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Abstract—In this article, a rectifier-less synchronized switch har-
vesting on inductor (ReL-SSHI) interface circuit for piezoelectric
energy harvesting is presented. The proposed circuit works in two
different modes: at the positive peak of the open-circuit voltage
of the piezoelectric transducer (PZT), the switch in series with
the load is turned ON, and is operated in the series synchronized
switch harvesting on inductor mode; at the negative peak of the
open-circuit voltage of the PZT, the switch in parallel with the
load is turned ON, and is operated in voltage synchronous inversion
mode. The ReL-SSHI circuit does not need a rectifier bridge so that
the power loss of the circuit is reduced, and hence the piezoelectric
energy harvesting efficiency of the circuit is improved. Theoretical
analysis and simulation verify the effectiveness of the ReL-SSHI
circuit.

Index Terms—Piezoelectric energy harvesting, piezoelectric
transducer (PZT), rectifier-less, self-powered, series synchronized
switch harvesting on inductor (S-SSHI).

I. INTRODUCTION

HARVESTING ambient energy to power wireless sensor
network nodes has become one of the effective methods

to solve the problem of limited power supply life. Piezoelectric
energy harvester (PEH) can harvest energy from environmental
vibration sources, which is a promising technology. According
to the electromechanical coupling characteristic of the piezo-
electric element, electricity can be generated when it is strained.
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Because the deformation of the piezoelectric patch is alternating,
the generated current is also alternating [1]. However, common
electronic equipment requires a dc power supply. Hence, an in-
terface circuit with rectification and voltage regulation function
is required.

The simplest interface circuit is the full-bridge rectifier (FBR)
circuit. Many researchers have made their efforts in the optimiza-
tion of the FBR circuit and even implemented the integrated
circuit in CMOS [2], [3]. However, the harvesting efficiency is
still low because of the existence of a parasitic capacitor in the
piezoelectric element and a phase difference between the voltage
and current resulting in reactive power in such a circuit [4], [5].

It is hard for the FBR to efficiently harvest piezoelectric en-
ergy from a low electromechanical coupling PEH. Therefore, the
parallel synchronized switch harvesting on inductor (P-SSHI),
the synchronous electric charge extraction (SECE), and the
series synchronized switch harvesting on inductor (S-SSHI)
circuits were proposed for effectively harvesting piezoelectric
energy from low electromechanical coupling PEH [6]–[8]. Sub-
sequently, Liang et al. [1] proposed a self-powered synchronized
switch harvesting on inductor (SP-SSHI) circuit and compared
to the FBR circuit, the maximum output power can be increased
by 200%. Shi et al. [9] proposed a self-powered efficient syn-
chronous electric charge extraction circuit and the maximum
output power of this circuit can reach three times that of the
FBR. Furthermore, a low-phase lag peak detector was proposed
and applied to the SECE circuit. The maximum output power
of the circuit can reach 3.56 times that of the FBR circuit [5].
Shao et al. [10] proposed a highly efficient P-SSHI rectifier
for piezoelectric energy harvesting and the experimental results
showed that the proposed circuit can provide 5.8 times boost in
harvested energy compared to the FBR circuit. Sanchez et al.
[11] proposed an autonomous piezoelectric energy harvesting
system based on the P-SSHI technique, which can harvest energy
from periodic and shocking excitation and extract up to 6.81
times more power compared with the ideal FBR circuit. Eltamaly
et al. [12] proposed an SP-SSHI circuit, which has a 10%
efficiency increase compared to the circuit in [1]. Chen et al.
[13] proposed an improved self-powered P-SSHI circuit, the
maximum output power of the circuit can reach 3.6 times that
of the FBR circuit. Liang et al. [14] proposed a new interface
circuit called the parallel synchronized triple bias-flip (P-S3BF)
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for further boosting the harvesting capability. From their exper-
imental results, the maximum output power of the circuit can
reach 3.88 times that of the FBR circuit. The SECE and SSHI
use inductors for high efficiency, which results in a large volume
of the PEH. In order to realize miniaturized harvesters, circuits
based on synchronized switch harvesting on capacitors (SSHC)
have been studied. Du et al. [15] proposed an inductor less
bias-flip rectifier for the PEH, which shows a 9.7× performance
improvement compared with the FBR. Chen et al. [16] proposed
a split-phase flipping-capacitor rectifier with capacitor reuse for
input power adaptation, and its maximum efficiency can reach
9.3 times that of the FBR.

According to the summary of Brenes et al., [17] it can be
known that each interface has the maximum output power under
the optimal electrical tuning conditions. This maximum power
point (MPP) voltage changes when the vibrations character-
istics change, and therefore MPP tracking (MPPT) is needed
[18]. Shi et al. [19] proposed a quasi-MPPT system based
on FBR with open-circuit voltage sampling and bidirectional
dc–dc voltage conversion. Moreover, active bridge rectifiers with
multidimensional MPPT have been proposed in [20], which
has a good performance of MPPT without requiring the high-
frequency sampling and elaboration of the harvester current or
voltage.

Although these advanced contributions have significantly im-
proved the efficiency of the PEH, the typical SECE and SSHI
have low efficiency in low-voltage harvesting [21]. Especially,
when the vibration is weak, the power consumed by the rectifier
diodes may even exceed the power obtained by the load. To
solve this issue, Cai et al. [22] proposed an interface with fully
autonomous conjugate impedance matching, which does not re-
quire a diode rectifier so that power consumption can be reduced
and low-voltage piezoelectric energy can be harvested. Du et al.
[23] proposed an SSHI interface, which can extract energy from
a weak vibration excitation source. Although these solutions
can harvest low-voltage piezoelectric energy, they increase the
complexity of the circuit and require complex active control
circuits. In addition, the SSHI with magnetic rectifier is also used
to harvest low-voltage piezoelectric energy while it requires a
larger volume transformer with two primary windings and one
secondary winding [24], [25].

In this article, a rectifier-less synchronized switch harvesting
on inductor (ReL-SSHI) structure is proposed, and the imple-
mentation of a self-powered ReL-SSHI circuit is described in
detail. The proposed ReL-SSHI structure mainly includes an
inductor and two switches, which greatly simplifies the circuit,
reduces the number of components, and hence decreases power
consumption. Moreover, it can efficiently harvest low-voltage
piezoelectric energy.

In Section II, the S-SSHI circuit is briefly analyzed, and
the circuit topology of the proposed ReL-SSHI is introduced.
In Section III, the specific implementation of the ReL-SSHI
circuit is presented, and its working principle is explained. In
Section IV, the simulation analysis of the ReL-SSHI circuit is
presented. In Section V, the experimental results are provided.
Finally, Section VI concludes the article.

Fig. 1. Schematic of the S-SSHI interface.

Fig. 2. Topological structure of the ReL-SSHI.

II. S-SSHI AND REL-SSHI

A. S-SSHI Circuit

The S-SSHI is a typical energy harvesting circuit for PEH,
as shown in Fig. 1. According to the working principle of
the S-SSHI, when the open-circuit voltage of the piezoelectric
transducer (PZT) reaches the peak, the switch is turned ON, the
capacitorsCp,Cr, and the inductorL form an LC resonant loop.
As known, two diodes in the loop will consume part of the energy
extracted from the PZT, which will reduce the quality factor of
the LC loop.

The energy loss of the LC resonant loop can be expressed as

ΔELC =

∫ π
√
LC

0

(2VD + VS) ILC + rESRI
2
LCdt. (1)

VD is the conduction voltage drop of the diode, VS is the
conduction voltage drop of the switch, rESR is the equivalent
series internal resistance of the inductor, and the ILC is the cur-
rent of the LC resonant loop. From (1), if the energy consuming
components in the LC resonant loop can be reduced, the power
consumption of the circuit can be saved, which is advantageous
for improving the efficiency of the LC resonance.

B. ReL-SSHI Circuit

The proposed ReL-SSHI interface structure is shown in Fig. 2.
Compared with the S-SSHI, the ReL-SSHI eliminates the

rectifier bridge by adding a switch. Its working principle is as fol-
lows. When Vp reaches the peak, the switch Ss is turned ON, the
capacitors Cp, Cr, and the inductor L form an LC resonant loop.
After 1/2 LC resonance period, part of the energy accumulated
onCp is transferred to theCr, and the remaining energy reversely
charges Cp so that the voltage of Cp is reversed, which is the
same as the operation principle of the S-SSHI. When Vn reaches
the peak, the switch Sp is turned ON, then the capacitor Cp and
the inductor L form the LC resonant loop. After 1/2 LC resonance
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Fig. 3. Open-circuit voltage of the PZT in the ReL-SSHI and S-SSHI.

period, the voltage of the capacitor Cp is inverted. From Fig. 2,
it can be seen that the LC resonant loop in the ReL-SSHI circuit
has no additional energy-consuming components such as diodes,
which is beneficial for the ReL-SSHI to achieve more efficient
LC resonance.

Define Qs and Qp as the electrical quality factor of the LC
resonant Loops and Loopp in Fig. 2, respectively. The inversion
factors of the corresponding LC loop can be expressed as⎧⎨

⎩
γs = e

−π/2Qs , 1 > γs > 0

γp = e
−π/2Qp , 1 > γp > 0.

(2)

Fig. 3 shows the open-circuit voltage waveforms of the PZT in
the S-SSHI and ReL-SSHI circuits. As illustrated, the ReL-SSHI
and S-SSHI have similar waveforms, except that the S-SSHI is
symmetric on the horizontal axis, whereas the positive voltage of
the ReL-SSHI is significantly higher than the negative voltage.
During a vibration cycle, the ReL-SSHI operates in the S-SSHI
mode for most of the time and works in voltage synchronous
inversion mode only during the 1/2 LC resonance period of the
rising edge.

According to the description in [8], it can be known that{
V ′
n,org + VDC = γs

(
V ′
p,max − VDC

)
V ′
p,org = γp V

′
n,max

(3)

where VDC represents the output voltage of the ReL-SSHI
circuit, and V ′

n,org, V ′
p,max, V ′

p,org, and V ′
n,max correspond to

the voltage indication symbols in Fig. 3.
The charge amount that the current source Ip charges capac-

itor Cp in a half cycle is

Qe =

∫ T/2

0

Ipdt. (4)

Therefore, the variation amount of open-circuit voltage of the
PZT in a half cycle can be expressed as

ΔV = V ′
p,max − V ′

p,org= V ′
n,max − V ′

n,org= Vp,max

− Vp,org = Vn,max − Vn,org =
Qe

Cp
=

2αUM

Cp
. (5)

α and UM are, respectively, the force factor and displacement
amplitude of the piezoelectric patch. When the maximum dis-
placement amplitude of the piezoelectric cantilever remains
unchanged, the Qe and ΔV in the electrical domain will keep
unchanged.

The following can be derived from the above equation

Vn,org =
ΔV γs (1 + γp)− VDC (1 + γs)

1− γsγp
. (6)

According to the working principle of the ReL-SSHI, the
harvested energy is transmitted to the load once per cycle. The
energy transmitted to the load in the half LC resonant period of
the falling edge is

EReL =

∫ T/2

0

VDC · Idt = VDCCp

(
V ′
p,max + V ′

n,org

)
=

2πV 2
DC

ωRL
.

(7)
It can be obtained as follows:

V ′
p,max + V ′

n,org =
ΔV γs (1 + γp) (γs + 1)

γs (1− γsγp)

+
VDC

(
(1 + γs) (1− γsγp)− (1 + γs)

2
)

γs (1− γsγp)
. (8)

It can be further obtained as follows:

VDC =
ΔV γs (1 + γp) (γs + 1)

2πγs(1−γsγp)
RLωCp

− (1 + γs) (1− γsγp)− (1 + γs)
2
.

(9)
The average harvested power expression is given as follows:

P =
V 2
DC

RL
. (10)

For a constant displacement amplitude, the average harvested
power reaches the maximum value, PReL−SSHI,max, which
is given in (11) under an optimal equivalent load resistance
RReL−SSHI,opt as shown in (12)

PReL−SSHI,max =
ΔV 2ωCp

8π

(1 + γp) (1 + γs)

1− γsγp

=
fα2U2

M

Cp

(1 + γp) (1 + γs)

1− γsγp
(11)

RReL−SSHI,opt =
1− γsγp

fCp (1 + γp) (1 + γs)
. (12)

According to (11), the maximum output power of the ReL-
SSHI is proportional to the vibration frequency, the square
of displacement amplitude, and inversely proportional to the
clamped capacitance of the piezoelectric patch. In addition, it is
closely related to the inversion (electrical quality) factor of the
LC loop of the ReL-SSHI circuit.

The output power of the ReL-SSHI can also be expressed as

PReL−SSHI = fVDCCp

(
V ′
p,max + V ′

n,org

)

=
fCpVDC (ΔV − VDC) (1 + γs) (1 + γp)

1− γsγp
.

(13)
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Then, the equation is differentiated to Vdc, when its derivative
is zero, the optimal load voltage can be obtained:

VDC_ReL,opt =
ΔV

2
= VOC,org (14)

where VOC, org is the original open-circuit voltage of the PZT.
In the actual circuit, if the power loss of the circuit is considered,
the optimal load voltage will be lower than VOC,org.

From the research of Lefeuvre et al. [8], it is known that the
maximum output power, optimal load resistance, and optimal
load voltage of the S-SSHI are

PS−SSHI,max =
fα2U2

M

Cp

1 + γs
1− γs

(15)

RS−SSHI,opt =
1

4fCp

1− γs
1 + γs

(16)

VDC_S,opt =
ΔV

4
=

VOC,org

2
. (17)

If the conduction voltage drop of the rectifier diode is consid-
ered, there is

VDC_S,opt =
VOC,org

2
− 2VD (18)

where, VD is the conduction voltage drop of the rectifier diode.
Therefore, the minimum VOC,org of the S-SSHI should be

higher than 2VD, and the MPPT can be achieved only when the
minimum VOC, org is higher than 4VD. However, from (14), as
long as the minimum VOC, org of the ReL-SSHI is higher than
zero, piezoelectric energy can be harvested (the inductor and
switches losses are not considered).

It should be noted that the maximum power described in (11)
and (15) is the energy that the circuit can theoretically harvest.
In other words, it represents the maximum power that the PEH
can convert mechanical energy into electrical energy. Therefore,
even though the S-SSHI and ReL-SSHI use the same inductor,
the LC loop of the S-SSHI contains two diodes and has a lower
inversion factor, which will result in the theoretical maximum
harvestable power of the S-SSHI being lower than that of the
ReL-SSHI.

III. IMPLEMENTATION OF THE REL-SSHI

The detailed implementation of the self-powered ReL-SSHI
circuit is shown in Fig. 4. Except for the load and the PZT, only
one inductor, one capacitor, and four transistors (two PNPs, two
NPNs) are used.

As can be seen from Fig. 4, the self-powered ReL-SSHI
circuit requires fewer devices than the previously proposed
self-powered piezoelectric energy harvesting interface circuits.
The devices required in each circuit are listed in Table I.

In order to explain the working principle of the ReL-SSHI
circuit in Fig. 4, one work cycle is divided into six phases based
on the open-circuit voltage variation of the PZT as shown in
Fig. 5.

Fig. 4. Self-powered ReL-SSHI circuit.

TABLE I
DEVICES USED IN THE CIRCUITS

Fig. 5. Typical waveforms of the ReL-SSHI circuit in Fig. 4.

A. First Natural Charging Phase (t0 < t < t1)

During this phase, capacitors C1, Cp are parallel and the flow
directions of all currents are shown in Fig. 6(a).

The open-circuit voltage of the PZT can be expressed as

Voc (t) = Voc,t0 +

∫ t

t0 Ipdt

Cp
(t0 ≤ t ≤ t1) . (19)

Suppose Ip is expressed as

Ip = A sin (wt) . (20)

The open-circuit voltage of the PZT reaches the maximum
value of the positive half-cycle at the time t1, which can be
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Fig. 6. Flow directions of currents in (a) first natural charging (t0 < t < t1), (b) first voltage inversion (t2 < t < t3), (c) second natural charging (t3 < t < t4),
(d) second voltage inversion (t5 < t < t6).

expressed as

Voc,pmax = Voc,t1 = Voc,t0 +

∫ t1

t0 A sin (wt) dt

Cp

= Voc,t0 +

∫ T
2

0 A sin (wt) dt

Cp
− 2Vbe

= Voc,t0 +
2A

wCp
− 2Vbe (21)

where Vbe is the base-emitter threshold voltage of the transistor.
The reason why 2Vbe is subtracted from the equation is that
there is a phase lag between the switching action time (t2) and
the PZT’s open-circuit voltage peak time (t1), which is caused
by the base-emitter threshold voltage of the transistor. A detailed
description will be given.

At this point, the open-circuit voltage of the PZT reaches the
peak, and the energy accumulated in Cp reaches a maximum:

ECp =
1

2
CpV

2
oc,pmax (22)

At the same time, the voltage of the capacitor C1 also reaches
its maximum value:

Vc1,pmax = Voc,pmax − Vbe. (23)

B. First Current Reversion Phase (t1 < t < t2)

At the time t1, Ip crosses over zero, the current begins to
reverse charge Cp, and the charge stored in Cp begins to be
released, so that the open-circuit voltage of the PZT begins to
decrease gradually. However, the charge stored in the capacitor
C1 cannot be released because there is no loop so that the voltage
of C1 remains unchanged.

At the time t2, the open-circuit voltage of the PZT is lower than
the voltage ofC1 by a threshold voltage of the PNP transistorQ1,

which causes Q1 to be turned ON and the charge accumulated
on C1 begins to be released.

At this instant, the open-circuit voltage of the PZT can be
expressed as

Voc,t2 = Vc1,pmax − Vbe = Voc,pmax − 2Vbe. (24)

Then, the phase lag between the switching action time and
the peak time of the open-circuit voltage of the PZT can be
expressed as

θ = cos−1

(
Voc,pmax − 2Vbe

Voc,pmax

)
. (25)

C. First Voltage Inversion Phase (t2 < t < t3)

After transistor Q1 is turned ON, Q2 is also turned ON. The
circuit immediately enters the first voltage inversion phase. The
capacitors C1, Cp , Cr and the inductor L form an LC resonant
loop, as shown in Fig. 6(b). After half LC resonant period, the
charge accumulated in capacitors C1 and Cp is transferred to
the load through the LC loop, while Cp is charged reversely,
causing the voltage of Cp to flip. The working principle during
this phase is the same as that of the S-SSHI circuit. However,
there are no redundant energy-consuming components in the LC
loop of the ReL-SSHI circuit, which reduces the power loss of
the circuit and also means that the LC resonance loop has higher
efficiency.

For the LC loop, the main energy loss of the circuit is caused
by the switching transistor Q2 and the equivalent series resis-
tance (ESR) of the inductor L. Therefore, the power loss of the
first voltage inversion phase can be expressed as

ΔELC,1st =

∫ π
√
LC

0

VceIL + rESRI
2
Ldt. (26)
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IL represents the current of the inductor, which represents the
current of the LC resonant loop in the equation. Vce is the
collector–emitter voltage of the transistor, and rESR is the ESR
of the inductor. Compared with (1), it can be found that the power
lost at LC resonant loop by the ReL-SSHI circuit is lower than
the S-SSHI circuit.

Assuming that the electrical quality factor of the LC loop is
Q′

s, its inversion factor can be expressed as

γ′
s = e

−π/2Q′
s , 0 < γ′

s < 1. (27)

For the first inversion, from t2 to t3, the relation between
Voc,t2 and Voc,t3 can be obtained as

Voc,t3 + (VDC + Vce) = γ′
s [Voc,t2 − (VDC + Vce)] . (28)

Here, both Voc,t2 and Voc,t3 refer to the absolute value of the
open-circuit voltage of the PZT at times t2 and t3, Vce is the
collector–emitter voltage of the transistor Q2.

D. Second Natural Charging Phase (t3 < t < t4)

During this period, it works the same as the first natural
charging phase. The current source Ip charges capacitor Cp

from the Vn terminal, while capacitor C1 is charged through
the base-emitter of transistor Q1 , as shown in Fig. 6(c).

E. Second Current Reversion Phase (t4 < t < t5)

At the instant t4, Ip crosses zero, the current begins to charge
Cp from the Vp terminal. This phase works in the same way as
the first current reversion phase until the open-circuit voltage of
the PZT is lower than the voltage of C1 by a transistor threshold
voltage Vbe, transistors Q3 and Q4 are turned ON, and the circuit
proceeds to the next phase.

F. Second Voltage Inversion Phase (t5 < t < t6)

After transistorQ4 is turned ON, the circuit immediately enters
the second voltage inversion phase. The capacitors C1, Cp,
and the inductor L form an LC resonant loop, as shown in
Fig. 6(d). After half LC resonant period, the charge accumulated
on the capacitor Cp is transferred from the Vn terminal to the Vp

terminal, and at the same time, the open-circuit voltage of the
PZT is inverted.

Assuming that the electrical quality factor of the LC loop is
Q′

p, its inversion factor can be expressed as

γ′
p = e

−π/2Q′
p , 0 < γ′

p < 1. (29)

For the second inversion, from t5 to t6, the relation between
Voc,t5 and Voc,t6 can be obtained as

Voc,t6 + Vec = γ′
p (Voc,t5 − Vec) . (30)

Here, both Voc,t5 and Voc,t6 refer to the absolute value of the
open-circuit voltage of the PZT at times t5 and t6, Vec is the
emitter–collector voltage of the transistor Q4.

It is important to note that an appropriate capacitance should
be chosen for the capacitor C1 in the peak detector. The capac-
itance of C1 is mainly related to the dc gain β of the transistors

Fig. 7. Voltage and current simulation waveform of the ReL-SSHI.

and the parasitic capacitance Cp of the PZT. Since the charge
accumulated in C1 is released through the base of the switching
transistor, it meets

C1 >
1

β
Cp. (31)

If the capacitance of C1 is small, it may cause the following
problems: the energy in Cp will has not been fully extracted
before the switching transistor is disconnected; the ON-resistance
of the switching transistor is large. However, if the capacitance
of C1 is too large, the energy transferred from Ip to Cp will be
reduced since theC1 andCp are connected in parallel; the power
consumption of the peak detector is increased.

IV. SIMULATION ANALYSIS

In order to verify the above analysis of the ReL-SSHI
circuit, the simulation of the circuit is carried out (f =
18.6Hz, Ip = 60μA, Rp = 1MΩ, Cp = 100 nF, C1 =
1 nF, Cr = 20μF, L = 50mH at rESR = 100Ω, and RL =
50 kΩ). Fig. 7 shows the current and voltage waveforms obtained
by simulation, which are derived directly from the simulation
software LTspice.

As can be seen from the figure, the open-circuit voltage
waveform of the PZT is similar to that of the S-SSHI, but it
is not symmetric on the x-axis. The absolute value of Vp,max is
larger than that of Vn,max. At the falling edge of the open-circuit
voltage of the PZT, transistor Q2 generates a current pulse, at
which point the PZT, the load capacitor Cr, and the inductor L
resonate, and part of the energy of the PZT is transferred to the
load. Therefore, the output voltage will rise rapidly. The energy
extracted from the PZT can be expressed as

PE = PH + PL =
1

2
Cp

(
V 2
1 − V 2

2

)
(32)

where PH and PL represent the energy harvested at the load and
the energy loss by the circuit, respectively.
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Fig. 8. Comparison of output power under different VDC.

Fig. 9. Harvested power and lost power at the maximum power point.

At the rising edge of the open-circuit voltage of the PZT,
transistor Q4 generates a current pulse, at which point the PZT
and the inductor L resonate, and the open-circuit voltage of the
PZT is inverted. Therefore, there is no energy transferred to the
load during the rising edge.

Fig. 8 shows the simulated waveform of the self-powered
ReL-SSHI circuit when the load is a capacitor (f = 18.6 Hz,
Ip = 80 μA, Rp = 1 MΩ, Cp = 100 nF, C1 = 1 nF, Cr =
5 μF, and L = 50 mH at RESR = 100 Ω). According to the
working principle of the ReL-SSHI, the circuit transfers energy
to the load once in each vibration period. Hence, the power
graph of the load capacitor is a pulse waveform. It can be seen
that as the load voltage increases, the amplitude of the power
pulse of the load capacitor and the open-circuit voltage of the
ReL-SSHI both increase first and then decrease. In addition,
according to the simulation data, the optimal load voltage Vdc,opt

is slightly smaller than the original open-circuit voltage of the
PZT equivalent circuit, which is about half of the maximum
output voltage Vdc,max. Therefore, the ReL-SSHI can efficiently
harvest piezoelectric energy depending on a suitable load volt-
age, which is consistent with the description in (14).

The harvested power and lost power of the circuit at the
MPP for the S-SSHI and the ReL-SSHI are compared in Fig. 9.

Fig. 10. Experimental setup.

Although two circuits use the same peak detector and inductor
with equal power loss, the power harvested by the S-SSHI
is significantly lower than that of the ReL-SSHI, because the
conversion efficiency of the S-SSHI is lower than that of the
ReL-SSHI. Combined with the previous theoretical analysis, it
can be known that the diodes in the S-SSHI reduce the inversion
factor of the LC loop, which not only reduce the conversion
efficiency of the circuit but also reduce the maximum harvestable
power of the S-SSHI circuit.

V. EXPERIMENT ANALYSIS

In order to verify the above theoretical and simulation anal-
ysis, the experimental platform is set up as shown in Fig. 10.
The experimental system mainly includes a function signal
generator, an oscilloscope, the PZT, a power amplifier, a shaker,
and the self-powered ReL-SSHI interface circuit. One end of
the PZT is fixed on the shaker, the function signal generator
drives the shaker through the power amplifier to increase the
driving ability. The vibration amplitude and frequency of the
shaker can be adjusted by the signal generator. The PNP and
NPN transistors used in the circuit are 2N3906 and 2N3904,
respectively. The capacitor C1 is a 1 nF high-voltage ceramic
capacitor, and the load capacitor Cr is a 220 μF electrolytic
capacitor. The inductor is a 50 mH I-shaped inductor with an
internal resistance of 102 Ω. The piezoelectric patch chosen is
the PPA-1014 from MIDE, which has a parasitic capacitance of
41 nF. One end of the piezoelectric patch is fixed on the shaker,
while the other end is tied to a metal block. The resonance
frequency of the cantilever beam is inversely proportional to
the mass and distance of the metal block. Adjusting the output
power of the power amplifier can control the vibration amplitude
of the shaker, and adjusting the frequency of the signal generator
can change the vibration frequency of the shaker. When the
output power of the power amplifier remains unchanged and the
cantilever beam device is fixed, the resonance frequency of the
cantilever beam can be found by adjusting the frequency of the
shaker. The open-circuit voltage of the piezoelectric patch at the
resonance frequency is the largest, which means that the output
power of the piezoelectric patch is the largest at this frequency.
The original resonant frequency of the experimental device is
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Fig. 11. Experimental waveforms.

about 18.4 Hz, when the ReL-SSHI circuit is connected, the
resonant frequency becomes about 18.6 Hz.

Fig. 11 shows that the voltage waveforms are measured by
the oscilloscope and the amplified waveforms at the rising and
falling edges. The open-circuit voltage waveform of the PZT
is similar to the S-SSHI circuit, but the open circuit voltage is
not symmetric about the x-axis, which is consistent with the
theoretical analysis and simulation results. At the falling edge,
the PZT, inductor, and load form the LC resonant loop, Vp is
located at the positive terminal of the transistor Q2 and the load.
Hence, Vp is equal to the output voltage VDC plus the turn-ON

voltage drop Vce of the switching transistor Q2. At the rising
edge, the inductor and the PZT form the LC resonant loop, and
Vp is at the collector of transistor Q4 , so Vp is equal to −Vce.

Fig. 12 shows the harvested power of the ReL-SSHI, S-SSHI,
and the FBR under the same vibration condition (the original
open-circuit voltage of the piezoelectric patch is about 8 V)
with different output voltages. Among them, the ReL-SSHI and
S-SSHI used the same peak detector (including two PNP transis-
tors, two NPN transistors, a ceramic capacitor, and an equivalent
inductor, and the diodes used in the FBR and S-SSHI circuit are
1N4148). It can be seen from the figure that when the output
voltage is less than 3 V, the S-SSHI performs well, and when the
output voltage is higher than 3 V, the ReL-SSHI performs the
best. From (11) and (15), it can be found that the theoretically
maximum extractable power of the ReL-SSHI and S-SSHI is
equal (regardless of the circuit loss). However, as can be seen
from Fig. 12, the maximum output power of the S-SSHI is less
than that of the ReL-SSHI from the experimental test. This is that

Fig. 12. Harvested power under different VDC.

Fig. 13. Harvested power under different excitation amplitudes (The.: theory;
Exp.: experiment).

the rectifier bridge in the S-SSHI reduces the inversion factor of
the LC loop, which not only decreases the conversion efficiency
of the circuit but also reduces the maximum harvestable power
of the circuit. In contrast, the ReL-SSHI has a higher maximum
harvestable power and higher conversion efficiency due to its
high inversion factor.

From the figure, it can be seen that the optimal output voltage
of the S-SSHI is less than that of the FBR, and is about half of
the optimal output voltage of the ReL-SSHI, which is consistent
with the theoretical analysis of (14), (17), and (18).

Fig. 13 shows the output power curve under different exci-
tation amplitudes. The theoretical output power in the figure is
calculated according to (13), which represents the electric power
generated by the PZT, and it does not include the energy loss of
the circuit and caused by the delay of the switching action. It can
be seen from the figure that the optimal load voltage and max-
imum output power of the experiment are smaller than that of
the ideal circuit, which is consistent with the previous analysis.
The following conclusion can be drawn from the figure: output
voltage range and the optimal load voltage are approximately
linearly related to the vibration amplitude; the maximum power
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TABLE II
PERFORMANCE COMPARISON

∗∗VOC is the open-circuit voltage of the PEH connected to the rectifier, N/A = Not applicable.

Fig. 14. Maximum open-circuit voltage at different vibration frequencies.

harvested by the circuit is linearly related to the square of the
vibration amplitude. These characteristics are consistent with
the description of (11) and (14).

According to the experiments, the lowest open-circuit voltage
corresponding to harvested piezoelectric energy by the S-SSHI
is about 1.6 V. However, under the same conditions, the lowest
open-circuit voltage by the ReL-SSHI is about 0.9 V. If an ac-
curate peak detector is used to reduce the delay of the switching
timing, theoretically, the ReL-SSHI can harvest piezoelectric
energy at a lower voltage.

Fig. 14 shows the maximum original open-circuit voltage of
the piezoelectric patch and the maximum open-circuit voltage
when the piezoelectric patch is connected to the ReL-SSHI
circuit under different vibration frequencies. As can be seen
from the figure, the resonance frequency of the cantilever beam
rises slightly, and the open-circuit voltage of the piezoelectric
patch has a significant increase compared to the original state.
In addition, when the ReL-SSHI circuit is connected, the 3 dB
bandwidth is increased by about 70%, which is beneficial for
harvesting piezoelectric energy.

Table II lists the comparison results for piezoelectric en-
ergy harvesting circuits published in recent years, including the
SECE, S-SSHI, P-SSHI, and the proposed ReL-SSHI circuits.
Compared with the circuits proposed in [1], [13], [14], using

a similar inductance value, the harvesting efficiencies of these
circuits are significantly lower than that of the ReL-SSHI circuit
proposed in this article. In addition, the P-S3BF circuit proposed
in [14] has a complicated control module so that an external
power supply is required. The P-SSHI circuit proposed in [10]
has a high harvesting efficiency with a small inductor while it
also needs an external power supply to start the circuit. When
the output voltage reaches 1.8 V, the circuit can be adjusted to
the self-powered mode, however, from the experimental data,
the harvesting efficiency drops significantly. The SECE circuit
proposed in [5] reduces the phase lag of the switching action in-
stant and it can maintain high efficiency in a wide load range, but
the circuit power consumption still limits its energy harvesting
efficiency. The SSHC circuit in [16] can achieve efficient piezo-
electric energy harvesting without using inductors. However,
its complex control module is unfavorable for achieving cold
self-starting or requires an inefficient passive circuit to assist in
achieving cold self-starting.

VI. CONCLUSION

To obtain efficient energy harvesting interface circuits, in this
article, an ReL-SSHI interface was proposed. Compared with
the conventional S-SSHI circuit, the proposed ReL-SSHI circuit
needs fewer devices and hence potentially is of lower power
consumption and lower cost. Theoretical analysis, simulation,
and experimental results confirm that the ReL-SSHI circuit has
the advantages of high energy harvesting efficiency.
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