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ABSTRACT

The wireless sensor network (WSN) is increasingly used in many areas nowadays. It
can be applied to provide the solutions to environmental problems, help increasing security
and safety systems, and make the detection of the problems more efficient, e.g. the
earthquake or tidal wave, which will harmful to humans. The WNS is durable and resistant to
all types of terrain and climate, but while the WSN system is more and more widespread, one
of the obstacles hindering the growth of this technology and the demand for WSN

applications is the limited battery lifespan.

Consequently, there is a significant requirement for techniques for prolonging the
battery’s lifespan. Therefore, one potential solution is to use alternative energy sources
combined with the sensor nodes in WSN, specifically energy harvesting from existing
environmental sources. This research project reviews the characteristics of each kind of
energy harvesting, understanding the various energy sources (solar energy, vibration energy
and wind power), including wireless power transfer (WPT) by using electromagnetic (EM)
radiation energy transfer or RF radio-frequency emission and magnetic coupled energy
transfer. They are adopted for extending node’s life in the WSN, based on published
information. Then it compares these diverse alternative energy methods and identifies for the
most suitable energy harvesting method for application to wireless sensor nodes in order to

prolong the lifespan of the battery.

The major findings from the researcher include that wireless power transfer energy
harvesting (WPT) using the magnetic field is the most appropriate tool for extending the
lifespan of the WSN system. In addition, the author also designed an experiment to test this
alternative energy, achieving by modelling the wireless power transfer with four coils. From
the experimental results, it can be seen that the WPT technique using energy harvesting with

magnetic inductive source can be applied to prolong the lifespan of the WSN system.
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Chapter 1 — Introduction

1.1 Introduction

The advanced technologies of sensors, processors and wireless communications have
the advantages of high quality, energy efficiency and small size. Both the academic and the
industrial worlds provide a way to measure and collect the data by using many small sensor
units spread over and embedded in the environment or in the interested objects in order to
store information, and to combine this with wireless communication. Each sensor node serves
as a part of the network which creates and transmits data by using a wireless network for
communication. This becomes the wireless sensor network (WSN), which can then work by
itself.

A WSN comprises numerous distributed small sensors which are used to measure
various properties of physical or the environmental conditions in order to process and store
data. The accumulated data is utilised for collecting and searching for new knowledge, or for

responding to a change in the environment automatically.

The WSN is easy to install because the sensor nodes have a small size and can be set
up without fixed infrastructure. It can put into unreachable areas such as the sea, mountains,
rural places, or deep forests; or it can be applied underground or underwater. Moreover, the
cost of sensor nodes and their implementation is low (Bhattacharyya et al., 2010). In
consequence, the WSN has been quite well-known in the past few years. Many companies

and researchers have focused attention on this network and developed it to be more useful.

In recent years, given its ease of installation, the WSN has been applied in various
arenas, such as: buildings, utilities, industry, the home, shipboard, moving systems
automation, aircraft, health, industrial, transport, environment, medical, military,
entertainment, crisis management, homeland defence, agriculture and smart spaces, and even
warfare (Jain, 2011; Stankovic, 2006). The Examples include WSN for traffic on highways or
in parts of town (Knaian, 2000), WSN to monitor environmental changes (Corke et al., 2010;
Oliveira and Rodrigues, 2011), WSN to manage parking areas (Reve and Choudhri, 2012),
WSN to monitor the effects of the earthquakes on structures (Tomicek et al., 2013), and so

on.



Regrettably, the WSN also has explicit problems, like the battery power supply,
which can limit the life of the device. For this reason, the network life of the WSN is the
primary concern. This work will therefore propose a novel solution to improve energy

efficiency and increase the lifespan of the battery in the sensor devices.

There have been many different ways to improve and extend battery life. However,
this study investigates the methods which may extend the lifespan of this sensor network by
energy harvesting by using alternative energy, which transforms the ambient energy sources
(mechanical energy) into electrical energy, for example by converting solar energy into
power energy through photovoltaic cells, or by transforming the mechanical vibrations from
the environment into electrical energy through the piezoelectric effect (Nechibvute et al.,
2012). Moreover, the wireless power transfer to power the WSN is also included in the one of

the technique to prolong the WSN.

This research begins with a brief description of the WSN. Subsequently, this research
presents and explains the solution methods, which aim to develop the ability to enhance the
efficiency and life expectancy of the WSN by the alternative energy technique. This work
also identifies the most suitable method to prolong network lifespan of the WSN.

Furthermore, the experiment supporting the most appropriate design will be shown.

1.2 Problem statement

Currently, the world of WSN becomes well-known and is developing because the
WSN can be applied in extensive and various areas, as mentioned above. Nevertheless, the
limited lifespan of WSN is an important barrier for using WSN. The lifespan of this network
depends on the battery inside each sensor node. Due to the compact size of the wireless
sensor nodes, the battery in the node is constrained. Generally, an AA battery is used for the
nodes, which can operate for months or even years. As indicated in work by Tan (2012),
Jackson (2010), and Vasanthi et al. (2010), the typically battery life for WSN sensor nodes is
approximately 1-3 years. Given this limited lifespan, many researchers invented various
methods, including using low duty-cycle applications and/or managing the network protocols,
to enhance the battery's lifespan. These customised methods can extend the lifespan of the
battery by almost 300% for some cases, making the lifespan 5-10 years (Silva et al., 2012).



Evidently from the above method, extending the lifespan, however, does not mean
that there is no need to replace the battery. This can be very difficult if the WSN is in a place
that is arduous to access, or if the WSN has thousands of nodes. Hence, energy harvesting
becomes the key challenge for the potential of extension of the battery's lifespan.

1.3 Aims and objectives

This study aims to analyse and recognise each type of the alternative energy
combined with sensor node for the extension of the WSN's lifespan. This involves applying
energy harvesting, including solar energy, vibration energy, wind power, and a wireless
power transfer (WPT) which comprising the electromagnetic (EM) radiation energy transfer
and magnetic coupled energy transfer, in order to identify the most suitable method to adopt

to prolong lifespan.
This research aims to answer interrelated research questions.

1. How many types of alternative energy method applying for extending the WSN lifespan

work?

In this research, the technology of harvesting energy such as solar power, vibration
energy, wind energy (by piezoelectric) and WPT covering EM radiation energy transfer by
RF radio-frequency emission and the magnetic coupled resonance energy transfer method

will be explained and analysed, in terms of prolonging the battery lifespan in sensor nodes.

2. Which type of the alternative energy technology is the most suitable to prolong battery
energy for the WSN?

This work will study, identify and conclude the most appropriate method for applying
in the WSN in order to enhance the battery's lifespan in each sensor node by gathering and

exploring information from other researchers and from professionals.

1.4 Significance of the study

In this study, the findings of this research are significant for the following reasons.
This paper shows various methods which can be applied at the sensor node to increase the
lifespan for the WSN. The energy harvesting technologies for the expansion of battery's life



are represented in this report. In addition, this investigation illustrates the most suitable

method in order to enhance lifespan for the WSN.

However, as already stated, the WSN can be applied in various areas, even though the
places may be difficult to reach. Therefore, the consideration to prolong the lifespan of the
battery sensor in the WSN is very useful in order to eliminate the cost of replacing the battery

in each sensor node and for ease of maintenance.

This information may encourage and help investors, inventors, manufacturers,
government policy makers and planners to select the best techniques for obtaining the most

efficient and worthy way to prolong the WSN lifespan.

1.5 Organisation of the study

This research consists of six main chapters:
Chapter 1: Introduction

This chapter illustrates and explains the background and the objectives of this study,
including the problem statement. In addition, the answer to the research question aims and the

significance of this research are indicated.
Chapter 2: Literature review

This chapter presents and explains the state of the research, as gathered from journal
articles and textbooks which relate to answer the research question. This chapter can be
divided into two parts: firstly, the general explanation about WSN and the battery used in the
wireless sensor node, which includes the understanding of how the wireless sensor works and
recognising the problem of limited battery life; secondly, the descriptions of the solution to
prolonging energy in the sensor node by using alternative energy, indicating many types of

alternative energy and also illustrating the theory of each type.
Chapter 3: Design for prolonging the lifespan of the WSN

Firstly, this chapter discusses each type of alternative energy that could be used for
WSN, and explains why the most suitable choice of alternative energy is the wireless power
transfer. Moreover, this chapter shows and explains about the method for design and how to



set up and evaluate the parameter values of the experiment used in this study. The theories of

the wireless power transfer have been presented in this part.
Chapter4: Methodology and implementation

This chapter interprets the research method that used to carry out this study. This part
explains the process put in place to set up the experiment and test the model. Moreover, this
chapter establishes the measurement methods used to achieve and collect the data.

Chapter 5: Results and analysis

This chapter displays all the data that comes from the results of the experiment, then
calculates and clarifies the data for ease of understanding. Moreover, this part also presents
the analysis and discusses the results from the experiment to support the objective and show

how the data is related to the literature.
Chapter 6: Conclusions, limitations and recommendations

This chapter is the final chapter of this thesis; it contains the summaries all of the
research, and also lays out the limitations and theoretical implications. In addition,

recommendations are offered in this part.



Chapter 2 — Literature review

2.1 Introduction

This chapter focuses on the significance of the literature related to the topic of this
study. This review has two main purposes:

. To understand the basics of the wireless sensor network (WSN); and

. To synthesise the research findings from multiple journals, books and texts related to

various alternative energy sources which can be used to prolong sensor node life.

2.2 Characteristic of WSN

Wireless sensor network (WSN) consists of a combination of the technology of
embedded systems and wireless communication systems that use a group of very tiny sensor
nodes known as ‘motes’. One example was developed by the Intel Company and the
University of California (UC) at Berkeley (Stankovic, 2006), as shown in Figure?2.1
(Crossbow Technology Inc., 2004).

Figure 2.1: Berkeley mote (MICAz MPR 2400)
(Crosshow Technology Inc., 2004)



The mote is the basic device in the WSN that performs collaboratively in the network
in order to collect data about physical or environmental conditions. The mote refers to a small
computer used for measuring temperature, humidity, pressure, pollution levels, wind speed
and direction, sound, and light intensity from the environment in which it is deployed
(Jawarkar et al., 2013). This device can communicate with other imminent motes by using ad

hoc wireless network to transfer data to the destination.

Sensor Field Sensor Nodes

Figure 2.2: Generic sketch of a wireless sensor network

(Galéan et al., 2010)

The advantages of WSN are the ease of use and the fact that it is a self-organizing
independent communication system that uses ad hoc connectivity system in order to eliminate
installation by humans. Moreover, another legible advantage of WSN is their cost because
microcontrollers and transceivers are inexpensive. The total cost used in a network is less
than 100 US dollars (Guibas and Zhao, 2004). For this reason, it is possible to use the WSN
in various areas, such as health, industry, transportation, environment, medical, military,
entertainment, crisis management, homeland defence, agriculture and smart spaces
(Stankovic, 2006).

In the recent years, installation and use of WSN has been attempted in various places,
such as using WSN to study and investigate the behaviour of seabirds on a small island off
the coast of Maine streaming, Great Duck Island (Mainwaring et al., 2002), WSN in smart
homes for the elderly and those suffering from Alzheimer's (Intel, 2004; Centre for

technology and aging, 2009), etc.



2.2.1 WSN Structure

A WSN consists of a large number of motes, between ten and several thousand
depending on the users (Moschitta and Neri, 2014). Nowadays, the storage of motes stores
approximately ten of kilobytes and has a 1-MIPS processor. Current mote size is measured

about five square centimetres (Levis et al., 2004).
Each typical sensor node device normally contains four basic components, as follows;
e Sensing unit

The sensing unit comprises the sensors and analogue-to-digital converters
(ADCs). The sensors are the devices for sensing and measuring a physical condition
from the environment such as humidity, temperature, pressure, vehicular movement,
noise level, lighting condition, mechanical stress, or the presence or absence of the
objects, etc. The sensors provide an analogue signal, raw data, which is transferred to
digital signals by using ADCs in order to produce understandable information. Then

the data is sent to a processor unit for further processing (Gungor and Hancke, 2009).
e Processing unit

The processing unit is the part for controlling all the sensor nodes and WSN.
The main element of this unit is a digital microcontroller (MCU) to translate captured
or sensed data from sensor nodes for the users to understand. It has multiple types of
memory/storage to hold sensor data (Krishnamachari, 2005; Kochlaii and Sev¢ik,
2012).

e Communication unit

A radio transceiver or a wireless interface is used to exchange data with other
nodes within its radio range by using a low-rate, short-range wireless radio (10—
100kbps, <100m) (Krishnamachari, 2005).

e Power unit

A portable power source provides the power unit for the sensor node; normally
the device receives power from small batteries, e.g. LiIMH AA Datteries
(Krishnamachari, 2005).
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Figure 2.3: The components of WSN

(Matin and Islam, 2012)

2.2.2 WSN deployment and operation system

To control the motes in the WSN, the researchers from the University of California at
Berkeley have developed an operating system (OS) called TinyOS or Tiny Micro threading
OSs, which is an open source software and can be downloaded from the website of the
TinyOS (http://www.tinyos.net). Currently, TinyOS is regarded as the standard for WSN
operating system. This software system is running on every mote by handling its power and

operations (Gay et al., 2003).

TinyOS manages the data transfer between motes in multi-hops, by which the data is
sent to a nearby mote. Then, the mote that has received the data forwards it in the same
manner, and circulates until it reaches the destination. This communication method uses less

energy and is more effective (Levis et al., 2004).
The features of the TinyOS are as follows:

= TinyOS compiles each component to work together in what is called an Event Driven
Model. TinyOS works in response to the incident (a Component-Based Model), which

makes the programmed concurrent data aggregation easier (Levis et al., 2004). The
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benefit of data aggregation is that it saves energy for WSN because this application
helps to reduce the number of data transfers.

= TinyOS only uses the microcontroller (MCU) sparingly, thus the power consumption
in terms of memory and processing unit in the system decreases.

= TinyOS has a sleep mode function for power saving; this uses extremely low power
consumption in microwatts when entering such a status.

= TinyOS has TinyDB, which is a tool for users to browse query data from the sensor
nodes via network by using the Structure Query Language (SQL).

= TinyOS is an open source programme which it is expanded in various models.

Many researchers have improved the application for TinyOS by using the NesC
language. The NesC language has been developed and amended from the C language (Levis
and Gay, 2009). This language can be supported and adjusted for the WSN application and
thus it is very useful. Moreover, the reason for using the NesC language for programming is

its low power operation because of its low memory requirements (Gay et al., 2003).

2.2.3 WSN architecture

The network architecture indicates how sensors report to the access points called sink
nodes. Sink nodes act as the gateway where the end-user can access the data. The role of the
sink nodes is usually for collecting and processing the required information from the sensor
to the users. Likewise, it also receives orders from the users to operate in the network
(Moschitta and Neri, 2014). Nevertheless, since sink nodes are high processing and have
large storage capacities, they have a high energy capacity, more processing power and more

memory, compared with general sensor nodes (Camilo et al., 2006).

The ways that nodes can communicate the data to sink nodes are in a single hop or in
a multiple hop, as shown in Figure 2.4 (Intanagonwiwat et al., 2013). Basically, the single
hop communicates directly to the sink while the multi-hop is communication by transferring
the data to its neighbour. Furthermore, a single hop is normally set in small areas whereas a
multiple hop is used typically for larger areas and networks, as reported by Krishnamachari
(2005). Nevertheless, most WSNs use a multiple hop communication type to pass the
information on its neighbour because a single hop has a long distance transmission, and as a
result this single hop type of communication leads to high energy consumption. The

communication in a multiple hop type has shorter transmission distance than a single hop
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type, thus it can save more energy and increase the network lifespan (Moschitta and Neri,
2014).

Single hop

Ve ‘\/@

Multiple hop

Figure 2.4: Single hop and multi hop wireless sensor network architecture

(Intanagonwiwat et al., 2013)

However, there are two main kinds of multi-hop network architecture for data
communication in the sensor network, which have been considered in the literature and are
shown in Figure 2.5 (Moschitta and Neri, 2014) and Figure 2.6 (Khan and Sampalli, 2012).
The first is the flat ad hoc architecture. The data is transferred to other sensors by multiple
hops until it reaches the access points. The advantage of this network architecture is that it is
easy to form the paths for communication between nodes (Agrawal et al., 2006). The second,
the hierarchical ad hoc architecture or cluster architecture, that it sends the data to the access
points by using cluster heads which are responsible for collecting and reporting the
aggregated information. The cluster heads are formed and randomly chosen by various

criteria, for instance available energy, other cluster heads, and the distance of the
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transmission between cluster members (Moschitta and Neri, 2014). In addition, the
hierarchical network architecture is typically energy efficient for collecting and aggregating

the information within a large target area, as has been reported by Agrawal et al. (2006).

Cluster architecture

Figure 2.5: Network architecture

(Moschitta and Neri, 2014)
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2.3 Power consumption in WSN

The power of WSNSs is consumed by three parts of the wireless sensor nodes: sensing,
data communication, and data processing activities (Akyildiz et al., 2002). However, each

node is separately distributed and operated as individual device.

Hill (2003) has shown that the power consumption of data processing and sensing
uses less energy compared to data communication. Therefore, the vast majority of power
energy use for the WSN comes from the data communication subsystem. Figure 2.7
demonstrates the portion of power consumption distribution in the wireless sensor node
(Nechibvute et al., 2012).

Figure 2.7: The distribution of power consumption in WSN

(Nechibvute et al., 2012)

2.3.1 Power consumption in sensing

In the sensors unit, the source of power consumption can be divided into three
sections: signal sampling and the conversion of physical signals to electrical ones, signal
conditioning, and analogue-to-digital conversions (ADCs) (Gungor and Hancke, 2009).
Moreover, the power consumption depends upon the wake-up time, the stabilisation time, and
the off time (offline) of the sensing devices. When the sensor is completely off, meaning no
perform operation and no power consumption. Therefore, the sensing subsystem has the

lowest energy requirement (Nechibvute et al., 2012). However, if some specific higher ADC
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or energy-hungry sensors are used, the power requirement will be nearly equivalent to the

communication power consumption (Alippi et al., 2009).

2.3.2 Power consumption in processing

The power consumption of the computing subsystem depends on the various different
types of MCUs and the processing, such as the size of the programs, the data
memory/storage, the set of integrated peripherals, the development tools availability and so
on (Kochlan and Sevéik, 2012), as presented in Table 2.1. This section has a low power
requirement because it can be on sleep mode when the system operations are not controlled
and processed (Nechibvut et al., 2012).

MCU Name MCU Family Power Consumption
Strong ARM (CPU) 32-bit 300mw, 1.5 V/ 200 MHz

Atmel ARM7 32-bit 90mw, 3.3 V/ 48 MHz
TI MSP 430F5437 16-bit 1mw, 3.0 V/ 8MHz
Atmel ATmega 644 8-bit 0.72mw, 1.8 VV/ 1 MHz

Table 2.1: The required power consumption of MCU

(Kochlan and Sevéik, 2012)

2.3.3 Power consumption in communications

It can be seen from Figure 2.7 that the highest power requirements come from the
communication subsystem. The reason is that every sensor node has to communicate with its
neighbour nodes or send the data to the base station wirelessly. Hence, in this project, power

energy expenditure in data communication is considered in more detail than others.

In every circuit, the computation of the power consumption for the communication
subsystem is divided into two types: active power and start-up power. The start-up power is
significant and non-negligible, although the start-up time is approximately hundreds of
micro-seconds. Moreover, due to the transmission has a small size, the power consumption
when the start-up time is comprehensive the active power consumption. Therefore, a large
amount of power energy is used when the transceiver turns on and off on each time (Akyildiz
et al., 2002).
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In addition, the communication includes both the data transmission and the data
reception (Akyildiz et al., 2002). Shih et al. (2001) presents a formulation for the

communication power consumption (P.) as:

Pc= Nt [ Pr(Ton + Tst) + Pout (Ton)] + Nr [ Pr(Ron + RsT)] (2.1)

Where Nt is the average number of times per second that the transmitter is used, Ng is
the average number of times per second that the receiver is used, Py is the power
consumption of the transmitter, Pr is the power consumption of the receiver, Ton is the
transmitter on time, Tsr is the start-up time of the transceiver, Poyr is the output transmitting

power, Ron is the receiver on time, and Rsr is the receiver start-up time.

Since the communication in WSN consumes the most power, Callaway (2003) and
Hill (2003) identifie that the way to get low average power consumption is for the operation
of the transceiver in a WSN node to have a low duty cycle. Low power expenditure leads
higher battery capacity and network lifespan. However, the power consumption is hard to
generalise for the power requirement for each element, depending on the application and the
operation mode of the device, for instance sleep mode, transmitting mode, and receiving data
mode (Gilbert and Balouchi, 2008).
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Current Duty Cycles

System Specifications Value Model 1 (%) Model 2 (%)
Microprocessor (Atmega 128L)

Full operation 8 mA 100 1
Sleep 8 pa 0 99
Radio

Receiving 16 mA 75 0.75
Transmitting (3dB) 17 mA 25 0.25
Sleep 1 pa 0 99
Logger

Write 15 mA 0 0
Read 4 mA 0 0
Sleep 2 pa 100 100

Sensor board
Full operation 5mA 100 1
Sleep 5upa 0 99

Computed average current consumed Model 1 (mA) Model 2 (mA)

upP 8.0000 0.0879
Radio 16,2500 0.1635
Flash memory 0.0020 0.0020
Sensor board 5.0000 0.0550
Total current (mA) used 29.2520 0.3084

Table 2.2: The example battery power consumption of IRIS sensor node operating at 100%
and 1% duty cycles using two AA batteries with the output between 2.7 to 3.6 VDC

(Crosshbow Technology, Inc., 2007)

The research of Jackson in 2010 considers the scenario of the power requirement in
sensor nodes, and active mode operation (real time mode: RTC) consumes hundreds of
milliwatts while the consumption of power during sleep mode or idle mode drops to a few
microwatts. As tabulated in Table 2.2, the findings from Crossbow Technology in 2007
compares and shows the power consumption of each working component between full duty
cycle (100% operation) and 99% of sleep mode in sensor nodes, by using an IRIS mote for
the test. Therefore, from this sample test, the highest current consumption of a sensor node is

approximately 30 mA, with a supply voltage of 3 V.
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2.4 Lifespan of WSN

A WSN has a limited lifespan. The analysis of network lifespan relies on various
factors which are difficult to distinguish and diagnose, including network architecture and
protocols, data collection method, channel characteristics, and the energy consumption
model. Overall, the primary limiting factor on lifespan is the power supply; the WSN lifespan
strongly depends on the self-powered battery power efficiency of its individual sensor nodes
(Hill, 2003).

Each WSN has a different limited lifespan depending on type of sensor, the type of
batteries, or the requirement of specific application styles. From work by Tan in 2012, the
normative lifespan of WSN sensor nodes by typical batteries is approximately one to two
years. An example of the power consumption from Table 2.2, it can be calculated the lifespan
of the battery for the sensor node which is based on two AA alkaline batteries of 250 mA-h
(milliamp-hours) (coin battery type), 1000 mA-h, and 3000 mA-h; their operation time is
approximately at most 1.13, 4.5 and 13.51 months, respectively (Crossbow Technology, Inc.,
2007), as shown in Table 2.3.

Battery Capacity (mA-h) Battery Life (months)
250 1.13
1000 4.5
3000 1351

Table 2.3: The example of the maximum estimated lifespan of IRIS mote using two AA
batteries with the output between 2.7 to 3.6 VDC

Nevertheless, each node contains enough stored energy to use for months or years
thus it is critical to design and manage energy power to enhance total network lifespan to the
maximum. Therefore, many researchers have encountered the method of extending lifespan
in the WSN by using new technologies. For example, design and set the WSN to have the
average power consumption of itself as low as possible. Vasanthi et al.’s study (2010) shows
it was possible to extend node life to reach three years’ operation by using a low-power
circuit and networking technologies, based on two AA batteries with a 1% low duty cycle

working mode. Moreover, the research of Jackson in 2010 reaches a three-year lifespan of the
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sensor nodes, based on four AA batteries by using the new low-power WSN system like

National Instruments’ WSN platform.

However, using scavenged energy from the environment (energy harvesting) instead
of batteries can also be deployed for the WSN to reach an expected time. The nodes are
charged by using the environmental energy converted into electrical energy, such as solar
energy, thermal energy, wind energy, electromagnetic energy, and mechanical vibration
sources (Kumar and Kashwan, 2013). Nevertheless, the external power may be suitable in

some situations, and it may face some restrictions in others.

2.5 Energy supply for WSN

The power supply for WSN has various different technology options for storage
power — batteries or energy harvesting. Howsoever, Jackson (2010) describes that the most
portable and popular energy supply method used for the power all nodes in WSN is the
alkaline and the rechargeable battery, respectively.

2.5.1 Batteries

WSN uses an AA battery which converts the chemical energy inside itself into
electrical energy. The batteries for use in WSN have two types: primary cells and secondary
cells. Primary cells cannot be recharged. They are cheap and widely available, while
secondary cells are rechargeable batteries. However, the secondary cells have low energy
density when compared to primary cells. Moreover, the secondary cells have higher rates of
self-discharge than primary cells (Callaway, 2003).

Starting from the primary battery, there are two types of batteries which are normally
used in the WSN: alkaline and lithium. Following the description by Hill (2003), an AA
alkaline has a voltage range from 0.8V to 1.65V. It is rated at 2850 mA-h and it has an energy
density of about 1500 joules/cm® with a volume of 8.5 cm®. This kind of battery is cheap and
has a high capacity for power energy but it has a wide voltage range and large physical size.
An AA alkaline minimum discharge rate is 25 mA (Hill, 2003).

The lithium battery has a small physical size, about a few millimetres. This kind of
battery does not have to be tolerant to voltage change because it supplies a constant voltage.

Moreover, it can operate in a wide temperature range, such as at temperatures to -40 C. It

19



provides 3 V and 255 mA-h. The energy density is approximately 2400 J/cm®, with a volume
of 1 cm®. However, this battery has very low discharge current, compared to an AA Alkaline:
the minimum current is 3 mA (Hill, 2003).

The secondary battery type is a rechargeable battery, of which there are ordinarily
four types: nickel cadmium (NiCd), nickel metal hydride (NiMH), lithium based (Li+), and
sealed lead acid (SLA) (Bhuvaneswari et al., 2009). However, Bhuvaneswari et al. (2009)
report that SLA and NiCd batteries are rarely applied for the WSN since they have low
energy density and suffer from temporary capacity loss. For the Li+ batteries type, they have
long lifespan, a low rate of self-discharge and more efficiency than NiMH batteries type.
Nevertheless, their cost is high and their circuit is significantly complicated. Hence, the

secondary battery type used for the WSN is normally an AA NiMH battery.

However, one problem of the rechargeable battery is a notable decrease in energy
density. It provides only 1.2 V. An AA NiMH battery has around half of the energy density
and about five times the cost compared to an AA alkaline battery (Hill, 2003). In addition,
Callaway (2003) indicates that NiMH batteries have low internal resistance hence this kind of
battery is suitable for high peak current applications, such as for cellular telephones and land
mobile radios. Nevertheless, some designers have replaced cadmium due to concern about
environmental impact, which is NiCd. In addition, these rechargeable batteries can also
receive and store energy power from the ambient environment, such as solar energy by using

solar cell during sunlight, through which the energy is slowly transferred back into battery.

Figure 2.8 shows the lifespan of various battery powers (Roundy et al., 2003). AA
alkaline and lithium batteries have about five years of lifespan whilst the rechargeable
batteries have less than a year to a few years. Nevertheless, the typically, the estimated life of
Lithium rechargeable battery is approximately two to three years, or 300 to 500 charge

cycles, even they are unused (Tektronix, N.D.; M. Brain, 2006).
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Figure 2.8: A comparison the lifespan from various batteries powers.

(Roundy et al., 2003)

2.5.2 Energy harvesting

Energy harvesting or energy scavenging is a renewable power source for the WSN by
extracting energy from an existing source within their environment, as reported by Callaway
(2003). This kind of energy offers an infinite lifespan, as long as the ambient source persists.
Power energy from the surroundings energy source is transformed by transducer into
electrical energy for powering the WSN (Chandrakasan et al., 1999; Zahid et al., 2014).

Numerous researchers have searched for ways to obtain long-term sustainability and
performance of batteries by using ambient energy sources for wireless networks. The
scavenge energy includes solar energy (photovoltaic or solar cell), thermoelectric energy;
thermal of solar and thermal of combustion, kinetic energy; wind energy, waves energy,
mechanical vibration, and body motion, wireless power transmission, RF radiation energy,
and electromagnetic ambient energy; inductive coupling. However, to select the energy
harvesting for nodes should depend on the application of WSN (Lee, 2012). The ordinary
elements of energy harvesting devices for WSN are shown in Figure 2.9 (Gilbert and
Balouchi, 2008).
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Figure 2.9: The ordinary wireless sensor network node with energy harvesting device

(Gilbert and Balouchi, 2008)

The energy harvesting devices embedded in sensor nodes collaborate with the energy
storage element for collecting the power and transferring it to the WSN. While the power
management is for controlling the energy harvesting devices, and the processing and control
part is for generating a stable voltage supply and then providing it to the wireless sensor
nodes, as shown in Figure 2.9 (Gilbert and Balouchi, 2008).

From many researchers, rechargeable batteries and supercapacitors are used as the
energy reservoir. Nowadays, the supercapacitor or ultra-capacitor is outstanding and is
selected to store and deliver the power (Kochlai and Sevéik, 2012). The supercapacitor has
very high capacitance, higher than the commonly electrolytic capacitor by thousands of
times. Therefore, the self-discharge of this capacitor is higher than others, higher especially
than that of electrochemical batteries. The work of Akbari (2014) shows the percentage of
self-discharge of a supercapacitor is 100% per month. It has a steady voltage that it has a
linear graph of the discharge voltage, reducing from the full voltage to zero voltage. The
supercapacitor can perfectly support with short and frequent cycles of charging and
discharging at high currents, which means that it can be charged and discharged multiple of
times. Hence, the supercapacitor is suitable for coordinating with energy harvesting devices.
The operation of this type is around 2.5 - 2.7V. However, several supercapacitors can be
linked in a series for higher voltage operation. Moreover, this type can be set in high or low
temperature conditions as in the hot or cold weather. The capacity of the supercapacitor
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gradually decreases from 100 percent to 80 percent within 10 years (Buchmann, 2003). The
supercapacitor has numerous types to select, and is produced in many sizes; the Figure 2.10

displays examples of the supercapacitor type (SparkFun Electronics, 2014).
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Figure 2.10: The various example of the supercapacitor; (a) Supercapacitor 10F/2.5V with
13mm x 33.5mm. (b) Supercapacitor Low ESR - 1F/2.5V with 8.5mm x 13.5mm.

(SparkFun Electronics, 2014)

This research will propose energy harvesting from solar energy (Photovoltaic cells),
vibration source (Mechanical vibration), and by wireless power transfer (WPT) for installed
and applied for WSN. Since these three energy sources are existing in everywhere and never

run out. Additionally, these energy harvesting are ease to installation and high efficiency.

2.5.2.1 Photovoltaic cells

The photovoltaic or solar cell is the most familiar and popular type of typical energy
harvesting, as described by Callaway (2003). Power electrical energy is converted from the
ambient light source, which includes the sun’s rays and indoor illumination by solar panel
cells or photovoltaic cells. This solar energy harvesting technique can provide the highest
power density: 15 mW/cm®. Hence, it is easy to use to power to sensor nodes which consume
several mW of energy (Voigt et al., 2003; Bhuvaneswari et al., 2009; Jackson, 2010).

Photovoltaic cells come in many different kinds. The most widely used is the silicon-

based cell type because of the suitable cost and sensitive light detection with a wavelength of
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about 800 nm. Furthermore, the silicon cells can divide into three groups: monocrystalline,
polycrystalline and amorphous. The monocrystalline type has the highest price and efficiency
(about 15 percent), whereas the amorphous silicon cell type has the lowest cost and efficiency
(near 6 percent). The polycrystalline silicon cell type offers the efficiency of approximately
14 percent (Callaway, 2003).

e Photovoltaic cells for WSN

The energy from the solar energy harvesting is transferred straight from the solar
panel. Then the energy is delivered and collected in the energy storage element to provide a
stable voltage to the sensor nodes. Therefore, the energy output for WSN is relative to the
light intensity during the time of day and the area of the cell. Moreover, the prevailing
atmospheric conditions and the angle of installation the photovoltaic cell device also result in

the efficiency of energy harvesting from solar energy (Gilbert and Balouchi, 2008).

The fully illuminated solar power detected from the direct sunlight is approximately
100 mW/cm?, which means the electrical energy is harvested at 100 mW with a volume of 1
cm? of the solar panel, whereas the indoor light density is detected at a lower power density
than outdoor, roughly 100 uW/cm? or less depending on the type of lighting (Callaway,
2003). Furthermore, from the research of Dondi et al. (2008), the testing 1000 W/m? light
intensity with temperature of 25 Celsius for charging energy low power application as WSN
nodes, represents that it can achieve the efficiency approximately 80 to 90 percent, by
providing a stable power supply voltage about 3.3 V. However, they mentioned that the
efficiency of this energy harvesting would also depend on the storage element, which means

the type of supercapacitor voltage.

Figure 2.11 illustrates a small polycrystalline silicon solar panel 0.5V with a diameter
of 6.6mm x 9.4mm x 0.51mm (2.6" x 3.7" x 0.2") and also presents the example of
installation solar energy harvesting with wireless sensor nodes for WSN (ApogeeKits
Electronic Kits and Tools, 2015; Libelium Comunicaciones Distribuidas S. L., N.D).
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Figure 2.11: (a) The small polycrystalline silicon solar panel 0.5V with diameter of 6.6mm x
9.4mm x 0.51mm (2.6" x 3.7" x 0.2") (ApogeeKits Electronic Kits and Tools, 2015); (b) The
wireless sensor node collaborating with solar panel energy harvesting (Libelium

Comunicaciones Distribuidas S. L., N.D)

The expediency of applying solar panel to sensor nodes is low cost and low voltage
level, matching with a requirement of sensor devices. However, the solar energy harvesting
method can only provide energy in day time. Therefore, it requires an energy storage
element, which is battery. For day-time, the energy comes from the solar panels. Conversely,
throughout the night, the energy is delivered from the power stored in the batteries to the
sensor nodes. In accordance with the above, the stored energy that is collected from solar ray

during the day must be enough energy to drain for night operation (Callaway, 2003).

2.5.2.2 Mechanical vibration

The electrical energy supply of the mechanical vibration is converted from
mechanical energy in the form of random movement and vibrations. This kind of vibration
source is installed in the vibrating areas including the intermittent motion. Examples of an
environment in vibration areas are automotive, buildings, structures (bridges, highways,
railways and pedestrian lanes), industrial machines, household appliances, and so on
(Mathuna et al., 2008). The energy from intermittent movement source includes human or

animal activities such as footfall and typing, or from the vehicles passing over the energy
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harvesting device (Gilbert and Balouchi, 2008). For example, Starner (1996) and Kymissis et
al. (1998) have produced and demonstrated energy harvesting from the energy of footsteps,
converting this to energy power by inserting a piezoelectric transducer in the heel of the
shoes. The available power during human footfall is approximately 67 W with 68 kg of
human weight and for the finger typing is about 7 mW. A paper by Leland et al. in 2004
indicates that they used vibration energy from foot traffic to power a sensor from the wooden
staircase by putting a piezoelectric generator under stairway. In addition, a study of Taufik et
al. in 2012 presents this kind of alternative energy can apply for wind energy by using

piezoelectric material which will be described later.

The transformation of energy from mechanical vibrational sources to electrical energy
involves using a suitable mechanical-to-electrical energy converter or generator. There are
three main ways varying with the sources, namely, electromagnetic, electrostatic, and
piezoelectric (Nechibvute et al., 2012). The electrostatic converter needs to separate the
voltage source for the initial processing, so the scale of this converter will be large. In
contrast, the piezoelectric converter does not require any voltage source, similar as
electromagnetic converters. The piezoelectric gives voltage output about 3-8 V, while
electromagnetic gives 0.1-0.2 V (Roundy et al., 2003). Therefore, the piezoelectric generator
is one well-known method that has been used for many years (Cook-Chennault et al., 2008).
However, the first essential examination for selection of the generator type is up to the

vibration source and the application.

The piezoelectric generator is found by Jacques and Pierre Curie in 1880. They
discover that the certain crystals are subjected to mechanical strain, and then becoming to
electrically polarize when performing in the electric field. Therefore, the electric is produced
when force or stress is applied to the piezoelectric material. These generators have various
types of materials, for example piezoceramic (e.g. lead zirconate titanate or PZT), single
crystal (e.g. quartz), thin film (e.g. sputtered zinc oxide) and polymeric materials such as
polyvinylidenefluoride (PVDF) (White and Turner, 1997). PZT is the most widespread
because it has a high electromechanical coupling ability. Nevertheless, PZT is not durable
forasmuch it is a friable material. Hence, PVDF can be used instead of PZT because it is
more flexible (Sodan et al., 2005).

The most well-known design for the vibration source generator uses the bimorph
piezoelectric, as can be seen from Figure 2.12. The bimorph piezoelectric has good potential
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in power density and it is easy to devise (Leland et al., 2004). This device has generally two
layers, which are piezoelectric layer and the metal layer. The energy electric is alternative
voltage (AC). AC voltage is provided between electrodes generated from the oscillating
mass.  Afterward, the piezoelectric material causes tension and compression in the
piezoelectric patch, which is mechanically deformed to the beam, as shown in Figure 2.13.
(Cook-Chennault et al., 2008; Nechibvute et al., 2012).
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Figure 2.12: Typical of piezoelectric energy harvesting system

(Cook-Chennault et al., 2008)
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Figure 2.13: A piezoelectric material is squeezed or stretched from the vibration sources

providing the electric.

(Ramsden and Dix, 2003)
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e Mechanical vibration for WSN

The output energy of vibration energy harvesting method is obtained directly from the
energy harvesting element, as mentioned before, and this energy will be stored in the energy
reservoir for powering the sensor nodes in WSN. The advantage of this energy harvesting is
that it can provide a high amount of voltage compared to the other sources (Erturk and
Inman, 2011).

The source of vibration ambient provides the electrical energy power for sensors,
approximately 4 pW/cm? to 800 pW/cm® (Nechibvute et al., 2012), for which the average
power density is about 300 uW/cm® (Roundy et al., 2003; Bhuvaneswari et al., 2009).
Nevertheless, the energy extracted from the source of a vibration ambient depends on many
situations, for instance it can vary considerably in the frequency and the amplitude of the
vibration sources, the extent of the energy vibration detecting device, and the mass of the
harvesting device (Gilbert and Balouchi, 2008). As Leland et al. (2004) mention, the power
will be optimal when the resonant frequency of the generator accurately matches the
frequency of the vibration source. However, the energy charge produces higher energy by
using multi-layer stacks or increasing the piezoelectric element’s thickness (Beeby et al.,
2006). Besides, the efficiency and properties of the piezoelectric device also depends on the
age, stress and temperature. Figure 2.14 shows the example of bimorph piezoelectric
generator used for WSN which has 31.5mm x 12.7mm x 5.1mm (1.25" x 0.50" x 0.02") with
52g tungsten (Leland et al., 2004).

——

Figure 2.14: The prototype of bimorph piezoelectric generator

(Leland et al., 2004)
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2.5.2.3 Wireless power transmission

It is clear from the discussion of using energy harvesting techniques above requires
power to be extracted from sources in the environment. In practice, the energy scavenging
approach still remains a limitation because it is highly dependent on the places where the
WSN is embedded. Additionally, one of the problems about the energy harvesting is the scale
of the devices, which sometimes have a larger size than the sensor nodes (Shi et al., 2011).
Hence, during the past decade, many researchers have investigated and developed a new
enabling energy transfer technology for extending the energy power in WSN. As a
consequence, the transmitting of electrical energy wirelessly — first discovered by Nikola
Tesla in 1914 — has re-emerged. Nikola Tesla is pioneer of electrical engineering. He sent the
electrical signal across the Atlantic in Long Island, New York. However, his invention was
not successful and could not be used in practice due to its huge electric fields and the cause of
low power transfer efficiency (Tesla, 1914).
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Figure 2.15: Types of WPT technology

The transmitting of electrical energy wirelessly or wireless power transfer (WPT) at
wireless sensor nodes has the ability to take clean energy from elsewhere to generate electric
power energy for the sensor node periodically without any plugs or wires between the energy
charging devices and the receiving nodes (Shi et al, 2011). There are three types of WPT
technologies: electromagnetic (EM) radiation, electric induction and magnetic induction,
which are divided by the source. The magnetic induction can be divided into inductive

coupling and magnetic resonant coupling (Sah and Pant, 2014), as shown in Figure 2.15.
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However, in the article by Xie et al. in 2013, they identify that omnidirectional
emitting EM radiation and magnetic resonant coupling are suitable for WSN. The inductive
coupling is not suitable for wireless sensor networks because it has a limited short charging
distance between the transmitters and receivers, from a few millimetres to a few centimetres,
while the distance for using in WSN is around ten centimetres to several tens of metres (Lee
et al., 2012). The Figure 2.16 illustrates that EM radiation (RF radio-frequency emission) and
magnetic resonant coupling can transfer power across longer ranges than electromagnetic
induction, which is the one reason for choosing two kinds of WPT technologies used in the
WSN (Akimoto and lizuka, 2013; Sample et al., 2011). In addition, as can be seen from
Figure 2.16, the electric field resonance technique has similar efficiency and distance of
transfer power as the magnetic resonance method. However, Kim and Bien in 2013 stated
that the electric field resonance technique has many conditions to consider for using in WSN
such as the weather conditions and especially in safety problems because this technique uses
metal plate which needs insulator coated; the effect of material coated is mainly considered.
Thus, Kim and Biem recommended that the electric field resonance method is not suitable for
using in WSN. Therefore, this research paper will show and explain only two kinds of WPT;

magnetic resonant coupling and omnidirectional emitting EM radiation (RF radio emission).
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im Radio-frequency emission

Magnetic resonance

Efficiency 1% or less .
Efficiency 40%-60%
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Electric field resonance
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Distance that power is transferred
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*Since the efficiency rating includes the power source, the efficiency rating for the entire transmission system is given.

Figure 2.16: A comparison of WPT methods between distance of transferred power and

transmission power

(Akimoto and lizuka, 2013)
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2.5.2.3.1 EM radiation

EM radiation method uses the radio frequency (RF) signal. EM radiation can be
divided into two types by the energy-emitting direction: omnidirectional radiation and
unidirectional radiation. From the paper of Xie et al. in 2013, omnidirectional radiation is
suitable for the WSN since this kind of direction is applied in unknown or uncontrollable
applications. Moreover, the radiation provided in omnidirectional waves is also necessary for
ultra-low power applications such as using for very low sensing (e.g. temperature, moisture,
and light) in the milliwatt and microwatt range, depending on the distance from the sources or
based on the limited of transmitters, which is approximately not more than 10 mW.
Consequently, omnidirectional EM radiation is suitable for the WSN while unidirectional

radiation is not suitable because of the undesirable requirements.

The EM radiation energy is emitted by the transmitting antenna of the power source to
the receiving antenna; which the RF transmitter broadcasts radio waves in an assigned ISM
(Industrial-Scientific-Medical) band is from 902 MHz to 928 MHz with an average centre
frequency of 915 MHz (Sample et al., 2008). Then the RF receiver adjusts the frequency to

the same band to the radio power harvesting.

The RF energy harvesting distributes the power from one source to many wireless
sensor nodes even over distances (Ostaffe, 2009). The omnidirectional EM radiation has
some serious efficiency problems in energy transfer for the WSN since EM waves decay
quickly over distance; they have only 1.5 % of energy transfer efficiency when the distance
of transmitting and receiving antenna is 30 cm away (He et al., 2013). Furthermore, this
radiative technology is sensitive to obstruction when sending the energy between transmitters
to receivers (Xie et al., 2013). Therefore, this EM radiation method has some limitations for
applying to the WSN. Nevertheless, the omnidirectional EM radiation is still applied for
providing energy to WSN such as a wireless identification and sensing platform (WISP)

device.

e The EM radiation for WSN

The wireless identification and sensing platform (WISP) was applied for RF energy
harvesting for WSN by Intel in 2010. The WISP has the advantages of the radio frequency
identification (RFID) technology at ultra-high frequency (UHF) EM wave band with the
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range between 860 to 960 MHz, and it can distribute metres away from itself (Buettner et al.,
2008; Lee et al., 2012). The RFID comprises tags which are small size, low cost and battery-
free device. They can be attached with any object for identifying. The typical RFID tag
device is fixed function, non-programmable, no general purpose computation, and no sensing
capabilities (Buettner et al., 2008). The RFID tags can be divided into two types, which are
active and passive (Want, 2006). The active RFID tag is powered by the battery itself while
the passive RFID tag receives the RF signals by an RFID reader rather than requiring an on-
board battery to power the communication circuitry, sensors, and MCU autonomously.
However, the passive RFID also can remotely transfer energy, and interrogate for identifiers
and other information at the range of approximately 9.144 metres (Weinstein, 2005).
Therefore, the passive UHF RFID is used to be assembled as a part of the WISP, with an
operating distance of several meters (Sample et al., 2008). In addition, the advantages of
passive UHF RFID are inexpensive tags and small size. Moreover, it can reliable and face no
limits on battery life (Buettner et al., 2008).

Figure 2.17: The wireless identification and sensing platform (WISP)

(Smith et al., 2011)

The RFID WSN consists of the WISP (RFID sensor nodes) and UHF RFID reader,
which may have multiple of WISPs and one or more readers. The attraction of using WISP is
its very small size, about 147 mm x 12.7 mm x 2.54 mm (15.24 mm?®) (5.5" x 0.5" x 0.10"
(0.60 in)) (Buettner et al., 2008), and the long-lived power source. Additionally, it has
unpowered functionality for up to 24 hours even though there is a lack of internal or long-
lived battery since it uses a storage capacitor to store RF energy when in range of a reader
(Buettner et al., 2008).

The WISP is a device that is powered by the RF energy: the energy is transferred from
the UHF RFID reader in the manner of standard RFID tags because it has no batteries. It is

implemented as a printed circuit board (PCB), as can be seen from Figure 2.17. The WISP
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features a wireless power supply, bidirectional UHF communication, and an open source. The
WISP has a fully programmable, ultra-low-power, 16-bit general purpose MCU with
analogue to digital converter (ADC) for performing the sensing and computation while
operating from RF harvested energy (Lee et al., 2012). Moreover, the WISR has 32K bytes
of program space, 8K bytes of flash, an accelerometer, temperature sensors, and 8K bytes of
serial flash. It can transfer 64 bits of the data per query. The communication and power
harvesting of WISP use the Electronic Product Code (EPC) global Class-1 Generation-2
(EPC Class 1 Gen 2) protocol with a range of approximately 3 metres (EPCglobal, 2005).

A recent experiment by Fu et al. in 2013 shows that the WISP charging time of 155

seconds can reach 1.8 volts with 100 uF capacitor when the RFID reader is 10 metres away.

As known that the WSN has a big size; sometimes the area of WSN is larger than the
signal of RFID reader can reach the WISP, and to prevent irregular signals by the reason of
some the obstruction between transmitters and receivers. Besides, the RFID reader is much
more expensive than WISPs, by a factor of approximately 100 times. So, for the practical,
robots are applied to carry the RFID reader and drive around network for charging to nodes,
as Fu et al. (2013), and Lin et al. (2008) have presented. Figure 2.18 illustrates the three stop

positions of the RFID reader robot for charging the WISP sensor nodes in the network.
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Figure 2.18: The stop positions of RFID reader in the WSN
(Fuetal., 2013)

33



2.5.2.3.2 Magnetic resonant coupling

Even though the EM radiation method is used for the transfer of power, the energy is
quite low efficiency because of the omnidirectional radiation which means it wastes the
energy through the free space (Karalis et al., 2008). For this reason, another method of WPT
technology is magnetic resonant coupling. The theoretical and experiment paper by Kurs et
al. (2007) presents the principle of resonant coupling, which using two magnetic resonant
coils operating at the same resonance frequency in order to exchange energy efficiently for a
mid-range power transfer. This method of WPT is non-radiative wireless power transfer. The
distance for transfer energy by magnetic resonant coupling is approximately 10-300 cm
(Jonah and Georgakopoulos, 2012), with power level spans from less than one watt to
multiple kilowatts (Kesler and McCarthy, 2013).

In this way, the power transfer is high efficiency because the dissipating energy while
in an extraneous off-resonant objects loses little energy power. Moreover, the magnetic
resonant coupling is omnidirectional irrespective of the geometry of the surrounding area
(Karali et al., 2008). In addition, the distance is very flexible between the source and the
receiver coil, which it can be vary from a very close range to long distance. For instance, the
range may be less than the diameter of the coil to several times the coil diameter.
Furthermore, since the magnetic fields do not interact with most of the ordinary materials,
magnetic resonance would barely suitable for every application. Besides, the magnetic
resonant coupling WPT technology is also waterproof, which means it can be set in humid
areas or underwater, as the work of Kesler and McCarthy in 2013 involving transfer energy
by using an unmanned underwater vehicle. Hence, the magnetic resonant coupling is the most

appropriate WPT technology for the WSNs, as reported by Xie et al. in 2013.

The experiment paper by Kurs et al. (2007) notes that the distance between the energy
source storage and energy receiving devices for fully powering a 60 W of light bulb is about
two metres for several tens of watts of the energy transfer with 0.5 m of the diameter of
transmitter and receiver coils. Therefore, the distance of sending electric energy could be four
times that of the coil diameter. However, the power transfer efficiency from the transmitter
coil to the receiver coil under the resonance coupling decreases with the distance (Kurs et al.,
2007). In addition, Yao et al. (2011) have done an experiment that this method can charge a
NOKIA cell phone wirelessly over 40 cm with power input less than four watts, and 52% of

efficiency over a 32 cm distance.
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The principle of the magnetic resonant coupling power transfer is the matching
resonance frequency between the two couple resonant coils, the transmitting coil and
receiving coil, and the transmission of the energy with electromagnetic coupling from the
transmitter coil to the receiver coil by oscillating, even though there is a long range between
two coils. The power can transfer much more amount of the energy efficiency and sent in
longer distance if the coils are driven at their resonant frequency, which this frequency is

generated when an object naturally vibrates or rings.

The magnetic resonance coupling WPT technology includes the power amplifier, the
transmitting and receiving coils, and the receiver, as can be seen from the block diagram of
this WPT system from the Figure 2.19, which illustrates the power transmission from the
transmitter coil to the receiver coil by an oscillating magnetic coupled resonator. The first
step is the direct current (DC) coming from the power supply and then converting the DC to
alternating current (AC) by rectifier. Then the oscillator generates a signal of the required
frequency. Next the signal is amplified by the power amplifier and then through to the power
coil and transmitter coil respectively. Then the transmitter coil (Tx coil) receives the signal
frequency and stores the energy. Afterwards, it begins to resonate and produces the
evanescent resonated waves that the receiver coil (Rx coil) will pick up. Finally, it transfers
to the load coil, rectifier and load devices, respectively. These are the keys to send the power
by wirelessly and the interaction between two coils (Nair, 2012). Furthermore, as Sah and
Pant (2014) have documented, the power amplifier in this system acts as the control
mechanism because it can determine the performance of the system; it is not just only for a
power converter, and thus they elucidates that the power amplifier is the one of the most

important components.
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Figure 2.19: The basic block diagram of magnetic coupled resonance WPT system

The magnetic resonance coupling transfers the energy with the electromagnetic
coupling in term of lumped circuit elements, i.e. resistor R, inductor L and capacitor C, as
illustrated in Figure 2.20 (RamRakhyani et al., 2011), which the key of magnetic coupled
WPT is add the capacitor in series in order to create the resonant frequency of the network
(Wei et al., 2014).
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Figure 2.20: Coil lumped model

(RamRakhyani et al., 2011)

In Figure 2.21, the simplified schematic of the magnetic resonance coupling WPT
system is shown. The basic circuit structures of magnetically coupled resonator WPT
technology have parallel-parallel and series-series compensations (Wei et al., 2014).

However, for the simplicity, the series-series compensation is presented in this research.
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Figure 2.21: The simplified schematic of the WPT system
(Sah and Pant, 2014)

The equivalent circuit model of the WPT via magnetic resonant coupling system
architecture has three or four coils. A recent paper by Wei et al. (2014) reports that the
system architecture with four coils is low transfer power despite the high transfer efficiency
whereas three coils architecture can adjust to more power transfer and simultaneously keep
the efficiency invariable. However, the system architecture with four coils is easier to
understand and more obtainable, and thus this paper will focus on this system. Figure 2.22(a)
and Figure 2.22(b) indicate the equivalent circuit model of the WPT system architecture of

three coils and four coils respectively as a series resonator (Wei et al., 2014).
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Figure 2.22: (a) The equivalent circuit model of system architecture with three coils
(b) The equivalent circuit model of system architecture with four coils
(Wei et al., 2014)
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The four-coil architecture system consists of the driver (power) coil, transmitting coil,
receiving coil and load coil which the three mutual magnetically by coupling coefficients
between adjacent coil; Mi,, M,3 and M3, as indicated in Figure 2.22(b). From Figure 2.22(b),
following the study of Wei et al. (2014), firstly, the drive loop is modelled by a simple one
turn or a few turns inductor L; with parasitic resistance R; and capacitor C;. Secondly, the
transmitter coil (primary coil) is a multi-turn of spiral inductor L, with parasitic resistance R,
and self-capacitance C,. The receiver coil (secondary coil) and load coil are the same
schematic as the drive coil and transmitter coil respectively. The inductors coil L; and
resonant helix L, are linked by the mutual inductance M, for the transmit unit. Likewise,
Ms4 connects both inductors Lz and L, of the receiver unit. For Mas, it is a coupling
coefficient relating between the transmitter coil and the receiver coil. Normally, the drive coil
and the transmitting coil are built in the same device like the receiver coil and load coil. My,
and M3, would be fixed, whereas Mys varies by the distance between the transmitter and
receiver coil, which it is the uncontrolled value. In this system analysis, it is assumed that the
cross-coupling terms can be neglected because they are very weak. The cross-coupling terms
are the coupling efficient between the driver coil and the transmitter coil (M3 or Ms;), the
transmitter coil and the load coil (M24 0r Myy), and the driver coil and the load coil (My4 or
My1) (Sample et al. 2011; Sanghoon et al., 2011).

e Magnetic resonance coupling for WSN

For the WSNS, as Xie et al. (2012a) have documented, they applied a mobile wireless
charging vehicle (WCV) using a robot or helicopter for carrying power-charger from the
service station to each sensor node wirelessly, based on magnetic resonant coupling, as can
be seen from Figure 2.23 and Figure 2.24, which illustrate a mobile WCV in the wireless
sensor network and the travelling path of a WCV in the network respectively. This WCV can
also be controlled by a human or be autonomous depending on the setting and application.
Upon completing the visit to all sensor nodes in the network, a WCV returns to the service
station for resting and recharging battery, called ‘vacation time’, and gets ready for starting

the next trip.
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Figure 2.23: A mobile WCV in WSN
(Xie et al, 2012a)
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Figure 2.24: A travelling path of WCV visits each sensor node for charging battery via WPT

(Xie et al., 2012a)
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Furthermore, Xie et al. (2012b) develop and improve the WCV for applying in WSN
based on the paper of Kurs et al. (2010); and Cannon et al. (2009), according to which a
WCV can charge multiple sensor nodes simultaneously when within the charging range. The
charging range of the WCV is modelled on a cellular structure that partitions the two
dimensional plan into several adjacent hexagonal cells. Then, a WCV travels to the centre of
each cell for charging all nodes in a hexagonal cell, as can be shown in the Figure 2.25. In
this figure, the solid dots indicate cell centres and the empty circles mention the sensor nodes.
Nevertheless, the researchers assumes that the power transfer from a mobile WCV has
sufficient energy for charging all sensor nodes within one completed travelling path before

returning to recharge the battery at a service station (Xie et al., 2012a; Xie et al., 2012b).
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Figure 2.25: (a) A mobile WCV in WSN; (b) Showing a cellular structure that partitioned the
two dimensional plan into several adjacent hexagonal cells in WSN and a travelling path of

WCV visits cell in order to charge battery for multiple nodes via WPT

(Xie et al., 2012b)
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Chapter 3 — Design for prolonging the lifespan of the WSN

3.1 Introduction

As mentioned in Chapter 2, using energy harvesting device embedded with sensor
nodes may increase to prolong the lifespan of WSN systems by collecting energy from the
surrounding environment. There have been many techniques of energy harvesting, as
presented in Chapter 2, such as solar energy, vibration source, and wireless power transfer
(WPT). However, the WPT by coupled resonance magnetic is selected here. Therefore, this
study will direct to apply the magnetic resonance coupling WPT in order to increase the life
time of WSN.

This chapter represents the method for the design of the experiment. In addition, this
section gives the specific information and the theories about the WPT of this study model,

and also evaluates the parameter values for demonstration in the experiment.

3.2 The design for WSN

Recently, the WSN has become well-known because this network can be applied in
various areas, such as utilities, industry, home, shipboard, aircraft, medical, military, etc.
However, this system has a limited lifespan due to the batteries used in nodes. Some
researchers have attempted to extend the life power energy of the nodes by developing the
operating systems which explore different routing protocols, for instance LEACH (Low
Energy Adaptive Clustering Hierarchy), CB-DHRP (Cluster Based Directed Hierarchical
Routing Protocol), BCBE (Balanced Cluster and Balanced Energy) (Jain, 2011).

Nevertheless, to improve the protocol or operating system also cannot prolong the
lifetime of the sensor nodes as contented. Therefore, the techniques of using energy
harvesting instead of the batteries applying in all nodes become to the one of the appropriate
solution to expand the lifespan WSN, because the energy harvesting methods may produce
energy from the environment which cannot run out. The energy harvesting have many types,
for the main energy harvesting using for wireless sensor network have been described in
Chapter 2, such as solar energy (photovoltaic), mechanical vibration energy, electromagnetic
sources, and magnetic inductive field. Notwithstanding this, many researchers have stated

that solar power is the most available and suitable for energy harvesting nowadays, as the
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Solar Foundation and SEIA in 2014 and the poll from Ipsos MORI in 2011 have mentioned.
Therefore, normally, the power scavenged taken from solar energy should be the most
efficient and ubiquitously used in WSN. However, the solar energy has a constraint: its
optimisation relies on the light conditions; heavy light or low light. A photovoltaic cell may
not an excellent provider of power energy if it is embedded in dim or inadequate light areas
where sunlight is not available, such as in indoors or in forest terrains. Hence, other
technologies of energy harvesting, such as mechanical vibration, wind power (by
piezoelectric) or WPT become an attractive alternative solution choices which may
potentially outperform solar energy for some applications, while being similarly easily
accessible (Roundy et al., 2003), as mentioned in Chapter 2. However, the vibration energy
or wind energy also depend on the environmental conditions, unless the WPT technique can
be applied to all situations. Balouchia and Gohn in 2012 from the Pike research acknowledge

that the coupling magnetic resonant WPT will be up to more than 70 percent in 2020.

However, there have two ways of WPT to apply for WSN: EM radiation energy
harvesting and magnetic inductive. EM radiation energy harvesting method has low
efficiency compared to the coupled magnetic resonant induction WPT (Karalis et al., 2008).
Furthermore, the transmission power between transmitter and nodes by EM radiation energy
harvesting method can be easily disturbed by the obstructions. Accordingly, the WPT energy
harvesting has been selected as the most suitable for powering the energy to all nodes in the
WSN by using magnetic coupling resonance WPT. Due to the magnetic coupling resonance,
the WPT method is easy to design. The electronic system of this energy harvesting is reliable.

The cost is low and it can be watertight (Kesler, 2103).

In addition, this kind of energy harvesting uses the magnetic fields to transfer the
energy, as in cell phones, wireless routers, Bluetooth headphones, radio transmitters, etc.
(Kesler, 2103). It is a matter of human safety which is related to Institute of electrical and
electronics engineers (IEEE) (2006) and International commission on non-ionizing radiation
protection (ICNIRP) (1998); they indicated that humans cannot get cancer from exposure to

radio frequency electromagnetic fields.
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3.3 The design principle to prolong WSN lifespan by using coupling magnetic resonant
WPT

To prolong lifespan for WSN by the coupling magnetic resonant WPT method, this

system is using a magnetic field to charge a battery which can send power across a distance.

This system can be divided into two parts: the transmitter part and the receiver part.
The transmitter part is embedded in the mobile wireless charging vehicle (WCV)-here, a
robot is chosen to carry this part for powering energy to the receiver part. Whereas the
receiver part is placed into all nodes in order to receive and collect the power when the
transmitter part coming in the same axis with the node. The energy will be transferred for
charging to the supercapacitor which is embedded and applied to all sensor nodes of the

system in order to collect the power by the coupling magnetic resonant WPT technique.

This study focuses on the WPT by magnetic coupling resonance for powering all
nodes on the WSN. Moreover, the researcher designs an experiment suitable for this network.

3.3.1 Consideration of the model

The model of the experiment shown in Figure 3.1 has four coils following from the
paper by Wei et al. (2014) which they report that the system architecture with four coils has
high transfer efficiency, easy to understand and more obtainable. The model can be divided
into two parts: a transmitter part and a receiver part. The transmitter part includes loop coil 1
(input coil) and loop coil 2 (transmitting coil; Tx), whereas the receiver part consists of loop
coil 3 (receiving coil; Rx) and loop coil 4 (output coil). The power source is connected to
loop coil 1 and the load is connected to loop coil 4. Loop coil 1 and coil 4 have N;-turn coil
and Ng-turn coil, respectively, called the feeding coil. Loop coil 2 and coil 3 have N»-turn coil
and Ns-turn coil, respectively, called the resonant coil. The power is transported between two
resonant coils by the magnetic coupled resonance, whilst the power is transferred from the
feeding coil to the resonant coil and from the feeding coil to the load coil by magnetic
inductance (Hirayama, 2012).
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Figure 3.1: The model structure of magnetic coupled resonant wireless power transfer

(Hirayama, 2012)

Figure 3.1 illustrates the loop radius of the loop coil; r and radius of wire copper; r..
The distance between loop coil 1 and 2, loop coil 2 and 3, and loop coil 3 and 4 are replaced
in dq2, d23, and dsg4, respectively. Moreover, Cy is presented the resonant capacitors which are
placed for modulation to be the same resonant frequency in order to be the magnetic resonant
coupling between loop coil 2 and loop coil 3. Finally, Zs and Z_ are indicated to the
impedance of the source and the impedance of load, respectively (Hirayama, 2012).

However, for simplicity of the model and calculation, the researcher designs all loop
coils to have the same diameter. In addition, the researcher presumes that the system is
symmetrical, which means the input loop and transmitting coil identical to the output loop
and the receiving coil, respectively. The number of turns of loop coil 1 and loop coil 4 are
equal (N1 = Ng). Likewise, the number of turns of loop coil 2 is same as the number of turns
of loop coil 3 (N2 = N3). Therefore, this design means the inductance of loop coil 1 equals the
inductance of loop coil 4 (L, = L4). The resistance of loop coil 1 equals the resistance of loop
coil 4 (R; = Ry). In the similar way, inductance from loop coil 2 has the same inductance
from loop coil 3 (L, = Ls), and resistance from loop coil 2 is the same as resistance from loop
coil 3 (R2 = R3). Furthermore, the distance between loop coil 1 and loop coil 2, and loop coil
3 and loop coil 4 are fixed range; this means the distance between loop coil 1 and loop coil 2,

and loop coil 3 and loop coil 4, is fixed, which means d;, equals ds,.
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3.3.2 The equivalent circuit of the design

The equivalent circuit of this experiment model structure by magnetic resonant

coupling from Figure 3.1 is presented in Figure 3.2.
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Figure 3.2: Equivalent circuit of the model structure of the experiment

As can be seen from this Figure 3.2, Ly, Ly, L3 and L4 are self-inductance of loop coil
1, coil 2, coil 3 and coil 4, respectively. Likewise, parasitic resistance Ri, Ry, Rz and Ry
indicate the ohm loss resistance (the loss of copper) of loop coil 1, coil 2, coil 3 and coil 4.
However, there also has been a radiation loss resistance of loop coil R;; loss resistance is
insignificant because the value is very small compared with the ohm resistance (Cannon et
al., 2009). Hence, in this study, the resistance R, of all loop coils are considered to be 0Q for
uncomplicated calculation. In addition, as mentioned above, the capacitors are added in order
to be the coupling resonance. C, and Cj3 substitute as capacitance of loop coil 2 and loop coil
3, respectively. Nevertheless, C, and C3 are assumed to be same parameter Cy since the

experiment is assumed to be symmetrical.

Moreover, from Figure 3.2, M3 is represented as the mutual inductance of the
magnetic coupling coefficient between transmitting and receiving helix coils, while M, and
M3, are demonstrated as the mutual inductance between loop coil 1 to loop coil 2 and loop
coil 3 to loop coil 4, respectively (Hirayama, 2012). Notwithstanding this, the mutual
inductances of the cross coupling between non-adjacent inductors can be neglected. Hence,

the mutual inductance M3, M14 and My, is zero (ki3 = k14 = ko4 = 0) (Kim et al., 2013). For
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this experiment, M1, and M3, are fixed values by reason of the researcher setting the distance
di2 and d34 to be same and constant. Hence, M1, and Mg, are same values. The value of M3

varies according to the range between loop coil 2 and loop coil 3.

The equivalent circuit of this WPT system can be calculated based on the theory of
Kirchhoff's voltage law (KVL), which has four equations regarding to the currents from loop

coil 1 to loop coil 4 and source voltage (Vs), at frequency o in rad/sec as follows:

(Rs + Ry +joLs) Iy + joMialy = Vs (3.1)

) 1 . 3.2

(R2+joly + —) 2+ jo (Mp2ly + Masl3) =0 (32)
jwCy

) 1 . 3.3

(Rs+joLs+ ——) I3 + jo (Mssls + Masl2) =0 (33)
jwC3

(RL + R4 +j(DL4) |4 +j(,0M34|3 =0 (34)

From the equations (3.1)—(3.4), it is possible to calculate the current of each coil in the
matrix formula following Kumar et al. (2009); Kim et al. (2013); and Duong and Lee (2011).

I Zyy Zip Ziz Zyy - Vs (35)
I, - Zyr Zyy Zyz Zy, 0
I3 Z31 Zzy Zzz Z3zy 0
Iy Zyy Zay Zsz Zaa 0

Where:

Form=mn; Zyp = Zpyn = Ry + joL, + ——
jwCn

Form #n; Z,,, = joMy,

Where R,,, L,, and C,, are the series resistance, the inductance and capacitance of coil n,

respectively. At the frequency (wo):

(1)0 = 27Tf0 = (36)

\/L;-_C- (rad/sec.)

M,,,,, is the mutual inductance between coil m and coil n as:

My = Kpn/LimLn @.7)
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Therefore, for this experiment, for the equations (3.5), (3.6) and (3.7) can be obtained

the following expressions:

I Zi,  joMy 0 0 v, (38)
12 — j(UMlz Rz ]wM23 0 0
I3 0 jwM,; Rz  joMsy 0
Iy 0 0 JoMszy,  Zyy 0

Where le = RS + Rl + ](DLl
Z44_ = R4 + RL + ](.OL4

The quality factor (the Q-factor) of this RLC circuit in each coil at the resonance
frequency operation is given by Jonah and Georgakopoulos (2012); and Kesler (2103):

(3.9)

wl 2rfill w 1 [L

Q== R 2T R.C

Manipulating the equation (3.8), the current coil 1 to coil 4 can be calculated. The

current of coil 4 (I,) and current of coil 1(/;) at the resonance frequency are shown as:

I = (RzR3Z44 + Ryw® M3y + Zysw®M33) _ (3.10)
1= s
[Z11R2R3Z44 + Z11 Ry 02 M3y + 711 24402 M3 + RyR3 02 M7, + w0* M7, M3,]
I, = — w3M;Mp3M3y iV (3.11)
4 [Z11R2R3Z44+Z11Ro w2 M54 4711 244 02 M55+ Ry R3 w02 ME, +w*MZ, M3, ] J¥s
However, to simplify the calculation the current I, it may be derived as:
w3 My, Mp3M3,j (3.12)

14_:

_ |
(RyR3Z44 + Ryw?M3, + Zyyw?M3y) !

The efficiency is related to the power of coil 1 (power of Vs) and power of R,.
Nevertheless, Abatti et al. (2015) consider that all the power which is delivered by the

generator Py, is dissipated by ohmic losses. Therefore, for ease of calculation, the efficiency

can be measured by P, divided by Py (PL/ Pin), where Py = VslicosB.
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The calculation of the power transfer efficiency of the system (n) is yielding in the
equation (3.14), from the equations (3.10), (3.11), (3.12) and (3.13).

Pour Py 12R], (3.13)
Inl= ——=-—= ——=x100%
Pin PIn 11VSCOSQ
(wWOM2,M2;M2,)(RyR3Z44+ Ryw? M2 4+ Z4 s w?M23) x100 % (3.14)

Il = [Z11R2R3Z4a+Z11 Ro 02 M54+ 711 Z44 02 M35+ Ry Ry w2 M, +w* MF, M5, ] X cos6

While 8 is the angle of the current in coil 1 (I;) from the equation (3.10).

The mutual inductance (M) can be calculated by using Neumann’s formula (Russell,

1906):

M = poN; Noy/rymy [(% - m) K(m) — %E(m)] (3.15a)

J - (3.15h)
m=

d? + (r, + rp)?

Where r; and r, are the radius of coil 1 and coil 2 with distance d. N; and N are the
number of turns of coil 1 and coil 2, respectively. u, is the magnetic permeability of free
space, which is 4 x 1077 H/m, N/A?, T-m/A or Wh/(A-m). For K(m) and E(m) are the
elliptic integrals of first and second kind with modulus m, respectively; m is defined as the

equation (3.15b), where the values of m are between 0 and 1 (0 < m « 1).

3.4 Setting the parameters of the experiment

The parameters values of the experiment are defined following the procedures.
Firstly, the frequency of the whole system is determined. Following the paper of Beh et al. in
2010 presents the WPT should be fixed at a usable range and applied within the ISM
(Industrial-Scientific-Medical) band in the MHz range in order to achieve the maximum
power efficiency of the transmission. Hence, this study will use the frequency of 10.5 MHz at
about ten volts amplitude in a sinusoidal signal wave (sine wave) AC signal waveform to
drive the source coil. Afterwards, the researcher needs to define the number of all the coils.
The source coil and load coil have three turns, whereas the primary coil and secondary coil
have seven turns. For all the coils in this experiment, the researcher chooses a single copper

24 AWG (American wire gauge) wire, wound to be a circular with diameter of 4.5 cm, as
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shown in Table 3.1, which shows the number of each coil (N) in turns, the diameter of the
each coil (D) in cm, the wire diameter of each coil (r;) in mm, the length of each coil (I) in

cm, and the frequency of the system (f) that is the same identity resonant frequency at 10.5 in

MHz.

Coil (Antenna) N D re I f
(turns) | (cm) (mm) (cm) (MH2)
Power coil 3 4.5 0.53 0.172 10.5
(Loop coil 1)
Transmitter coil 7 4.5 0.53 0.393 10.5
(Loop coil 2)
Receiver coil 7 4.5 0.53 0.393 10.5
(Loop coil 3)
Load coil 3 4.5 0.53 0.172 10.5
(Loop coil 4)

Table 3.1: The summary of particulars of the coil physical

Coil 1 and coil 2 are wrapped together with 2 mm of the distance between them,
following the study and findings of Kirschner et al. in 2013 that for the inductive coupling of
WPT, the power efficiency of transmission is affected by the coil diameter and air gap
between two coils by lower coil diameter and larger air gap caused to decrease the coupling.
In this manner, the efficiency of WPT has the correlation with the ratio between the air gap
(@) and the coil diameter (d). Assuming a constant Q factor values of about 100, the
efficiency of transmission is greater than 80%, if the air gap (a) is smaller than the half of coil
diameter (d); a/d < 0.5. In addition, an efficiency of 90% is reached when the air gap is
smaller than a quarter of the coil diameter; a/d < 0.25. As similar as coil 3 and coil 4, they are
also wrapped together, in order to create the most efficient transfer power.

The self-inductances of all loop coils, the parasitic resistances of all loop coils, and
the lumped capacitances for coil 2 and coil 3 are calculated by the following formulas.
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The parameter value of self-inductance of each coil can be calculated by Wheeler's
formula which is for the single-layer air core solenoid (Wheeler, 1928) as shown in the

equation (3.16) below.

_ N?R? (3.16)
"~ 2.54(9R+10H) (HH)

Where, L supersedes the inductance of the coil (Micro-Henry; uH)

N supersedes the number of turns of wire

R supersedes the radius of coil (cm)

H supersedes the height of the coil (cm)

The resistance of each coil in this circuit can be divided into two types of parasitic
resistance as the ohm loss resistance or the loss of copper in wire (Ronm) and the radiation
resistance (Rrq). The formula equations of these two resistances can be calculated as Balanis
(2005) and Cannon et al. in 2009.

2nrN N 3.17
Ropm = = rs(g) (3.17)

o218 o1

As, r means the radius of the coil (cm)

1. means the cross-sectional radius of wire (mm)
N means the number of turns

o means copper conductivity, which is equal to 5.8 x 10’ S/m

L_ (m)

& means skin depth, which 6 =

f means source frequency (Hz)

Ho means permeability, which replaces 47 x 107 H/m

et (3.18)

2
Ryqa = 20 (7) (nr?N)?

A is the corresponding free space wavelength; 1 = c/f where ¢ = 3.0 X 10® m/s.

The radiation resistance of each coil can be neglected because the correspondence
between the radiation values is too small in comparison with the ohm loss resistance.

Therefore, the resistance of each coil depends on the loss resistance (R = Ropm).
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However, the self-inductance and parasitic resistances can be computed by using the
equations (3.16) and (3.17). Moreover, both of the parameters can also be measured with a
multimeter. Nevertheless, the measured parameters are applied and focused more than
calculated parameters for this experiment, in order to get the accurate values.

For the lumped capacitances in this experiment, these are applied to yield identical
resonant frequency. Hence, the calculation of the lumped capacitances depends on the self-

inductance of the coil, from the equation (3.6), so the lumped capacitance is described by

1 (3.19)
Ci (2rf)?L; (F)

Where, w, is angular frequency (rad/sec.)

L is self-inductance (H)

C is lumped capacitance (F)

For the value of the internal source resistance (Rs), this value depends on the function
generator; HM8030-6 function generator has specified Rs at 50 Q. In addition, the load

resistance R for this experiment is set at 10 Q.
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Chapter 4 — Methodology and implementation

4.1 Introduction

This chapter relates to the process of setting up and testing the experiment of this
study. The materials for use in this study are shown and all of the equipment is explained.

The implementation of the experiment in this part can be divided into two parts: the
contrivance method and the process of the experiment, and the methodology and technique
for the measurement of all data — all are described in this part in order to provide the correct

information.

4.2 Research strategy

The research process can be broken down into two methods. There is a quantitative
research approach and a qualitative research approach, applied according to the data required.
The quantitative research approach usually concentrates on measuring, counting, collecting
and analysing the quantifiable numerical data, including in terms of the application to
statistics, such as questionnaires or experiments. In contrast, the qualitative research approach
is to answer by words or text. With this approach, the researcher will get information from a
direct, specific group to gain an understanding about the topic and peoples' attitudes (Wilson
and Natale, 2001; Creswell, 2008).

However, this research uses only quantitative research approach in the experiment
since this study is to evaluate the most suitable alternative method for charging sensor motes
instead of using a battery in order to prolong the life cycle for WSN by selecting the coupled
magnetic resonant WPT method to be the most appropriate for all applications. Therefore, the
idea of a combination between magnetic resonant coupling WPT technique and sensor motes
in WSN is shown. The experiment aims to prove that the magnetic resonant coupling WPT

technique can deliver energy power to sensor motes.
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4.3 Data collection

The data collection method can be divided into two mains, based on the sources: the
primary source and the secondary source. Firstly, the primary source of data is collected by
the researchers themselves, e.g. a questionnaire or interviews with the specialists, or
observation from the experiments (Driscoll, 2011). Secondly, the secondary source of data is
the information that has already been produced, which may be contemporary or historical, for
example, journal articles, textbooks, previous research, conference proceedings, reports,

government publications, diaries and web information (Burton, 2007).

This study uses both of the data collection sources, which the data from primary
source from the experiment and the secondary source of data from researching or

investigating the documents mentioned above.

4.4 Experimental design

In this research demonstrates the WPT in the WSN system by using the magnetic
resonant coupling mechanism in order to charge the power from the source coil to the
receiver sensors, which is the most suitable power management method for the WSN, as
explained in Chapter 3. This experiment is modelled for the basic understanding of the WPT
method in the WSN system focused on the coupling resonant frequency from the signal
source coil to the load receiver. It is designed by applying one signal generator (source)
supplying power wirelessly to the illuminated LED (load) through the magnetic resonant

coupling.

For this experiment, the researcher intends that the signal generator is an energy
source for powering the sensor motes; the LED is used instead of a sensor mote, illustrating
that this alternative technique may transfer the energy to sensor nodes in order to long-lived

sensor motes in WSN.

4.5 Experimental equipment

The essential equipment used in the experiment is illustrated and explained below:
1. Wire (Insulated single copper wire 24 AWG)

2. Capacitors (2 x 59pF)
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3. Resistances (1 x 10 Q and 1 x 5 Q)
4. Light Emitting Diodes (LED’s)
5. Oscilloscope

An oscilloscope is an electronic measurement tool which illustrates the visual display
of the signal waveform and also indicates the changeable signal voltage over time. An
oscilloscope has a two-dimensional plot which can show one or more signals as a function of
time (Tektronix, Inc., 2009). For this experiment, the Tektronix TDS2002C digital
oscilloscope is utilised, as shown in Figure 4.1.

M Pos: 0.000s CH1

{ Coupling
.

Figure 4.1: Tektronix TDS2002C digital oscilloscope

6. Multimeter

A multimeter is the basic measuring instrument in electronics and electrical
equipment, and comes in two types: analogue and digital. The typical multimeter gauges
voltage, current and resistance (Elliott, 2010). Nevertheless, there have multimeters for
measurement inductance and capacitance. In this study, the digital programmable multimeter
HM8012 is applied. Moreover, the researcher will also use the multimeter with inductance
measurement for establishing the inductance value of each loop coil, presented in Figure 4.2.
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(b)

Figure 4.2: (a) Digital programmable multimeter HM8012; (b) Multimeter with inductance

measurement

7. Function generator

The function generator is an electronic device that can produce a signal waveform in
various types, such as a sine wave, a triangular wave, a saw tooth wave, a square wave and a
pulse wave, with the signal frequency. However, the frequency of signal can be adjusted over
a wide range (Bakshi et al., 2008). For this model, the function generator HM8030-6 is used,
as shown in Figure 4.3.
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Figure 4.3: Function generator HM8030-6

4.6 Implementation and experimental process

Following the design and the theories presented in Chapter 3, the implementation of

the experiment will be clarified step by step here.

Step 1: Starting with the function generator by adjusting and setting the input signal to drive
the source coil in AC sine wave waveform with the 10.5 MHz frequency, as presented in
Figure 4.4.

Figure 4.4: Function generator setting the frequency at 10.5 MHz

Step 2: Creating a source coil, a primary coil, a secondary coil, and a load coil. The
researcher defines the source coil and load coil as having three turns, whereas the primary
coil and secondary coil have seven turns. For all the coils, the researcher chooses to twine the
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coil to be circular with diameter of 4.5 cm, following the Table 3.1. Then each coil should be
wrapped with tape to prevent unwinding. For the edge of each coil’s end of every coil, it

should be scraped off the insulation, as shown in Figure 4.5.

Figure 4.5: The loop coil 1(source coil), loop coil 2 (primary coil or transmitter coil), loop

coil 3 (secondary coil or receiver coil), and loop coil 4 (load coil)

Step 3: Measurement of the self-inductances and parasitic resistances of all coils, especially
the self-inductance of transmitter coil (coil 2) and the receiver coil (coil 3) in order to
calculate the values of the lumped capacitors, applying the same resonant frequency for coil 2
and coil 3 by the equation (3.19).

The researcher measures the parameters of all coils using the multimeter. The
researcher utilises the digital multimeter to determine the parameters of the ohm resistance,
while the parameters of self-inductances are gauged by a multimeter with an inductance

measurement.

For this experiment, the values of the capacitors for soldering with coil 2 and coil 3
are the same values, which are 59 pF following by Equation (3.19), because the self-
inductances of coil 2 and coil 3 are the same (3.9 pH by measurement as mentioned in
Chapter 3).
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Step4: Soldering the 10 Q load resistance and LED’s in series with load coil, as shown in

Figure 4.6.

Figure 4.6: Load coil with load resistance R and LED’s

Step 5: Wrapping the source coil and transmitter coil, and the receiver coil and the load coil
together, respectively, with the distance between source coil and transmitter, and receiver coil

and load coil are 2 mm, as presented in Figure 4.7.

Figure 4.7: Transmitter part and receiver part
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Step 6: Testing the model by setting the receiver part and transmitter part away from each
other 5 mm; then, sliding every 5 mm and observing the light of the LED. As shown in

Figure 4.8, the transmitter part was approximately 3.5 cm from the receiver part.

G

Figure 4.8: The over all of the experiment

4.7 Measurement methodology and process

After the model of the experiment is complete, the testing and measurement of this
system is illustrated below. However, the researcher takes the LEDs off for ease of measuring

and collecting the data.

4.7.1 Oscilloscope

The oscilloscope is a tool for measuring the voltage and time by observing the signal
which can be displayed the signal in the figure of a waveform on the screen. Moreover, it can
measure and show the signal frequency of the model. For this experiment, the data is

60



collected from the oscilloscope. This section will briefly describe the operation of the

oscilloscope, the use of the oscilloscope, and reading the values from the oscilloscope.

4.7.1.1 Feature and function of knobs on oscilloscope

The knobs on an oscilloscope which have mainly been used for this experiment are

illustrated. Additionally, the functions and applications of each knob are explained in Figure

4.9.

M Pos: 0.000s CH1

i Coupling
| AC

Iiiv/By M 5.00ns
1-Dec~15 23:02

Figure 4.9: Oscilloscope

a. PROBE COMP: For test the oscilloscope probe

b. CH 1: Input signal channel 1

c. CH 2: Input signal channel 2

d. VOLTS/DIV: Switch to select attenuation of the input signal of CH1 and CH2

e. SEC/DIV: Switch to select the time of the input signal

f. POSITION for VERTICAL.: Control of the graph along the vertical axis for CH1 and

CH2, which is normally adjusted to be the centre of the screen

POSITION for HORIZONTAL: Control the graph along the horizontal axis
h. AUTOSET: Press for automatically re-establishing the settings and displaying the

input signal
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4.7.1.2 Measurement techniques of oscilloscope

As mentioned above, the oscilloscope is the instrument for the measurement of
voltage in a function of time which it can be explained from the waveform of the signal on
the screen by the x-y mode of operation. The screen is divided into divisions, with the
horizontal axis is instead of voltage, whilst the vertical axis replaces time, as can be seen

from Figure 4.10.

First of all, the probe of the oscilloscope should be tested in order to establish the
most accurate value on the voltage measurement; therefore the user should calibrate or
compensate the probe before using the oscilloscope by connecting the probe into the ‘probe
comp’ and ground, then adjusting it until there is a smooth signal (a square wave with a flat
top) by pressing the ‘auto set’ button. However, the oscilloscope probe should be re-

compensated before using every time.

>

— T

va\rg rms l
» v # upk-pk

Volume

Time

Figure 4.10: Common voltage sine wave parameters

(Agilent Technologies, Inc., 2013.)

From the Figure 4.10, Vi« IS peak-to peak voltage, Vi is peak voltage, Vag means
the average of all one full cycle waveform, and Vs is instead of the rms value of AC voltage
which rms abbreviates root-mean-square. The formula of Va4 and Vs are presented in
equations (4.1) and (4.2), respectively (Knight, 2013). The time period (t) is related to the
frequency (f), which is defined as the number of cycles performed per second, as indicated in

the formula (4.3).
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v 2 (4.1)

k—pk
avg = pnp = pkE: kaO.637
Vpk—pk Vpk (4.2)
= ———=—= V,, X0.707
rms 2\/5 \/E pk
1 4.3
f

4.7.2 Measurement of the voltage source

For measurement of the voltage source, the voltage source is discharged from the
function generator by connecting it to the oscilloscope. The researcher chooses the resistance

1 Q (Reense 0) and measures the voltage across the resistor (Vsense 0), @s shown in Figure 4.11.

I +
Rs :éz
Vsense

+

-

VW
0 esuasy

Figure 4.11: the circuit for measurement voltage source

From the Figure 4.11, the formula below can be used for calculating the real voltage source
(Vs).

— (RS + Rsense_o) (4-4)

Rsense_O

S Vsense_O

4.7.3 Measurement of the current in coil 1 and the current in coil 4

Measuring and collecting the current in source coil (I1) and the current in coil 4 (14): to
find the current I, put 5 Q shunt resistance (Rg) connected in series with coil 1 and then
measure the voltage across Ro. For current I, this can be computed by measuring the voltage
across the load resistance, as presented in Figure 4.12 and Figure 4.13. Subsequently, the
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researcher gently slides the receiver part off from the transmitter every 5mm and collects the
data until the light of the LED goes off.

R1 R4

A M
= [T g | §

RO RL
AV W
(a) (b)

Figure 4.12: (a) The measure current for coil 1; (b) The measurement current for coil 4

Figure 4.13: The measurement I, and I4 in this experiment
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4.7.4 Measuring the mutual inductances

For analysis of the relation power transferred efficiency formula, the mutual
inductance M is significant. The coupling coefficient is dependent on the function of the
distance. However, for this experiment, the researcher sets the distance between the source
coil and transmitter coil, and between the receiver coil and the load coil as fixed at 2 mm;
then the researcher folds coil 1 and coil 2, and coil 3 and coil 4 together, respectively.
Therefore, the values of M1, and M3, of this experiment are constant whereas M3 depends on
the distance that the researcher measures every 5 mm apart from each other. However, the
measurement of the mutual inductance of each M can be done only between one pair of coils

at one time; hence the other coils are set to be an open circuited.

To measure the mutual inductance M, put the voltage source into source coil (coil 1)
and assume coil 2 is an open circuit where the current in the secondary coil becomes zero, as
shown in Figure 4.14. Afterwards, measure the voltage across coil 1 V1 and voltage across
coil 2 V.

R1 R2 C2
W w—l
;
L] ] +
Rs é ‘ 11 12=0
v_L1 L1 L2 v L2

+

W 1

Figure 4.14: Circuit for measurement the mutual inductance Mj,

From Figure 4.14, the equation can be written as follows:

VLl - ja)Llll (45)
Vip = joMy,14 (4.6)

Therefore, from the equations (4.5) and (4.6), M1, can be written as follows:
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_ ViaLq 4.7)

For the mutual inductance Msq4, the method for measurement is similar as Mj,. The
researcher selects to put a source into coil 4 and open circuit in coil 3, as presented in Figure

4.15. Then, the voltage across coil 3 V3 and voltage across coil 4 V4 are measured.

c3 R3 R4
I—w %
+ L J L] *
13=0 14 | ; —
v.L3 L3 L4 V_La
+

@VS

s AMA

Figure 4.15: Circuit for measurement the mutual inductance M3y

From the Figure 4.15, the circuit equation can be written as:

VL4 = j(UL4I4 (48)
Viz = joMz4l, (4.9)
Hence, the equation Mg, of this system is:

_ VL3 L4 (410)
34 VL4

The process for finding the mutual inductance M3 by measurement is by putting a
source into coil 2 and open circuit coil 3, similar to the method for measuring M;, and Maa.
For gauging the current in coil 2, the researcher puts the 10 Q resistance as sense_1 resistance
(Rsense 1), and measure the voltage of Vgense 1. The Figure 4.16 shows the circuit used to

establish the values of M3 by measurement.
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R2 R3

A
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i 1
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Figure 4.16: Circuit for measurement the mutual inductance My

As the Figure 4.16, the equation is shown:

Vsense_l = Rsense_llz (4.11)

Vi = joMysl, (4.12)
Therefore, M3 can be calculated by:

VizRsense 1 (4.13)

M _
23 . ‘V
-] 561156_1

However, the author measures M»3 from 0.5 cm to 6 cm in each 5 mm.

4.7.5 Measuring and finding the relative power transfer efficiency

For measuring the relative power transfer efficiency 7, the voltage of coil 1 and coil 4
are measured to find the current I; and 1. The relative power transfer efficiency of this

experiment shown as:

, (4.14)
(%)
— Pour _ Pr

= — X 100%
PIN PIN VSI:[COSQ

Where 8 may be measured by oscilloscope or calculated following the equation (4.15).

wliy (4.15)

6= tan"1(
Ry
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Chapter 5 — Results and analysis

5.1 Introduction

This chapter examines and represents the results of the experiment and provides data
analysis. All the data from the experiment is given here. Moreover, this section will compare

the information from the measurement and the theory calculation.

5.2 The results

The researcher designed the signal source with a sine wave at the frequency of 10.5
MHz. The voltage source can be measured by using an oscilloscope, which the input voltage

shows in the Figure 5.1.

Trig’i M Pos: 0,000s AUTOSET

EPK-PK 528V ICyeRMS Jesay o] | Undo
FPerigd 9500ns @  © I Freq10.53MHz © ¢ Autoset

i CH2 100my M 50.0ns CHZ 7 -2.30mv

Figure 5.1: The voltage input source

From Figure 5.1, the measured voltage of Vense o IS 524mV k. Therefore, following
the equation (4.4), Vs is 0.524 = 26.5 V.pk. Following the equation (4.2), the voltage source

All parameters of each coil are summarized in the Table 5.1 by measurement and
calculation from the equations (3.9), (3.16), (3.17) and (3.19), which the self-inductance of
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each coil (L) in pH, the ohm-resistance of each coil (R) in Q, the lumped capacitance (C) in
pF, and Q-factor with loaded of all coils at 10.5 MHz. The load resistance uses 10 €,
measurement R is 9.7 Q; and the resistance of 5 Q (Rg) putting in a source coil for
calculating the current in coil 1, while measurement Ry is 4.6 Q.

Coil (Antenna) L R C Q-factor
MH) | @ | (pF) | (loaded)
Power coil Measurement | 0.6 0.2 - 0.725
(Loop coil 1) Calculation | 0.81 | 0.2157 - 0.971
Transmitter coil Measurement | 3.9 0.5 59 5145.928
(Loop coil 2) Calculation | 4.03 | 0.502 57 5296.275
Receiver coil Measurement | 3.9 0.5 59 5145.928
(Loop coil 3) Calculation | 4.03 | 0.5068 57 5296.275
Load coil Measurement | 0.6 0.2 - 4.072
(Loop coil 4) Calculation | 0.81 | 0.2157 - 5.33

Table 5.1: The summary of all parameter values for this experiment

From R, L and C parameters in Table 5.1, the impedances of each coil can be

computed by equations (3.5) and (3.7):

Zi1 = R+ Ry+ Ry + jwL; =548 +39.584j = 67.6 235.842 Q (5.1)
. 1

Zzzz R2+ ](DLZ + E:RZ:O'SQ
. 1

Zg3= R3+ ](A)Lg + E:R3:O.SQ

Zyo= R, +Ry+ jwL, =9.9+39.584] =40.8 275.958 Q
From the experiment, the researcher found the light of the LED off in the distance at
approximately 3.5 to 4 cm away from the transmitter coil to the receiver coil. However, the

LED gradually light up until the length about 1.5 cm to 2 cm, the LED light is brightest, and
then the brightness gently dimmed until the light disappeared.
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Figure 5.2: The example of the experiment with LED’s light at 3.5 cm between the

transmitter coil and the receiver coil

Hence, the data is gathered from the distance dy3 from 0.5 cm to 6 cm at each 5 mm.
However, the researcher collected the output voltage across the load coil (V) and the voltage
across Vo by using an oscilloscope in order to find the currents in coil 1 and coil 4. The

results of voltage Vy and V| at each 5 mm are illustrated:
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At d23 0.5cm:
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Figure 5.3: The voltage V, across Rg is shown in yellow graph, whereas blue graph presents
as the voltage V| at the distance dy3 of 0.5 cm

Atdy; 1 cm:

Trig’d M Pos: 0.000s AUTOSET
+

/!
.
\/ \V

PK-PK3DBY 1T I Cye AMS 105V Undo
Period 3580ns ©  ° - Freq 10.44MHz ° Autoset

H1 1.00¥  CHZ2 S00mY M 50.0ns CH1 ./ -64.2mV

Figure 5.4: The voltage V, across Rq is shown in yellow graph, whereas blue graph presents
as the voltage V| at the distance dy3 of 1 cm
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At d23 1.5 cm:
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Figure 5.5: The voltage V, across Rq is shown in yellow graph, whereas blue graph presents

as the voltage V| at the distance dy3 of 1.5 cm

At dy; 2 cm:

Trig'd M Pos: 0.000s AUTOSET
+

e Rms v
: : - Freq 10.50MHz - :
CH2 500mY M 50.0ns CH1 /7 -64.2mY

Figure 5.6: The voltage V, across Rq is shown in yellow graph, whereas blue graph presents

as the voltage V| at the distance dy3 of 2 cm
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At d23 25cm:
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Figure 5.7: The voltage V, across Rg is shown in yellow graph, whereas blue graph presents

as the voltage V| at the distance dy3 of 2.5 cm

At dy; 3cm:
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Figure 5.8: The voltage V, across Rq is shown in yellow graph, whereas blue graph presents
as the voltage V| at the distance dy3 of 3 cm
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At d23 3.5cm:
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Figure 5.9: The voltage V, across Rg is shown in yellow graph, whereas blue graph presents
as the voltage V| at the distance dy3 of 3.5 cm

At d»3 4 cm:
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Figure 5.10: The voltage V, across Ry is shown in yellow graph, whereas blue graph presents

as the voltage V| at the distance dy3 of 4 cm
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At d23 45cm:
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Figure 5.11: The voltage V, across R is shown in yellow graph, whereas blue graph presents
as the voltage V| at the distance dy3 of 4.5 cm
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Figure 5.12: The voltage V across Ry is shown in yellow graph, whereas blue graph presents
as the voltage V| at the distance dy3 of 5 cm
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At d23 5.5¢cm:
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Figure 5.13: The voltage V, across R is shown in yellow graph, whereas blue graph presents
as the voltage V| at the distance dy3 of 5.5 cm

At d23 6 cm:
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Figure 5.14: The voltage V, across Ry is shown in yellow graph, whereas blue graph presents
as the voltage V| at the distance dy3 of 6 cm
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The data of the voltages through the loads R and Ro, collected at every 5 mm as
presented from Figure 5.3 to Figure 5.14, are shown in Table 5.2 by V,and V| in voltage
peak to peak, and peak voltage.

Distance (d,s) Vo Vi

Vopk-pk Vopk VL pk-pk Vi pk
0.5cm 1.5 0.75 2.6 1.3
1.0cm 1.5 0.74 3.08 1.9
1.5cm 1.56 0.78 3.56 1.78
2.0cm 1.6 0.8 3.44 1.72
2.5¢cm 1.65 0.825 3.28 1.64
3.0cm 1.7 0.85 2.64 1.32
3.5¢cm 1.7 0.85 2.44 1.22
40cm 1.77 0.885 1.72 0.86
45cm 1.8 0.9 1.32 0.66
5.0cm 1.8 0.9 1.16 0.58
55cm 1.8 0.9 0.8 0.4
6.0 cm 1.8 0.9 0.7 0.35

Table 5.2: Summary the voltage of load resistance (V) and voltage across Ry (Vo) vary at the
distances dy3 between the transmitter coil and the receiver coil in voltage peak-to-peak (Vpk-
pk) and in the peak voltage (Vpi) by measurement
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The current in coil 1 is needed to find the relative power transfer efficiency. As
following from the equation V = IR and Figure 4.12(a), the current in coil 1 can be

calculated by using Equation (5.2), where R0 is measured by the researcher that is 4.6 Q, and

is illustrated in Table 5.3.

N _ M (5.2)
LT R, 46
Distance (d23) I 1pk-pk (A) l1pk (A)

0.5cm 0.326 0.163
1.0cm 0.326 0.163
1.5cm 0.339 0.17
2.0cm 0.3478 0.174
2.5cm 0.359 0.18
3.0cm 0.37 0.185
3.5cm 0.37 0.185
4.0cm 0.385 0.1925
45cm 0.391 0.1955
5.0cm 0.391 0.1955
5.5cm 0.391 0.1955
6.0 cm 0.391 0.1955

Table 5.3: The current in coil 1 (1) varies at the distances d,3 between the transmitter coil and

the receiver coil by measurement
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The relative power transfer efficiency can be calculated by following the equations
(4.14) and (4.15) using the data from Tables 5.2 and Table 5.3. However, from the formula
(4.15), the angle of current in coil 1 I; is 35.842. Therefore, the relative power transfer
efficiency (P /P\n) from this experiment is represented in Table 5.4.

Distance (d,3) The relative power The relative power transfer

transfer efficiency n efficiency 1 in percent (%)
0.5cm 0.09963 9.96
1.0cm 0.14002 14.00
1.5cm 0.17939 17.94
2.0cm 0.16341 16.34
2.5cm 0.14404 14.4
3.0cm 0.09063 9.06
3.5cm 0.07739 7.74
4.0cm 0.03693 3.69
45cm 0.02143 2.14
5.0cm 0.01667 1.67
5.5¢cm 0.00786 0.79
6.0 cm 0.00607 0.61

Table 5.4: The relative power transfer efficiency at the distances d3 between coil 2 and coil 3

by measurement

Findings Mi,, M23 and M3, can be measured by following the equations (4.5) to
(4.13).

For My,:

Following from Figure 4.14 and the equation (4.7), the results are shown in Figure
5.15.
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(b)

Figure 5.15: (a) Voltage across loop coil 1 V1; (b) Voltage across loop coil 2 V|

From the Figure 5.15 (a) and (b):
Vl_l = 19.8Vpk.pk, V|_2 = 12Vpk-pk

Hence, M, = 0.3599 uH
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For Ma,:

Following from Figure 4.15 and the equation (4.10), the results are shown in Figure
5.16.

ek __JQ Tri_g_"ruir “ MPos: 0.000s AUTOSET

IR 1 (i W e Undo
Cyc: : . A
= Freq-10.5 g Autoset ’

CH1 2.00¥%

g R Trig’d M Pos: 0,000s AUTOSET
- prETs

b CH1 , SR
[ Pk-PK 210V "= Cyt RMS 7.23V
b Period 95.40ns : - Freq-10.48MHz

CHY 8.

(b)

Figure 5.16: (a) Voltage across loop coil 3 V3; (b) Voltage across loop coil 4 V4
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From the Figure 5.16 (a) and (b):
Vi = 2:I-Vpk-pk; Viz= 12-8Vpk-pk

Hence, My, = 0.37 uH

For Mys:

For findings My; follows Figure 4.16 and the equation (4.13). The researcher
collected the data of the mutual inductance M3 from 0.5 cm to 6 cm at every 5 mm. The

results are shown the table 5.5 and in the Appendix.

Distance (dzs) Vsense_1 (Vpk-pk) Vs (Vpkepk)
0.5cm 1.6 3.84
1.0cm 1.48 2.4
1.5cm 1.42 1.46
2.0cm 1.4 1.0
2.5cm 1.37 0.68
3.0cm 1.4 0.64
3.5¢cm 14 0.52
4.0 cm 14 0.372
4.5cm 1.35 0.256
5.0cm 1.35 0.208
5.5cm 1.35 0.184
6.0 cm 1.35 0.148

Table 5.5: The voltage across Rsense 1 (Vsense_1) and voltage across inductance in coil 3 V3

vary at the distances d,3 when coil 3 is an open circuit
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Hence, following the equation (4.13) and Rsense 1 = 10 Q, the mutual inductance is
displayed in Table 5.6.

Distance (d.3) Mutual inductance M3 (uH)
0.5cm 0.364
1.0cm 0.246
1.5cm 0.16
2.0cm 0.108
2.5cm 0.0752
3.0cm 0.07
3.5cm 0.0563
4.0cm 0.0403
4.5cm 0.03
5.0cm 0.0234
5.5¢cm 0.021
6.0 cm 0.0166

Table 5.6: The mutual inductance M3 between coil 2 and coil 3 vary at the distances da3
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Therefore, the calculation of the relative power transfer efficiency 1 can be followed

the equation (3.14) by using data from above, as shown in Table 5.7.

Distance (dz3) The relative power The relative power transfer

transfer efficiency n efficiency 1 in percent (%)
0.5cm 0.05777 5.78
1.0cm 0.11565 11.57
1.5cm 0.21968 21.97
2.0cm 0.31478 31.48
2.5cm 0.34244 34.24
3.0cm 0.30231 30.23
3.5¢cm 0.25712 25.71
4.0cm 0.1659 16.59
4.5cm 0.10204 10.2
5.0cm 0.06733 6.73
5.5¢cm 0.05573 5.57
6.0cm 0.03547 3.55

Table 5.7: The relative power transfer efficiency at the distances d3 between coil 2 and coil 3
by calculation
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5.3 Discussion

From the Tables 5.4 and Table 5.7, the relative power transfer efficiency by
measurement and calculation can be plotted into the graph with the distance d,3 from coil 1 to

coil 4, as shown in Figure 5.17.

45

i3

The relative power transfer efficiency (%)

10|

R R M T T AT M T N T N T M Y

Distances d,; (cm)

Figure 5.17: The relative power transfer efficiency as a function of the distances d,3 between
coil 2 and coil 3. The circle point (¢) is the relative power transfer efficiency by

measurement, whereas the + point represents the efficiency by calculation

In the graph in Figure 5.17, the blue line with the circuit point is the direct experiment
result and the black line with the plus dot is the theory model result obtained from the
calculation and experimental extracted parameters, i.e. the mutual inductances and intrinsic
loss rates. From the graph, it can be seen that the relative power transfer efficiency by
measurement and calculation results; they are presented in the same way in both graphs.
Starting from 0.5 cm, the efficiency by measurement rises rapidly until there is a maximum
relative power transfer at around 1.5 to 2 cm, with approximately 20 percent of the
efficiency; whereas by the calculation, the relative power efficiency reaches the maximum
point at a distance of 2.5 cm, with an efficiency of about 30 percent. Over the transfer

distance of 3 cm, the line of the graph gradually declines to less than 10 percent of the
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efficiency by measurement; while the efficiency by calculation, an efficiency of less than 10

percent is reached after a distance of 4.5 cm.

Nevertheless, it can be noticed that the most experimental results of the transmitter
efficiency are lower than the values of the efficiency wireless power transfer by calculation.
The discrepancy in the results between the theory calculation and the experiment is due to it
being unable to reach the optimal operation point, meaning the non-continuous tuning of the
coupling loops between coils. Moreover, this is because the researcher neglects the mutual
inductance between coil 1 and coil 4 (M14), coil 1 and coil 3 (M13), and coil 2 and coil 4 (M.4)
for ease to calculate, since the mutual inductance of M4, Mi3 and M4 are low. However,

these mutual inductances can be put into effect for the results.

In addition, the graph can be compared with the observations of the LED light, as the
author mentioned before; the light of the LED is dim at 0.5 cm and then slightly lights up
until the light is the brightest at the distances d,3 of around 2 cm to 2.5 cm, which is the same
as the maximum point on this graph. Afterward, the light of the LED gradually dims until at
the length of distance d,3 approximately 4 cm. However, the reason that the researcher has
selected to detect the LED light is because this LED requires the voltage of 1.2 to 3.6 V with
a current rating of approximately 10 to 30 mA. This resembles the current consumption of
sensor node, where the highest consumption is around 30 mA (Crossbow Technology, 2007),
as mentioned in Chapter 2. So, if the LED light shines brightest at one point, the optimal

operation for charging sensor node is at that point.

Therefore, from the experiment, it can be concluded that the four coils with 4.5 cm
diameters can charge the sensor node through the source coil connected to the battery for the
charging node which is connected to the load coil. To summary, at the distance of 3.4 cm
from the source coil to the load coil, there is optimum transfer energy. However, there can be

a transfer of power until approximately 5.4 cm from the source to charge the sensor node.
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Chapter 6 — Conclusions, limitations and recommendations

6.1 Conclusions

The purpose of this study is to prolong the network lifespan of the sensor nodes in the
wireless sensor network (WSN) system. The researcher focuses on the various types of
alternative energy: solar energy, mechanical vibration energy, wind energy and wireless
power transmission (WPT) in order to extend the lifespan of the node sensors for as long as
possible. In this decade, the WSN has become significant, a key component in areas such as
in buildings, utilities, industry, the home, on ships, moving systems automation, aircraft,
health, transport, the environment, medical, the military, entertainment, crisis management,
security, agriculture and smart spaces, and even in warfare (Jain, 2011; Stankovic, 2006). The
WSN is used for collecting and gathering the data from measurements or is used to search for
interested information. However, it is necessary to have a battery in the nodes in a WSN that
is long life because it is hard to replace the sensor battery because the system sometimes
includes more than 100, or even 1000 sensor nodes. Normally, the standard sensor nodes use
an AA lithium battery, which has an average lifespan of approximately one year or less (Tan,
2012); this is an ongoing cost and represents a significant budget expenses if the WSN has a
large number of sensor nodes. Also, some batteries may use their power faster than others, or

may run out unexpectedly.

However, to prolong the lifetime in the WSN, there have many studies on extending
the lifespan, such as changing the operating system. Nevertheless, there is still a need to
replace the battery. Therefore, the most effective solution would be to use a source of
alternative energy for all nodes in the WSN. The main considered factor to select the most
suitable energy harvesting is powering the wireless sensor nodes by converting surrounding
energy sources as light, vibrations, wind, EM (electromagnetic) radiation and magnetic field
(magnetic inductive). This research has used a combination of the published literature and the
findings from the experiment of this study. This chapter summarises all the findings and the

analysis of this study.

The objectives of the literature review are to combine all the information in order to
identify the most appropriate alternative energy for application to the sensor nodes in WSN.

The three types of energy harvestings: solar cells or photovoltaic cells (solar energy),
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mechanical vibration (vibration or wind; by piezoelectric), and the WPT (EM radiation or

magnetic coupling resonant) can be used for WSN.

Nevertheless, the researcher selects the alternative energy source by using the
magnetic induction method known as magnetic-coupled resonant WPT technology. This
technology uses a magnetic field to transmit the power by a magnetic induction coil. This
energy harvesting method is more flexible and is possible in all conditions; it can work under
water and also when it is raining, comparing to the solar cell, which has limited capabilities
depending on the strength of the light. The WPT model is easy to configure and install with
sensor nodes. Moreover, it is worthwhile applying this energy harvesting method because the
costs of this technology are low. Hence, the alternative energy by using magnetic WPT has
become an attention and drawn a great interest from academics and companies in recent
years. The researcher therefore combines the WSN with magnetic WPT energy harvesting,
and concludes that this WPT alternative energy has the potential to power the sensor nodes in

the wireless sensor system.

The key point of using the magnetic coupled resonant WPT technique for this study is
that the power can be sent from the source to the vicinity by wirelessly in a distance.
Consequently, this WPT energy harvesting is the most suitable means for charging the sensor
nodes, using a robot handling the transmitter energy source to transfer power to the sensor
node, with overall control by a person or a computer at a distance. It can help to cut the cost

of changing the battery every year.

In this research project, the WPT method is conducted as the experiment to show that
the energy can be transmitted at a distance by sifting through the coil. The author designs
four coils for transmitting the energy from the source to the sensor nodes, which can be
divided into two parts — the transmitter part and the receiver part. The transmitter part
includes a source coil (coil 1) and a transmitter coil (coil 2), whereas the receiver part
consists of a receiver coil (coil 3) and a load coil (coil 4). The transmitter coil and the
receiver coil are connected to the capacitors to tune the same resonant. The source coil and
the load coil are adjoined to the signal source and the load, respectively.

It can be seen from the result in Chapter 5 that from coil 1 to coil 4 with the load 10
ohm at the distances of approximately 3.4 cm, the power can be transferred with maximum
efficiency. In addition, for this experiment, the power can be transmitted from the source coil

to the load coil up to a distance of around 5.4 cm.
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In conclusion, focusing on prolonging the lifespan of sensor nodes in WSN by using
alternative energy is significant. Energy harvesting by using the magnetic induction technique
called magnetic coupled resonant WPT is suitable for applying to all nodes for charging a
battery and for extending the lifespan of the WSN.

6.2 Limitations

The limitations of this study involve the experiment methodology. This research relies
on the results from the experiment; if this is designed in an alternative form, the results will
be different. The data can be altered based on the relationships between the constructs or the
coil composition, such as the type of wire for wound coils, the size of the wire, the diameter
of the coil, the shape of the coil, the number of turns, etc. In addition, the results might be
different if a different source, load or frequencies are used. However, the researcher should
study of the effects of the component tolerances, and identify and compare these using the
various types of coils, and all the conditions which may change the data and results of the

designed experiment.

Furthermore, as from the experiment and the summary of Table 5.1, it can be seen
that coil 2 and coil 3 have high Q-factor due to the high frequency as shown in Equation
(3.9). High Q-factor means high quality of the coil. However, high Q-factor increases coil
temperature. An overheating in coil could be the source of dangers for practical application.

Therefore, the researcher should pay attention and research about the effect between them.

6.3 Recommendations and future work

As previously discussed, the magnetic coupled WPT technique has attracted the
interest of both the academic and the industrial worlds. Therefore, this energy harvesting
methods continues to improve and evolve to be more efficient. The combination of other
alternative energy methods, such as using a battery source to WPT technology, causes an
improvement in the performance of WPT in order to extend the lifespan for nodes in WSN,
for example, by combining solar energy harvesting with the WPT technology by putting the
solar panel with drive battery in transmitter part. However, each type of energy harvesting
which is combines with the WPT should be suitable with a specific application, or depend on

the environment surrounding the WSN.
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In addition, the WPT can transfer the energy from one transmission to more than one
device (multiple receivers). Hence, further development will explore the characterisation,
model and analysis of this method. This improvement technique will be convenient and save
time in the charging of the WSN.
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APPENDIX

Mutual inductance between transmitter coil and receiver coil Myz has difference
values, depending on a distance between coils. The researcher collected the data every 5 mm
from 0.5 mm to 6 mm. From the Figure 4.16, the results are shown in Figure 1 to Figure 12,

and M3 can be calculated following from the equation (4.13).

At d23 0.5cm:

Tek JL M Pos: 0.000s AUTOSE |

; SN
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HT 200 CH2 50.0mV | CH1 / -535mV

Figure 1: The voltage Vsense 1 8Cross Rsense 1 is sShown in blue graph, whereas yellow graph

presents as the voltage across coil 3 V3 at the distance dy3 of 0.5 cm

From the Figure 1 and following the equation (4.13), with Reense 1 = 10 Q:

Veense 1 = 1.6Vpkpk; Vs = 3.84Vpkpk

Hence, M1, = 0.364 uH

103



Atdy; 1.0 cm:
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Figure 2: The voltage Vsense 1 8Cross Rsense_1 iS sShown in blue graph, whereas yellow graph

presents as the voltage across coil 3 V3 at the distance dy3 of 1.0 cm

From the Figure 2 and following the equation (4.13), with Reense 1 = 10 Q:

Veense_ 1 = 1.48Vpkpk; Vs = 2.4Vpkpk

Hence, My, = 0.246 uH
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At d23 1.5 cm:
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Figure 3: The voltage Vsense 1 8Cross Rsense_1 S sShown in blue graph, whereas yellow graph

presents as the voltage across coil 3 V3 at the distance dyz of 1.5 cm

From the Figure 3 and following the equation (4.13), with Reense 1 = 10 Q:

Veense 1 = 1.42Vpkpi; Viz = 1.46Vpk-pk

Hence, M1, = 0.16 uH
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Figure 4: The voltage Vsense 1 8Cross Rsense_ 1 iS sShown in blue graph, whereas yellow graph

presents as the voltage across coil 3 V3 at the distance dy3 of 2.0 cm

From the Figure 4 and following the equation (4.13), with Reense 1 = 10 Q:

Veense 1 = L.4Vpkpk; Vizs = 1.00Vpkpk

Hence, M1, = 0.108 uH
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At d23 25cm:
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Figure 5: The voltage Vsense 1 8Cross Rsense_ 1 iS sShown in blue graph, whereas yellow graph

presents as the voltage across coil 3 V3 at the distance dyz of 2.5 cm

From the Figure 5 and following the equation (4.13), with Reense 1 = 10 Q:

Veense 1 = 1.37Vpkpk; Viz = 0.68Vpk-pk

Hence, My, = 0.0752 uH
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At dy3 3.0 cm:
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Figure 6: The voltage Vsense 1 8Cross Rsense_1 S sShown in blue graph, whereas yellow graph

presents as the voltage across coil 3 V3 at the distance dy3 of 3.0 cm

From the Figure 6 and following the equation (4.13), with Reense 1 = 10 Q:

Veense 1 = 1.4V pipk; Vi3 = 0.64Vpipk

Hence, M1, = 0.0752 uH
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At dy3 3.5 cm:
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Figure 7: The voltage Vsense 1 8Cross Rsense_1 iS sShown in blue graph, whereas yellow graph

presents as the voltage across coil 3 V3 at the distance dyz of 3.5 cm

From the Figure 7 and following the equation (4.13), with Reense 1 = 10 Q:

Veense 1 = L.4Vpkpk; Vs = 0.52Vpkpk

Hence, M1, = 0.0563 uH
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At dy3 4.0 cm:
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Figure 8: The voltage Vsense 1 aCross Reense 1 1S Shown in blue graph, whereas yellow graph
presents as the voltage across coil 3 V3 at the distance dy3 of 4.0 cm

From the Figure 8 and following the equation (4.13), with Rgense 1 = 10 Q:

Vsense_l = 1-4Vpk—pk; Vi3 = 0-372\/pk—pk

Hence, M1, = 0.0403 uH
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Figure 9: The voltage Vsense 1 8Cross Rsense_ 1 S sShown in blue graph, whereas yellow graph

presents as the voltage across coil 3 V3 at the distance dyz of 4.5 cm

From the Figure 9 and following the equation (4.13), with Reense 1 = 10 Q:

Veense_ 1 = 1.35Vpkpk; Vs = 0.256Vpkpk

Hence, M1, = 0.03 uH
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At dy3 5.0 cm:
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Figure 10: The voltage Vense 1 Cross Rsense_1 1S sShown in blue graph, whereas yellow graph

presents as the voltage across coil 3 V3 at the distance dy3 of 5.0 cm

From the Figure 10 and following the equation (4.13), with Rgense 1 = 10 Q:

Veense_ 1 = 1.35Vpkpk; Vs = 0.208Vpkpk

Hence, My, = 0.0234 uH
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At d)3 5.5 cm:

M Pos: 0.000s AUTOSET

e
A
FFT

; / \ ’Ivl ‘, 1 il

’ CHA \ v

- Pk=PK 184mV Cyc RMS 58.8mY? | Undo

¢ Period 34.20ns? Freq 10.62MHz ? | Autoset

bdhd b d

CHT 200mV  CHZ S00mY MS00ns ~ CHiJZ -10.0.V

Figure 11: The voltage Vense 1 Cross Rsense_1 1S Shown in blue graph, whereas yellow graph

presents as the voltage across coil 3 V3 at the distance dy3 of 5.5 cm

From the Figure 11 and following the equation (4.13), with Rgense 1 = 10 Q:

Vsense_l = 1.35Vpk.pk, V|_3 = 0.184Vpk.pk

Hence, M1, = 0.021 uH
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At d23 6.0cm:
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Figure 12: The voltage Vsense 1 aCross Rsense_1 1S sShown in blue graph, whereas yellow graph
presents as the voltage across coil 3 V3 at the distance dy3 of 6.0 cm

From the Figure 12 and following the equation (4.13), with Rgense 1 = 10 Q:

Vsense_l = 1-35Vpk-pk; Vi = 0-:|-48Vpk-pk

Hence, M, = 0.0166 uH
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