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Abstract. In the present work a study of energy harvester for vehicle monitoring design is carried out. Mechanical
vibrations of railway vehicles were used to generate electric power by means of a piezoelectric energy harvester. The
power was successively stored in a rechargeable battery and used to supply one node of the sensors network, which is
used to monitor the structural integrity of the most critical components of the vehicle and to prevent their failure. The
piezoelectric harvester was preliminary characterized to investigate its electric and dynamic performances, and then
tested on a scaled railway bogie moved by aroller rig.
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1. INTRODUCTION

The possibility to generate electric power by cating energy available in the environment is at blasis of the
diffusion of energy harvesters. Small devices Bkasors may be supplied more easily than the otleading to push
the design of micro energy harvesters, based omibeo systems technology. Many applications of MEMnergy
harvesters are addressed to low frequency vibratmironments, like human body, vehicles, buildirgts in order to
supply wireless sensors network.

Small and large vehicles (automotives, trains,rafts, etc.) are equipped with several sensorsahdr small
devices to monitor the proper functioning of allbsystems and components and to provide the imstaatis
measurement of the most relevant environmentalnpatexrs. On-board sensors, or sensors networksusarally
supplied by the electric power generated by thenengnd catch from the main battery by means oésvilhe needing
to monitor a large amount of parameters causeprtiigeration of electrical wires, leading to vargmplicated sensing
architectures and many other problems related @arthintenance and reliability. Furthermore someckes such as
commercial trains are not equipped by extendedrétat connections, making difficult their controy wired sensors.
The investigation of new approaches for the supplgn-board sensing systems started recently, wikitlased on the
self-powering provided by power generators (Pamadisd Starner 2005, Pelczral. 2008, Pohl and Seifert 1996).
This idea starts from the evidence that a largeuwmtnof mechanical vibrations characterizes all glelsi and mass
transportation systems during their operations.

Open problems and future challenges of this figkl r@lated to the design and fabrication of theiaksvable to
convert the power with reasonable efficiency antialbdity, with low-cost building processes and dar scales
applicability. Different solution in macro- and mie scales were proposed but their characteristickerms of
conversion efficiency, reliability and industriaéwklopment and applicability are still not satiséayg (Roundy 2005,
Yen and Lang 2006, Raghunathan and Chou 2006)e¥ample, some devices based on the MEMS (micrdrelec
mechanical systems) technology are able to haemstgy from vibrations into electricity by exploij capacitive
(Tanget al. 1989), piezoelectric (Flynn and Sanders 2002) agmatic-inductive (Williamet al. 2001) strategies.

This work presents the results of investigationvéas about the energy harvesting from vehiclegh particular
attention for railway applications. The final gaal the fabrication of a compact integrated platformluding a
harvester device, a small accumulation batteryaméhertial sensor for the self-powered data adipris A roller rig
and a train bogie (scale 1:4) were used to repmthe vibrations generated by the train at diffexetocities. Multiple
strategies for the energy conversion were analyiredjicro- and macroscales: capacitive MEMS endrggvesters
presented by the authors in previous works wersidered, and macrodimensional piezoelectric cartiewere used
for preliminary experiments on the roller benchpé&smental analyses were addressed to the tuninigeoharvester
resonance frequency to the excitation frequency, tanthe optimization of the electrical load foetbutput power
maximization. A diodes bridge and a leveling cajmcivere used to rectify the alternate harvestelthge and to
charge the battery.

2. ENERGY HARVESTING STRATEGIES

In several papers piezoelectric generators wereeaded to human-wearable systems, where the egergrated
by pedestrian motion was converted into electrittage by means of flexible elements. Transducershigher
frequencies, applicable to vehicles, are charaxtdrby a cantilever structure with piezoelectridarial attached to its
surfaces; this shape is designed to operate initigmdode thereby straining the piezoelectric filmdagenerating a
charge. Because of the advantageous ratio betwteain and applied force, the cantilever shape isoptimized
solution for piezoelectric generators. A proof masasually introduced at the cantilever tip to difgpghe oscillation
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amplitude of the structure and to tune its resoednequency. The composite piezoelectric cantileepresented in
Fig. 1a was developed by Rounetyal. (2003) using a PZT-5A shim to each side of a eeb&am. A cubic mass made
from an alloy of tin and bismuth was attached t® ¢ind and the generator tuned to resonate at 13#bidycing a
maximum power output of 8W (250k2 load resistance and 0.25g acceleration). The difroes of the device are in
the order of few millimeters. The detailed analysfsthe mathematical models for this typology oézmelectric
transducers was presented in (Roundy and Wright)200

Piezoelectric generators offer the simplest apgroabereby structural vibrations are directly conedrinto a
voltage output. There is no requirement for havdiogplex geometries and these generators are stmédricate; a
wide range of materials are available for differepplication environments. The piezoelectric materis required to
be strained repetitively, therefore their mechdnpraperties will limit performance and lifetime h& transduction
efficiency is limited by electric properties of redtls employed; their output impedance is typicaiigh (>100K2),
they are capable of producing high voltages buy ahlow electrical currents that increases thestiequired to charge
the storage battery.

Electromagnetic induction is the generation of glecurrent in a conductor located within a magnéeld. The
factors affecting the amount of power generatedilaestrength of magnetic field, the velocity ofateve motion and
the number of turns of the coil. One of the mo&taive methods for energy harvesting is to prodeleetromagnetic
induction by means of permanent magnets, a coil anestoring structure (usually a double-clampednhea
cantilever, or a membrane). Generally it is prdfrao hold the coil to the external frame and twumt the magnets on
the elastic vibrating structure; by this solutidme tmagnets can act as inertial mass (Beebgl. 2006). An
electromagnetic energy harvester was developeduangkt al. (2007) and is represented in Fig. 1b. The devasd
resonance frequency of 100Hz and is reported tocapable of generating a maximum power of @\85with 10 turns
of the coil.

Electromagnetic converters offer a well-establistesthnique of electrical power generation and gdarariety of
configurations can be used. High current levelsaatéevable at the expense of low voltages (typicalV). However
the efficiency of this type of harvesters in terofigopower generated per unit of mass is not paditylhigh; there are
some problems in the tuning process because thef pnass is usually imposed by the electrical dinmsg.
Therefore, wafer-scaled microsystems are quitécdiffto achieve owing to the relatively poor prdpes of planar
magnets, the limitations on the number of turnglamar coils and the restricted amplitude of vilorat

Mass

PZT-5H Brass

Figure 1. a) Scheatic of a piezoelectric energy harveste!
! electromagnetic harvester with movable magnet aedi f
coil, ¢) in-plane MEMS capacitive harvester.

c) [

The capacitive energy harvesting relies on theivelalisplacement between two charged parallekplathich are
connected to a suspended proof mass by elastingspr good efficiency of this conversion stratégiimited to small
devices at microscale, because the plates chaggé&es too high power consumption for larger cajpasi This makes
the MEMS technology the preferred one for the bngdorocess. In order to obtain the high capacdaatd maximize
power output, substantial displacement is theniredquand achieved by kinematics of the mass. Anthegdifferent
solutions, the in-plane displacement strategy isemoonvenient than the out-of-plane for the maxatian of
armatures surface. Both variable area of electr¢alesrlap strategy) and variable gap between edes (gap closing
strategy) can be selected in the design. The eltatic conversion is easily realizable as a MEMf8 auch
processing know-how exists on the realization gblame and out-of-plane capacitors. Energy demsitybe increased
by reducing the armatures spacing, facilitating iatinrization. The energy density, however, is alezreased by
reducing the capacitor surface area. Electrostgtieeration requires an initial polarizing voltagecharge, which can
be provided by the battery associated to the htandslectrets can be utilized to provide the atigxcitation level and
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these are capable of storing charge for many y&dms.output impedance of the devices is often vegh and this
makes them less suitable as a power supply; thergiu voltage is also relatively high and oftesults in a limited
current supplying capability (Beelgy al. 2006). Therefore the small dimensions of the deiauses high resonance
frequencies not well suited for vehicles dynamiedm of vibration. Figure 1c reports a nickel MEM&pacitive
harvester fabricated by the authors (Weal. 2009); a huge proof mass and weak elastic sprregs introduced in
order to lower the dynamic response of the degoéng a resonance frequency of about 300Hz.

3. RESONANCE TUNING

Tuning the resonance of vibrating energy harvesténe driving frequency of the external force ikey feature of
the design. The development of low-power tunin@tegies is determinant to increase the globalieffy of the
device for those applications, like vehicles, whitdive a wide dynamic vibration spectrum. A commotutfon
adopted by the designers is building up a set ofdsting structures with different geometry (epgiezoelectric beams
of different length), all tuned on a specific reanoe frequency; this results to an amplificatiothef bandwidth of the
whole device. Other strategies are based on thersof) and/or stiffening process of the elastic ponents of the
harvester: by applying, e.g., an axial load toexifile beam or plate, the resonance frequencyesthucture can be
easily tuned thanks to the variation of its effeetstiffness. An external force can be appliechtotip of a piezoelectric
vibrating beam to tune its resonance. If a permanm&gnet acting as proof mass is attached to pheftihe beam, the
magnetic field generated by a conductor can protridenecessary tuning force to the structure.

4. PIEZOELECTRIC HARVESTER AND TESTS SETUP

The piezoelectric transduction principle was sedctamong described conversion strategies because
characteristics of the electric output power arertiost suitable for the proposed application. Etatively high levels
of currents achievable make easier the charge sibrage battery in short time, and the dynamic @migs of the
harvester can be easily modified to tune the resmman the excitation frequency provided by theialeh The
commercial availability of piezo transducers is theo advantage compared to the electromagneticcapdcitive
harvesters that require dedicated design, faboicathd assembling processes.

The P-876.A12 DuraAct piezoelectric transducer used in the cantilever configuration representeBign 1a for
its experimental characterization. The beam is titoisd by two PIC255 piezo-ceramic layers (thickmn@0@m each)
and an insulating polymeric package, constitutingimorph configuration; electrical properties andometrical
dimensions of the packaged beam are listed in Talhe dynamic response of the cantilever were gé@rby
introducing a variable proof mass on the tip andryeasing its structural stiffness with additibadhesive layers of
PVC, attached to the upper and lower surfaceshéncharacterization procedure, the length of therbevas also
adjusted by changing the position of the constri@intine the resonance frequency. The variablefpnasses used and
the properties of PVC layers are also indicate@iah. 1. An image of the piezoelectric cantilevereigorted in Fig. 2a.

An electro-mechanical shaker was used to applyatternate force on the constrained side of theaggileztric
cantilever to simulate the environment vibratiomeTacceleration level imposed by the shaker wagrated by an
accelerometer, while the dynamic response of théexkpiezo beam was detected by measuring itsubutgtage. The
alternate voltage generated by the piezo materednwit is bended must be rectified prior to be usedupply the
storage battery. At this purpose a four diodesgwridnd two leveling capacitors were used; thefreatiion circuit was
assembled using a perforated plate holding eleictramomponents and small circuits. The lithium-vaoad
rechargeable battery Panasonic VL3032 was sel¢atstbre the power generated and was assemblée ieleéctronic
circuit. The characteristics of the battery arem@® diameter, 3.2mm thickness, 100mAh capacity,~620C
temperature range. The rectification circuit inéhgithe storage battery is represented in Fig. 2b.

Table 1. Piezoelectric harvester properties.

Description Value Unit
Beam length 51-53-55-57-59-61 mm
Beam width 35 mm
Beam thickness 0.5 mm
Beam mass 35 g
Young's modulus 23.3 GPa
Capacitance 90 nF
Operating temperature -20+-180 °C
PVC layer thickness 0.19 mm
PVC Young's modulus 0.1-0.25 Gpa

Proof mass  12.05 - 19.08 - 25.48 - 30.70-36.62 g

th
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Figure 2. a) Piezoelectric cantilever for energgviating, b) electronic circuit for output voltagestification and
storage battery.

5. DYNAMIC CHARACTERIZATION

The goal of the present characterization is to stigate the electro-mechanical properties of thezqulectric
harvester converting the mechanical vibrationsadfwehicles to electric power. The output poweused to charge a
battery or a storage capacitor and then to suppipaard sensors for structural monitoring safetsitesl purposes.
Figure 3a reports the dynamic response of the gieaon (without proof mass and additional stifferiengers) in terms
of output voltage for three levels of acceleratidhe relationship between acceleration level angbwiuvoltage at
resonance condition is approximately linear forrdugge of frequencies considered, as the diagrafigoBb testifies.

A preliminary analysis on the resonance frequerfcthe piezoelectric cantilever was performed; atdirelement
method (FEM) simulation of the beam, where onlydghemetrical and structural properties were comsitlevas used
to investigate the dynamic response. The effectthefvariable proof mass, structural stiffness &e@ length of
deflection of the beam were studied. The resukslipted by the simulations were validated by expents for some
configurations. Figure 3c reports the results aletdi at two lengths of the beam, respectively 53 Briehm; the
stiffness of the beam is indicated kas,c, wherei corresponds to the number of PVC layers attachdbeurfaces.
The beam stiffness without additional PVC layersindicated askypyc. The alternate voltage generated by the
piezoelectric beam for different configurations prbof mass and stiffness was measured and the RAl# was
calculated. The generated power was calculate®=#42, where the current was measured at the output. The
maximum level of voltage and power can be obtaimedresence of the optimum electric load. Figureedorts the
measured values of the output power and voltagheopiezoelectric beam with stiffnelspyc, where the proof mass
was varied. The characterization was performed hen shaker with 0.2g acceleration at resonance tongithe
resonance frequencies for the different configaretiare in the range from 5@ 11.8Hz depending to the proof mass
considered. Figure 5 reports the measured outpuep@nd voltage of the piezoelectric beam with prowmss
m=36.62g and variable stiffness. The 0.2g accelmmatvas imposed and the measurements were perfoaned
resonance condition; the resonance frequencieshéodifferent configurations are in the range fr6r8 to 10.6Hz
depending to the stiffness of the beam.
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Figure 3. a) Output voltage measurements at variatteleration amplitudes, b) linear relationslaween
acceleration and output voltage at resonance, b) siEhulations and experimental measurements (bdatg) of
resonance frequency at different configurations.
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Figure 5. Output power (a) and voltage (b) at déife b,ean stiffness at resonance and 0.2g acdelerat
6. EXPERIMENTS ON A SCALED RAILWAY BOGIE

Rail vehicles, especially those addressed to cogiaidransportation, are not supplied by on-boamisang systems
and electrical wires. This makes the self-powemtsmg strategy particularly attractive. The introiion of sensors on
rail vehicles allows to monitor the structural ity of the most critical components, to providéormation about the
motion parameters (velocity, acceleration, vibmagioangular velocity, etc), and eventually to idfgrthe position of
the vehicle through the GPS system. These infoomaire vital to continuously monitor the relialyilof the vehicle
and its components, and to track the travel stérgazh carriage in order to schedule its maintemamte sensors
network must be distributed all over the train ® &ble to detect the parameters of interest, &ay.iricrease of
temperature in those loaded components where agdapracess is starting. Many parts of the rail elehére subjected
to alternate loads, which may cause a fatigue damagocess initiation; other components such aisbiearings are
subjected to wear degradation. All these effeatsamcompanied by a considerable temperature inogeaghich can
be detected and used to prevent the failure ofitveaged component. The detection of acceleratiothree axes is
also useful to monitor the vibrations caused byrdikewheels contact and the history of load tranfd to the vehicle.
Anomalous peaks of vibrations caused by the presehclebris can be recognized as well as theirteateffect on
critical components. A transmission system is aéguired to send the data measured by each nodedntral host
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were they can be received, processed and analyzd®F device with a specific communication protocain be
integrated to the sensing node at this purposetengower generated by the harvester can be uséts fupply. The
schematic of the proposed sensing node is repegbent Fig. 6; the self-powered node, after an ojtion of
dimensions and assembling in relation to the sjgegffplication, can be easily applied closely titical components of
the vehicle.

The piezoelectric harvester was applied to a scaledel of railway bogie to characterize the perfanoes of a
sensing node. The system considered is composttelpiezoelectric harvester, the linearization tetetc circuit and
the storage battery. Two acceleration sensors &fd teansceiver were supplied with the power gerdra

6.1. Scaled bogie and roller rig description

The bogie used for the characterization is scaieithé proportion 1:4 and reproduces the geomelrécacteristics
of the actual vehicle (Fig. 7). The prototype refreces a trailing bogie but is designed to accept mwotor gears in
order to simulate also the motor bogie. The rolidrthe rig were machined in order to obtain theadransversal rail
profile UNI50 canted to 1:20. The wheel profileg @haracterized by two interchangeable conicalilps{0.05 and
0.3 rad) and a profile S1002; the curvature prefidee designed to obtain the same shape of thevmaitl actual
contact area. The stiffness of the bogie was dedigimd tested experimentally in order to have dynatraracteristics
equivalent to those of actual vehicle. The singleber element used as primary suspension in thelaethicle was
replaced by four hinges supported by disc sprimgsldngitudinal and vertical directions. The lateséiffness was
obtained using 12 helical compression springs. §ysem allows adjustment of wheelset preload arsitipn. The
secondary suspension is represented by an aigsihrn gives a ratio between lateral and vertitfihess equal to that
of actual springs. Several similitude methods wesed to convert the parameters measured on thedscaddel. The
similitude law proposed by Jaschinscki (1990) wasduto design the bogie; this method provides thévalence of
wheelset dynamics and keeps the accelerations ledsoa the prototype. Thus, the accelerations nredsan the
scaled bogie corresponds to those on the actualeelA detailed description of the roller rig abdgie is reported in
(Bossoet al. 2008) where the design and the experimental viididaf the test bench components is described.

VIBRATING ENERGY RECTIFICATION
SYSTEM HARVESTER CIRCUIT
RF STORAGE
TRANSMISSION SENSORS BATTERY

Figure 6. Block diagram of self-powered sensingenfud rail vehicles application.

Figure 7. Scaled bogie prototype mounted on tHerrab (a) and its drawing (b).

6.2. Harvester System validation

The dynamic response of railway bogie was prelimirgharacterized by detecting the accelerationlseire the
lateral direction, where the excitation is the me$tvant. The FFT measured on the bogie is regpamt&ig. 8a, where
the resonance peak is situated at 5.5Hz. A proebma36.62g was added on the tip of the piezoeleceanband the
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stiffnessky.pyvc Was used. The resonance frequency of the piezdelédeam was tuned to 5.71Hz by the described
configuration, producing the maximum oscillationgitude; the acceleration measured at resonargeli$3g.

The railway bogie equipped with the piezoelectacviester is represented in Fig. 7a. The output pawe voltage
characteristics measured after the electronic fieation are reported in Fig. 8b for different dhéc loads. The
harvested power, which was stored in the battegs then used to supply three different devicesséarsing and
transmissions purposes: a 2-axes linear acceleeor(ieiS2L02AS4 ST Microelectronics: +3g/+6g), a Bea linear
accelerometer (LIS3L02AS4 ST Microelectronics: #3g) and a RF transceiver (CC2520 Texas Instruments
2.4GHz, ZigBee protocol). Starting from a complgteharged battery and assuming the sensors/traescare
working for 1s, the time required by the harvestiggtem to restore the initial level of the battisryeported in Tab. 2.
Different configurations of the sensing system awmmsidered, by coupling sensors and transceivevairnous
combinations.
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Figure 8. a) Acceleration spectrum on railway bphjeoutput power (circles)
and voltage (squares) generated by the piezoadetriester.

Table 2. Efficiency of the self-powered sensingeiys

Harvesting time

Residual battery to restore the

Devices supplied charge after 15

initial charge
2-axes accelerometer 99.8% 0.3s
2-axes accelerometer 97.6% 25
3-axes accelerometer
2-axes accelerometer 78.6% 165

RF transceiver

2-axes accelerometer
3-axes accelerometer 77.4% 17s
RF transceiver

7. DISCUSSIONS

The dynamic characterization at variable proof magerted in Fig. 4 reveals, for the experimentaifigurations
considered, a proportional relationship betweemtlgs and the output power and voltage; this cazabiy explained
by considering the oscillation amplitude of the fpeat resonance: higher the mass on the tip, higterflexural
deflection and the electric output of the piezoeleanaterial. This relationship is valid for ragiof dimensions not too
far from those considered in the experiments. Ehgarticularly evident for a constant level of @lecation, which was
imposed at 0.2g in the characterization. The diagrreported in Fig. 5 reveals the existence afimum stiffness,
to which corresponds the maximum power and voltagput. In fact the electric output ld-PCV is higher than those
obtained at the lower stiffness leMelpyc and at the higher stiffness levielpyc. These results can be motivated
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considering that the measurements were performéueaesonance condition of the beam; thus an asang stiffness
determines the increase of resonance frequencggyavibenefit on electric output (more oscillatigreles per unit of
time). However, when the stiffness becomes toovagie the oscillation amplitude of the beam is Etlifor that
acceleration level and an opposite effect on thetet generation is produced.

The output power measured with a tip mas86.62g and stiffnedg_pyc at 0.2g acceleration (Fig. 4) is sensitively
higher than the power measured with the same pnask and higher stiffness (Fig. 5). This dependsedact that the
measurements were performed at resonance and \witktamt acceleration, which implies smaller ostila
amplitudes for higher frequencies. With the experital setting adopted, the configurations wherdndgstiffness
values are introduced cause the increase of reseramd, consequently, the lowering of oscillationphtude and
output power.

The experimental validation of the sensing platfarmthe railway bogie reveals that the cycle tinighe self-
powered device does not allow a continuous acduisiand transmission, but indicates that a rechgrgime is
required after each operation. This limitation @mpatible to the structural monitoring purposes,aasoptimized
strategy may be used to detect accelerations dsawelifferent parameters (temperature, angulancigl, etc) at
specific time intervals, or when a given threshisldeached. The capacitance of the piezoelectrienahused in the
characterization is not particularly high; the glblefficiency of the device can be sensitively eaged if a high-
capacitance piezoelectric material is adopted.

The optimization of the final device configuratimneeded in order to reduce the dimensions oféiepowered
system; the electronic circuit used to rectify ba#vested voltage also requires additional optitiona Furthermore a
package must be provided to protect the device froachanical shocks, debris and dust; the packagenbato
introduce interferences affecting the RF transroissi

8. CONCLUSIONS

The energy harvesting strategy was explored torgem@ower from mechanical vibrations of railwayiedes. The
prototype of a self-powered sensing system is ptede which is addressed to structural monitoririgcidtical
components. After a preliminary characterizatioretefctrical and dynamic propertied of the piezagiedransducer,
the harvester was applied to a scaled railway baggeciated to a roller rig able to simulate theeksrations on actual
rail vehicles. The final efficiency of the deviceasvmeasured in terms of time needed to rechargbattery by the
harvester after sensing and transmission operations
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