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ABSTRACT 

 

The great innovations of the last century have ushered continuous progress in many areas 

of technology, especially in the form of miniaturization of electronic circuits.  This progress 

shows a trend towards consistent decreases in power requirements due to miniaturization. 

According to the ITRS and industry leaders, such as Intel, the challenge of managing and 

providing power efficiency still persist as scaling down of devices continues.  A variety of power 

sources can be used in order to provide power to low power applications. Few of these sources 

have favorable characteristics and can be designed to deliver maximum power such as the novel 

mini notched turbine used as a source in this work. The MiNT is a novel device that can be used 

as a feasible energy source when integrated into a system and evaluated for power delivery as 

investigated in this work. As part of this system, a maximum power point tracking system 

provides an applicable solution for capturing enhanced power delivery for an energy harvesting 

system. However, power efficiency and physical size are adversely affected by the characteristics 

and environment of many energy harvesting systems and must also be addressed. To address 

these issues, an analysis of mini notched turbine, a RF rectenna, and an enhanced maximum 

power point tracking system is presented and verified using simulations and measurements. 

Furthermore, mini notched energy harvesting system, RF rectenna energy harvesting system, and 

enhanced maximum power point tracking system are developed and experimental data analyzed. 

The enhanced maximum power point tracking system uses a resistor emulation technique and 

particle swarm optimization (PSO) to improve the power efficiency and reduce the physical size.  



viii 
 

This new innovative design improves the efficiency of optimized power management 

circuitry up to 7% compared to conventional power management circuits over a wide range of 

input power and range of emulated resistances, allowing more power to be harvested from small 

energy harvesting sources and delivering it to the load such as smart sensors. In addition, this is 

the first IC design to be implemented and tested for the patented mini notched turbine (MiNT) 

energy harvesting device. 

Another advantage of the enhanced power management system designed in this work is 

that the proposed approach can be utilized for extremely small energy sources and because of 

that the proposed work is valid for low emulated resistances. and systems with low load 

resistance Overall, through the successful completion of this work, various energy harvesting 

systems can have the ability to provide enhanced power management as the IC industry 

continues to progress toward miniaturization of devices and systems.  
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CHAPTER 1:  

INTRODUCTION 

 

Energy harvesting is a mechanism that catches and harvests of small amounts of available 

energy in the environment and then converts into usable electrical energy. This electrical energy 

can be used directly or stored for later use. This process expands the utilizations of an energy 

source in locations where there is no grid power. Excluding outdoor solar, no small energy 

sources can produce a large amount of energy. However, the energy harvested is sufficient for 

most wireless applications, RFID, body implants, and remote sensing. Also, most energy 

harvesting sources can still be used to extend the battery life even if the gathered energy is low. 

The battery is the main power source for most low power devices, such as sensors, medical 

devices, and portable devices. However, most of batteries have a limited lifetime and must be 

replaced every 5-10 years [1-4]. On the other hand, Energy harvesting eliminates the needs to 

change the batteries and could provide continuous and sustainable power for low power devices. 

Most energy harvesting systems are designed to be independent, reliable, small size, and cost-

effective. The development of energy harvesting technologies has been directed to explore the 

capability of energy harvesting sources that could harvest energy from the ambient environment. 

In the same time, it drives the trend for more applications such as remote sensing, submerged, 

portable devices, and In-vivo applications where conventional power sources are not realistic. 

Table 1.1 lists the state of the art in energy harvesting sources and their power/energy densities 

[5].   
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Table 1.1: Energy Harvesting Sources with Their Power/Energy Densities [5]. 

Energy Source Power/Energy density Comments 

Solar cell/ambient light 100μ-100mW/cm2 15-30% efficiency 

Thermal 30-50 μW/ 60-150 μ W/cm2 Low power 

Wireless radio frequency 150 mW Near a RF transmitter 

Kinetic: Blood pressure 

fluctuations 

2.4 μW Low power 

Wind 1 mW/ cm2 Average speed 

Wireless energy transfer 14 mW/ cm2 Short distances 

Ultrasonic 21.4 nW Low power 

Kinetic Foot pressure 

(Piezo) 

1 W High power 

1.1 Energy Harvesting System 

The process of energy harvesting depends on the power source, available power, load, 

and application. Any energy harvesting system includes an energy source such as wind, heat, 

hydroelectric, light, pressure, or vibration, power management circuit system, and load as shown 

in Fig.1.1. 

1.1.1 Energy Harvesting Source 

There are many of energy sources that are not exploited. These energy sources are 

available in the environment and it is not necessary to overwork to extract the energy from them 

such as wind, solar, hydroelectric, and thermal compared to non-renewable energy sources such 

as oil, gas, and fossil fuels as shown in Fig. 1.2. Unlike Oil and fuel which are limited and 

expected to end by 2050, the majority of the renewable energy sources are sustainable for almost 

unlimited time. 
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Figure 1.1:  Basic components of an energy harvesting system [1]. 

1.1.2 Power Management Circuit 

In order to harvest power from common energy sources such as turbines, thermoelectric 

generators, wind, and solar cells, every energy harvesting system requires power management 

circuit to efficiently convert, collect, store, and manage the energy from these sources into usable 

electrical energy for low power devices/circuits. Power Management technique is useful because 

it could improve the power efficiency and then eliminates the needs to change batteries. Also, 

could provide continuous and sustainable power for low power devices.  Matching network is 

needed between the energy source and the electrical load to achieve maximum power delivered 

to the load and minimum power loss. Appropriate power management circuits for load 

impedance matching and power control are available commercially in Texas instruments and 

linear technology. 
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Figure 1.2: Renewable energy sources. 

1.2 Objectives 

This research aims to leverage the capabilities of manufacturing technique to develop 

power efficient energy harvesting systems that meet the requirement of today’s accelerating 

power systems in various applications (such as medical devices, automotive, smart sensors, 

Internet of Things), where the power sources and power management circuits can be integrated 

into the system, through developing enhanced devices that are compatible with such systems. 

Also, it aims to explore energy harvesting system limitation/disadvantages and looking into 

innovative solutions to address, as well overcome these drawbacks. The developed energy 

harvesting systems should be proven using simulations and theories and then implemented and 

fabricated to validate the design. 

1.3 Organization 

This work is organized as follows. In Chapter 2 the mini notched turbine is introduced. It 

is a novel mini notched turbine that can be used as feasible energy source to meet the power 
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requirements of small embedded systems is presented with an overall volume smaller than 15 

mm
3
. The Mini notched turbine consists of two parts, the turbine casing and the rotor. Mini 

notched turbine is being prototyped and tested on a miniaturized energy generator system, which 

could be used as a green energy source that converts biomechanical energy from some kinds of 

microfluidics to electrical energy. The Mini notched turbine has increased efficiency over 

traditional turbine systems due to changes in the inclination angle of the nozzle, large hub 

diameter and blade attachment configuration that reduces vortices and increases internal 

pressure. Also, A RF rectenna that can be used as feasible energy source to meet the power 

requirements of small embedded systems is presented in Chapter 2. RF rectenna is being 

prototyped and tested on a miniaturized energy generator system, which could be used as a green 

energy source using a matching network to ensure maximum power transfer and rectifier to 

convert the energy in useful DC power to use it later for low power devices. The conversion 

efficiency of RF rectenna is 70% for load resistance equal to 400Ω compared to 75% in 

simulation results. 

Chapter 3 presents an approach for gathering near maximum power by improving the 

efficiency of DC-DC converter. Convenient power management circuits are not suitable for very 

low power energy sources due to the high power consumption of components that used in the 

system. Based on that, particle swarm optimization (PSO) technique is successfully applied to 

select proper values of inductor and on-time to minimize power consumption, improve DC-DC 

converter efficiency, and the efficiency of power management system where the converter 

efficiency is used as fitness function and inductor and on-time are chosen as optimized 

parameters. Based on this analysis the power management circuit is designed and fabricated. 
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In Chapter 4 the design process and the implementation of a mini notched turbine system 

and RF rectenna system with enhanced power management is discussed and tested.  

In Chapter 5 concludes the thesis, and suggests possible future work. 
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CHAPTER 2:   

ENERGY HARVESTING SYSTEM 

 

2.1  Introduction  

In this chapter, a novel mini notched turbine that can be used as a feasible energy source 

to meet the power requirements of small embedded systems is presented. A novel mini notched 

turbine harvester is introduced with an overall volume smaller than 15 mm
3
. The Mini notched 

turbine consists of two parts, the turbine casing and the rotor. Mini notched turbine is being 

prototyped and tested on a miniaturized energy generator system, which could be used as a green 

energy source that converts biomechanical energy from some kinds of microfluidics to electrical 

energy. The design of this novel turbine is developed with environmental and biomedical 

applications in mind [6-8]. Materials, size, and the assembling of parts are critical issues in 

design and final assembly of prototypes. In addition, bio-systems could be developed, if the 

system is built with biocompatible materials, transforming it into a bio micro turbine with the 

possibility to be used in medical devices as part of a system implanted on a living organism. 

The remainder of this chapter 2 is arranged as follows. The related background and 

motivation for the proposed mini notched turbine is provided in Section 2.2, the characterization, 

analysis, and modeling of mini notched turbine is presented in Section 2.3, prototype and 

modeling of mini notched turbine and its measurement results are presented in Section 2.4, the 

characterization, analysis, and modeling of RF rectenna is discussed in Section 2.5. 
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2.2  Background  

The great innovations of the last century have ushered continuous progress in many areas 

of technology, especially in the form of miniaturization of electronic circuits.  This progress 

shows a trend towards consistent increases in memory density, processing speed and power 

density; and towards a decrease in power requirements due to miniaturization.  It is worth noting 

that of all these, power density has seen the least improvement [7].  It is not surprising that many 

efforts are being made to rectify such disparity, since lower cost has given rise to the 

proliferation of portable electronic devices that need some form of power to operate.  Usually, 

the supply of this power is in the form of rechargeable batteries and power conditioning circuits 

that work very well together to supply the demands for power. Although this is a good solution 

for extracorporeal (outside the body) devices, it is not the optimal solution for a group of 

portable devices. This research will make it possible to integrate a power source that converts 

mechanical energy to electrical energy and uses that energy to supply most medical devices on 

account of the high power generated when compared to currently available devices.  Thus 

eliminating the need for the current approach; that is, placement of a battery inside the body, 

which will eventually be removed when its life-time has ended, subjecting the patient to 

dangerous and expensive procedures.  Table 2.1 lists the state of the art in power generators for 

energy harvesting [1, 5, 8-15].  These systems are diverse in the source of energy that they 

convert and in the method used for conversion.  But all systems convert some sort of energy 

(kinetic, thermal, solar, infra-red ultrasonic and radio frequency) into electrical energy by use of 

a transducer (piezoelectric, electromagnetic, thermoelectric, photovoltaic and resonating circuit).  

Modern turbine systems are increasingly required to satisfy needs of portable devices, medical, 

and biomedical systems [16], but the most important goal is improving environmental 
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compatibility and adaptability without detriment to their performance. There are limitations in 

the use of micro turbines when the application demands special characteristics such as constant 

pressure, input and output size and shape, total immersion in a microfluidic system, and 

adaptability to be used in different positions [7, 17]. Traditional impulse turbines, such as Pelton 

and Banki [18-21], have a fixed orientation and position, and do not require pressure around the 

rotor chamber, because the fluid jet is created by the nozzle prior to reaching blades; in general 

the fluid is in free flow after blades are impacted. To solve problems presented above, a novel 

mini notched turbine is developed. The system explained in this chapter fulfills a different 

function compared to the one found in the Banki and Pelton casings, which are used only to 

protect surroundings from water splashing [22]. The special casing and mini notched blades are 

designed to optimize the amount of fluid injected at the inlet, contain and control the pressure of 

working fluid through the turbine, and maintain volumetric pressure on the surface of blades that 

are not receiving the initial fluid stream directly.  

2.3  Mini Notched Turbine Energy Harvesting Source  

There are three fundamental components in any energy harvesting system: energy 

harvesting source, power management circuit with maximum power point tracking system in 

order to gather maximum power and deliver it to next stage, and a storage device connected to an 

electrical load as shown in Fig. 2.1.  

The harvested power coming from energy harvesting source must be converted to useful 

DC power form for either uses it directly through the connected load or charge the 

batteries/Supercapacitors. Appropriate power management circuit is needed between the Energy 

source and electrical load to achieve maximum power delivered to the load and minimum power 

loss. 
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Table 2.1: State of the Art of Energy Harvesting Sources [1, 5, and 8-15]. 

Energy Source Power/Energy 

density 

Advantages Comments 

Solar cell/ambient 

light 

100μ-100mW/cm
2 

High power 15-30% 

efficiency 

Thermal 30-50 μW/ 60-150 μ 

W/cm
2
 

- Low Power 

Wireless radio 

frequency 

150 mW High power Near a RF 

transmitter 

Kinetic: Blood 

pressure 

fluctuations 

2.4 μW Implantable Low Power 

Wind 1 mW/ cm
2
 High power and usable Average speed 

Wireless energy 

transfer 

14 mW/ cm
2
 High power Short distances 

Ultrasonic 21.4 nW No interference Low Power 

Kinetic Foot 

pressure (Piezo) 

1 W High power Human dependent 

Kinetic: Orthopedic 

implant pressure 

4.8 mW Implantable High Power 

Cardiovascular 

pressure and flow 

417 μW Tested in-vivo Low Power 

 

2.3.1 Mini Notched Turbine Energy Harvesting Source 

Great innovations of the last century have ushered continuous progress in many areas of 

technology, especially in form of miniaturization of electronic circuits.  This progress shows a 

trend towards consistent increases in memory density, processing speed and power density; and 

towards a decrease in power requirements due to miniaturization [1] 

A lot of power sources can be used in order to provide power to low power applications 

[2]. Some of them have potential characteristics and can be designed to deliver a maximum 

power like a mini notched turbine. It is a novel device that can be used for converting flow into 
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electrical energy by using electromagnetic subsystems to transform kinetic energy into 

electricity. Mini notched turbine system is shown below in Fig. 2.2.  

 

 

Figure 2.1: Overview of energy harvesting system [23, 24]. 

The process of energy extraction from the circulatory system using mini notched turbine 

is possible and this will expand the implementation options to ensure that enough power is 

obtained to use the system in medical band applications.  This is a process of integration through 

which each part of the system is coupled and optimized for maximum power transfer and 

efficiency. 

This research will make it possible to integrate a power source that converts mechanical 

energy to electrical energy and uses that energy to supply most of the wireless devices, portable 

devices and implantable medical devices on account of the high power generated when 

DC-DC 

converter

AC-DC 

converter

Sensor Node

Energy 

Storage

Energy Harvesting 

Source

Power 

Management Electrical Load

Power 

Control
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compared to currently available devices.  Thus eliminating the need for the current approach; 

that is, placement of a battery, which will eventually be removed when its life-time has ended. 

 

Figure 2.2: Block diagram illustrating proposed integrated mini notched [12]. 

2.3.1.1 CAD Design  

 

The CAD design and size of the notched turbine is completed based on fundamentals of 

adaptability, pressure, maximum flow rate, compatibility, and 3D printing capability as well as 

potential applications [25-28]. 

2.3.1.2 Rotor Design 

The turbine is a new model of impulse turbine with an immersed rotor, which 

additionally uses reaction characteristics to spin the rotor. The rotor design takes advantage of 

impulse and reaction turbine designs [29-33] where the impulse spins the turbine resulting in an 

accelerated flow and removes kinetic energy from the fluid flow. Also, the turbine is designed as 

a constant pressure turbine that requires a constant flow to work. When blades are initially 

impacted by the fluid, the direction of the fluid is changed, adding more force that contributes to 

the continuous spin of the rotor. As part of the turbine reaction benefits, the notch also assures 

more interaction between the fluid and blades because at the time of jet stream impact on the 

blade, the notch redirects the fluid and more than one blade is impacted increasing the impulse 
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force and the angular velocity of blades. Therefore, the notch not only contributes toward 

increased rotation, but also towards minimizing vortices between blades, thus, guaranteeing the 

proper circulation of the fluid inside of the rotor chamber and between blades. Blades have a 

curved profile to increase the blade surface area, which the fluid pressure acts upon. The 

geometry and rotor design is shown in Fig. 2.3.  

2.3.1.3 Overall System 

The turbine design, analysis and calculations are conducted with potential applications in 

mind. The size, shape, and other physical parameters are selected to make sure that the turbine 

design can be easily adaptable, without modifying the original physical conditions of the system. 

The inlet/outlet shapes and a scaled size of this turbine are defined for a closed micro fluidic 

system. The turbine consists of two main parts: the runner or rotor, and the holder or enclosure. 

The runner has a circular solid center where curved vertical blades are fixed, as is shown in Fig 

2.3.  The size and design make it very suitable to be developed with a prototyping machine 

system. The turbine behavior shows that a change in momentum transmits a pressure onto the 

blade surfaces and produces rotational movement of the blades [11, 12, 19, and 33]. The mini 

notched turbine has increased efficiency over traditional turbine systems due to changes in the 

inclination angle of the nozzle and large hub diameter and blade attachment vortices and 

increasing internal pressure. Therefore, the generated power of the mini notched turbine has been 

increased by 35% over traditional turbine systems under the same conditions [11, 22, 33-35]. 

Mini notched turbine approaches with commercial generator are shown with different volumetric 

sizes in Fig. 2.4. 
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Figure 2.3: Mini notched turbine design [11, 12]. 

2.4 Mini Notched Turbine Generator   

The energy source which converts the flow (air or liquid) into AC or DC power 

depending on what type of generator (AC or DC) used is investigated within the mini notched 

turbine energy harvesting system. In this work, the energy harvesting source is mini turbine with 

notched blades radius directly connected to an AC generator. The power calculations start with 

quantifying the flow power PFlow using the relationship between nozzle velocity Vn in m/s as 

shown in Fig. 2.5 below and the potentially available power in flow PFlow can be expressed as 

[11, 12, 33, and 34] 

2

2

n
Flow

QV
P


       (2.1) 

Alternatively, the power available on a rotor is evaluated using the basic mechanics 

applied in the rotational system, which states that power available is the product of the torque 

and angular speed [11, 18]. 
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 21
1 1 1 2
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QU
P T w T U X U X
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V


        (2.2) 

where TT is total torque, w is angular velocity, U1 is defined as the tangential velocity on rotor 

through the turbine, r1 is distance between the rotor axes and the furthest point of the first blade, 

and X1 and X2 are constants defined in [11]. The maximum mechanical power can be found by 

differentiating expression (2.2) and expressed as  

1 1 2

1

2 0R
n

dP
V X U X

dU
        (2.3) 

The maximum mechanical power occurs when: 

 2
1

1

2N

X
V U

X
       (2.4)  

where ρ is fluid density in kg/m
3
, (1 for water and 1.2 for air ) and Q is volume flow rate in 

ml/min. 

The hydromechanical efficiency of mini notched turbine (ηHy) is defined when the 

potential fluid energy is transformed into mechanical energy taking into consideration the losses. 

Hydro-mechanical efficiency is the ratio of the mechanical rotor power to the potentially 

available power in fluid PFlow and can be written as [8, 11, 25, and 26] 

 2

1 1 1 2

1

2

2
R

Hy

Fl w

n

o n

U X U X

P

VP

Vr



      (2.5)  

and maximum mechanical efficiency can be written as  

2

2

   

RMax T
HyMax

Flow N

P T

P V Q





       (2.6) 
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(a) 

  

(b) 

  

(c) 

  

(d) 

Figure 2.4: Different mini notched turbine approaches with volumetric size of; a) 27*27*6 

mm
3
, b) 41.8*41.8*14.1 mm

3
, c) 41*41*8.5 mm

3
, and d) 46.8*43.8*12.4 mm

3
 [12]. 
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Figure 2.5: Nozzle velocity simulation [11, 12]. 

The performance of notched turbine generator in power aspect is shown in Fig. 2.6. The 

flow power Pflow , the mechanical rotor power PR , and the transformed electrical power PE using 

AC generator. Based on calculation in [11], the experimental hydromechanical efficiency of the 

mini notched turbine is 53% (60.23% in simulation) with a 5000 ml/min flow rate and the 

maximum hydromechanical efficiency is 75% [11] 

 

 

 

 

 

Figure 2.6: Block diagram of mini notched turbine [11, 12]. 

The electrical power PE is obtained experimentally from the mini notched turbine shown 

in Fig. 2.7 using air flow over a range of flow speeds of 250-2500RPM and different flow rates. 

The power curves of the mini notched turbine are shown in Fig. 2.7 where these curves are 

calculated with different resistance loadings with three different sizes of MiNT and different 

Nozzle 

Flow  PFlow  PR  PE  

PMechanical losses PElectrical losses 

2

2

n
Flow

QV
P


  

Hydromechanical 

efficiency (ηHy) 

AC generator 

efficiency (ηA) 
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generators to clearly demonstrate the mini notched turbine characteristics. It can be easily 

observed from Fig. 2.7 that the generated electrical power ranges from 0.5 mW to 92 mW. For 

the average flow speed at 1500 RPM, the electrically power generated is 17 mW which is 

enough to power most small electronic devices. The generated power curves in Fig. 2.7. show 

that the mini notched turbine maximum generated power (maximum efficiency point) over a 

range of flow speed levels and different flow rates can be reached with optimum load impedance 

[19, 36]. 

Fig. 2.8 shows the generated power from mini notch turbine varies as a function of output 

voltage for different flow speeds and shows that, for any given flow speed, there is an optimal 

output voltage where the generated power is maximized. The output voltage of mini notched 

turbine is in the range of 0-1V and the maximum generated power is 38.8mW [19, 36]. 

Fig. 2.9 shows I-V characteristics and measurement results of the mini notched turbine 

used to calculate load impedances that maximize the generated power at different flow speeds. 

These impedances will be used later in the optimization in order to improve the total efficiency 

of the power management circuit. Generally, for any flow speed, there is an optimum value of 

load where the power generated by notched turbine is maximized. 

Mini notched turbine differs from other turbine models in three main ways. First, the 

design makes it possible for the turbine to be immersed in a dynamic fluid, and be able to work 

in different positions and orientations. Second, the preferred embodiment of the turbine rotor 

utilizes a new blade curvature and shape, in addition to a semicircular notch on the internal 

proximal edge of each blade, to aid in the fluid redirection and allows a continuous circulation of 

fluid inside the rotor chamber. Third, the casing, coupled with notched blades, optimizes the flow 

of the fluid injected at the inlet and prevents drastic alterations and changes in pressure of the 
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working fluid through the turbine, thus maintaining volumetric pressure on the surface of blades 

that are not directly impacted by the initial fluid stream. 

 
(a) 

 

 
(b) 

 

 
(c) 

Figure 2.7: Power curves of MiNT generator over a range of flow speeds and different resistance 

loadings. a) Two MiNT approaches with different speeds, b) low power range, c) high power 

range [12]. 
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Figure 2.8: Measured generated power against output voltage for two MiNT approaches [19, 36]. 

 

Figure 2.9: Measured I-V characteristics of mini notched turbine for different flow speeds [19, 

36]. 

2.5 RF Energy Harvesting Source (Rectenna) 

For many years, RF wireless harvesting systems have been investigated, but only a few of 

RF sources have been able to generate sufficient energy that can be used as feasible source for 

low power electronic devices like RF rectenna, it could provide unlimited energy for the lifespan 

of these devices [6, 24, 37-39]. 
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2.5.1 Introduction  

The need for ultra-low power for standalone embedded systems that need to operate for 

very long periods of time is growing rapidly. Requirements in this market for low power and 

long life are pushing the limits of current technologies using RF energy sources and existing 

solutions that may be applicable to low power applications. 

Therefore, new techniques and creative designs are required to meet urgent requirements 

of today’s cutting-edge low power devices.  RF energy harvesting systems are increasingly 

required to satisfy the needs of wireless systems [6], but the most important goal is improving 

environmental compatibility and adaptability without detriment to their performance. Power 

sources for biomedical applications using RF wireless harvesting systems have gained 

considerable attention recently [40-46], such as in inductive coupling [45], capacitor coupling 

[45], magneto dynamic coupling [46], and far- field radio frequency methods such as the 

rectenna. These methods can be used for longer distances applications. Rectenna currently has 

gained considerable attention to be used as power source for implantable or wireless medical 

devices. This is because the rectenna can easily be integrated with microwave integration 

circuits, has low cost, and small volume. Recently, most of the research on the design of 

implantable rectennas has focused on issues related to compact size, biocompatibility, power 

efficiency, and the life span of implantable medical devices. 

2.5.2 Background 

Far-field RF technique has been used for almost 40 years to power small systems 

remotely such as smart sensors and large systems such as unmanned aerial vehicles  [47]. In 

order to power these systems effectively using RF energy source, radiated power, a polarization 

of the RF source, and optimal line-of-sight between the transmitter and receiver should be taken 
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into consideration. The power efficiencies of most RF rectennas introduced in literature review 

have been measured using known RF sources rather than using natural RF energy to harvest 

energy [48]. Recently, some of the research on design of RF rectennas has highest conversion 

efficiency, the power efficiency is 90% in [49], 78% in [50], and 60% is achieved in [51]. 

However, these high efficiencies have been measured with high input RF power. The conversion 

efficiency of RF rectenna’s designs is listed in Table 2.2, [52]. 

A group of rectennas can be combined together in order to increase the surface area to 

increase input RF power and conversion efficiency [24, 38, 39, and 53-57]. Also, a broadband 

antenna is another good method in order to harvest energy over a wide range of RF frequencies 

[57, 58]. However, one major drawback with this method is that broadband rectennas have lower 

conversion efficiency at a given frequency compared to RF rectenna designed for specific center 

frequency. At lower input RF power levels, the conversion efficiency has been decreased due to 

the forward voltage of Schottky diodes, distance, path loss, and antenna gain. This makes it 

difficult for a rectenna design. 

2.5.3 RF Rectenna 

Great innovations of the last century have ushered continuous progress in many areas of 

technology, especially in the form of miniaturization of RF energy sources.  This progress shows 

a trend towards consistent increases in power density, and towards a decrease in power 

requirements due to miniaturization and consumption power [1]. 

 A lot of RF energy sources can be used in order to provide power to low power 

applications [2]. Most of them have potential characteristics and can be designed to deliver a 

maximum power like rectenna. It is an antenna with rectifier device can be used for converting 

electromagnetic energy into electrical energy. As shown in Fig. 2.10, Most of rectenna designs 
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consist of three basic parts: an antenna, matching network to maximize the power delivered to 

the load, and a rectifier circuit. 

The main component of the rectification process is Schottky diode which is less power 

consumption, faster switch, and less voltage drop than regular diodes. The selection of Schottky 

diode depends on forward voltage, power requirements, I-V characteristics as described in 

expression (2.7) as shown below, and maximum reverse breakdown voltage, current voltage 

characteristics is defined as [64]. In this work, the voltage doubler using two high frequency 

Schottky diodes is used. 

ID=IS [e
V

NKT-1]      (2.7) 

where ID is diode current, IS is reverse saturation current, V is forward bias voltage, K is 

Boltzmann constant, T is absolute temperature, and N is ideality factor. 

Since the rectenna will be used in future work for biomedical devices, operating 

frequency was chosen to be 2.4 GHz and the material used in antenna design could be 

biocompatibility material such as Silicon Carbide (SiC) or coated with biocompatibility material. 

In this work, the antenna was designed using Roger RO4350B material and it will be coated 

later, it is easy to integrate and fabricate and has low loss feature and this could maintain the 

power efficiency. Matching network is the next step in the design to achieve maximum power 

delivered and minimum return loss (S11) [37]. 

 

Figure 2.10: Block diagram of RF energy harvesting system. 
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Many studies have been performed on the amount of generated power from rectenna such 

as [23, 24, 38, 39, and 65] which showed the generated power range from (10µW) to (1W) but 

this power range varies with distance, path loss, antenna gain, and frequency. The efficiency of 

rectenna is measured by RF-DC ratio as shown below. 

η
RF-DC

=
P1

PRF
       (2.8) 

 

PRF=Pdensity*Ae     (2.9) 

 

Ae=
λ

2
G

4π
      (2.10) 

where Pdensity is power density, P1 is output power of rectenna, Ae is the effective area for patch 

antenna for example, λ is wavelength, and G is antenna gain. Note that the effective area of the 

patch antenna is larger than the physical area because of fringing field effect and typically it 

trimmed by 2-4% to achieve resonance at the desired frequency [37, 66]. In order to calculate the 

effective area of patch antenna, expressions (2.11-2.13) are used to calculate the actual (Lp) and 

effective (Leƒƒ) length of patch antenna [67].  

2p effL L L         (2.11) 

2
eff

e

c
L

f 
       (2.12) 
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    (2.13) 

where ΔL is the extended patch length, c is the speed of light, ƒ is the operating frequency, εe is 

the effective dielectric constant, hp is the height of the patch, and w is the width of the patch.  
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2.5.3.1 Antenna Design 

The antenna is a device that used to transmit and receive electromagnetic waves.  

Antennas were originally introduced in 1842 by Joseph Henry, Professor at Princeton, NJ.   

Henry discovered that the current in a parallel circuit has magnetic properties by sending a spark 

to a circuit. Also, Henry detected flashes away from his house after done other experiments.  In 

1875, Edison found out that the key-clicks could radiate. Later in 1885, Edison patented a 

complete communication system using different types of antennas. In 1882, A. E. Dolbear used 

similar antenna system for transmitting codes to significant ranges. In 1887, H. Hertz built an 

antenna system that could transmit and received radio waves. A balanced antenna connected to 

an induction coil was used as a transmitter. Later on, H. Hertz established the principles of 

antenna polarization [68]. 

2.5.3.2 Matching Network  

Matching network between the antenna and rectifier circuit is used to achieve maximum 

power efficiency and minimum return loss (S11). However, the input impedance of rectifier 

changes for different input power levels, because of the nonlinear I-V characteristics of diodes 

[66, 69-75].  

The nonlinear behavior of diodes impedance and characteristics of the matching network 

are commonly designed based on the specific characteristic impedance of antenna, specifically 

center frequency, and specified input power level in order to maximize the power delivered to 

the load [66, 72, 76, and 77]. Several rectifiers with known rectifying characteristics, such as 

voltage doubler could be connected in parallel at different input power levels in order to expand 

the RF applications of the rectenna [51, 78]. 
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Table 2.2: Comparison of Conversion Efficiency in Different Configurations of Rectenna [59]. 

Antenna type Input power Load 

Resistance 

(Ω) 

Frequency 

(GHz) 

Efficiency 

(%ηRF-DC) 

Reference 

Square 

aperture 

coupled patch 

10 µW-100 

µW 

8200 2.45 15.7-42.1 [40, 60] 

Patch 120mW 100 35 29  

Aperture 

coupled 

staked 

microstrip 

100 µW 9200 2.45 34 [61] 

Dipole 135mW 400 35 39  

Patch 251mW 220 2.45 40.1 [62] 

Coupled 

microstrip 

rings 

10mW/cm
3
 150 5.8 73.3  

Step dipole 100mW/cm
3
 250 5.8 76  

Microstrip 

circular sector 

antenna 

10mW 150 2.4 77.8 [50, 52] 

Patch 1µW-1W 2400 0.9-2.45 80 [50, 51] 

Dual rhombic 

loops 

2mW/cm
3
 150 5.8 82  

Dipole 50mW 327 5.8 82  

Dipoles 2.48-8.77 

mW/cm
3
 

310 2.45 & 5.8 82.7-84.4  

π-shaped 

radiator with 

a stacked and 

spiral 

structure 

12.5mW 5000 0.433 

&2.45 

86 [40, 50, and 

63] 
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The enhanced maximum power point tracking system is a good alternative method in 

order to enhance the power efficiency when the input RF power is relatively low [24, 79, and 

80]. Common passive matching networks utilized for RF energy harvesting applications include 

discrete passive networks such as LC networks, microstrip lines, and stub sections as shown in 

Fig. 2.11. The matching network was designed based on the load impedance, source impedance, 

and the specifications of Schottky diodes and then optimized using built-in optimization tool in 

Advanced Design System (ADS), DC block capacitor and smoothing capacitor were added to the 

design. Additionally, the microstrip lines were fabricated using Roger RO4350B [81], (dielectric 

constant εr= 3.48 and tangent loss tanδ= 0.0037).  

2.5.3.3 Rectifier Circuit  

One of the most important components in the rectenna RF energy harvesting system is 

rectifier circuit. Many of the researchers have demonstrated that the conversion RF-DC 

efficiency of the rectenna is influenced by the characteristics and equivalent model of the 

Schottky diodes [82-84]. A good Schottky diode is usually chosen based on low forward voltage, 

low saturation current, low parasitic inductance and capacitance, low series resistance, high 

frequency performance, lower junction resistance, and low reverse bias voltage. Schottky diode 

impedance can be determined using equivalent circuit model as shown in Fig. 2.12, where Cp and 

Lp are the diode's parasitic capacitance and inductance respectively, Rs is series resistance, Rj is 

junction resistance, and Cj is junction capacitance.  This equivalent model circuit is used for 

designing the matching network at given input power because Rj and Cj are bias dependent. 

Table 2.3 lists some commercial Schottky diodes available in the market and their parameters 

[85].  
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2.5.4 Fabricated RF Rectenna  

Fig. 2.13 shows a fabricated RF rectenna at 2.4 GHz on Roger RO4350B [81] printed 

circuit board using a milling machine. The matching network is realized with microstrip lines to 

ensure maximum efficiency and minimum power loss. Signal generator connecting to 2.4 GHz 

monopole antenna was used as a power source in order to harvest energy by RF rectenna in 

Center for Wireless and Microwave Information Systems lab at University of South Florida 

(WAMI Lab). 

 

  
 

Figure 2.11: Matching network techniques. 

The generated power curves in Fig. 2.14 show that the rectenna maximum generated 

power (maximum efficiency point) over a range of input power levels can be reached with the 

optimum load impedance. For the rectenna designed, this resistance is 400 Ω. Based on that, the 

rectenna was designed and fabricated. Fig. 2.15 shows the power measurements obtained 

experimentally from rectenna comparing with simulation results over a range of power received 

Rg

C

L

Rl

Matching Network

ZL

length



 

29 
 

by the antenna with different load impedances. It is observed that the efficiency is about 70% 

(75% simulation).  

 

Figure 2.12: Equivalent circuit model of Schottky diode. 

Good agreement between results obtained from simulation and the measurement is 

observed. The differences between the measurement results and the simulation ones could be due 

to the discontinuity effects, the connectors, the fabrication process, losses, and measurement 

errors. 

Table 2.3: Commercial Schottky Diodes [85]. 

Schottky diode Rs (Ω) Ls (nH) Cj (pF) Cp (pF) Is (µA) 

SMS7630 20 0.05 0.14 0.005 5 

SMS1546 4 1 0.38 0.07 0.3 

MA4E2054 11 N/A 0.1 0.11 0.03 

HSMS-286 6 2 0.18 0.08 0.05 

HSMS2800 30 N/A 1.6 N/A 0.03 
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Figure 2.13: Fabricated rectenna with matching network and rectifier stage. 

 

 

Figure 2.14: Simulation results of power generated by rectenna over a range of input power for 

different loads. 
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Figure 2.15: Measurement and simulation results for the efficiency of rectenna. 
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CHAPTER 3:  

OVERVIEW OF POWER MANAGEMENT CIRCUITS 

 

3.1 Introduction 

A power management system indicates the control, power efficiency, and generation of 

regulated voltages needed to operate electronic devices. Today, electronic systems require a 

power source to be combined with a power management design to enable high power efficiency.  

Switching regulators, switched capacitors, linear regulators, and voltage DC-DC/AC-DC 

converters are fundamental parts of a power management system. Recently, the design trend is 

towards bringing down the standard voltage from ±15 V to 3.3 V and 1.8V [23, 24, and 35]. This 

is because of the needs for high speed integrated circuits and nano scaled systems. Based on 

Moore’s law, the scaling of transistors used in the fabrication implies lower thermal voltages 

which indicate lower voltage bias. The availability of energy and dissipation of power in 

electronic devices and low power applications where the energy harvesting technique is used to 

provide power are not steady over time. Therefore, a power management system becomes a 

viable technique to maintain high power efficiency and minimize the energy consumption. This 

chapter presents an enhanced power management circuit design for harvesting maximum power 

from energy harvesting sources with input power in the range of milliwatts. This design 

improves the efficiency of optimized power management circuit by 7% comparing with 

conventional power management circuits over a wide range of input power, allowing harvesting 

more power from energy sources and delivering it to the load.   
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In energy harvesting systems, the performance depends on the operating conditions such 

as I-V characteristics. Therefore, the amount of maximum power harvested from the energy 

source depends on energy source profile (temperature, flow, wind,…), and load characteristics 

such as impedance. 

3.2 Maximum Power Point Tracking System 

Energy harvesting systems should be implemented in a certain way to achieve maximum 

power efficiency for any input power level at all times. When an energy source is connected 

directly without power management circuit to the load, the energy harvesting generator will 

operate on the I–V curve, but far away from maximum power tracking point (MPPT) [23, 24, 35, 

38, and 39]. 

In order to make the system operate close to MPPT point and enhance the power 

efficiency, a DC-DC converter can be integrated between the energy harvesting system and the 

load as shown in Fig. 3.1, which can operate as impedance matching between them. Also, it can 

efficiently deliver the energy to the storage device/load. These DC-DC converters are normally 

used as natural impedance matching to track maximum power point. The main idea of using 

MPPT is to track the MPP and ensure that the power management system extracts the maximum 

input power and transfer it to energy storage/load. Based on that, a methodology for optimizing 

ultralow power management circuit to improve the efficiency of DC-DC converter is proposed in 

this work, this is accomplished using particle swarm optimization technique, where the converter 

efficiency is used as the fitness function and inductor and on-time are chosen as optimized 

parameters. This design improves the DC-DC converter efficiency and the efficiency of power 

management circuit by 10%. 
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Figure 3.1: Energy harvesting system using DC-DC converter as matching impedance. 

Integrating DC-DC converter in the power management circuit of the energy harvesting 

system is to 1) step up/step down the DC voltage level coming out of the energy source in order 

to charge supercapacitor or rechargeable battery, 2) track the maximum power point (MPP) in 

order to transfer maximum power to the load by acting as matching network between the source 

and the load. There are different techniques proposed to find the maximum power point. In [ 86], 

the MPPT model is designed based on characteristics of photovoltaic systems where the 

irradiance is the key for seeking maximum power point as well as the flow speed is the key 

maximum power transfer for large-scale wind turbine [87]. Many techniques, such as an open-

circuit voltage technique [88-93], short-circuit technique [88, 94, and 95], feedback voltage and 

current technique [96, 97], differentiation technique [98, 99], sampling technique, perturbation 

and observe (P&O) technique [100-105], and conductance incremental technique [106] have 

been proposed to track maximum power point. The MPPT techniques can be divided into direct 

and indirect methods according to [88]. The direct method uses many iterations searching for the 

MPPs. However, the energy loss of the energy harvesting source that uses direct methods is high 

because of the system is constantly searching for MPP. The direct method is not suitable for mini 
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notched turbine system. The indirect methods use the parameters and data of energy harvesting 

systems in advance such as I-V characteristics of energy source, power curves of energy source 

generator for different flow rates or RF power, or the data obtained from mathematical models to 

predict the MPP. Open-circuit voltage technique, short-circuit technique, and look-up table 

technique are examples of indirect method. 

3.2.1 Resistor Emulation Technique Using DC-DC Converter 

The main concern of researchers these days is the limitation of a lifetime of the battery 

where the power consumption is the major factor that degrades the performance of low power 

applications. Therefore, the need for high power efficiency makes the research in MPPT very 

valuable as the tracking the MPP using a power management circuit usually determines the 

maximum power transfer and lifetime of the system. 

Most of the current MPPT techniques are not applicable for the mini notched turbine 

system. An enhanced MPPT technique is proposed in this chapter based on using DC-DC 

converter as natural impedance matching between the source and the load. This technique is 

called resistor emulation.  It was used for the first time by Khouzam [107] in 1993, Paing et al 

[24, 38, and 39] used this concept to design MPPT with RF rectenna.  

This approach uses the data of I-V curves and power curves plotted in Fig. 2.4, the power 

curves show the maximum power points occur when the load impedance equals to input 

impedance. In mini notched turbine and RF rectenna, the source impedance that will be used in 

MPPT design is 400 Ω. When the input impedance matches the load impedance of the mini 

notched turbine system, the harvested power (power efficiency) is always maximum for various 

flow rates. However, when the load impedance is higher/lower than the input impedance, the 

harvested power being generated goes down significantly. MPPT using resistor emulation is a 
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suitable preference to track and find the MPP and achieve the maximum power efficiency of 

energy harvesting system. 

K. Khouzam [107] presented the resistor emulation by selecting optimum parameters of 

the energy harvester and the load in order to match perfectly between them. Paing et al. in [38, 

39] proposed a boost DC-DC converter to act as resistor emulator between the source and the 

load where the selection of parameters of boost DC-DC converter is the key design for matching 

impedance to predict MPP. The proposed MPPT approach increases the power efficiency by 

10% comparing to Paing approach [38, 39], where the selection of parameters of boost DC-DC 

converter was optimized using particle swarm optimization technique to lower the power loss in 

power management circuit and enhanced power efficiency without adding more components or 

microcontroller. Moreover, the new approach minimizes the PCB footprint which is crucial in 

low power applications where the physical size is restricted. 

3.2.2 Overview of Boost DC-DC Converter 

The boost converter is a well-known DC-DC converter that produces an output voltage 

higher than an input voltage and steps down the output current. It is a switched mode converter 

where MOSFET, diode, and inductor are the primary components in boost converter as shown in 

Fig. 3.2. When the MOSFET is on, the inductor is connected directly to ground as shown below 

in Fig. 3.3, where the expressions of inductor voltage and the current through the output 

capacitor can be written as [108] 

L sV V       (3.1) 

R
c

load

V
i

R


       (3.2) 
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When the MOSFET is off, the inductor will be connected directly to the output as shown 

in Fig. 3.4, where the expressions of inductor voltage and the current through the capacitor can 

be written as  

L sV V       (3.3) 

R
c L

load

V
i i

R
        (3.4) 

 

Figure 3.2: Boost DC-DC converter configuration. 

 

Figure 3.3: Boost DC-DC converter circuit when the MOSFET is on. 

Based on the analysis in [108], the output voltage of boost converter is  

1

s
R

V
V

D



      (3.5) 

where D is the duty cycle and always less than 1. In an ideal case, the voltage across the load Vs 

increases and tends to be infinity when D increases and tends to be 1. However, the power loss of 

switches and other components limits the voltage. 
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Figure 3.4: Boost DC-DC converter circuit when the MOSFET is off [108]. 

3.2.2.1 The Discontinuous Conduction Mode 

Due to the practical behavior of switches of a boost DC-DC converter, one or more 

operation modes known as discontinuous conduction mode or critical conduction mode can 

happen. The discontinuous conduction mode happens when the ripple current in the inductor is 

large enough to change the polarity of applied voltage. In other words, the switching period is 

larger than the on-time and off- time of MOSFET as shown in Fig. 3.5 [108]. 

In first period (D1TS), when the MOSFET is on and the inductor voltage is connected to 

the source, the current coming from the source starts to flow in the inductor, based on expression 

(3.1), the inductor current is 

s L
L

V V
i

L L
        (3.6) 

In the second period (D2TS), where the MOSFET is off and the voltage across the 

inductor is the difference between the source voltage and output voltage, the diode keeps 

conducting until inductor current goes to zero. In the third period (D3TS), the inductor current is 

zero and after the third period, the cycle is repeated again. According to Fig. 3.5, the peak current 

can be expressed as [108] 

1 2
1 2

( )s s s R s
peak peak

V DT V V D T
i i

L L

 
       (3.7) 
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Figure 3.5: The waveform of inductor current [108]. 

The time where the current of the inductor is larger than zero is  

1 2 1 2( )s s sDT D T D D T         (3.8) 

where D1Ts is the period of time when the MOSFET is on and D2Ts is the period of time when 

the MOSFET is off. Based on expression (3.7), the duty cycle of the first period is  

1 2
R s

s

V V
D D

V


      (3.9) 

In order to find the input power of the boost DC-DC converter, the average input current 

is needed, the average current can be written as [108] 

1 1 2

,

( )

2
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i average

i D D
I


     (3.10) 

After substituting expressions (3.7) and (3.9) into expression (3.10), the average current 

can be written as  

2

1
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2
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     (3.11) 

The input power of the boost DC-DC converter is  

Y-
A

xi
s

X-AxisD1Ts D2Ts D3Ts0

Ipeak

(Vs-VR )/LVs/L

i(t)

Ts



 

40 
 

,*input s i averageP V I      (3.12) 

Substituting expression (3.9) into (3.10), the input power is  

2
2 1

2
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input s

R s

D T V
P V

L V V

 
  

 
    (3.13)  

Based on CMOS VLSI design for low power applications and the probability of DC-DC 

boost converter can be switched on and off to DCM mode based on the power available coming 

to the DC-DC boost converter, a switching factor will be added to input power expression where 

it is going to be between 0 and 1. So, the input power can be rewritten as [38, 39, and 108] 

2
2 1

2
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input s

R s

D T V
P V

L V V

  
  

 
     (3.14) 

3.3 MPPT with Resistor Emulation Technique Using Boost DC-DC Converter 

Energy harvesting systems should be implemented in a certain way to achieve maximum 

power efficiency for any input power level at all times. In order to make the system operate close 

to (MPPT) and enhance the power efficiency, a boost DC-DC converter can be integrated 

between which can operate as impedance matching between them. Also, it can efficiently deliver 

the energy to the storage device/load. Boost DC-DC converter is normally used as natural 

impedance matching to track maximum power point where the parameters of boost DC-DC 

converter are the main factors for calculating the power efficiency. It can be expressed as [23, 

38, and 39]. 

,

/
*100% *100%

*

output R load
converter

input s i average

P V R

P V I
       (3.15)   

The MPPT system using boost DC-DC converter design with resistor emulation 

technique is shown in Fig. 3.6. Basically, it is composed of boost DC-DC converter to transfer 
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power efficiently from source to load and control circuit. The optimum value of resistance where 

the boost DC-DC converter will work effectively is equal to input resistance of energy harvester 

source (400Ω in RF rectenna energy source). This resistance can be written using expression 

(3.12) as 

2

2

1

2s R s
optimum

input s R

V V VL
R

P D T V

 
   

 
    (3.16) 

 

Figure 3.6: Maximum power point tracking system using boost DC-DC converter 

According to expression (3.16), the optimum resistance depends on four parameters in 

order to match the input impedance to output impedance and transfer maximum power to the 

load. The particle swarm optimization technique is used to optimize and find best values of some 

of these parameters in order to achieve maximum power transfer and enhanced the power 

efficiency. The optimization process depends on the power loss models and the value of input 

resistance where higher values of input resistance mean larger solution space. 

3.3.1 Power Loss Analysis 

A detailed analysis of the power loss of boost DC-DC converter is presented. These 

power loss models include: i) conduction losses, ii) switching losses where the gate capacitance 

and output capacitance are the main factors of switching loss, and iii) control losses. The control 

losses analysis is based on the control circuit designed in [38, 39]. 
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To calculate the conduction losses of inductor where the parasitic resistance (RESR) has a 

huge impact of power efficiency of DC-DC converter, MOSFET (Ron), and the diode, the 

following expressions can be written as [35, 38, and 39]: 

, , ,*( )conduction cond L cond MOSFET cond diodeP P P P      (3.17) 

2

, , ,*cond L L rms L ESRP I R       (3.18) 

2

, , *cond MOSFET MOSFET rms onP I R     (3.19) 

1

,
2( )

F peak s S

cond diode

R S

V i DT V
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V V



     (3.20) 

where the current flowing through the inductor is [24, 38, and 39]  
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and 

1
,

3
MOSFET rms peak

D
I i       (3.22) 

where 

1s s
peak

V DT
i

L
       (3.23) 

The switching loss of MOSFET can be written as 
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2

osC

2

s s
output cap

s

V
P

T
      (3.27) 

where Qg, Qgd  and Coss are gate capacitance, gate drain capacitance, and output capacitance of 

MOSFET. The switching power after adding switching factor can be written as   

2

os( ) C
2
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s

P Q Q V V
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         (3.28) 

Note that switching loss of diode, and other losses are not considered in power loss 

analysis since they are irrelevant to the converter efficiency and relatively small [35, 38, and 39]. 

The components of boost DC-DC converter such as MOSFET, inductor, and diode must be 

chosen carefully in order to minimize the power loss and maximize the converter efficiency and 

total system efficiency. For example, the equivalent series resistance (RESR) of inductor is the 

main factor of conduction loss of the inductor and must have the lowest possible value. This 

means that the size of inductor will be quite larger.  The equivalent series resistance (RESR) of 

inductor can be expressed as [38, 39] 

12 4 10 3 6 2

, (8*10 )* (1*10 )* (4*10 )* 3909L ESRR L L L L      (3.29) 

MOSFET also should some specifications in order to minimize the power loss such as 

lower Ron, lower Coss, and lower Qg. However, increasing the size of MOSFET leads to lower Ron 

and higher Coss and Qg. So, a tradeoff between Ron and Coss should be considered to achieve 

reasonable small power loss. The Schottky diode is a better choice since it has lower forward 

voltage compared to conventional diodes. 

3.3.2 Control Circuit  

In order to implement the MPPT system using boost DC-DC converter, it is necessary to 

have a control circuit with a square wave in order to drive/control the gate of the MOSFET. This 



 

44 
 

control circuit should have the lowest power dissipation to maximize the power efficiency and 

enhance the power transfer.  

The main issue appearing during designing and implementation of a control circuit is 

how to optimize the values of components that used in DC-DC converter design to make sure 

that the power efficiency is enhanced compared to conventional MPPT with minimum physical 

space and without adding more components where the power loss is crucial. Another issue is 

matching the simulation values of components like the inductance value where these values are 

the optimum values in terms of power efficiency with the discrete available commercial 

components in the market. To make a fair comparison, the control circuit design in [38, 39] is 

used in this work where the gate of MOSFET can be driven using programmable oscillator and 

comparator as shown in Fig. 3.7. The programmable oscillator generates a square waveform to 

the gate of MOSFET to turn it on or off based on data coming from the first oscillator. The 

selection of the control circuit design components (programmable oscillator and power 

comparator) is not only to maximize the power transfer but also minimize the dissipation power 

of control circuit. 

The control circuit consists of a programmable oscillator (LTC6906) with low supply 

voltage and range of frequency up to 1 MHz, the frequency can be programmed using this 

expression [109]. 

11 100
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Figure 3.7: MPPT design using programmable oscillator and comparator [38, 39]. 

3.4 Boost Converter Configuration with PSO Technique 

The emphasis in the selection of the optimum values of boost DC-DC converter’s 

parameters in order to match the impedance between energy harvester source and the load 

parameters (D1Ts, L, and α) has been executed through an optimization technique called particle 

swarm optimization computer simulations. As a result, the power efficiency has been increased 

by 10% compared to previous design without adding any more components. Furthermore, the 

new enhanced MPPT design reduces the footprint of PCB and physical size of MPPT which is 

important in low power applications. 

3.4.1 Particle Swarm Optimization (PSO) Technique  

Particle Swarm Optimization (PSO) finds the best possible solution according to a 

predefined fitness function for a nonlinear problem by moving interacting particles and choosing 

the best solutions by comparing the particle’s best solution with the global best solution obtained 

by all particles [111]. This technique was proposed in 1995, based on analogy with biological 

swarming observed in insect swarms, bird flocks, and fish schools [112]. PSO technique is 
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capable of achieving solid, accurate, and rapid solutions to several complex optimization 

problems.  

The main idea of PSO is finding the best result or at least acceptable result for a multi-

dimensional optimization issue based on the movement of particles and interactions between 

them by comparing the best personal solution of each particle and the best global one using a 

known fitness function [111-116]. The aim of applying PSO algorithm is to have best values of L 

and D1Ts that can output maximum converter efficiency. The selection of values of the inductor 

and on time for boost converter depends on power losses, emulated resistance, input power, and 

output voltage.  

Particle swarm optimization (PSO) is a stochastic, adaptive population-based algorithm 

similar to simulated annealing and genetic algorithm. It’s a large number of searches using a 

group of particles and interactions between them and uses swarm communication and 

intelligence to achieve the goal of optimizing a problem based on fitness function [114-116]. 

Particle Swarm Optimization (PSO) finds the best possible solution according to a 

predefined fitness function for a nonlinear problem by moving interacting particles and choosing 

the best solutions by comparing the particle’s best solution with the global best solution obtained 

by all particles [111]. PSO technique is capable of achieving solid, accurate, and rapid solutions 

to several complex optimization problems. The primary idea of PSO is purchasing the best result 

or at least satisfactory result for a multi-dimensional optimization issue based on the movement 

of particles and the interactions between them by comparing the best personal solution of each 

particle and the best global one based on information of fitness function, location, and velocity of 

particles [112-113]. 
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3.4.1.1 PSO Language for MPPT 

1. Particle: is a swarm member (one bee/bird, which represents the configuration of 

maximum power point circuit design). 

2. Swarm: the whole set of particles (bees/birds, which represent the maximum power point 

circuit designs). 

3. Fitness function: the location and velocity of particles will be updated and directed into 

the global solution based on fitness function, in this research, the fitness function 

represents the power efficiency. 

4. Fitness value: it's a number returned from the fitness function describing how much is the 

goodness of the solution, the higher fitness value, the better solution. In MPPT design 

language it means the realistic values of inductor, on time, and switching factor and 

maximum power efficiency. 

5. Pbest: personal best, which is the location of the best solution. It means the location that 

has the best fitness value (best MPPT design with maximum power efficiency) 

6. Gbest: Global best, which is the location of the best solution obtained from all the swarm 

by comparing all particles’ pbests and select it, where the best solution has highest power 

efficiency (best MPPT configuration). 

7. Solution space: represents the field where the particles are allowed to search and it's 

determined by putting a maximum and minimum realistic limits allowed for the particles 

to reach [113, 114, and 116].  
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3.4.1.2 PSO Flow Chart 

PSO algorithm follows the steps below: 

1. Define the solution space: provide the parameters that need to be optimized a reasonable 

range in order to search for the optimal solution. Thus means to specify a minimum and 

maximum weight for each dimension, so particles can’t step out to reach out the solution.  

2. Define a fitness function: In this work, the fitness function represents the power 

efficiency expression to evaluate the minimum power loss and maximize the output 

power coming from MPPT circuit.             

3. Initialize random swarm position and velocity of each particle in the D-dimensional 

problem, the position of particle i is represented as Li= [li1, li2,…………., liD], and the 

velocity of particle i is represented as Vi=[vi1, vi2,………….,viD]. For a D-dimensional 

problem, the position and velocity can be represented as [117] 
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where N is the number of particles in the swarm. 

4. Particles movement and direction through solution space. Each particle moving inside the 

space solution is following these steps: 

a. Evaluate the solution found by each particle using the boundary conditions, 

fitness function, and values of parameters to get a fitness value and compare it 

with the other solutions founded. 
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b. Compare the existing solution with the pbest, and if it’s better than pbest, then 

pbest will be substituted by velocity and position of the new solution, and if not, 

then this solution is discarded. 

c. Compare the existing solution with the gbest, if the new solution is better than 

gbest, then gbest will be substituted by velocity and position of the pbest. 

d. Update the particle’s velocity based on PSO expressions  

e. Update the particle’s location based on PSO expressions [114-117] 

5. Repeating: the process is repeated for all particles staring step 4, all the positions are 

evaluated and refined to the position of best/global solutions, this approach produces a 

global best position vector and personal best position matrix as shown below [117]: 
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      (3.34) 

1 2 3[ ]DG g g g g      (3.35) 

6. Repeat step 5 until the maximum iteration is reached, or the target is achieved. Fig. 3.8 

summaries the PSO algorithm that used in MPPT design 

3.4.1.3 Velocity and Position Updates 

Particle velocity in PSO algorithm is updated according to [118-120]: 

1 1 1

1 1 2 2* * *( ) * *( )t t t t t t t t

id id d id id d d idv w v c r p l c r g l         (3.36)          

where  
t

idv  is the current velocity of particle i in d
th

 dimension, 
1t

idv 
 is the previous velocity, 

1t

idl 

:is the previous position, w  is the inertia factor [0,1], c1,c2  are user-defined constants, 
t

idp  is the 

current pbest, 
t

dg  is the current global solution, and 1

t

dr , 2

t

dr  random numbers in the range of [0, 

1] used to address the variety of the swarm. Particle position is updated according to [118-123]: 
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1 *t t t

id id idl l v t        (3.37) 

where 
t

idl is the new position, 
1t

idl 
is the previous position, t  is time step. 

3.4.2 PSO Parameters Value Selection 

The parameters used in PSO technique are listed in Table 3.1, where each parameter's 

range is also specified. 

3.4.3 Selection of L and D1Ts 

 PSO optimization technique is used to find the best value of L and D1Ts that can produce 

high converter efficiency by run simulation over expressions (3.17-3.29). The selection of values 

of inductor and on time for the design of the boost converter depends on power losses, emulated 

resistance, input power, and output voltage, the following steps should be followed: 

Table 3.1:  PSO Parameters 

Parameter Range 

Δt 1 

Inertia weight (w) 0-1 

r1, r2 0-1 

c1, c2 2.05 

Iteration numbers 1000 

Swarm size 49 

 

1. Initialize randomly the positions of the particles by providing each particle one setup of 

maximum power point tracking system in PSO algorithm. For DC-DC converter with 

emulation resistor technique: 
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2. Initialize the velocity of each particle. 

3. Initialize the personal best/global values that can be calculated using fitness function, in 

this work, the fitness function is: 
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Boundary conditions are must be considered to maintain the parameters of maximum 

power point tracking system within the permitted values. Therefore, the following conditions 

should be satisfied.
 

1. The inductance of the DC-DC converter should be within practical values and the 

requirements of the industry. 

2. The on-time of the MOSFET should be positive and within practical values. 

3.5 Simulation Results  

To demonstrate proposed work, the solution space is intended to keep parameter values 

that are used in optimization within acceptable ranges. Ranges used in this paper are listed in 

Table 3.2. After these simulations are run at minimum (50μW) and maximum (500μW) input 

power levels and minimum (50Ω) and maximum (800Ω) emulated resistances, results of 

applying PSO on expressions (3.17-3.29) are shown in Fig. 3.9, where values of optimized L and 

D1Ts of each trial are taken after 1000 iterations or until the stop criteria is satisfied. It can be 

seen that the converter efficiency changes over the range of emulated resistances where the 
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maximum converter efficiency of 90.5% is achieved and 80% is achieved for the lowest value of 

input power. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.8: Flow chart of PSO presenting MPPT configurations 
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Fig. 3.10 shows a comparison between PSO simulation results of the optimized MPPT 

and simulation results of passive MPPT [38, 39] for different values of emulated resistances (200 

and 750Ω) over an extended power input range (50 μW-500 μW). It is clear from Fig. 3.10 that 

converter efficiency using PSO optimization is higher than the converter efficiency of passive 

MPPT simulation results [38, 39] by almost 9.25% over an extended power input range (50 μW-

500 μW) and reaches up to 90.8% for Rem=1000Ω. Also, it shows that optimized converter 

configuration has 3.5% higher efficiency than adaptive MPPT results [24] and gets higher for 

higher values of emulated resistances.  

Table 3.2:  PSO Parameters Values Used in Optimization 

Parameter Range 

Emulated resistance 15-1500 Ohm 

Input power 50-500 µW, 1mW-10mW 

Output Voltage 3.2-4.20V 

Inductance 10-750µH 

On time 5-100µsec 

Diode Vd=230-270mV 

MOSFET Ron=0.344Ω, Mg=650pf, Coss=35pf 

 

Another advantage is that the proposed design can be applied for extremely low power 

sources like photovoltaic, wind power, and mini notched turbine, because the investigated work 

is valid for the low emulated resistances. Therefore, the design can be applied with power 

sources with the low load resistance. 
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The power loss calculations based on optimized selected parameters of DC-DC boost 

converter are given in Fig. 3.11 which shows a chart of the loss budget of the transistor-diode 

boost converter with the selected parameter values. The conduction power loss including diode 

loss, MOSFET loss, and inductor loss caused by equivalent series resistance dominates the total 

loss due to increasing the current as expected. 

 

Figure 3.9: Simulation at different values of Rem (50-800Ω) over Pin range (50 μW-500 μW). 

 

Figure 3.10: PSO simulation results vs. simulation results of passive MPPT [38, 39] of converter 

efficiency for Rem (200 and 750Ω) and simulation results of adaptive MPPT [24] for Rem = 1000 

Ω. 
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Figure 3.11: Power loss calculations of a DC-DC converter for input power range of (0.15-

5mW). 
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CHAPTER 4: 

IMPLEMENTATION OF ENERGY HARVESTING SYSTEM WITH ENHANCED 

MAXIMUM POWER TRACKING SYSTEM USING DC-DC BOOST CONVERTER 

AND RESISTOR EMULATION 

 

4.1 Introduction 

Validation of theory, simulations, concepts, and approaches in the scope of full energy 

harvesting systems require physical design and implementation of the energy harvester and 

MPPT system, and measurement results. To demonstrate some of the theory, concepts, and 

simulations proposed in this research, two energy harvesting systems are fabricated using mini 

notched turbine and RF rectenna. The goals of this design, implementation, and measurement 

results will be presented in this chapter. In general, it is possible to demonstrate the theory and 

concepts with commercial solutions and components which will be faster, inexpensive, and 

easier. Some of the system components introduced here such as the mini notched turbine or DC-

DC boost converter working in the maximum point tracking system requires special design and 

particular characteristics. Therefore, a full energy harvesting systems will be used in this work to 

prove the concepts and theory. A novel harvesting mini notched turbine system using fluids for 

low power devices has been proposed and proven with experimental results. Unlike the 

conventional turbines, the experimental results of mini notched turbine show that the conversion 

efficiency increased by 35%. Also, experimental results of proposed enhanced MPPT system 

show that the power efficiency increased by 7 % compared with previous research without 
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adding a microcontroller. PSO algorithm is applied in this work to minimize the power loss and 

enhance the power efficiency of power management circuit by providing the optimum values of 

DC-DC boost converter.  

In Section 4.2, the architecture and implementation of each component of the energy 

harvesting system (i.e. Mini notched turbine and enhanced MPPT) are presented. Experimental 

results of mini notched turbine system using proposed enhanced MPPT are given in Section 4.3. 

The RF rectenna system is built and implemented using enhanced maximum power point 

tracking system and presented in Section 4.4. The chapter is concluded in Section 4.5. 

4.2 Architecture of the Implemented Energy Harvesting System Design 

Energy harvesting technology is growing rapidly today regarding low power application 

and small electronic devices such as smart sensors. As the need for smaller devices and parallel 

multitasks, energy sources become smaller in size and producing less amount of power. This 

research and implementation aim to produce a model for enhanced energy harvesting systems 

with higher capabilities to provide sufficient energy to many low power devices and extend the 

battery life.  

As shown in Fig. 4.1, the energy harvesting system consists of: 1) an energy harvester 

source, 2) a unique power management circuit placed between energy harvester and load to 

ensure maximum power transfer, and 3) energy storage/ supercapacitor followed by load which 

is usually a smart sensor. 

4.3 Mini Notched Energy Harvesting System 

As was described before in chapter two, the mini notched turbine consists of two parts, 

the turbine casing and the rotor. It is being prototyped and tested on a miniaturized energy 
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generator system, which could be used as a green energy source that converts biomechanical 

energy from some kind of microfluidics to electrical energy. 

 

 

Figure 4.1: Architecture of energy harvesting system design. 

The mini notched turbine has increased efficiency over traditional turbine systems 

because of the changes in the inclination angle of the nozzle and large hub diameter and blade 

attachment vortices and increasing internal pressure, and because of that, the generated power of 

the mini notched turbine has been increased by 35% over traditional turbine systems under same 

conditions [11, 33-35]. The power curves of the mini notched turbine are shown in Fig. 2.7, 

where these curves are calculated with different resistance loadings to clearly demonstrate the 

mini notched turbine characteristics. Based on these power curves, the maximum power transfer 

is obtained when the load resistance is equal to 400 Ω. The selection of parameter values for the 

power management circuit is based on the measured input power levels, input resistance, 
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optimum resistance, and output power. According to that, a power management circuit is 

designed and implemented to minimize the power loss and maximize the power transferred to the 

load. 

To better understand the performance and operation of the proposed mini notched turbine 

system, the circuit configuration of energy harvesting system using MiNT is shown in Fig. 4.2. 

Based on the power calculations and measurement results of the mini notched turbine system 

discussed in Section 2.4 and Section 3.4, the mini notched turbine can provide up to 35% 

increment in output power. The output power could increase the capability of MiNT. 

Additionally, Enhanced MPPT is able to able to transfer 7% more power than its other power 

management system. 

 

 

Figure 4.2: Circuit configuration of energy harvesting system using MiNT [12]. 

As shown in Fig. 4.2, the mini notched turbine energy harvesting system is utilized. A 

small notched turbine with an overall volume smaller than 15 mm
3 

is used as an energy source to 

harvest and convert power from kinetic energy. The characteristics of the mini notched turbine is 

obtained experimentally with different loads and different flow rates, followed by the 
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implementation and design of an enhanced power management system to transfer maximum 

power obtained by of the MiNT to the load/energy storage. 

The mini notched turbine is built in the laboratory using a 3D printer where the cost for 

fabrication is inexpensive, and a controlled flow meter, pressure sensor, and digital multimeter 

are used in order to obtain accurate experimental results. The power curves of the mini notched 

turbine are shown in Fig. 2.7, where these curves are calculated with different resistance loadings 

to clearly demonstrate the mini notched turbine characteristics. Throughout the experimental 

procedures of the mini notched turbine, the fluid flow was kept under control using a flow meter 

controller. Based on power curves in Fig. 2.7, the power management circuit will be designed at 

optimum resistance equal to input impedance.  

4.3.1 Enhanced Power Management Circuit Using DC-DC Converter  

In order to harvest and deliver maximum power to the energy storage, a DC-DC 

converter is implemented in a way that the converter behaves as a matching network to perform 

maximum power point tracking (MPPT) resistor emulation technique. The enhanced power 

management system with control circuit is shown in Fig. 4.3. 

The control circuit as shown in Fig. 4.3 is used to keep the DC-DC converter operating in 

discontinuous conduction mode (DCM). The output coming from comparator is used to turn 

on/off the programmable oscillator in order to provide a waveform for the MOSFET and then 

maximize the power delivered. PSO optimization technique is used to find the best value of L 

and 
1 sDT  that can produce high converter efficiency by run simulation over expressions (3.17-

3.29). The selection of values of inductor and on time of MOSFET for the design of the boost 

converter depends on power losses, emulated resistance, input power, output voltage, PSO 

parameters. 
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Figure 4.3: Proposed enhanced MPPT 
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4.3.2 Experimental Results 

The mini notched turbine energy harvesting system prototype is implemented and 

fabricated as shown in Fig. 4.4, as described in Chapter two and Chapter three. Mini notched 

turbine is used here with internal resistance equal to 400Ω. Thus, the selection of parameters of 

DC-DC boost converter is optimized based on that. 

 

  
          (a)                           (b) 

Figure 4.4: Energy harvesting system; a) Enhanced power management system and b) Mini 

notched turbine [12]. 

 

The experiments and power measurements have been performed using some of the 

laboratory equipment as shown in Fig. 4.5, flow valve controller, oscilloscope, pressure meter, 

and digital multimeter, and the harvesting system prototype. 

The boost DC-DC converter parameters are optimized to ensure minimum power loss and 

maximum efficiency taking into consideration the availability the optimum values in the market. 

Consequently, these parameters are selected and boost DC-DC converter is designed using Eagle 

PCB software. 
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Figure 4.5: The test configuration to measure mini notched turbine energy harvesting 

performances [12]. 

 

The parameters are: L= 330 μH, D1Ts=12.4μs, Roptimum = 400 Ω, and input power in the 

range (50μW-15mW). To prove experimentally the analysis of resistor emulation using DC-DC 

boost converter and PSO in order to observe the behavior of enhanced maximum power point 

tracking (MPPT) for mini notched turbine energy harvesting system. Mini Notched turbine 

system using enhanced power management circuit has been designed and implemented using 

some discrete commercial components such as NMOSFET, diodes, and rechargeable lithium thin 

film battery [124],  a 3.9V, 1 mAh, and 160 μm thickness thin film battery from 

STMicroelectronics. Mini notched turbine is used here with internal resistance equal to 400Ω. 

Thus, the selection of parameters of DC-DC boost converter is optimized, selected, and designed 

based on that. The parameters are listed in Table II. 
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Table 4.1:  Enhanced Power Management Circuit Parameters 

Parameter Actual  Value 

Emulated resistance 400Ohm 

Input power 100-500 µW, 1mW-15mW 

Output Voltage 3.9V , thin film battery STMicroelectronics 

Inductance 330µH 

On time 12.4µsec 

Schottky diode 260mV (BAT43WS) 

MOSFET Si1563EDH (Vishay) 

Ron=0.344Ω, Qg=650pf, Qgd=230pf Coss=35pf 

Programmable Oscillator LTC6906, Iss=12µA 

Comparator LMC7215, Iss=0.7µA 

Rectifying Process 260mV (BAT43WS) 

 

A group of experiments were done under controlled environment inside the laboratory. 

The experimental results of the designed power management circuitry are shown in Fig. 4.6 and 

Fig. 4.7. Fig. 4.6 and Fig. 4.7 demonstrate that with the proposed power management using PSO 

and DC-DC converter with resistance emulation technique, more harvested power in the range of 

(50µW-15mW) is transferred and gathered from mini notched turbine system and delivered to 

the load. Also, the enhanced MPPT has the capability to harvest power and transfer it to the load 

even with very low input power. Also, Fig. 4.6 and Fig. 4.7 show that the power conversion 

efficiency is about 85% for 500 µW input power and reaches 90% for 15mW. 
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Figure 4.6: Power conversion efficiency of DC-DC boost converter with proposed resistor 

emulation technique for low input power range. 

 

Close agreement between measurement results obtained experimentally and simulation 

results is observed in Fig. 4.6 and Fig. 4.7. This agreement verifies the design of proposed 

enhanced MPPT. Slight difference between measured results and the simulation could be due to 

tool losses, soldering, or wire losses. 

Fig. 4.8 shows a comparison between measurement results of the proposed enhanced  

MPPT and measurement results from a passive MPPT [38, 39] and active MPPT [24] over an 

extended low power input range (200 μW-1000 μW). It is clear from Fig. 4.8 that converter 

power efficiency of enhanced MPPT is higher than the passive MPPT [38, 39] by almost 8% 

over an extended power input range (200 μW-1000 μW) and reaches up to 87% for Pin=1000 

μW. These results also show that the optimized converter configuration has 2-3% higher 

efficiency than adaptive MPPT results [24]. The results indicate more than 8% increasing in 

power conversion efficiency and harvested power by utilizing the proposed MPPT. 
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Figure 4.7: Power conversion efficiency of DC-DC boost converter with proposed resistor 

emulation technique for mild input power range. 

 

Fig. 4.9 shows a comparison between measurement results of the proposed enhanced  

MPPT and measurement results in [23] and [35] over an extended power input range (1mW-

10mW). It is clear from Fig. 4.9 that converter power efficiency of enhanced MPPT is higher 

than the adaptive MPPT in [23] and [35] by almost 2-4% over an extended power input range 

and reaches up to 88% for Pin=10 mW. The results in Fig. 4.9 indicate more than 4% savings in 

power conversion efficiency by utilizing the proposed Enhanced MPPT technique. 
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Figure 4.8: Power conversion efficiency comparison in a DC-DC converter over (200µ-1mW) 

power input range between the enhanced MPPT and MPPT in [24] and [38, 39].The power 

conversion efficiency of DC-DC converter is increased 2-7% by utilizing the proposed MPPT. 

 

 

Figure 4.9: Power conversion efficiency comparison in a DC-DC converter over (1mW-10mW) 

power input range between the enhanced MPPT and MPPT in [23] and [35].The power 

conversion efficiency of DC-DC converter is increased 2-3% by utilizing the proposed MPPT. 
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4.4 RF Rectenna Energy Harvesting System 

As was described before in chapter two, the RF rectenna consists of three parts, an 

antenna, matching network to maximize the power delivered to the load, and a rectifier circuit. It 

is being fabricated and tested using generator connecting to 2.4 GHz monopole antenna as a 

power source in order to harvest energy by RF rectenna in Center for Wireless and Microwave 

Information Systems lab at University of South Florida (WAMI Lab). The power curves of the 

RF rectenna are shown in Fig. 2.14 where these curves are calculated with different resistance 

loadings to clearly demonstrate the RF rectenna characteristics. Based on these power curves, the 

maximum power transfer is obtained when the load resistance is equal to 400 Ω. Based on that, 

the rectenna was designed and fabricated [125].  

The selection of parameter values for the power management circuit is based on the 

measured input power levels, input resistance, optimum resistance, and output power. According 

to that, a power management circuit is designed and implemented to minimize the power loss 

and maximize the power transferred to the load. 

To better understand the performance and operation of the RF rectenna energy harvesting 

system, the circuit configuration of energy harvesting system using rectenna is built and 

fabricated. Based on the power calculations and measurement results of the RF rectenna system 

discussed in Section 2.5 and Section 3.4, the power conversion efficiency of rectenna is about 

70% (75% simulation). 

4.4.1 Experimental Results 

The RF rectenna energy harvesting system prototype is implemented and fabricated as 

shown in Fig. 4.10 as described in Chapter two and Chapter three. RF rectenna is used in this 
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work where the source internal resistance equal to 400 Ω. Thus, the selection of parameters of 

matching network of RF rectenna and boost DC-DC converter is optimized based on that. 

 

 

Figure 4.10: RF rectenna energy harvesting system with enhanced MPPT. 

As shown in Fig. 2.13, The RF rectenna energy harvesting system is utilized, a small 

patch antenna with a matching network with rectifier circuit are used as an energy source to 

harvest energy. The characteristic of the RF rectenna is obtained experimentally with different 

loads and different input power coming to antenna, followed by the implementation and design 

of enhanced power management system to transfer maximum power obtained by the energy 

source to the load/energy storage. 

Since the input impedance of mini notched turbine and RF rectenna are equal, the 

enhanced MPPT that used in mini notched turbine measurement is used again in RF rectenna 

measurement with same the selection of parameters values. Therefore, a DC-DC converter is 

implemented in a way that the converter behaves as a second matching network to perform 

maximum power point tracking (MPPT) resistor emulation technique. The enhanced power 

management system with the control circuit is shown in Fig. 4.10. 
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Fig. 4.11 and Fig. 4.12 demonstrate that with the proposed power management using 

PSO and DC-DC converter with resistance emulation technique, more harvested power in the 

range of (1mW-20mW) is transferred and gathered from RF rectenna system and delivered to the 

load. Also, the enhanced MPPT has the capability to harvest power and transfer it to the load 

even with very low input power. Also, Fig. 4.11 and Fig. 4.12 show that the power conversion 

efficiency is about 86% for 1mW input power and reaches 91% for 20mW. 

Close agreement between measurement results obtained experimentally and simulation 

results is observed in Fig. 4.11 and Fig. 4.12, this agreement verifies the design of proposed 

enhanced MPPT, the differences between both measurement results and the simulation ones 

could be due to the tool losses, soldering, and wires losses. 

 

Figure 4.11: Power conversion efficiency of DC-DC boost converter with proposed resistor 

emulation technique for low input power range coming from RF rectenna. 
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Figure 4.12: Power conversion efficiency of DC-DC boost converter with proposed resistor 

emulation technique for input power range coming from RF rectenna. 

 

Enhanced power management circuit differs from other power management models in 

two main ways. First, the power efficiency of the converter has been improved by 7% for low 

range power input. Second, the PCB footprint of enhanced power management circuit has been 

reduced compared to previous models where is no need for microcontroller since it has high 

power loss and the size of a microcontroller is relatively large compared to other components 

that used in the design. Adding a microcontroller with sensing circuit to sense the maximum 

power point will improve the power efficiency but will increase the PCB footprint significantly. 

However, the power efficiency of enhanced power management circuit is improved significantly 

without adding any extra components. Furthermore, the PCB footprint is reduced. Third, the 

enhanced power management circuit has the capability to be used in different energy sources, 

different applications and for high power range. 
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4.5 Mini Notched Turbine Vs. RF Rectenna 

Based on the measurement results of the enhanced power point tracking system based on 

resistor emulation and particle swarm optimization, the enhanced MPPT shows almost same 

persistence in the converter efficiency behavior over a wide range of input power. Accordingly, 

the proposed enhanced MPPT can be advantageous for most of energy harvesting sources such 

as solar cell, wind turbines, and piezoelectric. 

Result differences between mini notched turbine and RF rectenna will be dependent upon 

the size, fabricated material, input power, source of energy and application. Both the mini 

notched turbine and RF rectenna could be used in vivo applications to deliver power to smart 

monitoring sensors such as for a glucose sensor where the mini notched turbine output depends 

on the blood flow and RF rectenna depends on electromagnetic waves. Overall, this innovative 

power management system has been proven viable for two energy sources, mini notched turbine 

and RF rectenna, and can be applicable for various other energy sources which may be 

dependent on the availability of fluid flow or electromagnetic waves, amount of power needed, 

and the application.    
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CHAPTER 5:  

CONCLUSIONS AND FUTURE WORK 

 

An understanding of how energy harvesting systems work is provided in this work, and 

moreover, this work concentrates on delivering and improving the power efficiency of a power 

management system used for the novel MiNT technology and other energy harvesting systems. 

Two fully integrated energy harvesting systems are designed, built, and tested as the final target 

of this work. More power harvested, less physical size, increased reliability, and improved 

converter power efficiency are accomplished compared to conventional energy harvesting 

systems.  

In summary, the following contributions to the field of power electronics for low power 

systems has been accomplished: i) enhanced power management of the power generated by the 

novel mini notched turbine technology, ii) expanded the capability of using the mini notched 

turbine as a sustainable energy harvesting source for low power applications by developing a IC 

to support the technology, iii) provided a tested technique to improve the power efficiency of 

enhanced power management systems by using boost converter with resistor emulation 

technique and particle swarm optimization compared to conventional power management 

systems, and iv) demonstrated that an enhanced MPPT can be applicable to most low power 

energy harvesting sources such as solar cell, wind turbines, and piezoelectric. 

A novel mini notched turbine that can be used as a feasible energy source to meet the 

power requirements of small embedded systems is presented in Chapter 2. A novel mini notched 
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turbine harvester is introduced with an overall volume smaller than 15 mm
3
. Mini notched 

turbine is being prototyped and tested on a miniaturized energy generator system, which could be 

used as a green energy source that converts biomechanical energy from some kinds of 

microfluidics to electrical energy. The design of this novel turbine is developed with 

environmental and biomedical applications [6-8, 19], in mind. Materials, size, and the 

assembling of parts are critical issues in design and final assembly of prototypes. In addition, 

bio-systems could be developed, if the system is built with biocompatible materials, transforming 

it into a bio micro turbine with the possibility to be used in medical devices as part of a system 

implanted on a living organism. The generated power of the mini notched turbine has been 

increased by 35% over traditional turbine systems under same conditions.  

An RF rectenna that can be used as a feasible energy source to meet the power 

requirements of small embedded systems is presented in Chapter 2. RF rectenna is being 

prototyped and tested on a miniaturized energy generator system, which could be used as a green 

energy source using a matching network to ensure maximum power transfer and rectifier to 

convert the energy in useful DC power to use it later for low power devices. Results demonstrate 

that the maximum converter efficiency of rectenna design is 70% for optimum RL=400Ω. In 

order to harvest the maximum power from any energy harvesting source, power management 

system is needed. However, most of the power management systems are not efficient due to 

power consumption in control circuitry. Chapter 3 presents an approach for gathering near 

maximum power by improving the efficiency of DC-DC converter. Convenient power 

management circuits are not suitable for very low power energy sources due to the high power 

consumption of components that used in the system. Based on that, particle swarm optimization 

(PSO) technique is successfully applied to select proper values of inductor and on-time to 
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minimize power consumption, improve DC-DC converter efficiency, and the efficiency of power 

management system where the converter efficiency is used as fitness function and inductor and 

on-time are chosen as optimized parameters [35, 38, 39, 126-130]. This new design improves the 

efficiency of optimized power management circuit up to 7% compared to conventional power 

management circuits over a wide range of input power and range of emulated resistances, 

allowing harvesting more power from small energy harvesting sources and delivering it to the 

load such as smart sensors. Another advantage is that the proposed approach can be applied for 

extremely low energy sources and because of that the proposed work is valid for low emulated 

resistances. Therefore it can be applied with any energy sources with the low load resistance.  

To prove and verify the analysis and simulation results, two renewable energy harvesting 

systems with proposed enhanced power management circuit are designed and built in Chapter 4. 

The emphasis of circuit design concentrates on improving the power efficiency using proposed 

enhanced MPPT method presented in Chapter 3. The optimized parameters of the design are: L= 

330 μH, D1Ts=12μs, Roptimum = 400 Ω, and input power in the range (50μW-15mW). The 

measurement results shown in Chapter 4 demonstrate that the optimized DC-DC converter 

configuration has 2-7% higher power conversion efficiency than conventional power 

management system.  

Finally, the main objectives mentioned in this work have been tested and accomplished. 

Some of this research has been published already in IEEE conferences inside USA, international 

IEEE conferences, and journals, and the rest of this research will be submitted to top-tier IEEE 

journals.  
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5.1 Future Work 

The research work introduced in this dissertation has the potential for many exciting 

applications such as smart sensor applications, implanted biomedical devices, and ultra-low 

power applications by providing solutions in places where energy sources are limited. 

Miniaturization of mini notched turbine energy system and RF rectenna would help both systems 

to be used as a feasible source for implantable medical devices. This could provide unlimited 

energy for the lifespan of implanted devices. Since the rectenna could be a potential energy 

source used for biomedical devices, the material used in antenna designs could be biocompatible 

materials such as Silicon Carbide (SiC) or antennas coated with biocompatible materials. A 4H-

SiC semi-insulating substrate is an ideal substrate for the RF rectenna because it has no 

microwave signal loss and thus possibly yielding the maximum possible antenna efficiency. A 

high dielectric constant (εr~10) semi-insulating 4HSiC semiconductor substrate could be used 

later for future work.  

The analysis of enhanced MPPT presented in Chapter 3, provides the flexibility to apply 

it to different DC-DC converters such as buck and buck-boost converters where the fitness 

function is the main expression used in particle swarm optimization.  

Further research of energy harvesting circuits could be towards flexible printed circuit 

boards where power management circuitry and smart sensors could be integrated on/under the 

energy harvesting source. This process could reduce the PCB foot print and reduce the physical 

size of the energy harvesting system  
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Appendix A: Data of Figures 4.6, 4.7, 4.11, and 4.12 

 

Table A.1: Power Conversion Efficiency of Enhanced Power Management Circuit for Low Input 

Power Range Using MiNT 

Power input 

(µW) 

Power output 

(µW) 

Power loss 

(µW) 

Simulated converter 

efficiency % 

Measured converter 

efficiency % 

50 18.04 31.96 40.8 36.08 

75 36 39 52 48 

100 56.68 43.32 64.8 56.68 

125 81.68 43.75 70.5 65 

150 105.162 44.83 74.8 70.108 

175 129.5 45.5 77.5 74 

200 149.4 50.6 79.7 74.7 

225 175.05 49.95 81 77.8 

250 197 53 82.8 78.8 

275 219.725 55.275 83.8 79.9 

300 235.2 64.8 84.76 78.4 

325 256.946 68.05 85.52 79.06 

350 283.78 66.22 86.35 81.08 

375 307.87 67.125 86.84 82.1 

400 328.429 71.57 87.36 82.107 

425 348.963 76.06 87.8 82.109 

450 374.512 75.48 88.25 83.225 

475 401.37 73.62 88.9 84.5 

500 424.65 75.35 89.3 84.93 
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Table A.2: Power Conversion Efficiency of Enhanced Power Management Circuit for High Input 

Power Range Using MiNT 

Power input 

(mW) 

Power output 

(mW) 

Power loss 

(mW) 

Simulated converter 

efficiency % 

Measured converter 

efficiency % 

1 0.867 0.1330     92.5 86.7 

2 1.7388 0.2612 93.6 86.942 

3 2.62 0.372 94.8 87.6 

4 3.488 0.512 95 87.2 

5 4.35 0.65 95.1 87 

6 5.25 0.75 95.1 87.5 

7 6.139 0.861 95.2 87.7 

8 7 0.992 95.2 87.6 

9 7.902 1.098 95.3 87.8 

10 8.78 1.22 95.4 87.8 

11 9.702 1.298 95.5 88.2 

12 10.63 1.368 95.6 88.6 

13 11.544 1.456 95.6 88.8 

14 12.54 1.45 95.6 89.6 

15 13.542 1.4577 95.7 90.282 
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Table A.3: Power Conversion Efficiency of Enhanced Power Management Circuit for Low Input 

Power Range Using RF Rectenna 

Power input 

(µW) 

Power output 

(µW) 

Power loss 

(µW) 

Simulated converter 

efficiency% 

Measured converter 

efficiency % 

200 148 52 77.5 74 

225 170.1 54.9 79.7 75.6 

250 194.5 55.5 81 77.8 

275 216.7 58.3 82.8 78.8 

300 238.5 61.5 83.8 79.5 

325 259.35 65.65 84.8 79.8 

350 281.7 68.21 85.8 80.5 

375 304.05 90.95 86.3 81.08 

400 328.4 71.6 86.8 82.1 

425 350.67 74.326 87.36 82.5 

450 372.64 77.36 87.8 82.8 

475 395 79.68 88 83.2 

500 417.5 82.5 88.25 83.5 

550 462 88 88.4 84 

600 505.2 94.8 88.9 84.2 

650 549.25 100.75 89 84.5 

700 592.9 107.1 89.3 84.7 

750 636.7 113.2 89.6 84.9 
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Table A.4: Power Conversion Efficiency of Enhanced Power Management Circuit for High Input 

Power Range Using RF Rectenna 

Power input 

(mW) 

Power output 

(mW) 

Power loss 

(mW) 

Simulated converter 

efficiency % 

Measured converter 

efficiency % 

1 0.85 0.15 92.5 85 

2 1.704 0.296 93.6 85.2 

3 2.565 0.435 94.8 85.5 

4 3.48 0.52 95 87 

5 4.25 0.75 95.1 85 

6 5.106 0.894 95.1 85.1 

7 5.964 1.036 95.2 85.2 

8 7.008 0.992 95.2 87.6 

9 7.902 1.098 95.3 87.8 

10 8.78 1.22 95.4 87.8 

11 9.68 1.32 95.5 88 

12 10.63 1.368 95.6 88.6 

13 11.18 1.82 95.6 86 

14 12.544 1.456 95.6 89.6 

15 13.53 1.47 95.7 90.2 

16 14.432 1.568 95.7 90.2 

17 15.35 1.649 95.8 90.3 

18 16.236 1.7640     95.8 90.2 

19 17.19 1.805 95.8 90.5 

20 18.16 1.84 95.8 90.8 
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Appendix B: Copyright Notices 

 
 

The following notice is for the material in Chapter 2, 3, and 4. 
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Appendix C: Glossary of Terms 

 

 

RF  Radio Frequency 

 

PSO  Particle Swarm Optimization  

 

MiNT  Mini Notched Turbine  

 

MPPT  Maximum Power Point Tracking 

 

Vn   Nozzle velocity  

 

PFlow  Available Power in Fluid  

 

TT   Total Torque,  

 

w   Angular Velocity,  

 

U1   Tangential Velocity on Rotor 

 

ρ   Fluid Density in kg/m
3
 

 

ηHy   Hydromechanical Efficiency of MiNT 

 

PR   Mechanical Rotor Power  

 

PE  Electrical Power Output of  MiNT 

 

 ID   Diode Current 

 IS   Reverse Saturation Current 

 

K   Boltzmann Constant 

 

T   Absolute Temperature 

 

N    Ideality Factor 

 

SiC   Silicon Carbide  

 

S11  Return Loss 

 

 Pdensity  Power Density 

 

 P1   Output Power of Rectenna 
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Ae   Effective Area for Patch Antenna  

 

λ   Wavelength 

 

G   Antenna Gain 

 

Lp   Actual Length of Patch Antenna 

 

Leƒƒ   Effective Length of Patch Antenna 

 

ΔL   Extended patch length,  

 

c   Speed of Light,  

 

ƒ  Operating Frequency,  

 

εe   Effective Dielectric Constant, 

 

 hp   Height of Patch Antenna 

 

εr   Dielectric Constant  

 

tanδ   Tangent Loss 

 

Cp   Diode's Parasitic Capacitance 

 

Lp   Diode's Parasitic Inductance  

 

 Rs   Series Resistance 

 

Rj   Junction Resistance 

 

Cj   Junction Capacitance  

 

P&O  Perturbation and Observe Technique 

 

D   Duty Cycle 
 

Qg    Gate Capacitance of MOSFET 

 

Coss   Output Capacitance of MOSFET 

 

RESR   Equivalent Series Resistance of Inductor 

 
t

idv    Current Velocity of Particle i in d
th

 Dimension 



 

99 
 

1t

idv 
   Previous Velocity 

 

 
1t

idl 
  Previous Position 

 

c1,c2    User-Defined Constants 

 
t

idp    Current pbest,  

 
t

dg    Current Global Solution,  

 

1

t

dr , 2

t

dr   Random Numbers in the range of [0, 1]  

 
t

idl   New Position 

 
1t

idl 
  Previous Position 

 

t   Time Step 
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