature of the site resources. C.V.
Cabral [27] applied Markov Chain as stochastic analysis to study stand-alone
photovoltaic system sizing. The author presented why stochastic analysis is more
reliable and the results more realistic compared to Sandia’s deterministic method. F.M.
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Safie [28] used Markov Chain theory to present a probabilistic approach to model standalone PV-battery power system for a radio repeater. The paper presented the significant
advantages of probabilistic approach as the technique can analyse the system
performance and battery subsystem performance over a long period. This will also allow
the designers and developers to determine the system design requirements which will
meet a specified service performance level. The hourly constant load and renewable
source models have been used in most of these papers. The ramp rates of CGs have not
been considered in these papers. It is one of the motivations for this study to deploy the
probabilistic 2-state enumeration approach to all system components such as CG, PVS
and ESS, with minute-to-minute ramp up/down demand in a microgrid environment.

J. V. Milanović et al. [14] established a working group to identify the current
international industry practice on load modelling for static and dynamic power system
studies, and indicated that regular update of load model parameters is essential to ensure
accurate simulation results. Hence, the per-minute load model used in this study will be
of great research value to come. The impact on the minute-to-minute ramp rates can be
more accurately investigated using per-minute load and resource model.

To fill the research gaps of operational adequacy of microgrids, which are more versatile
for load and resource variation, this study evaluates the reliability of a stand-alone
microgrid considering fast ramps in load demand and high PV penetration. Expected
energy not supplied (EENS) and expected energy not used (EENU) have been
formulated considering the effects of ramp rates of load, renewable resources and
conventional generators to represent energy generation / demand matching efficiency
and energy surplus in system operation. Adequacy coordination among intermittent
sources, random demand, generalized PVS reliability model and time varying SOC of
energy storage systems (ESSs) are considered in the proposed technique.

5.3 System Modelling
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A microgrid consists of conventional generators (CGs), ESSs and photovoltaic systems
(PVSs). Reliability models of the subsystems are presented in this section. The
reliability of subsystem like PVS is determined by many system contingency states and
considering component failures using probabilistic techniques [15]. All possible states
of a subsystem are determined using contingency enumeration technique based on the
states of components. The 2-state component reliability model is used in this study to
find the system states. The reliability and unreliability of component c and period i can
be calculated using the following equations (5-1) to (5-3) while ignoring the repair rate.

U c (t i ) = 1 − e −λc t i

(5-1)

U c (t i )  λc t i

(5-2)

Ac (t i ) = 1 −U c (t i )

(5-3)

The reliability of a sub-system with conventional generators (CGs) has been well
developed. This section focuses on PVS and ESS reliability modelling.

Figure 5-1 The equivalent circuit for a photovoltaic cell
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5.3.1

Photovoltaic System Model

A basic equivalent circuit model of a PV cell consists of a real diode in parallel with an
ideal current source and resistor, and a series resistor, as shown in Figure 5-1. The PV
cell converts the sun’s rays or photons directly to electrical energy. A parallel resistance
Rp represents the internal losses, or leakage current. Rs is the equivalent source series
resistance connected between the photon current source and the load across the
photovoltaic cell terminals. The current-voltage (I-V) and power characteristic of a PV
cell is described by (5-4)~(5-7).

I oi = I ri − I d − I p

Ioi =

Id = I s( e

(5-4)

(5-5)


I r Voc 

kT
i
i
=
ηq ln 1 + I s − I s R p 

(5-6)

i



ij

−1 )

Rp


qV / ηkT
−
1
)
I r − I s ( e d

R p + Rs + RL  i


Voc

Posc =

qV d / η kT



Voc R p
qV ( 1 +Rs / RL )/ ηkT
i
[ I r −I s ( e oci
−1)]
R p + Rs +RL i

(5-7)

The reliability and output of a PVS are modelled in detail based on the total cross-tied
configuration (TCTC) of PV cells, and arrays as shown in Figure 5-2. The TCTC can
increase the operation life of an array by 30% with higher efficiency [60]. The reliability
of a cell $ can be calculated based on its failure rate  using similar equation as
(5-3). An array is constructed with a1 rows and b1 columns of PV cells. The PV cells
are connected in TCTC within an array. A modularized array (MA) consists of a2 rows
and b2 columns of arrays in TCTC. The reliability $ of a MA is as defined in (5-8).
A MA and the corresponding inverter are connected in series as shown in Figure 5-2.
The total reliability of a MA and the corresponding inverter $ can be calculated based
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on $%

!

and $

using (5-9). A PVS consists of b3 modularized arrays and

corresponding inverters connected in parallel. The reliability $ ! of a PVS for period i
can be calculated by (5-10). The output power of a PVS can be calculated using (5-11)
!
by considering the inverter efficiency, ) , and the reliability of the PV cells.

Figure 5-2 A typical PVS in TCTC with b3 Modularize Arrays
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Popvs
ij

b3

b2 a2 b1 a1
pv
= ηg
Posc
ij
g =1
f =1e =1d =1c =1

∑

∑∑∑∑

(5-11)

It should be noted that the power output of a PV array depends on the control of the grid
tied inverter. There are many maximum power point tracking (MPPT) techniques that
have been used in practical grid-tied inverters to harness maximum power in PVSs. It is
assumed in this study that the inverters can always be controlled to obtain the maximum
power from a PVS. The power output from (5-11) is the total maximum power from a
PVS.

SOC min ≤ SOC i ≤ SOC max
 SOC
i −1 +ηc .E ci

SOC i = SOC i −1 − 1 .E di ,
ηd




(5-12)

, In charging states
In discharging states

(5-13)

(0 ≤ E ci ≤ Pc .t i )

(5-14)

(0 ≤ E di ≤ Pd .t i )

(5-15)
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Poess
ij

5.3.2

d3

c2 d2 c1 d1
es
= ηg
Poes
ij
g =1
f =1e =1d =1c =1

∑

∑∑∑∑

(5-19)

Energy Storage System Model

Four important parameters usually employed to characterize a battery energy storage
unit [47-50] in operational reliability evaluation are: storage capacity, charging /
discharging rate (Pc/Pd), charging / discharging efficiency (ηc/ηd) and charging /
discharging capacity limit (SOCmax/SOCmin). Unlike conventional generators, the
available generation capacity and output of an ESS changes with time based on the
system resource and load conditions. Therefore a time varying SOC model is proposed
to represent the output of an ESS, as shown in Figure 5-4. The real-time state-of-charge
at the end of each operating period and corresponding limitations are determined by
(5-12) and (5-13) . Capacity limitations are determined by (5-14) and (5-15) to protect
the ESS from over charged and discharged, respectively. The reliability of an ESS is
determined based on the battery cell reliability taking into consideration the
configuration of cells. The configuration of the ESS is shown in Figure 5-3, where the
operation life time can increase by 30% [60]. Each single-cell energy storage (ES) has
reliability and failure rate of $ and  , respectively. An ES array is constructed with
c1 rows and d1 columns of energy storage (ES) cells. An ES modularized array with
reliability $ , is formed via c2 rows and d2 columns of ES arrays. Finally, d3 columns
of ES inverters are connected to their respective ES modularized arrays to form an ESS
with reliability $ . Hence, (5-16)~(5-19) can be applied. The efficiency of ESS
charging / discharging (ηc/ηd) cycle is assumed to be 75%.
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Figure 5-3 A typical ESS in TCTC with d3 ES Modularize Arrays

Figure 5-4 Time varying SOC of an ESS
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5.3.3

Load Model

The load may change its level from day to day, hour to hour, minute to minute and
second to second. Figure 5-5 shows the modified IEEE-RTS [61] hourly load curve over
the simulation period. In this study, per minute variable load model is adopted. It is
assumed that the load level within each minute is ramping upward (or downward) in this
load model. The IEEE-RTS hourly variable load information has been modified with
per minute resolution at 1.85MW peak demand. The per minute variable load model can
reflect the chronological characteristics of the system load and can be used in operational
reliability evaluation.

Figure 5-5 The minutely load curve with ramp up (or down)

5.4 Formulation of Stand-Alone Microgrid
Considering the rapid changes in the demand and resource, CGs and energy storage
systems (ESSs) have to ramp up (or ramp down) to meet the energy deficiency (or
energy surplus). Two indices are formulated to determine the operation reliability and
energy utilization efficiency of isolated microgrids under different resource and load
conditions. The expected energy not supplied (EENS) can be due to the slow ramp up
rate of CG, and/or slow rate of PVS solar irradiance change. Similarly, the expected
energy not used (EENU) is the impact of slow ramp down rate of CG, and/or fast rate
of PVS solar irradiance change. EENS and EENU also depend on priority loading order
of CGs. ENSij and ENUij for operating period i under different load and resource
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conditions for different types of microgrids are formulated in the following three cases.
It is imperative to note that in each ith operating period, there are various probability
states for ESS, PVS and CG. Each system component probability state is considered
using their respective capacity outage probability table (COPT), in the computation of
ENSij and ENUij.

5.4.1

Case 1 Microgrid with CGs

In this case, a microgrid comprises CGs only to meet load demand. CGs include diesel
generator, micro-turbine and fuel cell (FC) unit. Figure 5-6 shows the formulation of
ENUij for state j operating period i with duration ti when load decreases from NDi-1 to
NDi. Type 1(a) and Type 1(b) show two scenarios where the committed CGs have slow
and fast ramp down rates, respectively. The ENUij can be computed by (5-20) and (5-21)
for ramp down rate Type 1(b) and Type 1(a) respectively. Equation (5-20) illustrates
Type 1(a) where CG’i do not meet NDi at time ti in Figure 5-6. The ENUij can be
calculated using parallelogram formula as in (5-20). However, in the event if CG’i do
not meet NDi at time t1, than this is a Type 1(b) situation as in Figure 5-6. Then ENUij
can be calculated using triangle formula as in (5-21).

ENU ij = 1 t i ( CG i −1 + CG 'i ) − (ND i −1 + ND i )
2

(5-20)

ENU ij = 1 t 1 {CG i −1 − NDi −1 }
2

(5-21)

ENS ij = 1 t 1 {NDi −1 −CG i −1 }
2

(5-22)

ENU ij = 1 t 2 {CG i − NDi }
2

(5-23)

{

ENS ij = 1 t i (ND i −1 + ND i ) − ( CG i −1 + CG 'i )
2

{

}

}

(5-24)
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ENS ij = 1 t 1 {NDi −1 −CG i −1 }
2

(5-25)

ENU ij = 1 t 1 {CG i −1 − NDi −1 }
2

(5-26)

ENS ij = 1 t 2 {NDi −CG i }
2

(5-27)

Figure 5-7 shows a Type 2 scenario where ND is ramping down and CG ramping up,
where ENSij and ENUij can be computed by (5-22) and (5-23), respectively. Figure 5-7
shows CG’i=ND’i at time t1 where ENSij and ENUij can be computed using triangle
formula via (5-22) and (5-23) respectively. Note that ENSij and ENUij are computed
using t1 and t2 in (5-22) and (5-23) respectively.

Figure 5-8 shows that both the ND and CG are ramping up, where ENSij can be
computed by (5-24) and (5-25) for Type 3(a) and Type 3(b) respectively. Note that Type
3(a) is applying parallelogram formula whereas Type 3(b) is using triangle formula. If
CG’i do not meet NDi as the CG ramp is too slow at time ti, than the parallelogram
formula (5-24) applies. However, if CG’i=NDi or CG ramp is faster than NDi at time t1,
than the triangle formula (5-25) applies.

Figure 5-9 shows a Type 4 scenario where NDi-1 is ramping up and CGi-1 ramping down.
Once CG’i meets ND’i at the end of t1, depending on the ramp rate of the committed CG,
the CGi could be ramp limited and yields non-zero ENSij at end of interval t2. Figure 5-9
Type 4 ENUij and ENSij can be calculated using the same triangle formula in (5-26) and
(5-27) respectively. The values of ENUij and ENSij will depend on the point where
CG’i=ND’i meet which changes t1 and t2.

To cater for all contingency states of CGs from 1 to Ncg, considering all operating
periods from 1 to Nsi, the system EENS and EENU can be calculated using (5-28) and
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(5-29). The contingency enumeration technique [15] has been used to determine all the
possible system states and the related probabilities.

It should be noted that the major difference between the conventional reliability
techniques and the proposed technique for EENS and EENU formulation is with and
without considering the ramp rates of CGs for load and resource change. The
conventional techniques usually use constant load for long period (such as an hour)
without considering the ramp rates of conventional generators when the load and
resource changes. Therefore the results from the conventional techniques will be smaller
than those obtained from the proposed technique. As shown in Figure 5-6~5-8, there
will be no ENSij and ENUij if the CGs can follow the load change immediately.
Nsi Ncg

EENS = ∑∑Pijcg ENS ij CGij ,LDi 
i =1 j =1





Nsi Ncg

EENU = ∑∑Pijcg ENU ij CGij ,LDi 
i =1 j =1





(5-28)

(5-29)

Figure 5-6 Type 1 ENUij area for both ND and CG ramp down
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Figure 5-7 Type 2 ENSij and ENUij area for ND ramp down and CG ramp up

Figure 5-8 Type 3 ENSij area for both ND and CG ramp up
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Figure 5-9 Type 4 ENSij and ENUij area for ND ramp up and CG ramp down

5.4.2

Case 2 Microgrid with CGs and PVSs

Case 2 microgrid consists of CGs and PVSs to meet demand. PVS is treated as a negative
demand as illustrated in (5-30). The analytic concept is the same as that in Case 1, where
Figure 5-6 to Figure 5-9 can be applied. However, the net demand (NDi) in Case 2 will
have influence from the intermittency of #! , as shown in (5-30). It is worthy to note
from (5-30) that for ( − #! ) < 0, the excess energy of PVS has no storage in this
case. Similarly, each contingency state j of CG and state k of PVS is described via (5-31)
and (5-32) to compute EENS and EENU, respectively.

NDi = LDi − Popvs
ij

EENS

EENU

N si N pv

Ncg


pvs
=
Pik
Pijcg ENS ij Popvs
,CG
,LD

ij
i
 ij

i =1 k =1
j =1

∑∑

N si N pv

∑

Ncg


pvs
=
Pik
Pijcg ENU ij Popvs
,CG
,LD

ij
i
 ij

i =1 k =1
j =1

∑∑

∑

(5-30)

(5-31)

(5-32)
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5.4.3

Case 3 Microgrid with CGs, PVSs and ESSs

Case 3 microgrid comprises CGs, PVSs and ESSs. Again, the PVS is treated as a
negative demand as illustrated in (5-30). Similarly, when ( − #! ) < 0, the excess
energy of PVS will reduce the ENSij and the additional energy will be stored in the ESS
within the charging limits. Each contingency state of CG, PVS and ESS are catered in
the analysis by computing EENS and EENU as shown in (5-33) and (5-34) respectively.
Each ESS contingency state l from 1 to Ness is catered for in the analysis as shown in
(5-33) and (5-34) for each operating period i in additional to the PVS and CG
contingency states.
Ncg


pvs
Pik
Pijcg ENS ij Poess
,Popvs
,CGij ,LDi 
ij
ij


j =1
k =1

(5-33)

N pv
Ncg

pvs
pvs ,CG ,LD 
es
=
Pil
Pik
Pijcg ENU ij Poess
,P
o
ij
i 
ij
 ij

i =1 l =1
j =1
k =1

(5-34)

N si Nes

EENS = ∑ ∑
i =1 l =1

EENU

Piles

N si Nes

∑∑

N pv

∑

∑

∑

∑

There are many papers published on strategies of ESS interacting with the system. The
strategy applied in this study is primarily to transfer the CG and PVS excess (or
inadequate) energy, into ESS through charging (or discharging) when there is surplus
(or deficiency) of energy to meet the net demand (ND), as illustrated in Figure 5-4.

5.4.4

Case 4 Generalized Equations

In lieu of the technique used in the EENS and EENU analysis above, (5-35) and (5-36)
provide a generalized method which allows system planners to study stand-alone
microgrid operational adequacy for any additional system components to be added with
uncertainty considerations. The additional system components can be represented by
"

as used in (5-35) and (5-36).
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N si N X

Nes

N pv

Ncg

i =1m=1

l =1

k =1

j =1

X .. P es
EENS = ∑ ∑ Pim
∑ il


,Popvs
,CGij ,LDi 
∑Pikpvs ∑Pijcg ENS ij  X ij ,..,Poess
ij
ij




(5-35)

N si N X

Nes

N pv

Ncg

i =1m=1

l =1

k =1

j =1

X .. P es
EENU = ∑ ∑ Pim
∑ il


,Popvs
,CGij ,LDi 
∑Pikpvs ∑Pijcg ENU ij  X ij ,..,Poess
ij
ij




(5-36)

5.5 System Studies
5.5.1

Test System and Parameters

The system study is based on a stand-alone microgrid with 2.4MW CG capacity and a
per minute variable load model with 1.85MW peak load modified from the IEEE-RTS
demand profile. The CGs comprises diesel generators, micro-turbines and fuel cell (FC)
units with priority loading order as shown in Table 5-1. The per-minute time series
information from Nanyang Technological University roof top solar irradiance
measurement in year 2010 is used in the modelling of the PVS.

5.5.2

Microgrid with only CGs

In this case, the microgrid consists of only CGs. Figure 5-10 shows the system EENS
and EENU for different SRs under different unit commitment orders using the given
FORs of CGs. Figure 5-10 shows the impacts of different priority orders of the unit
commitment and SRs on EENS and EENU. It can be seen that priority loading order 1
(PL1) has the lowest EENS and EENU for the same SR. Using Table 5-1 with priority
loading order 2 (PL2), decreasing the base ramp rate to 10% of its original value (i.e.
0.1 times base rate) will have 57% and 244% increase in both EENS and EENU,
respectively, as shown in Table 5-2.
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Table 5-1 CG and priority loading order
kW

Qty

FOR#1

kW per min#2

Type

PL1

PL2

PL3

400

1

0.060

80

Diesel

1

3

1

200

2

0.045

40

Diesel

2-3

4-5

2-3

200

2

0.045

40

Micro-turbine

4-5

6-7

4-5

50

2

0.030

10

Micro-turbine

6-7

10-11

10-11

400

2

0.090

20

FC

8-9

1-2

6-7

200

1

0.075

10

FC

10

8

8

100

1

0.060

10

FC

11

9

9

#1Base

FOR

#2Base

ramp rate (kW/min) for CG

With reference to Table 5-1, there are 3 types of CG priority loading orders defined
which are stipulated using various sorting criteria. It is interesting to note that PL2
criteria will experience reduced EENS and EENU with increased CG spinning reserve
(SR) as shown in Figure 5-10. PL1 and PL3 have insignificant increased EENS with
increased SR, but EENU does not show significant reduction with varying SR.
However, it is important to note that among the 3 priority loading orders, PL1 has the
lowest EENS and EENU for SR variation from 0% to 25%. The demand curve in the
simulation has 1.85MW, 0.63MW, 1.13MW and 0.28MW for maximum, minimum,
mean and standard deviation respectively. From Table 5-1 and adding via priority
loading order sequence, PL2 can be observed to load all the biggest CGs first whereas
PL1 and PL3 do not. The number of CGs and the loading in and out of CGs change will
be more for PL1 and PL3 compared to PL2, at the 1.13MW mean of demand curve. As
such, Figure 5-10 shows an increasing EENS for PL1 and PL3.
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Figure 5-10 Impact of spinning reserve on EENS and EENU with PL1, PL2 and PL3
(at base FOR)

In Figure 5-11, the CG base FOR and 3 times base FOR are considered in the study. It
is evident that with PL2 sorting the size of CG, the quantity and FOR order has positive
impact on the reduction of EENS and EENU with an increase in SR. EENS with 3 times
base FOR is up to 128% more than that base FOR as shown in Figure 5-11. Hence,
EENS is more pessimistic with increasing FOR. Conversely, EENU with 3 times base
FOR is up to 19% less than the one with base FOR. Therefore, increasing base FOR
gives EENU a more optimistic consideration.
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Figure 5-11 Impact of spinning reserve on EENS and EENU with base FOR and 3
times base FOR

Table 5-2 Impact of CG ramp rate on EENS and EENU
MW-Min / Month

Base ramp rate

0.1 times base ramp rate

EENS

1,717

2,696

EENU

695

2,388

5.5.3

Microgrid with CGs and PVSs

This section attempts to address the reliability issue of microgrid with intermittent
source and rapid random load for different SRs and FORs. Five PVSs are added to the
test system installations with 0.01 FOR each. Figure 5-12 shows the system EENS and
EENU under different system reliability conditions. It can be seen that for the same SR,
EENS increases to 106% and EENU reduces to 16% when CGs FOR increases 3 times
from the base FOR.
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Comparing Figure 5-12 with Figure 5-11, the EENS and EENU increase up to 10% and
73% more, respectively. The addition of rapid intermittent resources through PVSs
introduction will generally increase EENS and EENU, which indicates the need of
energy storage.

Figure 5-13 shows that EENS with 3 times base FOR is increased up to 113% more than
that with base FOR. EENS results in more pessimistic outcome with increased FOR.
Conversely, EENU with 3 times base FOR is decreased up to 18% less than that of base
FOR which results in more optimistic outcome.

Figure 5-12 Impact of Spinning Reserve (at PVS=50%) on EENS and EENU with
base FOR and 3 times base FOR
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Figure 5-13 Impact of PVS capacity and CG (at SR=15%) on EENS and EENU with
base FOR and 3 times base FOR

5.5.4

Microgrid with CGs, PVSs and ESSs

This section investigates the impacts of the intermittent source with ESS; and the
intermittent source with rapid random load. A system level ESSs is made up of four
energy storage devices with 0.02 FOR each. Figure 5-14 shows EENS with 3 times base
FOR is increased up to 203% more than EENS with base FOR. It results in more
pessimistic outcome with increased FOR. Conversely, EENU with 3 times base FOR is
decreased up to 14% less than EENU with the base FOR, which results in more
optimistic outcome.

Comparing Figure 5-14 with Figure 5-11, the EENS and EENU are reduced by up to
76% and 65%, respectively. This is due to the positive impact of ESS. Whereas
comparing Figure 5-14 and Figure 5-12, the EENS and EENU are reduced up to 78%
and 78%, respectively. Hence, it can be observed that the addition of PVSs and ESSs
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into CGs results in lower EENS and EENU in general where the major contribution is
from the ESS.

Figure 5-14 Impact of spinning reserve (at PVS=50% and ESS=50%) on EENS and
EENU with base FOR and 3 times base FOR

Figure 5-15 shows that the EENS with 3 times base FOR is increased up to 177% more
than the EENS with base FOR. Increased FOR shows a more pessimistic EENS results.
Conversely, the EENU with 3 times base FOR is reduced down to 16% lower than the
EENU with base FOR showing more optimistic results. It is worth noticing that the
EENU does not improve further once the ESS capacity exceeds 50%. Comparing both
Figure 5-11 and Figure 5-12 with Figure 5-14 it is evidently shown that once ESS is
implemented, both the EENS and EENU reduced significantly with base FOR and 3
times base FOR. This explains the significance of energy storage system. It can be seen
from Figure 5-15 that the EENU becomes almost constant when the ESS capacity
increases to 50%. The further increase of ESS capacity cannot reduce EENU. However,
the EENS can still reduce when the EES capacity is over 50%. The final size of ESS can
be simply determined by the required EENS or/and EENU levels. However, the size of
an ESS should be determined using optimization technique based on the balance
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between the benefits of reliability improvement and reduction of energy spilled taking
into consideration the cost of the ESS.

Figure 5-15 Impact of ESS (with PVS 50% capacity and CG 15% SR) on EENS and
EENU with base FOR and 3 times base FOR

5.6 Conclusion
A probabilistic approach to model stand-alone microgrids and predict their operational
adequacy performance by considering the uncertainties of the energy storage system
(ESS), photovoltaic system (PVS) and conventional generator (CG) has been proposed
in this paper. The per minute load and resource models have been considered to
incorporate the effect of fast ramp up/down of system components on microgrid
operating adequacy through expected energy not supplied (EENS) and expected energy
not used (EENU) due to load and resource variation. Time varying state-of-charge
(SOC) model and TCTC-based PVS model are proposed. The proposed technique,
models and indices have been applied to the modified IEEE-RTS. The results clearly
show the impact of ramp rates of CGs on system reliability and energy utilization
efficiency. Sensitivity studies of EENS and EENU for different FOR, SR, PVS capacity
and ESS capacity clearly indicate the positive impact of ESS in improving microgrid
operational reliability and energy utilization efficiency with intermittent source and
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rapid random demand. The generalized equations allow system planners to analyse the
uncertainty, operational adequacy and energy utilization efficiency of microgrids with
other different resource components.
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6 Multistate Reliability Modelling of an Isolated Microgrid
6.1 Introduction

This chapter proposes a new technique for evaluating the probabilistic reliability of an
isolated microgrid incorporating energy storage system (ESS), photovoltaic system
(PVS) and conventional generator (CG), using multistate system (MSS) modelling
technique with minute to minute ramp up (or down). PVS is well suited to the MSS
model due to the random variations of solar radiation, cloud shading, solar cell failure
etc. Microgrid scale ESS for power system applications using super capacitor, lithium
ion batteries and redox flow batteries are made up of series-parallel combination of
single-cell energy storage, and are apt for the MSS model analysis. The uncertainty of
ESS is implemented in tandem with time dependent state-of-charge (SOC) techniques.
Microgrid CG can function at different levels of capacity due to outages of several
auxiliaries, such as water pumps, fans etc., and can also be evaluated using the MSS
technique. The study presents a MSS probabilistic reliability method considering the
uncertainties of each of the system components. The isolated microgrid operational
adequacy studies are expressed using the expected energy not supplied (EENS) and
expected energy not used (EENU).

6.2 Why Multistate Reliability Modelling of Isolated Microgrid

This study investigates the operational adequacy of isolated microgrid reliability due to
the interactions between intermittent source and random-rapid load demand; and
between intermittent source and ESS. Multistate system (MSS) technique and
uncertainties are employed for the ESS, intermittent PVS and CG. EENS and EENU are
two probabilistic reliability indices to determine quantitatively the operational adequacy
of the isolated microgrid reliability. The spinning reserve (SR) amount chosen which
impacts the isolated microgrid reliability is studied. Different sizes of PVS and ESS are
examined using the MSS technique to emphasize the exemplary contribution of ESS to
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microgrid operational adequacy, regardless of the increase in the number of states in the
MSS. Section 6.2 details the motivation in studying multistate modelling of an isolated
microgrid operational adequacy. Section 6.3 describes the MSS technique, ESS, PVS,
CG and demand modelling. Section 6.4 features problem formulation to compute the
EENS and EENU for various scenarios, and arrives at a set of generalized formulae for
these two indices. Section 6.5 focuses on the system sensitivity studies with scenarios
narrated in Section 6.4, where a 2-state model is used as base case for comparing with
higher state MSS models. Finally, Section 6.6 concludes this study summarizing the
research findings of the isolated microgrid operational adequacy with MSS modelling
of the ESS, PVS and CG.

Environmental issues (for example extreme weather and rising sea level) and the
depletion of fossil fuels have been a major concern for several decades. Hierarchical
electric power systems have served the industry well in the past. However, there remain
many challenges which the traditional electric power systems pose, example
extraordinary cost of capital equipment, extremely long planning leading time, high
losses in systems etc. Microgrids emerge as a very promising system architecture which
could overcome some of the challenges in large electric power systems. The microgrid
with integration of distributed generation, renewable energy generation and energy
storage system; bring both generation and demand closer to one another making a
significant contribution to higher system energy efficiency, resilience and flexibility. An
isolated microgrid becomes even more attractive to remote villages, islands, disaster
zones or military command posts [4-7]. There have been considerable interests in
renewable adoption worldwide and photovoltaic (PV) technology has received great
attention with remarkable investments. However, high penetration of PV with
intermittent output impacts the microgrid system reliability and ESS can serve as a good
augmentation [62-64].

Kirby and Milligan [65] examined the energy imbalances, hourly energy, load following
and regulation to understand how restructured power systems accommodate and value
inter-hour ramps. Kirby and Hirst [12] described rapid system load fluctuation that was
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measured at 2-second interval. The conventional generators (CGs) which do not track
these high speed load changes and generating units assigned to this regulation service
can be a regulating issue. References [12, 65] clearly state that rapid changing system
loads can be a problem in power system reliability. However, microgrid operational
adequacy with CGs operating in fast ramp up (or down) following random-rapid load
demand ramp changes has seldom been investigated. Moreover, typical publications
approach the issue with constant intra-hour demand and seldom consider intra-minute
random ramp load demand. With the integration of more PVS with intermittent output,
the intra-minute random ramp demand analysis becomes more acute.

The merits of MSS based on COPT technique for power system applications have been
reported [66-69]. However, these papers did not study microgrid or isolated microgrid
MSS in the research. Li and Goel [13] articulated the significant research gaps in
operational adequacy in the coordination between different intermittent sources and
random loads; between intermittent sources and storages, and that system adequacy
would call for new ideas, models, methods, and computing tools. These are some of the
motivations to study the system adequacy of microgrid with rapid intra-minute random
demand considerations, using MSS models for the ESS, PVS and CG.

EENS and EENU are two indices employed to determine microgrid operational
adequacy for two scenarios namely (a) microgrid with PV and CG, (b) microgrid with
ESS, PV and CG. The intra-minute analysis will result in better correlation between
PVS intermittency and random demand ramp analysis, taking into consideration the
uncertainties of the ESS, PVS and CG. Finally, a 2-state probabilistic analysis is used
as the base case to compare with other MSSs.

6.3 System Modelling: MSS, ESS, PVS, CG and Demand

The multistate system coupled with probabilistic analytical technique can be employed
to investigate the interactions between PVS intermittency and random demand; between
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the ESS and PVS intermittency; and between the ESS and random demand. The isolated
microgrid operational adequacy is determined through expected energy not supplied
(EENS); and generation / demand matching efficiency via expected energy not used
(EENU). EENS arises due to slow CG ramp up rate, slow ramp up rate of solar PV
output, and/or random-rapid demand ramp up. EENU in the microgrid system comes
from the slow CG ramp down rate, fast ramp up rate of PVS output, and/or rapid demand
ramp down.

6.3.1

Multistate System Model

Some technical systems are designed to carry out their intended tasks in a given
environment with various distinguished levels of efficiency, or commonly known as
performance rates. A system with a finite number of performance rates is known as
multistate system (MSS). Or rather the different states of the system correspond to the
different performance rates of the system. At any point in time, each performance rate
is a discrete state continuous time stochastic process. For instance, each CG unit can
perform at a different level of capacity. CG is a complex assembly, which comprises
many parts. There exists a probability that failure of different parts may lead to a
scenario where CG continues to function, but at a reduced capacity and this can be
modelled as MSS as shown in Figure 6-1. Some examples of CG auxiliaries’ outages
include failure of fans, pumps, sensors etc. A PVS suffers the same performance rates
like other systems where it is subjected to environmental stresses from both predictable
sources and unpredictable sources such as fallen foreign objects, bird dropping, cloud
cover and hail impacts. Each PVS performance rate is also a discrete state which can be
represented by the MSS model. An ESS comprises many single-cell energy storage
connected in series-parallel configuration. An ESS in hot ambient temperature,
degradation of the ESS materials, over charging, deep discharge, fast discharge,
vibration etc. reduces the reliability of ESS prematurely. A MSS model would naturally
describe each discrete state of the ESS degradation, as shown in Figure 6-1.

Page | 86

Chapter 6: Multistate Reliability Modelling
Of An Isolated Microgrid

Figure 6-1 State space diagram for repairable element
6.3.2

Conventional Generation Modelling

SR evaluation using the probabilistic method to study unit commitment risks was
proposed in the Pennsylvania-New Jersey-Maryland (PJM) interconnected system [70].
In the midst of lead time, if a sudden load increase unexpectedly, the operator is
prohibited to replace any committed units which fail or start other units, till the elapse
of the lead time. Assuming failures and repairs are exponentially distributed, then (6-1)
~(6-3) can be applied.

-λkcg t i

Ucg
t =1-e
k ( i)

Ucg
t ≈ λkcg t i
k ( i)

(6-1)

(6-2)
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A cg
(t i ) =1-Ucg
(t i )
k
k

(6-3)

Classical CG modelling has constant intra-hour model or constant intra-daily model, as
shown in Figure 6-2(a). In reality, CG output ramps up (or down) to meet demand [12].
In order to understand the interaction between random-rapid demand change and CG
output ramp, minute to minute CG ramp is considered, as shown in Figure 6-2(b).

Figure 6-2 Operational modelling of a CG, (a) Classic constant intra-hour CG, (b)
Minute-to-minute ramp up/down CG

6.3.3

Photovoltaic System Modelling
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Figure 6-3(a) shows the equivalent circuit of a single photovoltaic (PV) cell that includes
the parallel leakage resistance $ , series resistance $ , an ideal current source  and a
parallel diode. The output current  , output voltage ' and output power 
at any

ith operating interval can be described by equations (6-4)~(6-7). As  and ' are
transcendental functions, the maximum power point transfer can be solved by numerical
method to get the maximum 
. This algorithm can be implemented in the solar

inverter.

I oi = I r - I d - I p
i

Ioi =

I ri = L I λO
Ls

I d = I s (e

qVd /ηκ T

-1)



Rp
qV /ηkT
 Ir - I s(e d

-1)

Rp +Rs +RL  i



Ir Voc 
Voci = kT ln  1+ i - i 
η q  I s I s Rp 


Posci =

(6-4)

(6-5)

(6-6)



Voi Rp
qV (1+R / R )/ η kT
[Iri - Is (e oi s L
-1)]
Rp +Rs +RL

(6-7)
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(a)

(b)

(c)

(d)

Figure 6-3 a) The equivalent circuit of a single PV cell, b) module with [a1xb1] solar
cell, c) string array with [a2xb2] module, and d) PVS with b3 column String Array
System

Figure 6-3(b) shows a module comprises [a1xb1] (row x column) solar cells, Figure
6-3(c) shows a string array with [a2xb2] modules and Figure 6-3(d) shows a a3 rows of
string array connected to their respective string array inverter labelled here as string
array system (SAS). The PVS is made up of b3 columns of SAS in parallel. As the PV
cells are connected in series-parallel configuration, this results in equation (6-8), (6-9)
and (6-10) which follow Figure 6-3(c) and Figure 6-3(d) respectively. Each reliability
defined will have its corresponding failure rate and repair rate, e.g. $ ! , ! and μ! .
Equation (6-11) narrates the reliability and unreliability of kth PVS while equation (6-12)
sums the individual solar cells power output taking into consideration the efficiency of
!

each solar inverter efficiency ) (assumed at 0.95) to yield total PVS output.
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d=1

Demand Model

Classic variable load model deployed by most papers are usually day to day or hour to
hour, where the load profile remains constant within the intra-period, similar to Figure
6-2(a). Figure 6-4 illustrates a weekly variable load model with a different approach,
where minute to minute variations of load cater for random-rapid demand change in the
form of ramp up (or down) within intra-minute, similar to Figure 6-2(b). The hourly
demand profile of the IEEE reliability test system (RTS) [61] is modified to minute to
minute demand profile with randomly generated demand in the time series.

2
Per Minute MW Demand

Demand (MW)

1.8
1.6
1.4
1.2
1
0.8
2000

4000

6000

8000

10000

Time (minute)
Figure 6-4 Minute-to-minute demand curve for a week
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Figure 6-5 ESS SOC in charging or discharging

6.3.5

Energy Storage System Modelling

ESS are characterized by its charging / discharging rate ( / + ), charging / discharging
efficiency () /)+ ), equation (6-13) charging / discharging capacity limit (,/

/

,/ ) and storage capacity. Equation (6-14) depicts the real time state of charge at
the ith operating interval considering ) and )+ at 75%, illustrated in Figure 6-5 with the
duration of time step ti. Equations (6-15) and (6-16) are the ESS energy boundary
conditions for charging and discharging within each time step ti. Figure 6-6(a) shows a
single-cell energy storage, whereas Figure 6-6(b) and equation (6-17) depict the
reliability of energy storage module configuration with [c1xd1] [row x column] cells.
An ESS with c2 rows of modules connected to a string module inverter is named as
String Module System (SMS) shown in Figure 6-6(c). The ESS consists of d2 columns
of SMS. Equations (6-18) and (6-19) articulate the reliability of the energy storage string
and ESS, respectively. The reliability and un reliability of the kth ESS is given in
equation (6-20). The ESS output power is determined by equation (6-21) taking into
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considerations that of ESS with d2 columns of SMS with each of the inverter having an
efficiency, )2 , of 75%.

SOCmin ≤ SOCi ≤ SOCmax

(6-13)

 SOC +ηc .E , In charging states
i-1
c (ti )


SOCi = 
1 .E , In discharging states
 SOCi-1 d (ti )
η

d

(6-14)


0 ≤ E

c ti 
 


≤ Pc .ti 




0 ≤ E

d  ti 
 


≤ Pd .ti 

(6-15)
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Figure 6-6 Formation of ESS (a) single-cell energy storage, (b) modularized energy
storage with [c1xd1] cells, (c) ESS with d2 column String Module System

6.4 Problem Formulation
There exist j contingency states for CG, PVS and ESS SOC, respectively at each ith
operating period as shown in Figure 6-7, Figure 6-8, Figure 6-9 and Figure 6-10. The
EENS and EENU can be determined by summing each ith operating interval of the ,
and & . The interaction between PVS intermittent output and random-rapid
changing demand; between PVS intermittent output and ESS; and between ESS and
random-rapid changing demand can be evaluated.

Page | 94

Chapter 6: Multistate Reliability Modelling
Of An Isolated Microgrid

Each ith operating interval PVS output is considered as negative load to arrive at net
demand. With random-rapid changing demand, the CG has to meet the demand with the
four different cases namely Case 1, Case 2, Case 3 and Case 4 shown in Figure 6-7,
Figure 6-8, Figure 6-9 and Figure 6-10. Unlike traditional power systems analysis with
hourly data, this study considers randomly rapid changing demand in per minute, i.e. ti
is in one-minute, to understand the interaction of each of the system components before
arriving at the microgrid operation adequacy.

Figure 6-7 and Figure 6-8 show that when the net demand is ramping down at the ith
operating period, CGi-1 could be ramping down as in Case 1(a) or Case 1(b), or CGi-1
could be ramping up as in Case 2. Case 1(a) is based on equation (6-22), whereas Case
1(b) uses equation (6-23), and lastly Case 2 deploys equations (6-24) and (6-25). The
, and & can be determined for the ith operating period, before taking into
consideration the next possible jth contingency states for the respective CG, PVS and
SOC of ESS.

Figure 6-9 and Figure 6-10 show the cases when the net demand is ramping up at the ith
operating period with CGi-1 ramping up as in Case 3(a) or Case 3(b), or CGi-1 ramping
down as in Case 4. Case 3(a) applies equation (6-26), whereas Case 3(b) uses equation
(6-27), and finally Case 4 deploys equations (6-28) and (6-29). The , and &
can be determined for the ith operating period, before taking into consideration the next
possible jth contingency states for the respective CG, PVS and SOC of ESS.
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Figure 6-7 ENUij computation for Case 1

Figure 6-8 ENSij and ENUij computation for Case 2

Page | 96

Chapter 6: Multistate Reliability Modelling
Of An Isolated Microgrid

Figure 6-9 ENSij computation for Case 3

Figure 6-10 ENSij and ENUij computation for Case 4
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{

}

ENU ij = 1 ti (CGi-1 + CGi' ) - ( NDi-1 + NDi )
2

(6-22)

ENU ij = 1 t1 CGi-1 - NDi-1
2

{

}

(6-23)

ENSij = 1 t1 NDi-1 - CGi-1
2

}

(6-24)

{

ENU ij = 1 t2 {CGi - NDi }
2

(6-25)

ENSij = 1 ti  NDi-1 + NDi -(CGi-1 + CGi' )
2 


(6-26)

ENSij = 1 t1 NDi-1 - CGi-1
2

}

(6-27)

ENU ij = 1 t1 CGi-1 - NDi-1
2

(6-28)

(

)

{

{

ENSij = 1 t2 { NDi - CGi }
2

}

(6-29)
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Table 6-1 CG reliability data and priority loading order
kW

Qty

400

1

200

kW per min

Type

Priority Loading

0.060

80

Diesel

3

2

0.045

40

Diesel

4-5

200

2

0.045

40

Micro-turbine

6-7

50

2

0.030

10

Micro-turbine

10-11

400

2

0.090

20

FC

1-2

200

1

0.075

10

FC

8

100

1

0.060

10

FC

9

6.4.1

FOR

Scenario 1 - PVS and CG Multistate Modelling

Scenario 1 considers both the PVS and CG in the MSS model in order to investigate the
interactions between intermittent source and random-rapid changing demand. The CG
is arranged with priority loading while the other technical parameters are given as per
Table 6-1. Equation (6-30) illustrates that the PVS output is treated as negative demand
in the net demand,  . Applying Case 1 to Case 4 for each ith operating interval by
considering all contingency states over a 30-day period, the EENS and EENU can be
determined from equation (6-31) and (6-32). In this scenario, an energy surplus is
possible if a low demand with high PVS penetration without ESS is in place. MSS
models for 2, 3, 4 and 5-states are considered in the analysis for EENS and EENU. Table
6-2, Table 6-3, Table 6-4 and Table 6-5 illustrate a 5-state table with CG capacity out in
MW, CGs state probability, PVSs capacity out in MW and PVS state probability
respectively.
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Table 6-2 CG capacity out (MW)

CG Capacity Out (MW)

PL=2

State

1

2

3

4

5

CG1
CG2

0
0

0.37
0.37

0.38
0.38

0.39
0.39

0.4
0.4

CG3

0

0.37

0.38

0.39

0.4

CG4

0

0.185

0.19

0.195

0.2

CG5

0

0.185

0.19

0.195

0.2

CG6

0

0.185

0.19

0.195

0.2

CG7

0

0.185

0.19

0.195

0.2

CG8

0

0.185

0.19

0.195

0.2

CG9

0

0.0925

0.095

0.0975

0.1

CG10

0

0.04625

0.0475

0.04875

0.05

CG11

0

0.04625

0.0475

0.04875

0.05

Table 6-3 CG state probability

CG State Probability

PL=2

State

1

2

3

4

5

CG1
CG2

0.97
0.97

0.00225
0.00225

0.0015
0.0015

0.00075
0.00075

0.0255
0.0255

CG3

0.98

0.0015

0.001

0.0005

0.017

CG4

0.985

0.001125

0.00075

0.000375

0.01275

CG5

0.985

0.001125

0.00075

0.000375

0.01275

CG6

0.985

0.001125

0.00075

0.000375

0.01275

CG7

0.985

0.001125

0.00075

0.000375

0.01275

CG8

0.975

0.001875

0.00125

0.000625

0.02125

CG9

0.98

0.0015

0.001

0.0005

0.017

CG10

0.99

0.00075

0.0005

0.00025

0.0085

CG11

0.99

0.00075

0.0005

0.00025

0.0085
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Table 6-4 PVS capacity out (MW)

Out (MW)

PVS Capacity

PL=2

State

1

2

3

4

5

PVS1
PVS2

0
0

0.222
0.222

0.228
0.228

0.234
0.234

0.24
0.24

PVS3

0

0.222

0.228

0.234

0.24

PVS4

0

0.222

0.228

0.234

0.24

PVS5

0

0.222

0.228

0.234

0.24

Table 6-5 PVS state probability

Probability

PVS State

PL=2

State

1

2

3

4

5

PVS1
PVS2

0.99
0.99

0.00075
0.00075

0.0005
0.0005

0.00025
0.00025

0.0085
0.0085

PVS3

0.99

0.00075

0.0005

0.00025

0.0085

PVS4

0.99

0.00075

0.0005

0.00025

0.0085

PVS5

0.99

0.00075

0.0005

0.00025

0.0085

NDi = LDi - Popvs
ij
Nsi N pv

EENS = ∑ ∑

Pijpvs

i=1 j=1

Nsi N pv

Ncg

(6-30)





,CGij ,LDi 
∑ Pijcg ENSij  Popvs
ij


(6-31)

j=1

Ncg

EENU = ∑ ∑ Pijpvs ∑ Pijcg ENU ij  Popvs
,CGij ,LDi 
ij
i=1 j=1

6.4.2

j=1





(6-32)

Scenario 2 - ESS, PVS and CG Multistate Modelling

Scenario 2 considers the ESS, PVS and CG in the MSS model in order to investigate the
interactions between intermittent source and random-rapid changing demand; and ESS
and intermittent source. Again, the PVS is treated as negative demand in equation (6-30)
to arrive at the net demand,  . However, any surplus energy in Scenario 2 can be
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stored in the ESS unless it exceeds the ,/ . Again, applying Case 1 to Case 4 for
each ith operating interval over a 30-day period, the EENS and EENU can be determined
with equations (6-33) and (6-34) with all the contingency states of the ESS, PVS and
CG taken into consideration. Once again, the MSS models for 2, 3, 4 and 5-states are
considered in the analysis for EENS and EENU. Table 6-2 to Table 6-7 illustrate the 5state capacity out in MW and state probability of CGs, PVSs and ESS.

1

2

3

4

5

ESS1
ESS2

0
0

0.2775
0.2775

0.285
0.285

0.2925
0.2925

0.3
0.3

ESS3

0

0.2775

0.285

0.2925

0.3

ESS4

0

0.2775

0.285

0.2925

0.3

(MW)

State

ESS

PL=2
Capacity Out

Table 6-6 ESS capacity out (MW)

Table 6-7 ESS state probability

Probability

ESS State

PL=2

State

1

2

3

4

5

ESS1
ESS2

0.99
0.99

0.00075
0.00075

0.0005
0.0005

0.00025
0.00025

0.0085
0.0085

ESS3

0.99

0.00075

0.0005

0.00025

0.0085

ESS4

0.99

0.00075

0.0005

0.00025

0.0085

Nsi Nes

EENS = ∑ ∑
i=1 j=1

Pijess

Nsi Nes

EENU = ∑∑
i=1 j=1

N pv

∑
j=1

Pijess

Pijpvs

N pv

∑
j=1

Ncg





Pijcg ENSij  Poess
,Popvs
,CGij ,LDi 
∑
ij
ij


j=1

Pijpvs

Ncg



(6-33)



Pijcg ENUij  Poess
,Popvs
,CGij ,LDi 
∑
ij
ij


j=1

(6-34)
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6.4.3

Scenario 3 - Generalize Equations

Scenario 3 combines the approaches in Section 6.4.1 and Section 6.4.2, resulting in a
set of generalized equations being formulated given by equations (6-35) and (6-36)
where any other types of system elements can be added into the isolated microgrid for
system planners. This method can cater for both the uncertainties and MSS models of
each of the system elements.

Nsi N X

Nes

N pv

Ncg

i=1 j=1

j=1

j=1

j=1

EENS = ∑∑ PijX …∑ Pijess ∑ Pijpvs ∑ Pijcg ENSij  X ij ,…,Poess
,Popvs
,CGij ,LDi 
ij
ij




(6-35)
Nsi N X

Nes

N pv

Ncg

i=1 j=1

j=1

j=1

j=1


pvs
EENU = ∑∑ PijX …∑ Pijess ∑ Pijpvs ∑ Pijcg ENUij  X ij ,…,Poess
,P
,CG
,LD

o
ij
i
ij
ij




(6-36)

6.5 System Studies
The total installed CG capacity of the isolated microgrid system in this study is 2.4MW
as per Table 6-1. The IEEE reliability test system (RTS) [61] hourly demand profile is
modified with randomly generated per minute microgrid demand while maintaining
peak demand, mean demand and minimum demand at 1.85MW, 1.13MW and 0.63MW,
respectively.

6.5.1

Microgrid with Scenario 1

Five sets of the PVS with 0.01 FOR are deployed. Figure 6-11 and Figure 6-12 show
the impact of SR on the EENS and EENU, respectively, by considering the MSS models
of both PVS and CG from 2-state to 5-state. The results show that both the EENS and
EENU decrease linearly with increasing SR. This shows that increasing the SR capacity
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improves the isolated microgrid operational adequacy, as shown by the EENS and
EENU trends.

From Figure 6-11, using the 2-state model as a base case, the EENS using MSS models
differs by 0.2 to 10.4MW-Min/Month with SR varying from 0 to 25%. 2-state model for
both the PV and CG gives slightly more pessimistic results for EENS compared to the
more accurate results obtained using MSS. The EENU using the MSS models differs by
0 to 0.2MW-Min/Month over the same range of SR from Figure 6-12. The difference is
insignificant.

Figure 6-13 and Figure 6-14 show the impact of the PVS capacity on the EENS and
EENU for MSS models with 2-state, 3-state, 4-state and 5-states. Both the EENS and
EENU increase with increasing PVS capacity. However the EENS stops increasing after
70% PVS capacity and even shows slight decline as shown in Figure 6-13. The impact
of increasing the PVS capacity compromises on microgrid reliability as seen by the
increasing EENS and EENU. Hence, increasing PVS capacity in the presence of CG
capacity only is detrimental to microgrid operational adequacy.

Again using the 2-state model as a base case, the EENS differs by 0.2 to 10.8MWMin/Month as shown in Figure 6-13 with the MSS models, i.e. MSS gives slightly more
pessimistic EENS results. Similarly, the EENU differs by 0 to 0.4MW-Min/Month as
shown in Figure 6-14, and their difference is insignificant.
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Figure 6-11 EENS with multistate PVS and CG

Figure 6-12 EENU with multistate PVS and CG
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Figure 6-13 EENS with multistate PVS and CG

Figure 6-14 EENU with multistate PVS and CG

6.5.2

Microgrid with Scenario 2

Four sets of ESS with 0.01 FOR are added in Scenario 2. Figure 6-15 and Figure 6-16
show the impact of SR on the EENS and EENU, by considering the MSS models for all
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the system components such as the ESS, PVS and CG. The EENS stays practically
constant with increasing SR as shown in Figure 6-15. However, Figure 6-16 shows the
EENU decreases linearly with increasing SR. The impact of increasing SR on the EENS
and EENU with the presence of ESS is more favourable compared with Figure 6-11 and
Figure 6-12. As compared to Scenario 1, the absolute values of the EENS and EENU
reduce by a factor of four and five, respectively. This demonstrates a very significant
improvement in operational adequacy with the contribution attributed to ESS.

Using the 2-state model as a base case, the EENS with MSS models differs by 5.6 to
11.9MW-Min/Month as shown in Figure 6-15. Using the MSS models, the EENS shows
a slight optimistic result compared to that of the base case. The EENU, however, differs
by 0 to 0.1MW-Min/Month which is practically insignificant.

Figure 6-15 EENS with multistate ESS, PVS and CG
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Figure 6-16 EENU with multistate ESS, PVS and CG

Figure 6-17 and Figure 6-18 show the impact of increasing ESS capacity on the EENS
and EENU, respectively, with 2-state, 3-state, 4-state and 5-state MSS models. Both the
EENS and EENU decrease exponentially with increasing ESS capacity. The impact of
increasing ESS capacity favours the EENS and EENU as it improves the isolated
microgrid operation adequacy. Comparing Figure 6-17 and Figure 6-13 with PVS
capacity set at 50%, the EENS reduces favourably from 1.7 to 12.5 times. Similarly
comparing Figure 6-18 and Figure 6-14 with the same PVS capacity setting, the EENU
reduces favourably from 2.2 to 4.4 times. All these three observations are attributed to
the positive contribution of the ESS in the isolated microgrid improving the operational
adequacy.

Again using the 2-state as a base case, the EENS differs by 0 to 6.6MW-Min/Month
from Figure 6-17. The EENU using the MSS models differs by 0 to 0.1MW-Min/Month
from Figure 6-18, which is insignificant. Different MSS models selected did not show
any significant impact on the EENS and EENU.
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Figure 6-17 EENS with multistate ESS, PVS and CG

Figure 6-18 EENU with multistate ESS, PVS and CG

6.6 Conclusions
Both Scenario 1 and Scenario 2 support the notion of better isolated microgrid
operational adequacy with increasing SR. In Scenario 1, increasing SR has the impact
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of reducing EENS and EENU, whereas Scenario 2 shows a significant reduction in the
absolute value of the EENS and EENU by four to five times. In general, the results show
that when the MSS model changes from a 2-state to a 5-state model, the EENS is slightly
more optimistic whereas the EENU appears indifferent.

Scenario 1 supports the perception that increasing the PVS capacity alone will have
detrimental effect on the isolated microgrid operational adequacy. The inclusion of ESS
in Scenario 2 improves the isolated microgrid operational adequacy significantly and at
the same time mitigates the impact of the states on the MSS model.
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7 Conclusions and Future Work
7.1 Conclusion
First, this thesis started by conveying electric power system HL I reliability evaluation
with PVS, ESS, IEEE-RTS conventional generators (CGs) and demand model using
constant intra-hour analytical techniques. Loss of load expectation (LOLE) and loss of
energy expectation (LOEE) are the two indices to narrate power system adequacy. The
system sensitivity studies include various PV peak installed capacity, energy storage
(ES) installed capacity, maximum ES charging / discharging hours and impact on annual
cost of energy. Some key points arising from this research in chapter 4 are as follow:

1. For CG and PV combination, system adequacy will improve with increase PV
peak installed capacity. LOLE and LOEE will taper off when PV peak installed
capacity is about 30% (or greater) of installed CG capacity.
2. For CG, PV and ES combination, system adequacy improved by about one third
or more. ES plays a significant role in the electric power system reliability and
reducing annual cost of energy when intermittent PV generation is incorporated
with CGs.
3. The study pointed that a cost saving of S$131M per annual is possible if PV and
ES combination were used, with ES capacity at 30% of the installed CG
capacity.

Second, stand-alone microgrid reliability evaluation using analytical technique
considering uncertainties for all system components under minutely rapid-ramp, has
been presented in this thesis using the modified IEEE-RTS generation and load model.
Two system adequacy indices, expected energy not supplied (EENS) and expected
energy not used (EENU), have been incorporated to articulate the operational adequacy
of microgrid. The EENS and EENU have helped in analysing the selection of optimal
Page | 111

Chapter 7: Conclusions And Future Work

ESS capacity and PVS capacity for better microgrid reliability. These indices have been
instrumental in explaining the operational adequacy of microgrid between intermittent
PVS and rapid-random demand; and between ESS and intermittent PVS. Each time
interval of CGs will have intra-minute ramp to meet rapid-random demand ramp and
intermittent PVS generation. In addition, the contingency states of each system
component at each time interval have been considered in the computation of EENS and
EENU. The intermittent PVS energy source and the crucial supporting role of energy
storage system (ESS) on improving system adequacy have been shown. The
fundamental outcomes from chapter 5 are as follow:
1. All PVS and ESS comprise of many single solar PV cell and single ES cell. The
impact of these single cells manufacturing and assembly process control,
premature aging of components under operation, extreme environmental
conditions etc., would lead to system reliability issues. Hence, the modelling
from single solar PV cell and single ES cell to PVS and ESS respectively in an
isolated microgrid environment is a practical and realistic approach. The total
cross-tied configuration (TCTC) will increase the operation life of the array by
30% with higher efficiency. The reliability and conversion efficiency of PVS
and ESS inverters are included in this analysis. These considerations will have
the notion to increase the isolated microgrid operational adequacy.
2. Traditional electric power system relies on constant intra-hour analysis for
variable resources, CGs and ESSs. The Singapore solar irradiance fluctuates
rapidly within the minute due to tropical weather conditions etc., which
contravenes the traditional constant intra-hour analysis. A per-minute time step
analysis considering ramp up / down and including uncertainties considerations
of each microgrid system component is a practical approach to aid ISO with a
decision supporting tool for isolated microgrid operational adequacy. Though
chapter 5 only narrate CGs, PVSs and ESSs in the study, the formulation can
include any other additional microgrid system components, e.g. wind generators,
tidal generators etc.
3. CGs with slower ramp rates will compromise on microgrid system adequacy
from 1.5 to 3.4 times as shown in Table 5-2.
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4. For CGs and PVSs combination only, when CGs’ FOR increases three times
(PVS at 50%) the EENS increases 106% whereas EENU reduces 16%.
5. Incorporating ESSs into CGs and PVSs combination, the isolated microgrid
operational adequacy improves more than 65%. The positive impact of having
ESSs can be clearly seen by comparing the absolute EENS and EENU before
and after installation of ESSs.
Furthermore, by considering the multistate system (MSS) modelling of each of the
system components (ESS, PVS and CG) has provided additional insights to the
microgrid operation adequacy with different priority loading, spinning reserves, FOR
and ramp rates. Incorporating ESS into a stand-alone microgrid will improve operational
adequacy and mitigate the impact on MSS. Chapter 6 results can be summarized as
follow:

1. As PVS and ESS comprise of many single solar PV cell and single ES cell in
series-parallel combination, the potential for getting into a derated state is high.
The study of MSS model for CGs, PVSs and ESSs is extremely relevant and
useful. The study attempts to compare 2-state, 3-state, 4-state and 5-state MSS
model in an isolated microgrid.
2. For CGs and PVSs combination (Scenario 1) with increasing SR, EENS differs
up to 10.8MW/month on the pessimistic side with MSS whereas EENU variation
is not significant.
3. For CGs, PVSs and ESSs combination (Scenario 2), the absolute values of EENS
and EENU reduce by a factor of four and five respectively. This is due to the
positive impact of ESSs on isolated microgrid operational adequacy. The EENS
differs up to 6.6MW/month favourably comparing 2-state model to MSS model,
whereas EENU differs insignificantly.

This thesis will find potential applications for the distribution level, where PVSs and
ESSs can be connected incrementally at the precinct level, district level or city level.
Diesel generators have been prevalently installed in the precinct traditionally and a
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microgrid infrastructure can be formed naturally. In the last two decades, the public
awareness of environmental sustainability has increased tremendously. The entry of fuel
cells and micro-turbines installation will accelerate distribution level connections of
dispatchable generation. Also, the gradual increase in installed capacity of PVSs at the
distribution level, the quality of supply of microgrid can be compromised. The quick
change in solar irradiance has been widely reported to take place within minutes or
seconds. Similarly, more rapid load change is another real challenge to a small microgrid
infrastructure. This is aggravated by the fact that the current cost price of ESS is still
relatively high, even if it is at the distribution level. Hence, the ramp characteristics of
each system level component shall be considered as it will impact on the overall system
adequacy and shall not be taken lightly. The detailed analysis of EENS and EENU
within a microgrid for higher operational system adequacy will be an important topic to
investigate and minimize the impact on system reliability.

Each system level component, example PVS and ESS, comprises of hundreds to
thousands of single cell components connected in series-parallel configuration
internally. The type of connection, interconnecting techniques, different mean time
before failure, manufacturing and assembly quality control, extreme ambient conditions
etc. impose severe challenges to the reliability of each system component. In this thesis,
multiple single solar PV cell and single ES cell are formulated with different
configuration to arrive at a system level PVSs and ESSs respectively. The reliability and
power output formulation of many single cell components to the system level
component(s) is one of the realistic issues in practical applications of microgrid
reliability considerations. Furthermore, the impact on time varying SOC of the ESSs has
been investigated to understand its potential contributions to isolated microgrid
operational adequacy. By and large, ESSs improve on the isolated microgrid operational
adequacy. These research hypotheses are clearly demonstrated in chapter 5 and chapter
6 contributions. System owners will appreciate the detailed reliability and power output
analysis of the PVSs and the ESSs proposed and find them meaningful for their design,
implementation, maintenance and decommissioning.
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7.2 Future Work

Though several aspects of system adequacy indices and annual energy cost saving
impact have been presented, there exist more avenues and considerations for improving
the current techniques, and understanding of system reliability and cost worth. Section
7.2.1 and Section 7.2.2 present some of these opportunities for future work.

7.2.1

In-depth Analysis of Monte Carlo Techniques

It has been presented in this thesis that analytical techniques interpret an electric power
system and stand-alone microgrid via a mathematical model and compute the reliability
indices from this model with a direct numerical method. An analytical technique will
yield reliability indices within a relative fast computational time, but assumptions are
normally required to simplify the model and arrive at a simplified analytical model. This
is even more so when modelling complex systems where the outcome could be
compromised. Hence, an in-depth analysis with Monte Carlo simulation (MCS) should
be employed [71-76].

Simulation techniques can simulate the real process and stochastic effect of an electric
power system to yield the reliability indices. It could simulate the process like a series
actual experiments. Simulation techniques could take into consideration of all aspects
and contingencies inherent in the planning, design and operation of an electric power
system. Hence, if the simulation is extended over a long period of time it can exhibit a
closer behaviour on the type of mal-function which the system could run into. Expected
values of reliability indices and their respective frequency distributions can be studied,
and provide a thorough understanding of the system reliability. Riding on the knowledge
gained leading to this thesis, MCS will provide a better understanding on the detail study
of system reliability.
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7.2.2

Demand Side Load Management

Demand side load management (DSLM) infers reduction in electricity consumption by
end-use customers in response to power grid needs, economic signals from a special
retail rates or competitive wholesale market. DSLM plays a key role especially in a
congested power grid. DLSM endeavours to provide an operation of robust, transparent,
efficient, and non-discriminatory electricity market, and reliable operation of the bulk
power transmission grid. The system operators have another means to maintain system
reliability through DSLM. System operators will provide financial incentives to end-use
customers who own or control physical resources, which follow instructions from
DSLM signals to take actions to increase reliability.

With the advent of energy intensive loads like plug-in hybrid electric vehicles (PHEVs),
data centres, building air-conditioning mechanical ventilation (ACMV) system etc.,
these demands present ample opportunity for DSLM as they could potentially be shifted
from the peak load period to increase system reliability. A green garage of PHEVs and
data centres within a cluster of commercial buildings fully powered with ACMV on an
extremely hot day, will pose good potentials for demand respond management
applications. The wide adoption of smart energy meters embedded with the ZigBee
communication protocol, direct load control (DLC) [77, 78] provide opportunities for
energy intensive loads to be explored.

A finer point worth understanding is to segregate industrial, commercial and residential
loads for DLSM studies with cost / worth analysis. Finally, a quantitative cost-benefit
analysis can be performed through MCS on DSLM for finding a global optimum
solution.
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7.2.3

Microgrid Reliability

It has become evident that the fundamental architecture of today’s electricity grid, which
is based on top-down topology on transmission system providing energy flow in one
direction from a large electricity generating source, needs rethinking. Microgrids have
become a vital concept due to proliferation of distributed energy generation (DEG) near
vicinity at site of use. A microgrid with distributed energy resources (DER), could
operate as a single or autonomous grid, either stand alone or in parallel with an existing
utility grid infrastructure [79]. It is crucial to study the system adequacy of microgrid
with DER and DSLM optimized for maximum cost / worth. Hence, MCS and solvers
could be deployed to realize global optimum solutions in a microgrid environment. In
addition, choosing the right size PVSs and ESSs considering an optimum cost / worth
analysis would play a significant role too. In addition, the fast changing operation factors
and market conditions in dynamic microgrids can be incorporated in further studies.

7.2.4

Degradation of System Components

As the PVSs and ESSs comprise many single-cell components to form a complete
system level, it is imperative to have high reliability in the manufacturing and assembly
of each single-cell component. However, due to extreme ambient conditions, abnormal
cyclic loading on each system level component, inappropriate thermal management of
system components, incorrect manufacturing practices etc., could lead to premature
failure of PVSs and ESSs over time. A comprehensive literature review, modelling and
simulation of PVSs and ESSs can be formulated as part of the formulation in chapter 5
and chapter 6 for future work, so as to understand the impact on time dependent
degradation of system components on system adequacy.
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