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ABSTRACT

Smart distribution grid involves overlaying real-time wireless communication
technologies from advanced metering infrastructure (AMI) gateways at the consumer
premises to the distribution points with a built up of beacon mode wireless sensor
multi-hop mesh network for large coverage data exchanges. Zighee/IEEE802.15.4 is
one of the prominent standards for Wireless Sensor Networks (WSNSs) due to its low
bandwidth requirements, low cost of deployment, easy network implementation and
low-power embedded systems. However, IEEE802.15.4 standard does not specify any
mechanism to enable beacon mode for multi-hop mesh networks. Furthermore, with
the usage of IEEE802.15.4 guaranteed time slot (GTS), the real-time data is sent at the
end of the super_frame after experiencing a slotted Carrier Sensor Multiple Access
with Collision Avoidance (CSMA-CA) which may not ensure an immediate access to
medium. Despite a reserved GTS, a node contends for channel access during
Contention Access Period (CAP) which decreases the network performance. Finally,
the scheduling of Contention Free Period (CFP) at the end of the active portion of the
super_frame gives the normal data a faster channel access than the real-time data
which may wait until the end of the CAP to get a deterministic channel access.
Therefore, this thesis modifies IEEE802.15.4 MAC architecture by swapping the CAP
with the CFP to improve the channel access time and the Reserved Broadcast
Duration Slot (RBDS) is placed at the beginning of the CFP for critical real-time data
delivery. All simulations are conducted on Network Simulator version 2 (NS-2) while
for network analytical examinations, a 2*D Markov_Chain model is developed from
the Modified IEEE802.15.4 MAC protocol. For the sake of energy efficiency no
acknowledgement (ACK) is implemented and the routing protocol is not used since
this approach is evaluated without the influence of the network layer. With its
scalability up to 51 nodes and compared to IEEE802.15.4 MAC standard, the new
model improves the network performance such as time_delivery delay, reliability,
goodput, power consumption and throughput as well as SCADA round_trip_time
transactions.
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CHAPTER ONE

INTRODUCTION

1.1. BACKGROUND
Electric power systems and the associated equipment items make up a huge
infrastructure in the form of lines and grids linked together in inter-connected
networks. As the demand for energy goes on rise with the development of life style
and societal needs, this infra-structure unfolds larger system at the expansions of
almost identical equipment, more or less in modular style (M. S. Thomas, P. Kumar
and V. K. Chandna, 2004). With the addition of more and more expansions, the power
system suffers from malfunctioning of its unusual kind of scenario, most probably
from over and under-shoot of voltages or of current, leading the systems to be with
faults never experienced before (S. K. Joo, J. C. Kim and C. C. Liu, 2007). Besides,
the complexities are multiplied by the match (or mismatch) of frequency on either side
at the point where one can call it like a junction such as transmission and distribution
substations. The system is thus with a host of challenges with passage never occurring
in observation before. Hence, the operating engineers and skills technicians have been
facing the tasks of major blackouts at the expense of revenue loss in the industrial
sector beside having the dismay and anger of residential consumers who embracing to
suffer from insecure law and order situation in such blackouts (S. Grubic, J. M. Aller,
B. Luand T. G. Habetler, 2008).

Smart-grid offers a solution in the form of system alternative to the traditional
style of power systems. The idea of smart grid is to make sources of power generation

connected with the load centers and consumers suing innovative style of technology in



a structure such the delivery of power to consumers are ensured at a minimum loss
and maximum control. The whole structure of smart grid then needs to be equipped
with a host of sensing devices networked together in such a mesh providing us us with
control, actuation and break at the click of a cursor on a computer (M. E. Kantarci and
H. T. Mouftah, 2011).

Wireless sensor network is one such solution deemed these days as an
innovative alternative to traditions of kind. The main advatanage of such wireless
sensor network is to maximize revenue from timely and accurate almost automatic
metering, besides being alert and sensitive to any abnormal conditions arising as result
of operability of the network (V.C. Gungor, D. Sahin, T. Kocak, S. Ergut and C.
Buccella, 2011). Thus a wireless sensor network provides a kind of highway for data
being transported in one direction and control and actuating signals in the reverse
direction (P. Kulkarni, S. Gormus, Z. Fan and F. Ramos, 2012). In such WSN, the
real_time data delivery and network power consumption issues become concerns from
work in this thesis. WSNs is made from nodes playing highly important part in
providing the shortest paths from sources to its respective destined location, both in
the case of data volume or traffic control signals. Multi-hop mesh of nodes is one
alternative in manifesting the idea of smart grid as it configures the paths from sources
to destined locations can be easily established with minimal cost of expense of power
(V. C. Gungor, B. Lu, and G. P. Hancke, 2010).

Zigbee operating at the non-licensed frequency spectrum of 2.4GHz and
making use of the IEEE 802.15.4 is a standard that is robust with low bandwidth, and
lower cost of installation which compares to its contemporary counterparts, proves to
be a choice in this regard (K. I. Hwang, B. J. Choi, and S.k-hoon Kang, 2010). When

coupled with advanced wireless communication, Zigbee has been instrumental in



saving life considerably besides ensuring maximum delivery of power in the case of
smart grid connectivity (P. P. Parikh, M. G. Kanabar and T. S. Sidhu, 2010). The data
acquisition and fault minimization have been considerably lower with using Zigbee, as
it is robust under stormy or abnormal weather conditions, and having low bandwidth,
that is, it is not affected by the problems coming from interference phenomenon (Q.
Pang, H. Gao and M. Xiang, 2010).

The concept of Supervisory Control, and Data Acquisition (SCADA) is
effectively implemented using WSN concepts, as such systems have been able to offer
better services in terms of more automated metering and better and timely control of
malfunctioning. SCADA (WSN-based) is equipped with devices in the form of
hardware therefore to harness the potential for the hardware, relevant software is
becoming critically important than before (M. M. Musse, 2009). The software plays
its roles in the sense of better operability in the shortest possible period of time before
the occurring problem unfold into becoming unmanageable (A. Muhammad and M.
Asif, 2008). Therefore, this work focuses on a robust WSN protocol most fitted for
implementation on smart grid systems based on using Advanced Metering
Infrastructure (AMI) needed for networks at the distribution of power to consumer's

level.

1.2. RESEARCH MOTIVATION AND ITS SIGNIFICANCE

Since, the advent of Information and Communication Technology (ICT), the electrical
distribution networks have been transformed by incorporating various types of
technology transitions like the adoption of SCADA systems, sensor devices and

wireless communication techniques as part of Smart Grid Technology. Being a full-



duplex communication system, Wireless Sensor Networks (WSNSs) technology has
been extremely gaining popularity with its free license frequency band of 2.4 GHz.
The significance of this research is identified as follow:
i. An overall improvement on energy saving, throughput, data delivery time,
transmission probability and reliability performance of a Multi-Hop Mesh
Network is obtained.
ii. A Novel 2*D_Markov_Chain_model supported by verifying its
performance through mathematical modeling in a Multi-Hop Mesh

environment is implemented.

1.3. STATEMENT OF PROBLEM

WSNs are based upon IEEE802.15.4 protocol as IEEE Smart Grid Standard Protocol.
However, the above cited protocol encompasses the following drawbacks: Firstly,
with the use of its Guaranteed-Time-Slot (GTS), the real _time data is transmitted after
the completion of the super_frame whilst the reception is achieved by undergoing a
slotted_Carrier_Sensor_Multiple_Access_with_Collision_Avoidance =~ (CSMA-CA)
mechanism which may not ensure an instant entry to medium. Secondly, while the
node has reserved a GTS, it may compete for medium entree in the
Contention_Access_Period (CAP), which shrinkages the performance of the other
nodes. Thirdly, the planning of the Contention_Free Period (CFP), at the completion
of the active slice of the supeframe is also a drawback of the IEEE802.15.4 standard
protocol as it gives normal data a quicker channel entree than the real_time data,
since it may wait until the completion the CAP to get a deterministic medium entree.

Fourthly, as it is required to fix a small duty _cycle (DC) to ensure longer sleep time



for network energy saving, the real_time data is delayed for minimum time equal to

Inactive_Period (IP) time as per equation (1.1) (L. Qingnong, 2008).

Inactive period = Bl — SD (1.2)
Where:

Beacon Interval (BI) = aBaseSuperframeDuration x 2B°
Super frame Duration (SD) = aBaseSuperframeDuration x 259
0<S0<B0O<14

With BO: as beacon order and SO: as super_frame order.

Last but not least, if the Duty Cycle (DC) as given in equation (1.2) is too small, the
delivery_delay upraises as the data will be held until the next active super_frame slice

starts the transmission.

DC = =2 = 2(50-80) (1.2)

14. RESEARCH PHILOSOPHY

Majority of faults and abnormal conditions in power systems stem originating from
distribution networks and it is here where more manual or human interference is being
exercised. More equipments being operated, and large of number of switches are
being turned ON and OFF, associated with more probability of transients happening;
accordingly the environment is becoming so hazardous for humans and signals or data
moving around in WSNSs. Thus the need of robust data transmission arises to be with
more challenges, while ensuring better reliability. The accuracy of data and response

of equipment to abnormal conditions if delayed by milliseconds could be of



magnitude and scale larger than expected particularly in the case of loads becoming
heavier and larger with the passage. Therefore, the use of advanced information,
control and communication technologies have emerged in recent years, such WSNs
play a crucial role leading ultimately to the development of smart grid distribution
systems with the key feature of grid-integrating real_time communications between
the advanced_metering_infrastructures (AMI) of smart distribution systems. In such
scenario, the use of WSN and its protocol should be highly robust with better Quality
of Service (QoS) and should offer shortest time delays and minimum power

consumption.

1.5. RESEARCH OBJECTIVES
The aim in focus in this thesis is to design a novel IEEE802.15.4 protocol in form of
new MAC architecture, coupled with Advanced Metering_Infrastructure (AMI)
smart-grid applications. The applications are based on beacon_enabled mode for
cooperating in two-way communication systems in the form of WSN. The
beacon_enabled is further enhanced by the features of embedded AMI utilizing the
concepts of multi-hop mesh networks in real_time having high throughput, better
reliability and improved data and power delivery. The suggested solutions will be
taking into consideration the effect of Beacon_Order (B0O), Duty Cycle (DC) and
network in the form of number of nodes.
The objectives of this research are identified as follows

i. To design a smart Zigbee-based beacon-enabled Multi-Hop Mesh Network

in Smart Grid intended for auto-metering applications.



