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Abstract -This article presents the design strategy and experimental validation of a battery-free power supply for wireless sensor nodes (WSN) on an industrial study case. The power supply is based on the principle of vibration energy harvesting (VEH). The general architecture of the linear generator with electronic is presented. It is composed of commercially available components as a MIDE PPA 1014 piezoelectric cantilever beam and a LTC3588 circuit to extract and shape the electrical energy. The energy source comes from mechanical vibrations measured on the industrial environment in operation. A tunable mechanism of the resonance frequency is added in order to have a wider range of use than the natural range of a linear harvester. To adapt the VEH according with the source, it resonant frequency range can be tuned with a dedicated tip-mass. Then a fine adjustment within a range of about 20 Hz is set using both a moving clamping device and a temporarily wired electronic device working as a maximum power point finder (MPPF). To achieve a long lifetime, the storage is done using balanced supercapacitors. Two operational demonstrators are shown. The test benches as well as numerous experimental tests are presented. Shaped according to the industrial environment (49.0 Hz @ 2.7 m/s 2 ), the VEH is capable of delivering continuously 100mA@3.3V with 200 mA peaks. When the power harvested (≈ 2.9 mW) is upper than the sensor average power, it offers the capability to store 17.5 J at 18.5 V. As a result, from this work, a WSN can successfully operate over a significantly long period of time despite fluctuations in the vibration source. Index Terms-Piezoelectric generator, vibration energy harvesting, energy management, tuning frequency, supercapacitor.

I. INTRODUCTION

T HE deployment of IoT (Internet of Things) in the indus- trial, transport, and health sectors is soaring over the past few year. The control of the measurement at each step of a system becomes a necessity to aim the objectives of performance improvement. The integration of wireless sensor nodes (WSN) is one of the considered solutions. However, Florian Huet is with the LISPEN, Arts et Metiers Institute of Technology, HESAM Université, 13617 Aix-en-Provence, France (e-mail: florian.huet@ensam.eu).
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Digital Object Identifier 10.1109/JSEN.2022.3185426 few systems are currently deployed so far. Companies like Libelium [START_REF] Libelium | Libelium Smart World[END_REF] offer a vision of a smart city, in which their sensors can be deployed to collect several environmental data. WSN can be used in public infrastructure for monitoring, such as the Los Angeles Golden Gate [START_REF] Kim | Health monitoring of civil infrastructures using wireless sensor networks[END_REF], where vibration sensors monitor the integrity of the structure over time. Researchers are using WSNs to understand the behavior of seabirds nesting on Great Duck Island by collecting physical data from the site (temperature, moisture, or pressure) [START_REF] Mainwaring | Wireless sensor networks for habitat monitoring[END_REF]. Still, the monitoring of the Tungurahua volcano is made with WSN carrying seismographs [START_REF] Werner-Allen | Deploying a wireless sensor network on an active volcano[END_REF]. However, the energy autonomy of the latter hinders their deployment [START_REF] Gubbi | Internet of Things (IoT): A vision, architectural elements, and future directions[END_REF], [START_REF] Ovum | Ovum IoT Entrep. Insight Survey[END_REF]. While the number of connected devices is increasing, it is then imperative to find alternative solutions for battery sources to prevent the global energy consumption following the same trend. Many solutions exploit ambient energy sources to power WSN [START_REF] Basagni | Wireless sensor networks with energy harvesting[END_REF]. The nature of the harvested energy depends on the environment close to the node sensor. It is possible to recover thermal, solar, vibratory energy, and many others [START_REF] Priya | Energy Harvesting Technologies[END_REF]. In this case, we are interested in the exploitation of vibration energy that is present in industrial installations. Compared to other sources, this one does not have [START_REF] Starner | Human-powered wearable computing[END_REF]- [START_REF] Lallart | Small-Scale Energy Harvesting[END_REF] the best energy potential. However, it has the advantage to be consistently available on industrial sites. Vibration sources are not very sensitive to meteorological conditions compared to sun radiations or natural air flow variations.

In the field of vibration energy harvesting (VEH), industrial companies [START_REF] Perpetuum | [END_REF]- [18], have created some systems but very few remain to this day. The architectures commonly used are based on the principle of a linear inertial resonator. The employment of this system guarantees a simplicity of implementation and operation, which results in an efficient operation. However, this efficiency can be drastically reduced due to the thinness of the bandwidth. To ensure the electromechanical conversion, an electroactive element is coupled to the structure. In order converts the mechanical energy that is transmitted to a seismic mass into electrical energy. Electromagnetism, magnetostriction, electrostatic, or piezoelectric effects can be employed. In literature, many laboratories develop different systems to expand the covered range of use. These solutions propose to widen the operating bandwidth by introducing nonlinear systems with hardening/softening stiffness [START_REF] Su | On electrical optimisation using a duffing-type vibrational energy harvester[END_REF]- [START_REF] Karličić | Parametrically amplified mathieu-duffing nonlinear energy harvesters[END_REF], bistable systems [START_REF] Jia | Review of nonlinear vibration energy harvesting: Duffing, bistability, parametric, stochastic and others[END_REF]- [START_REF] Liu | Novel piezoelectric bistable oscillator architecture for wideband vibration energy harvesting[END_REF], active systems [START_REF] Dong | Two-dimensional resonance frequency tuning approach for vibration-based energy harvesting[END_REF]- [START_REF] Podder | Magnetic tuning of nonlinear MEMS electromagnetic vibration energy harvester[END_REF], and other systems [START_REF] Dauksevicius | Nonlinear piezoelectric vibration energy harvester with frequency-tuned impacting resonators for improving broadband performance at low frequencies[END_REF]- [START_REF] Kuang | Strongly coupled piezoelectric energy harvesters: Optimised design with over 100 mW power, high durability and robustness for self-powered condition monitoring[END_REF]. These solutions are for the moment difficult to be implemented with the elements that are commercially available. The use of piezoelectric generators for energy harvesting is well studied and simple to be implemented [START_REF] Priya | A review on piezoelectric energy harvesting: Materials, methods, and circuits[END_REF]. This article, presents the implementation of a solution based on linear piezoelectric generator and adaptable.

The classical structure used in linear HEV is the cantilever beam. It is envisaged to stress this structure at resonance in order to extract maximum energy. An adjustment of this frequency is then necessary. Two simple methods can be considered: the modification of the frequency or the modification of the seismic force applied by the mass. For the first approach the clamp can be mobile. The work of Wang et al. [START_REF] Wang | An analytical model for a piezoelectric vibration energy harvester with resonance frequency tunability[END_REF] shows a system of sliding clamp allowing to vary the frequency by more or less 69 % compared to the resonance frequency of 580 Hz. This solution produces up to 22 μW for an acceleration of 1 m/s 2 . The work of Huang et al. [START_REF] Huang | A novel design of a map-tuning piezoelectric vibration energy harvester[END_REF] presents a rolling clamp solution. The frequency is 121 Hz with a possible variation of 80%. The power is estimated at 84 μW but the acceleration is not expressed. In the second approach we find devices with moving masses which modify the center of application of the seismic force. Schaufuss et al. [START_REF] Schaufuss | New approach of frequency tuning for kinetic energy harvesters[END_REF] proposes to slide the mass with a screw. The resonance frequency is 42 Hz with a variation of 31 %. It produces 80 μW for an acceleration of 0.3 m/s 2 . The work of Chandwani et al. [START_REF] Chandwani | Multi-band piezoelectric vibration energy harvester for low-frequency applications[END_REF], [START_REF] Somkuwar | Wideband autotunable vibration energy harvester using change in centre of gravity[END_REF] shows a solution of automatic adjustment with cylindrical masses moving at the end of the beam. This solution can provide [START_REF] Beeby | Energy Harvesting for Autonomous Systems[END_REF].18 μW at a frequency of 21 Hz and an acceleration of 10.4 m/s 2 . The operating range is 66 %.

In general, tunable linear VEHs can produce power in the range of a few microwatts to a few milliwatts [START_REF] Wang | An analytical model for a piezoelectric vibration energy harvester with resonance frequency tunability[END_REF]- [START_REF] Somkuwar | Wideband autotunable vibration energy harvester using change in centre of gravity[END_REF] in volumes considered acceptable by the industrial community (25 mm × 50 mm × 70 mm) to promote their integration into systems. Such level of power is not able to directly supply a sensor, either by its amplitude or by its shape.

It is necessary to store the energy during the period of low consumption of WSN and to draw it from the storage during the high energy-consuming period. It is also essential for this scenario to take into account the variability or the stops of the vibratory source. The energy can be stored on batteries but also in supercapacitors. A better resilience over time of the electrochemical solution is usually achieved. In addition, supercapacitors accept more cycles and are less sensitive to temperature than batteries. Some commercial circuits are dedicated to VEH. They perform all three necessary steps for VEH: energy extraction, shaping and management of the stored energy. However, the efficiency is moderate (<40 %) due to impedance matching problems. For piezoelectric devices, the commercial LTC3588-1 circuit [37] is commonly used, but its architecture is rarely optimized [START_REF] Chen | Integration of energy harvester for self-powered wireless sensor network nodes[END_REF]- [START_REF] Stamatellou | Experimental investigation of energy harvesting from swirling flows using a piezoelectric film transducer[END_REF]. Although some high-efficiency non-linear extraction circuits are also developed in the academic world (SSHI, SSHS, SECE . . .) [START_REF] Priya | Energy Harvesting Technologies[END_REF], [START_REF] Morel | Frequency tuning of piezoelectric energy harvesters thanks to a short-circuit synchronous electric charge extraction[END_REF]- [START_REF] Morel | Fast-convergence self-adjusting SECE circuit with tunable short-circuit duration exhibiting 368% bandwidth improvement[END_REF], these systems are not available in the market yet.

In this article, a novel strategy for the development of tunable piezoelectric VEHs for WSNs is proposed. The vibration sources come from industrial environments identified and measured with equipment developed in this work. The paper shows the design and implementation phases of demonstrators. Each VEH is composed of a piezoelectric energy conversion element, an extraction circuit, and a storage block based on supercapacitors. All components used in the proposed system are commercially available. The on-site tuning system offers versatility in the use of the harvesters. Through a maximum power display device, the VEHs can be easily adapted to the vibration source for optimal energy extraction. Many experimental validations are presented to validate the insights. The impact of mechanical charging, the frequency tuning with a simulated vibration source and a WSN power in real-condition test is also highlighted.

II. GLOBAL ARCHITECTURE AND ENVIRONMENT A. Piezoelectric Generator Architectures

This work presents a device for the vibration energy harvesting with adjustable resonance frequency. A well-know structure of piezoelectric beam cantilever is used to achieve the energy generation. It is also composed of a complete electronic system for the management of the extracted energy, in order to supply WSN. The overall architecture of the complete VEH system adapted to power WSN is shown in Fig. 1.

Piezoelectric transduction is employed to convert vibrational energy into electrical energy. For this purpose, a resonant system is used, consisting of a MIDE PPA 1014 piezoelectric beam clamped on one side and free at the other (cantilever beam). On the free side, a seismic mass must be chosen to coarsely target the frequency range. By adjusting the position of the clamping (length of the beam) it is possible to adjust accurately the resonance frequency at the vibration source. This maximizes the deformations within the piezoelectric patch and optimizes the mechanical coupling with the source resulting to an optimized energy conversion. The signal produced by the transducer is not directly usable: its high voltage, very low current, and the alternative form must be shaped to be used by WSN. For that, an extraction circuit is adapted for the harvesting of vibratory energy (LTC3588-1 (Fig. 2)). This circuit allows to rectify a signal up to 20.0 V (hereafter the signal is clipped by an internal Zener diode), to smooth, to store and reduce the output voltage to 3.3 V (adjustable voltage level) with a maximum current of 100.0 mA. The activation of the output voltage requires a minimum rectified input voltage level of 5.1 V, and the deactivation is performed when the input voltage level is below 3.7 V.

The LTC 3588-1 circuit collects the electrical energy. A storage block composed of eight supercapacitors (Eaton HV0810) in series allows the storage of the energy to perform the start-up phase of WSN and to store the overproduction thereafter. A balancing system (ALD810023) is added to ensure that the supercapacitors are used correctly. Too much imbalance would reduce the life of these components. A hysteresis comparator (LTC1540 [45]) is placed to activate or deactivate the output voltage by closing or opening a power distribution switch (TPS2105) when a predefined storage voltage is reached.

The transducer and electronics are encapsulated in a specially designed waterproof housing, which forms a regulated power source. This box allows the adjustment of the piezoelectric beam length to set the resonant frequency of the transducer at the vibration frequency of the source. A con-nector is used to connect two systems on the VEH. The first one is a maximum power point finder (MPPF), which is a device dedicated to tune the VEH resonance frequency to the vibration frequency of the source. The second one is WSN. Without any element connected to the VEH, the piezoelectric element is disconnected from the electronics and the circuit is not solicited. When the MPPF is connected to the VEH, this device measures and displays the voltage at the terminal of the piezoelectric element. It allows accurate tuning as the voltage is maximum when the resonant frequency is synchronized with the excitation. When WSN is connected, it closes the circuit of the piezoelectric element and allows the proper functioning of the electronics. The selection, dimensioning, and characterization of all the technological components are detailed in the following sections and in a previous work [START_REF] Huet | Design strategy of conventional electronic for wireless sensor node powered by vibration energy harvester[END_REF].

B. Industrial Environment Vibrations

To have an assessment of the energy potential, numerous measurements were performed on various industrial equipment. The measurements were executed with a system developed in the laboratory, Fig. 3. It is composed of a NI-USB 6008 acquisition card, a 3-axis accelerometer ADXL354 with a bandwidth of 2 kHz and a computer with Labwin-dows® software. The sensor is encapsulated in a prototyped housing (FDM) equipped with NdFeB magnets for quick positioning on magnetic surfaces. The measurements were carried out on motor pump units and vacuum pumps that are used for the operation of the LAAS-CNRS white room (Fig. 3), as well as on a gas burner (Fig. 4) of a TOTAL refinery.

On the pump, four measurements in different areas were done. The pump consists of a single-phase synchronous motor and a two-stage lubricated rotary vane pump. In the case of the burner, the whole system is composed of an electric motor, a coupling bearing, a fan (blower), a second coupling bearing, a reduction gear, and a turbine. Seven interesting measuring points have been identified on the structure. The main objective was to be able to instrument such structures with a WSN and to retrieve simple information such as the temperature of the motor pumps. More complex information can be retrieved, such as vibrations in the case of preventive maintenance of the burner.

The Fig. 5 represents the FFT from the time signal measured during the test represented in Fig. 3. It highlights the complexity of the source vibration signal, which exhibits, multitude of visible peaks. The Y signal correspond to the source of vibration used in section IV.C.

Table I is an extract of the different measurements executed. It lists the frequencies at which the accelerations amplitudes reached a maximum for each axis of the sensor, respectively. One can identify on LAAS-CNRS equipment a fundamental in the three directions at a frequency of 49.0 Hz for a maximum acceleration of 2.7 m/s 2 in the Y-axis (transverse to the axis of rotation of the pump shaft). Concerning the TOTAL machine, one can identify an interesting source at the frequency of 100 Hz for a maximum acceleration of 2.2 m/s 2 on the Z-axis (axis of rotation of the motor). Based on these measurements, it is possible to identify the potential of the presented sources and to dimension an energy recovery unit according to the characteristics of the vibration source. We can notice that there are vibrations available to harvest the energy, but their frequency or amplitude are not predictable and can be different according to the axis of solicitation. This is a common drawback for this type of system. The solution provided in this article allows adjusting the resonant frequency of the resonator according to the source. However, the acceptable range of variation is a few tens of Hertz. We then choose sources with the highest possible acceleration and at low frequencies (<100 Hz). A measurement phase on site is systematically necessary in order to identify the region of the machine where to install the VEH and to define its pre-setting.

III. PIEZOELECTRIC HARVESTER DEVELOPMENT A. Electromechanical Conversion Design

The electromechanical conversion system is based on the conventional structure [START_REF] Jiang | Lowfrequency energy harvesting using a laminated PVDF cantilever with a magnetic mass[END_REF] of a commercially available piezoelectric cantilever beam (MIDE PPA 1014 [START_REF] Mide | PPA PRODUCTS Datasheet & User Manual[END_REF]) with a seismic mass placed at its end. With a movable clamp, the resonant frequency of the system can be set (more detail in section III.B). Table II lists the different characteristics and dimensions of the beam. MIDE's piezoelectric beams are composed of a stack of different layers (FR4, copper electrode, PZT, copper, and FR4). The two layers of FR4 are of different thicknesses to offset the piezoelectric patch from the neutral line of the beam and thus obtain a unimorph beam. Thus and thus, the PZT is only stressed in tension or compression when the beam is bent.

Copper sheets are used to harvest the charges produced.

The seismic mass employed allows setting the operating frequency range. The beam has been characterized with different masses; this is detailed in the experimental part. The characterization allows identifying some model parameters such as damping. This type of generator can be modelled as a mass-spring-damper system with one degree of freedom and a linear coupling coefficient. Equations ( 1) and ( 2) present the dynamically coupled mechanical and electrical behavior respectively.

ẍ + ω 0 Q ẋ + ω 2 0 x + α m V = γ (1) α ẋ -C 0 V = V r l ( 2 
)
ω 0 = k m (3)
In these relations (Equations ( 1) and ( 2)), ω 0 represents the eigen pulse; Q is the quality factor, which is related to the damping; α is the electromechanical coupling coefficient; γ is the external excitation; x, ẋ and ẍ correspond respectively to the displacement, velocity, and acceleration of the seismic mass concerning the frame. In the electrical relation, we find the electromechanical coupling coefficient and the electrical capacitance C 0 of the piezoelectric element and a load resistance r l connected to the terminals of the piezoelectric element. V and V are the voltage across the resistor and its time derivative. Equation ( 3) represents the relationship between the pulsation ω 0 , the beam stiffness k and the dynamic mass m. The modification of these two parameters influence the mechanical behavior of the structure. We can take advantage of this to adjust the resonance frequency ( f 0 = ω 0 2π) of the VEH.

B. Tuning Frequency System

One of the major problems of an energy harvesting device is the correspondence between the resonant frequency of the harvester and the source of vibration. Ideally, it is necessary to use broadband devices capable of providing at least half of their maximum power over a wide frequency spectrum (>10 Hz). The use of a highly damped or non-linear system makes it possible to obtain a wide spectrum. In the first case, the maximum power can be drastically reduced. In the second case, the systems are more complex and, to our knowledge, there is no device on capable of meeting this demand. However, laboratory solutions under development may be able to solve this issue [START_REF] Su | On electrical optimisation using a duffing-type vibrational energy harvester[END_REF]- [START_REF] Kuang | Strongly coupled piezoelectric energy harvesters: Optimised design with over 100 mW power, high durability and robustness for self-powered condition monitoring[END_REF]. During this project, a linear system have been deployed whose resonance frequency can be adjusted to match with the source on-site. For this purpose, a device for adjusting the clamping length has been integrated. To adjust the resonant frequency, it is possible to modify the tip mass or the length. First, a mass for coarse adjustment is selected. Then the clamping length, which is accessible from outside, is set for a fine adjustment of the resonant frequency. The demonstrators presented in section III.D have the following characteristics:

• Tip mass 26.8 g; f min 48.0 Hz; f max 66.0 Hz • Tip mass 13.0 g; f min 69.0 Hz; f max 94.4 Hz Fig. 6 shows the composition of the mechanical system. It is composed of two sub-assemblies: the housing (fixed part) and the active element (moving part). The first one allows the encapsulation of the VEH and the electronics, but it also has a sliding link (fixed clamping) where the piezoelectric beam can slide. The second one is composed of a beam that has a seismic mass on one side, and a mobile clamping on the other side. The mobile clamping can slide freely inside the case. By turning the cam (the red part), the mobile clamping can be moved forwards and backwards. When the cam is at the 0 • position, the clamping length is 27 mm. When the cam is at the 180 • position, the length is 21 mm (total variation of 6 mm).

The action on the cam has the effect of modifying the length (L) of the beam. This action has the consequence of changing the stiffness k (Equation ( 4)) and the seismic mass m (Equation ( 5)) of the system. As result, the resonance frequency f 0 (Equation (3)) is then adjustable.

k = 3E I L 3 with I = bh 3 12 (4) m = m L (L -L 0 ) + m tip_mass + m 0 (5) 
Equations ( 3) and ( 4) and the geometrical data available in the MIDE PPA 1014 beam technical document (Table II) define all the modelling parameters: width b; thickness h; stiffness k as a function of length L for a beam in no-load condition (m = m 0 ). With geometrical parameters, it is possible to identify the quadratic moment (I ) of 0.6 mm 4 and an equivalent modulus of elasticity (E) of 24.7 GPa with material parameters. By adding mass (m tip_mass ) at the end of the beam, the stiffness does not change, contrary to the mass (Equation ( 5)).

The latter has a linear behavior that depends on:

• the variation of the mass (m = 0.1 g)

• length variation (L = 6 mm)

• the minimum length of the beam (L 0 = 21 mm)

• the minimum empty mass (m 0 = 0.2 g) Fig. 7a shows, as a function of length, the evolution of stiffness in blue and mass in red. Fig. 7b represents the evolution of the frequency for two particular values of m tip_mass (m 1 = 13.0 g and m 2 = 26.8 g). The cross and circle marks represent the experimental values of the final demonstrators presented in the following sections. It can be noted a very good correspondence between the data. For the first loading case (m tip_mass = 13 g), the resonant frequency is from 97.4 Hz to 66.7 Hz, so 30.7 Hz of total adjustment range. For the second loading case (m tip_mass = 26.8 g), the frequency is from 68.2 Hz to 46.7 Hz, which gives a total adjustment range of 21.4 Hz.

C. Maximum Power Point Finder

The converted energy is optimal when the resonance frequency of the piezoelectric beam is in agreement with the source excitation frequency. The energy conversion system can identify the optimum operating point based on the supercapacitors voltage. However, since the storage capacity is very high (125.0 mF) compared to the charge current, it becomes difficult to see a voltage variation in real-time. The encapsulation does not allow a mechanical visualization of the beam resonance. Therefore, a maximum power point finder (MPPF) module located at the terminals of the piezoelectric element (Fig. 8) has been developed for this purpose.

The MPPF module is composed of an Arduino Nano that is powered by a 9.0 V battery. The voltage measurement of the piezoelectric beam is rectified and it is smoothed by a capacitor. As the voltage can reach levels too high for the analog input of the Arduino, a protective Zener diode allows obtaining a maximum voltage between 18.0 V and 20.0 V. This voltage level is reduced by a tension divider bridge to obtain a maximum voltage at the Arduino's ADC input of 5.0 V.

The schematic (Fig. 9) shows the composition of the MPPF module. This module is connected via a 6-way connector (Fig. 1). A display screen connected to I2C bus allows the visualization of the voltage level and its evolution by a plot over time, as well as the display of the numerical value in volts. Once the harvester is positioned on a vibration source and it is connected with the MPPF module, the instantaneous voltage produced by the beam is displayed. When adjusting the resonance frequency of the VEH (action on the adjustment screw Fig. 6), it can be observed the voltage evolution as a function of the angle of the screw. As the voltage reaches its maximum, the setting is complete. The connection of the sensor to the generator closes the circuit and allows the storage stage to be charged.

D. Prototyping

Two prototypes have been built to experimentally validate the insights of this article. Only the tip mass (26.8 g and 13.0 g) and the activation voltage threshold are different between both prototypes (7.0 V and 5.1 V). The beam and the length variation induced by the cam are the same. The different characteristics are listed in Table III. The tip mass allows to obtain two different frequency ranges corresponding to the use case seen before (the vacuum pump and the burner). In the case of the first prototype, the triggering threshold is 7.0 V and it allows the execution of four successive starting phases. For the second, the stored energy only covers one starting phase.

The Fig. 10 presents the prototype N • 2. An aluminum body has been sized to transmit the vibrations from the source to the seismic mass as much as possible. This housing must be easily integrated into an industrial structure, it measures 9.7 cm × 4.5 cm × 2.7 cm. The surface connector allows connecting the MPPF (Fig. 8) or WSN to be powered (Fig. 16).

The circuits have been designed and built for the devices to integrate all the functionalities (energy extraction and shaping; storage; supercapacitor balancing; output activation) presented in previously work [START_REF] Jiang | Lowfrequency energy harvesting using a laminated PVDF cantilever with a magnetic mass[END_REF]. Fig. 11 presents these different elements. On one side of the electronic board (side A) is the storage space with eight supercapacitors and the balancing circuits (ALD810023). Connectors are also present to facilitate the connection with the piezoelectric beam and the surface connector. On the other side of the electronic board (side B), we find the extraction circuit (LTC3588-1), as well as the output activation system with the comparator (LTC1540) and the load switch (TPS2105). There are also different passive components (resistors, and coil) for the adjustment of the different active components.

E. Sealing and Fixing

The housing has sealing gaskets, a seal between the cover and the frame and two O-rings: one is under the connector; the second one is around the cam axle. The screw recess on the axle is accessible from the outside to adjust the device Two "lobes" extending from the housing are used to attach the harvester to its source of vibration. Two alternatives are available for fixing the housing on the vibration source: using screws or using magnetic attachment. Fig. 10 shows the arrangement of the seal and the high-power (50 N each) holding magnets.

IV. EXPERIMENTAL VALIDATIONS A. Test Bench

To validate the design of the different elements of the demonstrator, it was necessary to use several characterization systems. First, with an acceleration-controlled test bench to subject the piezoelectric beams to different vibration conditions. This bench allows the characterization of a VEH by sweeping both frequency and load resistance. With this type of experimentation, the optimum operating points can be identified. For this, the following elements are used:

• DSO-X 3014A oscilloscope with function generator the Matlab/Agilent driver These different elements are represented in Fig. 12, and the associated wiring in Fig. 13.

The computer drives the various programmable devices and retrieves the data measured by the oscilloscope. The link is provided by an USB connection and the programming is performed using SCPI language (Standard Commands for Programmable Instruments). The oscilloscope has both the role of a driving card with it integrated function generator and of a measurement card. The function generator allows controlling the frequency and the acceleration level of the excitation of the shaker by adjusting the frequency and the amplitude of the output voltage signal. The power amplifier used to set the shaker in motion amplifies this signal. The accelerometer located on the frame of the generator provides a measurement of the acceleration through the conditioner connected to channel 1 of the oscilloscope. This provides a closed-loop control that is necessary to maintain the test conditions. The piezoelectric generator is connected to the selected load resistor in the programmable resistor box. The voltage measurement at the resistor terminals is done using the channel 2 of the oscilloscope. With this characterization system, one can execute several measurements in reasonable time (compared to manual measurements) while ensuring good accuracy and reliability of the measurements. However, the low loading capacity of the small shaker limits the mass of the tested device or reduces the test conditions (acceleration, frequency). 

B. VEH Characterization and Frequency Tuning Validation

Tests were carried out using the acceleration-controlled test bench (Fig. 12). The acceleration was limited at 5 m/s 2 for reasons of too high on-board mass for the shaker. The latter being small, the nominal force it provides to the demonstrator remains low. To limit the noise on the excitation by increasing the power of the input signal or by decreasing the acceleration, it is advisable to have a mass in motion as low as possible. The aluminum structure cannot be modified, the tested system corresponds to the whole prototype without electronics, so that the weight of the structure is reduced, and the beam can be characterized only as a function of mass and stiffness. The purpose of the tests is to extract the performance and to model the parameters of the piezoelectric beam. The measurements were carried out for three different masses: 2.0 g, 3.9 g, and 5.9 g. These masses are lower than those of the final demonstrators for the reasons seen previously. The resonance frequency is therefore normally increased compared to the final demonstrators. They also have the role of validating the frequency adjustment system. For each mass, six clamping positions were tested to vary the length between 21 mm and 27 mm, which corresponds to θ being equal to 180 • and 0 • respectively. The beam is the longest at the first position. For each of the positions, a frequency sweep (140 Hz to 240 Hz for 2.0 g; 80 Hz to 160 Hz for 3.9 Hz; 80 Hz to 140 Hz for 5.9 g), as well as a load resistance sweep from 1 k to 100 k are performed with a discretization of 25 points for a total of 625 measurements. Fig. 14 shows the example of the VEH with a 5.9 g tip mass. The voltage across the load resistance and generator power is observed as a function of resistance and excitation frequency. A power peak corresponding to the optimum operating point can be observed. This point depends on the clamping length. From this point, different performance criteria and modelling parameters can be identified: resonance frequency ( f res ), maximum power (P max ), optimal load resistance (R opti ), optimal voltage (V opti ), beam capacitor (C 0 ), quality factor (Q), and bandwidth (BW). Tables IV, V and VI contain the items identified for each load case (mass and clamping length). On average over all the tests, the mean electrical capacity of 48.5 nF was found, which is coherent with the 40.0 nF described in the technical documentation. Overall, the bandwidth is very small and it ranges from 2.8 Hz to 9.2 Hz, which was expected for a linear generator. The quality factor is between 15.4 and 34.0 and at an average value of 27.1, which allows a good power availability despite frequency variations. Since all VEHs were tested in a similar frequency range, the optimum load resistance found is between 17.7 k and 38.0 k.

The results on Table IV and V show a voltage at the optimum operating point below 5.1 V (the voltage at which the energy stored is transferred out of the circuit). In these two cases, it will not be possible to supply the sensor. With regard to the consumption of the sensor (Table VII), the power supplied by the generator is, in most of the cases, Normalized optimal voltage, maximum power and quality factor evolution as a function of the resonance frequency for each mass configuration.

sufficient to power the sensor in the sleep phase and to pass the power peaks (Pmax > 81.0 μW). This shows that for low acceleration amplitudes, the generator can provide enough power to maintain the sensor on at very low measurement rates, despite the extraction circuit being not adapted for this system. In the third case (Table VI), the voltage and power conditions are mostly obtained with an average voltage of 6.5 V and power ranging from 380.0 μW to 2.0 mW. Fig. 15 shows the evolution of the voltage, the power at the operating peak, and the quality factor normalized the maximum value as a function of the resonance frequency (length variation) for the three masses. In general, the quality factor remains stable, the optimum voltage and power, decrease resonance frequency is increasing. This reduction attributed to the reduction of the electromechanical coupling (Equation ( 6)).

k = α 2 kC 0 (6) 
The fact that part of the piezoelectric material, whose volume remains constant, is not subjected to mechanical stresses reduces the electromechanical conversion coefficient (α) and increases the stiffness (k). As the electrical capacity of the active element is constant, the electromechanical coupling (k 2 coupling ) is reduced, and the latter decreases with increasing resonance frequency. In addition, despite the rigor implemented in the assembly, small defects ended up generating instabilities in the first vibration mode for the first case of loading (2 g) due to the small weight of the mass.

Besides low voltage levels, having an unloaded or lightly loaded beam is not recommended for this application. Without the mass, the beam itself with a minimum frequency of 260.0 Hz and a maximum of 404.0 Hz (144.0 Hz variation) limits the resonant frequency range. In ascending order of loadings, the frequency range is 44.0 Hz, 23.1 Hz, and 22.3 Hz. This shows the influence of the load on the attainable frequency range. In the case of the 5.9 g load, the range is seven times greater than the natural average bandwidth of the configuration, allowing a sensor to be powered over a wider frequency range.

C. Validation Test With WSN

1) WSN Consumption: JENNIC JN5148: The WSN to be powered is a JENNIC JN5148 module in the "End Device" configuration (Fig. 16) capable of measuring and transmitting two temperatures signals and its supply voltage. A second WSN module in the "Coordinator" configuration ensures the radio connection. Since the supply voltage of these modules This WSN has three main operating phases: the initialization phase (which includes the coldstart), the connection to the network, and a 307 s transitive period of the module (a message is sent every 5 s to help verifying the quality of the signal reception). Then WSN switches between the measurement & transmission phase and the sleep mode phase. The energy, duration, and maximum peak power of these phases are listed in Table VII.

2) Laboratory Test: Installation Process Validation: To validate the operation of the overall structure (adjustment of the beam resonant frequency, energy management electronics and sensor power supply), a 40 h duration test was carried out. An arbitrary source (128.8 Hz @ 14 m/s 2 ) on the test bench (Fig. 12) has been chosen. This setting presents similarities with the source measured on the burner. The piezoelectric beam has been configured to resonate close to the source frequency. The prototype is fine adjusted at the source with the MPPF module (Fig. 8), whose use procedure is detailed in section III.C. The piezoelectric element is able to deliver a maximum power of 3.7 mW. After starting WSN, the storage voltage remains at about 6.7 V despite some fluctuations of the source acceleration. The operating procedure of the electronic circuit is follows to the previous description.

3) Experimental Test on Industrial Source: Vacuum Pump:

A 22 h duration test of the prototype on a vacuum pump (Fig. 3) was carried out. During this test, the excitation was of 2.7 m/s 2 acceleration at a frequency of 49.0 Hz. Fig. 17 shows the storage voltage (V sc ), the supply voltage (V out ), and the current drawn by WSN. The storage is initially empty. The prototype is adjusted at the source using the MPPF module (Fig. 8) targeting the maximum voltage of the piezoelectric beam of the order of 18.5 V. A "full" charging sequence was performed, followed by a cut-off of the excitation source and finally a cut-off of the connection between WSNs.

With a power of 2.9 mW, the activation voltage of 7.0 V is reached after 1 hour of charging and enables the "end device" WSN to be started. The storage voltage reaches a maximum of 17.0 V after 10 h of charging. After 15 h and 40 min, the generator is removed from the vibration source and the sensor continues to operate. After 21 h and 42 min, the connection to the coordinator is disconnected, and the voltage level is 12.0 V. The output switches off at a voltage level of 3.9 V after 35 connection attempts for about 10 min. The low threshold is normally 3.7 V when the current consumption is low. In this case, the inrush current required to start WSN creates a slight voltage drop, deactivating the output at a higher level. The residual voltage level of the supercapacitors allows for a second, faster start-up. According to the discharge slope of the storage space when the source is switched off, an autonomy of 6 h and 24 min is estimated. During this period the sensor continues to operate normally with repeated measurement, transmission and sleep mode cycles. This test shows that the prototype can provide enough power in case of source problems or connectivity problems between WSNs.

The efficiency between storage and consumption is calculated during the phase when the excitation is switched off. The stored energy at the beginning of the phase is 17.2 J and at the end of the phase is 8.2 J, which gives a difference of 9.0 J. The energy consumed by WSN during this phase is 3.2 J (calculated from measurements of current and supply voltage). The actual overall efficiency is then 36%. The low efficiency is partially due to the supercapacitors losses (significant selfdischarge and balancing) over the long term and the poor efficiency of buck at low output current.

V. CONCLUSION A one of a king adjustable vibration energy harvester for the industrial environment is proposed. An experimental approach details the characterization benches and the design strategy implemented for building the demonstrator. It is always necessary to know WSN consumption to dimension the energy storage space and its source to determine the best configuration of the VEH. The device, which is made of commercially available components, showed capability of perpetually supplying energy to a low power WSN, even in the event of source variations. A mechanical system for adjusting the resonance frequency of the VEH during installation permits it to be easily tuned on site with the vibration source to maximize the recovered power. A low cost device for measurements of vibration energy potentials on industrial sites was also presented. These data show the possibility and the interest of using piezoelectric harvesters.

The VEH generator consists of a MIDE PPA 1014 piezoelectric beam in cantilever mounting. The resonance frequency of this structure is tuned coarsely by the size of seismic mass and finely by adjusting the length of the beam. A system integrated into the encapsulation enables the adjustment to be carried out by turning a cam. A dedicated measuring device has been developed to visualize the output voltage of the piezoelectric element in order to find the optimal adjustment. When the generator is subjected to external vibrations (from an industrial electric motor for example), the piezoelectric beam produces electrical charges. These charges are harvested using an LTC3588-1 extraction circuit that stores them in a dedicated space before shaping the electrical energy to power the sensor. The storage space is composed of eight 1 F supercapacitors in series. The stored energy can go up to 24.2 J. A storage is necessary to compensate the fluctuations and the consumption peaks from WSN. A delayed power activation system authorizes storage of the energy necessary to ensure several start-up phases.

The final demonstrators presented are configured to operate in frequency ranges from 48.0 Hz to 66.0 Hz and from 69.0 Hz to 94.4 Hz. These demonstrators are compatible with the vibration sources presented in the article and they are able to run perpetually a WSN (as long as vibrations exist). In comparison with the literature's harvesters, we propose a demonstrator with an average variation of 27 % compared to the maximum resonance frequency and a power of 2.9 mW when accelerated at 2.7 m/s 2 . Although the operating range is narrower than others generators, the power is higher. Compared to non-linear solutions and able to supply sensors, the power levels are lower over comparable operating ranges. However, the implementation is simpler and more robust.

The proposed solution shows robustness to the hazards of vibration sources. It can overcome the fluctuation of acceleration during storage. It can also accept small frequency variations (low bandwidth). In the case of significantly high variations of the latter, it is necessary to adjust the resonance frequency of the VEH. Fortunately, for many applications the frequency do not change over the time. 
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 14 Fig. 14. Results of the experimental characterization, voltage and power as a function of load resistance and frequency.
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 16 Fig. 16. JENNIC JN5148 "End Device" module.
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 22 Fig. 22 h duration test of final device with WSN.
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	for tests.
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