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Introduction

Throughout the years, "smart world" systems have shown a growing interest in the research field specially in medical implants, Wireless Sensor Networks (WSN) and more recently the Internet of things (IoT) where countless number of autonomous sensing devices constantly collect and react to data controlling our environment. It is estimated that by 2050, the number of interconnected devices will reach 24 billion, which means everything around us will be connected and everywhere: cars, streetlights, fitness trackers… In the meantime, the majority of the interconnected sensors are powered using conventional batteries presenting a limited lifetime that should be periodically either recharged or replaced. In other words, a human intervention for this operation is mandatory. Thus, energy autonomous technologies play an important role in these applications, as it's able to capture and store part of the unused available energy in the surrounding environment and therefore power the sensors in such smart applications resulting more efficient and cost-effective systems. In addition, these energy autonomous technologies have to meet the system requirements such as high accuracy, scale dimensions, and of course reasonable cost.

In this context, sustainable power generation converting any available kind of energy in the surrounding environment to electrical energy has emerged in the last two decades, known as energy harvesting systems. Energy harvesting circuits can be directly connected to the load, called standard circuits. These types of systems need additional electronic devices and algorithms to track and match the maximum power under all variations of input and output conditions. In the other hand, some energy harvesting circuits can be designed to charge an energy storage device such as a rechargeable battery that at its turn power the load when needed. Likewise, energy harvesting systems can be hybrid systems combining the two mentioned techniques. In other words, the energy harvester operates to feed the load and to charge the battery when no load is connected. Large scale renewable energy power generators such as photovoltaic systems (PV systems) and wind turbine are considered as forms of energy harvesting techniques. Light energy, heat and mechanical vibrations have pulled the researchers interest to a new field of research referred to Micro Energy Harvesting.

Based on these considerations and taking advantage of Micro Electro Mechanical Systems (MEMS) technology, the realization of micro energy harvester presents a solution achieving an energy autonomy with a miniaturized system requirement. Micro energy harvesters could be thermal gradient-based, mechanical motion-based and light energy-based, .... Thermal energy can be transformed to electric current using Thermoelectric Generator (TEG) due to the Seebeck effect. The Seebeck effect occurs when the two ends of a thermocouple are at different temperatures, creating a voltage difference between the two conductors. The voltage difference and the power produced are directly proportional to the temperature difference between the two conductors. In addition to thermal energy harvesting, many researchers focus on harvesting light energy from the surrounding environment of the system, that can be outdoor light, indoor or even artificial light, using photo-detectors such as photodiodes and micro-photovoltaic cells that can be either integrated in the circuit or as external component. Semiconductors photodetectors are characterized by their small size, high detection efficiency and fast detection speed making it compatible with MEMS technologies. When it comes to applications where the input optical power is greater than few mW, photovoltaic cells presents an advantage over photodiodes. As with photodiodes, the transformation from light energy into electrical energy, with the help of photovoltaic (PV) energy harvesters, is obtained through the photovoltaic effect relying on the presence of the pn junction in the semiconductor. In this context, vertical multi-junction photovoltaic cells (VMJPV cells) is a type of PV cell, silicon based made up of several miniaturized p-n junctions, presenting a relative high ratio of efficiency/cross sectional area compared to conventional photovoltaic cells and therefore a higher efficiency. A PV cell converts photons received from the optical input signal into free electrons instantly, thus the produced photocurrent is directly proportional to the incident light.

The principle of energy harvesting is applied in this thesis to a wireless bistable micro-actuator system, developed in the Roberval laboratory. The bistable micro-actuator is made up of an antagonistic pre-shaped double beams, two shape memory alloy (SMA) elements and a laser source. The laser beam is used as a contactless energy transfer source to actuate the SMA elements. At their turn, SMA elements are the transitional components to activate the bistable beams among its two stable positions. From this context, the aim of this thesis is to harvest different types of unused available energies in this system. To start with, optical energy is harvested using the photovoltaic effect transforming optical energy into electrical energy. Moreover, due to the environment heating, the difference in temperature is harvested using thermoelectric effect transforming this difference in temperature into a voltage difference.

The overall objective is to create two different playgrounds of energy harvesting in the system. The first one relies on harvesting only the optical energy. This design will be used when the micro-actuator requires an additional electrical energy without requiring high speed of actuation. However, when the speed represents a priority comparing to the electrical energy in demand, the micro-actuator switches to operate in the second playground where optical and thermal energies are harvested while the speed of actuation of the micro-actuator is higher than the first design. This thesis is composed of 5 chapters. The original contribution is to harvest the available unused energy from a bistable micro-actuator in different stages to create a microactuator able to produce its own energy to feed any interconnected sensors coupled to the system in the future or to increase the speed ("boost mode") through the parallel use of the electrical energy stored with the optical illumination to heat the SMA of a micro-actuator.

In Chapter 1, the literature review of different techniques of energy harvesting is presented with their general concepts. The techniques discussed are thermal, mechanical at its forms using piezoelectric, electromagnetic and electrostatic transducers, and finally electromagnetic radiations in the form of radio-frequency (RF) and light energy harvesting. By the end of this chapter, the aim of this thesis is recalled summarizing the objectives to be achieved.

In Chapter 2, the basic working principle of the bistable micro-actuator is explained including the buckled beam mechanism, the laser wireless actuation and the movements of the beams. Then, the principle of energy harvesting is discussed based on optical and thermal energy harvesting with the selection of the appropriate transducers.

In Chapter 3, the model of the optical energy harvesting system is presented with an experimental validation of the laser energy harvesting using the vertical multi-junction PV cell while actuating the SMA elements. Then, the optimization of the system is shown with the insertion of the MEMS active mirror to steer the laser rays onto the SMA elements. As a result, the optical energy is harvested for 50 cycles of actuation.

In chapter 4, the storage of the energy harvested is presented. Different types of microenergy storage devices are compared to select the appropriate device for this application. Once selected, the experimental validation is done charging the battery with the electrical energy harvested from the system. In Chapter 5, the mix energy harvesting system is presented where the optical and thermal energies are harvested from the system focusing on increasing the speed of actuation of the micro-actuator. The unused wasted optical energy is harvested by the photovoltaic cell. The difference of temperature of the SMA element is harvested using a thermopile transforming the difference in temperature into a voltage difference These two energies harvested from the system are combined to form a mix energetic simulated to charge a single energy storage device.

The work conducted during this thesis has led to publication at in international conference: Abi Sejaan G, Lamarque F, El Hajj N, Al Assad J, Al Hajjar H. Optical energy harvesting in a smart materials-based micro-actuator using a vertical multi-junction PV cell. In Energy Harvesting and Storage: Materials, Devices, and Applications X 2020 Apr 23 (Vol. 11387, p. 113870U). International Society for Optics and Photonics.

A journal is in preparation to be submitted to "Journal of Micromechanics and Micro engineering" entitled "Energy harvesting and storage in an optical Micro-Electro-Mechanical System based on a wireless actuation." Impact factor: 2.141 (2018).

Chapter 1 -Literature review and General concepts of Different Techniques of Energy Harvesting

Motivation

Contemporarily, the planet is suffering from severe impact due to the excessive emission of 𝐶𝑂 2 present in the air, leading to climate change and global warming. Burning fossil fuels to generate energy is one of the main causes leading to environmental issues and exhausting natural resources. At this stage, energy harvesting has been emphasized to substitute the use of fossil fuels presenting a green eco-friendly technology. The primary needs for an energy harvesting system are the presence of an energy source freely available, cost-effective and sustainable. There are numerous sources from which energy can be scavenged such as light, wind, vibration, thermal, radio frequency signals, electrostatic, electromagnetic, etc. Some of the large scale energy harvesting technologies include solar and wind presenting an ambient source freely available with no cost [START_REF] Raj | Hybrid Clean Energy Harvesting System for Low Power Applications[END_REF]. These two techniques use photovoltaic panels and wind turbines transforming respectively solar and wind energies into electricity. A large space for implementation is required presenting a high installation cost. Figure 1 (a) shows the wind farm in Tehachapi, Kern country, California having an operational capacity of 1,548 MW; known as Alta Wind Energy Centre (AWEC) [START_REF]Top 10 biggest wind farms[END_REF]. In Figure 1 (b), the Sweihan Photovoltaic Independent Power Project in UAE is shown delivering 1,177 MW [START_REF]The world's biggest solar power plants[END_REF]. Solar energy harvesting is one of the fastest-growing renewable energy source [START_REF]The world's biggest solar power plants[END_REF] that reaches a maximum efficiency of 26.7% for crystalline silicon solar cells [START_REF] Andreani | Silicon solar cells: Toward the efficiency limits[END_REF]. An application for solar energy harvesting is presented [START_REF] Goenaga-Jimenez | Exploring solar energy charge station for electric vehicles in Puerto Rico (Conference Presentation)[END_REF] in the aim of constructing a solar energy charging station for electric vehicles. In the other hand, energy harvesting has emerged strongly to power small devices in the microscale, especially with the growing demand of Internet of Things (IoT) to refine their characteristics by being self-sustainable, self-adaptable and self-configurable. IoT is a relatively new concept spread widely in the recent years in electronics, internet communication technology (ICT), house construction and logistics community. It is the cluster of modern technology based on miniature electronics devices able to gather and share data from their environments with other devices. IoT helps devices to operate and perform their different functions with little or even without human interaction. Most of the applications using energy harvesting for IoT are considered autonomous, self-powered removing main batteries power supply in low-power electronics or charging rechargeable durable micro-batteries. Different techniques used for energy harvesting, specially applied in micro scale, will be discussed in details in the next section.

Energy harvesting techniques

This part illustrates the potential energy harvesting techniques, that can be applied in the microscale including thermal, mechanical energy harvesting (piezoelectric, electrostatic and electromagnetic induction for vibration detection) and electromagnetic radiation including Radio Frequency (RF) and light energy harvesting as shown in Figure 2. Thermal energy can be transformed into electric current using Thermoelectric Generator (TEG) due to the Seebeck effect -Figure 3 [START_REF]How Thermoelectric Generators Work[END_REF]. The Seebeck effect occurs when the charges of the semiconductors move, creating a voltage difference between the two conductors subjected to different temperatures. The voltage difference and the power produced are directly proportional to the temperature difference between the two conductors [START_REF] Vullers | Micropower Generation: Principles and Applications[END_REF]. Thermoelectric generator presents many advantages; it is low in cost presenting a reliable energy source with no moving blocks. It is able to work for long hours without generating noise and releasing very low emissions [START_REF] Cook-Chennault | Powering MEMS portable devices -A review of non-regenerative and regenerative power supply systems with special emphasis on piezoelectric energy harvesting systems[END_REF]. Therefore, TEG technology is used to recycle wasted heat energy leading in a way or another to a healthier atmosphere. This energy transformation method is widely used in numerous applications such as automobile engines [START_REF] Cao | Performance enhancement of heat pipes assisted thermoelectric generator for automobile exhaust heat recovery[END_REF], [START_REF] Mostafavi | Modeling and fabricating a prototype of a thermoelectric generator system of heat energy recovery from hot exhaust gases and evaluating the effects of important system parameters[END_REF], industrial electronic devices [START_REF] Solbrekken | Thermal management of portable electronic equipment using thermoelectric energy conversion[END_REF], [START_REF] Zhou | Harvesting wasted heat in a microprocessor using thermoelectric generators: Modeling, analysis and measurement[END_REF], aerospace [START_REF] Liu | Experimental prototype and simulation optimization of micro-radial milliwatt-power radioisotope thermoelectric generator[END_REF], [START_REF] Yuan | Screen-printed radial structure micro radioisotope thermoelectric generator[END_REF], health monitoring and tracking systems [START_REF] Torfs | Body-heat powered autonomous pulse oximeter[END_REF], [START_REF] Thielen | Human body heat for powering wearable devices: From thermal energy to application[END_REF], micro self-powered wireless platforms [START_REF] Guan | Design and experimental investigation of a low-voltage thermoelectric energy harvesting system for wireless sensor nodes[END_REF], [START_REF] Al Musleh | Thermoelectric generator experimental performance testing for wireless sensor network application in smart buildings[END_REF] and biometric sensors [START_REF] Francioso | Flexible thermoelectric generator for wearable biometric sensors[END_REF]. These applications necessitate dissimilar sizes and supplying powers. Thus, TEGs are divided in two categories: large-TEGs and micro-TEGs. Large-TEGs applications are exposed to high heat range delivering an output power from several to hundreds of Watts; used in the industrial field [START_REF] Jaziri | A comprehensive review of Thermoelectric Generators: Technologies and common applications[END_REF]. Micro-TEGs is used to harvest low wasted heat and able to deliver an output electrical power from a few of µW to a few of mW [START_REF] Liu | Micro-thermoelectric generators based on through glass pillars with high output voltage enabled by large temperature difference[END_REF]. In this section, the focus in only on introducing micro-TEGs applied in different types of applications.

Figure 3: The Seebeck effect principle of a thermal energy generator [START_REF]How Thermoelectric Generators Work[END_REF] The behavior of a thermoelectric generator depends on many factors such as its Seebeck coefficient, electrical and thermal conductivity and the conditions of the surrounding environment. Where Seebeck coefficient "S" is the essential property, to examine the performance of the thermoelectric material, which is the ratio between the voltage variations over temperature, as follow [START_REF] Zabihi | Recent developments in the energy harvesting systems from road infrastructures[END_REF]:

𝑆 = ∆𝑉 ∆𝑇 (1) 
Moritz Thielen et al. [START_REF] Thielen | Human body heat for powering wearable devices: From thermal energy to application[END_REF] investigated human body heat harvesting and optimization of the whole path from body core to a wearable hardware platform using seven TEG modules. Two harvesting methods using different TEG and DC-DC converter designs are studied; the mTEG fabricated using classic fabrication technology, and the 𝜇TEG produced with microfabrication techniques. As a result, the mTEG is able to deliver up to 65% higher output power than the 𝜇TEG in a laboratory frame and up to 15% practical experimentation with various usage situations and ambient temperatures. Figure 4 shows the TEG arrangement in details.

(a) (b) (c) In 2017, Yap et al. [START_REF] Yap | Thermoelectric energy harvesting for mobile phone charging application[END_REF] harvested the human body heat using a thermoelectric module to charge a mobile phone battery. The thermoelectric energy is produced from the temperature difference between the body heat and the environment. Using a step-up converter, the energy harvested is connected to a Universal Serial Bus (USB) to charge a mobile phone. In the same context, in 2019, Vondrak et al. [START_REF] Vondrak | Using Miniature Thermoelectric Generators for Wearable Energy Harvesting[END_REF] designed and developed a self-powered wearable device by using 8 thermoelectric generators connected in series transforming the human body heat into electricity. Experiments were tested by placing the device on the forearm of three volunteers resulting an output power at 3𝜇𝑊 at rest that can be expected to double or triple during mild activity.

Guan et al. [START_REF] Guan | Design and experimental investigation of a low-voltage thermoelectric energy harvesting system for wireless sensor nodes[END_REF] designed a low-voltage thermoelectric energy harvesting system generating an output power range from tens of 𝜇𝑊 to several 𝑚𝑊. The system comprises a two-stage, self-startup, DC-DC boost converter and a maximum point tracking technique. Experiments show that the energy harvested was sufficient to run a low-power microcontroller element and a wireless sensor node. In 2019, Yadav and Azad [START_REF] Yadav | Experimental Analysis of Power Generation for Ultra-Low Power Wireless Sensor Nodes Using Various Coatings on Thermoelectric Energy Harvester[END_REF] designed a thermoelectric (TEG) module to harvest the ambient solar energy. Using three of these TEG modules, the output voltage reaches 2.28V sufficient to feed low-power wireless sensor nodes.

In addition to that, researchers studied the effectiveness of thermoelectric energy harvesting on road pavements specially in warm days, where the combination of friction caused by passing vehicles and sunlight radiation produces a hot surface. Jiang et al. [START_REF] Jiang | Energy harvesting from asphalt pavement using thermoelectric technology[END_REF] developed a novel road thermoelectric system (RTEGS) able to create electric current from the variation of the hot surface (road) and the ambient temperature. A prototype RTEGS was fabricated of dimensions 300 * 300 𝑚𝑚 2 , delivering an output voltage of 0.4V in winter season (ambient temperature of average 15 °C) and 0.65V during summer (average of ambient temperature of 28°C). Datta et al. [START_REF] Datta | Harvesting Thermoelectric Energy from Asphalt Pavements[END_REF] also harvested asphalt pavement by developing a TEG prototype (64 * 64 𝑚𝑚 2 ) generating 10 𝑚𝑊 for a period of 8h in Texas' weather. 

Mechanical energy harvesting

The principle of mechanical energy harvesting is to transform the mechanical energy resulting from movements and oscillations into electrical energy. This conversion can be acquired from sources releasing kinetic energy, energy of motion, such as deformations, vibrations, applied stresses, etc. There are three main principles of transduction responsible for the mechanical energy harvesting: piezoelectric, electromagnetic and electrostatic transductions. The amount of energy harvested depends on the frequency of the mechanical excitation generated by the vibrational source or movements.

Piezoelectric transducer

Overview

Piezoelectric transducer uses the piezoelectric effect of certain materials to convert the mechanical movement of an applied mechanical stress into electric charge. Piezoelectric effect presents a unique characteristic, it is reversible. In other words, materials able to produce electricity when stress is applied (by using the direct piezoelectric effect), also they are able to generate stress when electric voltage difference is applied (by using the reverse of piezoelectric effect). Thus, in reverse effect the piezoelectric material acts like an actuator while the direct effect can be used as energy transducer piezoelectric material ("sensor mode"). The fundamental equations for a piezoelectric material are expressed as follow:

δ = 𝜎 𝑌 + 𝑑𝐸 (2) 
D = εE + dσ (3) 
Where δ and σ present, respectively, the mechanical strain and mechanical stress, Y represents the Young's modulus of the applied material, d stands for the piezoelectric strain coefficient, E is the electric field, D presents the charge density and ε is the dielectric constant of the piezoelectric component. Typical piezoelectric materials can be classified into two main categories: piezo-ceramics (PZT) and piezo-polymers (PVDF). The key difference between these two categories is that the PZT is inelastic and fragile while PVDF is very flexible able to support higher stress on its surface [START_REF] Kim | A review of piezoelectric energy harvesting based on vibration[END_REF].

Generally, piezoelectric energy harvesters are composed of three phases [START_REF] Rjafallah | Modeling of polyurethane/lead zirconate titanate composites for vibration energy harvesting[END_REF]:

-The mechanical-mechanical energy conversion: Captures the environmental energy (vibrations, movements, oscillations) -The mechanical-electrical energy conversion: Comprises the characteristic of the piezoelectric material used -The electrical-electrical energy conversion: Involves the electrical impedance matching to reduce losses and deliver the electrical current to the load. -Cantilever beam (Figure 7), -Circular diaphragm (Figure 8), -Cymbal type (Figure 9), -Stack type (Figure 10). Cantilever beam transducer is made up of one or two layers of piezoelectric material, with non-piezoelectric layer in between, usually consisting in conductive metallic, fixed at one extremity and free at the other end of the beam (as shown in Figure 7). Note that if a single layer of piezoelectric is bonded to the metallic layer, the structure is called "unimorph", whereas if two layers of piezoelectricity are bonded on both sides of the metallic layer, the structure is called "bimorph". Bimorph configuration is more commonly used than unimorph in piezoelectric energy harvesters because it is able to double the output energy without creating any notable modifications in the device arrangement. Cantilever piezoelectric transducer presents a simple geometry shape and it is the most widely used type of piezoelectricity generating the highest amount of strain [START_REF] Mishra | Advances in Piezoelectric Polymer Composites for Energy Harvesting Applications: A Systematic Review[END_REF].

Circular diaphragm transducer is made up of a thin layer of piezoelectric material disk shape surrounded by a metal shim as shown in Figure 8. At the core of the diaphragm and inside of the piezoelectric disk, is attached an electrode usually made of thin film metals [START_REF] Mishra | Advances in Piezoelectric Polymer Composites for Energy Harvesting Applications: A Systematic Review[END_REF].

Cymbal type transducer involves a layer of piezoelectric material stuck between two metal end caps from both sides as seen in Figure 9. Whenever an axial stress is applied on one side of the metal, the stress amplified and transformed into radial stress resulting in a greater piezoelectric coefficient. This type of transducer is used in applications presenting high impact forces [START_REF] Li | Energy harvesting from low frequency applications using piezoelectric materials[END_REF]. Stack type transducer is useful in applications presenting high pressure. In fact, it is made up of several piezoelectric layers stacked over reach other separated by electrodes. When used, this transducer should be aligned with the applied force to work effectively [START_REF] Mishra | Advances in Piezoelectric Polymer Composites for Energy Harvesting Applications: A Systematic Review[END_REF].

For vibration piezoelectric energy harvesting, cantilever structure (unimorph and bimorph) is the most considered [START_REF] Piliposian | The effect of the location of piezoelectric patches on the sensing, actuating and energy harvesting properties of a composite plate[END_REF]. For example, Rana et al. [START_REF] Rana | Energy harvesting from locomotive and coaches by piezoelectric ceramic using MEMS technology[END_REF] used a PZT unimorph cantilever piezoelectric transducer of dimensions 600 * 450 * 10 𝜇𝑚 3 to harvest the vibrational energy released from railway locomotive and coaches. At low frequency, when a locomotive force of 4100 N is applied, the cantilever transducer reaches a maximum deformation of 10.676 𝜇𝑚 delivering a maximum power of 1.228 𝑚𝑊. For the coaches' force, a load of 2500 N is applied generating a displacement of 5.62 µm and a maximum output power of 0.699 mW. In another example, Federico et al. [START_REF]Development and optimization of an energy harvesting circuit for multiple piezoelectric elements integrated into a smart air spring[END_REF] used multiple bimorph cantilever piezoelectric transducer (Figure 11) to convert the mechanical energy in an air spring into electricity useable to power wireless sensor network (WSN) nodes. Experiment results prove that the output power of this system is sufficient to supply a low-power microcontroller. In addition, Cheng-liang et al. [START_REF] Pan | A piezoelectric wind energy harvesting device with right-angle cantilever beam[END_REF] developed a right-angle piezoelectric cantilever to harvest wind energy -Figure 12. As a result, with a wind speed of 6m/s and a load of 500 KΩ, the output power reaches 1.3mW able to supply WSN nodes, estimated to be twice of traditional cantilever beam transducer. Figure 13 illustrates a chart summarizing the advantages and disadvantages of the different configurations of piezoelectric transducers, helping to select the appropriate transducer depending on the applications requirements [START_REF] Mishra | Advances in Piezoelectric Polymer Composites for Energy Harvesting Applications: A Systematic Review[END_REF]. 2.2.1.3.

Piezoelectric energy harvesting applications

Numerous applications using piezoelectric transducer for generating energy exist. Many researchers believe that harvesting energy from human motions is an interesting methodology to obtain sustainable energy. In [START_REF] Paul | Project power shoe: Piezoelectric wireless power transfer -A mobile charging technique[END_REF], a piezo shoe is demonstrated transforming the human walking movement into electricity production to charge the battery of the mobile phone and use it with an uninterrupted way. A piezoelectric transducer is placed in the shoe. Whenever the person walks, the power generated by the piezo is transferred to the phone by using a resonance coupling technique focusing on a mid-range wireless power transfer (WPT). Figure 14 shows the block diagram of the piezo shoe for mobile charging.

Zhang et al. [START_REF] Zhang | A novel piezoelectric power generator integrated with a compliant energy storage mechanism[END_REF] developed a device able to harvest the mechanical energy produced by the foot using a stiffness spring, placed in a shoe near the heel area. Thus, whenever the person's foot touches the ground, the piezoelectric material bends executing a deformation and resulting in an electric current. When the foot is lifted from the ground, the piezoelectric material retakes its initial shape and therefore producing electric charges once again. A person weighting 60 Kg wearing this device is able to produce 235.2 mJ per step.

Piezoelectricity is also used to build autonomous low power wearable biomedical devices. In [START_REF] Rasheed | A wearable autonomous heart rate sensor based on piezoelectric-charge-gated thin-film transistor for continuous multi-point monitoring[END_REF], an autonomous and multi-positional transducer is presented, as an analytical model and preliminary experimental setup, to monitor heart rate/impulse signal detection and blood pressure using PVDF piezoelectric transducer.

In addition to that, Lee et al. in [START_REF] Lee | Super-flexible nanogenerator for energy harvesting from gentle wind and as an active deformation sensor[END_REF] demonstrated the feasibility of harvesting energy from a waving flag or winkling of human face (Figure 15) using a super-flexible piezoelectric nano-generator (NG). Furthermore, harvesting bridge vibrational energy using piezoelectric transducer has attracted researchers' interest to help making smart cities while providing autonomous and sustainable solution to power portable electronic devices. Sumit et al. [START_REF] Balguvhar | Green Energy Harvesting Using Piezoelectric Materials from Bridge Vibrations[END_REF] used the beneficial of piezoelectric vibrational energy harvesting to scavenge low-frequency bridge vibrations measured from a city flyover and experimented in laboratory using traditional rectifier circuit. Experiments show that the power generated at a frequency of 4 Hz is 0.2 µW. Jasim et al. [START_REF] Jasim | Performance Analysis of Piezoelectric Energy Harvesting in Pavement: Laboratory Testing and Field Simulation[END_REF] used piezoelectric transducer to harvest the energy released from trucks passing through the urban expressway Route 55 in New Jersey. Previous this work [START_REF] Yesner | Evaluation of a novel piezoelectric bridge transducer[END_REF], they developed a novel bridge transducer to harvest the energy from vehicles inducing load on the road surface. This bridge transducer is made up of ceramic PZT5X square shape with dimensions 32 * 32 * 2 𝑚𝑚 3 as 𝐿 * 𝑊 * 𝐻. The constitution of the bridge transducer was made in a way to increase the piezoelectric coefficient and capacitance, resulting in a production of an output power of 2.1 𝑚𝑊 under average frequent load of 270 Kg on the bridge. 

Electromagnetic-based vibration/movement transducer

Electromagnetic energy conversion is based on the principle of Farady's law, discovered in 1831 by Michael Faraday [START_REF] Williams | Faraday's discovery of electromagnetic induction[END_REF]. This law illustrates the phenomenon of electromagnetic induction where an electromotive force (EMF) is generated from the interaction of a magnetic field with an electric current. In other words, when a magnet is placed near a coil or a closed single loop, a voltage is generated called EMF and therefore a current is produced. Figure 16 illustrates the working principle of the electromagnetic induction. Faraday's law states that the EMF is directly proportional to the variation of the magnetic flux [START_REF]Electromagnetic Induction[END_REF]:

𝜀 = - 𝑑∅ 𝑑𝑡 ( 4 
)
Where 𝜀 is the electromotive force (in Volts) and ∅ is the magnetic flux (in Weber).

Figure 16: Working principle of the electromagnetic induction [START_REF] Electronics | Electromagnetic Induction / Faraday's Law of Electromagnetic Induction[END_REF] Electromagnetic generators can be used to harvest energy from body activities, such as walking, movement of leg or arm or heel strike. For example, Li et al. [START_REF] Li | Biomechanical energy harvesting: Apparatus and method[END_REF] presented a novel knee-brace biomedical electromagnetic generator to harvest the energy from human walking and generate electric current (Figure 17). This energy harvester system was capable of producing 4.8 0.8 𝑊 -+ of electric power making it suitable to power prosthetic and other wearable electronic devices. Saha et al. [START_REF] Saha | Electromagnetic generator for harvesting energy from human motion[END_REF] developed a tubular electromagnetic generator, to harvest energy while walking, positioned in a backpack. The prototype was able to deliver 0.3-2.46 mW while worn during walking and slow running. Rome et al. [START_REF] Rome | Generating electricity while walking with loads[END_REF] illustrated an electromagnetic transducer generating electricity while walking, in a backpack, producing a power up to 7.4 W. Bowers and Arnold [START_REF] Bowers | Spherical magnetic generators for bio-motional energy harvesting[END_REF] presented an electromagnetic generator to harvest energy while running delivering 1.4 mW. El-Hami et al. [START_REF] El-Hami | Design and fabrication of a new vibration-based electromechanical power generator[END_REF] designed and fabricated an electromagnetic power generator to convert vibration energy into electric current. Experimental studies have shown that this prototype, of volume of 240 𝑚𝑚 3 , is able to produce more than 1 mW at a vibration frequency of 320 Hz, beneficial to self-powered systems. Perpetuum [52] fabricated an electromagnetic energy harvesters converting vibration energy into electric energy to power a WSN nodes to transit real time data, specially used in rail and many other industrial applications.

Electrostatic-based vibration/movement transducer

Electrostatic energy harvesting (also known as triboelectric energy harvesting) generates electricity from vibrations/deformation. When a mechanical force is applied to ben or press the device, the two plates get close to each other leading to a charge transfer where one side of the surface is positively charged and the other side is negatively charged. This is known as the triboelectric effect. When the deformation is released, these two surfaces of opposite charge will separate creating a potential difference between the two electrodes. Thus, whenever the transducer is exposed to a mechanical vibration, The capacitance floats over time, resulting in polarization of the plates [START_REF] Aljadiri | Electrostatic Energy Harvesting Systems: A Better Understanding of Their SustainabilityElectrostatic Energy Harvesting Systems: A Better Understanding of Their Sustainability[END_REF].

Three possibilities exist to vary the capacitance as shown in Figure 18: -Variation of the gap between the plates h(t), -Variation of the surface area S(t), -Variation of the relative permittivity 𝜀 𝑟 . Hoffmann et al. [START_REF] Daniel Hoffmann | Fabrication, characterization and modelling of electrostatic micro-generators[END_REF] presented an electrostatic energy-harvesting device to extract electrical energy from vibrations. The micro-generator prototype was packaged with a chip of 5 * 6 𝑚𝑚 2 . With an input excitation of 13 𝑔, the electrostatic energy harvester was able to produce an average power of 1.58 µW at their resonance frequency.

In 2014, Basset et al. [START_REF] Basset | Electrostatic vibration energy harvester with combined effect of electrical nonlinearities and mechanical impact[END_REF] established a MEMS electrostatic energy harvester able to work effectively at very low frequency vibration, over the range from 140 Hz to 160 Hz. Under 1 𝑔 of atmospheric pressure, the transducer can harvest more than 2 µW.

Seung et al. [START_REF] Seung | Nanopatterned Textile-Based Wearable Triboelectric Nanogenerator[END_REF] developed an elastic, foldable and mechanical robust nano-patterned wearable triboelectric nano-generator (WTNG), generating a high power. This nano-generator was successful in self-powering devices such as a light emitting diode (LED) and a keyless vehicle entry system without the use of any external power supply.

In 2018, Perez et al. [START_REF] Perez | Aeroelastic flutter energy harvesters self-polarized by triboelectric effects[END_REF] presented an electrostatic energy harvester from the wind of velocity range [0 -20m/s], using several thin and flexible electrostatic devices. A maximum power point circuit is developed resulting an output sufficient energy to feed 868 MHz wireless sensor network node. [START_REF] Hinchet | Transcutaneous ultrasound energy harvesting using capacitive triboelectric technology[END_REF], use the beneficial of electrostatic transducer in implantable medical devices, to harvest the ultrasound energy in liquids and skin (soft tissues). The prototype was able to deliver power on the order of mW, capable to charge a capacitor or a rechargeable battery. This device is the first technology competing with piezoelectricity to scavenge ultrasound energy vibration to feed implantable medical devices [START_REF] Hinchet | Transcutaneous ultrasound energy harvesting using capacitive triboelectric technology[END_REF].

Electromagnetic radiation energy harvesting

Another form of energy harvesting existing in the surrounding is the electromagnetic radiation that can be in form of light (example solar energy) or radio-frequency (RF) radiations. These two forms of electromagnetic radiations are extensively used on a daily basics and can be harvested to generate electric current [START_REF] Mateu | Review of energy harvesting techniques and applications for microelectronics[END_REF].

RF radiation

RF energy harvesting technology have gained interests and attention to operate low power devices. The energy harvester circuit must include an additional antenna able to capture the energy to be rectified, connected to an AC-DC conversion system. The antenna used for the process is called "Rectenna". Figure 19 shows the block diagram of an RF energy harvester technique [START_REF] Sidhu | A Survey Study of Different RF Energy Sources for RF Energy Harvesting[END_REF]. RF energy harvesting can be applied in indoor or outdoor environment, at any time, due to the large number of potential RF sources existing nowadays such as television and radio broadcasting systems, mobile phone and wireless power technologies (Wi-Fi) [START_REF] Mateu | Review of energy harvesting techniques and applications for microelectronics[END_REF], [START_REF] Sidhu | A Survey Study of Different RF Energy Sources for RF Energy Harvesting[END_REF]. The technological growth has reached the level where the number of connected devices are increasing progressively, thus the accessibility of RF energy to be harvested is going to rise in the near future [START_REF] Puniran | RF energy harvesting with multiple sources in wireless sensor network[END_REF].

Researchers have designed and experimented various circuits to harvest RF energy from broadcast TV and base stations since 2009. In 2009, Alanson and Joshua [START_REF] Sample | Experimental results with two wireless power transfer systems[END_REF] designed a system to harvest RF energy from TV towers. Experiments show that, at a distance of 4 Km, the system was able to harvest 60 𝜇𝑊. In 2010, Hiroshi et al. [START_REF] Nishimoto | Prototype implementation of ambient RF energy harvesting wireless sensor networks[END_REF] established an RF energy harvesting device from a TV broadcasts airwaves, resulting in an efficient technique to power WSN nodes.

Mobile phone technology experienced a huge growth in the recent years expanding their features and usages. With the development of the operating systems and user-friendly platforms, the use of the phone is no more limited to calls and audio communications between people, but has significantly emphasized the data transmission-reception in many other ways. This has led to an exponential increase of users and data transmitters, leading to more RF energy to be harvested. Global System for Mobile (GSM) presents two main operating frequencies: GSM900 operating at 900 MHz and GSM1800 operating at 1800 MHz. Researchers found GSM900 more interesting in harvesting energy presenting lower path losses in signals [START_REF] Nimo | Analysis of Passive RF-DC Power Rectification and Harvesting Wireless RF Energy for Micro-watt Sensors[END_REF], [START_REF] Uzun | Design and Implementation of RF Energy Harvesting System for Low-Power Electronic Devices[END_REF].

With the technology growth, the number of Wi-Fi devices has enlarged exponentially. All our electronic devices (laptops, computer, mobile phone, etc.) have an internet wireless connection. Haocheng et al. [START_REF] Hong | Demonstration of a highly efficient RF energy harvester for Wi-Fi signals[END_REF] developed a system to harvest the RF energy delivered by a Wi-Fi router, resulting an output power of 76.35 μW when the system is placed at a distance of 40 cm away from the router. In 2015, Talla et al. designed a novel power over Wi-Fi (POWIFI) energy harvester using a 2.4 GHz Wi-Fi router to feed low power sensors and devices [START_REF] Lewis | The robot mafia: A test environment for deceptive robots[END_REF].

Light energy harvesting

Light energy harvesting is the process of studying materials and molecules able to capture photons from light sources that can be either natural such as the sun or artificial such as a light bulb and laser beam. The photonic transducer used to harvest light energy is a photodetector as photodiodes and photovoltaic cells. These photodetectors are photovoltaic semiconductor devices using photovoltaic effect transforming light into electric current. In fact, when light hits the photovoltaic cell (PV cell), photons interact with electrons in the valence band of the semiconductor. The electron absorbs the photon and its energy and jumps to the conduction band leaving a hole in the valence band. This process is known as electron-hole pair generation or photo-generation that happens under a main condition if the photon energy is greater or equal to the band gap energy (energy gap between valence and conduction band). The newly electron-hole created are driven by the electric field to the depletion region of the p-n junction. At this stage, the photo-voltage and its corresponding photocurrent are generated when the PV cell is connected to an electric load.

Overview of photovoltaic cells

The term "photovoltaic" covers the use of semi-conductor material to convert light into electricity. In 1839, Edmond Becquerel discovered the photovoltaic phenomenon and in 1883 the first solar cell was fabricated having an efficiency of 1% [START_REF] Fritts | On a new form of selenium cell, and some electrical discoveries made by its use[END_REF]. Later, the research on photovoltaics has improved after the fabrication of the first solar panel in 1954 [START_REF] Daryl M Chapin | Solar energy converting apparatus[END_REF]. Currently, different types of photovoltaic cells are present in the market. Most solar cells are made up of silicon presenting semiconductor properties.

Three types of PV technologies dominate the world market: Monocrystalline silicon, Polycrystalline silicon and thin-film. Monocrystalline silicon PV cell is made of pure silicon integrated into the first commercialized solar cell. It presents a high efficiency but it is more expensive than polycrystalline and thin film cells. Polycrystalline cells consist of small grains of crystal. This type of PV cells dominates the market, presenting 70% of global PV production in 2015. Thin film cells are characterized by their flexibility and durability. A well-known type of thin film PV cells is the amorphous silicon (a-Si) that suffers from 20% drop in efficiency with the first few months of operation. Thin film cells also include Copper Indium Gallium Selenide (CIGS) and Cadmium Telluride (CdTe). These types present higher efficiency than amorphous silicon cells. On the other hand, higher efficiency PV technologies exist such as multi-junction cells. This type of technology is less common because of their high cost, but presents an ideal use in space projects and focused photovoltaic systems applications.

Moreover, some emerging PV technologies exist including organic solar cells, Perovskite, dyesensitized and quantum dots solar cells. These cells present some very low laboratory test efficiencies [START_REF] Donev | Types of photovoltaic cells[END_REF]. Table 1 shows the maximum lab efficiency of crystalline silicon, thin film and Multi-junction PV cell [START_REF] Pozo | Energy harvesting technologies and equivalent electronic structural models -review[END_REF] and Figure 20 shows a chart for the conversion efficiencies for a range of photovoltaic cells from 1976 to the present [START_REF]Best Research-Cell Efficiency Chart[END_REF]. 

Electric equivalent circuit of the PV cell

The electric equivalent circuit of a PV cell is shown in Figure 21, composed of current source, diode, series and parallel resistors presenting the losses. The characteristic equation of the solar cell is derived as follow [START_REF] Beriber | MPPT Techniques for PV Systems[END_REF]:

𝐼 = 𝐼 𝑝ℎ -𝐼 𝑑 -𝐼 𝑠ℎ ( 5 
)
Where I is he output current, 𝐼 𝑝ℎ is generated photocurrent, 𝐼 𝑑 is the current passing by the diode (forward current) and 𝐼 𝑠ℎ is the current through the shunt resistance.

𝐼 𝑝ℎ = 𝑃 𝑜𝑝𝑡𝑖𝑐 * 𝑅 𝛾 (6)

𝐼 𝑑 = 𝐼 𝑠 * (𝑒 𝑉+𝑅𝑠 * 𝐼 𝑛 * 𝑉 𝑇 -1) (7) 
𝐼 𝑠ℎ = 𝑉 + 𝑅 𝑠 * 𝐼 𝑅 𝑠ℎ (8) 
Where 𝑃 𝑜𝑝𝑡𝑖𝑐 is the optical power hitting the PV cell, 𝑅 𝛾 denotes the responsivity of the cell, 𝐼 𝑠 presents the diode reverse saturation current (A), V is the voltage across the output, n stands for the deviation factor of the p-n junction, 𝑅 𝑠 and 𝑅 𝑠ℎ presents the series and shunt resistances (Ohm) and 𝑉 𝑇 denotes the thermal voltage as:

𝑉 𝑇 = 𝐾 * 𝑇 𝑞 (9) 
Where K presents the Boltzmann's constant 𝐾 = 1.3807 * 10 -23 𝐽𝐾 -1 , T is the temperature (in standard conditions T = 25℃ ≈ 300°𝐾), and q denotes the electric charge of an electron 𝑞 = 1.6 * 10 -19 𝐶.

Therefore, the final characteristic equation of the PV cell is as follow:

𝐼 = 𝐼 𝑝ℎ -𝐼 𝑠𝑎𝑡 * [exp ( 𝑞 * (𝑉 + 𝑅 𝑠 * 𝐼) 𝑛𝐾𝑇 ) -1] - 𝑉 + 𝑅 𝑠 * 𝐼 𝑅 𝑠ℎ (10) 
Concerning 𝑅 𝑠 and 𝑅 𝑠ℎ resistances, they are symbolized for additional current losses of a photovoltaic cell. In fact, 𝑅 𝑠 is the equivalent resistance of the current moving through emitter and base of the solar cell, and the interface between the silicon material and the metal contact. Thus, if the photovoltaic cell generates current, the cell will lose voltage across 𝑅 𝑠 . The second resistance is the parallel resistance (Shunt). The shunt is a microscopic defect in the solar cell which provides an alternative path for the generated photocurrent. Examples of a shunt are some crack through the semiconductor layers and current passing at the edge of the solar cell.

High 𝑅 𝑠ℎ means low photocurrent will be lost in the shunt. Thus, the series resistance should be as small as possible and the shunt resistance as large as possible to come close to an ideal illuminated p-n junction [START_REF] Smets | Series and parallel resiatnce[END_REF].

IV curve of the PV cell

The PV cell is characterized by its Current/Voltage (IV) curve. This curve gives the voltage and current for a range of impedance load varying theoretically from 0 to ∞. From this curve, different parameters of the cell are extracted. The short circuit current (𝐼 𝑆𝐶 ), the open circuit voltage (𝑉 𝑂𝐶 ), the voltage, current and power at the maximum power point (𝑉 𝑚𝑝𝑝 , 𝐼 𝑚𝑝𝑝 , 𝑃 𝑚𝑝𝑝 ) where 𝑃 𝑚𝑝𝑝 = 𝑉 𝑚𝑝𝑝 * 𝐼 𝑚𝑝𝑝 .

The short circuit current and open circuit voltage are extracted experimentally when connecting respectively the ammeter and voltmeter in parallel with the PV cell. There are different methods to extract the IV curve experimentally but the simplest technique is the use of a variable resistor varying from a few ohms to Mega ohms [START_REF] Durán | Different methods to obtain the I -V curve of PV modules : A review DIFFERENT METHODS TO OBTAIN THE I-V CURVE OF PV MODULES : A REVIEW[END_REF]. Once the IV curve is extracted, PV curve can easily be drawn by using the formula 𝑃𝑖 = 𝑉𝑖 * 𝐼𝑖; where i is denoted for every I/V extraction (every load resistive value).

In order to get the maximum power of the PV cell, the latter should operate near the maximum power point (MPP). In other words, the output load impedance should match the impedance at the maximum power point, where:

𝑍 𝑚𝑝𝑝 = 𝑉 𝑚𝑝𝑝 𝐼 𝑚𝑝𝑝 (11) 
The quality of a photovoltaic cell or system is found by calculating the fill factor (FF). Ideally, the FF should be 1 or 100%. However, for an actual value for the FF of 0.7 to 0.8, the system is operating near the maximum power [START_REF] Kotak | DC To DC Converter in Maximum Power Point Tracker[END_REF]. The fill factor is calculated as follow:

𝐹𝐹 = 𝑉𝑚𝑝𝑝 * 𝐼𝑚𝑝𝑝 𝐼𝑠𝑐 * 𝑉𝑜𝑐 (12) 
Figure 22 shows the IV curve (in pink) and PV curve (in green) for a photovoltaic cell operating at a specific known irradiance and temperature [START_REF] Ramos-Hernanz | Obtaining the characteristics curves of a photocell by different methods[END_REF]. The horizontal axis presents the working voltage of the PV cell and the primary vertical axis shows the current (A). The secondary vertical axis represents the power produced by the photovoltaic cell at any point of the IV curve, called operating point. From Figure 22, it is clearly seen that the IV curve depends on the load condition. However, load condition is not the only parameter that affects the IV curve, the incident irradiance and the temperature play an important role to the behavior of the PV cell. Figure 23 and Figure 24 show the effect of the variation of the incident irradiance and temperature respectively on the performance of a typical PV cell: a commercial 10 W solar panel (Dow Chemical DPS 10 -1000) of dimensions 546 mm * 232 mm [START_REF] Sharma | Modeling and Optimisation of a Solar Energy Harvesting System for Wireless Sensor Network Nodes[END_REF]. From Figure 23, the power released from the PV cell is directly proportional to the variations of the incident irradiance. In other words, when the incident irradiance increases, the output power of the PV cell increases and vice versa.

From Figure 24, it is clearly seen that when the temperature of the cell increases, its output decreases and vice versa. 2.3.2.5. Electronic system design 2.3.2.5.1.

Maximum power point tracking

When the PV cell is directly connected to a load 𝑅 𝐿 (Figure 25), the operating point will be at the intersection of the Current/Voltage corresponding to the load, thus (𝑉 𝐿 , 𝐼 𝐿 ). If 𝑅 𝐿 is not approximately equal to 𝑍 𝑀𝑃𝑃 , the system will not be operating near its maximum power point, and therefore it's not delivering its maximum power 𝑃 𝑀𝑃𝑃 . In addition, there is different factors that can change the MPP of the system, as discussed before, such as the temperature variation, the alteration of incident irradiance and the load variations. If one of these factors are applied to the system, it will cause a mismatch for the maximum power MPP and therefore 𝑀𝑃𝑃(𝑡) ≠ 𝑀𝑃𝑃(𝑡 -1) [START_REF] Paper | A Brief Theoretical Overview of Dc-Dc Converters Used in the Tracking of photovoltaic power generators[END_REF]. To overcome this problem, a Maximum Power Point Tracking (MPPT) technique should be used to maintain the PV system to operate near its maximum power regardless the change in any of the parameters (load impedance, irradiance and temperature).

MPPT is an algorithm connected to the DC-DC converter that tracks the maximum power of the system continuously and sends its feedback to the DC-DC converter to execute the necessary modification regarding its duty cycle denoted "D". Figure 26 shows the structure of the system when the MPPT algorithm controller is applied [START_REF] Sharma | Advanced perturbation and observation (P&O) based maximum power point tracking (MPPT) of a solar photo-voltaic system[END_REF]. For further detailed information, based on Figure 27, when a load 𝑅 𝐿𝐶 is directly coupled to a PV cell, the operating point is at point C (𝑉 𝐿𝐶 , 𝐼 𝐿𝐶 ). When the load decreases to 𝑅 𝐿𝐴 , the operating point changes to point A (𝑉 𝐿𝐴 , 𝐼 𝐿𝐴 ). However, for all the load variation under constant external conditions, there is only one point at which the system provides its MPP, point B. This is when the load is equal to 𝑅 𝑜𝑝𝑡 = 𝑍 𝑀𝑃𝑃 . Now supposing the load is selected to match the impedance of the maximum power point, however, this point itself changes under external conditions (Irradiance, Temperature). In addition to this and based on Figure 25, when a DC-DC converter is coupled between the PV panel and the load, the operating point is determined regarding the impedance seen by the panel (𝑅 𝑖 ). 𝑅 𝑖 is influenced by two factors: the output impedance load 𝑅 𝐿 and the duty cycle ratio of the converter (D). Therefore, under the condition of load variation, the duty cycle ratio can be regulated to let 𝑅 𝑖 match 𝑍 𝑀𝑃𝑃 at any variation of external atmospheric conditions. In this context, the purpose of the MPPT technique is to attain this objective [START_REF] Seyedmahmoudian | Maximum power point tracking for photovoltaic systems under partial shading conditions using bat algorithm[END_REF], [START_REF] Hussein Selman | Comparison Between Perturb & Observe, Incremental Conductance and Fuzzy Logic MPPT Techniques at Different Weather Conditions[END_REF]. For example, the equation of 𝑅 𝑖 for a buck converter is 𝑅 𝐿 /𝐷 2 which means for a scanning of the duty cycle from [0-1], 𝑅 𝑖 varies from [𝑅 𝐿 , ∞]. Thus, in order to aim the maximum power, 𝑍 𝑀𝑃𝑃 should belong to the interval of 𝑅 𝑖 . For the buck converter, the maximum power point is attained for 𝑍 𝑀𝑃𝑃 greater than 𝑅 𝑖 . [START_REF] Paper | A Brief Theoretical Overview of Dc-Dc Converters Used in the Tracking of photovoltaic power generators[END_REF] There are many techniques for MPPT but the most common algorithms used for photovoltaic systems are [START_REF] Sharma | Modeling and Optimisation of a Solar Energy Harvesting System for Wireless Sensor Network Nodes[END_REF]:

Figure 27: IV curve of a PV cell under constant external conditions showing the operating points for a load variation

-Incremental Conductance (INC) technique -Fraction Open Circuit Voltage (OCV) -Perturbation and Observation (P&O) technique

Out of many Maximum Power Tracking techniques, Perturbation and Observation technique is the most common used for a better efficiency of the PV system. This technique is simple and necessitates only the measurement of the voltage and current of the PV cell. It is a type of "hillclimbing" process. Whenever the voltage of the PV cell is perturbed by a small amount (∆𝑉), the variation of PV cell's power (∆𝑃), is observed. If (∆𝑃 > 0), this means the operating point is moving closer to the MPP and therefore adjustments are made in the same direction until the power is no longer incremented. If (∆𝑃 < 0), the operating point is moving away the MPP and thus, the direction of perturbation should be inverted to get back toward the MPP [START_REF] Sharma | Modeling and Optimisation of a Solar Energy Harvesting System for Wireless Sensor Network Nodes[END_REF], [START_REF] Sharma | Advanced perturbation and observation (P&O) based maximum power point tracking (MPPT) of a solar photo-voltaic system[END_REF], [START_REF] Hussein Selman | Comparison Between Perturb & Observe, Incremental Conductance and Fuzzy Logic MPPT Techniques at Different Weather Conditions[END_REF], [START_REF] Ahmed | A Novel Two Switch Noninverting Buck-Boost Converter based Maximum Power Point Tracking System[END_REF]. Table 2 summarizes the behavior of this technique. The flowchart of the P&O algorithm technique is illustrated below: Therefore, if ∆𝑃/∆𝑉 > 0, the voltage changes in the same direction, otherwise the voltage direction is reversed.

DC-DC converter operation

Generally, there are three configurations of DC-DC converters used to interface a photovoltaic system and the load: Boost Converter, Buck Converter and Buck-Boost converter. The components of the three types of DC-DC converters are similar. Their circuit consists of an inductor (L), a power switch/MOSFET (S), a diode (D) and a capacitor (C). However, their placement varies depending on the operational purpose in the circuit. The conversion of voltage in a DC-DC converter is done by monitoring the Switch (S) through the control of the period and the duty cycle of the Pulse Width Modulation (PWM) signal of the switch [START_REF] Paper | A Brief Theoretical Overview of Dc-Dc Converters Used in the Tracking of photovoltaic power generators[END_REF], [START_REF] Baharudin | Topologies of DC-DC converter in solar PV applications[END_REF]. The duty cycle D varies from 0 to 1, expressed as follow:

𝐷 = 𝑇 𝑂𝑁 𝑇 𝑂𝑁 + 𝑇 𝑂𝐹𝐹 = 𝑇 𝑂𝑁 𝑇 𝑆 (13) 
Where, 𝑇 𝑆 is the switching period, 𝑇 𝑂𝑁 and 𝑇 𝑂𝐹𝐹 are respectively the on and off time of the PWM signal. D is usually expressed in percentage.

As mentioned above, in a PV system, the DC-DC converter acts as an MPPT interface placed between the PV panel and the load to adjust the duty cycle to meet the system's requirements. However, the topology of the Buck and Boost DC-DC converter presents some operation limitation. The buck converter is able to regulate 𝑅 𝑖 to match 𝑍 𝑀𝑃𝑃 , only if 𝑅 𝐿 < 𝑍 𝑀𝑃𝑃 . On the contrary, the boost converter can regulate 𝑅 𝑖 to match 𝑍 𝑀𝑃𝑃 , only if 𝑅 𝐿 > 𝑍 𝑀𝑃𝑃 . For this reason, only the buck-boost converter delivers a wide range of operation to track the change for both conditions when 𝑅 𝐿 < 𝑍 𝑀𝑃𝑃 and 𝑅 𝐿 > 𝑍 𝑀𝑃𝑃 , as it can operate in the buck mode by setting 𝐷 < 50% and boost mode by setting 𝐷 > 50% depending on the system's conditions [START_REF] Kotak | DC To DC Converter in Maximum Power Point Tracker[END_REF], [START_REF] Paper | A Brief Theoretical Overview of Dc-Dc Converters Used in the Tracking of photovoltaic power generators[END_REF], [START_REF] Seyedmahmoudian | Maximum power point tracking for photovoltaic systems under partial shading conditions using bat algorithm[END_REF], [START_REF] Donadi | Review of DC-DC Converters in Photovoltaic Systems for MPPT Systems[END_REF]. Figure 29 presents a comparison for the resistive load operation range for the three types of DC-DC converters for a load resistance of 20 Ω [START_REF] Paper | A Brief Theoretical Overview of Dc-Dc Converters Used in the Tracking of photovoltaic power generators[END_REF]. Figure 30 shows the circuit topology of a buck-boost converter [START_REF] Donadi | Review of DC-DC Converters in Photovoltaic Systems for MPPT Systems[END_REF]. Figure 30: DC-DC buck-boost converter circuit [START_REF] Donadi | Review of DC-DC Converters in Photovoltaic Systems for MPPT Systems[END_REF] The implementation of this converter with a PV system is reported to be the best practice in improving the performance of the system when MPPT technique is integrated.

Photovoltaic effect for energy harvesting applications

Photovoltaic effect presents a vast range of applications to harvest light energy and transformed it into electricity. It can be applied either outdoor or indoor. This section presents some of the work done before by using the photovoltaic effect to harvest optical energy into electric current that can be stored in an appropriate energy storage device depending on the application requirements.

In 2018, Sharma et al. [START_REF] Sharma | Modeling and Optimisation of a Solar Energy Harvesting System for Wireless Sensor Network Nodes[END_REF] proposed an effective solar energy harvesting method to feed wireless sensor networks nodes by using photovoltaic effect converting ambient solar irradiance into electricity. Simulations were done over MATLAB/Simulink for two design techniques. The first design uses PWM signal as input to the DC-DC converter resulting 87% of the system efficiency -Figure 31 (a), whereas, the second design utilized MPPT technique to the converter resulting a 96% efficiency of the system -Figure 31 (b). The algorithm used to track the maximum power of the PV cell is the P&O technique. The energy harvested is stored in a Nickel-Cadmium (NiCd) rechargeable battery of voltage 3.6 V. In [START_REF] Pubill | Harvesting artificial light indoors to power perpetually a Wireless Sensor Network node[END_REF], Pubill et al. proposed an energy harvesting system using a 100 mAh capacity battery and an MP3-25 photovoltaic cell from PowerFilm Solar of dimensions 24*114 𝑚𝑚 2 . This PV cell is light in weight, durable and paper-thin. The energy harvesting system scavenges the optical light from a desk lamp of illuminance of 500 lx, 25 cm away from the PV cell, in the aim of powering WSN nodes for temperature measurements. In addition to that, Taiyang et al. [START_REF] Wu | Flexible wearable sensor nodes with solar energy harvesting[END_REF] used the solar energy harvesting to power a flexible wearable sensor nodes system able to measure the user's heartbeats and activity monitoring.

An MPPT technique is applied to extract the maximum power from the solar cell. Experiments show that the energy delivered by the solar energy harvester is 127.8 mW, able to charge a super-capacitor of capacitance 12.5 𝐹. In this context, in 2019, Mahammad and Monica proposed a non-invasive, small-scale and compact wearable sensor to measure the body glucose level, powered by a solar energy harvesting employing an MPPT technique [START_REF] Shaik | Implementation of wearable glucose sensor node with energy harvesting for Wireless Body Area Network[END_REF]. The glucose sensor is placed on the 4 fingers of the hand and the solar energy harvester is placed on the back of hand palm to be exposed to more sunlight specially during daily activities like driving. The energy harvested is stored using a super-capacitor, then fed to the sensor. Besides, the integration of photovoltaic cells on the same chip with the electronic circuitry to harvest outdoor illumination is done by Ghosh et al. in 2014 [START_REF] Ghosh | A Circuit for Energy Harvesting Using On-Chip Solar Cells[END_REF]. On-chip photovoltaic cell reduces the cost of the integrated system and the overall size. The built circuit uses a switched-capacitor technique to capture the energy from the integrated photodiode and provides an output voltage. As a result, under outdoor illumination conditions, the efficiency of the system reaches 59% delivering a maximum voltage of 2.81 V.

Additionally, optical energy harvesting isn't restricted to outdoor applications. Indoor optical energy harvesting has gained research interest in several applications. In 2019, Costa et al. were able to harvest indoor light in real time by using a controlled system based on a photovoltaic wafer cell [START_REF] Costa | Study of the light energy harvesting capacity in indoor environments[END_REF]. The reached conversion efficiency of this system is 14%. Experiments showed that the maximum power of the PV cell (𝑃 𝑚𝑝𝑝 ) in areas with artificial illumination (fluorescent lamps), like in a classroom environment -Figure 32 In addition, Huang et al. presented an on-chip indoor energy harvesting using four monocrystalline photovoltaic cells [START_REF] Huang | Indoor Energy Harvesting Using Photovoltaic Cell for Battery Recharging[END_REF]. The energy harvesting system is placed in a room illumination of 2338 lx. The system is able to deliver 395 𝜇𝐴 current to the load at 1.3V, dissipating only 1.25 mW. The energy storage device selected is the nickel metal hydride battery (NiMH) that presents a long life without any toxic chemicals. In [START_REF] Chen | A fully integrated lightpowering system with integrated CMOS photovoltaic cell for batteryless IoT devices[END_REF], Chen et al. use also an on-chip integrated PV cell to harvest indoor light. This system is able to power 1 mW load circuits periodically suitable for IoT applications.

Indoor energy harvesting is also applied in [START_REF] Cabello | On-Chip Solar Energy Harvester and PMU with Cold Start-Up and Regulated Output Voltage for Biomedical Applications[END_REF], [START_REF] Liu | An optical transceiver powered by on-chip solar cells for IoT smart dusts with optical wireless communications[END_REF]. In [START_REF] Mondal | On-Chip Photovoltaic Power Harvesting System with Low-Overhead Adaptive MPPT for IoT Nodes[END_REF], Mondal and Paily designed an effective MPPT structure circuit using 0.18 𝜇𝑚 CMOS technology, to be used in micro-scale optical energy harvesting system in the aim of powering IoT nodes. Under light intensity of 600 lx, the proposed scheme provides 833 𝜇𝑊 using a commercial PV cell of area 11.3 𝑐𝑚 2 .

In [START_REF] Xiao | On-chip reconfigurable switched-capacitor DC-DC converter for indoor PV energy harvesting[END_REF], Xiao et al. presented a switched-capacitor DC-DC converter, fabricated also using 0.18 𝜇𝑚 CMOS technology, for indoor optical energy harvesting. Under 400 lx of light intensity and using a commercial PV cell having an area of 2.5 𝑐𝑚 2 , the system configuration presents three stages. First, whenever the energy from the PV cell is available, the energy is transmitted directly to the load resulting a maximum power of 26 𝜇𝑊 with an efficiency of 87%. Second, when the energy from the PV cell exceeds the load demand, the extra energy is stored in a buffer of 1.8V resulting 88% of efficiency while delivering 50 𝜇𝑊 from the PV cell to the buffer. Finally, the buffer is able to deliver energy to the load when the energy from the PV cell is not available, resulting an efficiency of 78% while delivering 32 𝜇𝑊 from the buffer to the load.

Optical energy harvesting can also be used to feed Bluetooth. In 2020, Diego et al. [START_REF] Cabello | On-Chip Solar Energy Harvester and PMU with Cold Start-Up and Regulated Output Voltage for Biomedical Applications[END_REF] presented a low-power energy harvesting system fabricated also in standard 0.18 𝜇𝑚 CMOS technology. The system is made up of a micro-PV cell of 1 𝑚𝑚 2 area and a Power Management Unit (PMU), connected to a super-capacitor of capacitance 7.5 mF and a voltage regulator of output voltage 1.3V. Under low input power of a regulated lamp (510 nW), the system is able to feed Bluetooth Low Energy communications.

In addition to energy harvesting, photovoltaic cells are used as a main and only source to power a whole system. In 2018, Johannes J. et al. [START_REF] James | Liftoff of a 190 mg Laser-Powered Aerial Vehicle: The Lightest Wireless Robot to Fly[END_REF] presented the first wireless liftoff aerial vehicle weighting 190 mg -RobotFly. The robot is distantly powered using a laser diode of wavelength 976 nm. A vertical multi-junction PV cell is used to transform the laser power into electricity to feed the system. As a result, for an irradiance of 20 W/𝑐𝑚 2 , this cell reaches an efficiency of 40% for short pulses delivering enough power to lift the robot. This aerial vehicle used the laser as wireless initial energy that is transformed into electricity by the photovoltaic effect. In the aim of increasing the power generation capacity and providing a continuous supply, energy scavenging has improved from a single energy source to a hybrid system where multiple sources assist together to harvest energy. For example, combination of multiple conversion techniques such as PV cell, piezoelectric or thermoelectric transducer can be used to harvest different types of energy such as light, vibration or thermal losses [START_REF] Saha | Photovoltaic (PV) and thermo-electric energy harvesters for charging applications[END_REF]. Multiple energy sources can be used in two different ways. The first one is where the different types of energy sources are used to generate power independently, and the output power of each source can be combined and used together -Figure 34(a). In this case, every source should have its own suitable mechanism (DC-DC converter/electronic circuit). In addition, there is no need to combine both outputs if one source generates an output relatively lower to the other. The second way to harvest energy using multiple sources, is where one energy source assists to expand the output of the main source -Figure 34 (b). In this case, the role of the energy source B is to improve the output power released from energy source A [START_REF] Ishiyama | Output Characteristics of Energy Harvesting Using Multiple energy Sources[END_REF].

(a) (b) 

Integration of multiple energy sources

In [START_REF] Ishiyama | Output Characteristics of Energy Harvesting Using Multiple energy Sources[END_REF], Ishiyama used the second type of multiple source energy harvesting integration using thermoelectric generator where its output power is increased by air blowing first then cooling water as shown in Figure 35. Experiments show that the output power increased by 27% where air blowing is the second source and 45% when cooling water energy harvesting is applied. Chamanian et al. [START_REF] Chamanian | Power-Efficient Hybrid Energy Harvesting System for Harnessing Ambient Vibrations[END_REF] presented an efficient hybrid energy harvesting system to scavenge the ambient vibration using piezoelectric (PE) and electromagnetic (EM) sources, connected to a single load. The proposed system has a special configuration offering synergistic behavior to accumulate the extracted energy. As a result, under vibration frequency from few to hundreds of Hz, the system is able to deliver an appropriate output voltage range from 1V to 3.4V appropriate for WSNs. A wearable harvester prototype has been fabricated using the proposed configuration to harvest the energy from human body movements, resulting in a power of 20 𝜇𝑊 during walk process. In [START_REF] Yan | Thermoelectric-Photoelectric Integrated Micro-Scale Generator for Power Supply of WSNs in Airplane[END_REF], the design of the first micro-scale generator composed of a PV cell and a micro thermoelectric generator (𝜇-TEG) is presented to feed WSN nodes in an airplane. The PV cell converts the solar energy into electricity and the 𝜇-TEG harvests the thermal energy in the surrounding environment. Simulations show that the efficiency of the PV cell reaches 15.12% and the 𝜇-TEG results a power factor greater than 0.8 𝜇W cm -2 K -2 . In [START_REF] Yan | MEMS-Based Thermoelectric-Photoelectric Integrated Power Generator[END_REF], a novel power generator is presented. This power generator consists of a micro-scale thermoelectric generator (µ-TEG) and a solar cell integrated on the same silicon chip by using the MEMS technology.

The device is able to harvest the waste heat of outdoor pipes complemented by harvesting solar energy. Working at the front side of the device, the output voltage factor of the µ-TEG is 0.149 V*cm -2 *K -1 and the conversion efficiency of the solar cell is 4.45%. The energy harvested can power several WSN nodes such as temperature and flow sensors.

In [START_REF] Zhao | A novel model of piezoelectric-electromagnetic hybrid energy harvester based on vortex-induced vibration[END_REF], Zhao et al. developed a novel hybrid vibration energy harvester using piezoelectric and electromagnetic induction, converting the kinetic energy of water into electricity. Figure 36 shows the physical model of the vibration energy harvester. The PZT is attached to a spring fixed to the water channel, and in the middle of the spring, a magnet is fixed. So, whenever the water flows, the vibration is harvested by the electromagnetic induction and piezoelectric systems. Under optimal conditions, where the diameter of the cylinder is 50 mm, 𝑅 1 = 400 𝐾Ω, 𝑅 2 = 2.2 𝐾Ω, experiments show that the total maximum output power obtained is 16.55 mW at water velocity of 0.6 m/s. In [START_REF] Jadhav | Hybrid solar and radio frequency (RF) energy harvesting[END_REF], Jadhav and Lambor designed a hybrid energy harvesting system consisting of a solar cell able to harvest the sun rays and an antenna to capture RF energy. A patch antenna has been designed to operate at 2.4 GHz to capture low level wavelength. The outputs of the antenna and solar cell are connected to a DC circuit to combine the output voltage of both systems providing a unique DC power as shown in Figure 37. The maximum power delivered by the overall hybrid system is 9W, stored in a battery for future use. In [START_REF] Nguyen | A hybrid RF and vibration energy harvester for wearable devices[END_REF], Nguyen and Amirtharajah presented a hybrid Radio frequency and piezoelectric energy harvesting system for wearable devices. Figure 38 shows the proposed piezoelectric transducer and RF hybrid harvester system. An AC/DC rectifier and an RF/DC converter are used to convert the harvested output from respectively the piezoelectric transducer and the RF antenna to a DC output power. In this study, neither the storage nor powering a load has been studied. As a result, experiments show that, at a distance of 5.5 m the hybrid system generates 7.3 µW of DC power and, at a vibration of 1.8 g, the output DC power is 1.8 µW. In [START_REF] Acut | PV-TEG-WiFi Multiple Sources Design Energy Harvesting System for WSN Application[END_REF], a design to combine the power from different energy harvested sources is presented. The indoor light is being harvested using a photovoltaic cell and a thermoelectric generator (TEG) is used to harvest ambient temperature difference. The PV cell and the TEG are connected to a single power combiner as shown in Figure 39. Simulations show that this system is able to deliver 1.92 mW at a load of 100Ω. 

Combination of multiple sources

In [START_REF] Salauddin | Miniaturized springless hybrid nanogenerator for powering portable and wearable electronic devices from human-body-induced vibration[END_REF], Salauddin et al. presented a new design of a miniaturized spring-less hybrid Nanogenerator to harvest the vibration resulted from human body activities, consisting of electromagnetic (EMG) and electrostatic (TENG) effects. The electric circuit of the design uses a voltage-multiplier to increase the DC voltage of the EMG. Two transformers are connected to TENG1 for horizontal movement and TENG2 for vertical movement, followed by two rectifiers. The output of the three transducer is then connected to a common storage/load as shown in Figure 40. Experimental result show that for basic human activities such as slow running, walking and handshaking, the energy harvester was able to deliver an output power respectively of 1.7 mW, 1.2 mW, and 2.9 mW for horizontal movements and 2.3mW, 0.74mW, and 1.6mW for vertical movements. In [START_REF] Park | Hybrid Power System using PV and Piezoelectric Modules[END_REF], Park and Lee presented a hybrid energy harvester system using PV cell and piezoelectric modules connected in parallel to charge the battery using buck-boost DC-DC converter. Finite Element Method (FEM) analysis is applied to study the behavior for the piezoelectric module with respect to the mechanical vibration. Under specific conditions, the output power of the piezoelectric is low compared to the output of the PV cell. For this reason, 10 pieces of piezoelectric modules are parallelly constructed in this study. Figure 41 shows the proposed hybrid energy harvester system. Separate buck-boost converter is used for each input (PV and piezoelectric). These DC-DC converters operate independently to improve the charging of the battery. 

Conclusion

To conclude, multiple sources energy harvesting circuit presents a great advantage when different types of energy are present in the surrounding environment and can be scavenged. Multiple sources energy harvesting is known as hybrid system where different types of transducers are introduced to harvest the energy. It can be the same type of energy such as vibration or different types such as solar with heat, solar with vibration or solar with RF. In other words, combining different transducers output increases the total output power.

Figure 42 shows a typical hybrid energy harvester system including different types of sources generating AC or DC output power. Typically, the AC power output is rectified using an AC/DC inverter. Once the output is DC, it is connected to a DC-DC converter to meet the requirement of the energy storage device. The two systems are connected in parallel to improve the charging procedure of the storage device. 

Storage of energy

The energy delivered from the energy harvester system could be stored in an energy storage device for future use. However, every energy storage device has its own specifications and its proper method to be used. Selecting the appropriate type of energy storage is a challenge specially in micro-scale applications since many constraints should be taken into consideration as size, weight, capacity, charging/discharging rates. In this section, different types of energy storage technologies are presented with a brief explanation, making it clear to select the appropriate energy storage device depending on the system's requirements.

Super-capacitor

Super-capacitors, also known as double-layer capacitor or ultra-capacitor, is an electronic device used to store electrical energy and generate power. Super-capacitor (SC) combines the work of a normal capacitor and an electrochemical battery. Like batteries, during the charging phase, SC is able to store large amount of energy; and similar to normal capacitors, during the discharge phase and in a very short time, SC can discharge a high amount of power density [START_REF] Kim | Laser Processing of Energy Storage Materials[END_REF]. The plates of an ordinary capacitor are separated by a dielectric. In fact, when the capacitor is charged, it creates charges of opposite signs on each plate creating an electric field between them. The separator between plates of a super-capacitor is a very thin insulator/plastic or paper. When the super-capacitor is charged, it creates opposite charges on each side of the separator creating a double layer electric charge. Based on Figure 43, it is clearly seen that a SC looks like two normal capacitors side by side split up by the separator [START_REF] Woodford | Supercapacitors[END_REF]. A super-capacitor is commonly modelled with an Equivalent Series Resistance (ESR) and a parallel resistor. The parallel resistance is responsible for the self-discharge of the supercapacitor. When it is not connected to a load, its takes 24h to lose most of the energy stored by the self-discharge phenomenon in an exponential way. This leads to limit the use of a supercapacitor as a long-term energy storage element. Regarding the energy densities, they are between 0.5 and 10 Wh/kg for commercial super-capacitors. To sum up, a SC is used when it is directly connected to a load and instantaneous usage due its high speed of self-discharge.

Micro-battery for energy storage

Charging a battery is more advantageous comparing to super-capacitors when it comes to future usage of the energy storage. In addition, the energy density for commercial standardized batteries can range between 50 -1,500 Wh/kg. However, selecting the appropriate micro-battery to store the energy harvested is a challenging process. The most important specifications of the battery that should be taken into consideration comprise the energy density, percentage of self-discharge, the value of the internal resistance and the tolerance to overcharging [START_REF] Elahi | Energy harvesting towards self-powered iot devices[END_REF]. Of course, when it comes to micro-scale applications, the size and weight are important factors depending on the application's requirements. Micro-batteries are mostly used in wearable devices and biomedical applications such as hearing aid devices.

Based on [START_REF] Paul | Powering wearables: battery types, current challenges, and energy harvesting[END_REF], wearable device technology presents smart gadgets wear on the user's body, equipped with all types of needed sensors such as accelerometer and gyroscope. They can also use the Bluetooth technology to send data to the smart phone via wireless connection. The most common types of batteries used in wearable devices are:

-Alkaline -Nickel-Metal-Hybrid (NiMH) and Nickel Cadmium (NiCd) -Lithium-Ion (Li-Ion) and Lithium-Ion Polymer (Li-Poly) -Silver zinc Alkaline batteries are known as AA/AAA or even coin shape of standard voltage of 1.5V having a diameter of 11.6 mm with 5.4 mm in height. These types of batteries are out of our concern because they are non-rechargeable batteries. Nickel-Metal-Hybrid (NiMH) is a rechargeable battery. It loses 20% of the energy stored in the next 24 hours after charging and thereafter 10% every month. NiMH batteries can be recharged hundreds of times having a life time of 2 to 5 years. Nickel Cadmium (NiCd) batteries and NiMH have lot of similarities in the chemistry fabrication. However, NiMH presents an energy capacity that is two to three times higher than NiCd. NiMH presents an energy density close to that of Lithium-Ion battery but this latter is much lighter in weight. Finally, Lithium-Ion and Lithium-Ion Polymer are types of rechargeable batteries having high energy density, small memory effect and low selfdischarge. It requires a protection circuit in order to maintain voltage and current in safe limits. They are the most popular type of batteries used for wearables [START_REF] Paul | Powering wearables: battery types, current challenges, and energy harvesting[END_REF], [START_REF]BU-203: Nickel-based Batteries[END_REF].

The rechargeable silver zinc battery uses many of the silver-oxide chemistry and therefore it shares most of the silver oxide's characteristics. However, silver zinc battery represents one of the highest energy densities comparing to all the electrochemical sources present currently. Silver-zinc rechargeable batteries are the newest type used for hearing aid devices. Z-Power Company is one of the best companies to sell best silver-zinc battery. The Z-Power micro battery is able to deliver consistent and stable energy while being environmentally friendly [START_REF] Zpower | Presenting the Industry's Highest Energy Density Microbattery[END_REF]. Selecting micro battery, size is the initial criteria to take into consideration. Batteries made up of silver zinc deliver greater energy density than other batteries such as Lithium-Ion. Z-Power silver-zinc rechargeable batteries are commercially divided into 4 categories: size 10, 312, 13 and 675. Table 3 summarizes the main specification of the four of them. In addition to the types of batteries above mentioned, solid-state battery is a type of technology that may be an alternative for Li-Ion or Li-Poly batteries. Solid-state battery uses solid electrolyte instead of liquid or polymer electrolytes found in Li-Ion and Li-Poly batteries. The main advantage of using solid electrolyte is to reduce the probability of fire when the liquid inside the electrolyte flows out and comes in contact with air. Nowadays, the most common type of battery used in electric cars is the Lithium-Ion battery, but these type of batteries can experience slow in charging, can freeze under sub-zero temperature and can be flammable [START_REF] Hawkins | VW-backed QuantumScape says its solid-state batteries will enable EVs to travel farther and charge faster[END_REF]. In this context, recently a number of companies and car makers are looking into using or developing a solid-state battery instead of the Li-Ion. Among rechargeable battery companies, the attention is drawn to QuantumScape, LG Energy solutions and Samsung SDI [START_REF] Ko | Rechargeable Battery Industry: Solid-state Batteries to Arrive from 2025[END_REF]. QuantumScape is developing solid state batteries with a goal of production from 2025. This company states that integration of solid-state batteries in Electric Vehicles (EV) will increase their performance by 80% comparing of the use of tradition Li-Ion batteries. As well, LG is developing an appropriate solid-state battery for their applications, with a goal of mass production near 2028. Samsung is also studying the production and implementation of solidstate batteries with a goal of mass production starting 2027 [START_REF] Hawkins | VW-backed QuantumScape says its solid-state batteries will enable EVs to travel farther and charge faster[END_REF], [START_REF] Ko | Rechargeable Battery Industry: Solid-state Batteries to Arrive from 2025[END_REF]. Therefore, solid-state batteries present many advantages to be incorporated in different systems; they are safer, more durable, lasts longer and they are smaller than Li-Ion.

Objective of this work

The aim of this thesis is to apply the principle of energy harvesting to an optical wireless bistable micro-actuator system developed in Roberval Laboratory [START_REF] Liu | An optical wireless bistable micro-actuator[END_REF]. The micro-actuator is made up of two antagonistic pre-shaped beams, two Shape Memory Alloy (SMA) elements and a laser source. The latter is used as a contactless energy transfer to activate the SMA elements. At their turn, SMA elements are the transitional components to actuate the bistable antagonistic beam among its two stable positions [START_REF] Liu | An optical wireless bistable micro-actuator[END_REF], [START_REF] Zaidi | Contactless and selective energy transfer to a bistable micro-actuator using laser heated shape memory alloy[END_REF]. From this context, three types of energies can be harvested from the system. The first one is the unused optical energy while the laser diode heats the SMA element. The second one is the thermal energy due to the heating of the environment and the SMA element. Finally, the third type of energy that can be harvested is the vibration energy caused by the movement of the beams while changing positions from position 1 to position 2 and vice versa. However, in this thesis, the focus is on harvesting the optical and thermal energies only without taking into account the vibrational energy of the actuator because the expected piezoelectric source is several orders of magnitude lower than optical and thermal sources.

Concerning the optical energy harvesting, a photonic transducer is used to capture the wasted energy from the heating process of the SMA elements, transforming this optical energy into an electric current. Among all the available photonic transducers, a study and comparison are done to select the appropriate one for this application. As a result, a vertical multi-junction photovoltaic (VMJPV) cell is selected. Regarding the thermal energy harvesting, a thermoelectric transducer is used to harvest the heat created during the heating/cooling process. Whenever the laser heats an SMA element, a difference in temperature is created between the temperature of the SMA element and the ambient temperature taken as 25℃. This difference in temperature is captured by a K-type thermopile, placed on the two sides of the SMA elements, transforming the temperature difference into electric voltage.

The aim of the thesis is to create a micro-actuator able to produce electrical energy from optical and thermal wasted energies and transmit it to feed interconnected devices such as sensors. In the future, a set of the multiple micro-actuators are connected between them in series/parallel presenting the feet of a micro-robot that executes its movements based on the actuation of the SMA elements. Thus, SMA elements will be tracked to be heated by a laser diode. Having a focalized laser spot on the SMA elements demands a complex tracking system to track the positions of each SMA element. To simply the tracking process, the focalized laser diode used in [START_REF] Liu | An optical wireless bistable micro-actuator[END_REF] is defocused presenting a greater spot area hitting the SMA element. Thus, in this thesis, studies and experiments are done while defocusing the laser spot to heat the SMA element presenting an easier way to introduce the principle of energy harvesting to the microrobot. In this thesis, the main contribution is to harvest the available unused energies to feed interconnected devices. The energy harvested can operate in two different playgrounds. The first one, where the speed of actuation is not a concern but the system requires to store a high amount of energy, the optimized optical energy harvesting system is chosen. However, when the speed of actuation is a constraint, and the system needs to speed up for a micro-robotic application, the second playground is selected. The latter presents a more focalised laser spot on the SMA element, speeding up its actuation while harvesting optical and thermal energies from the system.

Chapter 2 -Basic of the micro-actuator and Principle of Energy Harvesting

In this chapter, the bistable micro-actuator is described in details including the mechanism of the beams and the wireless actuation utilized to move the beams from a position to another. Then the principle of energy harvesting in this application is presented at its optical and thermal forms. The optical energy harvesting system is described in details. Then, a comparison of different types of photonic transducer is shown in order to select the appropriate one regarding the conditions of the application. After that, the principle of thermal energy harvesting is presented showing the selection of the appropriate transducer to harvest the thermal energy and transform it into electrical current.

Bistable micro-actuator

By definition, micro-actuators as actuators, have the ability to transform some amount of a certain energy to a mechanical energy. Micro-actuators are characterized by their small size and a precise output executing steps in the micro-scale dimensions. This leads to two main problems: First, it's difficult to integrate sensors in order to control the system in a closed loop. Second, integration of power supply unit to sense and generate the movement adds a complexity for the system.

In order to solve the problem of integration of sensors into the system, bistable micro-actuators have pulled in the analyst's consideration by their benefits, as they represent a simple mechanism that can be controlled in an open loop. By definition, bistable micro-actuators represents actuators executing steps in the micro-scale to move from one stable position to a second stable position. One of the most common used bistable mechanisms is the bistable buckled beam. There are three groups of bistable buckled beam: pre-compressed, pre-stressed and pre-shaped beams [START_REF] Liu | An optical wireless bistable micro-actuator[END_REF]. Concerning the pre-compressed and pre-stressed beams, they both show the same advantage that they have a symmetrical output force. However, a disadvantage for both is that the pre-load of the pre-compressed beam and the pre-stress of the pre-stressed beam are hard to control. Regarding the pre-shaped beam, there is no force that should be controlled which makes the control part easier. But, the output force of the pre-shaped beam is asymmetrical that could be solved by using two pre-shaped beams linked together in opposite positions (antagonistically) and compress them to become a whole.

Moreover, studies showed that pre-shaped buckled beam has a low power consumption which has led the possibility to be controlled wirelessly [START_REF] Liu | An optical wireless bistable micro-actuator[END_REF].

Therefore, it's clear that the pre-shaped bistable buckled beam solves the two main problems mentioned above. It can be controlled in an open loop and wirelessly.

Regarding the wireless actuation, it's a contactless energy transformation. In fact, there are many ways to transfer energy wirelessly [START_REF] Zaidi | Contactless and selective energy transfer to a bistable micro-actuator using laser heated shape memory alloy[END_REF]. First, electromagnetic field, inductive coupling and capacitive coupling represent a contactless energy transfer. But the main disadvantage of these three techniques is that they are a short distance actuation. Which means the bigger the distance between transmitter and the receiver is, the smaller the energy transfer efficiency. Second, radio frequency electromagnetic waves present a wireless technique actuation. This technique is a solution for longer distance transformation but it needs additional circuits which adverse the concept of decrease the complexity of the system. Finally, laser heated, a procedure to transfer thermal energy to heat the shape memory alloy (SMA) is considered as a contactless energy transfer [START_REF] Zaidi | Contactless and selective energy transfer to a bistable micro-actuator using laser heated shape memory alloy[END_REF]. It's a long distance actuation without the integration of additional circuits discussed in details in Wireless Actuation part.

Bistable buckled beam mechanism

As mentioned above, in order to simplify the control part for the pre-compressed and prestressed beams, two pre-shaped beams are used, which have antagonistically curved shape. In order to make the micro-actuator bistable, the midpoints of the two beams are connected to each other to limit the rotation -Figure 44 (a). A gap is shown between the two support parts of the two beams. In fact, this gap is the cause of the asymmetrical output -Figure 44 (b). In order to remove this gap, a compressing force is exerted on one support. Therefore, the two parts are fixed together forming a whole and the pre-shaped double beam can be switched from one position to another having a symmetrical output force -Figure 44 (c) . 

Wireless Actuation

As mentioned previously, the bistable mechanism is wirelessly actuated by a laser heated shape memory alloy (SMA) of dimensions 3 * 1 * 0.1 𝑚𝑚 3 as 𝐿𝑒𝑔𝑛𝑡ℎ * 𝑊𝑖𝑑𝑡ℎ * 𝑇ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠. SMA is an active element made up of Nitinol, which is an alloy of Nickel and Titanium, presenting 55% Nickeland 45% Titanium. SMA element has an initial curved shape in martensitic phase. Once heated, the SMA element change shape from curved to become flat (austenite phase) and remains flat due to its one-way memory effect characteristic. When the SMA element changes its shape, the bistable beam moves from a position to another due to the push of the SMA element. However, due to the one-way memory effect of the SMA, the movement of the beams will be blocked [START_REF] Liu | Multistable wireless micro-actuator based on antagonistic pre-shaped double beams[END_REF]. For this reason, a layer of 𝑆𝑖𝑂 2 having 8 𝜇𝑚 of thickness that covers the SMA element generates a two-way memory effect of the SMA because the thermal expansion ratio of 𝑆𝑖𝑂 2 is smaller than Nitinol [START_REF] Liu | An optical wireless bistable micro-actuator[END_REF]. Therefore, at ambient temperature SMA element has a curved shape -Figure 45 Previously, in Xingxing's thesis [START_REF] Xingxing | Contribution au Micro-actionnement Multi-stable Piloté par Radiations Optiques[END_REF], the main contribution is to actuate the bistable microactuator. To do so, the laser spot is focalized on the SMA element; presenting a spot of 500𝜇𝑚, to switch the SMA element from curved shape to become flat and actuate the antagonistic beams among its two stable positions. In this thesis, the main contribution is to harvest the wasted energies from the micro-actuator to charge an energy storage device able to feed future interconnected sensors. Energy harvesting will be applied to a single micro-actuator to validate the principle. However, as a global general view, energy harvesting will be applied, later, to a micro-robot made up of a set of multiple micro-actuators connected between them. In other words, the set of micro-actuators presents the feet of the micro-robot to execute the movements when the SMA elements change shape. From this context, the position of the SMA elements should be tracked all long the movement process of the micro-robot to ensure the SMA heating by the focalized laser spot. Knowing that the latter has a diameter of 500𝜇𝑚, the tracking of the SMA elements along the movements is possible but requires a very high resolution tracking system. For this reason, to simplify the tracking procedure and minimize the error of hitting the SMA by the laser spot, the latter is defocus creating a larger spot on the SMA. Experiments have shown that, hitting by the same power, the behavior of the SMA element remains the same whether the spot is focused or defocused on its surface. Thus, in the thesis, the studies have been done while defocusing the laser spot to heat the SMA elements, presenting an easier way and a strategy to track the micro-robot and harvesting the unused wasted energy during the movements.

Principle of energy harvesting

Overview

Based on the principle of actuation of the micro actuator, it's clearly seen that many types of energy can be harvested. First, the optical energy when the laser heats the SMA elements. In fact, whenever the laser heats the SMA element, the wasted energy is to be captured by a photonic transducer transforming the optical energy into electric current (when light is slightly defocused). The second type of energy that can be harvested is the thermal energy due to the heating of the environment of the micro-actuator, using a thermoelectric generator transforming the difference in temperature into a voltage difference. Finally, the third type of energy is the mechanical energy due to the actuation of the antagonistic pre-shaped beam, using piezoelectric material transforming mechanical motion and vibration into electric current. In this thesis, the focus is only on harvesting the optical and thermal energies from the system. The aim of this thesis is to apply the principle of energy harvesting to an optical wireless bistable micro-actuator system developed in Roberval Laboratory

The aim of the thesis is to apply the principle of energy harvesting to an optical wireless bistable micro-actuator system able to produce electrical energy from different types of wasted energies and transmit it to feed interconnected devices such as sensors, camera, supervision control, etc. Two energy harvesting systems are designed. The first one relies on harvesting only the optical energy from the system without considering the speed of actuation of the micro-actuator. In other words, the system is optimized to capture the maximum optical unused energy. The second design considers to speed up the actuation of the system so the laser spot is more focalized on the SMA element than the first design. This leads to harvest a smaller amount of electric energy. To compensate this optical loss, thermal energy is considered to be studied forming a mix system able to harvest optical and thermal energies. Doing so, the microactuator can operate in two different playgrounds depending on the needs which means if the system requires a fast actuation, design number two is selected whereas if the system doesn't require high speed actuation, system number one is selected. For both systems, the unused energy is harvested and stored in an appropriate energy storage device. More precisely, in the first design, the optical energy harvested is directly stored in a micro-battery using a charge controller. For the second design, the optical and thermal energy harvesting system are connected in parallel, each has its own converter in the aim to charge a single energy storage device.

Optical energy harvesting system

The photonic transducer used to capture the optical energy is designed to be placed between the two SMA elements and the concept of energy harvesting is shown in Figure 48. For every heating process of an SMA element, the unused energy is captured by the photonic transducer transforming optical energy into electric current. 

Selection of the photonic transducer

In order to choose the appropriate type of photonic transducer for our system, a comparison has been done over the photodiodes and the solar cells depending on the system's requirements. Note that, photodiode and the solar cell are both composed of a p-n junction but they are different devices with different fabrication technologies and present different operating conditions.

Photodiode

In this part, the working principle of a photodiode is presented. Then, a selected photodiode is studied taking into consideration the system's conditions.

Photodiodes present a similar p-n junction structure as solar cell but can operate in photoconductive (PC) mode and photovoltaic (PV) mode depending on the photodiode biasing conditions. In the photoconductive mode, a reverse bias is required for the operation to detect the light. In the photovoltaic mode which means the photodiode is not be electrically biased, a photodiode can be used to harvest optical energy [START_REF] Hui | Photodetectors[END_REF].

Photodiode presents four types where three are p-n junction based devices [START_REF] Inc | AN-LD17: Photodiode Basics: Selection & Operation[END_REF]:

-PN photodiode -PIN photodiode -Avalanche photodiode (APD)

The fourth type of photodiode is a Schottky photodiode that is not p-n based device but is made up of metal semi-conductor junction to capture the photo-generated charges. This type of photodiode is out of concern as the focus is on p-n junction-based devices and the target is to harvest the photonic current generated by the illumination. The PN photodiode is the most basic one where PIN and APD are variations of PN junction photodiodes. The PN and PIN types can be used without a reverse bias voltage whereas APD is designed to be connected to a bias voltage at its terminals. In other words, the APD presents an amplification of voltage comparing to PN and PIN types whereas all the types require a reverse voltage to operate in the photoconductive mode. Thus, the APD photodiode is out of our concern as it always works in the photoconductive mode not the photovoltaic mode.

As mentioned, photodiode presents two operation modes: the photoconductive (PC) mode and photovoltaic (PV) mode. PC mode occurs when the photodiode operates in the first and specially fourth quadrant and PV mode when the operation is in the third quadrant as seen in the IV curve of the photodiode -Figure 50. Where P is the incident light at different levels; 𝑃 0 when there is no incident light. 𝐼 0 and 𝐼 𝑃 are respectively the dark current and the photocurrent. When the photodiode is forward bias, the current generated flows in the opposite direction leading in many cases to damage. That's why most photodiodes operate either in the reverse bias mode or without bias at all. Part 4 of the blue part presents the reverse bias when the photodiode operates in the photoconductive mode where the current increases with respect to the optical power without any damage. The red part is the breakdown voltage, photodiodes should not operate beyond this limit, otherwise it will be damaged. In the PV mode, when an incident light hits the photodiode, the electric field rises in the depletion region. With the increasing of photon flux, the produced photocurrent increases and the voltage generated is measured at the positive and negative terminals of the photodiode. Therefore, the PV mode effect presents the basis of a solar cell. Note that, in PV mode of operation, the photodiode should receive a low incident light (few mW) before it gets saturated. When saturation is reached, the photodiode will no longer absorb the photon flux to transform it into photocurrent, but instead the incident flux will be absorbed as heat that may damage the device accuracy and irreversibility (there is no turning back) [START_REF] Inc | AN-LD17: Photodiode Basics: Selection & Operation[END_REF], [START_REF]Input Light Intensity[END_REF]. In fact, in this application, the photovoltaic mode is to be studied in order not to use electrical energy to produce electrical energy; it doesn't make any sense. The photodiode will be hit by the optical power of the laser in the aim to transform the optical energy into electric current.

The photodiode selected to be simulated for our application is S12915 series from Hamamatsu. This photodiode is silicon based (Si) classified under the PN type photodiode. Based on the description of Si photodiode in Hamamatsu [START_REF] Hamamatsu | Si photodiode[END_REF], the maximum saturation incident power (𝑃 𝑠𝑎𝑡 ) is 10 𝑚𝑊. This photodiode is selected in the study due to a bigger surface than conventional photodiodes, thus its less sensible and can support a higher amount of energy before getting saturated.

The selected Si photodiode S12915-33R is shown in Figure 51 and presents the following characteristics: One of the key performance specifications of a photodiode is the responsivity 𝑅 𝛾 , also known as photosensitivity. It represents a measurement of the conversion of light power into electric current. It is defined as the ratio of photocurrent 𝐼 𝑃 to the optical input power 𝑃 𝑜𝑝𝑡 . Therefore, it is expressed in A/W. Responsivity depends mainly on the wavelength of the incident light as shown in Figure 52.

𝑅 𝛾 = 𝐼 𝑃 𝑃 𝑜𝑝𝑡 ( 14 
)
Figure 52: Responsivity versus Wavelength of a Si photodiode [START_REF] Moulton | Optical characteristics[END_REF] In order to determine the photodiode's efficiency, a simulation is done with an input beam of wavelength 𝛾 = 850 𝑛𝑚, with a constant incident power equal 𝑃 𝑠𝑎𝑡 = 10 𝑚𝑊. Based on Figure 52, the responsivity is approximately equal 0.6 A/W. And based on equation ( 14), the photo-generated current is calculated as follow: The short circuit current 𝐼 𝑠𝑐 is very close to 𝐼 𝑝ℎ but it should be determined experimentally; let's assume for the moment that 𝐼 𝑠𝑐 = 𝐼 𝑝ℎ = 0.006 𝐴.

𝐼 𝑃 =
The simulation was over Matlab/Simulink as follow: The red point in Figure 54 presents the maximum power point (MPP) with its relative voltage 𝑉 𝑀𝑃𝑃 and current 𝐼 𝑀𝑃𝑃 . Suppose that the photodiode works near the maximum power point, therefore the efficiency is calculated as follow:

𝜂 = 𝑃 𝑀𝑃𝑃 𝑃 𝑖𝑛 = 2.9 𝑚𝑊 10 𝑚𝑊 = 29%
Therefore, the efficiency of the selected photodiode is 29% to be compared with the efficiency of other type of photonic transducer.

Conventional solar cells

Conventional solar cells are used to harvest solar energy into electricity, mainly in the aim of feeding home appliances enough energy. Outside the earth's atmosphere, the average of solar irradiance is known as a solar constant equal to 1366 𝑊/𝑚 2 . Reaching the earth surface, on a clear sunny day, the typical peak irradiance delivered by the sun is 1000 𝑊/𝑚 2 . For this reason, conventional solar cells are rated with an energy density of 1000 𝑊/𝑚 2 to harvest the solar energy. The solar spectrum is made up of visible, infrared and ultraviolet radiations. However, a solar cell is able to harvest the visible radiations of the solar spectrum, infrared and ultraviolet are absorbed as heat. That's why, we conclude that a PV cell is able to give higher efficiency when it is illuminated with a spectral interval of frequency [450 nm -650 nm] from the visible spectrum [START_REF] Orcutt | Doubling the efficiency of solar devices would completely change the economics of renewable energy. Here is a design that just might make it possible[END_REF]. Figure 55 shows the light spectrum with the visible light wavelengths. As mentioned in the photodiode section, a solar cell has the same principle of functioning of a photodiode working in the PV mode. They both transform optical energy into electrical current. However, a solar cell has a larger area in order to capture more light since PV cells are mainly fabricated to be used outdoor to harvest the solar energy. A typical solar panel placed on rooftops used for residential applications has a dimension of 165 * 99 𝑐𝑚 2 (65 * 39 𝑖𝑛𝑐ℎ𝑒𝑠 2 ). Likewise, solar panels used for solar farms have generally a dimension of 195 * 99 𝑐𝑚 2 (77 * 39 𝑖𝑛𝑐ℎ𝑒𝑠 2 ). Inversely, mini solar panels exist to undertake the large dimensions, used in applications presenting a limitation in space and require low power. These panels have a size range between 15.25 * 64.77 𝑚𝑚 2 (0.6 * 2.55 𝑖𝑛𝑐ℎ𝑒𝑠 2 ) and 224 * 130 𝑚𝑚 2 (8.85 * 5.12 𝑖𝑛𝑐ℎ𝑒𝑠 2 ) [START_REF]Mini Solar Panel: Ideal power source for small devices/portable appliances[END_REF]. Even though mini solar cells present smaller dimensions than conventional PV cells, their dimensions still remain relatively big to be used in our application. For this reason, conventional solar cells including the mini fabrication is out of our concern.

Vertical multi-junction PV cell

Vertical solar cells were presented in the mid 70's to reduce significantly the effect of the series resistance losses that present a fundamental limitation of the cell efficiency. This concept is mainly achieved by decreasing the cell dimensions specially in the area related to the series resistance [START_REF] Vossier | On the ultra-miniaturization of concentrator solar cells[END_REF]. This concept was later expanded to Multi-junction solar cells in 2012 by Braun et al. [START_REF] Braun | Multiplebandgap vertical-junction architectures for ultra-efficient concentrator solar cells[END_REF], who demonstrated that such cell architecture is able to reach an ultra-high theoretical efficiency at sun illumination level up to 79 𝑊/𝑚 2 . In fact, multi-junction solar cells are made of multiple p-n junctions of different semiconductor materials. Every material's p-n junction delivers electric current depending to different wavelength of light. Note that, multiple semiconductor materials present in the cell, permits the absorbance of a wider range of wavelengths and therefore improving the cell conversion efficiency. In 2016, Perales et al. [START_REF] Perales | Characterization of high performance silicon-based VMJ PV cells for laser power transmission applications[END_REF] presented a Vertical Multi-Junction photovoltaic (VMJPV) cell designed for high intensity using laser power transmission applications. This PV cell, can be found in MH GoPower company, also known as MIH TM VMJ PV cell. It is a silicon-based with high voltage density and high performance. It is made up of miniaturized serially interconnected p-n junctions (called sub-cells) forming a PV array having low series resistances, delivering a high efficiency under high intensity light. Figure 57 shows the architecture of this PV cell. Four categories exist depending on the cell width. The cell width is in function of the wafer' thickness of each p-n junction stacked in the fabrication process. Wafer thickness used is 200𝜇𝑚, resulting 5 p-n junction for every 1 mm of the cell. The MIH TM VMJ PV cell presents a durability under high temperature. Experiments show a very linear relationship between the cell efficiency versus temperature. The efficiency of this PV cell decreases approximately of 19% from a standard temperature 25℃ to 100℃. The operating wavelength range is from 800 nm to 1 070 nm but it operates most effectively under wavelength light from 900 nm to 1000 nm.

As mentioned, this PV cell is made up of serially interconnected p-n junctions, which means the laser irradiance on the PV should be uniform delivering approximately the same power along the PV cell surface. Figure 58 shows different uniformity percentage, (a) having a uniformity of 71%. It is clearly seen that some p-n junctions will receive more light than other junctions resulting in a decrease of efficiency of the cell. In Figure 58 (b), the uniformity increases to reaches 85%. The distribution of light being more homogenized along the surface, the efficiency increases to reach its maximum when the uniformity is 99% seen in Figure 58 (c). Figure 59 shows the cell efficiency versus the beam uniformity. Therefore, the more uniform the laser beam can be brought to, the better efficiency is delivered by the PV cell. To achieve the cell efficiency versus the wavelength, a laser beam distribution of uniformity 97% having an irradiance of 1.2 W/𝑐𝑚 2 is applied to the VMJPV cell. The laser wavelength is varied and the efficiency of the PV cell is extracted. Four categories (part number) exist having different size, each one is able to support a maximum irradiance delivering a maximum efficiency at the optimal wavelength. Table 5 summarizes the different parts showing their specifications. Based on these information, the VMJPV cell selected for our study is the 5S3030.4. This PV cell suits the micro-actuator dimensions and presents a high efficiency for the used 785 nm wavelength laser diode. From Figure 60, if our laser is brought to a uniformity of 97%, the efficiency of the cell is approximately 35%. The maximum input power that can hit the PV cell without getting saturated is calculated as follow: The PV cell selected of dimensions 3 * 3 * 0.4 𝑚𝑚 3 , has a weight of 7.6 mg. It can be mounted on an Aluminium Nitrate (AlN) substrate to help conduct heat away from the cell. This substrate has dimensions of 6 * 6 * 0.38 𝑚𝑚 3 as (L*H*W) and weights 50.9 mg. Therefore, the total weight of the PV cell with the substrate is 58.5 mg with an additional 7.9 mg of wires.

𝑃 𝑖𝑛𝑝𝑢𝑡 𝑚𝑎𝑥 = 𝐼𝑟𝑟𝑎𝑑𝑖𝑎𝑛𝑐𝑒 ( 𝑤 𝑐𝑚 2 ) * 𝑐𝑟𝑜𝑠𝑠 𝑠𝑒𝑐𝑡𝑖𝑜𝑛 𝑜𝑓 𝑡ℎ𝑒 𝑃𝑉 𝑐𝑒𝑙𝑙 (𝑐𝑚 2 ) (15 
Figure 61 shows the vertical-multi junction PV cell selected with the AlN substrate and their dimensions. 

Comparison

After detailed study of different types of photonic transducers including photodiode, conventional photovoltaic cells and vertical multi-junction PV cell, Table 6 summarizes the three cases as shown below: Therefore, the selected photonic transducer used to harvest the laser energy is the vertical multijunction PV cell mounted on the Aluminium Nitrate substrate.

Mechanical system support

In aim to place the PV cell close to the micro-actuator, a mechanical system is designed using Creo software and 3D printed using resin photopolymerization technology. The mechanical system is made in a way to place the PV cell between the two SMA elements so whenever the laser heats one SMA element, the wasted energy drops between the SMA elements, captured by a single PV cell.

The mechanical system is divided into three main parts and intermediate spacers to hold the parts together. Figure 62 shows the exploded view of the mechanical system.

The first part is the support of the VMJPV cell. In (a), the PV cell with its AlN substrate (6 mm*6 mm*0.38 mm) is inserted. A space should be dedicated to the wires of the PV cell since they are ultra-thin and easy to break under pressure. (b) part shows the space for the wires (grooves). The PV cell has two pairs of wires (negative and positive) for redundancy in case the first pair is broken, explaining the wire's spaces opposing (b). The role of the intermediate support is to cover the AlN substrate and the wires of the PV cell while only keeping the photosensitive area of the PV cell uncovered. Part (c) is the SMA elements support which dedicated to fix the two SMA elements in a symmetrical way with respect to the support middle axis.

Figure 63 shows the assembly of the mechanical system including the VMJPV cell and the SMA elements. Figure 64 shows the real assembly fabricated in resin 3D printing with a clear material. Resin 3D printing was chosen among other 3D techniques technology such as Fused Deposition Modelling (FDM) due to the accuracy it presents in micro-dimensions. The machine used for printing has a resolution of 25 𝜇𝑚. To sum up, this section presented the principle of optical energy harvesting showing a study for different types of photonic transducers. The vertical multi-junction photovoltaic cell was selected to harvest the optical energy from the used 875 nm wavelength laser diode. The second type of energy that can be harvested from the system is the thermal energy using thermoelectric generators.

Thermal energy harvesting system

Thermal energy harvesting depends primarily on the operation of the thermoelectric generator (TEG) that converts heat or more precisely the difference in temperature into a voltage difference via its Seebeck effect. In this thesis, whenever the SMA elements is heated, it creates a temperature difference with the outside environment that can be converted into voltage using a TEG generator. In other words, TEGs generator is placed on the SMA element sensing its temperature and generating voltage depending on the evaluation of the difference in temperature between the SMA element and a reference temperature taken to be 25℃. Commercialized TEG generators are big in size compared to the size of the SMA element used (3 * 1 𝑚𝑚 2 as Length * Width). For this reason, a thermopile is created based on a series of thermocouple transducers. The thermocouple selected to be used is a K type, from RS company, having a probe diameter of 0.3 mm. This thermocouple has a Seebeck coefficient of

Chapter 3: Modelling and optimization of the optical energy harvesting system

In this chapter, the model of the optical energy harvesting system is presented with an experimental validation of the laser energy harvesting using the vertical multi-junction PV cell while actuating only the SMA elements, the behavior of the micro-actuator is not taken into consideration.

Optical energy harvesting system

As mentioned, the vertical-multi junction PV cell is made up of series interconnected miniaturized p-n junctions. In order to extract the maximum efficiency of the PV cell, each pn junction should receive the same amount of optical power. Laser beam has a Gaussian distribution in space, which means the maximum power is focalized at the middle as seen in Figure 67 (a). In order to reach the same power along the PV cell, the laser beam should be transformed from the Gaussian distribution to a flat-top one as seen in Figure 67 (b). Thus, an optical system is designed and implemented to bring the laser beam into uniformity. First, the principle of homogeneity is described showing the different techniques that can be used. Later, a technique is selected and the calculation part is shown in details based on different cases studies leading to select the optimal optical system for this application. The waveguide segment method utilizes a light pipe homogenizing rod that homogenize the beam by the use of total internal reflection (TIR) into the rod as seen in Figure 69. This method is simpler than the first one as it requires less optical components. In our system, the waveguide segment method is used to homogenize the laser beam through a hexagonal N-BK7 light pipe homogenizing rod from Edmond optics. Comparing to square configuration, the hexagonal one provides 35% less light loss. It is uncoated and able to absorb wavelengths in the range from 350 nm to 2200 nm. Figure 70 shows the used light pipe homogenizing rod. It has a length of 75 mm with an entrance and exit aperture of 2 mm in diameter. In fact, light pipes are not designed to homogenize collimated beams. The rays should enter the beam with an angle equal or greater of the critical angle 𝜃 𝐶 in order to have total internal reflections and therefore homogenization might occur. The critical angle is calculated as follow:

𝜃 𝐶 = 𝑠𝑖𝑛 -1 ( 1 𝑛 ) ( 16 
)
Where n is the index of refraction. In the case of N-BK7, the index of refraction n is equal to 1.517 and therefore 𝜃 𝐶 = 41°. If the incident angle is less than 41°, TIR will not occur, while if the incident angle is equal or greater than 41° TIR will occur and the light is conducted throughout the pipe [START_REF] Optics | N-BK7 Light Pipe Homogenizing Rods[END_REF]. The critical angle is the main criteria for homogenization but not the only one. In order to get a flat-top output surface, the number of reflections inside the rod should be enough (estimated at least to 4 reflections). The number of reflections depends on the pipe length and the entrance and exist aperture.

Calculation

The laser diode used is LD785-SE400 from Thorlabs having a center wavelength of 785nm. It has an external diameter (∅) of 9 mm and is able to deliver a maximum power of 430 mW. The maximum transverse beam divergence angle is 𝜃 𝑇 (max) = 20° and the maximum lateral beam divergence angle 𝜃 𝐿 (max) = 16°. Therefore, the maximum between these two angles FWHM = 20° is taken into consideration for the calculation. Note that the laser diode is driven by a laser driver with its evaluation board iC-NZN from iC-Haus [START_REF] Ichaus | N-type laser diode driver[END_REF]. Jumper connections are identified depending on the laser specifications and resistors are calculated letting the laser delivers the power needed, in this case 𝑃 𝐿𝑎𝑠𝑒𝑟 = 130 𝑚𝑊.

Before the light pipe

In order to collimate the laser beam, the latter is inserted in a collimator tube LT230P-B from Thorlabs having an aspheric lens A230TM-B of focal length 𝑓 = 4.51 𝑚𝑚. The numerical aperture is 0.55, and antireflection (AR) coated which means it can transmit wavelength range from 650 nm to 1050 nm [140].

Let's consider the system where the laser is connected to two collimators LT230P-B before focusing onto the homogenization rod -Figure 71. The optical system between the laser diode and the light pipe is used to deviate the laser rays to hit the light pipe by an angle greater than the critical angle 𝜃 𝐶 .

In order to capture enough light from the laser, let's consider the maximum divergence angle α as follow: As mentioned above, the critical angle hitting the light pipe homogenizing rod should be greater than 41° in order to get internal reflections inside the rod and therefore homogenization of the laser. Having 𝜃 = 73°> 41 ° means that total internal reflection occur. However, to get homogenization, the number of reflections inside the rod should be at least 4. The light pipe chosen has the following characteristics for length L and diameter d:

𝐿 = 75 𝑚𝑚 𝑑 = 2 𝑚𝑚
Based on [137], the number of reflections m is affected by the dimensions of the light pipe L and d, the incident angle 𝛼 and the material's index of refraction n. m is calculated as follow:

𝑚 = 𝐿 𝑑 * tan (arcsin ( 1 𝑛 sin(𝛼))) (19) 
Therefore, in this case m is equal to: ))) = 7.36 𝑟𝑒𝑓𝑙𝑒𝑐𝑡𝑖𝑜𝑛𝑠 > 4

𝑚 = 75 
Having a sufficient number of reflections, the laser beam can be homogenized using two collimator tubes between the laser diode and the light pipe as the angle hitting the light pipe is greater than the critical angle resulting in 7 total reflections inside the light pipe.

After the light pipe calculation:

At the output of the light pipe, the rays are homogenized creating a secondary light source with a hexagonal cross-section. The objective here is to amplify the output to reach the dimensions needed for the system. The amplification is determined by the ratio of the focal length of the two lenses placed after the light pipe.

Knowing that the output angle of the rod is equal to the input one, the same collimator LT230P-B used before the light pipe is considered to be placed right after the homogenizing rod. In order to make sure that all the rays enter the collimator when placed at its focal length and no rays are lost, the maximum diameter ɸ 𝑇 of the collimated beam after the collimator is calculated as follow:

ɸ 𝑇 = ∅ 𝐿-2 + 𝑑 (20) 
Where ∅ 𝐿-2 is the diameter of the centred rays after the light pipe. Note than the light pipe has a diameter "d", thus the overall diameter of the collimated beam after the light pipe is ∅ 𝐿-2 added to "d". In Figure 72, only the centered rays are illustrated.

Therefore, the diameter of the rays after the first lens is: In order to cover all the p-n junctions of the PV cell, the rays should be magnified by a range [2-2.5] as seen in the Figure 73. An aspheric condenser lens ACL1210U-B, from Thorlabs, of focal length of 10.5 mm is selected. It's characteristics are shown in Table 7. distance depends on the materials the lens is made up to specify the exact location of the focal length that can be detected using ZEMAX-EE, causing the error between the simulation and calculation part.

ɸ 𝑇 = 2

After the light pipe:

After the rod, the rays are homogenized and the secondary light source have the dimensions of the light pipe. In other words, it's like the light pipe homogenizing rod is the new source that needs to be amplified to meet the system's requirements. As mentioned in the calculation part, a collimator tube of lens A230TM-B is facing the light pipe. Then, to reach the amplification needed, ACL1210U-B of focal length 10.5 mm is used. Figure 75 shows the simulation design of the optical system after the light pipe. From Figure 75, it's clearly seen that there is no lost rays as all the rays fit in the diameter of both lenses. From the spot diagram -Figure 76, the rays present a good distribution along the output having a maximum radius of both RMS and GEO of ≅ 324 𝜇𝑚. Note that for a radius greater or approximately equal to 1 000 𝜇𝑚, the system is considered to have a bad resolution.

Taking the first point of the diagram, the magnification can be estimated by dividing the image abscissa by the object's one:

𝑀 = | 𝐼𝑚𝑎𝑔𝑒 𝑜𝑏𝑗𝑒𝑐𝑡 | = 2.69 1.1547 = 2.329
The calculated magnification (𝑀 𝑐𝑎𝑙 ) is 2.328 is almost equal to the simulated one (𝑀 𝑠𝑖𝑚 ) which is 2.329. In addition, this combination of lenses presents a good distribution at the output.

After the necessary calculations and simulations, the final selection of lenses is summarized in the Table 8: 

Experimental setup

Overview

A mechanical support is designed in Creo software to install the optical system components including laser beam, collimated lens, aspheric condenser lens and light pipe homogenizing rod. The light pipe support is designed to have a half hexagonal shape to fit exactly the rod.

Figure 77 shows the design of the optical system support. 

Homogenization of the laser beam

Like the light pipe, the output surface has a hexagonal shape as shown in Figure 79. The percentage of uniformity at the output is extracted experimentally by placing a power meter having a detection surface of 800 𝜇𝑚 of diameter, connected to two translation stages x and y programmed to move along the output and measure the power at every 0.4 mm of displacement. Figure 80 shows the exploded view for the power meter connected to the translation plates. This test is done to visualize the power distribution along the output surface resulting a flat-top surface of dimensions 3 * 3 𝑚𝑚 2 as shown in Figure 81 The homogenization system transforms the initial Gaussian distribution of the laser to a flattop one across a section of 3 mm*3 mm. As mentioned, for every step of 0.4 mm of the stages, the power is extracted. In other word, the X stage is fixed to X = 0 mm, at this level the Y stage executes the displacements of 0.4 mm along the output and extract the power. Then X moves from X = 0 mm to X = 0.4 mm and Y stage executes the same behavior as previously. And so on, the procedure is applied along the output surface to extract the power 𝑃 𝑖 at every displacement of 0.4 mm. Having 𝑃 𝑖 , the irradiance 𝐼𝑟𝑟 𝑖 for every point can be calculated as follow:

𝐼𝑟𝑟 𝑖 = 𝑃 𝑖 𝑆 800𝜇𝑚 (21) 
Where 𝑆 800𝜇𝑚 is the detection area, calculated as follow:

𝑆 800𝜇𝑚 = 𝜋 * 𝑑 2 4 ( 22 
)
𝑆 800𝜇𝑚 = 𝜋 * (0.8 𝑚𝑚) 2 4 = 4 25 𝜋 (𝑚𝑚 2 )
The average irradiance along the output is calculated taking into consideration the standard deviation and the average of all the power values 𝑃 𝑖 , as follow:

𝐼𝑟𝑟 𝑎𝑣𝑒𝑟𝑎𝑔𝑒 = 𝑀𝑒𝑎𝑛 (𝐼𝑟𝑟 𝑖 ) (23) 
The average power across the surface 3 mm * 3 mm is:

𝑃 𝑎𝑣𝑒𝑟𝑎𝑔𝑒 = 𝐼𝑟𝑟 𝑎𝑣𝑒𝑟𝑎𝑔𝑒 * 𝑆 (𝑚𝑚 2 ) ( 24 
)
The coefficient of variation is calculated as well:

𝐶𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡 𝑜𝑓 𝑣𝑎𝑟𝑖𝑎𝑡𝑖𝑜𝑛 (𝑋 ̅ ) = 𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝑑𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛 (𝑃 𝑖 ) 𝑃 𝑎𝑣𝑒𝑟𝑎𝑔𝑒 ( 25 
)
The uniformity of the output is estimated to be the ratio between the minimal irradiance of the surface and the average irradiance as follow:

𝑈𝑛𝑖𝑓𝑜𝑟𝑚𝑖𝑡𝑦 (%) = 𝐼𝑟𝑟 𝑚𝑖𝑛 𝐼𝑟𝑟 𝑎𝑣𝑒𝑟𝑎𝑔𝑒 * 100 (26) 
After all calculation done, we obtained the following:

𝑃 𝑎𝑣𝑒𝑟𝑎𝑔𝑒 = 97 𝑚𝑊 ≅ 100 𝑚𝑊 𝐶𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡 𝑜𝑓 𝑣𝑎𝑟𝑖𝑎𝑡𝑖𝑜𝑛 (𝑋 ̅ ) = 9% 𝑈𝑛𝑖𝑓𝑜𝑟𝑚𝑖𝑡𝑦 = 81.3 %
Therefore, the flat-top output surface of 3 mm*3 mm has an average output power of approximately 100 mW presenting a uniformity of 81.3% with a variation of 9% -+ extracted experimentally. The IV curve of the PV cell is extracted under direct illumination of the laser beam as seen in Figure 82. The PV cell is hitting by a quasi-uniform laser diode of irradiance of 1.05𝑊/𝑐𝑚 2 . Figure 83 shows the IV curve of the PV cell. Therefore, the PV cell has a Fill Factor (FF) of 81.21% and is able to deliver an output electric power of 32.5 mW at its maximum power point. Note that the FF measures the quality of the PV cell by comparing the maximum power 𝑃 𝑀𝑃𝑃 to the theoretical output power taking both the 𝑉 𝑂𝐶 and 𝐼 𝑠𝑐 into consideration.

Actuation of the system

Basically, the bistable micro-actuator [START_REF] Liu | An optical wireless bistable micro-actuator[END_REF] is actuated by the laser beam that irradiates SMA1 and SMA2, used to push to bistable structure, alternately. However, in this section, the implemented method is to control mechanically the system ( * ) in order to execute the necessary movement to face the optical system to heat SMA1 then SMA2 without considering the interaction of those with the bistable structure.

In this context, a translation and rotating motorized stages are used to control the system. The translation stage is MFA-CC from Newport company having a typical accuracy of 0. ( * ) The "system" is only composed of the two SMA elements in an antagonistic setting (without the bistable structure) with the VMJPV cell in between Figure 86 shows the set-up of the system, where the rotating stage is assembled with the translation stage and then to the mechanical system including the SMA elements and the VMJPV cell. While the SMA elements are heated once at a time, the wasted optical energy is captured by the VMJPV cell transforming it into electricity and therefore harvesting the light energy from the system. Based on these IV curves, the parameters of the VMJPV are extracted as follow: The impedance at the maximum power point 𝑍 𝑚𝑝𝑝 is calculated to be the ratio of the current and voltage at the maximum power point respectively denoted as 𝐼 𝑚𝑝𝑝 and 𝑉 𝑚𝑝𝑝 . Note that, the response time of both SMA elements is the same and equal to 7 seconds.

The maximum power at the maximum power point when heating SMA1 (5.6 mW) is 22% less than when heating SMA2 (7.2 mW). This difference can be explained based on the laser homogenization which is 81.3% which means that the power across the output surface is distributed with an average residual sum of 18.7%. Thus, the power hitting every p-n junction of the VMJPV cell isn't the same. In addition, even though the accuracy of the motorized stages is high, nevertheless the movement of the whole mechanical system by the stages experiences some errors in positioning the system at the exact same location towards the optical system.

Results and Discussion

In order to extract the energy harvested by the VMJPV cell, the latter should be connected to a constant impedance chosen to be the average of both impedances extracted at the MPP, thus the VMJPV cell is connected to 𝑍 𝑚𝑝𝑝-𝑎𝑣𝑒𝑟𝑎𝑔𝑒 :

𝑍 𝑚𝑝𝑝-𝑎𝑣𝑒𝑟𝑎𝑔𝑒 = 𝑍 𝑚𝑝𝑝1 + 𝑍 𝑚𝑝𝑝2 2 = 13.5 + 16.5 2 = 15𝐾Ω
A code is developed and executed using LabView software to move the stages to heat SMA1 then SMA2 once at a time, and meanwhile saving the voltage across the impedance 𝑍 𝑚𝑝𝑝-𝑎𝑣𝑒𝑟𝑎𝑔𝑒 . In other words, the translation and rotating stages move together to reach the position of heating the SMA1 element (position 1). Once this position is achieved, the laser is turned on during the response time of the SMA1, at the same time the voltage across 𝑍 𝑚𝑝𝑝-𝑎𝑣𝑒𝑟𝑎𝑔𝑒 is extracted. When the SMA1 element changes its shape, from martensitic phase to austenite phase (straight), the laser is turned off and the system moves to heat the SMA2 element (position 2). Having the voltages across the impedance for the two positions, the energy harvested can be calculated per cycle. Note that a single cycle includes the heating process of SMA1 and SMA2 once at a time. By applying this concept, the total amount of energy harvested per cycle and then over 50 cycles is calculated. Figure 88 summarizes the energy harvesting method using the translation and rotating motorized stages to move the system towards the optical system. Figure 89 shows in red the energy harvested when the system is at position 1 heating SMA1 and in green when the system is placed at position 2 heating SMA2. The insert graph (blue) shows the total amount of energy harvested when heating SMA1 and SMA2. From Figure 89, it's clearly seen that the energy harvested decreases quickly during the first 10 cycles and then remains to decrease gradually for the 40 outstanding ones. For the first cycle, the total amount of energy is extracted to be 83 mJ that decreases approximately 10% when reaching the 50 𝑡ℎ cycle where the total energy harvested is 75mJ. In fact, this decrease can be explained by two main factors. When the laser is first turned on, it delivers a maximum optical power at its output that decreases over time due to the increase of its temperature, resulting by a decrease of the power extracted by the VMJPV cell. The second factor can be the decrease of the efficiency of the VMJPV cell over time. When the cycle is repeated several times in a row, the temperature of the VMJPV cell increases leading to decrease its efficiency.

These two factors can be improved. Generally, laser diode is continuously on, its temperature increases leading to change the value of the wavelength delivered at its output. In this case, a temperature regulator is necessary to regulate the temperature of the laser to stay constant all over the experiments. This is mainly used in fiber optics applications. However, in our application, the laser does not run continuously, it is turned off between the two heating process so it has some time to be cool down but unfortunately this time isn't good enough to regulate the temperature as the previous cycle. Moreover, the change in wavelength due to the increase in temperature isn't an issue in our application since there is little concern about wavelength as the VMJPV cell is efficient over a range of wavelength. To sum up, a temperature regulator could be used in our application but it is not needed necessarily. For this reason, a simple good conductor material can be placed above the laser collimator tube to conduct heat away and decreases the effect of the temperature on the output power. Furthermore, having a quasi-constant optical output, the behavior of the VMJPV cell can be evaluated over time.

Besides, from Figure 89 small variations of average 0.2 mJ exist between two consecutive cycles. This variation is mainly due to the error in the motorized stages in positioning the system towards the optical system while actuating and repeating the cycle over the time. This positioning error is estimated to be around 0.5% of the average output power. This error is mainly caused by small angle and distance variations of the motorized stages when placing the system at the same exact previous positions towards the optical system.

Optimization of the energy harvesting system

After validation of the optical energy harvesting using the motorized stages, the system is optimized by replacing the stages with a four-quadrant MEMS active mirror able to rotates in all directions to steer the laser rays onto the SMA elements. In this section, the MEMS active mirror is introduced with its characteristics. Then the modifications done over the optical system is shown with calculations and simulations using ZEMAX-EE software. The percentage of uniformity is extracted experimentally for the new optical design. After that, the MEMS active mirror is being controlled using LabVIEW. Finally, the system is actuated and the energy is harvested for 50 cycles of actuation.

Four-quadrant MEMS active mirror

The MEMS active mirror used is a four-quadrant system from Mirrorcle technologies made up of two orthogonal axes X and Y able to move in the positive and negative directions for both axes. In standard operation and based on Figure 90, 𝑋 + are connected together as well for 𝑋 -, 𝑌 + , and 𝑌 -. In other words, ROT2 𝑋 + and ROT4 𝑋 + are connected together for the rotation in the X positive direction. ROT2 𝑋 -and ROT4 𝑋 -are connected together for the rotation in the X negative direction. Same for Y direction, each pair of (ROT1 𝑌 + , ROT3 𝑌 + ) and (ROT1 𝑌 -, ROT3 𝑌 -) are connected together for the rotation in the Y positive and negative directions, respectively. [143]. The MEMS active mirror used in our application has a diameter of 3 mm with a mechanical angle of rotation of 6 °- + on each axis. It is inserted in the pins of the ZIF socket connected to its PCB of dimensions 66 * 25.4 𝑚𝑚 2 as 𝐿𝑒𝑛𝑔ℎ𝑡 * 𝑤𝑖𝑑𝑡ℎ. Figure 91 shows the MEMS micromirror inserted on its PCB. 

Optimized optical system design

In order to include the MEMS active mirror in the system, the optical design must be modified to meet the MEMS requirements as well as the output surface area. First, due to the losses in optical power generated by the micro-mirror reflections, the power of the laser is increased to maintain the power at the output required to switch the SMA element from the austenite to martensitic phase. A new laser driver IP500 is used able to deliver a maximum current of 500 mA to the laser [START_REF] Thorlabs | 500 mA Laser Diode Controller User Guide[END_REF]. The resulting output power of the laser is 𝑃 𝑜𝑢𝑡 𝑙𝑎𝑠𝑒𝑟 = 200 𝑚𝑊.

Optimal conditions for the light pipe selection

First, the selection of the optimal dimensions of the light pipe is studied. All light pipes homogenizing rod from Edmund Optics have been studied with fix selective spherical lens chosen of focal length 𝑓 = 15 𝑚𝑚. Thus, 27 light pipes are studied were the number of reflections inside the rod is calculated taking into consideration the incident angle to the rod affected by the focal length of the spherical lens. As mentioned in the previous chapter, the number of reflections m inside the rod is calculated as follow:

𝑚 = 𝐿 𝑑 * tan (arcsin ( 1 𝑛 sin(𝛼))) (27) 
Where, L and d are, respectively, the length and the diameter of the light pipe, 𝛼 is the incident angle to the light pipe expressed in radians and n the index of refraction of the light pipe. Figure 92 shows the graph of the number of reflections inside the rod with respect to variation of the light pipe dimensions. From Figure 92, its clearly seen that the light pipe of length 75 𝑚𝑚 and diameter 2 𝑚𝑚 presents the highest number of reflections which is 2.26 which means 2 total reflections. This number isn't enough to reach a homogenized output area. For this reason, different focal lengths are going to be studied where the light pipe is selected to be 75 * 2 𝑚𝑚 2 . The lenses selected are four aspheric lenses of focal length 𝑓 1 = 2 𝑚𝑚, 𝑓 2 = 6.24 𝑚𝑚, 𝑓 3 = 8 𝑚𝑚 and 𝑓 4 = 12 𝑚𝑚 and two spherical lenses of focal length 𝑓 5 = 15 𝑚𝑚, 𝑓 6 = 20 𝑚𝑚. Figure 93 shows the number of reflections inside the rod with respect to different focal lengths. It's clearly seen that when the focal length is greater or equal to 12 mm, the number of reflections inside the rod is less than 4 total reflections. Table 10 shows the incident angle hitting the rod for the selected lenses. Once these conditions have been studied, the selection of the critical lens placed just before the light pipe will be chosen referring to Figure 93 and Table 10 to meet the conditions of the light pipe.

Selection of the lenses between the light pipe and the MEMS active mirror

In order to minimize, the ray's losses when the MEMS active mirror executes the rotations, the image at the MEMS is selected to be approximately equal half its diameter. Thus, this image, denoted intermediate image, is selected to have a diameter of 1.33 𝑚𝑚. To do so, an aspheric condenser lens of focal length 𝑓 2 = 20.1 𝑚𝑚 is chosen to be placed just before the MEMS mirror. In order to reach an intermediate image at the MEMS active mirror equal to 1.33 𝑚𝑚, the magnification of the light pipe object (d = 2 mm) should be 𝑀 = 0.66. Having 𝑓 2 = 20.1 𝑚𝑚, the focal length right after the light pipe 𝑓 1 is calculated to be: Thus, an achromatic doublet lens of focal lens 𝑓 1 = 30 𝑚𝑚 is placed directly after the light pipe. This lens has a diameter ∅ = 25.4 𝑚𝑚 (1 inch). Using ZEMAX-EE, the exact distance between the light pipe and the surface of the lens is given. This distance is denoted 𝑑 1 . In addition, the distance of the rays entering the lens with respect to the midpoint of the lens is given. This distance is denoted 𝑑 2 . The output angle of the light pipe can be calculated as follow: Therefore, the output angle of the light pipe is 72.72° greater than 41°, thus total internal reflection inside the light pipe occurs.

𝑓 1 = 𝑓 2 𝑀 = 20 

Selection of the lenses between the laser beam and the light pipe

Knowing that the output angle of the rod is equal to the incident one, the lens selected to be placed just before the rod should have an incident angle of approximately 73°. Based on Table 10, the aspheric lens of point B presents an angle 𝜃 = 77.5°. Thus, this lens is selected to be used before the light pipe. This lens presents an incident angle to the light pipe of 77.5 ° > 41 ° thus TIR occurs. From Figure 93, point B presents an aspheric lens with a focal lens of 6.24 mm and resulting a number of reflections inside the light pipe of 5.4. Figure 96 shows the optical system before the light pipe. The laser diode is connected to a collimator having a focal lens 𝑓 1 = 4.51 𝑚𝑚 facing the aspheric lens of 𝑓 2 = 6.24 𝑚𝑚. 

Optical system after the light pipe

As mentioned, after the light pipe, the diameter of the intermediate image on the MEMS mirror is chosen to be 1.33 𝑚𝑚. Thus, the magnification of the light pipe object should be 0.66. In this context, two lenses are chosen to be placed between the light pipe and the MEMS mirror having respectively a focal length of 𝑓 1 = 30 𝑚𝑚 and 𝑓 2 = 20.1 𝑚𝑚. Then, the intermediate image is magnified by a ratio of 𝑀 2 = 3.33 to reach an output surface of 4.43 mm. To do so, two spherical lenses are used between the MEMS and the output having a focal length respectively of 𝑓 3 = 30 𝑚𝑚 and 𝑓 4 = 100 𝑚𝑚. Figure 97 shows the 2D view of the optical system for the optimized optical system after the light pipe. Note that the distances mentioned in red in Figure 97, is the distance between the extremities of the lenses not distance between their focal lengths. The MEMS is being inserted forming an angle of 80° between the set of lenses from both sides. Thus, the MEMS is able to rotate 5° in the negative and positive directions without any constraints. The image for the two rotating positions presents a small amount of aberrations resulting a maximum of Root Mean Square (RMS) and Geometrical (GEO) radius of 278.974 𝜇𝑚. Note that, it's considered to have lots of aberration when the radius exceeds 1 000 𝜇𝑚. Thus, for the value obtained (278.974 𝜇𝑚), the image is considered to have a good resolution and a good distribution along the output surface. Figure 98 shows the image distribution along the output surface when the MEMS has a total angle of 75° and 85°. shows the 3D views of the optical system where the MEMS active mirror is rotated 5° in the negative direction forming an angle of 75° between the two optical systems (before and after the MEMS mirror) and Figure 99 (b) when the MEMS is rotated 5° in the positive direction forming an angle of 85°. Note that the angles are with respect to the laser diode' axis. From the 3D view, it's obvious that the distance between the lenses from either sides of the MEMS is good enough for the placement of the optical components. Moreover, the rays are well distributed with no backward ways. In addition, simulation shows that the spot of the rays of the MEMS for an angle of 75° and 85° is respectively 2.44 mm and 2.75 mm smaller than the MEMS radius which means no rays are lost due to the angular effect. The final selection of the optical components for the optimized optical system design is summarized in Table 11 with a selective light pipe homogenizing rod 75 * 2 𝑚𝑚 2 as length * diameter: 

Experimental setup

The optical system has been settled up experimentally referring to the ZEMAX simulation for the distance between the components. At first, the homogeneity of the system is being extracted before integrating the MEMS active mirror in the system. Figure 100 shows the experimental set-up. The homogeneity of the system is extracted in the same manner than in the previous study. After the extraction of the power at every displacement, experimental results show that the output power is homogenized across a section area of 3.5 * 3 𝑚𝑚 2 . Figure 101 The uniformity is estimated to be the ratio of the minimal irradiance across the red area and the average irradiance value. The irradiance at a point "i" is calculated as the ratio of the value per unit power and the surface of detection with diameter of 800 𝜇𝑚 as follow:

𝐼𝑟𝑟𝑎𝑑𝑖𝑎𝑛𝑐𝑒 𝑖 = 𝑉𝑎𝑙𝑢𝑒 𝑝𝑒𝑟 𝑢𝑛𝑖𝑡 𝑝𝑜𝑤𝑒𝑟 𝑆 800 = 𝑉𝑎𝑙𝑢𝑒 𝑝𝑒𝑟 𝑢𝑛𝑖𝑡 𝑝𝑜𝑤𝑒𝑟 𝜋 * 𝑑 2 4 (28) 
By applying this formula, the minimal irradiance across the red surface is:

𝐼𝑟𝑟𝑎𝑑𝑖𝑎𝑛𝑐𝑒 𝑚𝑖𝑛𝑖𝑚𝑎𝑙 = 1.813 𝑎. 𝑢/𝑚𝑚 2
The average output power across the red surface is:

𝐼𝑟𝑟𝑎𝑑𝑖𝑎𝑛𝑐𝑒 𝑎𝑣𝑒𝑟𝑎𝑔𝑒 = 1.917 𝑎. 𝑢/𝑚𝑚 2
Therefore, the percentage of uniformity across the red section is calculated as follow:

𝑈𝑛𝑖𝑓𝑜𝑟𝑚𝑖𝑡𝑦 = 𝐼𝑟𝑟𝑎𝑑𝑖𝑎𝑛𝑐𝑒 𝑚𝑖𝑛𝑖𝑚𝑎𝑙 𝐼𝑟𝑟𝑎𝑑𝑖𝑎𝑛𝑐𝑒 𝑎𝑣𝑒𝑟𝑎𝑔𝑒 * 100 (29) 
Thus, 𝑈𝑛𝑖𝑓𝑜𝑟𝑚𝑖𝑡𝑦 = 1.813 1.917 * 100 = 94.57 %

The coefficient of variation in uniformity is calculated as follow:

𝑋 ̅ = 𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝑑𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛 (𝑃 𝑖 ) 𝑃 𝑎𝑣𝑒𝑟𝑎𝑔𝑒 * 100 (30) 
Thus, 𝑋 ̅ = 0.1333 4.6523 * 100 = 2.86%

The output average irradiance is extracted to be:

𝑂𝑢𝑡𝑝𝑢𝑡 𝑖𝑟𝑟𝑎𝑑𝑖𝑎𝑛𝑐𝑒 𝑎𝑣𝑒𝑟𝑎𝑔𝑒 = 0.9255 𝑊/𝑐𝑚 2
Therefore, the output power of the system covering the red section can be calculated and estimated as follow:

𝑃 𝑜𝑢𝑡 = 𝑂𝑢𝑡𝑝𝑢𝑡 𝑖𝑟𝑟𝑎𝑑𝑖𝑎𝑛𝑐𝑒 𝑎𝑣𝑒𝑟𝑎𝑔𝑒 * 𝑆𝑢𝑟𝑓𝑎𝑐𝑒 (31) 
𝑃 𝑜𝑢𝑡 = (0.9255 * 3 * 3.5 100 ) * 10 3 = 97.17 𝑚𝑊 Thus, the laser Gaussian distribution is transformed into a flat-top surface of dimensions 3.5 * 3 𝑚𝑚 2 having an average output power of 97 𝑚𝑊 presenting a percentage of uniformity of 94.57% with a variation of 2.86% -+

.

Under direct illumination, the IV curve of the PV cell is extracted experimentally. In fact, the power hitting the PV cell is: Therefore, the VMJPV cell presents a Fill factor of 84% and able to deliver an output electric power of 25.21 𝑚𝑊 at its maximum power point.

𝑃 𝑃𝑉 𝑐𝑒𝑙𝑙 =

Insertion of the MEMS active mirror

The MEMS active mirror is being inserted between the aspheric and achromatic doublet lens. The micro-mirror has a diameter of 3 mm. The support of the lenses from each side of the MEMS are designed and printed in 3D FDM avoiding the two lenses to touch when placing the system with an angle of 80° with respect to the laser diode' axis. A camera is used with an Neutral-density (ND) filter to capture the movement of the SMA elements. Note that the ND filter is used to block a part of the light coming into the lens avoiding the saturation of the camera detector and creating a clear and neat image captured by the camera. A mirror is placed between the last lens and our studied system (SMA elements + VMJPV cell), in order to place the system horizontally instead of vertically. Based on the IV curves, the parameters of the VMJPV cell for each position are summarized in Table 12 as follow: From Table 12, the maximum power of the VMJPV cell when heating SMA2 (3.81 𝑚𝑊) is 6.42% less than the power delivered by the VMJPV cell when heating SMA1 (4.08 𝑚𝑊). In fact, this difference is due to two main factors. The first one is the quasi-uniform laser diode presenting a uniformity of 94.5% which means the power distribution across the output presents an error of approximately 6%. Consequently, the p-n junctions across the PV cell are not all receiving the same amount of power. In addition, the second factor that can lead to an error between the two positions, is that the VMJPV cell is not 100% symmetrical to the placement of the SMA elements. Errors can be encountered due to the 3D printing and gluing the VMJPV cell manually in the mechanical system. This amount of error (6.42%) can be neglected and does not present a big influence on the behavior of the PV cell and the SMA elements.

Chapter 4: Energy storage

Introduction

The energy harvested by the PV cell is to be stored in an appropriate energy storage device. The latter that should be miniature in the microscale presents a critical challenge. For this purpose, different types of energy storage devices are studied and compared depending on the system constraints. This study includes a super-capacitor and different types of micro-batteries including lithium Ion, silver zinc and solid state thin film. For this study, the input conditions for the storage device are considered the maximum current and voltage of the PV cell under direct illumination of the laser beam of the optical design presented in the previous chapter.

Energy storage devices

Super-capacitor

The super-capacitor chosen for this study is CPX3225A752D from SEIKO holding group [START_REF] Instruments | CPX Capacitors CPX3225A752D[END_REF]. This super-capacitor has low internal resistance of 25 Ω, which is 1/3 the conventional super-capacitors, that leads to a super-fast charging, while having the smallest-class dimensions 3.2 𝑚𝑚 * 2.5 𝑚𝑚 * 0.9 𝑚𝑚 as 𝐿 * 𝑊 * 𝐻 with a large comparative capacity of 7.5 𝑚𝐹. As well, this super-capacitor is characterized by a large discharge current so it can be connected to load demanding high current. It has a high reliability and long-life span. It presents a maximum voltage of 2.6 𝑉 and weights 0.024 g. Having these characteristics and compared to conventional super-capacitors, CPX3225A752D presents the good solution for energy harvesting applications in the micro-scale. In addition, this super-capacitor has been studied as an energy storage device in the liftoff flying robot in [START_REF] James | Liftoff of a 190 mg Laser-Powered Aerial Vehicle: The Lightest Wireless Robot to Fly[END_REF]. Where 𝐼 𝑀𝑃𝑃 is the current at the maximum power point delivered by the VMJPV cell under direct illumination (section 5.2.5)

Considering the case study where the PV cell delivers an output voltage of 8.8V, in this case three super-capacitors should be placed in series facing the PV cell. The equivalent capacitance for the three super-capacitors in series is:

1 𝐶 𝑒𝑞 = 3 * 1 𝐶 = 3 * 1 0.0075 𝐶 𝑒𝑞 = 0.0075 3 = 0.0025 𝐹
The Equivalent Series Resistance ESR is:

𝐸𝑆𝑅 𝑒𝑞 = 3 * 𝐸𝑆𝑅 = 3 * 25 = 75 Ω
The weight of the three super-capacitors is:

𝑊𝑒𝑖𝑔ℎ𝑡 𝑇𝑜𝑡𝑎𝑙 = 3 * 𝑊𝑒𝑖𝑔ℎ𝑡 = 3 * 0.024 = 0.072 𝑔
The energy that three super-capacitors are able to store is: This voltage can be considered as neglected comparing to the total voltage of the supercapacitors which is 7.8V.

𝐸 𝑇𝑜𝑡𝑎𝑙 = 1 2 * 𝐶 𝑒𝑞 * 𝑉 2 (34) 
Table 13 summarizes the specification of the super-capacitor for a single unit and for the three of them. After studying the behavior of the super-capacitor in our application, different types of microbatteries are studied in section 2.2

Micro-battery

In miniaturized system, choosing a battery to store energy is a challenge. The battery should be as light as possible, having the smallest dimensions and at the same time having a good energy to power ratio and a longer-lasting life. Micro batteries should be used in microsystems to achieve these requirements. Micro batteries have different categories and they are used in many applications such the wearable technology, hearing aids, MEMS, etc. In this section, different types of rechargeable micro-batteries are studied based on their different chemistries and characterizations. Lithium-Ion battery is selected to be studied due to its high density. Silver-zinc micro-battery is chosen to be studied since these types of batteries are used in hearing aids devices so in micro-applications. Finally, solid state thin film micro-battery is selected due to its thin thickness and light weight suitable for micro applications.

Lithium-Ion micro-battery

Lithium-Ion micro-batteries present the most popular type of batteries used for wearable micro devices. It is light in weight and presents a low self-discharge. A rechargeable Lithium-Ion battery is selected from VARTA Micro battery for our application. It is a coin shape battery offering a relatively high power. This type of micro battery can be applied to power wireless smart earphones. In addition, it can provide enough energy to power industrial environmental sensor and wearable fitness sensor. The coin Lithium-Ion selected is the lightest one from this category; CP 7840 A3. Figure 109 shows the battery selected and Table 14 summarizes its specification [START_REF]VARTA microbatteries[END_REF]: Based on Eq. ( 36) , the energy stored in a single battery is: Therefore, this silver-zinc micro-battery takes 11.17 hours to be fully charged with a stored energy of 230.4 Joules.

𝐸(𝑊ℎ) =

Solid state thin film lithium based micro-battery

Solid-state battery is a type of battery technology that may be an alternative for Lithium Ion. Solid-state battery uses solid electrolyte instead of liquid or polymer electrolytes found in Li-Ion and Li-Poly batteries. This section presents the study of two selective solid state thin film micro-batteries: EnFilm EFL700 from STMicroelectronics and Stereax M250 from Ilika company.

2.2.3.1.

EnFilm EFL700

EnFilm EFL700 thin film batteries present a new concept of extremely thin batteries from STMicroelectronics [START_REF] Stmicroelectronics | EnFilm -rechargeable solid state lithium thin film battery[END_REF]. They are rechargeable solid state batteries with 220 𝜇𝑚 thickness made up of 𝐿𝑖𝐶𝑜𝑂 2 cathode, lithium anode and 𝐿𝑖𝑃𝑂𝑁 ceramic electrolyte. EFL700A39 thin film battery is one of the newest products from STMicroelectronics. Figure 110 shows the micro-battery and Table 16 summarizes its specifications. The energy stored in the battery when fully charges is:

𝐸(𝐽) = 700 * 10 -6 * 3600 * 3.9 = 9.828 𝐽 ≅ 10 𝐽 Therefore, this solid state thin film micro-battery EFL700A39 takes 15 min to be fully charge with a charge current of 2.865 𝑚𝐴, storing 10 J when fully charged.

Stereax M250

Stereax M250 is a type of thin film solid state micro-battery with low self-discharge from Ilika company [START_REF] Properties | Stereax TM M250 Rechargeable Solid State Battery[END_REF]. It presents a low self-discharge allows it to be charged by an energy harvester system such as PV panel or a vibrational source. Figure 111 shows the micro-battery and Table 17 summarizes its specification. Therefore, this solid state thin film micro-battery StereaxM250 takes 5.23 min to be fully charge with a charge current of 2.865 𝑚𝐴, storing 3.15 J when fully charged.

Energy storage devices summary

Based on the study for different types of micro energy storage devices, Table 18 summarizes the specification of all studied devices taking into account that the charging current is the one at the maximum power point delivered by the PV under direct illumination. It includes the name of the device with the appropriate company name and the important criteria that should be taken in consideration for our application. From Table 18, it is clearly seen that an ultra-capacitor can be fully charge within 6.8 seconds only. However, even though ultra-capacitor can be recharged hundreds of thousands of times, charged ultra-capacitor loses their charge even without being connected to a load. It's is called "self-discharge". Super-capacitor requires a continuous current to keep them charged as it tends to have a significant high self-discharge rate, they should directly be connected to a load and use the energy stored instantaneously. In addition, the maximum energy stored in a supercapacitor is 25 𝑚𝐽 unable to feed any sensor or WSN neither IoT applications. For these reasons, an ultra-capacitor is out of our concern and will not be selected as an appropriate energy storage device for our application. Lithium-Ion and silver zinc micro-batteries present a significant high energy stored, when fully charged, of the order of 200 𝐽 comparing to the other energy storage devices where EFL700 store a maximum energy of 10 𝐽 and SteraxM250 of 3.15 𝐽. However, Li-Ion and silver zinc micro-batteries takes way more time to be fully charged. For the same charging current, Li-Ion takes 24 times the time of EFL700A39 charging and silver-zinc approximately twice the time of Li-Ion. Note that, the real charging current for the application will be smaller than 𝐼 𝑐ℎ𝑎𝑟𝑔𝑒 = 2.865 𝑚𝐴 which means Li-Ion and silver-zinc will take even more time to be charged. For this reason, our focus will be on solid state thin film micro-batteries. Comparing EFL700A39 and StereaxM250, they both are light in weight, weighting in the order of 230 𝑚𝑔. The time ratio is approximately equal the energy ratio. In other words:

𝑡 𝑐ℎ𝑎𝑟𝑔𝑒 𝐸𝐹𝐿700𝐴39 𝑡 𝑐ℎ𝑎𝑟𝑔𝑒 𝑆𝑡𝑒𝑟𝑒𝑎𝑥𝑀250 = 𝐸 𝑠𝑡𝑜𝑟𝑒𝑑 𝐸𝐹𝐿700𝐴39 𝐸 𝑠𝑡𝑜𝑟𝑒𝑑 𝑆𝑡𝑒𝑟𝑒𝑎𝑥𝑀250 ≈ 3
Which means using three StereaxM250 in series is approximately the same as using a single EFL700A39. Using three of StereaxM250 means the weight is multiplied by 3 as well as the dimensions. For this reason, EFL700A39 is selected to be the best suitable energy storage device in our application. It is the lightest one between the micro-batteries able to store 10 𝐽 during 15 minutes with a charging current of 𝐼 𝑐ℎ𝑎𝑟𝑔𝑒 = 2.865 𝑚𝐴. Once the energy is stored in this micro-battery, it can be connected to feed sensors or used as a "boost mode" for the micro-actuator.

Charge controller

Charge controller is the most important component in PV stand-alone system application. The charge controller should meet the specifications of both the PV cell and the battery. Based on Table 12 (section 5.2.6), the PV cell delivers a maximum voltage at the Maximum Power Point, when heating SMA1 (position 1) and when heating SMA2 (position 2) respectively of:

𝑉 𝑚𝑝𝑝1 = 9.17 𝑉 𝑉 𝑚𝑝𝑝2 = 9.20 𝑉
Which means the charge controller should support an input voltage higher than 9V. In addition, the PV cell delivers a maximum current at position 1 and position 2 respectively of (section 5.2.6):

𝐼 𝑚𝑝𝑝1 = 0.44 𝑚𝐴 𝐼 𝑚𝑝𝑝2 = 0.41 𝑚𝐴
Which means the charge controller should support an input current higher than 0.45 mA. Once the charge controller meets the requirements of the PV cell, it should match as well the charging conditions of the battery. Based on the battery's datasheet [START_REF] Stmicroelectronics | EnFilm -rechargeable solid state lithium thin film battery[END_REF], the battery should be charge with a voltage equal to 4.2 0.05

- +
which means the output of the charge controller should be in the order of 4.2 𝑉. Furthermore, in the aim of extracting the maximum power of the PV cell at all stage, the charge controller should have a maximum power point tracking (MPPT) settings.

Taking these constraints into consideration, the charge controller selected is SPV1050 ULP with its evaluation board STEVAL-ISV020V1 [START_REF] St Micro | STEVAL-ISV019V1: Evaluation board for SPV1050 ULP energy harvester and battery chargerboost configuration[END_REF]. The latter implements a DC-DC converter with a buck-boost configuration. It supports harvesting energy from PV systems or thermoelectric generators (TEG) having range of the maximum voltage and current as follow: This evaluation board includes as well the MPPT settings that is set through the portioning of the input resistors of the board as explained in [START_REF] Stmicroelectronics | AN4397 -Evaluation board for SPV100 ULP harvester[END_REF] section 4.1.

Experimental set-up

Micro-battery connection

The micro-battery consists of two terminals, the positive one named cathode and the negative one called anode. The contact dimensions (in millimeters) of these terminals is shown in Figure 112.

Figure 112: Battery terminals contact pads dimensions [START_REF] Semiconductors | AN4046 Application note[END_REF] Knowing that the battery is a thin film of thickness 220𝜇𝑚, crocodile clips cannot be connected on the terminals because they might destroy the pad. In addition, welding the electrical wires may also damage the battery. For this reason, a conductor glue CW2400 from CHEMTRONICS company is used to connect the wires with the terminals.

One syringe consists in the epoxy and the other is the hardener. Mixing an amount of these two materials together for 2 minutes and then applying the mix to the pad, the electrical wire is glued with a high conductivity. Conductive epoxy glue takes more time than normal glue to dry. If the battery where epoxy glue is not curried, it should be kept at room temperature for several hours before connecting it to the system.

Extraction of the discharge characteristics

Once the battery is ready to be used, the discharge characteristics is being extracted experimentally by discharging it, initially fully charged, with a constant current of 0.7 𝑚𝐴, in other words at rate 0.85C. From Figure 113 given by the datasheet, it's clearly seen that the capacity of the battery when being discharge with a current selected to be equal to 0.7 𝑚𝐴 is 𝑄 = 820 𝜇𝐴ℎ, seen in yellow. This means this battery can be characterized by being continuously charged by a 1.64 mA charging current at a rate 2C without getting damagedby applying Eq. ( 35). This micro-battery is characterized by its low self-discharge. From the datasheet, it presents 3% losses annually. This means it discharges a capacity of approximately 0.058 µAh per day or 0.0024 µAh per hour which can be neglected. Therefore, this microbattery does not require an extra charging current to compensate the amount of self-discharge.

The open circuit voltage (OCV) is the voltage of a battery when it is not delivering or receiving power. Usually, this voltage is extracted after a while from disconnecting the battery. In this case, we are extracting the quasi OCV waiting approximately 1 min to measure the voltage after disconnecting the battery from its discharge load. The part taken into consideration is the linear one presenting a relationship between the OCV and the discharged capacity. Figure 114 shows the discharge curve of the thin film micro-battery extracted experimentally for the quasi-linear section. The battery is being recharged to its maximum then being discharged to a capacity of 0.42 mAh with a constant discharge current of 𝐼 𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒 = 0.7 𝑚𝐴 (which means reaching an OCV of 3. 

Knowing that the PV cell will be operating near its maximum power point for the two heating positions, let's consider the charging current of the battery is the average of the current of both positions, thus 𝐼 𝑐ℎ𝑎𝑟𝑔𝑖𝑛𝑔 = 0.43 𝑚𝐴. Therefore, the charging rate of the battery is estimated to 0.6C. The charge controller has as input the energy from the PV cell that converts it to voltage suitable for charging the battery. It prevents the overcharging of the battery by regulating the voltage and current coming from the PV at every stage of the charging process. It includes a buck-boost converter and uses Maximum Power Point Tracking to accelerate the optical battery charging. The trapezoidal method is used as to estimate the charged capacity of the battery taking into account the variation of the charging current with respect to the time. Based on [START_REF] Aaslid | Non-linear chargebased battery storage optimization model with bi-variate cubic spline constraints[END_REF], the trapezoidal method is the most accurate presenting smaller error compared to other techniques that can be used to determine the state of a battery versus time. The trapezoidal method involves a numerical calculation of an integral ∫ 𝑓(𝑥)

𝑏 𝑎 based on a linear interval interpolation. Figure 116 shows the principle of this method where the area under the representative curve of the function 𝑓 is approximated by the area under an affine line (in red) [153]. The principle is to assimilate the region under the curve representative of a function 𝑓 defined on a segment [a, b] to a trapezoid and to calculate its area T as follow:

𝑇 = (𝑏 -𝑎) 𝑓(𝑎) + 𝑓(𝑏) 2 (39) 
The trapezoidal method is applied to estimate the charging capacity for every interval of time and therefore estimate the evaluation of the S.O.C of the battery during the charging process. The flowchart below summarizes the code developed using Matlab/Simulink. The charging time and current are extracted experimentally using DAQ and LabVIEW software. These data are then loaded to Matlab as initial data given for the trapezoidal method. The principle of the latter is then applied for every interval of time to estimate the area, in this case the capacity denoted 𝑑𝑞. For every 𝑑𝑞 calculated, the S.O.C of the battery is evaluated. The cumulative sum is applied to determine the final capacity and the S.O.C of the battery. 

Conclusion

To sum up, the battery takes around 67 min to charge 90% of its capacity with an initial SOC of 48%. During this process, the system actuates the SMA elements for 300 cycles, while harvesting the energy from the PV cell to charge the battery.

Chapter 5: Mixed energy harvesting system

Overview

The first energy harvesting system is validated focusing on the optical energy at its optimal conditions without taking into account the speed of actuation of the micro-actuator. This Chapter focuses on the design and the implementing of the second energy harvesting system speeding-up the actuation of the micro-actuator, thus the luminous spot is more focalized on the SMA element to increase their speed to change from curved to flat shape. Doing so, the location of the SMA elements in the micro-robot stays easy to track while presenting a faster response. To do so, the optical system should be modified to minimise the output spot of the laser hitting the mechanical system. Once done, the unused wasted optical energy is harvested by the photovoltaic cell. Thus, the PV cell receives less amount of energy than the configuration presented in Chapter 3 and therefore the percentage of electrical energy harvested is less than the previous design. Other types of energies that can be harvested from the system has been placed on the table to form a mixed energy harvesting system to compensate the loss. However, based on the conditions of heating/cooling phases of the SMA elements resulting in a temperature difference with the ambient temperature, thermal energy harvesting is to be studied. A thermopile is used transforming the difference in temperature into a voltage difference due to its Seebeck characteristic. Finally, simulation of combined optical and thermal energies harvesting is done in the aim to charge a single energy storage device.

Optical energy harvesting

Optical system

The optical system is modified to minimize the output laser spot from a diameter of 4.46 𝑚𝑚 to 1.5 𝑚𝑚. To do so, two lenses are added to the system forming a magnification of 0.35. The first one has a focal length of 100 𝑚𝑚, facing another lens having a focal length of 35 𝑚𝑚. Figure 120 shows the ZEMAX-EE simulation with the orientation of selected lenses to reach the 1.5 𝑚𝑚 output spot. Note that, the laser spot hitting the MEMS active mirror has a diameter of 1. The optical system is implemented experimentally as shown in Figure 123 and the switching between the SMA elements is done by rotating the MEMS active mirror of -6° for heating SMA1 and +6° for heating SMA2. For both positions, the response time of the SMA element, which is the time to switch the SMA from the martensitic to the austenite phase, is 3 seconds shorter than the previous design. Based on the IV curves, the parameters of the PV cell for each position are summarized in Table 19 as follow: In order to extract the energy harvested, the PV cell is connected to the average impedance of both positions thus:

Z mpp average = 184 + 195 2 = 189.5 KΩ
Therefore, the PV cell is connected to an impedance of 190 𝐾Ω.

The system is being actuated rotating the MEMS alternately from position1 to position 2 while heating the SMA for a duration of 3 sec. Figure 125 shows the energy harvested by the PV cell for position 1 (heating SMA1) then position 2 (heating SMA2). The total amount of energy harvested per cycle for both positions is given in Figure 126 and the cumulative amount of energy harvested over the 50 cycles of actuation is calculated (Figure 127). Figure 125 shows the energy harvested over 50 cycles when heating SMA1 (position 1) and SMA2 (position 2). For position 1, The average energy harvested is 972.88 𝜇𝐽 with a standard deviation of 0.87 𝜇𝐽 whereas, for position 2, the average value of energy harvested is 938.2 𝜇𝐽 with a standard deviation over 50 cycles of 0.78 𝜇𝐽. From Figure 126, the total amount of energy harvested for both positions presents a maximum value of 1.914 𝑚𝐽 at the 23 𝑡ℎ cycle and a minimum value of 1.9087 𝑚𝐽 at the 43 𝑡ℎ cycle resulting by an average energy of 1.911 𝑚𝐽 with a standard deviation of 0.0011 𝑚𝐽. The total amount of energy has been cumulative to calculate the energy harvested obtained after 50 cycles of actuation. From Figure 127, the cumulative amount of energy harvested at the 50 𝑡ℎ cycle is 95.55 𝑚𝐽. This amount of harvested energy presents 5.3% of the total amount of energy harvested over 50 cycles for the previous design. The latter considers the switching time of the SMA element is 5 seconds, whereas its 3 seconds for the new optical system.

Thermal energy harvesting

Overview

In the aim of harvesting the thermal energy from the SMA elements, a thermoelectric transducer is used made up of a series of type K thermocouples having a probe diameter of 0.3 𝑚𝑚, with a first order Seebeck coefficient of 41𝜇𝑉/°𝐶. The design consists of 4 sets of 6 thermocouples. Two sets are placed at the bottom of each side of each SMA element forming a cross section area of 0.54 𝑚𝑚 2 per set. At first step, the valuation of the temperature of the SMA element during the heating/cooling process is extracted experimentally. Then, the electrical characteristic curves of the thermopile are simulated using Matlab taking into consideration the maximum temperature that can be reached by the SMA element. Finally, the energy harvested by the thermopile is simulated for 50 cycles of actuation.

Evaluation of the temperature of the SMA element

The temperature variation of the SMA element is extracted experimentally over time while heated by the laser diode used in the experiment. To do so, a thermocouple type K is used as a sensor, to measure the temperature on an interval of 0.25 sec. Figure 128 shows the variation of the SMA temperature over time when heated by the laser source. It's clearly seen that the maximum temperature reached by the SMA element is 61°C. For the first heating cycle, the SMA element takes 4 seconds to reach the switching phase. Then, the SMA element takes 3 seconds to be heated and 3 seconds to cool down again and so on for the next 49 cycles. Taking the maximum temperature reached by the SMA element, the electrical characteristics curves are simulated.

Characteristic curves of the thermopile

As mentioned in the section 3.1, for each SMA, the design is made to place a total number of 12 thermocouples connected in series, 6 on each side of the SMA element. The used thermocouple is made up of Chromel-Alumel where the positive leg (p-type) is composed of Chromel and the negative leg (n-type) is composed of Alumel. Table below summarizes the characteristics of these materials. The internal resistance of a thermocouple is given by [START_REF] Ensescu | Thermoelectric Energy Harvesting: Basic Principles and Applications[END_REF]:

𝑅 𝑖𝑛𝑡 = 𝑁 * ( 𝜌 * 𝐿 𝐴 + 2 * 𝜌 𝐶 * 𝐿 𝐶 𝐴 𝐶 ) (40) 
Where 𝜌 is the electrical conductivity of the Chromel-Alumel expressed in 𝜇Ω * 𝑚.

𝜌 = 𝜌 𝐶ℎ𝑟𝑜𝑚𝑒𝑙 + 𝜌 𝐴𝑙𝑢𝑚𝑒𝑙

L is the length of the thermal element expressed in meter (𝑚), and A is the cross-sectional area of the thermocouple. 𝜌 𝐶 , 𝐿 𝐶 , and 𝐴 𝐶 are respectively the electrical conductivity, length and cross-sectional area of the copper when thermocouples are connected with copper contacts to an apparatus. However, in our case the output of the thermocouple is connected in series forming a thermopile, therefore the term ( 

Where n is the number of thermocouples connected in series, 𝛼 𝑃𝑁 is the first order Seebeck coefficient of the thermopile, ∆𝑇 = 𝑇 𝐻𝑜𝑡 -𝑇 𝐶𝑜𝑙𝑑 where 𝑇 𝐻𝑜𝑡 is the temperature of our SMA element and 𝑇 𝑐𝑜𝑙𝑑 is the reference junction referred to the ambient temperature assumed to be 25°C.

The probe diameter of the thermocouple is 0.3 𝑚𝑚 and the thermal length is 5 𝑚𝑚, therefore the internal resistance of the thermopile connected on a single SMA element is calculated as follow: The operating frequency of the DC-DC converter is selected to be 𝑓 𝑠 = 20𝐾𝐻𝑧 and the components of the converter are selected based on the equations of the power electronics book [START_REF] Muhammad | POWER ELECTRONICS[END_REF]. The electric circuit of a boost (step-up) converter is shown below: The characteristic equation of a boost converter is given as follow:

𝑅 𝑖𝑛𝑡 = 𝑛 * 𝜌 * 𝐿 𝐴 = 12 
𝑉 𝑜 𝑉 𝑠 = 1 1 -𝐷 (46) 
Therefore,

𝐷 = 𝑉 𝑜 -𝑉 𝑠 𝑉 𝑜 (47) 
Where D is the duty cycle of the PWM control signal.

The boost converter operates in Constant Current Mode (CCM) for a value of an inductor greater than the critical value denoted 𝐿 𝑚𝑖𝑛 calculated as follow:

𝐿 𝑚𝑖𝑛 = (1 -𝐷) 2 𝐷𝑅 2 * 𝑓 𝑠 ( 48 
)
Where R is the load resistance expressed as:

𝑅 = 𝑉 𝑜 𝐼 𝑜 (49) 
As for the value of the capacitance, the CCM is achieved when the value of the output capacitance is greater than the critical value denoted 𝐶 𝑜𝑢𝑡 (min) .

𝐶 𝑜𝑢𝑡 (min) = 𝐷𝑉 𝑜𝑢𝑡 𝑉 𝑟𝑖𝑝𝑝𝑙𝑒 * 𝑅 * 𝑓 𝑠 [START_REF] Bowers | Spherical magnetic generators for bio-motional energy harvesting[END_REF] Note that D is the duty cycle, 𝑉 𝑖𝑛 is taken as the minimum value that the TEG can deliver and 𝑉 𝑜𝑢𝑡 is the nominal voltage of the selected battery. 𝑉 𝑟𝑖𝑝𝑝𝑙𝑒 is the ripple voltage of the periodic DC voltage chosen to be 1% of the output required voltage.

𝑉 𝑟𝑖𝑝𝑝𝑙𝑒 = 1% * 𝑉 𝑜𝑢𝑡 (51) 
The output current is equal to the rated power over the output voltage. Where the rated power (𝑃 𝑟𝑎𝑡𝑒𝑑 )is the maximum power that the system can achieve.

𝐼 𝑜𝑢𝑡 = 𝑃 𝑟𝑎𝑡𝑒𝑑 𝑉 𝑜𝑢𝑡 (52) 
Combining all the above formulas, the minimum value of the inductance is therefore:

𝐿 𝑚𝑖𝑛 = 𝑉 𝑠 2 (𝑉 𝑜 -𝑉 𝑠 ) 𝑉 𝑜 2 * 𝐼 𝑜 * 2 * 𝑓 𝑠 (53) 
And the minimum value of 𝐶 𝑜𝑢𝑡 is:

𝐶 𝑚𝑖𝑛 = (𝑉 𝑜 -𝑉 𝑠 ) * 𝐼 𝑜 1% * 𝑉 𝑜 2 * 𝑓 𝑠 (54) 
The input and output specifications are summarized in the table below: Note that for the minimum values of the inductance and the output capacitance, the minimal value of the input voltage is taken into account. Therefore, the minimum values of the inductance and the output capacitance are: 22. Table 23 shows the power released by the thermopile while applying the MPPT method (Power thermopile) and the maximum power simulated, based on the electrical characteristic curves of the thermopile, for every temperature difference "Maximum power". It's clearly seen that the maximum power point is reached for different temperature variations. Figure 135 illustrates the power of the TEG generated with respect to the temperature difference. Therefore, when the SMA changes its temperature during the heating/cooling process, the maximum power of the TEG is extracted and delivered to charge the battery.

After simulating the energy harvested by the thermopile while applying the MPPT method, the modeling and simulation of the vertical multi-junction PV cell is shown in next section.

VMJPV modelling with Matlab/Simulink

This part presents the modeling of the vertical multi-junction PV cell, facing a DC-DC converter implementing the MPTT method connected to the same battery presented in paragraph 4.1.

Modeling of the VMJPV cell

The aim of the simulation study is the implementation of the MPPT method for the PV modules connected to the battery. To do so, the MPPT is first applied to a load variation, giving a satisfying response to the problem of impedance changes. First, the Vertical Multi Junction PV cell is modelled in a mathematical form to extract the characteristics and then applying the P&O algorithm to track the maximum power.

Figure 136 shows the electric circuit of a photovoltaic cell. This circuit can be modelled mathematically using the five equations that controls the photovoltaic characteristics, the photocurrent, shunt current, reverse saturation current, saturation current, and the output current of PV module [START_REF] Alhussain | Modeling and simulation of solar PV module for comparison of two MPPT algorithms (P&O & INC) in MATLAB/Simulink[END_REF]. 

Where 𝐼 is the current of the PV cell and V is a voltage ramp connected to vary the voltage in order to extract the IV curve of the PV cell.

vi.

The output current of the PV module

𝐼 𝑝𝑣 = 𝐼 𝑝ℎ -𝐼 0 * (𝑒 𝑞 * (𝑉+𝐼𝑅 𝑠 ) 𝐾𝑛𝑇 -1) -𝐼 𝑠ℎ (59) 
The six equations presented are connected together as shown in Figure 137. Note that a ramp function with a slope set to 1 is used to simulate the whole axis of voltage to extract the I-V and PV curves to determine the characteristics of the PV module. The current 𝐼 𝑝𝑣 is given in 𝑚𝐴 so it's divided by 1000 to extract its values in 𝜇𝐴.

Finally, the IV and PV curves of the VMJPV cell are simulated using Matlab/Simulink as shown in Figure 138 (a) and (b), respectively. It's clearly seen from Figure 138 that the maximum power reaches by the PV module is approximately 310𝜇𝑊, comparable with the values extracted experimentally to be 314.4𝜇𝑊 at position 1 and 307.5𝜇𝑊 at position 2. This maximum power should be released by the PV cell whatever the output impedance is. For this reason, a DC-DC converter with the implementation of the MPPT method is placed between the PV module and the battery to track the maximum power of the PV cell for every stage of the charging process of the battery. Note that the voltage at the maximum power of the PV cell is greater than the voltage needed by the battery as the nominal voltage of the battery is taken 𝑉 𝑛𝑜𝑚𝑖𝑛𝑎𝑙 𝑏𝑎𝑡𝑡 = 3.9 𝑉. Thus, a step-down DC-DC converter is used to interfere between the PV cell and the battery.

Step-down DC-DC converter

A step-down converter is used to interface the VMJPV cell and the battery. The MOSFET of the converter is controlled by a PWM signal generated using P&O algorithm as the maximum power technique to extract the maximum power of the PV cell under all conditions.

To select the optimal value of the switching frequency, a study should be done presenting an equilibrium between the static and dynamic losses of the circuit. However, for the first design, to validate the principle of mixed energy a random switching frequency of 𝑓 𝑠 = 5𝐾𝐻𝑧 is selected. The components of the converter are selected based on the equations of the power electronics book [START_REF] Muhammad | POWER ELECTRONICS[END_REF]. The electric circuit of a buck (step-down) converter is shown below: The duty cycle of a step-down converter is defined as the ratio of the output voltage to the input one.

𝐷 = 𝑉 𝑜 𝑉 𝑠 (60) 
In order to operate in a Constant Current Mode, the values of the selected inductance and capacitance should be greater than their critical values denoted 𝐿 𝑚𝑖𝑛 and 𝐶 𝑚𝑖𝑛 respectively. The minimal value of the impedance and output capacitance of the converter are given as follow:

𝐿 𝑚𝑖𝑛 = (1 -𝐷)𝑅 2𝑓 𝑠 (61) 
𝐶 𝑚𝑖𝑛 = (1 -𝐷)𝑉 𝑜 8 * 𝑉 𝑟 * 𝐿 * 𝑓 𝑠 2 (62) 
By substituting Eq. ( 49) and ( 60) into (61):

𝐿 𝑚𝑖𝑛 = (1 - 𝑉 𝑜 𝑉 𝑠 ) * 𝑉 𝑜 𝐼 𝑜 2𝑓 𝑠 (63) 
However, the ripple current is taken into account as 10% of the output current:

𝐼 𝑟𝑖𝑝𝑝𝑙𝑒 = 10% * 𝐼 𝑜 = 10% * 𝑃 𝑟𝑎𝑡𝑒𝑑 𝑉 𝑜 (64) 
Thus, [START_REF] Uzun | Design and Implementation of RF Energy Harvesting System for Low-Power Electronic Devices[END_REF] As for the minimal value of the output capacitance, by substituting Eq. ( 60) and ( 61) into [START_REF] Puniran | RF energy harvesting with multiple sources in wireless sensor network[END_REF]:

𝐼 𝑜 = 𝐼 𝑟𝑖𝑝𝑝𝑙𝑒 10% (65) 
𝐶 𝑚𝑖𝑛 = 20 * 𝐼 𝑟𝑖𝑝𝑝𝑙𝑒 8 * 𝑉 𝑟 * 𝑓 𝑠 (67) 
The input and output specifications are summarized in the table below: 

Maximum power point tracking (MPPT) technique

By applying the P&O algorithm, the PV cell should be able to extract the maximum power under all changing in conditions. The changes might be the irradiance and/or the load variation. However, in this application, the irradiance hitting the PV cell is constant for every heating cycle. So, the only varying parameter is the load represented by the changing of the state of the battery during the charging process. Knowing that, the full study of charging the battery is not taken into account and the focus is only on validating the energy harvesting, the battery charging stages are presented into a variable load and therefore the PV module should be able to track the maximum power for different resistive values.

To do so, the simulation has been done over a range of resistive value starting from 1Ω to 350 𝐾Ω. Figure 140 shows the power extracted from the PV cell under these variations. From Figure 140 it's clearly seen that the PV cell is not able to extract its maximum power for all load variation values. As mentioned above, the maximum power of the PV cell is 𝑃 𝑚𝑝𝑝 = 310𝜇𝑊. When exposed to a variable resistive load, the PV cell is able to operate near its maximum power for load range from 60𝐾Ω to 150𝐾Ω given a power range from 265 𝜇𝑊 to 310 𝜇𝑊. However, for a resistive load value less than 70𝐾Ω, the maximum power is not reached but the PV cell aims this power. In other words, for a resistance of 𝑅 𝐿 = 1Ω, the power without applying the MPPT technique is 𝑃 𝑜𝑢𝑡 = 1.98𝑒 -9 𝑊 ≅ 2 𝑛𝑊 as shown in Figure 141.

When the MPPT algorithm is applied, the power released from the PV cell is 180𝜇𝑊 for the same 𝑅 𝐿 = 1Ω as shown in Figure 140. Due the huge difference in the resistive values, the maximum power point is not really reached but aimed. Note that for a buck converter, the MPPT is possible when the resistive load is bigger than the impedance of the MPP (𝑍 𝑀𝑃𝑃 ) [START_REF] Kotak | DC To DC Converter in Maximum Power Point Tracker[END_REF]. In fact, based on equation (60) of the buck converter characteristics of voltage and current, the input resistance of the converter can be expressed as follow: 

𝑅 𝑖𝑛 =
For a scanning of the duty cycle D of the converter from [1-0], 𝑅 𝑖𝑛 varies from [𝑅 𝐿 ,∞] where 𝑅 𝐿 is the resistive load. In order to aim the MPP, 𝑍 𝑀𝑃𝑃 should belong the interval of 𝑅 𝑖𝑛 . In other words, if 𝑍 𝑀𝑃𝑃 is smaller than 𝑅 𝐿 , the PV cell will not aim to reach the maximum power. This explains the decrease in the power in Figure 140 with the increasing of the resistive load.

To sum up, the maximum power tracking technique is well applied to track the maximum power of the PV cell under load variation but can be optimized by replacing the buck converter by a buck-boost converter leading to no limitation in the load values. Thus, 𝑅 𝑖𝑛 varies from [0,∞] and the PV cell can aim the maximum power even though 𝑍 𝑀𝑃𝑃 is smaller than 𝑅 𝐿 .

Mixed energy harvesting

After applying the MPPT technique to thermal and optical energy harvesting using respectively a boost and buck DC-DC converter, a mixed system is designed to combine both energies to charge a single energy storage device. At this stage, the battery will be charged receiving two currents issued from two different energy harvesting systems as shown in Figure 142. Thus, the two energy harvesting system are connected in parallel, each with its converter implementing the MPPT charging a single battery. Figure 142 shows the proposed hybrid renewable power system using a thermopile and a Vertical Multi-Junction PV cell. Each power source is connected to its converter adopting a MPPT algorithm according to the input source and can store the power to the battery using respectively a boost and buck converters for the thermopile and the VMJPV cell. Thus, the battery charging current is the sum of the two currents generated by each power source.

This proposed method is applied in [START_REF] Park | Hybrid Power System using PV and Piezoelectric Modules[END_REF] using piezoelectric module and a PV cell where Park et al. applied buck-boost converters to face the two input power source charging a single battery. Moreover, this method is similar to the Power ORing architecture using multiple energy sources connected in parallel through diodes to charge a single battery. Power ORing architecture is applied to the internal topology of the commercial devices LTC3331 from Linear Technology and MB39C811 from Cypress Semiconductor [START_REF] Estrada-López | Multiple input energy harvesting systems for autonomous IoT end-nodes[END_REF]. The advantage of this approach, where multiple subsystems are connected in parallel, is that each energy power source is able to perform its MPPT method independently which increases the tracking efficiency of each energy harvester source. Note that, the Power ORing architecture uses diodes interfacing the converter implementing the MPPT and the load/energy storage device to ensure a self-synchronized operation and resulting a reduction of the complexity of the Power Management Unit (PMU) as shown in Figure 143. However, the usage of these diodes presents a main disadvantage causing extra power losses resulted by the voltage drop in the diodes. Moreover, knowing that the independent MPPT methods for each harvester is advantageous, but it also presents some disadvantages. This method presents significant increase of the size and cost of the application, leading to an increase of its power consumption. This issue can be solved by removing the independent MPPT blocks, and adding a storage capacitor at the output of the parallel connection facing a DC-DC converter, similar to the Power ORing architecture seen in Figure 143. Thus, the DC-DC converter will control the voltage of the storage capacitor to ensure the transmission of the maximum power from the parallel connected harvesters. Yet, this technique might not be the optimal solution causing a loose of tracking efficiency for each individual energy harvesting source [START_REF] Estrada-López | Multiple input energy harvesting systems for autonomous IoT end-nodes[END_REF].

Conclusion

The future first step to be done in this project, is to study both designs; the first one using individual MPPT for each harvester and the second one by eliminating the individual MPPT method and adding the storage capacitor facing a DC-DC converter. The study should include power consumption versus tracking efficiency for each design, in order to select the appropriate optimal solution for the mix energy harvesting application using the thermopile and the PV cell as two input energy harvesting sources. Once the optimal design is selected, the implementation of the design should be done with the experimental validation and testing.

To sum up, this chapter presented the mix energy harvesting system in its optical and thermal forms. The total cumulative energy for the thermal energy harvesting is 23.48 𝑚𝐽 presenting 24.57% of the total amount of optical energy harvesting reaching 95.55 𝑚𝐽. These two types of energies are comparable and can form an energy mix system to charge a single energy storage device. A simulation over Matlab/Simulink is done to design the thermopile and the photovoltaic cell, facing each a DC-DC converter applying a maximum power point tracking method to extract the maximum power from each transducer. The DC-DC converter used for the thermopile is a boost converter whereas the one used to face the PV cell is a buck converter. These two systems are designed to be connected in parallel to charge a single battery. Optimization and study of this parallel connected design should be evaluated to reach the optimal solution for this application.

Conclusion

The aim of the thesis was to harvest the available wasted optical and thermal energies from a bistable micro-actuator system while actuating, store this energy to be used in the future to feed interconnected devices such as sensors, camera etc. From this context, two energy harvesting systems were designed:

The first one relied on harvesting only the optical energy from the system without considering the speed of actuation of the micro-actuator. In other words, the system was optimized to captured the maximum optical unused energy. At first stage, the modelling and validation of the optical energy harvesting system were established working on the principle to capture the maximum optical energy by the PV cell and using two motorized plates to move the mechanical system to heat SMA1 then SMA2. Once validated, the system has been optimised to meet the micro-actuator's requirements substituting the motorized plates by a MEMS active mirror able to steer the laser rays onto the SMA elements. The optical system facing the laser beam and the mechanical system were designed using ZEMAX software before the hardware implementation. The MEMS active mirror was programmed using LabVIEW to execute the necessary rotations letting the laser rays reaching SMA1 then SMA2. Once established, the harvested optical energy has been stored in a solid state thin film micro-battery.

The second energy harvesting system was designed to harvest the optical and thermal energies from the system forming an energy mix harvesting system where the actuation of the micro-actuator was faster than the first design. To do so, the laser ray was focalised on the SMA element to increase its speed of actuation. The wasted optical energy was captured by the photovoltaic cell and the difference in temperature of the SMA element was absorbed by the thermopile transforming it into electric voltage. A simulation was done using Matlab/Simulink for the modelling of each transducer, facing each an individual DC-DC converter implementing a Maximum power point tracking technique to charge a single battery.

Therefore, the micro-actuator can operate in two different playground depending on the needs of the system. In other words, whenever the speed of actuation is required, the second design is selected harvesting thermal and optical wasted energies. Whereas, when the speed of actuation is not in demand, the system slows its speed down while harvesting higher amount of energy, in this case it's the optical laser energy.

The basic principle of the micro-actuator is described in details with the principle of harvesting both optical and thermal energies from the system. For the first energy harvesting system, the modelling and optimization of the optical energy harvesting is described with its implementation. A MEMS active mirror is used to steer the laser rays onto the SMA elements. Experiments show that, for 50 cycles of actuation, the system is able to harvest a cumulative electrical energy of 1.8 𝐽𝑜𝑢𝑙𝑒𝑠. The energy harvested from the system is stored in a solid state thin film micro-battery via its charge controller. As a result, the battery takes around 67 min to charge 90% of its capacity with an initial state of charge (S.O.C) of 48%. During this process, the system actuates the SMA elements for 300 cycles, while harvesting the energy from the PV cell to charge the battery. For this system's design, the speed of actuation of the SMA element is 5 𝑠𝑒𝑐𝑜𝑛𝑑𝑠, to switch from its martensitic phase (curved shape) to its austenite phase (flat shape).

Regarding the second energy harvesting design, the mix energy harvesting design is presented to harvest the optical and thermal energies from the system focusing on increasing the speed of actuation of the micro-actuator. The wasted optical energy from the laser is harvested by the Vertical Multi-Junction photovoltaic cell. The thermal energy harvesting is designed by using a thermopile able to harvest the difference in temperature of the SMA element during the heating/cooling phases, transforming it into a voltage difference. The total cumulative energy for the thermal energy harvesting is 23.48 𝑚𝐽 presenting 24.57% of the total amount of optical energy harvesting reaching 95.55 𝑚𝐽. These two types of energies are comparable and can form an energy mix system to charge a single energy storage device. A simulation over Matlab/Simulink is done to design the thermopile and the photovoltaic cell, facing each a DC-DC converter applying a maximum power point tracking technique to extract the maximum power from each transducer. The DC-DC converter used for the thermopile is a boost converter whereas the one used facing the PV cell is a buck converter. These two systems are designed to be connected in parallel to charge a single battery. Note that for this design, the speed of actuation of the SMA element is 3 𝑠𝑒𝑐𝑜𝑛𝑑𝑠.

Perspectives

The following proposals deserve to be addressed in the future works.

Mix energy harvesting system

In this thesis, the proposed hybrid renewable power system consists of connecting the thermopile and the Vertical Multi-Junction PV cell in parallel. Each power source is connected to its converter adopting a MPPT algorithm according to the input source and can store the power to the battery using respectively a buck and boost converters for the thermopile and the VMJPV cell. Knowing that the independent MPPT techniques for each harvester is advantageous, but it also presents some disadvantages. This technique presents significant increase of the size and cost of the application, leading to an increase of its power consumption. This issue can be solved by removing the independent MPPT blocks, and adding a storage capacitor at the output of the parallel connection facing a single DC-DC converter for all energy sources. Thus, the DC-DC converter will control the voltage of the storage capacitor to ensure the transmission of the maximum power from the parallel connected harvesters. Yet, this technique might not be the optimal solution causing a loose of tracking efficiency for each individual energy harvesting source.

Therefore, a perspective for future work in this project is to study both designs; the first one using individual MPPT for each harvester and the second one by eliminating the individual MPPT technique and adding the storage capacitor facing a DC-DC converter. The study should include power consumption versus tracking efficiency for each design, in order to select the appropriate optimal solution for the mix energy harvesting application using the thermopile and the PV cell as two input energy harvesting sources. Once the optimal design is selected, the implementation of the design should be done with the experimental validation and testing.

Optimization of the optical system

In this thesis, a single Vertical Multi-Junction Photovoltaic (VMJPV) cell of dimensions 3 * 3 * 0.4 𝑚𝑚 3 is used and placed between the two SMA elements to harvest the wasted optical energy from the laser beam. The design of the selective optical transducer can be further optimized by replacing the used VMJPV cell by two cells each of dimensions 1 * 1 * 0.4 𝑚𝑚 3 placed at the bottom of each SMA elementas shown in Figure 144. A proposition of the electrical connexion of the PV cells is to be connected in series, to a single charge controller to charge the battery as seen in Figure 145. Thus, whenever the laser heats an SMA element, the corresponding PV cell harvest the optical energy. As perspective for future work in this project, a customized thin film thermoelectric generator can be fabricated taking into account the dimension of the SMA element. This TEG can be placed on the side of the SMA element to harvest the difference in temperature during heating/cooling phases. This method might slow down the speed of actuation of the SMA element. For this reason, an experimental setup should be done to study the speed of actuation of the SMA versus the energy harvesting by the flexible TEG. Thus, the optimal design can be selected comparing the proposed design in this thesis by placing a thermopile at the bottom of the SMA element and the second design by placing a flexible TEG on the external side of the SMA element. 
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 1 Figure 1: (a) Alta Wind Energy Centre in California[START_REF]Top 10 biggest wind farms[END_REF], (b) Sweihan Photovoltaic Independent Power Project in UAE[START_REF]The world's biggest solar power plants[END_REF] 
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 2 Figure 2: Most common types of energy harvesting in macro-scale and micro-scale
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 4 Figure 4: (a) Illustration of the thermal harvesting element: (1) surface interfacing the heat/skin, (2) TEG module converting the heat into electricity, (3) heat-sink facing the ambient air to dissipate heat traversing the thermal harvester into the ambient air. (b) TEG module composition placed on the wrist. (c) Prototype wear by the wrist
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 5 Figure 5: Configuration of the RTEGS module
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 6 Figure 6: The three phases involved in the piezoelectric energy harvesters

Figure 7 :

 7 Figure 7: Cantilever piezoelectric transducer
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 8910 Figure 8: Circular diaphragm piezoelectric transducer type in (a)front view (b) and side view
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 11 Figure11: Architecture of multiple cantilever transducer[START_REF]Development and optimization of an energy harvesting circuit for multiple piezoelectric elements integrated into a smart air spring[END_REF] 
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 12 Figure 12: Schematic structure of a right-angle cantileverbeam transducer[START_REF] Pan | A piezoelectric wind energy harvesting device with right-angle cantilever beam[END_REF] 
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 13 Figure13: Advantages and disadvantages of different structures of piezoelectric transducer[START_REF] Mishra | Advances in Piezoelectric Polymer Composites for Energy Harvesting Applications: A Systematic Review[END_REF] 
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 14 Figure 14: Block diagram of a piezo shoe for mobile charging with wireless power transfer
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 15 Figure 15: Harvesting the energy from wrinkling eye using super-flexible piezoelectric nanogenerator (a) ready, (b) wrinkling, (c) after wrinkling
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 17 Figure 17: Biomedical energy harvester based on electromagnetic generator
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 18 Figure 18: The three possible configurations for the electrostatic energy harvesting transducer[START_REF] Trioux | Piezoelectric micro-generators for energy harvesting applications Microgénérateurs piézoélectriques pour des applications de récupération d ' énergie[END_REF] 
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 19 Figure 19: Block diagram of an RF energy harvester technology[START_REF] Sidhu | A Survey Study of Different RF Energy Sources for RF Energy Harvesting[END_REF] 
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 20 Figure 20: Chart for the conversion efficiencies for a range of photovoltaic cells from 1976 to the present [73] "This plot is courtesy of the National Renewable Energy Laboratory, Golden, CO."
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 21 Figure21: Electrical equivalent circuit of the PV cell[START_REF] Beriber | MPPT Techniques for PV Systems[END_REF] 

Figure 22 :

 22 Figure 22: Typical IV/PV curves of a photovoltaic cell 2.3.2.4.Effect of irradiance and temperature on the PV cell
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 2324 Figure 23: Effect of the incident irradiance on the (a) IV curve (b) and PV curve of the photovoltaic cell[START_REF] Sharma | Modeling and Optimisation of a Solar Energy Harvesting System for Wireless Sensor Network Nodes[END_REF] 
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 25 Figure 25: PV panel directly connected to a resistive load through a DC-DC converter [80] Figure 26: Block diagram of the implementation the MPPT technique connected to a DC-DC converter[START_REF] Sharma | Advanced perturbation and observation (P&O) based maximum power point tracking (MPPT) of a solar photo-voltaic system[END_REF] 
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 28 Figure 28: Flowchart for MPPT P&O algorithm technique
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 29 Figure 29: Characteristics of the resistive operation range for the three types of converter buck, boost and buck-boost[START_REF] Paper | A Brief Theoretical Overview of Dc-Dc Converters Used in the Tracking of photovoltaic power generators[END_REF] 

Figure 31 :

 31 Figure 31: Two design techniques used to harvest the solar energy: (a) using a PWM signal as input to the DC-DC converter, (b) using MPPT technique to the converter [79]

  photovoltaic cell reduces the cost of the integrated system and the overall size. The built circuit uses a switched-capacitor technique to capture the energy from the integrated photodiode and provides an output voltage. As a result, under outdoor illumination conditions, the efficiency of the system reaches 59% delivering a maximum voltage of 2.81 V.Additionally, optical energy harvesting isn't restricted to outdoor applications. Indoor optical energy harvesting has gained research interest in several applications. In 2019, Costa et al. were able to harvest indoor light in real time by using a controlled system based on a photovoltaic wafer cell[START_REF] Costa | Study of the light energy harvesting capacity in indoor environments[END_REF]. The reached conversion efficiency of this system is 14%. Experiments showed that the maximum power of the PV cell (𝑃 𝑚𝑝𝑝 ) in areas with artificial illumination (fluorescent lamps), like in a classroom environment -Figure32(a), is nearly tens of µW, whereas in places with indirect natural illumination, like in a corridor access-Figure32(b), 𝑃 𝑚𝑝𝑝 attains hundreds of µW.
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 32 Figure 32: Indoor light energy harvesting system in real time using a controlled system based on a photovoltaic cell placed (a) in a classroom environment with artificial light and (b) in a corridor access under indirect natural illumination [91]

Figure 33 :

 33 Figure 33: (a) The aerial vehicle RobotFly of 190 mg before liftoff, the robot is in contact with the surface below. (b) Liftoff phase of the robot. When the laser hits the photovoltaic cell at the top, the power is delivered from the PV cell reaching the electronic circuit and therefore lifting the robot 3. Mixed energy harvesting 3.1. Introduction
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 34 Figure 34: (a) Power generation using a combination of different type of sources, (b) One source assists to improve the output of the main source [100]
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 35 Figure 35: Block diagram of the vibration-based hybrid harvester architecture [101].
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 36 Figure36: Physical model of the hybrid kinetic energy harvester piezoelectric-electromagnetic[START_REF] Zhao | A novel model of piezoelectric-electromagnetic hybrid energy harvester based on vortex-induced vibration[END_REF] 
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 37 Figure 37: Block diagram of the energy harvester system [105]
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 38 Figure38: Proposed piezoelectric transducer and RF hybrid harvester system[START_REF] Nguyen | A hybrid RF and vibration energy harvester for wearable devices[END_REF] 
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 39 Figure39: Proposed multi-sources energy harvester system for WSN[START_REF] Acut | PV-TEG-WiFi Multiple Sources Design Energy Harvesting System for WSN Application[END_REF] 
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 40 Figure 40: Electric circuit of the hybrid nano-generator energy harvester piezoelectric-electrostatic
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 41 Figure41: Proposed hybrid energy harvester system using PV and piezoelectric modules[START_REF] Park | Hybrid Power System using PV and Piezoelectric Modules[END_REF] 
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 42 Figure 42: Typical hybrid energy harvesting including different sources generating AC or DC output power[START_REF] Edwards | Review on micro-energy harvesting technologies[END_REF] 
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 43 Figure43: Charged up plates of a double layer capacitor (Super-capacitor)[START_REF] Woodford | Supercapacitors[END_REF] 

Figure 44 :

 44 Figure 44: (a) Bistable mechanism based on antagonistic pre-shaped double beam. (b) Asymmetrical output force of the parallel pre-shaped beams. (c) Symmetrical output force of the antagonistic pre-shaped beam [120].

  (a) and flat shape when heated -Figure 45 (b).
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 4546 Figure 45: (a) Curved shape of the SMA element at ambient temperature. (b) Flat shape of the SMA element when heated. (c) Heating cycle for the bistable beam to move from a position to another with stability Figure 45 (c)shows how a bistable beam moves from one position to another using two SMA elements. When SMA1 is heated by a laser beam, it will change from the ambient temperature shape to the heated one and becomes flat. The bistable beam moves from position 1 to position 2. When SMA1 is cooled down, it will take its initial curved shape. Same procedure is done when SMA2 is heated. And, therefore, the bistable beam is able to move from one position to another by wireless actuation, with stability.1.3. Bistable micro-actuator

Figure 47 (Figure 47 :

 4747 Figure 47 (a) shows the top view of the heating process of the SMA elements alternately to move the antagonistic pre-shaped beam among its two stable positions -Position 1 -Figure 47 (b) and position 2 -Figure47 (c). Therefore, whenever the laser heats a SMA element, the bistable micro-actuator moves from a position to another with stability. Experiments show that the stroke of SMA is 300 𝜇𝑚 for an exerted force of 300 mN. The fabricated bistable microactuator is designed to have a stroke of 300 𝜇𝑚[START_REF] Liu | An optical wireless bistable micro-actuator[END_REF].
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 48 Figure 48: Principle of the optical energy harvesting applied to the micro-actuator using a photonic transducer

Figure 49 Figure 49 :

 4949 Figure 49: Cross section of a (a) PN photodiode (b) PIN photodiode (c) Avalanche APD photodiode[START_REF] Inc | AN-LD17: Photodiode Basics: Selection & Operation[END_REF] 
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 50 Figure 50: Typical IV curve of the photodiode.
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 51 Figure 51: S12915-33R photodiode

  𝑅 𝛾 * 𝑃 𝑜𝑝𝑡 = 0.6 * 10 = 6 𝑚𝐴 = 0.006 𝐴 Having an input power of 10 mW hitting the photodiode of photosensitive area of 2.4 * 2.4 𝑚𝑚 2 , the irradiance is calculated as follow: 2.4 * 10 -6 = 1,736 𝑊/𝑚 2
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 53 Figure 53: Matlab/Simulink model for extracting the IV/PV curves of the photodiode in the photovoltaic mode
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 55 Figure 55: Light spectrum showing the wavelength of visible light
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 56 Figure56: Spectral response for the three most common types of used PV cells[START_REF] Pourakbar | Thermal Effects Investigation on Electrical Properties of Silicon Solar Cells Treated by Laser Irradiation[END_REF] 
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 57 Figure57: Vertical Multi-junction PV cell structure[START_REF] Perales | Characterization of high performance silicon-based VMJ PV cells for laser power transmission applications[END_REF] 
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 58 Figure 58: Uniformity of the laser beam hitting the PV cell, (a) 71%, (b) 85%, and (c) of 99%[START_REF] Perales | Characterization of high performance silicon-based VMJ PV cells for laser power transmission applications[END_REF] 
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 59 Figure59: Cell efficiency versus beam uniformity[START_REF] Perales | Characterization of high performance silicon-based VMJ PV cells for laser power transmission applications[END_REF] 
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 5 Characteristics of different categories of the VMJ PV cell
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 60 Figure60: VMJPV cell efficiency at different wavelength[START_REF] Perales | Characterization of high performance silicon-based VMJ PV cells for laser power transmission applications[END_REF],[START_REF] Yang | MH GoPower Company Limited[END_REF] 

) 61 𝑃

 61 𝑖𝑛𝑝𝑢𝑡 𝑚𝑎𝑥 = 1.4 * 9 * 10 -2 = 0.126 𝑊 = 126 𝑚𝑊

Figure 61 :

 61 Figure 61: Vertical multi-junction PV cell
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 62 Figure 62: Exploded view of the mechanical system support
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 6364 Figure 63: Mechanical assembly using Creo
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 67 Figure 67: (a) Gaussian and (b) flat-top distribution of the laser illumination 1.1. Principle of the optical beam homogenization
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 68 Figure 68: Setup for the concept of microlens array homogeniser [137]
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 69 Figure 69: Setup for the concept of waveguide homogenizer
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 70 Figure 70: Light pipe homogenizing rod
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 71 Figure 71: Setup showing the optical system before the light pipe
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 72 Figure 72: Setup showing the optical system after the light pipe

  * 𝑓 * tan 𝛼 + 𝑑 ɸ 𝑇 = 2 * 4.51 * tan(17°) + 2 = 4.7576 𝑚𝑚 < 𝑐𝑜𝑙𝑙𝑖𝑚𝑎𝑡𝑜𝑟 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟 6 𝑚𝑚 So the rays of the laser fit inside the collimator.
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 73 Figure 73: Dimensions of the VMJPV cell and the light pipe homogenizing rod with a magnification of 1 and 2
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 7576 Figure 75: Simulation of the optical system after the light pipe
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 77 Figure 77: Design of the support for the optical system components

Figure 78 :

 78 Figure 78: Experimental setup of the optical system

  (a).

  Figure 81 (b) and (c) show respectively the power distribution along the X axis and Y axis passing by the center of the surface. It's clearly seen for both graphs (b) and (c) that the power starts by increasing reaching a level where it is approximately constant for a distance of 3 mm, then it decreases to zero.
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 7981 Figure 79: Homogenized hexagonal output shape
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 82 Figure 82: Placement of the PV cell towards the optical system

Figure 83 :

 83 Figure 83: IV curve of the PV cell under direct illumination of the laser

.

  It is made up of miniature steel DC motor able to travel a distance range of 25mm reaching a maximum speed of 2.5 mm/s [141]. The rotating stage is SR50CC from Newport company having a typical accuracy of 15 𝑚𝑑𝑒𝑔𝑟𝑒𝑒 -+ . It is made up of a DC servo motor able to rotate an angular range of 360° with a maximum speed of 4°/𝑠 [142].

Figure 84 and

 84 Figure 85 show respectively the translating and the rotating motorized plates.
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 84 Figure 84: MFA-CC linear miniature motorized stage [141] Figure 85: SR50CC angular motorized stage [142]
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 86 Figure 86: Mechanical set-up of the system
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 87 Figure 87: IV curve of the PV cell (a) at position 1 (when heating SMA1) and (b) at position 2 (when heating SMA2)
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 89 Figure 89: Energy harvested when heating SMA1 (red) and SMA2 (green) done over 50 cycles and the insert graph shows the total amount of energy harvested over 50 cycles

Figure 90 :

 90 Figure 90: Four quadrant two axes rotator MEMS mirror
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 91 Figure 91: MEMS active mirror inserted on its PCB via ZIF socket
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 92 Figure 92: Number of reflections inside the rod with respect to the rod dimensions variation
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 93 Figure 93: Number of reflections inside the selective rod as a function of the focal length of the lenses

Figure 94

 94 Figure94shows the schemas of the optical system.
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 94 Figure 94: Schema of the optical system
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 95 Figure 95: Calculation of the angle at the output of the light pipe tan 𝛼 = 𝑑 2 𝑑 1 = 7 + 2 22.5 𝛼 = 17.28°
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 96 Figure 96: Optical system before the light pipe for the optimized optical system
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 97 Figure 97: 2D organization for the optimized optical system after the light pipe
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 98 Figure 98: Image distribution along the output surface for the optimized optical design

Figure 99 (

 99 Figure99 (a) shows the 3D views of the optical system where the MEMS active mirror is rotated 5° in the negative direction forming an angle of 75° between the two optical systems (before and after the MEMS mirror) and Figure99(b) when the MEMS is rotated 5° in the positive direction forming an angle of 85°. Note that the angles are with respect to the laser diode' axis. From the 3D view, it's obvious that the distance between the lenses from either sides of the MEMS is good enough for the placement of the optical components. Moreover, the rays are well distributed with no backward ways. In addition, simulation shows that the spot of the rays of the MEMS for an angle of 75° and 85° is respectively 2.44 mm and 2.75 mm smaller than the MEMS radius which means no rays are lost due to the angular effect.

Figure 99 :

 99 Figure 99: 3D view of the optical system when the MEMS is rotated (a) 75° and (b) 85° with respect to the laser diode axis

Figure 100 :

 100 Figure 100: (a) Experimental set-up of the optical system before integrating the MEMS active mirror; (b) Power extraction technique of the output hexagonal surface using a power meter of detection area of 800 𝜇𝑚 of diameter and two translation stages for X and Y axis; (c) The homogenity at the output of the light pipe homogenizing rod is affected by the angle of the aspheric lens.

Figure 101 :

 101 Figure 101: Power distribution along the output surface in (a) 3D view and (b) top flat view, (c) and (d) show the power distribution along the X and Y axes passing by the center of the surface, respectively

Figure 102

 102 Figure102shows the current-voltage (IV) and power-voltage (PV) curves of the PV cell under direct illumination.

Figure 102 :

 102 Figure 102: I-V and P-V curves of the VMJPV cell under direct illumination of the rays

Figure 103 :Figure 104 :

 103104 Figure 103: Experimental set-up after the insertion of the MEMS active mirrorIn the aim of heating the SMA elements alternately, their positions have been tracked by the MEMS leading a rotation of the mirror of -5 ° in the x axis for heating SMA1 (position 1) and

Figure 108 :

 108 Figure 108: CPX3225A752D super-capacitorWhen the super-capacitor is fully charged, the energy stored is calculated as follow:

8 𝑠

 8 0025 * (2.6 * 3) 2 = 0.07605 𝐽 Having the same charging current 𝐼 = 2.865 𝑚𝐴, the time needed to charge the three supercapacitors is the same as charging one of them. By calculation:It is clearly seen that the series resistance has a significant value 75 ohms, let's calculate the voltage drop across this resistance, knowing that the current passing through the resistance is the maximum current of the PV cell: 𝑉 𝐸𝑆𝑅 = 𝐸𝑆𝑅 𝑒𝑞 * 𝐼 𝑀𝑃𝑃 = 75 * 5 * 10 -3 = 0.375𝑉

Figure 109 :

 109 Figure 109: CP 7840 A3 VARTA micro-battery

  32𝑚𝐴ℎ * 2 𝑉 = 64 𝑚𝑊ℎ = 0.064 𝑊ℎ The energy stored in the battery when fully charged is: 𝐸(𝐽) = 𝐸(𝑊ℎ) * 3600 = 32 mAh * 2 * 3600 = 230.4 𝐽If powered with a current of 2.865 mA, the time that takes to fully charged this battery is:

Figure 110 :

 110 Figure 110: EFL700A39 solid state thin film micro-battery

Figure 111 :

 111 Figure 111: Graphical representation for Stereax M250 solid state micro-battery

  150 𝑚𝑉 ≤ 𝑉 𝑚𝑝𝑝 ≤ 18 𝑉 10 𝜇𝐴 ≤ 𝐼 𝑚𝑝𝑝 ≤ 100 𝑚𝐴 In addition, it can charge batteries with an under-voltage protection threshold (𝑉 𝑈𝑉𝑃 ) and end of charge threshold voltage (𝑉 𝐸𝑂𝐶 ) of: 𝑉 𝑈𝑉𝑃 = 3.7 𝑉 𝑉 𝐸𝑂𝐶 = 4.2 𝑉

Figure 113 : 105 Figure 114 :

 113105114 Figure 113: Typical discharge curve of the thin film micro-battery with different discharge currents[START_REF] Stmicroelectronics | EnFilm -rechargeable solid state lithium thin film battery[END_REF] 

Figure 115 :

 115 Figure 115: Connections of the input supply and the output battery of the charge controller [150] 4.4. Trapezoidal method

Figure 116 :

 116 Figure 116: Principle of the trapezoidal method [153]

Figure 117 :

 117 Figure 117: Flowchart summarizing the code developed to estimate the final capacity and final S.O.C of the battery during the charging phase

Figure 118 showsFigure 119

 118119 Figure119shows the state of charge of the battery as function of the capacity.

Figure 118 :Figure 119 :

 118119 Figure 118: Charging current (mA) and total capacity (mAh) of the battery with the respect to the charging time

Figure 120 :

 120 Figure 120: Modification of the optical system after the MEMS active mirror to minimize the output laser spotThe spot diagram shown in Figure121illustrates that the light presents a good distribution along the output surface. The maximum values of the RMS and GEO radius are respectively 403 𝜇𝑚 and 593 𝜇𝑚 resulting a net image presenting small amount of aberrations.

Figure 121 :

 121 Figure 121: Spot diagram showing the distribution along the output surface

Figure 122 :

 122 Figure 122: Variation of the optical rays when the MEMS rotates 6° (a) in the positive direction and (b) in the negative direction

Figure 123 :

 123 Figure 123: Implementation of the optical system 2.2. Characterization of the PV cell

Figure 124 :

 124 Figure 124: IV curve of the PV cell (a) at position 1 heating SMA1 and (b) at position 2 heating SMA2

Figure 125 :Figure 126 :Figure 127 :

 125126127 Figure 125: Energy harvested by the PV cell when heating SMA1 (Red) and SMA2 (Green) done over 50 cycles

Figure 128 :

 128 Figure 128: Variation of the SMA temperature over time when heated by the laser source for the first 2 heating cycle

  Thus, the internal resistance for a single thermocouple is:𝑅 𝑖𝑛𝑡𝑒𝑟𝑛𝑎𝑙/𝑡ℎ𝑒𝑟𝑚𝑜𝑐𝑜𝑢𝑝𝑙𝑒 = 0.0707 ΩTaking the highest temperature value reached by the SMA element obtained experimentally, the characteristic curves of the thermopile are simulated using Matlab/Simulink. The characteristics of the thermopile include the electrical power absorbed by the load versus the load ratio 𝑅 𝑙𝑜𝑎𝑑 /𝑅 𝑖𝑛𝑡 taking into account: ∆𝑇 = 𝑇 𝐻𝑜𝑡 -𝑇 𝐶𝑜𝑙𝑑 = 61 -25 = 36°𝐶

Figure 129 :Figure 133 :

 129133 Figure 129: The output power characteristics of thermopile -voltage vs current

Figure 134 :

 134 Figure 134: Electric circuit of a boost converter

𝐿 𝑚𝑖𝑛 = 1 . 5 *

 15 10 -6 𝐻 𝐶 𝑚𝑖𝑛 = 3.03 * 10 -8 𝐹 The input resistance and capacitance for the DC-DC converter is used to reduce the power's impedance seen by the regulator resulting in a decrease of the voltage fluctuations function of the current demand variations. This leads to a steady input of the converter that keeps the output 123 steady and reduces the ripples. The component values of the step-up DC-DC converter are summarized in Table

Figure 135 :

 135 Figure 135: Power (𝜇𝑊) extracted from the TEG for different temperature difference ∆𝑇 (℃)

Figure 136 :

 136 Figure 136: Photovoltaic cell circuit

Figure 137 :

 137 Figure 137: Matlab Simulation of the six mathematical model of the PV module

Figure 138 :

 138 Figure 138: Matlab simulation for (a) I-V curve and (b) the P-V curve of the VMJPV cell

Figure 139 :

 139 Figure 139: Electric circuit of a buck converter

) 5 Thus

 5 , the minimum values of the inductance and the output capacitance are: 𝐿 𝑚𝑖𝑛 = 2.43 𝐻 𝐶 𝑚𝑖𝑛 = 1 * 10 -7 𝐹 For the simulation, the values of the inductance and capacitance are taken as: 𝐿 = 10 𝐻 𝐶 𝑚𝑖𝑛 = 1 * 10 -7 𝐹

Figure 140 :

 140 Figure 140: Power extracted from the PV cell under resistive load variation while applying the P&O algorithm for the MPPT technique 4.2.4. Analysis

Figure 141 :

 141 Figure 141: Output parameters of the PV cell for a resistive load of 1Ω

Figure 142 :

 142 Figure 142: Design of the mix energy harvesting system

Figure 143 :

 143 Figure143: Power ORing architecture[START_REF] Estrada-López | Multiple input energy harvesting systems for autonomous IoT end-nodes[END_REF] 

Figure 144 :

 144 Figure 144: Placement of two VMJPV cells at the bottom of each SMA element

Figure 145 :

 145 Figure 145: Electrical connection of two VMJPV cells connected in seriesThe proposed PV cell is from MHGopower, same family as the used one, of dimensions 1 * 1 * 0.4 𝑚𝑚 3 , able to support a power density of 1.3𝑊/𝑐𝑚 2 having a maximum efficiency of 41.3% for a laser wavelength of 915 nm.

Figure 146 :

 146 Figure 146: Thin film flexible Thermoelectric generator

140 2 . Appendix 2 This

 22 Appendix shows the six equations of the mathematical model of the vertical multi-junction PV cell with their corresponding simulation diagram done over MAtlab/Simulink. a) Photo-current 𝐼 𝑝ℎ 𝐼 𝑝ℎ = [𝐼 𝑠𝑐 + 𝐾 𝑖 * (𝑇 -298)] * 𝐺 100

Figure 148 :

 148 Figure 148: Matlab simulation of the phot-current 𝐼 𝑝ℎ b) Reverse saturation current 𝐼 𝑟𝑠

Figure 149 :𝐼 141 Figure 150 :Figure 151 :Figure 152 :

 149141150151152 Figure 149: Matlab simulation of the reverse saturation current
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Table 1 :

 1 Maximum lab efficiency for crystalline silicon, thin film and multi-junction PV cell

	PV cell type

Table 2 :

 2 Summary of the behavior of P&O technique

	Perturbation (∆𝑽)	Observation (∆𝑷)	Next perturbation
	Positive	Positive	Positive
	Positive	Negative	Negative
	Negative	Positive	Negative
	Negative	Negative	Positive

Table 3 :

 3 Specifications of the Z-Power silver zinc rechargeable battery[START_REF] Victory | Hearing aid batteries[END_REF] 

	size	10	312	13	675
	Image				
	Color	Yellow	Brown	Orange	Blue
	Diameter dimension (mm)	5.75	7.7	7.70	11.47
	Height Nominal (mm)	3.37	3.35	5.20	5.35
	Weight (mg)	356	625	910	2355

Table 4 :

 4 Some of the characteristics of the S12915-33R photodiode

	Spectral response range 𝛾	340-1100 nm
	Package size	6 mm * 6 mm
	Photosensitive area size	2.4 mm * 2.4 mm
	Dark current 𝐼 𝐷	5 pA

Table 6 :

 6 Comparison of different types of photonic transducers

		Photodiode	Conventional PV	Vertical multi-junction PV cell
			cell	
	Size package	5mm * 6.6mm	Minimum mini cell	With substrate: 6𝑚𝑚 * 6𝑚𝑚
			dimensions:	Without substrate: 3𝑚𝑚 * 3𝑚𝑚
	Size	2.4 𝑚𝑚 * 2.4 𝑚𝑚	15 𝑚𝑚 * 65 𝑚𝑚	3𝑚𝑚 * 3𝑚𝑚
	photosensitive			
	area			
	Weight	2.9 g		With substrate: 66.4 mg
				Without substrate: 15.5 mg
	P in max	10 mW		126 mW
	P out	2.9 mW		44.1 mW
	Efficiency (𝜂)	29%		35%
	@ 875 nm			

Table 7 :

 7 Characteristics of ACL1210U-B aspheric lens

	Type

Table 8 :

 8 Summary of the lenses selected before and after the light pipe homogenizing rod

	Before the light pipe	Lens selected	Lens type	Focal length (mm)
		A230TM-B	Aspheric	4.51
	After the light pipe	A230TM-B	Aspheric	4.51
		ACL1210U-B	Aspheric condenser	10.5

Table 9 :

 9 Parameters of the PV cell at each heating position

		Position 1	Position 2
	𝑉 𝑂𝐶 (V)	9.80	9.83
	𝐼 𝑠𝑐 (mA)	0.63	0.79
	𝑉 𝑚𝑝𝑝 (V)	9.61	9.49
	𝐼 𝑚𝑝𝑝 (mA)	0.58	0.76
	𝑃 𝑚𝑝𝑝 (mW)	5.60	7.21
	𝑍 𝑚𝑝𝑝 (KΩ)	16.48	12.49
	𝐹𝐹 (%)	90.7	92.8

Table 10 :

 10 Incident angle to the light pipe for each selected lens

	Lens	A	B	C	D	E	F
	Incident angle 𝜃	55.4°	77.5°	80°	83.4°	84.7°	86°

Table 11 :

 11 Table summarizing the optical components for the new design

		Lens selected	Lens type	Focal length (mm)
	Before the light pipe	A230TM-B	Aspheric	4.51
		A110TM-B	Aspheric	6.24
	After the light pipe	AC254-030-B	Aspheric condenser	30

Table 12 :

 12 Parameters of the PV at every heating position

		Position 1	Position 2
	𝑉 𝑂𝐶 (V)	9.50	9.54
	𝐼 𝑠𝑐 (mA)	0.46	0.43
	𝑉 𝑚𝑝𝑝 (V)	9.17	9.20
	𝐼 𝑚𝑝𝑝 (mA)	0.44	0.41
	𝑃 𝑚𝑝𝑝 (mW)	4.08	3.81
	𝑍 𝑚𝑝𝑝 (KΩ)	20.50	22.00
	𝐹𝐹 (%)	92.35 %	93.53%

Table 13 :

 13 Table summarizing the specifications of CPX3225A752D for a single unit and for three of them

		Single super-capacitor	Three super-capacitors
	Maximum voltage (V)	2.6	7.8
	Capacitance (F)	0.0075	0.0025
	Internal impedance (Ω)	25	75
	Weight (g)	0.024 g	0.072 g
	Energy (J)	0.02535	0.07605
	Time (s)	6.8	6.8
	Total price ($)	3.85	11.55

Table 15 :

 15 Specification of the size 312 silver-zinc micro-battery

	Charge voltage (V)	2
	Typical capacity C (mAh)	32
	Dimensions: 𝐿 (𝑚𝑚) * 𝑊 (𝑚𝑚)	7.7 * 3.35
	Weight (𝑚𝑔)	625

Table 16 :

 16 The specifications of the EFL700A39 thin film solid state micro-battery

	Dimensions (mm)				25.7 * 25.4 * 0.025
	Nominal voltage (V)				3.9
	Nominal Capacity (𝜇𝐴ℎ)				700
	Weight (mg)				200
	Charge source (V)				4.2
	Having a nominal capacity of 700 𝜇𝐴ℎ with a charging current of 𝐼 𝑐ℎ𝑎𝑟𝑔𝑒 = 2.865 𝑚𝐴, the
	estimated time to fully charge the battery is:
	𝑎𝐶 =	1 𝑡	=	𝐼 𝑐ℎ𝑎𝑟𝑔𝑒 𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦
	𝑎 =	2.865 (𝑚𝐴) 700 𝑒 -6 (𝐴ℎ)	= 4
	𝑡 =	1 𝑎	= 0.25 ℎ = 15 𝑚𝑖𝑛

Table 18 :

 18 Table summarizing all type of energy storage devices with their criteria

		S.C	Li-Ion	Silver-	Solid state thin film
				zinc		
		CPX322	CP7840	Size 312	EnFilm700	Stereax
			A3			M250
		SEIKO	VARTA Z-Power STMicroelectronics	Ilika
	Size (mm)	(𝐿 * 𝑊 * 𝐻)	(𝐷 * ℎ)	(𝐷 * ℎ)	(𝐿 * 𝑊 * 𝐻)	(𝐿 * 𝑊 * 𝐻)
		3.2 * 2.5	7.8 * 4	7.7 * 3.35	25.7 * 25.7 * 0.2	12 * 12
		* 0.9				* 0.75
	Weight (mg)	24	700	625	200	270
	Nominal	2.6	3.7	2	4	3.5
	voltage (V)					
	Charging	2.865	2.865	2.865	2.865	2.865
	current (mA)					
	Energy stored	0.025	213	230	10	3.15
	(J)					
	Mass density	1.04	304.3	368	50	11.66
	(J/g)					
	Volume density (𝐽/𝑚𝑚 3 )	3.47 * 10 -3	1.11	1.47	0.075	0.029
	Time	6.8 seconds 6 hours 11.2 hours	15 minutes	5.23 minutes
	Cost (€)	3.4	6.4	70	40	1,000

  3 𝑚𝑚. 

	𝐼𝑚𝑎𝑔𝑒 𝑓𝑖𝑛𝑎𝑙 =	𝑓 4 𝑓 3	*	𝑓 2 𝑓 1	* 𝐼𝑚𝑎𝑔𝑒 𝑀𝐸𝑀𝑆 =	35 100	*	100 30	* 1.3 = 1.5 𝑚𝑚

Table 19 :

 19 Parameters of the PV cell at each heating position

	Position 1	Position 2
	𝑉 𝑂𝐶 (V)	8.5	8.5
	𝐼 𝑠𝑐 (𝜇𝐴)	43.5	45.0
	𝑉 𝑚𝑝𝑝 (V)	7.8	7.5
	𝐼 𝑚𝑝𝑝 (𝜇𝐴)	40	41
	𝑃 𝑚𝑝𝑝 (𝜇𝑊)	314.4	307.5
	𝑍 𝑚𝑝𝑝 (KΩ)	195	184
	𝐹𝐹 (%)	85.0 %	80.4%
	2.3. Extraction of the energy harvested		

Table 20 :

 20 Characteristics of the SMA element material composition

		Composition	Electrical resistivity	Thermal conductivity
			(Ω*m)	𝑊/(𝑚 * 𝑘)
	Chromel	90% Nickel	7.06 * 10 -7	19
		10% Chromium		
	Alumel	95% Nickel		
		2% Aluminium	2.94 * 10 -7	29.7
		2% Manganese		
		1% Silicon		

  When the thermopile is connected to a load 𝑅 𝑙𝑜𝑎𝑑 , the input electrical and load power across 𝑅 𝑙𝑜𝑎𝑑 are calculated as follow[START_REF] Ensescu | Thermoelectric Energy Harvesting: Basic Principles and Applications[END_REF]:

		2 * 𝜌 𝐶 * 𝐿 𝐶 𝐴 𝐶	) of the equation is zero and will not be taken
	into consideration in the calculation.			
	𝐼 =	𝑉 𝑠𝑒𝑒𝑏𝑒𝑐𝑘 𝑅 𝐿𝑜𝑎𝑑 + 𝑅 𝑖𝑛𝑡	=	𝑛 * 𝛼 𝑃𝑁 * ∆𝑇 𝑅 𝐿𝑜𝑎𝑑 + 𝑅 𝑖𝑛𝑡	(42)
	𝑃 𝐿 = 𝑅 𝐿𝑜𝑎𝑑 * 𝐼 2 = (	𝑛 * 𝛼 𝑃𝑁 * ∆𝑇 𝑅 𝐿𝑜𝑎𝑑 + 𝑅 𝑖𝑛𝑡	2 )	* 𝑅 𝐿𝑜𝑎𝑑

Table 21 :

 21 Input and output specifications of the DC-DC converter

	Rated power (W)	9.24 * 10 -5 𝑊
	Input voltage (V)	[ 2.4 * 10 -3 -8.85 * 10 -3 ]
	Output voltage (V)	3.9
	Switching frequency (KHz)	20

Table 22 :

 22 Table summarizing the values of the DC-DC converter components

	Component	Value
	𝑅 𝑖𝑛 (Ω)	0.1
	𝐶 𝑖𝑛 (𝜇𝐹)	100
	𝐿(𝜇𝐻)	7.8
	𝐶 𝑜𝑢𝑡 (𝑛𝐹)	30.2
	4.1.4. Results	

Table 23 :

 23 The power released from the thermopile by applying the MPPT technique and the real maximum power

	𝑻 𝒉 (℃)	∆𝑻(℃)	Power thermopile (𝝁𝑾)	Maximum power (𝝁𝑾)
	61	36	92.4	92.4
	55	30	64.11	64.16
	50	25	44.5	44.55
	45	20	28.51	28.5
	40	15	16.04	16.041
	35	10	7.12	7.129

Table 24 :

 24 Summary of the parameters used in the simulation with their corresponding values

	Symbol	Name	Value
	𝐼 𝑝ℎ	Photo-current (A)	𝐼 𝑝ℎ
	𝐼 𝑠𝑐	Short circuit current (mA)	0.044
	𝐾 𝑖	1000 𝑊/𝑚 2 Short circuit current of cell at 25℃ at the irradiance of	0.003
	T	Operating temperature (K)	T
	𝑇 𝑛 G	Nominal temperature (K) Irradiance (𝑊/𝑚 2 )	298 1000
	q	Electron charge (C)	1.6 * 10 -19
	𝑉 𝑜𝑐	Open circuit voltage (V)	8.5
	n	The ideality factor of the diode	1
	K	Boltzmann's constant (J/K)	1.38 * 10 -23
	𝐸 𝑔0	Band gap energy of the semiconductor (eV)	1.1

Table 24

 24 summarizes the parameters used in the simulation with their corresponding values. The mathematical model of the photovoltaic cell is represented and simulated using the following parameters; each parameter has its equation and the simulation diagram using Simulink. Simulation diagrams for the six mathematical equation are presented in Appendix 2.

	i. Temperature in Kelvin						
	ii. Photo-current 𝐼 𝑝ℎ :						
		𝐼 𝑝ℎ = [𝐼 𝑠𝑐 + 𝐾 𝑖 * (𝑇 -298)] *	1000 𝐺	(55)
	iii. Reverse saturation current 𝐼 𝑟𝑠						
		𝐼 𝑟𝑠 =	𝑒	𝐼 𝑠𝑐 𝑁 𝑠 𝐾𝑛𝑇 -1 𝑞𝑉 𝑜𝑐			(56)
	iv.	Saturation current 𝐼 0						
		𝐼 0 = 𝐼 𝑟𝑠 ( 𝑇 𝑛 𝑇	) 3	𝑒	𝑞𝐸 𝑔0 ( 𝑛𝐾 1 𝑇 𝑛	-	1 𝑇	)	(57)
	v. Shunt current 𝐼 𝑠ℎ						
		𝐼 𝑠ℎ =	𝑉 + 𝐼𝑅 𝑠 𝑅 𝑠ℎ		

Table 25 :

 25 Input and output specifications of the step-down DC-DC converter

	Rated power (𝜇𝑊)	310
	Input voltage (V)	8
	Output voltage (V)	3.9
	Switching frequency (KHz	

41 𝜇𝑉/°𝐶 (first order) and is able to support a maximum temperature of + 400°C [136]. Figure 65 shows the selected thermocouple. Having the SMA element of dimension 3 * 1 * 0.1 𝑚𝑚 3 , it is designed to place a number of thermocouples connected in series at the bottom of the SMA element on each as shown in Figure 66. To sum up, this section presented the principle of thermal energy harvested using the appropriate transducer taking into account the dimension's requirements of the SMA element. The calculation related to the thermal energy harvesting and the number of set of thermocouples selected per SMA element are detailed in Chapter 5.

To conclude, this chapter presents the design of the energy harvesting systems to harvest two types of unused energies: optical and thermal. The optical energy is harvested using the selected vertical multi-junction PV cell placed between the SMA elements harvesting the unused laser energy. Whereas, a thermopile made up of a set of thermocouples is selected to harvest the wasted thermal energy from the SMA elements during the heating/cooling phases. the study of both systems with the selected transducers, the modelling of each will be shown in the next chapters. Chapter 3 represents the modelling and the optimisation of the optical energy harvesting system. Where M is the magnification, 𝑓 1 and 𝑓 2 are respectively the focal length of the first and second lens after the light pipe.

Simulation

After all calculation done to select the components of the optical system, a simulation using ZEMAX-EE software is done in order to validate the selection. Simulations are done for the lenses selected before the light pipe and after it as well. Moreover, ZEMAX-EE simulation helps to define the exact distance between the extremities of the lenses as well as their orientation to get better image resolution taking into account the thickness of lenses.

Before the light pipe:

The components selected before the rod are two collimators of lens A230TM-B. These two lenses are modelled in ZEMAX-EE between the laser beam and the light pipe -Figure 74. Note that the laser has been initialized with all its parameters before placing the lenses. The laser is Gaussian type with an entrance pupil diameter of 2.54 mm. So, the angle hitting the rod 𝜃 will be the complement of alpha, thus:

Therefore, the number of reflexions inside the rod is: ))) = 11 𝑟𝑒𝑓𝑙𝑒𝑐𝑡𝑖𝑜𝑛𝑠

The number of reflections obtained in Simulation (11 reflections) is greater than the one obtained by calculation (7 reflections) making sure that homogenization of the laser beam will occur. In fact, when placing two lenses facing each other, the actual distance between them is the sum of the working distance of each and not the sum of their focal length. The working In order to calculate the energy harvested, the VMJPV cell should be connected to a constant impedance chosen to be average of the impedances at the maximum power point for the two positions. Thus, the PV cell is connected to a load having an impedance equals to 𝑍 𝑚𝑝𝑝-𝑎𝑣𝑒𝑟𝑎𝑔𝑒 :

𝑍 𝑚𝑝𝑝-𝑎𝑣𝑒𝑟𝑎𝑔𝑒 = 20.5 + 22 2 = 21.25 𝐾Ω

A code is developed and executed using LABVIEW software to move the MEMS active mirror to position 1 then to position 2, alternately. When reached a position, the heating process of the SMA element begins and meanwhile, the unused energy from the laser is captured by the PV cell transforming the optical energy into electric current throughout the impedance. Thus, the voltage across the impedance is extracted. When the heating process is done and the SMA changes shape from martensitic to austenite phase, the laser is turned off and the MEMS mirror rotates in the other direction to heat the second SMA. Having the voltage across the impedance, the energy harvested by the PV cell at each position can be calculated. Therefore, the energy harvested per cycle is evaluated considering a single cycle comprises the heating process of both SMA1 and SMA2 alternately. This cycle is repeated 50 times and the energy harvested is extracted to examine the behavior and the accuracy of the system.

Figure 105 shows the energy harvested over 50 cycles when heating SMA1 (position 1) and SMA2 (position 2). For position 1, it's obvious that the maximum energy harvested (18.54 mJ) is reached at the first cycle and the minimum (18.26 mJ) happens at the 46 𝑡ℎ one. The energy harvested all over the cycles experiences some variations at a range of 0.28 mJ resulting a percentage of losses between the maximum and minimum values of 1.51%. For position 2, the maximum energy harvested (18.86 mJ) is reached also at the first cycle and the minimum is gotten at the 45 𝑡ℎ one resulting a variation range of 0.31 mJ with a maximum loss of 1.64%. From Figure 106, the total amount of energy harvested for the first cycle is 37.41 mJ presenting the maximum amount over 50 cycles. The minimum amount of energy harvested is obtained at the 45 𝑡ℎ cycle delivering 36.85 mJ; resulting a total energy variation range of 0.56 mJ with a maximum loss of 1.49%. The total amount of energy has been cumulative to calculate the energy harvested obtained after 50 cycles of actuation. From Figure 107, the cumulative amount of energy harvested at the 50 𝑡ℎ cycle is 1.8 J.

Conclusion

To conclude, this chapter presents the modelling, validation and optimization of the optical energy harvesting system using a MEMS active mirror to steer the homogenized rays onto the SMA elements. Energy harvested is extracted by the VMJPV cell placed between the SMA elements for 50 heating cycles. The total amount of energy harvested after 50 cycles is 1.8 J. Thus, our concern is to store the energy harvested in an energy storage device able to store energy in range [5 Joules -15 Joules] so the system actuates theoretically between 139 to 416 cycles. The energy storage is discussed in details in Chapter 4. Weight (g) 0.7

In order to calculate the charging time of the micro-battery, the C-rate should be calculated first. In fact, the C-rate of the battery presents the speed at which the battery is being charged depending on the charging current and the rated capacity of the battery (Capacity). The equation is as follow:

Where aC presents the C-rate. In the case condition where the micro-battery is being charged with a current of 𝐼 = 2.865 𝑚𝐴, the C-rate can be calculated:

𝐶 -𝑟𝑎𝑡𝑒 = 𝐼 𝑐ℎ𝑎𝑟𝑔𝑒 𝑅𝑎𝑡𝑒𝑑 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 = 2.865 * 10 -3 16 * 10 -3 = 0.179 𝐶 Therefore, 𝑎 = 0.179

The time that takes to charge the battery with a current of 𝐼 = 2.865 𝑚𝐴 to reach its full capacity is:

Supposing the battery is being charged with its charging voltage equal to 𝑉 𝑐ℎ𝑎𝑟𝑔𝑒 = 4.2 𝑉.

When the battery is fully charged, the energy stored can be calculated as follow: Therefore, this Lithium-Ion micro-battery takes 5.58 hours to be fully charged with a stored energy of 241.92 Joules.

Silver-zinc micro-battery

A silver-zinc micro-battery is selected from Z-Power used in general for hearing aid devices. The micro-battery selected is the lightest and smallest in size between the available ones. Size "10" is the lightest one having a weight of 356 𝑚𝑔. However, for unknown reasons, size "10" is currently not in production. Therefore, size "312" is selected having the following specification: From Figure 130, it is clearly seen that the thermopile delivers its maximum power when the load matches its internal resistance, in other words when:

Energy harvesting

In order to calculate the energy harvested by each SMA element when heated, the temperature variation of the SMA element extracted (Figure 128) is taken into account.

Table 26 in Appendix 1 shows the difference in temperature ∆𝑇 between the temperature of the SMA and the ambient temperature taken as reference 25°C, the power released by the thermopile and the energy harvested at every stage of 0.25 seconds. Where ∆𝑇 (℃) is calculated as follow for every step:

The power released by the thermopile is simulated with the given respective difference in temperature and this power is considered the power at the MPP, thus 𝑃 𝑚𝑝𝑝 for every ∆𝑇.

The energy is calculated as follow:

The total energy harvested per phase is the sum of all the energies delivered by the thermopile for every step of 0.25 seconds.

Where n is the number of steps for every phase.

As a result, the total amount of energy harvested for the first cycle is 635.04 𝜇𝐽 where the energy harvested from cycle 2 to cycle 50 is 536.45 𝜇𝐽 per cycle.

Then the cumulative energy harvested is simulated over 50 cycles where considering that the thermopile operates at its MPP -Figure 131. From this figure, the energy harvested by the thermopile while heating/cooling both SMA elements reaches 26.92 𝑚𝐽 after 50 cycles of actuation. 

Comparison between the optical and thermal energy harvesting

In order to compare the optical and thermal energy harvested, the total cumulative amount of energy harvested is taken into account. For the thermal energy harvesting, the total cumulative energy is 26.92 𝑚𝐽 presenting 28.17% of the total amount of optical energy harvesting reaching 95.55 𝑚𝐽. These two types of energies are comparable and can form an energy mix system to charge a single energy storage device. A simulation over Matlab/Simulink is done to design the thermopile and the photovoltaic cell, facing each a DC-DC converter applying a maximum power point tracking technique to extract the maximum power from each transducer. These two designs are connected in parallel to charge a single battery. This simulation will be detailed in the following section. The model of a thermopile (TEG) through Matlab/Simulink is shown in Figure 132. From the internal structure, it is clearly seen that the difference in temperature is calculated and the internal resistance value is entered in the model. The internal resistance is [START_REF] Landau | Electrodynamics of continuous media[END_REF]:

Matlab/Simulink Simulation

Where n is the number of thermocouples connected in series, in this case 𝑛 = 12. Thus, 𝑅 𝑖𝑛 = 12 * 0.0707 = 0.84 Ω

From Figure 132 (a), the voltage displayed is the open circuit voltage 𝑉 𝑂𝐶 presenting the maximum voltage that can be delivered from the TEG. The equation of this voltage is described as follow [START_REF] Landau | Electrodynamics of continuous media[END_REF]:

Where,

 n is the number of modules composing the TEG, in this case 𝑛 = 12.  𝛼 is the Seebeck coefficient (first order) equals to 41 𝜇𝑉/℃  ∆𝑇 is the difference in temperature ∆𝑇 = 𝑇 ℎ -𝑇 𝐶 ; 𝑇 ℎ is considered, as first step, the maximum temperature of the SMA simulated thus 61℃. The simplest methods for tracking the maximum power are the perturb and observe (P&O), increment conductance (INC) and three-points weight comparison (TPWC). These three methods can be realized using low-cost processor as they don't need hard computational devices [START_REF] Simatupang | Study on Various Simple Power Tracking Methods for Thermoelectric Generator[END_REF]. The method selected in this thesis is the P&O as it's the most popular method usually used for photovoltaic applications. The working principle of this method is to extract the voltage and current for the system and do the perturbation of the operating voltage in order to reach the maximum power. This change is due of changing the duty cycle of the PWM signal fed to the MOSFET of the DC-DC converter. Once the duty cycle is calculated by the P&O algorithm, it is returned and fed to the PWM signal of the MOSFET.

The algorithm of this method is summarized as follow.

Start Set an initial value for the duty cycle D Set a value for the difference in duty cycle ∆𝐷 Extract the operating voltage V(t) and current I(t)

Measure the operating power P(t) = V(t)*I(t) If P(t) > P(t-1) and V(t) >V(t-1)  D = D -∆𝐷 If P(t) > P(t-1) and V(t) <V(t-1)  D = D + ∆𝐷 If P(t) < P(t-1) and V(t) >V(t-1)  D = D + ∆𝐷 If P(t) < P(t-1) and V(t) <V(t-1)  D = D -∆𝐷 Return

The aim of the method is to extract the maximum power of the thermopile for every stage of the charging process of an energy storage device.

Step-up DC-DC converter

The maximum voltage delivered by thy the TEG is equal to its open circuit voltage 𝑉 𝑂𝑐 = 0.018 𝑉. A battery is selected in the simulation having a nominal voltage 𝑉 𝑛𝑜𝑚𝑖𝑛𝑎𝑙 = 4𝑉. For this reason, a step-up DC-DC converter is placed between the TEG and the battery where the MPPT method is applied. Figure 133 shows the block diagram of the design.

Mechanical energy harvesting

Knowing that the micro-actuator executes movement to switch from a position to another, mechanical energy harvesting can be addressed to transform the mechanical movement of the actuator into electric energy. Mechanical energy can be harvested using a layer piezoelectric transducer placed on the surface of the beams of the micro-actuator as seen in Figure 147. Finite element analysis should be studied taking into account the displacement of the beams. Experimental setup should be done to extract the electrical energy harvesting. Placing the layer of piezoelectric transducer on the surface of the beams might lead to slowing down the movement. From this context, a study should be done comparing the amount of energy harvested and the speed of movement of the actuator checking if the mechanical energy harvesting in an interest in this application. If the mechanical energy harvesting can be applied, it has to be compared to the optical and thermal energy harvested checking the order of magnitude.

Actuation of multiple micro-actuators

Once the optimization of energy harvesting has been established, the future step in this project is to connect a series of micro-actuators executing the movements and apply the principle of energy harvesting on all of them. An electronic circuit should be designed and optimized to connect different energy sources from different micro-actuators. The total energy harvested should be stored in a single or different energy storage devices depending on the actuation time and the amount of energy harvested.

Once the energy harvesting system is applied, a study of a set of sensors that are utile depending on the application where the micro-actuator will be placed, is to be done. An electronic system should be designed to be placed between the energy storage devices to feed the sensors.

Appendix 1. Appendix 1

Table 26 shows the difference in temperature ∆𝑇 between the temperature of the SMA and the ambient temperature taken as reference 25°C, the power released by the thermopile and the energy harvested at every stage of 0.25 seconds