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Self-Powered Multiinput Hybrid Rectifier
With Arbitrary Phase Difference and Low
Start-Up Voltage for Piezoelectric
Energy Harvesting

Jiaming Xiong ", Yinshui Xia

Abstract—Harvesting vibration energy from multiple piezoelec-
tric transducers (PZTs) can significantly enhance output power.
However, prevailing methods either employ time-division multi-
plexing of the inductor to harvest energy or rely on complex exter-
nal circuits to control switches, resulting in low energy conversion
efficiency. A self-powered multi-input hybrid rectifier (SP-MIHR)
with arbitrary phase difference and low start-up voltage is pro-
posed in this article. There are both voltage bias flip and series
synchronous switch harvesting on inductor (S-SSHI) operating
modes, enabling energy harvesting from multiple PZTs with arbi-
trary phase difference using a single inductor. Experimental results
show that the SP-MIHR circuit has a maximum end-to-end energy
conversion efficiency of 67.3% and a maximum output power that
is 1.47 times higher than that of the classical S-SSHI circuit, with a
start-up voltage that is 0.5 V lower than that of the S-SSHI circuit.
Compared with the multi-input standard energy harvesting circuit,
the SP-MIHR circuit can achieve 4.12 X power improvement and
1.3 X voltage improvement with a simple structure and excellent
scalability for multiple PZTs energy harvesting.

Index Terms—Hybrid rectifier, multi-input interface, piezo-
electric energy harvesting (EH), self-powered, series synchronous
switch harvesting on inductor (S-SSHI).

1. INTRODUCTION

technology and wireless communication technology,
wireless sensor networks (WSNs) have been widely employed
in areas of society, including smart cities, environmental mon-
itoring, telemedicine, and beyond [1]. However, the long-term
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operation of WSN nodes is limited by sustainable energy supply.
Traditional methods utilizing batteries or wired power sources
not only contribute to environmental pollution but also face
limitations in terms of time and spatial scales. Hence, con-
verting environmental energy into electrical energy to power
WSN nodes has emerged as an effective solution to address this
challenge [2].

The environmental energy that can be collected includes
vibration energy, solar energy, and thermal energy. Among them,
vibration energy is widely distributed in nature and has a high
energy density, which has attracted the attention of researchers
[3]. Piezoelectric transducers (PZTs) use the piezoelectric effect
of piezoelectric materials to convert mechanical energy resulting
from vibrations into electrical energy [4]. However, the current
produced by PZT is in the form of an alternating current, whereas
the terminal load typically requires a stable direct current. To
address this, an interface circuit with rectification, voltage sta-
bilization, and impedance matching capabilities is essential for
bridging the gap between the PZT and the terminal load [5].

The simplest interface circuitis the standard energy harvesting
(SEH) circuit [6], which requires only four diodes and a filter
capacitor. Although the structure of the SEH circuit is simple, the
conduction voltage of the diodes results in large power losses.
Moreover, due to the existence of parasitic capacitor in the PZT,
there is a phase difference between current and voltage, resulting
in alow energy harvesting (EH) efficiency of the SEH circuit [7].

To improve the energy conversion efficiency of the EH cir-
cuits, researchers have proposed a series of nonlinear EH in-
terfaces. Lefeuvre et al. [8], [9] proposed series synchronous
switch harvesting on inductor (S-SSHI) circuit and parallel
synchronous switch harvesting on inductor (P-SSHI) circuit,
collectively referred to as synchronous switch harvesting on
inductor (SSHI) circuit. The SSHI circuit enhances the EH
efficiency of the interface circuit by flipping the voltage of
the PZT, thereby synchronizing the phase of the voltage and
current of the PZT. However, the EH efficiency of these two
circuits is strongly influenced by the load. In order to eliminate
the dependence of the interface circuit on the load, Lefeuvre
et al. [10] proposed a synchronous electric charge extraction
(SECE) circuit. The SECE circuit divides the energy extraction
and storage into two steps. By decoupling the load side from
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the front-end rectifier circuit, the output power of the PZT
is independent of the load [11]. Similarly, maximum power
point tracking (MPPT) technology can also be used to address
the load dependency of the circuit [12]. Li et al. [13] used a
disturbance observation algorithm to track the maximum power
of the P-SSHI circuit, which improves the efficiency of the EH
and reduces the load dependence of the circuit.

In order to further enhance the efficiency of EH, researchers
continually refine circuit designs based on SSHI and SECE
topologies. Sanchez et al. [14] proposed a P-SSHI circuit for
periodic impulse excitation, while Dini et al. [15] proposed
a SECE circuit with residual charge reversal. These circuits
require precise switching control, but the additional control
circuits consume power. In order to solve the problem of self-
power supply for control switching, Liang et al. [16] proposed
a self-powered S-SSHI circuit, while Shi et al. [17] presented
a self-powered efficient SECE circuit. These circuits are con-
trolled by passive peak detection (PKD) switches, which realize
self-power supply, reduce circuit loss, and improve the efficiency
of the EH. In recent years, some researchers devoted themselves
to the research of hybrid rectifiers. Xia et al. [18] proposed a
self-powered S-SSHI and SECE hybrid rectifier, which achieves
the balance between the rectifier peak output power and the
optimal rectifier voltage range. Lallart [19] proposed a series
and P-SSHI circuit with high output power in a wide load range.
However, two large inductors are used in these two circuits,
which increases the size of the circuit and presents challenges
to scalability.

The energy harvested by a single PZT is limited and hard
to meet practical power supply requirements for loads. Hence,
the study of multiple PZTs for the EH has garnered attention.
Shareef et al. [20], Boisseau et al. [21], and Meng et al. [22]
improved the SECE topology and implemented multiple PZTs
interfaces of the SECE framework. However, these three circuits
are all realized by the time-division multiplexing (TDM) of the
inductor, precluding the simultaneous EH of multiple PZTs. To
solve this problem, many researchers made constant efforts in the
circuit structure optimization. Chen et al. [23] proposed a multi-
input S-SSHI circuit, which uses two synchronous switches
to eliminate the diode bridge rectifier and increase the output
power, but the number of switches increases multiplicatively
with the expansion of the number of PZTs. Long et al. [24]
improved the P-SSHI circuit and realized the multi-input of
PZTs but used two inductors, resulting in a bulky circuit. Wang
et al. [25] proposed a multi-input SECE circuit based on the
buck structure, which has a wide output voltage range but at the
expense of reduced power output. Long et al. [26] proposed a
multi-input ReL-SSHI circuit with MPPT, which realized the
combination of PZT arrays EH and MPPT technology, thus
improving the EH efficiency. However, only the inductor can
be shared. The above-mentioned circuits have addressed the
issue of charge cancellation endemic in traditional TDM designs,
while they still have some deficiencies in circuit structure and
output power.

In view of the above problems, a self-powered multi-input
hybrid rectifier (SP-MIHR) is proposed in this article. The
proposed SP-MIHR circuit employs an RC differential (RCD)
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Fig. 1. Mechanical model and equivalent circuit. (a) Multiple PZT's harvester.
(b) Equivalent electromechanical model of PZT. (c) Simplified circuit model
under resonance conditions.

circuit and PKD to control the switch, which effectively removes
the full-bridge rectifier (FBR) in the traditional S-SSHI circuit.
This design not only reduces the start-up voltage of the circuit,
but also enhances the efficiency of EH by implementing a
series-parallel hybrid inductor configuration. In addition, the
SP-MIHR circuit can harvest energy from multiple PZTs with
arbitrary phase differences using a single inductor, and its input
ports can be expanded according to the needs of application
scenarios. However, the output power of the SP-MIHR circuit
is load dependent and the maximum output power can only be
achieved at the optimum load value, but this problem can be well
solved using the MPPT technique.

This article is organized as follows. The typical multi-input
S-SSHI circuit topology and the proposed SP-MIHR system
structure are introduced in Section II. In Section III, the circuit
implementation is discussed in detail. Section IV reports the
experimental results, and Section V concludes the article.

II. PROPOSED SP-MIHR TOPOLOGY
A. Equivalent Electrical Model of PZT

A typical piezoelectric cantilever structure for vibration EH
is shown in Fig. 1(a), which can be characterized by a me-
chanical spring system coupled to an electrical domain model.
The electrical domain model can be described as a mass-spring-
damping system with only one degree of freedom, as depicted
in Fig. 1(b). When the vibration acts on the PZT as an external
force (F), its tail produces a tip displacement (u), which converts
mechanical energy into electric energy. In Fig. 1(b), Ks, M,
and D, respectively, denote the structure stiffness, the rigid
mass, and the damper, while F'p represents the reaction to the
mechanical structure caused by the inverse piezoelectric effect of
the piezoelectric element. According to the law of conservation
of energy, the input energy of the system can be converted into
kinetic energy, elastic energy, mechanical loss, and converted
energy. Among them, the converted energy is the sum of the
electrostatic energy stored on the capacitor Cp and the energy
transferred to the interface circuit [27]

1 1
/Fudt = 5Mu%riKEuQ+/Du?dt+/oA/udzf (1)

/ aVaudt = %CPVQ + / VIdt )
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Fig.2. Typical multi-input S-SSHI circuit topology and waveforms. (a) Multi-
input S-SSHI circuit topology. (b) Waveform of voltage (VpzT) and current (i 1,).

where o and Ky are the piezoelectric coefficient and stiffness
of the piezoelectric element at short-circuit conditions, respec-
tively. When the PZT operates near its resonant frequency, the
output current reaches the maximum, and the PZT model can
be equivalent to a circuit model with a parallel combination of
current source /p, parasitic capacitor Cp, and resistor Rp, as
shown in Fig. 1(c). In the later analysis, the PZT is assumed to
be based on the simplified circuit model.

B. Typical Multi-Input S-SSHI Circuit

As shown in Fig. 2(a), the typical multi-input S-SSHI circuit
consists of replicated blocks, an inductor, an FBR, and a storage
capacitor C,,, where each replicated block contains a PZT and
a switch SW. For each PZT, before the vibration displacement
reaches the extreme value, the corresponding SW is turned OFF,
the whole circuit is at the open state, and the equivalent current
source /p charges the parasitic capacitor Cp. When the voltage
of Cp reaches the maximum, the SW is turned ON, and the
parasitic capacitor C p forms a CLC resonance with the inductor
L and the storage capacitor C,.. After half a resonance cycle, the
SW is turned OFF, the energy extraction process ends, and the
voltage on the PZT flips from V), to -V,,,, as shown in Fig. 2(b).
In a period, the maximum output power of the circuit can be
expressed as

faPu3, 1+ vs

3
Cp 1—17s ©)

PsfssHI,max =

where « and u), are the pressure coefficient and displacement
amplitude of the PZT respectively, while g is the voltage flip
factor of the S-SSHI circuit. As can be seen from Fig. 2(b),
the inductor currents of a typical S-SSHI circuit are opposite in
the positive and negative half cycles. Therefore, when the phase
difference between the two PZTs is 7 and the inductor needs to
be used to transfer energy at the same time, the energy in the
inductor will be offset. Moreover, the presence of an FBR in a
typical S-SSHI circuit results in a higher start-up voltage of the
circuit, which is at least

Vitar,s—ssu1 = Vsw + 2Vp 4)

where Vgw is the turn-on voltage of the switch and Vp is the
threshold voltage of the diode.
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Fig. 3. Proposed SP-MIHR circuit topology and waveforms. (a) SP-MIHR
topology. (b) Waveforms of voltage (VpzT) and current (iy,).

C. Proposed SP-MIHR Topology

The proposed SP-MIHR circuit topology is shown in Fig. 3(a).
Each EH unit consists of a PZT, two switches, a PKD, and an
RCD. These EH units are interconnected via ports Ny, N, and
N3, which also connect them to the back-end circuit, so that
each EH unit shares a single inductor and MOS switches M,
and Ms. Due to the uniform direction of the current flowing
through the inductor in each EH unit, multiple PZTs can harvest
energy together not only by the inductor in TDM but also by the
inductor in synchronous extraction.

In the positive half cycle, when the Vpz reaches the peak
value, the PKD controls the switch Sp; to turn ON, and the
RCD outputs a negative pulse signal, causing the MOSFET M
to turn ON. The parasitic capacitor Cp and the inductor L form
an LC resonance, and the circuit operates in the voltage bias flip
mode. After 1/2 resonance cycle, the voltage of capacitor Cp
is reversed. In the negative half cycle, when Vpy1 reaches the
peak value, the PKD controls the switch S, to turn ON, and the
RCD outputs a positive pulse signal to turn ON the MOSFET M ;.
The capacitor Cp forms a CLC resonance with the inductor and
capacitor C,, and the circuit operates in the S-SSHI mode. As
shown in Fig. 3(b), the current source /p charges the capacitor
Cp before the switch is turned ON, and the variation amount
of the open-circuit voltage of the PZT in a half cycle can be
expressed as

1 [T 2
AV:VM—Vm:VN—Vn:—/ Tpdt =224UM
0

Cp
(5)

The variations of Vpzr in the voltage bias flip mode and
S-SSHI mode can be, respectively, described as follows:

Vo =vpVu (6)
Vin + Voc = vs(Vv — Vbe) @)

where 7 p and 7y g are the voltage inversion factors in voltage bias
flip mode and S-SSHI mode, respectively, and Vp is the output
voltage of the SP-MIHR circuit. According to the working prin-
ciple of the SP-MIHR circuit, the circuit only transfers energy
to the load in S-SSHI mode during each cycle. The transferred
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energy can be expressed as follows:

T/2 2rVi2.
Esp_mmr = Vb Idt =VpcCp(Vin + V) = —5—.
0 UJRL
®)
The following can be derived from the above equations:
2cvupy

Vo =

DC Cr

¥s(1+vs)(1+~vp)
72”5%??5) — (14 795)(1 —vp7s) — (1 +7s)°
9)

Therefore, the average output power of the SP-MIHR circuit
in one cycle can be expressed as:

P =Vjc/Ry.

When the vibration amplitude of the PZT remains constant,
the average output power is maximized at optimum load condi-
tions, which are given as

(10)

o?u?, (1+ 1+
Popoatitme = Lo A4 ) 0 F90)
Cp 1—vpvs
L—vpys
fCp(1+vs5)(14+p)

According to (11), the maximum output power of the SP-
MIHR circuit is closely related to the voltage inversion factor
for each operating mode. Typically, yp, vs € [0,1],and yp > 7 s.
By comparing the maximum output power between SP-MIHR
and S-SSHI circuits, the following can be inferred:

RL,opl = (12)

Psp_MIHR,max
PS*SSHI,max

TP — s
I —vsyp

According to (13), theoretically, the maximum output power
of the proposed SP-MIHR circuit is theoretically higher than that
of the S-SSHI circuit, indicating the superiority of the former
in terms of output power. Additionally, due to the absence of
an FBR in the SP-MIHR circuit, the start-up voltage is lower,
which can be expressed as

=1+ > 1. (13)

Vstar,sP—mmR = Vsw + Vob. (14)

Among them, Vop represents the overdrive voltage of the
MOSFET, which is approximately 200 mV, much smaller than
the threshold voltage Vp of the diode. From (4) and (14), the
start-up voltage of the proposed SP-MIHR circuit is lower than
that of the S-SSHI circuit.

III. IMPLEMENTATION OF THE SP-MIHR

To clearly illustrate the working principle of the proposed
SP-MIHR circuit clearly, two specific implementations of the
SP-MIHR circuit are used to introduce the EH for single PZT
and multiple PZTs, respectively.

A. EH for Single PZT

The specific implementation circuit of the proposed topology
with a single PZT is shown in Fig. 4. Here, capacitor C; and
transistors Q1, Q- constitute the PKD to control the switch
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Fig. 5. Waveforms of the SP-MIHR circuit.

formed by transistors Qs, Q4. The capacitor C; and resistor
R4 form the RCD, which can generate pulse signals to control
the on-off function of MOSFETs M7 and M. Transistors Q3 and
Q4 correspond to switches Sy; and Sp; in Fig. 3, while diodes
D1 and Dy are used to counteract the reverse parasitic diodes
within M, and M5, respectively.

The SP-MIHR circuit operates in two different modes. During
the positive half-cycle of the PZT vibration, the circuit operates
in the voltage bias flip mode, while during the negative half-cycle
of the PZT vibration, the circuit works in the S-SSHI mode. The
voltage and current waveforms of these modes are depicted in
Fig. 5. In order to explain the working principle of the circuit
in detail, the six working phases in both modes are analyzed in
combination with Fig. 6.

1) Positive Natural Charging Phase (ty—t;): As shown in
Fig. 6(a), during the forward vibration of the PZT, the current
source / p charges the capacitor C p, simultaneously charging the
PKD capacitor C through the base-emitter junction of transistor
Q1. When the current source Ip becomes zero, the open-circuit
voltage of the PZT reaches the maximum value V;, which can
be expressed as follows:

20y

1 [t
VM:Vm-i-i/ Ipdt =V,,+
Cp Jy, P

5)
At this point, the voltage of capacitor C; can be expressed as

follows:

Vor = Vu — Vee (16)
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Six operation phases of the proposed SP-MIHR circuit. (a) Positive natural charging phase. (b) First current reversion phase. (c) Voltage bias flip phase.

(d) Negative natural charging phase. (e) Second current reversion phase. (f) S-SSHI phase.

where Vi, represents the base-emitter junction conduction volt-
age of the transistor.

2) First Current Reversion Phase (t1—t3): As illustrated in
Fig. 6(b), during the reverse vibration of the PZT, the current
source I p inversely charges the capacitor C p, causing the voltage
of Cp to decrease. Owing to the presence of the base-emitter
junction of transistor Qs, the voltage of C; remains constant. The
transistor Q» becomes conductive when the voltage difference
between C; and Cp is greater than the conduction voltage of the
transistor base-emitter junction, thus driving the conduction of
transistor Q4, and then the circuit works in the third phase. At
this point, the open-circuit voltage of the PZT is given by

Vezri2 = Vor — Ve = Var — 2Vee. (17)

This also indicates a phase difference between the moment of
switch conduction and the moment when Vpy reaches its peak,
which can be expressed as follows:

0 = cos ' [(Vas — 2Vhe)/ V] - (18)

The energy loss attributable to the phase difference can be
represented as

1 1 .
8By =5Cp (V= V2 ,,) = 5CeVarsin®0.  (19)

From (19), it is evident that an increase in the phase difference
corresponds to an increase in energy loss, resulting in a reduced
efficiency of the EH. The relationship between the efficiency of
the EH and the phase difference can be expressed as follows:

_ 3CpVir— b Eg
2CVir

3) Voltage Bias Flip Phase (ta—t4): As shown in Fig. 6(c),
when the transistor Q4 is turned ON, the voltage of the C p begins
to reverse, leading to the RCD output of a negative pulse signal
that triggers the conduction of MOSFET M. The capacitor Cp
and inductor L then form an LC resonant circuit. After half a
resonance period, the voltage of the capacitor Cp is reversed.
From #; to t4, the relationship between Vpzt 2 and V,, can be
expressed as follows:

= cos?4. (20)

Vi + Vee + Vbs + Vo = vp(Vezre2 — Vee — Vbs — V)
(21)
where V.. is the emitter-collector voltage of the transistor Qy,
Vpg is the drain-source voltage of the MOSFET Mo, and Vp is
the threshold voltage of the diode.
4) Negative Natural Charging Phase (t4—t5): As shown in
Fig. 6(d), this process is similar to the positive natural charging
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Fig. 7. Proposed SP-MIHR circuit with two PZTs.

phase. The current source I p charges the capacitor Cp, while Ip
also charges the capacitor C; through the transistor Q5. When Ip
reaches zero, the voltage of Cp reaches the negative peak value,
—Vn.

5) Second Current Reversion Phase (ts5—tg): As shown in
Fig. 6(e), this process is similar to the first current reversion
phase. The transistor Q; becomes conductive when the voltage
difference between C; and Cp is greater than the transistor base-
emitter junction conduction voltage, thus driving the conduction
of transistor O3, and then the circuit works in the next phase.

6) S-SSHI Phase (ts—tg): As shown in Fig. 6(f), when the
transistor Qs is turned ON, the voltage of the C p begins to reverse,
resulting in the RCD output of a positive pulse signal that triggers
the conduction of MOSFET M;. The capacitor Cp forms an LC
resonant loop with MOSFET M7, inductor L, capacitor C,, and
transistor Qs. After 1/2 resonance period, part of the energy
stored in capacitor Cp is transferred to C,, while another part
returns to Cp, resulting in voltage inversion. At this phase, the
change in voltage of Cp and the energy stored in C,. can be
represented as follows:

‘/m + VDC + Véc + VDS + VD

= 'YS(VPZT,tG —Voc — Vee — Vs — VD) (22)

ts

Be =Yoo [ is(t)dt = VocCr(Vin + Vizras) 29
te

where Vpc is the voltage of C,. V. is the emitter-collector

voltage of the transistor O3, and Vpg is the drain-source voltage

of the MOSFET M.

B. EH for Multiple PZTs

In order to facilitate the discussion, a dual PZTs circuit is
used as an example to analyze the operating principle of the
multiple PZTs EH circuit, as shown in Fig. 7. When both
PZTs harvest energy simultaneously, the current through the
inductor L flows in the same direction, effectively addressing
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TABLE I
COMPONENT MODELS AND PARAMETERS

Component Models or Parameters
Ci1, Co 2nF
Ca, Ca2 2.2nF
L 1.8mH
Ly, I 85uA/34Hz
Rq, Rpi/Rp 510kQ, 2MQ
C,, Col/Cp2 220uF, 132nF
NPN (Q11, Q14, Oa1, Ona) 2N3904
PNP (Q13, O13, O, 023) 2N3906
NOMS (M,) A06408
POMS (M) A06407
Schottky Diode (D,, D,) INS819

the issue of charge cancellation encountered in traditional TDM
circuits when both PZTs employ the inductor simultaneously.
Furthermore, the inductor L, diodes D; and D5, and MOSFETS
M and M5, as well as the resistor R ; within the RCD structure,
are all shared in the SP-HIMR circuit. As the number of PZTs
increases, this approach not only saves components, but also
significantly reduces the size of the circuit, thereby reducing the
power dissipation.

In practical applications, the vibration amplitude and fre-
quency of PZTs fluctuate in response to environmental changes,
resulting in arbitrary phase differences between multiple PZTs.
For a circuit containing two PZTs, the phase difference during
inductor operation can be categorized into four different situa-
tions. For a comprehensive understanding of the EH of multiple
PZTs, the four cases are simulated using LT-Spice software,
and the circuit component models and parameters used in the
simulation are shown in Table I. The details are as follows.

1) Complete synchronization (¢ = 0): When the phase differ-
ence ¢ between PZT1 and PZT?2 is equal to 0, it indicates
that the open-circuit voltages Vpzr of both PZTs reach
their peak simultaneously, requiring the simultaneous use
of an inductor for energy transfer. In this case, transistors
Q14 and Qo4 are concurrently conductive, and the RCD
outputs a negative pulse signal to control the MOSFET M to
be turned ON. Then Cp; and Cps are connected in parallel,
forming an LC resonant loop with the inductor L. As a
result, the voltage and current waveforms of both PZTs
overlap, and the inductor current I(L) is the sum of the
current I(Cpq) of the Cpy and the current I(Cpy) of the
Cpo, as shown in Fig. 8(a).

2) Complete asynchronization (m < ¢ < 27): Considering
that the operating time of the inductor is extremely short
compared to the vibration cycle, and that the vibration
frequency of the PZTs is influenced by environmental
factors, the two PZTs predominantly work in a complete
asynchronous state. In this case, the two PZT units operate
independently of each other without mutual interference,
and their use of the inductor is separate, eliminating con-
flicts in the use of the inductor. The operating principle of
the circuit is similar to that of the traditional TDM method,
with the corresponding voltage and current waveforms
illustrated in Fig. 8(b).
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Fig. 9. Voltage and current waveforms. (a) Continuous inductor charging.

(b) Continuous inductor discharging.

3) Continuous inductor charging (0 < ¢ < w/2): In this
case, the phase difference between the two PZTs is very
small, and as shown in Fig. 9(a), VpzT1 reaches its peak
before Vpyzro. At this time, the PKD control transistor
Q13 corresponding to the PZT1 unit is turned ON, while
the RCD outputs a positive pulse signal to control the
conduction of the MOSFET M. Then Cpq, the inductor
L, and C, form an LC resonance. Then Cp; begins to
charge the inductor L, resulting in a decrease in Vpz11 and
an increase in inductor current /(L). During this period,
the Vpyzro reaches the peak, the transistor Qo3 and the
MOSFET M; are turned ON, allowing Cp2 to also form an
LC resonance with the inductor L and C,. At this time,
since Vpzro > Vpzr1, transistor Q13 is temporarily OFF,
clamping Vpzri. As Vpzri decreases to equalize with
VpzT2, transistor Q13 becomes conductive again, allowing
both Cp; and Cps to simultaneously charge the inductor L
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Fig. 10.  Experimental setup.

until the inductor current /7, peaks. The circuit then enters
an inductor discharge phase in which the inductor current
I(L) is equal to the sum of I(Cpy) and I(Cps).

4) Continuous inductor discharging (7/2 < ¢ < m): As
shown in Fig. 9(b), in this case, the VpyzT; reaches the
peak before the Vpy s, but unlike the previous stage, when
Vpzro reaches its peak, PZT1 is in the inductor discharge
state. At this point, Vpyzro > Vpzr1, leading to the clamp-
ing of Vpzr1 and interruption of the inductor discharge,
causing /(C p1 ) to instantaneously drop to 0. Subsequently,
the charge within Cps begins to be extracted, resulting in
Vpzro decreasing and I(Cps) increasing. When Vpyrg
decreases to equalize with Vpzro, both PZTs are simul-
taneously in inductor discharge, with the inductor current
being the sum of the currents from each PZT.

Through the analysis of the above four cases, it is evident
that the proposed circuit solves the queuing problem of using an
inductor in the traditional TDM circuit, which also shows that
the proposed SP-MIHR circuit can extract energy from multiple
PZTs with arbitrary phase difference (0—2).

IV. EXPERIMENTAL WORK

A. Experimental Setup

To physically verify the effectiveness of the proposed SP-
MIHR circuit, the experimental test platform is constructed as
depicted in Fig. 10. The experimental setup mainly consists of
a vibration table (VT-500), a signal generator (DG1022U), an
oscilloscope (DSOX4024A), a power amplifier (LA-800), two
PZTs (M-5628-P2/C,, = 132 nF), a multimeter, a load board,
and the SP-MIHR interface circuit. The other components of
the circuit are the same as in the simulation (see Table I).

By adjusting the signal generator, a sinusoidal signal with
modulated frequency and amplitude can be generated. The si-
nusoidal signal, after being amplified by the power amplifier,
can be used to control the vibration table, causing the PZT to
vibrate. Two identical PZTs are mounted on opposite sides of a
cantilever beam to maintain symmetry. The resonant frequency
can be adjusted by changing the position of the cantilever. In
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TABLE II
OPEN CIRCUIT VOLTAGE OF PZT WITH DIFFERENT ACCELERATION

Acceleration (m/s?) 1.25 1.38 2.16 2.79 3.37

Open Circuit Voltage (V) 1 14 3 4 5
H 20.0ms Measure D -144ms T 4 @08y A
===PZT1 e==—=PZT2 .\aturﬂP Current I 3V/div

: .. Charging Phase Reversion Phase
0V
Voltage Bias Flip Phase "S-SSHI Phase
Fig. 12.  Measured PZTs voltage waveform of the SP-MIHR circuit.

the experiment, the oscilloscope can be used to observe the
waveform of the circuit, the maximum output power of the circuit
can be measured by changing the load size of the access circuit,
and the multimeter can be used to measure the load voltage.

To obtain the frequency response of the piezoelectric devices
used, we measured the output voltage of the PZT versus fre-
quency at different excitation amplitudes, as shown in Fig. 11.
It can be seen that the output voltage of the PZT reaches its
maximum value only at the resonance frequency, and the reso-
nance frequency of the PZT is 34 Hz. The acceleration applied to
the piezoelectric energy harvester at different no-load voltages
was measured using a vibrometer (VICTOR 63B), as shown in
Table II. The SP-MIHR circuit starts to harvest energy when the
acceleration is greater than 1.38 m/s.

B. Analysis of Waveforms

Fig. 12 shows the voltage Vpyz1 waveform of the SP-MIHR
circuit measured by the oscilloscope, revealing that the two PZTs
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are operating in the complete asynchronization state. During the
positive half cycle, each PZT reaches the voltage peak after the
natural charging phase and then, after a short delay, the voltage
begins to flip. There is a phase difference between the maximum
voltage and the voltage just before flipping, estimated to be about
2Vhe (1.2 V), which confirms the theoretical analysis formulated
in Section III-A. In the negative half cycle, the voltage of each
PZT is flipped and extracted near the peak, and the circuit oper-
ates in the S-SSHI mode. During this phase, energy is transferred
from the PZTs to the energy storage capacitor as shown in (23).
The above analysis demonstrates that the proposed circuit can
alternately perform voltage bias flip mode and S-SSHI mode in
one cycle, which is consistent with the theoretical analysis.

Fig. 13 shows the waveforms of the inductor current and
output voltage. It can be seen that the inductor is used twice
in a cycle, while the energy storage capacitor is only charged
once, due to the fact that the PZT transfers energy to the storage
capacitor only in the S-SSHI mode. Moreover, it can be ob-
served that the direction of the inductor current remains constant
throughout the cycle and the output voltage increases stepwise
during the charging process. However, as the output voltage
increases, the inductor current gradually decreases, because the
inductor current is limited by the increase of output voltage. The
relationship between output voltage and inductor current can be
expressed as follows:

Ip max = \/Cp/L - (VN —Vbe — Vee = VD — Vbs).  (24)

According to (24), as the output voltage increases to the
maximum, the inductor current will decrease to 0, and the circuit
will not be able to harvest energy from the PZT, which means
that the proposed circuit can only maintain high efficiency at the
optimal output voltage.

In order to verify that the SP-MIHR circuit can extract energy
from multiple PZTs with different phase differences, we install
two identical PZTs on the symmetrical position of the same
cantilever beam and then tune the frequency of the vibration
table to change the phase difference between the two PZTs.
The voltage and inductor current waveforms of the two PZTs at
different phase differences are tested, as depicted in Fig. 14. It
can be observed that the experimentally measured voltage and
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Fig. 15.  Circuit and waveforms. (a) Traditional S-SSHI circuit. (b) Maximum
output power waveforms at different open-circuit voltages of the PZT.

inductor current waveforms are consistent with the simulation,
which shows that the proposed circuit can extract energy from
multiple PZTs with arbitrary phase difference (0—27).

C. Experimental Results

In order to ascertain the start-up voltage of the proposed
circuit, we measured the maximum output power of the SP-
MIHR circuit at different open-circuit voltages of the PZT and
compared it with the simulation results, as shown in Fig. 15(b).
For comparison purposes, a prototype of the S-SSHI circuit
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was also fabricated using the same discrete components, with
a detailed circuit implementation presented in Fig. 15(a). It can
be observed that the start-up voltage of the SP-MIHR circuit
is 1.4 'V, which is significantly lower than the 1.9 V of the
S-SSHI circuit. This is because there is no FBR structure in
the SP-MIHR circuit, and the overdrive voltage of the MOSFET
in the SP-MIHR circuit is less than the threshold voltage of the
FBR diode in the S-SSHI circuit. As the open-circuit voltage
of the PZT increases, the output power of both the SP-MIHR
and S-SSHI circuits also increases, and the maximum output
power of the proposed circuit is always higher than that of the
S-SSHI circuit, which is consistent with the theoretical analysis
in (13). The measured results deviate from the simulation results
by approximately 12%. This is because the simulations use the
simplified equivalent circuit, which does not take into account
the mechanical effects induced by power extraction, leading to
an overestimation of its performance.

Compared with the S-SSHI circuit, the start-up voltage of the
SP-MIHR circuit is 0.5 V lower than that of the S-SSHI circuit,
and the maximum output power of the SP-MIHR circuit is 1.47
times that of the S-SSHI circuit, which fully illustrates the high
efficiency of the proposed circuit.

To measure the EH efficiency of the proposed circuit for
multiple PZTs, an experiment was carried out where two PZTs
(Voer =4V, Voo = 4.5 V) were connected to the circuit, and
compared with the SEH circuit under identical conditions, as
depicted in Fig. 16. In Fig. 16(a), a dual ordinate axis is used,
where the left axis represents the output power, which represents
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the performance of the circuit at different loads, while the right
axis represents the ratio S of the output power of two PZTs
operating simultaneously to the sum of the output power of the
two PZTs operating separately in the SP-MIHR circuit, which
represents the multi-input characteristic of the SP-MIHR circuit
that varies with load.

As shown in Fig. 16(a), the output power of the SP-MIHR
circuit is influenced by the load, reaching its maximum only at
the optimal load resistance. For a single PZT, the optimal load
resistance is approximately 15 k€2, whereas for dual PZTs, the
optimal load resistance is about 10 k(2. This is attributable to
the fact that, for the EH of dual PZTs, the output voltage Vpc
rises more quickly for the same load resistance, thereby reducing
the optimal load value. The dotted line in the figure illustrates
that for loads of less than 11 k{2, the output power of the dual
PZTs exceeds the sum of the output powers of PZT1 and PZT2
individually, which also proves that the SP-MIHR circuit can
effectively extract energy from multiple PZTs. The maximum
output power of the SP-MIHR circuit with two PZT inputs is
466 W, while the maximum output power of the SEH circuit
is 113 pW. Therefore, compared with the SEH circuit, the
maximum output power of the SP-MIHR circuit is 4.12 times
higher than that of the SEH circuit.

As depicted in Fig. 16(b), the optimal output voltage corre-
sponds to the maximum output power. Due to the difference in
open-circuit voltages between PZT1 and PZT?2, their respective
optimal output voltages are also different, with the optimal
output voltages of PZT1 and PZT2 being about 1.8 and 2.2 V,
respectively. For the EH of the dual PZTs, the optimal output
voltage is between 1.8 and 2.2 V. This is because when the output
voltage Vpc exceeds the optimal output voltage (1.8 V) of PZT1,
the output power of PZT1 decreases as Vpc increases, while the
output power of PZT?2 increases as Vpc increases, resulting in
almost no change in the combined output power of PZT1 and
PZT2. The output voltage range of the SP-MIHR circuit with
dual PZT inputs is 0—4.4 V, while the output voltage range of
the SEH circuit is 0-3.4 V. Therefore, compared with the SEH
circuit, the output voltage range of the SP-MIHR circuit is 1.3
times that of the SEH circuit.
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TABLE III
HARVESTED POWER AND POWER LOSS
Input Power Loss (uW) Harvested
Voltage (V) P P, Power (uW)
Voe=Voe=4.0 152 224 384
Vud: Vogzﬂ‘.s 176 297 556
Vnd: VogZ:S .0 204 332 804

Fig. 17 shows the output power versus the equivalent load
resistance of the SP-MIHR circuit with dual PZT inputs at
different input voltages (Voc). It can be seen that the power
curves of the SP-MIHR circuits at different input voltages are
similar in trend and shape, and the output power increases as
the input voltage increases. In addition, the output power of
the SP-MIHR circuit is greatly affected by the load, and the
output power reaches its maximum value when the load resistor
is 10 k€.

Fig. 18 shows the end-to-end energy conversion efficiency
of the SP-MIHR circuit with dual PZT inputs at 34 Hz fre-
quency with different input voltages and the comparison of the
experimental results with the simulation results. The energy
conversion efficiency of the SP-MIHR circuit is lower at lower
input voltages. This is due to the fact that the circuit harvests less
energy and loses relatively more of the energy when the input
voltage is low, resulting in a lower energy conversion efficiency.
As the input voltage increases, the energy conversion efficiency
gradually increases, reaching a maximum of 67.3% at an input
voltage of 6.3 V and then slowly decreasing. This is because
when the input voltage is high, the voltage of the transistors in the
circuit reaches saturation, at which point the energy harvested by
the circuit remains essentially the same, and therefore the energy
conversion efficiency decreases. However, the simulation results
are different because the saturation voltage of the transistor is
higher in the simulated environment, so the energy conversion
efficiency of the simulation results increases as the input voltage
increases.

Table IIT shows the dynamic loss of the SP-MIHR circuit with
two PZT inputs. The loss of the whole circuit consists of two
parts, Py, 1 and Py, ». One part is the loss generated by the peak
detection circuit, called Py, 1, which is mainly due to the power
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TABLE IV
PERFORMANCE COMPARISON

Publication TPEL2021[23] TPEL2020[25]  TPEL2018[20] TIE2022[24] TIE2022[26] TPEL2021[18] This Work
PZT PPA-1014 PPA-1014 PPA-4011 PPA-1001 PPA-1001 PPA-2011 M-5628-P2
Technique S-SSHI Buck+SECE SECE P-SSHI ReL-SSHI S-SSHI+SECE  Bias flip+S-SSHI
Input port Multi-input Multi-input Multi-input Multi-input Multi-input Single input Multi-input
Self-powered YES YES NO YES YES YES YES
Frequency 19Hz 20Hz 65Hz N/R 30Hz 18Hz 34Hz
Dual Dual
Inductor 2.3mH ImH 3.3mH (10mH-+10mH) 47mH (2mH+10mH) 1.8mH
Required phase 0~2mn 0~2n #0, #1 0~2mn #n N/A 0~2n
Reliability High High Low High Medium Medium High
Inductor TDM+SE TDM+SE TDM TDM+SE TDM N/A TDM+SE
multiplexing mode
Number of total
clements (a PZT) 12 9 N/R 13 N/R 12 13
Number of
shared elements ! 3 ! 2 ! N/A 3
Power boost to SEH 3.70% N/R N/R 4.8x 4.85% 3.41x 4.12%

N/R=Not Reported; N/A=Not Applicable.

dissipation caused by the mismatch between the turn-on time
and the time when the PZT voltage reaches its peak. The other
part is the power dissipation generated during the LC oscillation,
called Pr, o, which includes the power dissipation due to the
parasitic resistance of the inductors and transistors and the power
dissipation generated by the circuit during the voltage flipping.
It can be seen that the power dissipation is not fixed but varies
continuously with the input voltage. In addition, the power loss
due to LC oscillation accounts for a relatively large proportion
of the power consumed and this loss can be reduced by selecting
a high-quality inductor with low parasitic resistance. The power
dissipation due to the peak detector switching delay is mainly
due to the junction voltage Vi, of the transistor, and this loss
increases as the input voltage increases. The power dissipation
due to the switching delay can be reduced by selecting transistors
with the lowest possible V},, in the circuit design.

The performance comparison between the proposed SP-
MIHR circuit and several typical EH circuits is presented in
TableIV. Chenetal. [23] and Wang et al. [25] use the S-SSHI and
SECE structures, respectively, to harvest energy from PZTs with
arbitrary phase differences, but their EH efficiency is inferior to
the proposed circuit. In [20], a complex active digital circuit
is used to generate precise control signals, but this circuit can
only harvest energy from multiple PZTs using the inductor TDM
method, which makes this circuit less reliable. In addition, the
use of many active devices makes the cost-effectiveness of this
circuit high. The P-SSHI circuit in [24] uses a voltage-doubling
rectifier structure to reduce the number of switches, but the use
of two inductors results in an oversized circuit. In addition, when
the circuit is extended to multiple PZT inputs, only the inductors
can be shared, which increases the cost of the circuit. In [26], a
novel MPPT technique is used to extract energy from PZT arrays,
which improves the EH efficiency. However, this circuit cannot
handle the PZT phase difference of 7, and only the inductor
can be shared by PZT arrays. In [18], a hybrid rectifier structure
is used to achieve higher EH efficiency and a wider rectified
voltage range, but this circuit cannot be expanded. Furthermore,

the use of a transformer makes the EH efficiency more sensitive
to the coupling coefficient of the inductor and less reliable. In
contrast, the circuit proposed in this article employs a simpler
structure to extract energy from multiple PZTs with arbitrary
phase differences. Moreover, apart from the switches, most of
the other components can be shared, significantly reducing the
volume of the circuit and the cost cost-effectiveness.

V. CONCLUSION

In this article, an SP-MIHR with arbitrary phase difference
and low start-up voltage is proposed. The proposed circuit
effectively improves the output power by using a series-parallel
hybrid inductor configuration for the EH. Furthermore, the
proposed circuit uses the method of controlling the switch by
a combination of the RCD and the PKD to reduce the start-up
voltage of the circuit and extract energy from multiple PZTs. An
experiment performed on two PZTs demonstrates the SP-MIHR
circuit can achieve 4.12 x power improvement and 1.3 x voltage
improvement compared with the multi-input SEH circuit. Com-
pared to the classic S-SSHI circuit, the SP-MIHR circuit delivers
1.47 times more output power and has a start-up voltage that is
0.5 V lower than the S-SSHI circuit. The maximum end-to-end
energy conversion efficiency of the proposed circuit is 67.3%.
Both the analysis and experiment confirm the SP-MIHR circuit
provides an effective solution for multi-PZT EH.
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