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ABSTRACT 

Autonomous systems are these systems which power themselves from the available ambient 

energies in addition to their duties. In the next few years, autonomous systems will pervade 

society and they will find their ways into different applications related to health, security, 

comfort and entertainment. Piezoelectric harvesters are possible energy converters which can be 

used to convert the available ambient vibration energy into electrical energy. In this contribution, 

an energy harvesting cantilever array with magnetic tuning including three piezoelectric bi-

morphs is investigated theoretically and experimentally. Other than harvester designs proposed 

before, this array is easy to manufacture and insensitive to manufacturing tolerances because its 

optimum operation frequency can be re-adjusted after fabrication. In this array, each bimorph has 

its own rectification circuit in order to prevent the interference of its operation with the others. 

Two electrical connections are investigated: the series connection and the parallel connection. 

These connections are tested under several cases such as moderate and high excitation level and 

large and small connected load. The theoretical and experimental works show that each connec-

tion has characteristics and can be used to enhance the harvester output power and/or its frequen-

cy bandwidth. These characteristics are highly related to the excitation level and the connected 

load together. 
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 تحسين اداء حاصذة كهروضغطية تستعمل لتىليذ الطاقة الكهربائية اللازمة لتشغيل جهاز راتي العمل

 
 وليذ خالذ خيري الاشتري

 هذسط

 جبهعت بغذاد-مل٘ت الٌِذست
 

 الخلاصة

حسخعول الطبقت الوْجْدة فٖ الب٘ئت الوح٘طت لخحْٗلِب الٔ الطبقت النِشببئ٘ت اللاصهت الاجِضة راح٘ت العول ُٖ حلل الاجِضة الخٖ 

فٖ السٌ٘ي القل٘لت القبدهت, حلل الاجِضة سخخْفش بنزشة فٖ الوجخوع ّ سْ٘جذ لِب حطب٘قبث مز٘شة هخعلقت ببلصحت ّ لاداء عولِب. 

خشغ٘ل ُزٍ الاجِضة ح٘ذ ٗوني لِزٍ الحبصذاث ححْٗل احذٓ الْسبئل الوسخخذهت لالشفبُ٘ت. الحبصذ اث لنِشّضغط٘ت ُٖ 

عخببث الوصٌْعت هي هْاد مِشّضغط٘ت. ححخْٕ رلاد طبقت الاُخضاص الٔ طبقت مِشببئ٘ت. فٖ ُزا البحذ, حن حصو٘ن حبصذة 

رببخت.  مل عخبت ٗوني حْل٘ف حشددُب الطب٘عٖ ببسخخذام هغبًطمل عخبت حن حزب٘خِب هي طشف ّاحذ ّ الطشف الاخش حشك حشا. 

حوخبص ُزٍ الحبصذة الجذٗذة ببًَ ٗوني حجبّص الخبر٘شث السلب٘ت لسوبحبث الخصٌ٘ع بعذ حصٌ٘عِب ّرلل لاًَ ٗوني اعبدة حْل٘ف 

الزٕ عٌذٍ ححصذ امبش طبقت هونٌت. حن سبط لنل عخبت فٖ ُزٍ الحبصذة دائشة مِشببئ٘ت حسخخذم لخحْٗل الفْلط٘ت حشددُب الاهزل 

الٔ فْلط٘ت هسخوشة ّرلل لوٌع الخبر٘ش السلبٖ لنل عخبت مِشّضغط٘ت علٔ الاخشٓ. لقذ حن حصٌ٘ع ُزٍ الوخٌبّبت الوخْلذة 

الحبصذة ّ دساسخِب ًظشٗب ّ عول٘ب.حن بحذ ًْع٘ي هي الشبط النِشببئٖ لِزٍ العخببث النِشّضغط٘ت: سبط علٔ الخْالٖ ّ سبط 

 حوج دساسخِوب عٌذ حسل٘ط اُخضاص رّ سعت هخْسطت ّ عبل٘ت ّ علٔ الخْاصٕ. ُزاى الشبطبى حوج دساسخِوب بعذة حبلاث هزلا

مِشببئٖ صغ٘ش اّ مب٘ش. ًخبئج الٌظشٕ ّ العولٖ بٌ٘ج ححسي مب٘ش فٖ اداء الحبصذة الوقخشحَ هقبسًت هع مزلل عٌذ سبط حول 
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سع هذٓ الخشدداث الخٖ الخصو٘ن الوعشّف للحبصذاث النِشّضغطبت. ح٘ذ لْحظ اصدٗبد مب٘ش فٖ الفْلط٘ت الوخْلذة ّ مزلل حْ

 حعول بَ الحبصذة. ىهوني ا

 

1. INTRODUCTION 

Energy harvesting commonly refers to the process of converting the available energy from the 

environment into electrical energy. The concept of this process can be found in many real-life 

applications and on different scales. For example, wind turbines and solar panels are used for 

high amount of energy conversion and solar cells or piezoelectric materials are used for low 

amount of electrical energy conversion.  

The new challenge since about a decade ago is how to exploit this process to design systems 

which have the abilities to achieve their requirements (duties) and in addition power themselves 

from the available ambient energies. Such systems are called autonomous systems. In the next 

few years, autonomous systems will pervade society and they will find their ways into different 

applications related to health, security, comfort and entertainment. 

In the last few years, piezoelectric harvester has received the most attention concerning its poten-

tial to power electronic devices; numerous related scientific journals and conferences have inves-

tigated this subject intensively. 

The basic configuration of an autonomous system typically contains three elements in addition to 

the piezoelectric harvester: a full-wave rectifier, a reservoir capacitor and an electronic device 

performing the primary task. Fig.1 schematically shows the typical arrangement of such systems. 

It is clear that the autonomous system has two parts: the electrical part and the electromechanical 

part. These two parts effect on each other and they can prevent the autonomous system from 

functioning if they are not properly matched. 

One major limitation of piezoelectric energy harvester, discussed before by Al-Ashtari et al., 

2012a, is that it operates effectively at a single excitation frequency. This excitation frequency 

must match the optimal frequency of the piezoelectric harvester. The optimal frequency is de-

fined as the frequency at which the harvester generates the maximum voltage. It is determined by 

the harvester properties, geometry and the connected load (electronic device). For example, for a 

low damped harvester, experiments show that a 5% difference between the excitation frequency 

and the optimal frequency causes a drop of the harvested energy by about 90%.  

Tang et al., 2010 presented a comprehensive review contains most of the techniques developed 

over the past years to overcoming the bandwidth limitation of piezoelectric harvesters mentioned 

above. This review classified the known solutions into two main categories: optimal frequency 

tuning and multimodal energy harvesting. Optimal frequency tuning was sub-classified into me-

chanical methods, magnetic methods and piezoelectric methods; multimodal energy harvesting is 

divided into hybrid energy harvesting schemes and cantilever arrays.  

Optimal frequency tuning techniques can be classified more conveniently into manual and self-

tuning methods. The self-tuning methods also should be subdivided into active tuning and pas-

sive tuning techniques. Active tuning techniques continuously consume power while passive tun-

ing techniques require power only initially for tuning the harvester frequency. Up to now, there 

is no robust self-tuning harvester that can power its tuning process independently. 

This contribution focuses on the cantilever array approach either for increasing the magnitude of 

the generated voltage or extending the bandwidth of an energy harvester. A cantilever array con-

sists of multiple piezoelectric cantilevers integrated in one harvester in order to increase its fre-

quency bandwidth and/or output power. Increasing voltage is achieved when all the piezoelectric 

cantilevers have equal optimal frequency. While, extending the frequency bandwidth is accom-

plished if each piezoelectric cantilever has a certain optimal frequency so that at a certain range 
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of excitation frequency all (or a group) of the piezoelectric cantilevers operate together to gener-

ate the required voltage. 

Throughout the literature, it can be found that many attempts to design and model cantilever ar-

rays. For example, Shahruz, 2006a, b, and c introduced so-called mechanical band-pass filters 

which consist of multiple cantilevers. Dimensions and proof masses are calculated from the pre-

defined optimal frequency. These works generally do not consider the electrical characteristics 

and thus cannot investigate the electrical effect of each cantilever on the others. Xue et al., 2008 

presented another design of an array with cantilevers of different optimal frequencies. Each can-

tilever includes two piezoelectric layers and its resonance frequency is adjusted by varying their 

thickness. The authors concluded that connecting multiple bimorphs in series increased not only 

the harvested power but also the harvester bandwidth. They used 10 piezoelectric bimorphs of 

different thicknesses to harvest power across a bandwidth of 25 Hz. The mathematical model 

given in this work ignores the electrical effect of the bimorphs on each other. Also, the effect of 

connecting multiple bimorphs in parallel or in series on the optimal load of the complete harvest-

er is not investigated. Ferrari et al., 2007 designed a multi-frequency piezoelectric harvester 

which consists of three cantilever bimorphs of the same dimension. The authors determined the 

resonance frequency of each bimorph by adjusting the tip mass. They modeled the piezoelectric 

harvester as a voltage source in series with a branch consisting of a resistor and a capacitor con-

nected in parallel. This allows describing the effect of the bimorphs on each other. In this setup, 

a half-wave AC-DC rectifier was used for each bimorph for two main reasons: The electronic 

application needs DC power and power transfer between the bimorphs shall be prevented. 

It is hard to realize any of the harvesters presented in the aforementioned works in industrial ap-

plications. The setups in those works require very accurate manufacturing processes and careful 

handling, and operate at an unchangeable frequency band. If the frequency spectrum of the host 

changes, for example due to wear or changed operating conditions, those arrays will be useless. 

Another fact worth mentioning is that the characteristic frequencies of piezoelectric elements 

might also change due to aging temperature, vibration level etc. Al-Ashtari et al, 2013 intro-

duced a cantilevers array have no such limitations. This cantilever array is developed basing on 

their magnetic tuning technique addressed in Al-Ashtari et al., 2012b. The optimal frequency is 

tuned by changing the attraction force between two permanent magnets by adjusting the distance 

between the magnets. The optimal frequency and bandwidth can be re-adjusted at any time. This 

makes the proposed cantilever array insensitive to the effects of manufacturing tolerances of both 

the piezoelectric elements and the harvester structure on the optimal frequency of the system. 

In this contribution, a new cantilever array is designed based on that proposed by Al-Ashtari et 

al., 2013. This array was used as the energy harvester in an autonomous system similar to that 

shown in Fig. 1. In such systems, the electrical connections between the piezoelectric elements 

of the energy harvester, as well as the electromechanical characteristics of each one, are the im-

portant parameters which can be adjusted in order to increase the generated power, enhance the 

frequency bandwidth or make the system more reliable. There are two primary possible electrical 

connections to connect the piezoelectric elements together: the series connection and the parallel 

connection. Each one of these connections has its own characteristics and is suitable for different 

requirements. The model describing the operation of such system is derived and its operation is 

analyzed. This theoretical work is supported by the corresponding experimental results. The re-

sults of these two sections show good agreement between them. 

 

2. AUTONOMOUS SYSTEM 

It has been mentioned above that the autonomous system has two parts: the electrical part and 

the electromechanical part. In this section, these parts will be discussed in details. 
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2.1 Electrical Part 

In this paper the, behavior of an energy harvester connected to a rectifier circuit is introduced. As 

shown in Fig. 2, the rectifier circuit consists of four diodes:   ,        and   . These diodes are 

connected in the standard arrangement to convert the generated AC voltage from the harvester 

     into an output DC voltage    .  

Fig. 3a shows the generated AC voltage      during the first two periods of operation, where    

is the period. The corresponding output DC voltage is shown in Fig. 3b. These two figures show 

that the first period of operation is very important and it includes four intervals; these intervals 

are dependent on the design of the autonomous system components and their properties. Thus, 

the autonomous system should be designed with this in mind to operate successfully. These in-

tervals are: the dead zone interval   , the diode transient conduction interval    , the open circuit 

interval     and finally the diode steady-state conduction interval    . 

The rectification process starts when the dead zone interval ends. This interval is defined as that 

time interval during which the AC voltage is applied and there is no corresponding output DC 

voltage. That’s because the input AC voltage amplitude is less than that required to overcome the 

diode barrier voltage   . The dead zone interval exists only in the first quarter of the first period 

of operation (between 0 and   ) as shown in Fig. 3b.  

At the end of the dead zone interval   , the transient conduction interval     will start when the 

amplitude of the generated AC voltage rises to be greater than the diodes’ barrier voltage. Within 

this interval, either the first pair of diodes (   and   ) is on and the other pair (   and   ) is off 

or vice-versa. This causes the current to flow from the harvester into the parallel loads    and   . 

The size of the reservoir capacitor    should be calculated carefully so that it will be is fully 

charged at the end of this interval; otherwise the transient conduction time will continue over in-

to the next periods until the capacitor is fully charged. When the capacitor voltage rises higher 

than the amplitude of generated AC voltage, the diodes will be off because the capacitor will try 

to discharge its stored energy through them in their reverse direction. 

This means the harvester is now disconnected from the load side i.e. it is in open-circuit condi-

tion. This will continue until the amplitude of the input AC voltage becomes greater than the ca-

pacitor voltage. This happens in a time interval called the open circuit interval    . The load    

in this interval is electrically powered only by the energy stored in the capacitor and the harvest-

er in open-circuit condition. 

When the capacitor voltage becomes smaller than the amplitude of the applied AC voltage     , 

then this interval will be ended and the steady-state conduction interval     starts. Within this in-

terval, the other pair of diodes that were not conducting earlier will do so and the first conducting 

pair will not. Within this time, the capacitor should be recharged.  

The second and also all the next periods of operation have only the open circuit interval and the 

diodes steady-state conductions intervals i.e. the system will be in its steady state operation as 

shown in Fig. 3b.  

In most real-life applications, the required charging time of the reservoir capacitor is much 

smaller than required time for its discharging. This enables us to assume that almost all the gen-

erated current flows into the connected load during the diodes steady-state conductions intervals 

i.e. during the steady state operation the harvester will serve two different loading conditions: the 

open-circuit condition and resistive load condition. In this article, the connected load is chosen to 

be large enough in order the generated voltages have almost the characteristics during these al-

ternative intervals. 
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2.2 Electromechanical Part 

The electromechanical part (the piezoelectric harvester) has related mechanical and electrical 

characteristics. These characteristics are determined by the mechanical and electrical boundary 

conditions of the harvester. The open circuited condition refers to the case when the electrodes of 

the included piezoelectric elements are not connected. The resistive load condition means that 

the electrodes of the piezoelectric harvester are connected to each other via a resistive load. 

 

2.2.1 Open circuit condition 

The system representing the piezoelectric harvester of the autonomous system in an open circuit-

ed condition is shown in Fig. 4 (the electrical subsystem has been removed for purposes of clari-

ty). Based on the model introduced by Al-Ashtari et al., 2012a, the equivalent systems (me-

chanical and electrical) of the harvester in this condition are shown in Figs. 5a and 5b, 

respectively. All the parameters in the figures are the same as defined previously.       and 

      are the generated open voltage and the corresponding harvester deflection resulting from 

force application     , respectively. If the excitation force      shown in Figs. 5a and 5b is de-

scribed by  

 

               (1) 

 

then the generated AC voltage can be expressed as 

 

                      (2) 

 

where   is the excitation frequency in     ⁄ ,   and   the amplitudes of the excitation force 

and the generated AC voltage, and     is the phase difference between them. The governing 

equation of such system is 

 

   ̈       ̇                        (3) 

 

For the electrical side, the following equation can be derived: 

 

   ̇        ̇     (4) 

 

Therefore, the transfer function between the excitation force and the generated voltage is  

 

 
     

    
 

 

                 
 (5) 

 

where      and       are the Laplace transforms of the excitation force and generated AC volt-

age, respectively. In terms of the series resonance frequency   , the parallel resonance frequency 

   and the system damping ratio  , it becomes 
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Where,Al-Ashtari, 2012a 
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The generated AC voltage amplitude can be expressed as 
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and the phase difference is  
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) (9) 

 

2.2.2 Resistive load condition 

Resistive load condition refers to the condition in which the electrodes of the piezoelectric ele-

ment in a harvester are connected by a resistive load    as shown in Fig. 6. All the parameters of 

the systems are as defined previously.       is the beam deflection from the external force      

applied to the system.       and       are the corresponding generated voltage and charge 

across the connected resistive load. Figs. 7a and 7b respectively show the equivalent mechanical 

and electrical systems of a piezoelectric harvester at resistive load condition. 

Now, the first goal is to calculate the generated voltage as a function of the connected load    

and the excitation frequency  , and then to derive the relationship between these two variables 

in order to determine the condition at which the maximum power can be generated. The govern-

ing equation is the same as that for the open circuited condition, thus  

 

   ̈       ̇                        (10) 

 

for the mechanical side; for the electrical side, we have 

 

   ̇        ̇      ̇     (11) 

 

and 

 

  ̇     
     

  
 (12) 

 

As before, the transfer function between the excitation force and the generated voltage is 
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In terms of series resonance frequency   , parallel resonance frequency    and damping ratio  , 

which are defined by Eqs. (7a) ,(7b) and (7c), then Eq. (13) can be rewritten as 
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This gives the amplitude of the generated AC voltage as 
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and the phase difference is  

 

           (
 [         (  

    )]

  
  (          )  

) (16) 

 

Usually, a piezoelectric harvester is an electromechanical device that is located in or on a vibrat-

ing host structure to generate AC voltage, which can be used to power an electronic application. 

Therefore, the base of the piezoelectric harvester is excited, thus exciting the entire structure. 

The derived model can be valid if the force   is replaced by the force    . Where    is the am-

plitude of the base acceleration. The generated DC voltage of a harvester     in an autonomous 

system can be expressed as 

 

            (17) 

 

where    is the generated voltage under    conditions.  

 

3. CANTILEVER ARRAY 

There are two main connections can be used to connect electrically multiple piezoelectric ele-

ments: the series connection and the parallel connection. Also, each of these connections can be 

performed by two different ways as will be shown later: direct connection and indirect connec-

tion.  

 

3.1 Series Connection  

The series connection of the piezoelectric elements can be classified into two types: the direct 

and the indirect series connections.  

 

3.1.1 Direct series connection 

The direct series connection is when the electrodes of all the piezoelectric elements are connect-

ed together in series before the rectification process – for example, the system that is shown in 

Fig. 8. For this connection, all the piezoelectric elements should have exactly the same optimal 
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frequency in order to gain an output voltage equal to the generated voltage of one element, times 

the total number of elements (i.e., the ideal output). 

If the harvester includes   number of piezoelectric elements and all are excited by the applied 

force     , then the amplitude of the generated voltage by the     element during steady-state 

operation can be expressed as (based on Eq. (15)) 

 

 
   

       ⁄    

√[   
  (             )  ]

 
   [            (   

    )]
 
 

(18) 

 

If all the elements have the same optimal frequency, then the amplitude of the total generated 

voltage is 

 

         (19) 

 

and the total output DC voltage can be calculated as  

 

   
         (20) 

 

For this connection, if the piezoelectric elements have different optimal frequencies, then the 

generated voltages of each one will have different amplitudes and be in different phases. This 

will cause them to overlap and may lead to not achieving any enhancement. 

 

3.1.2 Indirect series connection  

The indirect series connection means that the piezoelectric elements in the harvester are connect-

ed together in series, but after the rectification process is carried out, as for example in the sys-

tem shown in Fig. 9. 

If this harvester also includes   number of piezoelectric elements, and these elements all have 

small differences in their optimal frequencies, and if the excitation frequency matches the opti-

mal frequency of one piezoelectric element, then the other piezoelectric elements should be able 

to generate voltage amplitudes equal to or more than that dropped through the diodes, so the total 

DC voltage will be   

 

   
  ∑        

   

   

 (21) 

 

This connection can be used to expand the frequency bandwidth within which the harvester can 

supply enough power to the connected load.  

It is not practical to use the indirect connection if the piezoelectric elements have large differ-

ences in their optimal frequencies. That is because the losses of voltage across the diodes will be 

very large. Thus, if a harvester includes   number of piezoelectric elements, and is excited by a 

harmonic acceleration of frequency that activates on piezoelectric element, which then generates 

voltage while the others do not, then the total DC voltage   
  at that case can be expressed as  
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 (22) 

 

It seems to be that if a large number of piezoelectric elements are used then this may result in 

there being no generated voltage anymore.  

 

3.1.3 Tuning strategy for series connection  

To achieve an expanded frequency bandwidth, each piezoelectric element should be tuned to a 

different optimal frequency. The spread between the different frequencies defines the bandwidth 

and the minimum voltage generated in this frequency range. In this paper, the tuning strategy is 

developed so that at a frequency    where two neighbouring piezoelectric elements generate the 

same DC voltage, the voltage generated by each element is half the mean peak voltage of the two 

elements.  

Fig. 10 shows an example with three piezoelectric elements with approximately equal peak volt-

ages (the solid line curves). It is clear that these elements are tuned in such a way as to ensure 

that at the frequencies     and    , the neighboring piezoelectric elements share equally in gen-

erating the total voltage. The total generated voltage is similar to that shown in Fig. 10 in the 

dashed black line. It seems that the peak voltage that can be generated by a single piezoelectric 

element at a single excitation frequency is extended across a considerable range as shown in Fig. 

10.  

This tuning strategy has been tested theoretically and experimentally, as will be shown later, and 

the results show that this strategy is very effective for enhancing the frequency bandwidth of a 

piezoelectric harvester. 

 

3.2 Parallel Connections 

If a harvester includes piezoelectric elements with different optimal frequencies which are 

connected in parallel, then only the element that generates the higher voltage powers the load, 

while the other elements do not. In a direct parallel connection, the other elements which are not 

generating voltage at the moment behave as additional parallel loads. Therefore, these elements 

cause the generated voltage to decrease. This is because these parallel elements reduce the 

overall load connected to the operating element.  

In indirect parallel connections, the voltage generated by the operating element prevents the 

rectifier circuits of the other elements from conducting. Therefore, it is not advisable to use 

either parallel connection type if the piezoelectric elements have different optimal frequencies. 

If all the piezoelectric elements have the same optimal frequency and are connected in parallel 

(direct or indirect), then the generated current increases. This case is not examined further 

because it is interested in replacing batteries with piezoelectric harvesters in currently 

commercial electronic applications. In such applications, achieving the required voltage is 

necessary to ensure achieving of the required power for the operation; the current is therefore 

uninteresting for this purpose. 

 

4. EXPERIMENTAL VERIFICATION  

Fig. 11 shows the experimental cantilever array harvester that was constructed to validate the an-

alytical model presented above. This harvester consists of three piezoelectric bimorphs (SITEX-

Module 427.0085.11Z from Johnson Matthey; specifications in Table 1). Magnetic stiffening Al-

Ashtari et al., 2012b can be used to tune each bimorph individually. The bimorphs are electri-

cally isolated from each other and from the aluminum base by plastic parts. Magnets with a face 
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area of 8.5 x 2 mm² and a thickness of 1.5 mm (from HKCM Engineering, manufacturing code 

Q08.5x02x01.5Ni48H) were used. The distance between the two magnets is adjusted using a 

knurled screw.  

This harvester is connected to a bridge full-wave rectifier consisting of four Schottky diodes and 

reservoir capacitor of size 200 µF. The used electrical application is a temperature sensor (TFA 

Dostmann GmbH & Co. KG Kat. Nr. 30.2018). This sensor requires       DC voltage and has a 

total resistance of       . This system was excited with a harmonic acceleration of amplitude 

equal to        ⁄  and frequency of        matches to the harvester parallel-resonance fre-

quency.  

Fig. 12 schematically shows the setup that used in the experimental work. The piezoelectric har-

vester is excited from its base by a harmonic acceleration supplied by an electro-dynamic shaker. 

In order to keep this acceleration on the desired value, it is monitored by using a laser vibrometer 

(vibrometer #1) and an oscilloscope. The amplitude and frequency of this acceleration are manu-

ally adjusted by manipulating the used signal generator and amplifier. 

A second vibrometer of two laser probes is used to measure the deflection of the piezoelectric el-

ement included in the used harvester. This deflection is monitored and measured by using also an 

oscilloscope as shown in Fig. 12. 

Fig. 13 shows a comparison between the obtained output DC voltages for three cases all excited 

by the same harmonic acceleration as before (       ⁄ ): the first case when the harvester in-

cludes a single bimorph, the second case when the harvester includes three identical bimorphs of 

the same operational frequency (      ) and connected in indirect series and finally the third 

case when these three bimorphs are connected in direct series.  

It is clear that connecting identical bimorphs of same operational frequency in series directly 

gives the greater DC voltage and it is more than the required voltage for making the temperature 

sensor operates. Therefore, this connection can be used to achieve one of two requirements: the 

first that such harvester of three bimorphs can be excited only by acceleration of amplitude 

       ⁄  to generate the DC voltage required for the temperature sensor operation. This makes 

such type of harvesters are relevant for small excitation level. The second is that such harvester 

can be designed not to operate at its parallel-resonance frequency and that causes a considerable 

reduction in the deflection of the bimorph and so increases the life time of the piezoelectric har-

vester. For example the autonomous system implemented before which was excited by an accel-

eration of frequency       , if the harvester of this autonomous system includes a single bi-

morph, then this bimorph should have a parallel-resonance frequency matching the excitation 

frequency and is deflected         to generate       DC voltage. But if the harvester includes 

three bimorphs, then each bimorph should have a parallel-resonance frequency of          or 

       and deflects with amplitude of         in order to be the total output DC voltage of 

     . 

If it is required from using the multiple bimorphs to enhance the frequency bandwidth of the 

harvester, then operations of the bimorphs should be integrated by tuning each one to a different 

frequency, as discussed earlier in tuning strategy. Fig. 14 shows that the single bimorph can gen-

erate       DC voltage only at a single frequency (      ), but using three bimorphs can extend 

this frequency into a considerable range of frequencies. It seems for the first moment that using 

three bimorphs in direct series connection gives a larger range of operational frequencies, but un-

fortunately the fluctuation in the generated voltage is too large due to the overlap of the generat-

ed AC voltages (amplitudes and phases) of three bimorphs. Connecting the bimorphs in indirect 

series also offers a considerable enhancement in the harvester frequency bandwidth from        

to        with a reasonable fluctuation in output DC voltage. 
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5- CONCULSION  

The feasibility of using harvester with multiple piezoelectric elements has been investigated. For 

this purpose a cantilever array with three piezoelectric bimorphs was constructed to be used in 

experimental verification. The results show good agreement between the theoretical and the ex-

perimental works. Strategies for connecting multiple bimorphs to increase the maximum gener-

ated power and/or enhance the bandwidth compared to a single bimorph harvester were also in-

vestigated.  

The results show that the harvester with three bimorphs of identical optimal frequency can be 

used either if the excitation amplitude is small or if it is required to generate higher voltage. The 

result shows that the generated DC voltage of harvester with three bimorphs can be reached to 

four times that generated of the harvester of single bimorph. 

The results also show that using the proposed strategy of the optimal frequency tuning extends 

the harvester frequency bandwidth considerably. The harvester of three bimorphs can generate 

1.5 V DC for a range 13 Hz instead of generating this voltage at only single frequency.  
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NOMENCLATURE 

  = equivalent mechanical damping of a piezoelectric device,    ⁄  

   = equivalent capacitance of the piezoelectric material,    

   = reservoir capacitor,    

     = applied excitation force,    

   = frequency at which piezoelectric element generates maximum voltage,    

   = frequency at which piezoelectric element generates half maximum voltage,    

  = equivalent mechanical stiffness of a piezoelectric device,   ⁄  

  = total equivalent mass of a piezoelectric device,    

  = number of used piezoelectric elements included in the harvester  

      = generated charge of the piezoelectric harvester at resistive load condition,   

   = connected Resistive load,    

  = time,    

   = period 

   = dead zone interval,   

    = transient conduction interval,   

    = steady-state interval,   

    = open circuit interval,   

   = diode drop barrier voltage,    

   = amplitude of the total generated voltage of a harvester included multiple piezoelectric el-

ements connected directly in series,    

   = amplitude of the generated voltage of the     piezoelectric element at resistive load condi-

tion,    

   = amplitude of the generated voltage at open circuit condition,    

      = generated AC voltage of the piezoelectric harvester at open circuit condition,   

      = generated AC voltage of the piezoelectric harvester at resistive load condition,   

  
  = generated DC voltage of a harvester included multiple piezoelectric elements connected 

directly in series,    

  
  = generated DC voltage of a harvester included multiple piezoelectric elements connected 
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indirectly in series,    

  
  = generated DC voltage of a harvester included multiple piezoelectric elements when excita-

tion frequency match the optimal frequency of one element,    

     = generated AC voltage of the piezoelectric harvester (general),   

      = displacement of the piezoelectric harvester at open circuit condition,   

      = displacement of the piezoelectric harvester at resistive load condition,   

  = conversion factor between the mechanical and electrical domains of a piezoelectric device, 

  ⁄  

  = equivalent damping ratio of the piezoelectric device 

    = phase difference between the excitation force      and the generated voltage      ,     

    = phase difference between the excitation force      and the relative velocity      ,     

  = Angular frequency of the excitation,     ⁄   

   = natural frequency of piezoelectric harvester,     ⁄   

   = series frequency of piezoelectric harvester,     ⁄   

   = parallel frequency of piezoelectric harvester,     ⁄   
 

 

 
Figure 1. Basic autonomous system. 

 

 
Figure 2. Electrical representation of a basic autonomous system. 
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Figure 3. (a) Applied AC voltage      and (b) the output DC voltage across the connected load 

   . 

 

 
Figure 4. Piezoelectric Harvester in open circuited condition. 

 

 
Figure 5. Equivalent systems of the piezoelectric harvester for autonomous system (a) mechani-

cal (b) electrical 
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Figure 6. Piezoelectric harvester connected to a resistive load. 

 

 
Figure 7. Equivalent systems of piezoelectric harvester connected to resistive load (a) mechani-

cal and (b) electrical. 

 

 
Figure 8. Autonomous system including a harvester with two piezoelectric elements connected 

in direct series. 
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Figure 9. Autonomous system including a harvester with two piezoelectric elements connected 

in indirect series. 

 

 
 

Figure 10. Tuning strategy for bandwidth enhancement. 

 

 
Figure 11. Experimental rig showing a cantilever array of three piezoelectric bimorphs. 
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Figure 12. Schematic diagram of the experimental setup. 

 

 
Figure 13. Generated DC voltages of harvesters of differenet number of bimorphs and different 

electrical connection, all bimorhs are tunned to have same optimal frequency. 
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Figure 14. Generated DC voltages of harvesters of differenet number of bimorphs and different 

electrical connection, bimorphs are tunned using the propsed tuning strategy. 

 

 

 

 

 

Table 1. Bimorph Specifications. 

Parameter Value 

Total length of piezoelectric layers               
Beam width                 
Total beam thickness                
Shim layer thickness                
Piezoelectric layer density             
Shim layer density             
Piezoelectric coupling factor  0.38 

Piezoelectric compliance                   
Piezoelectric dielectric constant             
Beam mechanical quality factor    
Shim layer modulus of elasticity              

 


