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Abstract

Smart grid has been advocated in both developing and developed countries in many
years to deal with large amount of energy deficit and air pollutions. However, many
literatures talked about some specific technologies and implementations, few of them
could give a clear picture on the smart grid implementations in a macro scale like what
is the main consideration for the smart grid implementations, how to examine the power
system operation with communication network deployment, how to determine the
optimal technology scheme with consideration of economic and political constraints,
and so on. Governments and related institutions are keen to evaluate the cost and benefit
of new technologies or mechanisms in a scientific way rather than making decision
blindly. Decision Support System, which is an information system based on interactive
computers to support decision making in planning, management, operations for
evaluating technologies, is an essential tool to provide decision makers with powerful
scientific evidence.

The objective of the thesis is to identify the data and information processing
technologies and mechanisms which will enable the further development of decision
support systems that can be used to evaluate the indices for smart grid technology
investment in the future.

First of all, the thesis introduces the smart grid and its features and technologies in order
to clarify the benefits can be obtained from smart grid deployment in many aspects such
as economics, environment, reliability, efficiency, security and safety.

Besides, it is necessary to understand power system business and operation scenarios
which may affect the communication network model. This thesis, for the first time, will
give detailed requirements for smart grid simulation according to the power system
business and operation.

In addition, state of art monitoring system and communication system involved in smart
grid for better demand side management will be reviewed in order to find out their
impacts reflecting to the power systems. The methods and algorithms applied to the
smart grid monitoring, communication technologies for smart grid are summarized and
the monitoring systems are compared with each other to see the merits and drawbacks

in each type of the monitoring system.
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In smart grid environment, large number of data are need to be processed and useful
information are required to be abstracted for further operation in power systems.
Machine learning is a useful tool for data mining and prediction. One of the typical
machine learning artificial algorithms, artificial neural netwoANWN) for load
forecasting in large power system is proposed in this thesis and different learning
methods of back-propagation, Quasi-Newton and Levenberg-Marquardt, are compared
with each other to seek the best result in load forecasting.

Bad load forecasting may leads to demand and generation mismatch, which could cause
blackout in power systems. Load shedding schemes are powerful defender for power
system from collapsing and keep the grid in integral to a maximum extent. A lesson
learned from India blackout in July 2012 is analyzed and recommendations on
preventing grid from blackout are given in this work. Also, a new load shedding
schemes for an isolated system is proposed in this tloetage full advantage from
information sharing and communication network deployment in smart grid.

Lastly, the new trend of decision support system (DSS) for smart grid implementation
is summarized and reliability index and stability scenarios for cost benefit analysis are
under DSS consideration. Many countries and organizations are setting renewable
penetration goals when planning the contribution to reduce the greenhouse gas emission
in the future 10 or 20 years. For instance, UK governmsaxpecting to produce 27%

of renewable energies EU-wide before 2030. Some simulations have been carried out
to demonstrate the physical insight of a power system operation with renewable energy
integration and to study the non-dispatchable energy source penetration level.
Meanwhile, issues from power system reliability which may affect consumers are
required to take into account. Reliability index of Centralized wind generations and that
of distributed wind generations are compared with each other under an investment

perspective.
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Chapter 1

| ntroduction

1.1 Background and Objectives

With the extremely increasing of the large industry and commerce, energy supply
deficit and air pollution issues are becoming more and more critical. In order to solve
the problems in both developed and developing countries, smart grid with many
advanced architectures, outstanding algorithms and creative frameworks has been
advocated1].

There are few “definitions” to explain what it is, though the conception of smart grid

has been proposed for several years, many institutes of power system around the world
concentrate on explanations of its functions and technical applications. In addition,
many countries and regions research and develop their specific smart grid in accordance
with their situations like energy resource distribution and consumption, environment
and climate, and commercial, industrial and residential daily life customs. For instance,
in Europe, people devote themselves to develop the renewable energies and distributed
generation systems, while in the US, smart metering and demand response are the main
direction in smart grid implementation. State Grid Corporation of China has proposed
to establish the “strong and robust smart grid”, which makes every effort to build

HVDC and FACTS in order to transmit electric power from the western region, which

is rich in energy, to eastern region in China.

One of the significant differences is that communication networks deployment in many
areas of a smart grid is much more critical than that of traditional grid. Many computer-
based remote monitoring, control and automation devices are beginning to apply to the

electricity delivery systems, to form a bi-communication channel linked through the
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grid from power plants to any consumers like residential, commercial, industrial and
agricultural. In addition to the information exchange within power systems, all other
systems such as petroleum, natural gas dispatch systems, weather forecasting will also
share the information with power systems. With the increasing penetration level of the
non-dispatchable energy resources like wind and solar and application of demand
response, the effect from weather is playing more and more significant role to power
systems.

Load forecasting mechanism is one of a great application for information exchange
between weather forecasting and power systems. Accurate short-term load forecasting
may contribute to the power economic dispatch and design an appropriate demand
response or load shedding plan to prevent the loads from over-withdrawing energy from
the grid. Long-term load forecasting can offer a consultative reference to further
planning for optimizing energy resource allocation.

It is a stepby-step procedure towards smart grid to replace the old power system
elements or build facilities based on existing grid instead of build up a brand new grid.
Thus, planning for smart grid may not only consider the effect that comes from the
creative technologies, but also respecting for diverse stakeholders’ interests. Cost

benefit analysis has to be carried out to make a correct or reasonable decision. One of
the most effective tool for estimating the smart grid technologies and implementations
is to build the Decision Support System, which is an information system based on
interactive computers to support decision making in planning, management, operations
for smart grid.

Objectives: This thesis aims to identify the data, specify and develop the information
processing technologies and mechanisms which will further contribute to the
development of decision support systems for the smart grid. These will contribute to

the evaluation of the investment indices for smart grid technology of the future.

Regarding to these objectives, the thesis is organized as follows in Section 1.2.
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1.2 Organization of Thesis

This thesis consists of 7 Chapters. The main focus is on Smart grid technologies and

implementations.

Chapter 2 Smart Grid Overview

Chapter 2 overviews smart grid definitions, features and its technologies. Moreover,
the differences between traditional grid and smart grid will be discussed. Strategy
planning, motivations, challenges and implementations will also be summarized in this
chapter. The key points of the chapter have been published in “An Overview on Smart

Grid Simulator”.

Chapter 3 Smart Grid Monitoring with Communication Technologies

Chapter 3 will give a state of the art review on smart grid monitoring systeins an
communication systems. New technologies applied into intelligent system in many
technical fields will be discussed. The development of condition monitoring and smart
grid monitoring like wide-area monitoring technologies and commercial electronic
monitoring is demonstrated to examine the critical needs for smart grid systems.
Mechanisms and algorithms applied into intelligent monitoring system will be
summarized in order to find out their impacts reflecting to the power systems. A novel
framework for smart grid decision support system design will be proposed. Some of the

points have been published in “Monitoring System for Smart f&d”.

Chapter 4 Smart Grid Load forecasting by Artificial Neural Network

Artificial Neural Network (ANN) and Back-Propagation training is introduced in
Chapter 4 to achieve load forecasting for its excellent mapping approximation ability
such that there is a high potential for industrial use. A paper named “Artificial Neural

Network for Load Forecasting in Smarti®’ has been generated for this chapter.
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Chapter 5 Self-healing and load shedding in Smart grid

Chapter 5 reports lessons learned from India blackout in this chapter as a negative
example of real-life case study in load shedding. Also, ideas in published paper
“Lessons Learned from July 2012 Indian l&kout” and “Survive Distribution
Networks Usingan Automatic Local Load Shedding Scheimare derived in this

chapter.

Chapter 6 Decision Support System for Smart Grid Implementation

Chapter 6 reports the development of decision support systems (DSS) for smart grid
deployment. Cloud computing and agent-based DSS are discussed in this chapter for
smart grid implementation. Reliability, security and stability indices for smart grid are
considered for decision support systems through a cost-benefit analysis approach. The
integration of these elements together will form a new and novel application. Three
conference papers “New Trends for Decision SupportySems”, “Research on Wind

and Solar Penetration in a 9-bustWork”, and “Reliability and Investigation

Assessment for Wind Energyefieration” have been published from this chapter.

Chapter 7 Conclusions
Chapter 7 summarizes the work done and based on the current finding; direction for

future study will be discussed.

1.3 Original Contribution

1. Comparison, analysis and summary of smart grid technology and implementation
solutions. This work summarizes the smart grid technologies and its benefits in
different aspects. Various requirements have been considered and it will provide
tutorial values to the field, and also it will provide a direction for the academics,

researchers, engineers and decision msasan important reference. (Chapter 2)
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. Monitoring systems and Communication system for smart grid has been analyzed.
This work summarizes the methods and algorithms applied to the smart grid
monitoring, communication technologies for smart grid. Comparison on different

types of monitoring systems has been made, which could see the merits and

drawbacks in each type of the monitoring system. (Chapter 3)

. A reasonable method for achieving power system and communication co-
simulation by taking into account real-life power system business and operation is

proposed. (Chapter 3)

. Smart grid load forecasting system framework design for Ontario, Canada. This
work introduces a smart grid load forecast design procedure with consideration of

general influencing factors and Ontario local factors. (Chapter 4)

. An Atrtificial Neural Network based load forecasting system design for Ontario,
Canada. This work compares results from different ANN training algorithms and

provides a novel explanation for the differences. (Chapter 4)

. July 2012 India blackout was investigated and lessons learned from India blackout
will be discussed. The importemof load shedding will be demonstrated to reduce

the possibility of blackout occurrence. (Chapter 5)

. Development of decision support systems to implement smart grid is summarized.
Past, present and future of the decision support systems are compared with each

other and new findings are discussed. (Chapter 6)

. Reliability indices of the system with large scale wind generations are compared to
that with distributed generations, investment and cost were considered with power

utilities’ benefits for decision making. (Chapter 6)
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9. Stability indices of the system with wind and solar generations are discussed and
penetration levels of the wind and solar with stability performance in a 9-bus
network are presented. This work demonstrates the physical insight of the system,
and also provides stability indices for cost-benefit analysis and decision making.

(Chapter 6)
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Chapter 2
Smart Grid Overview

2.1 Introduction

Smart grid has been advocated in both developing and developed countries these days
to deal with the bottleneck of feeding large requirement in energy consumption as the
growing of industry and commerce. As a new concept for power delivery system, smart
grid involves plenty of advanced technologies, outstanding methodologies, novel
algorithms and creative architectures in service, business and operation to solve
problems like carbon emission deduction, resources allocation optimizations, grid
security and reliability enhancement and deliver power energy in a more efficient,
reliable, and optimal way.

This chapter will critically overview smart grid definitions, features and its technologies.
Moreover, the differences between traditional grid and smart grid will be discussed.
Benefits from smart grid technology aspects will be illustrated. Strategy planning,

motivations, challenges and implementations will also be summarized in the chapter.

2.2 TheSmart Grid Definitions

The smart grid concepts have been discussed, expanded, developed by famous
organizations, research institutes and government departments around the world. There
is no agreed definition for smart grid, even different countries has different concept on
the future grid. For instance, China aims to establish massive strong smart grid which
includes all sections from generation, transmission, and distribution to utilization, while

the smart grid is defined within distribution network by National Grid, UK [9]. Many
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publications concentrate on explain “what the features are in smart grid” or “what kind

of technologies will be involved in smart grid” instead of “what is smart grid”. Fig. 2.1
illustrates the main applications which are involved in smart grid, including
compatibility with any energy generations, electric vehicles infrastructures, more
battery storage options, and more power quality options for consumers, demand side
management, and self-healing capability and so on.

With understanding of the smart grid, some new issues for smart grid which have never
happened in conventional power system need to be considered carefully when planning
and operation. For example, with increasing number of consumers participating into
power system, how should the system be operated in the most efficient way? If there is
a cyber-attacKnoise” injected to the communication channel, how could the smartdjri

detect the attacking “noise” and prevent the network from damaging?

Battery storage
options
ectric vehicles Power quality
nfrastructure assessment
Micro grid
infegration
A nergy
ny ene.rgy efficiency
generations
application
Self-healing Demand side
capability . anagement
Electricity
market

Fig. 2.1 Applications involved in smart grid

Distributed

: Smart
generation Smart grid

metering

Transmission
enhancement

According to DOE NETL (Department of Energy, National Energy Technology
Laboratory, US), a smart grid uses digital technology to improve reliability, security,
and efficiency (both economic and energy) of the electric system from large generation,
through the delivery systems to electricity consumers and a growing number of
distributed generation and storage resources. Smart grid deployment covers a broad

8
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array of electricity system capabilities and services enabled through pervasive

communication and information technology, with the objective of improving reliability,

operating efficiency, resiliency to threats, and our impact on the environment [1, 2].

IEA (International Energy Agency, US) denotes smart grid as “an electricity network

that uses digital and other advanced technologies to monitor and manage the transport

of electricity from all generation sources to meet the varying electricity demands of

endasers” [3]. A Smart grid is an electricity network that can intelligently integrate the

actions of all users connected te-ijenerators, consumers and those that do-bith

order to efficiently deliver sustainable, economic and secure electricity supplies [10],

demonstrated by European Technology Platform. The "smart grid", described by IEEE,

IS a next-generation electrical power system that is typified by the increased use of

communications and information technology in the generation, delivery and

consumption of electrical energy [11].

A general future smart grid network vision is shown in Fig. 2.2. No matter which is the

most accurate definition, the conception includes following information at least, smart

grid:

1. combines digital technologies throughout the whole power systems from generation
to end-users

2. improves reliability, security, and efficiency of the power delivery systems

3. contains both bulk generations and distributed generations, non-renewable energy

conversion and renewable energy conversion
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Value added

services
=y

Forecast

information

Fig. 2.2 Future network vision [7]

2.3 Differences between Traditional Grid and Smart Grid

Table. 2.1 illustrates the differences between the smart grid and conventional power
grid. Smart grid will apply bi-communication technologies to enable customers
participate the grid action. For instance, photovoltaic solar panels which are installed
on the roof of the customers’ houses could generate electricity in daytime and sells the
redundant energy to the grid; in the night time, solar panels cannot generate energy in
home, and the electricity will supply the load at home as usual. Besides, new
technologies such as distributed generation, electric vehicles charging and discharging,
Flexible Alternating Current Transmission Systems (FACTS) and so on will apply to
the power grid to enhance energy efficiency and reduce carbon emission. New problems
are appearing or getting worse with some new applications deployed. Table. 2.2 gives
information about different technical solutions addressed with power systems
characteristics. Cost benefit Analysis needs to be considered very carefully to determine

a better solution.

10
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Aspects

Traditional Grid

Smart Grid

Inter action between Grid and

Customers

Customers passively accept servig

from grid

Customers participation on the grid action

Renewable Energy
I ntegration

Having trouble with renewable

penetration

Integration with renewable resources

enhancement

Optionsfor Customers

No choice for customer, monopoly

market

With digital market trading, PHEV, introducs

bids and competition, more choice for custon

Options on Power Quality
(PQ)

No choice on power quality, no pric

plan options for consumers

Power quality levels for different consumerg

System Operation

Ageing power assets, no efficient

operation

Assets operating optimization, less power Ig

Protection

Only rely on protection devices, fau
detect manually

Have capability of self-healing, less damag

affected by fault

Reliability and Security

Susceptible to physical and cyber

attack

More reliable for national security and humal

safety

Table. 2.1 Comparison between conventional grid and smart grid [12]

Technology Reliability Economics Efficiency Environmental Safety Security
Solutions
AMI Yes Yes Yes Yes Yes Yes
CSS Yes Yes Yes
DER Yes Yes Yes Yes Yes
DMS Yes Yes Yes Yes Yes
Network Yes Yes Yes Yes
Optimization
Transmission Yes Yes Yes Yes
enhancement
application
ICT Yes Yes Yes Yes Yes Yes
EV Charging and Yes Yes Yes Yes
Discharging

Table. 2.2 Smart grid technology solutions .vs. benefits

24 Smart Grid Featuresand Technologies

Comparing to the conventional power system, smart grid is the next generation of

power delivery system, which includes thousands of creative features and new

11
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technologies. NIST (National Institute of Standard and Technology, U.S. Department
of Commerce) divided the smart grid into seven domains, as shown in Fig. 2.3, with
considerations about supporting planning, requirements developments, documentation,
and organization of the diverse, expanding collection of interconnected networks and

equipment that will compose the smart grid [13]

——— Secure Communication Flows
= s e e Electrical Flows

Domain

m

e F'F'{;
. Vg
1 Markets_ -2

-

- --':
Service
. Provider P

. S

— _ Operations _

e

Bulk
_Generation . _ -

& — ::» e — l --_..‘
Transmission ===« Distribution ==~ - _CUStomer -
L L _'J,' ~. 5 - # N N

——

NIST Smart Grid Framework

Fig. 2.3 NIST smart grid framework composed by secure communication and
electrical flows throughout 7 smart grid domains [13]
NETL has addressed 8 technology solutions to achieve improvement on reliability,
economics, efficiency, environmental, safety and security, as shown below:
Advanced metering infrastructure (AMI)
Customer Side Systems (CSS)
Electric vehicle charging systems (EV)

Transmission enhancement application

1

2

3

4

5. Distribution grid management system (DMS)

6. Integration with renewable energy and distributed energy resources (DER)

7. Information and communication technology integration (ICT)

8. Wide-area monitoring, measurement and control [14].

Different technology areas deploy into all over the power system grid from generation

12
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to customer side (see Figy4). To feed consumer’s demand, virtual electricity market

will be built to investigate more options for customers.
// Generation \ (,Transmission\ " Distribution \ " Industrial N f Service X f Residential \

?l' Padmount

Transmission lines

Distribution lines transformer

4 J > Diztﬁb?tion . a3 ;
substation :
Transmission : N ] H || ]
substation y !

Information and communications technology (ICT) integration

Renewahle and distributed generation integration

Transmission
enhancement appllcatlans
Distribution grid
management

Adva nced metering |nfrastructure (AMI}

-

EV charging |nfrastmcture

Customerside systems (CS)

e 3

Source: Technology categories and descriptions adapted from NETL, 2010 and NIST, 2010.

2

Fig. 2.4 Smart grid technologies deployment in power systems [3]

24.1 Advanced Metering Infrastructure (AM1)

AMI provides bi-directional communication channel to enable customers and utilities
obtain the real time price and electricity consumption. Power losses and electricity theft
detection function is provided by AMI [3]. The AMI provides consumers required
information like information to make intelligent decisions, the ability to execute those
decisions and a number of options benefit customers themselves. At the same time,
system can improve utility operation and asset management processes by AMI data in
order to ameliorate customer services. In addition, AMI provides an essential link
between the grid, consumers and their loads, generation and storage resources through
the integration of multiple technologies like smart metering, home area networks,
integrated communications, data management applications, and standardized software

interfaces [15]. The AMI technologies and interface to residential, commercial and

13
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industrial are shown in Fig. 2.5.

Residential Distribution

H Ar e
ome Area | System
Com - i, :

}

Load Control DMS Gateway
Devices ;

. | Consumer Portal layer |

l I
-] Communications

AMI Interface I

Operations

Metering layer

AMI Head End

Customer

Local Area
A Network
I Service
Load Control
Devices MDMS

The flow of metering data has different
needs from the flow of DER and Load
monitoring and control signals.

Fig. 2.5 AMI Technology and Interface [15]

Commercial & Industrial

However, with the deployment of AMI, the risk from communication, which is the
inherent factor, will be brought into the smart grid, and will do harm to the national
economy, public health, trust in government, public safety and environmental integrity.
The risk to economic and trust in government could be rise from low to moderate where
there is a clear conflict between regulators and utilities and when residential customer
rates are increased [16]. Therefore, system security requirements have to be proposed

and identify what the smart grid security objectives are meant to prevent [17].

24.2 Customer Side Systems (CSS)

Customer side systems are deployed for helping manage energy consumption in
utilization level such as industrial, commercial, service and residential levels. Four
aspects are involved in customer side systems [3], which are:

* energy management systems

* energy storage devices

14
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* intelligent electronic devices

¢ distributed generations

In-home displays like energy dashboards, smart appliances and load storage
deployment could accelerate the profit of energy efficiency and reduction of peak
demand. Demand response is end-use customers reducing their use of electricity in
response to power grid needs, economic signals from a competitive wholesale market
or special retail rates [18]. Both manual customer response and automated, price-
responsive appliances and thermostats connect to Energy Management System or

controlled with a signal from the utility or system operator [3].

2.4.3 Electric Vehicle Charging and Discharging

Electricity vehicles charging infrastructure can regulate the demand by charging and
discharging. There are four operation modes for Electric vehicles charging and
discharging, which are grid to vehicles (G2V), vehicles to grid (V2G), storage to
vehicles (S2V), and vehicles to storage (V2S). With the increasing penetration of
demand response and dynamic price, vehicles could operate as moving storage
components to grid. When the grid is under peak demand and the state of EVs is fully
charged, EVs will discharge to grid to release the heavy load or discharge to home
storage devices to support residential electricity consumption. When the grid is under
peak demand and the state of EV is out of electricity, home storage devices will charge
the EV for daily utility; when the grid is under low energy demand and the electricity

price is getting lower, the EVs will charge from power grid.

24.4  Transmission Enhancement Applications

There are plenty of technologies applying to the transmission for improving the
controllability, transferring capability and reducing power loss. Four main applications

are shown below:

15
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Flexible AC Transmission Systems (FACTS)
High Woltage DC Systems (HVDC)
Dynamic Line Rating (DLR)

A w0 NP

High-Temperature Superconductors (HTS) [3]

245 Distribution Grid Management System

The function of DMS is through real-time information processing, deploying advanced
sensors and meters to:

* reduce the outage and repair time

* maintain voltage level

* detect the fault locations

* improve asset management

* reconfigure feeders automatically

e optimize voltage and reactive power

e control distributed generation [3]

2.4.6 Integration with Renewable Energy and Distributed Ener gy Resources

Different scales of the renewable energy resources deploy in different power grid levels:
large scale renewable energy resources at the transmission level, medium scales at the
distribution level and small scales at customer side buildings. Controllability and
dispatchablity are still the main challenge issues for integrations of renewable energy
and distributed energy resources in power system operation. Both electrical and thermal
energy storage devices can alleviate the impact from renewable energy intermittence,
especially wind and solar [3]. DG integrations can improve power grid reliability and

reduce the heavy load.

16
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2.4.7 Information and Communication Technology Integration (ICT)

Information and communication technology integration (ICT) is to support data
transmission for deferred and rdiathe operation, and during outages, no matter which
communication networks is using, private (including radio networks, meter mesh
networkg, or public (involving internet, cellular, cable and telephone). Stakeholders
are able to use and manage the grid in an efficient way with deploying communication
devices, significant computing, system control software and enterprise resource

planning software into bi-directional communication infrastructure [3].

24.8 Wide-area Monitoring, Measurement and Control

Wide-area monitoring and control supervise every power system component and
performance in a real-time way by interconnecting within large geographic andas, a
optimize power system components, behaviour and performance via assisting system
operators to understand them. Advanced system operation tools encompassing wide-
area situational awareness (WASA), wide-area monitoring systems (WAMS), and wide-
area adaptive protection, control and automation (WAAPCA), avoid blackouts and
facilitate the integration of variable renewable energy resources. In addition, data
generated by Wide-area Monitoring, Measurement and Control systems could also
facilitate system operating by

* informing decision making;

* mitigating wide-area disturbance;

* improving transmission capacity and reliability [3].

Table. 2.3 denotes the hardware and software which are related to each of technology
area and issues in smart grid. As can be seen in this table, communication network
elements are the essential parts for smart grid establishment, and deploying in many
technology areas in smart grid. Communication network would be employed to transfer

the energy consumption and storage level data to the control centre. Industry standard

17
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PC and Ethernet would be applied in smart grid to communicate between substations
and control centre. Universal monitoring and controlling devices which are installed
inside the control centre would fully be responsible for the energy generation, storage
and utilization. It will regulate the renewable energy generation, energy storage, and
consumptions according to the fluctuating generation forecasting (especially the
renewable energy) and dynamic energy load curve. Besides, new algorithms would be
built into the control and monitoring device. For instance, the micro-grid energy
management system needs to be more intelligent to deal with uncertainty and variability
of the demand and generation. Computational algorithm (CA) is one of intelligent

algorithms which can update information during the system operation.

18
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Smart Grid Hardware Systems and Software
Technologies and I ssues
Cyber Security Communication equipment (Pow{ Supervisory control and data acquisiti

line carrier, WIMAX, LTE, TF mesh (SCADA), distribution = managemer
network, cellular), routes, relayy system (DMS), Firewall rules
switches, gateway, compute| Vulnerability management
(servers)

Protection Fiber communication network wide-area adaptive protection, control &

routes, relays, switches, computg
(servers)

automation (WAAPCA), wide-are
situational awareness (WASA), distributiq
management system (DMS), Agent-bag

Supervision

Wide-Area Monitoring
and Control

Phasor measurement units (PM
and other sensor equipment

Supervisory control and data acquisiti
(SCADA), wide-area adaptive protectio
control and automation (WAAPCA), wide
area situational awareness (WASA)

Infor mation and
Communication

Technology integration

Communication equipment (Powg
line carrier, WIMAX, LTE, TF mesh
network, cellular), routes, relay
switches,

gateway, compute

(servers)

Enterprise resource planning softwg

(ERP), customer information system (CI{

Renewable and

Power conditioning equipment fq

Energy management system (EM

Distributed Generation | bulk power and grid suppor] distribution management system (DM$
Integration communication and contrqg SCADA, geographic information syste
hardware for generation an (GIS)
enabling storage technology
Transmission Superconductors, FACTS, HVDC | Network stability analysis, automat
Enhancement recovery systems

Distribution Grid
M anagement

Automated re-closers, switches a

capacitors, remote  controlle
distributed generation and storag

transformer sensors, wire and cal

Geographic information system (GIS
distribution management system (DMS
(oM

workforce management system (WMS)

outage management system

sensors
Advanced Metering Smart meter, in-home display| Meter data management system (MDMS
Infrastructure servers, relays

Electric Vehicle Charging infrastructure, batterie] Energy billing, smart gride-vehicle

Charging Infrastructure

inverters

charging (G2V) and discharging vehicte-
grid (V2G) methodologies

Customer Response Side

Smart appliances, routes, in-hor

display, building automatior

systems, thermal accumulato

smart thermostat

Energy dashboards, energy managen
systems, energy applications for sm

phones and tablets

Table. 2.3 Hardware and software employed into smart grid [3]
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2.5 Benefitsof Smart Grid

According to NETL, the benefit of the smart grid can enhance system operation and

utilization in six key areas, shown as follows:

1.

6.

Reliability — by reducing the cost of interruptions and power quality disturbances

and reducing the probability and consequences of widespread blackouts

. Economics— by keeping downward prices on electricity prices, reducing the

amount paid by consumers as compared to the “business as usual” (BAU) grid,
creating new jobs, and stimulating the gross domestic product (GDP).

Efficiency— by reducing the cost to produce, deliver, and consume electricity
Environment— by reducing emissions when compared to BAU by enabling a
larger penetration of renewables and improving efficiency of generation, delivery,
and consumption

Security— by reducing the probability and consequences of manmade attacks and
natural disasters

Safety— by reducing injuries and loss of life from grid-related events [12]

Generally, the benefits brought from smart grid are:

Improved system performance meters

Better customer satisfaction

Improved ability to supply information for rate cases; visibility of utility operation

/ asset management

Availability of data for strategic planning, as well as better support for digital
summary

More reliable and economic delivery of power enhanced by information flow and
secure communication

Life cycle management, cost containment, and terehd power delivery is
improved in the smart grid design

Improved ability to supply accurate information for rate cases- with compounding

impact in regulatory utilities
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— Input visibility of utility operation to asset management

— Impact access to historical data for strategic planning [19]

Different group of stakeholders could obtain benefits from smart grid deployment and
operation. NETL divided stakeholders into 4 groups, which are Delivery Company,
Electricity Supplier, Residential Consumer and Broader Societal. Table. 2.4 and Table.

2.5 show benefits that brought to different stakeholders from smart grid key areas.
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Key Areas

Delivery Company Benefits

Electricity Supplier Benefits

Reliability

Reduced operational costs

Improved employee safety

Increased revenues

Higher customer satisfaction ratings and impro
relations with the regulator, the community, etc.

Reduced capital costs as fewer devices fail in servic

Reduces the down time for son
generators

Economical

Numerous opportunities to leverage its resources
enter new markets created by the smart grid
Increased revenues as theft of service is reduced
Improved cash flow from more efficient managemen
billing and revenue management processes

New market opportunities fo
distributed generation and storag
The demand for lower cost, ne
options for DER businesses
Accommodate larger increases
wind and solar generation
Reduce operating an
maintenance (O&M) costs at bag

load generating plants

Efficiency

Increase asset utilization

Reduction in lines losses

Reduction in transmission congestion costs

Deferral of future capital investments

Increased asset data and intelligence enabling adva
control and improved operator understanding
Reduction in capital expenditures

Extended life of system assets

Improved employee productivity

more accurate predictions on when new caf
investments are needed

Reduced use of inefficient generation

More  competitive  generator
greater access to markets
Efficiency of generation ig
improved

Opportunity to expand gree
power portfolio

Fewer forced outages

Environmental

Increased capability to integrate intermittent renewg
resources

Reduction in emissions

Opportunity to improve environmental leadership ima
Increased capability to support the integration
electric-powered vehicles

Reduction in frequency of transformer fires and oil sp

New opportunities for renewabl
generation and storage created
the ability of the smart grid t
support increased levels

intermittent resources

Security and
Safety

Reduction in the probability that a deliberate man-m
cyber or physical attack
Improved restoration times following natural disaster

Reduction in theft and vandalism of property

Reduction in injuries and deaths of employees

Reduced exposure of generati
plants to potentially damaging arn
dangerous disturbances due td

more secure transmission syste

Table. 2.4 Smart grid benefits delivered to delivery company and electricity supplier

[14]
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Key Areas Residential Consumer Benefits Broader Societal Benefits
Rédiability . Improved level of service with fewg e Reduced cost of losses suffered by la
inconveniences caused by outages and consumers from outages
power quality . Reduced cost of losses suffered by la
. Reduced outf-pocket costs consumers from poor power quality
e  Virtual elimination of blackouts
. Improved conditions for economi
development
Economical . Downward pressure on energy prices and t{ e Downward pressure on prices
customer bills . Creation of new jobs
. Increased  capability, opportunity, ar e Growing the U.S. economy
motivation to reduce consumption . Creation of new electricity markets
. Opportunity to interact with the electricit]
markets
. Opportunity to reduce transportation costs
. Opportunity to  sell consumer-producy
electricity back to the grid
Efficiency . Increased  capability, opportunity, ar e Deferral of capital investments
motivation to be more efficient on th e Reduced consumption provides for a

consumption end of the value chain
Increased influence on the electricity market
Ability to switch from gasoline to electricity fo

. Sustained downward pressure on prices

better utilization of resources

the smart grid enables these efficiency

transportation improvements to endure
Environmental | e Increased  capability, opportunity, ar e Reduced emissions
motivation to shift to electric vehicl{ e Improved public health
transportation
. Optimize  energy-consumption  behavio

resulting in a positive environmental impact

shift from a carborbased to a “green economy”

Security and
Safety

Increased peace of mind that the electric grid
which they depend is less likely to be vulnera
to terrorist activity

Increased ability of grid workers when outag

or power quality events occur

. Increased national security

. Reduction in the probability of widespred

. Reduction in the number of injuries ar

and long-term outages due to terror

activity

deaths associated with the public’s

contacts with grid assets

Table. 2.5 Smart grid benefits delivered to residential consumer and broader societal

[14]
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2.6 Moativationsand Challengestowards Smart Grid

26.1 Motivations

As the next generation intelligent electricity delivery system, smart grid optimizes the

energy efficiency by grafting information technologies onto the existing network and

exchanging real-time information between electric suppliers and customers [20]

Besides the benefits to every group of stakeholders from smart grid, there are many

driving forces of the smart grid implementation.

Firstly, the conventional grids aging, old-designed, and with poor reliability, one

example is the blackout occurring in many countries. The most serious blackout events

occurred in countries around the world are list as following:

1. 9 Nov. 1965, Northeast U.S. and Ontario blackout, over 30 millions of people
affected [21]

2. 11 March 1999, Southern Brazil blackout, most of the southern third of the country

affected [22]

28 Sept. 2003, Italy, Switzerland blackout, about 45 millions of people affected [23]

14-15 Aug. 2003, Northeast blackout, 50 millions of people affected [24]

18 Aug 2005, Indonesia JaxBali blackout, 100 millions of people affected[25]

10-11 Nov 2009, Brazil and Paraguay blackout, 190 millions of people affected [26]

N oo g b~ w

30-31 July 2012 July 2012 India blackout, over 700 millions of people affected [27]

Secondly, transmission congestion is one of the significant problems for conventional
grid. It occurs when the dispatching of transactions causes the violation on the
transmission system [28]. Several reasons like transmission line and generators outages,
energy demand heavily changes, and uncoordinated trading may lead to congest in
transmission. Consequently, system operators may not dispatch power in a flexible way
even though the generators could provide more power. Furthermore, it may leads to

infeasibility in existing and future contracts.
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In addition, environmental impact is also one of the chief reasons for driving to smart
grid. With the dramatically climate changes during the last few decades, large quantities
released greenhouse gas and any other pollution gases from combusting fossil fuels in
conventional power plants are regarded as the main incentives to develop renewable
energies. Besides, improving energy efficiency becomes one of the significant strategic
objectives. Plenty of technical solutions (like FACTS, HVDC, UPS, STATCOM and so
on), and innovative ideas were applied into the system to promote transmission

efficiency and energy conversion efficiency [20].

2.6.2 Challenges

As the brand new concept and with plenty creative technological implementation, smart

grid is facing hundreds of challenges.

1. Safety and Security
With communication network integration into power grid, smart grid also brings the
issues which never happen in traditional networks. Cyber security issues need to be
taken greatly care in order to prevent power grid from operation modification
disruption or wrong message inserting. Targets for Power grid self-healing
technologies deployment also need to carefully consider to against natural disaster
and physical attack.

2. Reliability
Communication network integrate brings reliability problem to the power system
networks. There is no doubt that the communication system could deliver message
efficiently which can make power system operators respond faster when facing
some critical situation. However, the wrong messages produced by hackers sent to
the power network may be accompanied by serious consequences, and ultimately
results in power blackout. In addition, reliability index need to be reconsidered.
Besides some traditional indices like SAIDI, CAIDI, SAIFI CAIFI, new indices
with considering communication network deployment need to be produced to

illustrate the reliability properly.
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3.

Power Quality

Disturbance identification and Harmonics suppression technology need to be
developed to provide power with a high quality level to consumers. Disturbance
identification is still in the early stage of research [30]. Non-dispatchable energy
resources like wind and solar need to be forecasted more accurately and exactly
with its increasing penetration as well as load consumption.

Interactivity between Grid and Customers

In order to produce more reliable power and improving energy efficiency, customer
have to participate into grid activities like demand response, choose power quality
according their willingness, installing small Distributed Generation devices and
purchase electric vehicles, which also need communication network to provide
security environment to prevent consumer personal information from leaking

deliberately.

2.7 Smart Grid Standards

There are many institutions and organizations in the world attempt to standardize smart

grid in technologies and implementations in both regional and national. Some of the

most famous organizations and institutions are listed as follow:

© © N o 0 M w0 DdPF

European Union Technology Platform

National Institute of Standards and Technology, U.S. Department of Commerce
American National Standards Institute (ANSI)

International Electro technical Commission (IEC)

Institute of Electrical and Electronics Engineers (IEEE)

International Organization for Standardization (ISO)

International Telecommunication Union (ITU)

Third Generation Partnership Project (3 GPP)

Korean Agency for Technology and Standards (KATS)

10.Joint Information Systems Committee (JISC) [29]

Only in IEEE, over 100 approved and proposed standards are related to smart grid,

including the call out in the NIST smart grid Interoperability standards [31]. Table.2.6
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listed the international standards related to smart grid.

Name of the Standards Application Description
IEC 61970, 61969 EMS Providing Common Information Model (CIM) it
Transmission and Distribution Domains
IEC 61850 Substation Flexible, future proofing, open standard, communicat
Automation between devices in Transmission and distribution
substation automation systems
IEC60870-6/TASE.2, Communication & | Defining cyber security for the communication protocol

62351 Parts 1-8

Cyber Security

|EEE P2030 and
P1901

Customer-side
applications, In-home|
multi-media and

smart grid application

Smart grid inter-operability of energy technology and
operation with the electric power system (EPS), High sg

power line communications

ITU-T G.9955 and

Distribution

Contain the physical layer specification and the data

G.9956 Automation, AMI layer specification
OpenADR Price Responsive an{ Dynamic Price and Demand Response
Load Control
BACnet Building Automation | Scalable system communications at custom side

HomePlug Green PHY

Home Area Network

Power line technology to connect the smart appliance

(HAN) HAN
U-SNAP Home Area Network | Providing many communication protocols to connect H,
(HAN) devices to smart metres
ISA100.11a Industrial Automation| Open standard for wireless systems
SAE J2293 Electric Vehicle Standard for the electrical energy transfer from electr
Supply Equipment utility to EVs
ANSI C12.22, C12.18, AMI Data network communications, data  structi
C12.19 transportation and its flexible metering model
Z-Wave Home Area | Dealing with the interference with 802.11/b/g
Network (HAN)
M-Bus AMI European standard and providing the requirements
remotely reading all kinds of utility meters
PRIME AMI Open, global standard for multi-vendor interoperability
G3-PLC AMI Providing interoperability, cyber security, and robustne

SAE J2836, J2847

Electric Vehicle

Supporting use cases for plug-in electric vehic
communication, and communication messages betw

PEVs and grid components

Table. 2.6 International standards related to smart grid [29]
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2.8 Smart Grid Simulation

One of cost-effective ways to evaluate the smart grid behaviours is via simulation with
computer-based software. The reason is that to investment in a test bed will cost a large
amount of money without foreseeing the consequence after applying the new
technologies. Plus, the test beds are not very flexible when comparing two or more
similar technologies while simulators could change the technologies without much
expense of time and money. There are many organizations and corporations has
developed the smart grid simulators with communication network integration, kit non

of them are considering the co-simulation cases with accordance of the realistic
business.

There are some researchers and organizations co-simulate some functions of smart grid.
Some of them are co-simulating the smart grid system by hybrid power system
simulators and communication network simulators together. Reference [32]
emphasized the importance of developing smart grid simulators and its urgency. It
pointed out that optimization of the smart grid operation would require modeling the
involvement of all other devices, systems, customers and so on. In order to understand
the benefit in terms of reliability and economy etc., it is very difficult to have a practical
smart grid to get hold of all the results for various studied scenarios.

Reference [33] briefly states how continuous and discrete events may be synchronized
and co-simulated together with continuous events modeled with Simulink while
discrete model is programmed by SystemC. Reference [34] describes the ideas of
integration between hybrid system modeling language (HSML) model, presenting state
events and Matlab model, which is embedding with discrete events. In reference [35]
authors connect GE Energy PSLF which is used for simulating power system load flow
with NS-2, a simulator for deploying communication network to enhance the relay
ability. The authors performed an agent-base communication system for justifying the
correction of relay settings. However, this kind of simulation is neglecting the delay of

communication network. Whether the method to detect the fault is reliable or not
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remains to be studied by taken into account the relay and circuit breaker performance
together. In reference [36], the authors described the method to calculate the time delay
for communication network which is applied into power system. GridSim is an
emulator involving power system toolkit and communication toolkit which is proposed
by Washington State University [37]. The authors gave state estimator simulation result
on several substations for wide-area monitoring and control.

With the communication channel applying into power system network, information
around stakeholders will exchange via computing devices and system control software.
Meantime, cyber security becomes a significant issue which has to be considered.
Governments around the world have set a series of targets to reduce carbon emission
and increasing the penetration of renewable energy. Cost benefit analysis is also
important for making decisions around several operation and expansion plans in both
power system network and electricity market. Whereas, there is no such powerful
simulation software involved all of the areas to give a guideline. Also, there is no
detailed model for large scale power system network to plan the expansion stages with
the introduction of communication capability.

Current Power grid simulators usually focus on a certain professional domain which is
very narrow and less connection with any other field. Basically, there are 5 areas for
current power grid simulators.

1. Operation models are designed to estimate the reliability and normal, abnormal
operation scenarios for current power system.

2. Expansion models are used for assessing new technologies or network expansion,
the system operation under normal and abnormal scenarios to estimate the policy
feasibility.

3. Contingency analysis is employed into system modeling to discover inherent risk
when load is changing or post-fault operation.

4. Power market models research on market activities between stakeholders from
generators to customers under competition environment.

5. Specific models are designed for critical assessment when the system is suffered
from various disturbances [38].
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Data cannot be exchanged among the models in real-time, integration is impossible to
both market research and operation research on the same model. Communication
network does not exist in current simulator. Additional communication channel needs
to apply into power system by cooperating with communication network simulation.
Unnecessary obstacles such as synchronizing discrete network with continuous
network need to be addressed. Reference [39] is presenting SCADA cyber security
problems by co-simulating PowerWorld Server with a network emulator. Protection
devices are limited in the power system simulators.

In terms of smart grid functions, power grid models need to simulate three general
dimension scenarios as a whole, such as operation, system expansion and disruption.
In operation scenario, besides the basic functions such as load flow calculation and
stability analysis, smart grid simulator is required to carry out contingency analysis and
optimization in power system operations. For instance, power flow calculations aim to
minimize the power losses, minimize the cost or minimize load shedding need to be
presented. Post fault load flow needs to be done to study power transfer margins or
inherent risk inside the power system. In addition, power system market operation
needs to include simulation of behaviours between stakeholders and market participants
[38].

System expansion simulates the new technologies applied into existing grid for
assessing power system operation. Researching on scenario feasibility is modeled to
meet the future task. For example, to meet the target on renewable energy 30%
penetration in 2030, variability and uncertainty of renewable energy need to be
simulated and analyzed in a virtual but realistic environment before applying so many
wind and solar energy conversion systems in practice.

Last but not least, there is a need to simulate unwanted disasters and malicious physical
and cyber-attacks. This kind of modeling needs to integrate power system and
communication system together for stochastic events. Generally, power system
modeling is continuous while communication system is discrete. The two systems can
be synchronous with limited time scale. Reference [40] employs a global scheduler to
synchronize two systems implicitly to simulate the failure on primary protection and
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remote protection devices.

Fig. 2.6 illustrates the purpose for different organizations to utilize smart grid simulator.
Generally, industrial companies will pay for the existing software for building electrical
network models. Commercial companies such as Siemens and ABB will do the same
simulation as power system utilities do, however, commercial companies sell products
to the power system utilities. To conduct national security and social safety, electricity
network operation may need to be under government’s supervision. Self-healing
capability which is an important property of smart grid is also considered by
government. Higher education including universities pays its attention to improve

models accuracy and innovations on new technical methods and requirements [38].

Planning operating optimization
- economic dispatchinginit
commitmengreliability assessmen

Power
system
utilities

Provide simulation models to powget

Commerce I
system utilities

A

Smart grid
smulator

Simulating the unwanted nature
disasters and any other physical an
cyber attacksrenewable energy
penetration scenaripkading

shedding to minimize blackouts.

Gover nment
department

\

Developing and creating oriented
contribution for new modeling
algorithms

\

Fig. 2.6 Purposes for smart grid simulator

To satisfy as many groups of people as possible, smart grid simulators will not only
concentrate on technical modeling and stability analysis, but also focus on connecting
with some other field such as economy, environmental issues, transportation,
communication, policy responding and security issues. In the year of 2008, US

department of Homeland Security, and Science and Technology Directorate hold 2 days
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to discuss developing future grid simulation capability issue

2.8.1 Additional Simulation Requirement of Smart Grid

A. Data accuracy, management and processing

To create a smart grid simulator, there are large number of data involved in building
models and operating status. Data accuracy is a significant problem to deal with. Data
quality and accuracy need to be justified and guaranteed for applying into models. Since
equipment is replaced and reset, data in smart grid simulators also need update and
version upgrade, which could be controlled to meet the realistic situation. Moreover,
according to the user classifications, data security needs to be warranted by authority.
B. New model functions

As mentioned above, operation in market would be modeled to find the relationship
between stakeholders and any group of people attending market activity. Stochastic
modeling is built for researching on dynamic behaviour of the market activities [41].
Forecasting on renewable energies such as wind and solar, market price must include
into smart grid simulator to determine how to optimize power flow, and power dispatch
and so on. Besides, appearance of new market products such as electric vehicles will
lead to simulate charging and discharging models in power grid. AMI will lead
customer charging their electric car during off-peak load time for saving money. As a
consequence, customer behaviours would also be modeled to achieve more accurate
load forecasting. Models integration to each other would give a whole picture from
energy generation to energy consumption.

C. Old model updating

Old models need to be updated to keep consistent with real world. Detailed models
would simulate the specified situation. For instance, single phase air conditioner model
cannot represent by 3-phase model for stability research [42].

D. Algorithm improvement

For academia such as university and research community, modeling method and

algorithms draw more attention for improving model robustness and promoting

32



Smart Grid Technologies and | mplementations

accuracy. Modeling template and self-programming capacity should build into the
smart grid simulator.

E. Interface integration

Interface between simulator and real system could help industries test and improve the
equipment to meet the requirement of utility. More detailed model and simulation could
bring the evolution in grid research. Instead of considering the simulation event
unilaterally, more comprehensive integrated models could emulate the event more
realistic. Reference [43] describes the communication and information capacity could
improve the market operation for dispatching energy. Meanwhile, the author also
doubted about the capability on grid response since so many conventional power plants
connect to the grid and require more time to starting-up. With model integration, this
kind of problem will become explicit. Some simulation laboratories intend to combine
controls, communications and electro-mechanical dynamics together. Oak Ridge
National Laboratory (ORNL) connects power system models to communication

network with discrete event [44].

2.9 Conclusion

This Chapter critically overview smart grid definitions, features and its technologies.
In addition, the differences between traditional grid and smart grid have been discussed.
Also, this work summarized the smart grid technologies and its benefits in different
aspects. Strategy planning, motivations, challenges and implementations are

summarized in the chapter as well.

Besides, the chapter, for the first time, is to provide critical overview on smért gri

simulator. Further to the report generated by National Power Grid Simulator workshop,
which is organized by US Department of Homeland Security in 2008, there is no such
powerful simulator so far. Cases need to be considered carefully in order to simulate
with communication tools. Some organizations have managed to a small degree of

achievement to integrate communication with power system in simulation. As the
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sampling frequency is too small, communication system information loss cannot be
avoided. No software has been available for smart grid researchers. A natural way is to
integrate two simulators or packages together with an interface between them. Because
of different electrical applicants and new devices in power system and communication
systems, detailed models and data requirement will be a huge challenge and opportunity
for the very near future. Various requirements have been considered and this chapter
will provide tutorial values to the field and also it will provide a direction for the

academics, researchers, engineers and decision makers as an important reference.
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Chapter 3
Smart Grid Monitoring with

Communication Technologies

3.1 Introduction

This chapter intends to give a critical overview about intelligent system monitaring i
power grid over the last decade. As an essential aspect for achieving smart grid,
intelligent system monitoring needs to be deployed into the system to deliver data and
messages timely. New technologies applied into intelligent system in many technical
fields will be discussed. The development of condition monitoring and smart grid
monitoring like wide-area monitoring technologies and commercial electronic
monitoring is demonstrated. Mechanisms and algorithms applied into intelligent
monitoring system will be summarized. In addition, this chapter category the power
system network cases and scenarios with communication deployment according to the
operation and business, and organize the scenarios by the different business to study in
which level power systems need to co-simulate with communication network, and in
which level power systesmeed integrate with communication not as critically as co-
simulation.

According to U.S. Department of Energy 2010 smart grid system report, smart grid was
defined as “uses digital technologies to improve the reliability, security, and efficiency

of the electricity system, from large generation through the delivery systems to
electricity consumers. Smart grid deployment covers a broad array of electricity system
capabilities and services enabled through pervasive communication and information
technology, with the objective of improving reliability, operating efficiency, resiliency

to threats, and our impact on the environment” [1]. Communication network plays a
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significant role in the entire smart grid businesses and operations, such as wide-area
monitoring and control, integrating distribution management systems, automation
electricity dispatch and automation distribution.

One of cost-effective ways to evaluate the smart grid behaviours is via simulation with
computer-based software. The reason is that to investment the test beds will cost a large
amount of money without foreseeing the consequence after applying the new
technologies. Plus, the test beds are not very flexible when comparing two or more
similar technologies while simulators could change the technologies without much
expense of time and money. There are many organizations and corporations has
developed the smart grid simulators with communication network integration, but none
of them are considering the co-simulation cases with accordance of the realistic

business.

3.2 Intelligent System Monitoring

Intelligent monitoring system involves functionalities like video analysis, behaviour
recognition and business intelligence. The functionality of video analysis is to gather
data and information through computer vision (CV) and artificial intelligence (Al) to
create a close mapping link from images to the event description. Behaviour recognition
contains analysis, monitoring and alarming functionality. Business intelligence is the
most extremely crucial part in the intelligent system, which provides the key video
business for users. Hierarchical structure of the intelligent technology is deployed
within the network, equipment and software to achieve information integration and
scheduling via system management platform [45].

Three main problems of the data capture have been realized by M. D. Judd, et al. in
reference [46]. Firstly, the quantities of the raw data were too large for engineask to de
with. Secondly, the relationship between the plant item, health and condition
monitoring data could not be understood all the time so that it was difficult to extract
the meaningful information from condition monitoring data. Lastly, estimating the

lifetime expectation only from the health of the item is not easy as it is not always
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apparent. The structure of the integrated approach to power transformer condition
monitoring by Ultra High Frequency (UHF) sensors was illustrated in Fig. 3.1, and the
model has been further developed by the authors in 2004 [47], which is shown in Fig.
3.2. An agent-based system with self-contained functional software in each module was
proposed in the architecture. The information exchange and co-operation among the
independent modules were implemented via a standardized Agent Communication
Language (ACL).

A literature survey about condition monitoring techniques for power transformer,
generator and inductive motor was made in reference [48]. The authors found out that
a novel condition monitoring system requires signal processing and Artificial
Intelligent as tools for developing the next generation condition monitoring with high
level of sensitivity, reliability, intelligence and accuracy.

Monitoring applications improved by integrating the temporal and spatial aspects of
data and information was shown in reference [49]. Two new monitoring functions were