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11 Abstract: Since the requirements in terms of power of the electronic applications range wide, the
12 developed Energy Harvesting (EH) systems limit their availability to the less power demanding
13 applications. However, this paper focuses on increasing the energy levels collected in the EH
14 system so that it can be included in more demanding applications in terms of power. Therefore, an
15 electronic system capable of grouping many single harvesting channels into one single system is
16 analyzed in this paper. This multi-harvester electronic system is able to manage efficiently the
17 energy collected by multiple vibratory transducers. The paper includes a comparison of its
18 performance against some of the State-of-the-Art EH energy management circuits that interface the
19 transducers. The method employed to demonstrate the intrinsic efficiency of each of the electronic
20 circuits tested was based on experimental tests, where the average power transferred from several
21 identical and simultaneous electric sources to a single storage element was measured. It was found
22 out that only one energy management circuit was able to increase the transferred energy in a linear
23 way while new input electric sources were added.

24 Keywords: Energy Harvesting; energy management circuit; kinetic energy; vibratory transducer.
25

26  1.Introduction

27 The energy harvesting (EH) technologies are gathering more and more interest in the academia
28  and industry. Many monitoring and control applications require wireless sensor and actuator
29  networks. The networks are composed of independent nodes that are not plugged to electric power
30  supply and need independent power sources. Thus, it is mandatory to provide an autonomous
31  power source to each node of the network so that their useful life is as long as possible.

32 Several sources to obtain and convert electrical energy are in the limelight. For example,
33 ambient energy, as light, thermal gradients, kinetic energy or radiofrequency (RF) energy, is
34 transformed into electrical energy. Kinetic sources applied to piezoelectric transducers [1] are in the
35  spotlight of this research since mechanic vibrations are present in a number of useful locations, such
36  astransport vehicles, electromechanical machines or just walking [2, 3].

37 There are three primary transduction mechanisms that convert mechanical energy into
38 electrical energy: electromagnetic (EM) [4, 5], electrostatic (ES) [6-8] and piezoelectric (PE) [9-11]. The
39  first mechanism is based on Faraday’s induction law. Electromagnetic coils, usually large, produce
40  power levels that range from 20 uW to 2000 uW [12] but the output voltage is low (<1 V) and they
41  require additional conversion stages. Next, the electrostatic devices that use a variable capacitor to
42  harvest energy produce significantly lower power levels (10-40 uW) than those coming from
43 electromagnetic devices [13-15]. The last mechanism, the piezoelectric transduction, offers suitable
44 output voltages of up to 20 V. Piezoelectric transducers are well suited for miniaturization.
45  However, they show extremely high output impedances and, hence, the levels of output currents in
46  the range of microamperes provide levels of power up to microwatts.
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47 The power levels achieved for vibration energy harvesting are summarized in Table 1, which is
48  arranged considering the type of transduction.
49 Table 1. Power Levels Achieved in Some Vibrational Energy Harvesters. P is the power achieved, fis
50 the frequency of the vibrations, a is the acceleration of the transducers and Pd is the power density.

Type P(uW) F(Hz) a(m/s?) Pd(puW/mm?)

EM [12] 2000 100 1.0 0.04

EM [16] 1500 60 1.0 0.05

ES [17] 24 30 10 0.015

ES [18] 8 50 8.8 0.21

PE [19] 375 120 2.5 0.18

PE [20] 160 80 2.3 0.25
51 However, the energy requirements of electronic systems depend upon the specific application

52 they are meant to. It may happen that the amount of voltage or electronic power given by the EH
53 system does not satisfy the conditions of many applications, as, for instance, in wireless sensor
54 networks.

55 Nowadays, autonomous self-powered wireless sensor networking is one of the scopes in EH.
56  Despite there are relevant improvements in piezoelectric materials and transduction properties
57  [21-26], there can be found some applications of autonomous wireless sensors that cannot meet the
58  required minimum power specifications. However, the small energy harvested limits the
59 consumption of sensors. The most common way to reduce consumption is to decrease the sampling
60  rate and, therefore, assume that some loss of relevant data could happen. But the reduction of the
61  performance of the system cannot be acceptable in many applications.

62 Therefore, to prevent such situations, the efficiency of the vibratory energy harvester circuit
63  must be enhanced. The path to explore in this research is the design and implementation of a
64  multi-harvester system by using several interconnected harvesters. This solution increases the
65  efficiency of the EH system and offers higher power levels.

66 Furthermore, the high patentability of EH technologies as well as their availability to substitute
67  the batteries of low-consumption electronic devices make the EH technologies more attractive. The
68  literature on EH is mainly focused on building prototypes to power electronic devices. The size of
69  the EH prototypes ranges from nanometers to micrometers. The proposals in the literature increase
70 the application range of EH technologies to systems that consume just a few mW. However, this
71 paper introduces research on EH electronic systems that use multiple piezoelectric transducers to
72 collect energy. More specifically, kinetic sources with piezoelectric transduction applied to multiple
73 sources are considered from the point of view of the energy efficiency in the electronic management
74 stage.

75 Section 2 provides a general schematic of an EH system that focuses on the energy management
76 block and the EH circuits available. Section 3 focuses on the use of multiple harvesters to increase the
77  power given to the electronic system. Section 4 introduces the experimental setup used to compare
78  EH circuits and discusses the results of the harvested energy with some EH circuits. Section 5
79  analyzes the intrinsic efficiency of the EH electronic circuits. Finally, the last section summarizes the
80  conclusions drawn.

81 2. Energy Harvesting Circuits

82 A typical energy harvester system consists of several subsystems, which include energy
83  transducers, energy management hardware and energy storage, which provides energy to the
84  electronic application under suitable and stable voltage specifications. A generic vibratory energy
85  harvester system schematic is shown in Figure 1.
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87 Figure 1. Schematic of a generic vibratory energy harvester system.
88 Given the ultralow current levels generated by the piezoelectric effect in the range of tens of

89  microwatts, it is essential that the electronic interface or circuit for power management can optimize
90  the collection and conversion processes. In most applications, the generated average power is not
91  high enough to power any electric load, not even the least power demanding sensor circuits, with its
92  datalogger or wireless communication system. Hence, the mode of operation must be discontinuous
93 and must alternate the phase that charges the storage element, which can be done using an element
94 such as a bulky capacitor or using the phase that feeds the electric load.

95 Energy storage can be implemented by a rechargeable battery or a capacitor. The latter is more
96  advantageous because of the simplicity of the circuits to charge it and discharge it.
97 The fundamentals of electronic circuits for EH are introduced in [27]. Generally speaking, the

98  simplest circuit for energy management is the diode full-bridge rectifier, Figure 2(a), however, its

99  efficiency is extremely dependent on the electrical load. Attempts have been made to design circuits
100 to improve the diode full-bridge performance. There are two types of proposals for this issue.
101 The first option was investigated by a group of researchers [28-30] who developed a nonlinear
102 technique called Synchronized Switch Harvesting on Inductor (SSHI), which is based on commuting
103 the piezoelectric transducer over an inductor at the moment of maximum electric energy harvested
104 in the piezoelectric transducer. This technique can be implemented with many configurations, such
105 as parallel SSH], series SSHI (Figure 2 (b)), Synchronous Electric Charge Extraction (SECE) (Figure 2
106  (c)) and similar configurations that replace the inductor with a transformer. It is interesting to note
107 that these techniques are derived from the Synchronized Switch Damping (SSD) method, which is
108  an electrical technique developed to address the problem of vibration damping on mechanical
109 structures.
110 The second type of circuits to improve the low efficiency of the standard diode full-bridge
111  includes inserting a DC/DC converter between the diode full-bridge rectifier and the store capacitor
112 (Figure 2 (d)). The use of a bulky capacitor (Cp) as a buffer to store energy poses a problem in that the
113 capacitor cannot intrinsically ensure optimal power generation if it is directly connected to the
114 rectifier output. With the inclusion of the DC/DC converter, the rectifier is forced to work at its
115  optimal operating point, with a voltage in the rectified output Ve equal to half of the open-circuit
116  voltage Vp across the piezoelectric electrodes.
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118 Figure 2. Simplified schemes of the common types of energy harvesting circuits. (a) Diode full-bridge
119 rectifier (b) series SSHI (c) SECE (d) Adaptive DC/DC.
120 Therefore, the DC/DC converter must not only regulate its output voltage but also offer optimal

121 input impedance to the rectifier. However, in many cases, the amplitude of the vibrations and,
122 hence, the V; voltages generated by the piezoelectric transducer are not constant value. However,
123 the adjustment of the converter’s duty cycle with feedback control maximizes the power of the
124 system. The feedback control implies the use of circuits with extremely high consumption
125  requirements. An adaptive energy-harvesting circuit with low power dissipation is presented in
126 [28]. There, an ultralow-power analog controller eases the control and, as a result, the overall
127 efficiency of the circuit is about 50% when the output power is greater than 0.5 mW. Several power
128  optimization approaches for piezoelectric electrical generators available in literature propose
129  simplifications that lead to the replacement of closed-loop circuits to open-loop circuits. Ottman et
130 al. [29] introduced a step-down DC/DC buck converter. There, an optimal fixed duty cycle can be
131  determined to maximize the harvested power for a given frequency of mechanical excitation. The
132 optimal duty cycle for maximum power transfer turns to be almost constant when the amplitude of
133 the mechanical excitation is above a threshold, and is highly variable for amplitudes below that
134 value. Lefeuvre et al. [30] introduced the control of a buck-boost converter to track the generator’s
135  optimal working points. In this case, the duty cycle is determined as a function of the voltage of the
136  Dbattery to be charged and as a function of the maximum expected value of the converter input
137  voltage. Next, the inductor and switching frequency can be determined such that the input
138 resistance of the converter equals the matching load resistance of the piezoelectric device. In a
139 similar way, Yu et al. [31] introduced the same buck-boost topology for the impedance matching
140 block and added a bleed-off circuit in the energy storage stage.

141 The drawback of these open loop solutions is that when operating with fixed values of the duty
142 cycle, the results are successful only when the input voltage is within a fixed range of input voltages.
143 Nevertheless, a converter could be designed to fix the output voltage of the rectifier at the optimal
144 value for applications where the vibration amplitudes are known and are essentially constant.

145 Several attempts have been made to implement optimized harvesting circuit designs with
146  closed-loop control as a digital CMOS chip. For instance, a time-multiplexing mechanism for a
147  maximum power point is proposed by Chao el. al. [32]. The output of the piezoelectric film is
148  periodically disconnected from the application and connected to a vibration tracking unit to
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149  measure the maximum voltage and to regulate the step-down converter. The power utilization
150  efficiency of the overall platform is greater than 50%.

151 An Integrated Circuit (IC) designed for auto-harvesting applications with high-impedance
152 transducers, the LTC3588-1 [33], can be found in the market of electronic devices (see Figure 3). The
153 architecture of the IC-based circuit is similar to the adaptive DC/DC one presented in the Figure 2d.
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155 Figure 3. Block diagram of the LT3588-1 IC (Courtesy of Linear Technologies)
156 3. Multiple Transducers and Multiple Energy Management Circuits
157 Certain applications require more energy than the one given by a single energy harvesting

158  system. In these applications and under certain conditions, in particular when there are no
159  restrictions regarding the available volume that can be occupied, it is possible to attain higher power
160 by means of adding multiple transducers. There are two ways of connecting several piezoelectric
161  transducers to an energy management circuit: series, as shown in Figure 4(a), and parallel, as shown
162 in Figure 4(b). Lin et al. [34] describe many possibilities for using several piezoelectric transducers
163 connected in serie ways. In the former, the power level increases with the voltage amplitude in the
164 electrodes of the transducers, and in the latter, it increases with the amplitude of the output currents.
165  When working under low levels of vibration, the higher output voltage given by the series
166  connection leads to the advantage of higher probability of reaching the minimum threshold voltage
167  at the input rectifier stage. However, the individually generated voltages must be in phase in both
168  types of connections such that they do not cancel when being added to ensure that the performance
169  is acceptable. This condition can only be satisfied when the transducers are placed together on areas
170 under similar mechanical excitation. Therefore, the restriction on connecting multiple transducers
171  limits their use to well-defined areas where mechanical excitations are known with certainty.

172 Regardless of these restrictions, the most efficient solution is to maximize the harvesting of
173 vibratory energy from each transducer and to connect each transducer to an energy management
174 circuit. To complete the whole circuit, all energy management circuits transfer the collected power to
175  the single energy storage device as the diagram block shows in Figure 4(c). In the next section, the
176  selected energy management circuits will be tested by working connected to multiple transducers
177  simultaneously, as shown in Figure 4(c).
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181 Figure 4. Three configurations with multiple transducers: (a) interconnecting each other in series
182 mode to an energy management circuit (b) the same in parallel mode (c) connecting each transducer
183 to an energy management circuit and these circuits connected to an energy storage circuit.
184 4. Experimental Setup to Compare EH Circuits
185 In the two preceding sections, the functional description and characteristics of the main EH

186  circuits were introduced. In addition, it was discussed how the eventual need for a growing
187  collection of energy led to the use of multiple transducers and circuits. In this section, the details of
188  the experimental set-up for comparing EH circuits are given. Then, a set of tests was performed to
189  compare the efficiency of these energy management circuits. The primary goal of the set of tests was
190  to measure the efficiency of each one of the EH circuits. Then, the circuits were grouped to work in
191  parallel to harvest higher levels of power. Therefore, each circuit was connected to other identical
192 circuits to form groups of two, three and four energy management circuits working in parallel.

193 Thus, four types of circuits were selected and grouped on the workbench panels, as shown in
194 Figure 5: the diode full-bridge (used as the reference in this test), the series SSHI, the SECE and the
195 circuit based on the integrated circuit LTC3588-1 (hereinafter referred to as IC-based). Each one of
196  the energy harvester circuits (transducer plus energy management) represents one channel.
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197
198 Figure 5. Workbench panel to testing EH circuits.
199 During the tests, one, two, three and four channels of each type were connected in parallel, as

200  explained below:

201 e  The diode full-bridge circuits are connected directly to the store capacitor (Figure 6a).
202 e The series SSHI circuits are fully independent and they only share the output capacitor (Figure

203 6b). Moreover, each circuit includes a self-powered switching subsystem.

204 e The SECE circuits, when grouped, share the three main output elements of the converter:
205 capacitor, inductance and diode (Figure 6¢). Each circuit includes a self-powered switching
206 circuit to connect the transducer-rectifier stage and the common output stage.

207 e  The IC-based circuits are connected each other sharing a common terminal to the output
208 capacitor (Cswre) as well as sharing a common terminal connected to the small intermediate

209 capacitor (Crect) at the output of the internal rectifier stage (Figure 6d).
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211 Figure 6. Schemes of the implemented multiple harvester circuits. (a) Diode full-bridge rectifier (b)
212 series SSHI (c) SECE (d) IC-Based.
213 The tests consisted of measuring the time that a 10 mF capacitor needs to be charged within

214 some specific range of electric voltage. The value of the capacity was chosen because it can store the
215  amount of energy that can feed satisfactorily a wireless node type load. The energy stored in a
216  capacitor of C capacity when charging it from Vi initial voltage to V2 end voltage can be obtained
217  from the well-known Equation (1).

1

E=-CV;-VD), 1)
218 The resulting average power is defined by Equation (2). It can be calculated by just measuring
219  the time of charge. Then, the results obtained in several types of circuits can be easily compared.
E
P,== @
t
220 Initially, the piezoelectric transducer was substituted by an electric circuit based on the

221  simplified Thevenin equivalent model of the transducer, as shown in Figure 7. The use of the
222 equivalent circuit is a big advantage due to its simplicity and convenience when carrying out the
223 tests. The Thevenin equivalent circuit was built considering the data included in the data-sheet of
224 the manufacturer of the transducer, more specifically the ir current and the internal capacity Cr (150
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225  nF). The circuit was previously validated with the data obtained from the preliminary trials
226  performed with the M8528-P2 MFC [35] transducer, a Ds1 mode type of Macro Fiber Composite,
227  which is attached to a substrate material (FR4) 100x30x1mm thick forming a cantilever beam, as
228  shown in Figure 8.

Piezoelectric Norton model Thevenin model
| 1 | 1
| I | | |—
| | ! 11
| | | : Cp |
1 | 1 [}
m e ()T [ > OIS
1 I 1 1
| | ip | | Vp |
| | | |
229 b i o i
230 Figure 7. Schematic of the simplified Norton and Thevenin equivalent models of the piezoelectric
231 transducer.
232
233 Figure 8. Set-up of the preliminary trials performed with the M8528-P2 MFC type piezoelectric
234 transducer for its electric characterizing and subsequent validation of the Thevenin equivalent
235 circuit.
236 The Thevenin equivalent circuit was implemented with a series connected function generator,

237 150 nF ceramic capacitor and a resistive load. The sinusoidal voltage of the known amplitudes
238  (Voepp) for each one of the situations considered (0.5 grms, 1.0 grms and 1.5 grms) was generated. It was
239  applied to the input of the circuit. The load resistance was changed from 10 kQ to 1 MQ for each one
240  of the voltage amplitudes considered. The peak-to-peak voltage drops in the load were measured,
241  and they were compared with the results obtained in the trials to characterize the transducer.

242 To start with, it was determined the resonance frequency of the piezoelectric bender
243 (piezoelectric transducer stuck to the carbon fiber piece). It was approximately 20 Hz. Later on, the
244 peak-to-peak voltage drops generated were measured. The voltage drops were generated by the
245  piezoelectric transducers under harmonic vibratory acceleration forces of 0.5 grms, 1.0 gms and 1.5
246  gms. First, the open-circuit peak-to-peak voltage drops (Vocpp) were measured with no load
247 connected. The measured values for each situation were 10 V, 25 V and 36 V, respectively. Next, the
248  trials were repeated with the electrodes of the transducer connected to electronic loads that ranged
249 from 10 kQ to 1 MQ). These data were considered as reference and they were compared with the data
250  obtained from the trials with the Thevenin equivalent circuit.
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To finish the validation trials, the circuit was simulated with PSIM software [36]. Figure 9
summarizes the voltage drops obtained in the three types of trials, i.e. the results of the
measurement in the equivalent circuit, the simulation of the piezoelectric transducer and, the
measurements in the transducer.

—4— Measur. Equivalent circuit == Simulation == Measur. Transducer

10 47 100 470 1000
Resistive Load (kOhm)

Figure 9. Set of results of the trials for the experimental validation of the Thevenin equivalent circuit
of the M8528-P2 MFC piezoelectric transducer.

The results showed some slight differences among the voltage drops measured in the actual
Thevenin circuit and those in the piezoelectric transducers. On the other hand, there was almost no
difference between the actual and the simulated circuit, because the Cr capacitor was modeled with
15% tolerance.

After that, the comparative tests of the energy management circuits started. They were carried
out with the simplified Thevenin equivalent circuit. The input signal for the tests was obtained from
the function generator (20 Vpp and 20 Hz). During the tests, such signal was connected to each one of
the EH circuits under test. The test series were performed for each one of the circuit types, and they
were connected in parallel in groups of two, three and four circuits. Figure 10 shows the
configuration of the test for the case of four simultaneous energy management circuits.

Energy
Management

Signal R Energy
Generator Management | | Energy

20Vpp ,20Hz Energy > Storage

Management

Energy
Management

Figure 10. Test configuration for the case of four simultaneous channels.
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270 The tests consisted of measuring the time it takes to charge, from 0 V to 1.8 V, a single 10 mF
271  capacitor connected to the output of the energy management circuit. Figure 11 depicts the time it
272 took the operation with the four types of EH circuits under test, i.e., with the full diode-bridge, the
273 series SSHI, the SECE and the IC-based circuit. Moreover, each type of EH circuit was tested
274  individually and operating two and four of them in parallel, named channels.

275 The voltage change from 0 V to 1.8 V takes longer to the IC-based circuit proposed in this paper
276  than to the series SSHI and SECE circuits. However, the IC-based circuit gives charge to the
277  capacitor faster than the series SSHI and SECE circuits when considering two or four simultaneous
278  channels.

4 CHANNELS 2 CHANNELS 1 CHANNEL

e
=
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279
280 Figure 11. Output voltage versus time curves for the four types of circuits using (results for three
281 channels are not drawn for the sake of clarity of the figure).
282 Figure 12 shows the average power transferred to the capacitor load for each one of the four

283  cases and types of circuit considered here. It can be seen the clear linear evolution of the transferred
284  average power when the IC-based energy management circuit is considered.
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286 Figure 12. Average power (measured in mW) for the four EH circuits under test when using one to
287 four channels simultaneously.
288 The data shown in the families of curves of Figure 11 clearly indicates how the IC-based circuit

289  compared to the other circuits, charges the capacitor more quickly for the case of two and four
290  harvesters connected in parallel. When calculating the average power transferred to the capacitor
291  the average power grows almost linearly in the case of the IC-based circuit. Figure 12 proves that, for
292  the case of two, three and four harvesters connected in parallel, the slope of the average power curve
293 is almost constant in the case of the IC-based.

294 Generally speaking, when the amount of circuits connected in parallel grows, the slope of the
295  actual average power of any parallel association shows a certain decrease from the theoretical linear
296  value. Even with a certain amount of parallel circuits, the average power not only stops increasing
297  but also decreases.

298 On the contrary, as shown empirically, the IC-based circuit does not show the same
299  performance, and it is the most efficient among all the circuits under test compared here. The reason
300  behind the difference among the performance of the electronic circuits under test is explained next,
301  where the efficiency of the electronic circuits with multiple harvesters is analyzed.

302 5. Efficiency analysis of the electronic circuits with multiple harvesters

303 As arule, ideally, when two EH circuits are connected in parallel, it is expected that the amount
304  of total transferred power is equal to the sum of the power transferred by each single circuit.
305  However, the tests demonstrated that the diode full-bridge rectifier, series SSHI and SECE EH
306  circuits lose efficiency when same circuits are added in parallel. The loss of efficiency is intrinsic to
307  the circuit and independent from the vibratory energy source.

308 Some authors use different topologies to connect multiple harvesting circuits with the purpose
309  of minimizing the efficiency loss. For instance, Boisseau et al. [37] introduced a harvester for
310  multiple transducers based on a SECE circuit where the output stage is implemented with a single
311  flyback converter. On the other hand, Romani et al. [38] implemented a harvester for multiple
312 transducers based on a SECE circuit, with a single shared inductor and capacitor combined with a
313 passive interface, to allow collect energy under low levels of input voltages. In both cases, each
314  transducer is accompanied by its corresponding diode full-bridge rectifier, the switch to connect to
315  the output converter and its respective control and drive circuits for the switch. In some cases one
316  more diode to prevent reverse flowing of the current between circuits is added.

317 But if no components are added to the basic schemes shown in Figure 6(b) and Figure 6(c), the
318  loss of efficiency takes place. The loss is due to the operation procedure of the EH circuits. SSHI and
319  SECE circuits are divided into two stages: the first one harvest the energy from the vibratory source
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320  and the second one gets the energy from the capacitor. When several circuits are connected and
321  share the energy transfer stage, it is just a matter of probability to lose efficiency in the energy
322 transfer or find saturation in some component. In the SECE circuit, it is likely to find saturation in the
323 shared inductor because of the excess of instant current when two or more harvesters transfer
324 energy at the same time. In the SSHI circuit, there is feedback of part of the output current towards
325  some of the harvesting circuits.

326 In order to analyze the performance of each type of circuit, the currents that charged the store
327  capacitor were measured when one or several circuits were connected in parallel. To ease the
328  measurement, a shunt resistor of 1 ohm was connected between then energy management circuit
329  output and the store capacitor. The measurement of the capacitor charging current allows to know
330  the amount of the total charge transferred and allows the quantification of the efficiency of each type
331  of EH circuit when the amount of circuits in parallel is increased.

332 In the basic SECE EH circuit, there is a way to ensure that all the interconnected circuits transfer
333 the harvested charge at their maximum, as introduced in [37], and avoid the problem of
334 unsynchronized discharge to the output stage.

335 In the series SSHI circuit, each one included its own independent switch circuit and inductor, as
336  shown in Figure 6(b). During the tests, the input signals were also interconnected. Therefore, the
337 linearity of the multi-harvester EH circuit could be tested, i.e., it could be checked if two circuits
338  transferred twice the charge of a single circuit.

339 Figure 13 shows the results of the tests with series SSHI circuits in two situations: with a single
340  circuit, and with two circuits. The waveforms represent the short interval where the source voltage is
341  inverted as a result of the switching process. During this interval a resonant circuit is formed and the
342 current is transferred from input source to store capacitor. The screen captured in Figure 13 shows
343 the measure of the current average value during the 250 us interval. This measure indicates the
344  amount of charge transferred to the capacitor. Comparing the average values of the charging current
345  for a single circuit and for two circuits, 54.4 and 98.4 mA respectively, a 10% efficiency loss can be
346  seen. In fact, Figure 12 shows that the efficiency loss increases when operating with more circuits in
347  parallel.

348 As a result of the graphical examination of Figure 13, three time intervals can be distinguished:
349 T1, T2, and T3. As it can be seen, T1 and T3 intervals show a smaller slope than T2 interval. The
350  slopes are different because there is magnetic saturation in the inductor and, hence, its inductance
351 decreases, when the current reaches 100 mA. The current peak value increases from 432 mA, with a
352 single circuit, to 672 mA, with two circuits. The value is smaller than the double of a single circuit,
353 860 mA, and, therefore, it is a fact that the switching process in the two circuits is not synchronized.
354  The inductors used in the tests (Coilcraft’'s LPS6235 low profile series, 6x6x3 mm size) exhibit an
355  inductance range from 1 mH to 10 mH with saturation currents ranging from 200 mA to 70 mA,
356  respectively.

357 The results in the SECE EH circuit are analogous to the ones in the series SSHI circuit, already
358 explained. The SECE circuits, when connected in parallel, share the inductor. Therefore, the
359  probability of saturation is increased, particularly when the current from each circuit is discharged
360  simultaneously onto the inductor.

361
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362 Figure 13. Oscilloscope screen captures that show the input voltage from the energy source (CH2),
363 and the output current (CH3). The signal in CH3 is the voltage measured in the 1 ohm shunt resistor,
364 so mV corresponds to mA. (a) Single series SSHI EH circuit. (b) Two series SSHI EH circuits.
365 On the other hand, the IC-based circuit features a regulated maximum output current, which

366  maintains a constant peak current value. Such maximum output current is extremely useful when
367  working with various integrated circuits in parallel.

368 This IC includes three stages: the first one, the middle and the output stages. In the first one, the
369  piezoelectric electrodes are connected to a low-loss full-wave bridge rectifier with a high-efficiency
370  buck converter. This stage forms a complete energy harvesting system that is optimized for
371  high-output impedance energy sources, such as piezoelectric transducers. The middle and output
372 stages are inactive while the input capacitor gets charge, i.e., until the input voltage is greater than a
373  fixed upper threshold. This way, the consumption of the system is reduced. When the input is above
374  the threshold, the internal circuitry wakes up and the buck converter transfers efficiently a portion of
375  the stored charge to the output. After the transfer, the input voltage decreases to the specified lower
376  threshold voltage in the sleep state. When in sleep, both the input and output quiescent currents are
377  minimal.

378 The reason for such high efficiency is that the output stage converter in IC-based circuit is
379  decoupled from the input stage and it always operates under the same current and voltage
380  conditions (amplitude and frequency). In fact, even if more energy sources are added, the output
381  current in the IC-based circuit keeps its peak value.

382 Figure 14 shows the current burst waveforms while the store capacitor gets charged for both
383  situations, with a single IC-based EH circuit, and with four IC-based circuits operating
384  simultaneously. The duration of this time interval is 1.88 ms in the first case, and 7.5 ms in the last
385  one. Moreover, the maximum amplitude of the current burst is constant in both cases. It means that
386  the amount of transferred charge when four circuits are operating in parallel is almost four times the
387  charge transferred by the operation of a single circuit.
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388 Figure 14. Operation of the IC-based EH circuit. (a) a single circuit. (b) four circuits in parallel. The
389 CH1 waveform shows the output current burst measured in the store capacitor. The CH2 shows the
390 voltage decrease in the rectifying capacitor. The CH3 shows the voltage increase in the store
391 capacitor.
392 So, not only the procedure of the tests was validated but also it was demonstrated that the

393  IC-based EH circuit shows the best features to operate in a multi-harvester. In fact, the total amount
394 of the harvested energy by a multi-harvester IC-based EH circuit is almost the sum of the energy
395  harvested by each one of the harvester circuits. Therefore, it can be stated that the amount of energy
396  collected by the IC-based multi-harvester is practically the one that could be collected in the ideal
397  situation.

398 6. Conclusions

399 Monitoring systems require some kind of power supply, and their power requirements are
400  usually satisfied through the connection to the electric power supply. Unfortunately, sometimes the
401  monitoring systems do not have the chance to be connected to the electric power supply. On the
402  other hand, the breakthroughs in technology make such systems need less power than in the past.
403  Nowadays, EH systems can satisfy these requirements and can be considered as a plausible solution
404  for the deployment of monitoring systems. However, using only one vibration based source of
405  energy in the EH system is not enough to satisfy the power requirements in many monitoring
406  applications.

407 The paper focuses on increasing the efficiency of vibration based EH circuits with multiple
408  energy harvesters. As a result, the application range of such EH systems is enlarged. Then, here the
409 use of multi-harvesters is considered, and, hence, some single EH systems are interconnected to
410  supply more power to, for example, a monitoring system.

411 Some currently state-of-the-art EH circuits are analyzed in this paper. As the amount of circuits
412 connected in parallel grows, the slope of the actual average power harvested with SECE or series
413 SSHI circuits connected in parallel shows a certain decrease from the theoretical linear value.

414 On the contrary, it is demonstrated that the IC-based EH-circuit shows the best features to
415 operate in a multi-harvester circuit, i.e., it is fully scalable and, therefore, it is the most suitable and
416  efficient circuit to build a multi-harvester EH system. This feature is the most important one and it
417  makes the multi-harvester strategy outstanding.
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