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Abstract
This paper designs a kindofPiezoelectric liquid resistance capture energydevice, byusing the superposition
theory of the sheet deformation, the calculationmodel of the displacement curveof the circular
piezoelectric vibrator and thepower generation capacity under the concentrated load is established.The
results show that the radius ratio, thickness ratio andYoung’smodulusof the circular piezoelectric vibrator
have greater influenceon thepower generation capacity.When thematerial of piezoelectric oscillator is
determined, thebest radius ratio and thickness ratiomake thepower generation capacity the largest.
Excessive or small radius ratio and thickness ratiowill reduce the generating capacity and even generate
zeropower. In addition, the electromechanical equivalentmodel is established. Equivalent analysis ismade
by changing the circuit impedance.The results are consistentwith the theoretical simulation results,
indicating that the established circuitmodel can truly reflect the characteristics of the theoreticalmodel.

1. Introduction

With the increasing emphasis on industrial intelligence, small andportablewearable smart devices andportable
products includingMEMS,wireless sensor system, embedded systemandwireless communication technologyhave
beenpopularized and applied [1] rapidly. In these systems, the life of the systemdoesnotdependon theweardegreeof
themechanical parts in the system, buton the service life of the power supplydevices, especially in the
electromechanical systemthat is difficult to replace thepower supply. Furthermore, although tiny intelligent device
only occupies less space, but thenumberof electronic components in these systemsarenumerous andcomplex
distribution applications itwill inevitablyhave to consumemore energy, energy supplyproblems facingmajor
challenges, the original offer for these components of intelligent energy supply is large in size, lowerpowerdensity,
limited service life, and cannotbe integrated in themicro system, it is difficult tomeet thedemand for theuseof
portable electronicdevices, although themicrohighperformancebattery in service life and energydensity to improve
theperformance, but the supply of life is limited, so limiting the current applicationof [2–4]MEMSproducts, the
rapiddevelopmentofwireless sensornetwork andembedded system.Howto convert the energy in the environment
into electrical energy andpower [5–7] for all kindsof lowpower electronic components all day long.How to further
improve the ability of vibration isolation andvibration reduction for smart components has beenattractingmore and
more attention. It has becomeahot research topic andurgentproblemat homeandabroadat present [8–13].

Anderson improves thedamping capacity of [7]by themethodof adding transverse beammanufacturing in the
deep shallowwater sloshingdamper,Marsh studied the effect of depth andwidthof the liquid container of shallow
water sloshingdampingdamping effect, that the energy consumptionof the travelingwave ismuch larger than the
standingwave, so the sloshingdamping effect is better than the travelingwave standingwave sloshing [8]. In 2006,
WuBaichang andBeihangUniversity put forward anew typeof piezoelectric ceramic solid liquid actuator [9], taking
oil as the transmissionmedium, and analyzed its performance.
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In 2012,Ori Ehrenberg andGaborKosa of theDepartment ofmechanical engineering, Tel AvivUniversity,
Israel proposed amicropump [10] driven by a travelingwave driven by a tubular piezoelectric actuator. In
general, a liquidmixer consists of two separate parts of afluid pump and amixer, but the invention of a
piezoelectric pumpmakes it possible to combine the two. In 2012, France’sMDeterre [14]made a similar study,
proposes amethod for active implantablemedical devices using piezoelectric self powered, low frequency
pressure film recycling fluid environment can.

InMarch 2010, JiangDelong and others at JilinUniversity designed the piezoelectric double chip parallel
piezoelectric pump [15]. In 2010, JilinUniversity, Fan Zunqiang and so on put forward a new type of
piezoelectric linear precision steppingmotor [16].

From the structure of the pump, the Jung-HoPark and others of Tokyo Institutet of Technology have
developed and reported a kind of largeflowmicro pump [17, 18]. Driven by the squarewave of 100 V and 2 kHz,
themicro pump can obtain themaximum flow rate 80 ml s−1, themaximumoutput pressure 0.32 MPa and the
maximumoutput power 0.8 mW.

SONURujun, SHANXiaobiao [19, 20]. The influence of the coupling between thefluid environment and the
pow is studied.Vibration is everywhere in the daily environment. The frequencyof vibration ismostly fromseveral
hertz to dozens ofHertz [21], and the natural frequency of thepiezoelectric chip is thousands ofHertz.How to
improve the energy recovery andutilization of thepiezoelectricwafer in the environment has become the current
researchhotspot [22–24]. XuHui [25–27], the dampingmechanismof bionics,fluid and solid dynamics theory of
passive control based on anewdesign, put forward a kindof passive control theory a newembedded selfmoving
mass adaptive damping theory, and its application in vibration control of beamand slab, achieved gooddamping
effect. Basedon experiments,wehave studied the adaptivedamping systemof theEuler beamembeddedwith
viscousfluidunder the excitationofmain resonance, and analyzed the characteristics offluidmotion andwall
pressure curve in depth. In viewof the simplifieddynamic boundaryfluiddynamicmodel, a quantitative index is
proposed todetermine the effect of damping from the angle of the energy consumptionof thefluidmotion.

Kan Junwu [28] et al.Proposed a new type of pressure fluid coupling vibration of piezoelectric hydraulic
transducer based on the transducer with the joint power hydraulicfluidmedium to transfermovement and
power to realize themulti vibrator structure, high power, low frequency power device for piezoelectric energy
can provide a basis for further research of hydraulic control technology vibration.

According to the research status of piezoelectric transducer andpower supply since thenewdemandof vibration
control, the author puts forward the gas/liquid coupling effect of piezoelectric vibration energyharvester basedon
[29], the advantages offluidbuffer,which can avoid thepiezoelectric vibrator by rigid impact andhigh reliability; easy
toflow through the lower backpressure adjusting the systemstiffness and frequency, can realize low-frequency,
broadbandvibration energy recovery; easy to realizemulti piezoelectric oscillator synchronization, power generation
capacity. In addition, the typeof power capturehas the effect of vibration suppression at the same time.

Research and development of dynamic through understanding offluid filled pipe vibration and piezoelectric
drive obtained in thefield, in summarizing and absorbing the basis of previous experience, the fluid filled pipe
system and vibration control for piezoelectric vibration characteristics analysis put forward a new type of
piezoelectric hydraulic damper, it uses resonance current piezoelectricmaterials for the attenuation offluid
pulsation, the piezoelectric and fluid coupling to realize vibration energy recovery, vibration absorption and
energy recovery characteristics and combinedwith theoretical analysis and numerical simulation to study the
shock absorber.

2. Structure andworking principle of hydraulic power trapping device for liquid
filled pipe

This paper describes the design of a liquidfilled pipe piezoelectric liquid resistance transducer structure as
shown infigure 1, which uses the circularmass and piston rod as the amplificationmechanism, the source of
driving the hydraulic cylinder to simulate fluid flowunder vibration, the vibration of liquid through the
amplificationmechanism to the piezoelectric film, because the fluid, the spring and the piezoelectric transducer
has a liquid resistance vibration absorbing and buffering effect, resulting in the hydraulic cylinder piston (by
vibration object) vibration and piezoelectric vibration is not consistent, so that the liquid is controlled by
vibration isolation because of inconsistent objects; vibration caused by pipe cavity volume changes frequently.
Will this change the liquid passes through the pipeline to the piezoelectric transducer in the piezoelectric
vibrator produces alternating deformation, the deformation of the piezoelectric vibrator alternately converts
mechanical energy into electrical energy, part of the vibration energy recovery system. Liquid filled pipe
piezoelectric haversters liquid resistance systemusing liquidmedium to absorb vibration transmission, and the
use of piezoelectric vibrator capture energy, canmake the vibration isolation of the object to be controlled, and
can reclaim vibration energy, can achievemore efficiency. Composed of the piezoelectric vibrator of the simple

2

Mater. Res. Express 5 (2018) 035517 LZheng et al



vibration harvesting traditional energy is different, to achieve the transfer ofmovement and energy coupling of
piezoelectric body and the fluid in this paper, to achieve a variety of piezoelectric vibrator working together,
especially can be used for energy recovery, low frequency and large amplitude vibration environment. Under the
boundary condition of uniformly distributed external load, the circular piezoelectric vibrator is deformed under
the action of elastic support and concentrated load in the center. The center and outer edge of the same surface
are different from stress (tensile stress and compressive stress).

When the piezoelectric wafer diameter is larger, and the piezoelectric vibrator with a surface and generate
positive and negative charge generating capacity will be greatly reduced, or even no power output (positive and
negative offset); on the other hand, the center part of the piezoelectric wafer generated electrical energy increases
with the increase of its radius. Therefore, when the outer edge of the piezoelectric substrate at the pressure node
electric vibrator deformation, themaximumpower output (the surface of the piezoelectric wafer only by a
stress), and the radius of nodes (i.e. the optimal radius of the piezoelectric wafer) depends onmany elements of
the piezoelectric vibrator, thickness,material the boundary conditions and incentives.

According to the plate and shell theory, the bending deformation curve and deformation volume of the
simply supported boundary piezoelectric vibrator (figure 2) under uniformly distributed fluid pressure are
respectively.

An intermediate point supporting circular plate is desirable: for an integral circular plate with a simply
supported outer boundary (r=b) and an outer boundary (r=a) as a simple boundary, the vibrationmodes
can be expressed in two parts:

The inner circle of 0�r�b, under a concentrated load in themiddle, around thewhole plate for free. In
the outer ring of b�r�a, according to the circular plate is circle free inner circle simply supported. The
distance between the bottom and the neutral layer of themetal substrate can be obtained from the reference [30]:
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Figure 1.Piezoelectric power generation based on pulsating fluid damping.
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b= - + +( ) ( )E g T T D 6T
3 31 1 2 33 3

Form S1 and S2 respectively, radial strain and tangential strain; T1 andT2 respectively, the radial stress and
tangential stress; G31 piezoelectric constant (voltage); R is the radius of curvature; potential D3 for Z direction
shift; E3 electric field strength is Z direction; for the dielectric isolation rate.

Figure 3 is a physicalmodel diagramof a piezoelectric liquid energy harvesting device, the sumof the
additionalmass and liquidmass at the drive end of the pipeline system, expressed inM, The additionalmass
around the piezoelectric oscillator and oscillator is represented bym, K1 is the stiffness of the loaded spring, K2

and c1 are the equivalent stiffness and damping of the liquid, = = ⋅ /k k k n 2p3 4 is the equivalent stiffness of
series piezoelectric vibrators, =c c2 3 is the equivalent damping of series piezoelectric vibrators, n is the number
of drum type piezoelectric vibrators, and the external excitation is expressed by F(t) ignoring the influence of the
pipeline on the system.

As shown, the absolute displacement ofmass blocks is expressed by ( )x t1 and ( )x t2 which represents the
absolute displacement of the surroundingmass in the piezoelectric fluid blocking energy device. The ( )F t is the
excited force, and the following equations ofmotion can be obtained:

- + + - + + + =( ) ( ) ( ) ( )x c c x c x k k k x k x F tm ¨ ¨ 71 1 1 2 1 2 2 1 2 3 1 3 2

+ - + + - + = ( ) ( ) ( )x c x c c x k x k k xm ¨ 0 82 2 2 1 2 3 2 3 1 3 4 2

The piezoelectric energy harvesting device in the hydraulic resistance of piezoelectric vibrator structure is the
same, the quality ofM isM1, the quality of blockm ism2, the vibration source w is the angular frequency of
displacement, this chapter selects the external incentives in the formof sinusoidal harmonic excitation, i.e.,M
steady state response can be obtained:
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Figure 3. Is a physicalmodel diagramof a piezoelectric hydraulic energy trapping device.

Figure 2. Structure and stress diagramof circular piezoelectric vibratorwithmiddle support.
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Each piezoelectric vibrator has the same structure, and themass displacement is uniformly distributed
among the piezoelectric vibrators, and their central deformation is as follows:

d
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According to the relationship between the charge and the voltage, the open circuit voltage generated by the
piezoelectric vibrator under the action of external force is as follows:
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The equivalent stiffness of each piezoelectric vibrator is k ,p and the central point deformation is d, and then
there is d= ⋅P k ,p which is substituted into the formula (13).
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The power generated by a single piezoelectric vibrator is:
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The total power generation of the piezoelectric hydraulic energy harvesting device is as follows:
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The formula (15) shows that the power performance of the electro-hydraulic pressure resistance device not
only by the circular piezoelectric vibrator structure, influence of piezoelectricmaterial parameters, but also by
themass, the drum type piezoelectric vibrator of the external excitation frequency and the number of groups.

3. Simulation analysis of the power generation performance of a liquidfilled pipe
piezo trap

In this paper, thefluidpipes of piezoelectric power generation characteristics of liquid resistance transducer of power
generationperformance for external vibration to the transducer to achieve optimal, the powerperformanceof the
frequency response analysis,find the lawof influenceof various factors on the transducer voltage power frequency
response curve, then the external vibrationhas know, by adjusting theparameters of the power to achieveoptimal
performance. This section focuses on the analysis of the effect of the excitation amplitudeF, the systembackpressure
Pb,massblockqualitymand soonon thepower generation voltage of thepower trappingdevice.

For the power of different vibration amplitude frequency response under the curve as shown infigure 4, the
curve in the figure shows that the transducer is the low frequency power device, when the external excitation
frequency is less than 20 Hz, power generation capacity of harvester is affected by the amplitude of the excitation
ismore obvious, by increasing the amplitude of the external excitationmode, can be improved harvesting
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capacity is put. For the peak frequency of the frequency response curve, the amplitude of the external excitation
has no effect on the peak frequency. In order to studywhether the external excitation amplitude affects the peak
frequency, the feasibility will be discussed in the follow-up study.

For the systembackpressurePh is 0MPa, 0.1MPa, 0.2MPa, 0.3MPa, 0.4MPa, change the excitation frequency
ω value between0–25Hz, andget the frequency response curve of electric energy, as shown infigure 5.

By comparing the frequency response curves of the electric energy under different systemback pressure, it
can be seen that when the excitation frequency is below 20 Hz, the effect of the energy harvester in low frequency
ismore obvious.With the increase of the systembackpressure and the power generation under the excitation
frequency, the systemback pressure has improved the power capacity, inwhich the peak value of the frequency
response curve increases greatly, and the frequency is less affected by the systemback pressure. After comparing
and analyzing the curves, the increase of the preset pressure in the accumulator can reduce the compressibility of
thefluid, and then reduce the energy loss and improve the power energy of the energy harvester.

Figure 6 shows the relationshipbetween thepower generation and the excitation frequencywhen thenumber of
piezoelectric vibrators in themasses of differentmass (M=36.5 g, 73 g, 146 g) is n=1.The iconcanbe seen there

Figure 4. Frequency response curve of electric energy under different exciting amplitude.

Figure 5. Frequency response curve of electric energy under different systemback pressure.

Figure 6.Relationship between power generation and excitation frequency under differentmass quality.

6

Mater. Res. Express 5 (2018) 035517 LZheng et al



the best excitation frequencymakes the generation ability of piezoelectric generatorwas the strongest, the best
excitation frequency is thenatural frequencyof piezoelectric generator;with the increase ofmass, natural frequency
of piezoelectric generator is reduced, and themaximumpoweroutput increaseswith increasingmass.

The results of numerical simulation shows that basic vibration typemulti vibrator series of natural frequency
of piezoelectric generator ismuch lower than that of single crystal piezoelectric vibrator, strong adaptability to
the natural environment of frequency, power performance.

According to theprevious theoretical analysis, thedisplacement curve and thepower generation capacity of the
circular piezoelectric vibratorunder concentrated load are also affectedbypiezoelectric ceramics andmetal substrate
materials. Figure 7 shows the influenceof elasticmodulus ratio of circularpiezoelectric vibratorpower generation
capacity, shows that the variationof the curve in thefigure, the piezoelectric vibrator of each structure sizedetermine
there is a optimal elasticmodulus to the ratio of themaximumpoweroutput. Todetermine theoptimumthickness
ratio, elasticmodulus ratio is less affectedby the radius ratio, evennoeffect infigure 7(a); the radius ratio is
determined, theoptimal elasticmodulus ratiowith the thickness ratiodecreases, but the correspondingpower can
improve the relative infigure 7(b). Figure 7(b) shownphenomenon lies in the generationof thepiezoelectric vibrator
is composedof elasticmodulus ratio, radius ratio and thickness ratiodetermined: elasticmodulus ratio, thickness
ratio is not the sameat the same time, thepiezoelectric vibrator center composite layer stiffness, so that the stress and
power generation; as for thepiezoelectric vibrator thickness is relatively small due to the larger amount of power in its
best elasticmodulus ratio,mainly due to its freedom isoneof the larger capacitance l p b b= ( )/C a hf

S2 2
33

(calculationmethodofpower generation—seeFormula (14)). Therefore, reducing the elasticmodulusof the
substratehelps to improve the generation capacity of the circular piezoelectric vibrator under concentrated load.

4. Simulation and analysis of electromechanical equivalentmodel

Fromthe frontwe can see that themechanical systemmodel canbe equivalent to the circuitmodel, so themechanical
structuremodelfigure 1of the liquidfilledpiezoelectric actuator canbe equivalently analyzedby the circuitmodel.

The system is simplified into a dynamicmodel with an equivalentmass, an equivalent stiffness, and an
equivalent damping. The calculationmodel and themechanical circuit diagramof thewhole system are shown
infigure 8. If themechanical impedance is taken as the displacement impedance, the displacement impedance of
each element in the figure is:
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Figure 7.Effect of elasticmodulus ratio on generating capacity of circular piezoelectric vibrator.
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2 is reduced:
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Thus, the expression of the passing rate Va is given:
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Substitute the values in formula (22):
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The specific equivalent circuit diagram is shown infigure 9.

Figure 8. Systemmodel and system equivalent circuit diagram.

Figure 9.Equivalent circuit diagram.
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Through figures 10–12 analysis,figure 10 for different capacitor c1 voltage curve, the capacitance between
1–50 KF, with the increase of capacitance voltage increased first and then decreased, the best capacitance of the
inductance (L2) power voltage reaches themaximum capacitance is 5 KF, themaximumpower voltage is
35.178 mv; figure 11 shows the curve in the 1–10 V. Between the voltage increases with the increase of the
amplitude of voltage curve;figure 12, inductance between 0–2 KH,with the increase of the inductor voltage
increasesfirst and then decreases, there is the best to reach themaximum inductance voltage, when the
inductance is 0.4 kH, voltage is 0.970 55 mv,which is consistent with the analysis in the second chapter, the finite
element simulation. Show that the circuit equivalent circuit designed in this paper can reflect themechanical
systemmodel diagram.

Figure 10.Voltage capacitance characteristic curve.

Figure 11.Voltage amplitude characteristic curve.

Figure 12.Voltage inductance characteristic curve.
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5. Conclusion

This paper designs a kind of Piezoelectric liquid resistance capture energy device, by using the superposition
theory of the sheet deformation, the calculationmodel of the displacement curve of the circular piezoelectric
vibrator and the power generation capacity under the concentrated load is established. The results show that the
radius ratio, thickness ratio andYoung’smodulus of the circular piezoelectric vibrator have greater influence on
the power generation capacity.When thematerial of piezoelectric oscillator is determined, the best radius ratio
and thickness ratiomake the power generation capacity the largest. Excessive or small radius ratio and thickness
ratio will reduce the generating capacity and even generate zero power. In addition, the electromechanical
equivalentmodel is established. Equivalent analysis ismade by changing the circuit impedance. The results are
consistent with the theoretical simulation results, indicating that the established circuitmodel can truly reflect
the characteristics of the theoreticalmodel.
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