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Abstract: Piezoelectric energy harvesters (PEHs) represent a compelling alternative to
batteries for powering low-power IoT electronics, particularly in maintenance-constrained
applications. However, the inherently cross-disciplinary scope of the research in this field
has impeded the development of a unified multi-physics model that accounts for external
excitation, mechanical-to-electrical energy conversion, nonlinear interface circuit behavior,
energy management, and system-level power dynamics. This study introduces a system-
level simulation framework to overcome the challenge. Using a plucking-mode PEH as an
example, we first established its dynamic model and converted it into an equivalent circuit.
We then analyzed the energy charging—release cycle and dynamic response characteristics
of the harvester. The equivalent circuit model was further used to demonstrate the superior
energy transfer efficiency of the self-powered synchronous electronic charge extraction
(SP-SECE) circuit. In addition, the circuit simulation incorporated an energy management
module and a wireless IoT node to emulate realistic system operation. This integrated
approach bridges the gap between theoretical modeling and practical application evaluation.
Finally, experimental tests validated the capability of the plucking-mode PEH to enable
self-powered sensing. The methods and findings presented in this work contribute a critical
understanding toward improving energy harvesting efficiency and reliability, supporting

the development of practical and scalable self-powered [oT systems.

Keywords: piezoelectric plucking harvester; mechanical-to-electrical energy conversion;

circuit-integrated modeling; SP-SECE interface circuit.
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1. Introduction

The rapid expansion of the Internet of Things (IoT) has greatly enhanced everyday
life and industrial efficiency, yet it also introduces significant challenges in providing
sustainable, maintenance-free power across varied scenarios [1-5]. This pressing need has
spurred the development of efficient and reliable power supply solutions. Kinetic energy
is widely present in both everyday life and industrial environments, arising from activities
such as opening/closing doors/windows, vibrations from roads and bridges, and operating
production lines. Harnessing widespread kinetic energy for electricity generation offers a
promising route to provide continuous and efficient power for the expanding network of
IoT devices. Among various energy harvesting methods, including piezoelectric [6-8],
electromagnetic [9-12], and triboelectric [13-15], piezoelectric energy harvesters (PEHs)

stand out for structural lightweight, easy-to-integrate, and high power density [16].

The cantilever-beam configuration with a bonded piezoelectric patch is a widely
studied design for vibration energy harvesting. While effective at resonance, its operation
bandwidth is narrow, and performance drops sharply once ambient vibration deviates from
the tuned frequency [17]. To mitigate this limitation, a range of techniques have been
developed, such as introducing nonlinearities [ 18, 19], using adaptive mechanisms [20, 21],
or utilizing frequency up-conversion (FUC) approaches [22, 23]. Among them, magnetic
or mechanical plucking has proven effective for capturing energy from ultra-low-frequency
excitations [24, 25]. For example, Chen et al. [26] achieved higher voltage outputs with a
tapered plucking beam design, while Lo et al. [27] improved broadband response through
dual-point rotary plucking. More recent innovations integrate nonlinear sinks or hybrid

mechanisms to expand harvesting duration and efficiency [28-30].

The cross-disciplinary nature of energy harvesting research is exemplified by the fact
that an energy harvester is an electromechanically coupled system whose performance
depends not only on mechanical design and material selection but also on the modulation
of the interface circuit. In its simplest form, a conventional PEH circuit employs a bridge
rectifier followed by a parallel storage capacitor [31]. Although this circuit offers simplicity
and low cost, it suffers from the energy backflow issue and strong load dependence [32].

2

9202 YoIE O} UO Jasn noyzBueno)ABojouyos] pue 8ousiog Jo Asianiun Buoy BuoH oy Aq Jpd-ze€L-GZ-AINBZY.L6SL/6.2LL0F LIS L L'0L/10p/spd-ajoiLie/sonsnooeuolelqiA/BI0"sLuSE" UO108]|0o[e)BIpaWSE//:dny wol papeojumod



O© 0 3 O N B~ W N =

e e e e T e Y
wn B~ WD = O

16
17
18
19
20
21
22
23
24
25
26
27

28
29

To address these limitations, synchronous switching harvesting on inductor (SSHI) circuits
were proposed, in which a synchronized switching action is applied at the displacement
extrema to invert the piezoelectric voltage [33]. This action effectively aligns the electrical
voltage in phase with the mechanical velocity, ensuring that the power transferred to the
electrical domain is always positive. Nevertheless, SSHI circuits still require impedance
matching since the piezoelectric element remains directly connected to the load. The later-
developed synchronous electric charge extraction (SECE) circuits [34] can mitigate this
constraint by decoupling the energy transfer process from the energy charging phase,
dividing them into two distinct stages [35]. However, conventional SECE circuits typically
rely on accurate peak detection to generate switching control signals, which increases both
power consumption and system complexity. To overcome this drawback, the self-powered
SECE (SP-SECE) circuit was proposed [36]. It can achieve self-powered and self-sensing
operation using only an envelope detector, a comparator, and an electronic breaker, thereby
eliminating the need for auxiliary instruments while preserving the key advantage of the

SECE technique.

To bridge the analyses of energy harvester dynamics and complex nonlinear behavior
of interface circuits, equivalent circuit models (ECMs) were proposed [37-39]. While these
interface circuits can enhance the power output of energy harvesters, they are insufficient
to meet the practical power demands of real electronic devices. From an application
standpoint, energy management modules are essential for delivering a stable voltage supply
to electronic devices under varying excitation conditions. However, most previous studies
on piezoelectric energy harvesting have primarily focused on interface circuit analysis,
with very limited attention given to system-level simulations that incorporate both energy
management modules and the power dynamics of electronic devices. This is mainly due to
the absence of effective methods for establishing a truly integrated system-level model that
accounts for all these factors, thereby hindering holistic investigation and enhancement of

piezoelectric harvesters to meet application-level requirements.

In response to this challenge, the present work develops a system-oriented equivalent

circuit representation that integrates excitation sources, harvester dynamics, interface and

3
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management circuits, together with electronic devices, providing a unified platform for
analysis and optimization. This comprehensive model allows the evaluation of the system,
facilitating its holistic optimization towards practical applications. This paper is structured
as follows: Section 2 details the development of the dynamic model for the plucking-mode
PEH and its corresponding circuit representation. Section 3 investigates the mechanisms
of energy accumulation and release during the excitation. Section 4 analyzes the power
dynamics of the entire system, followed by experimental validation in Section 5. Section 6
concludes the work by highlighting the main outcomes and suggesting avenues for future

investigation.
2. System Overview and Electromechanical Modelling
2.1. Mechanical structural configuration

(a) (b)

Driven Driving
- Magnet

Management
Circuit

\
§
\
\
§

[ Linear
Motor

Figure 1. (a) Experiment setup of the PM-PEH. (b) The schematic diagram of the mechanical
configuration.

Figure 1(a) shows the fabricated prototype of the plucking-mode piezoelectric energy
harvester (PM-PEH). In this design, a repulsive force is generated between a driving
magnet (M1) mounted on a linear motor (Kollmorgen©, SMD175) and a driven magnet
(M2) attached to the free end of a piezoelectric cantilever beam. As the linear motor moves
at a constant velocity, M1 approaches the PEH, and the resulting magnetic force bends the
beam and then releases it, thereby exciting underdamped vibrations. During this process,
the bonded macro-fiber composite (MFC) patch transforms the beam’s mechanical energy
into an AC electrical output. To ensure stable operation of the downstream electronics, the

4
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harvested energy is first conditioned by the SP-SECE circuit, which improves the energy
conversion efficiency and delivers a reliable supply for sensor powering. Figure 1(b)
shows the schematic representation of the mechanical configuration. In the experiments,
two key parameters can be conveniently adjusted: the velocity (v) of the driving magnet
M1 and the longitudinal spacing (d) between M1 and M2, which are controllable by
changing the linear motor speed and its relative position, respectively. This configuration

serves as the basis for the ECM developed in this work.
2.2. Dynamic model and equivalent circuit representation

During the plucking process, an external force acts on magnet M2, which is attached
to the piezoelectric beam. As magnet M1 moves, it performs positive work on the beam,
causing it to bend and transforming kinetic energy into elastic potential energy stored

within it.

The kinetic energy supplied by the external excitation is first transformed into
potential energy, consisting of the elastic energy Ue. and the magnetic potential energy Un.
During the ensuing underdamped vibration, this potential energy is subsequently converted
into electrical energy by the MFC. These energy components are expressed mathematically

as follows:

U, =—Ku’ (D

where u denotes the transverse displacement of the beam tip, and K is the corresponding
equivalent stiffness. Using the dipole—dipole formulation [40], the interaction of M1 and

M2 gives rise to the magnetic potential energy, expressed as:

U, = Boo -y (2)

The magnet field B, , generated by M1 at the location of M2 is given by
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where uo represents the vacuum permeability and 7, denotes the distance vector from M1

B

to M2, while m, and 7, describe the dipole moments of the two magnets. Expressions

for these moment vectors are given by:

B
m=| By @)

m, =|—=V, (%)

in which B is the residual flux density of the magnets, while B/uo gives the magnitude of
the magnetization [41]. The terms V1 and V2 represent the respective volumes of M1 and

M2. The magnetic energy can then be expressed in scalar form as follows:

m

Momm, _
U= 2 =34%5) ©)

In the above equation:

— —

® i and m2 denote the squared magnitudes of the dipole moments m, and 1, ,

—

® 1, corresponds to the squared magnitude of the separation vector 712,

® d specifies the longitudinal spacing between the centers of magnets M1 and M2.

¢ designates the beam tip’s angular deflection. Based on the geometry, expressions

for ¢, d, and r12 are derived as follows.
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¢~sin” (u/L) (7)

d:do+L(1—cos¢) )

K, = (u—b)2+af2 9)

where L corresponds to the distance from the beam’s fixed support to magnet M2, and do
designates the original longitudinal distance between the two magnets. b quantifies the
lateral offset between their centers. The magnet force Fin exerted by M1 on M2 can be

derived from magnetic potential energy as follows [42]:

Fm<u,b>—‘3“°—”é"%{<ub>+ i __5d {(mﬁﬂ}} w0
2 1

2
4nr;, L' —u ha

To facilitate the analysis, the PM-PEH is approximated by a simplified single-DOF

lumped model [43], and its governing relations can be formulated as:

{ﬁm+Du+Ku+m;+Eim@—O
(11)

0i—CV,~V, IR =0

where M characterizes the equivalent mass, D the damping coefficient, and V), the electrical
potential across the MFC patch. Cp, 8, and R, correspond to the clamped capacitance of the
MFC patch, its equivalent electromechanical coupling coefficient, and the external load,

respectively.

After establishing the lumped-mass model, it can be readily integrated with different
interface circuits for unified analysis. Specifically, in this work, we develop a system-level
ECM to simulate the complete process, from external excitation to energy conversion, to
energy storage, and to sensor operation. Within this framework, the motion of the magnet
driving magnet M1 is emulated by a current source in parallel with a capacitor, while the

magnetic interaction force is represented by a behavioral voltage source, which is defined

7
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by the expression of Fi through a custom control function. According to the mechanical-
electrical analogy, the parameters Ln, Cm, and Rm correspond to the effective mass, stiffness,
and damping coefficient of the mechanical system, respectively. While, the MFC patch is
modeled as a capacitor in parallel with a pair of arbitrary behavioral voltage and current sources,
which reflect its capacitive behavior and capture the electromechanical coupling defined
by the second formula in Eq. (11). This approach enables detailed analysis and optimization
of the PM-PEH system, providing accurate predictions of power output and consumption

under different conditions and interface circuits [44].
2.3. Lumped parameter identification

An impedance-based parameter identification method is adopted to characterize the
PM-PEH system’s electromechanical parameters. This method enables the extraction of
key equivalent circuit parameters through analysis of the system’s admittance spectrum.
Based on the electromechanical analogy, the equivalent circuit without magnetic force can

be simplified as follows:

R =R /6
C,=C,0 (12)
L=L6

The simplified parameters can be obtained by measuring the admittance spectrum of
the PM-PEH using an impedance analyzer. Figure 2(a) shows the obtained admittance
spectrum. The corresponding values of Ls, Rs, Cs, and Cp can be calculated based on the

measured data as follows [45, 46]:

RY :l/Gmax
L =R /(w—
s K (a)Z wl) (13)
C =(w,-w)/R,0,0
C,=B, /o,
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1  where G and B represent conductance and susceptance, respectively; ws denotes the
2 resonant frequency under the short-circuit condition, wa is the susceptance at ws, and the

3 conductance attains 1/(2Gmax) at w1 and w2. The electromechanical coupling coefficient ¢

4  can be determined based on the voltage response under a certain excitation [47].

5 As shown in Figure 2(b), the simulated responses are compared with the experimental
6  measurements, and the strong agreement observed confirms the reliability of the parameter
7  identification procedure as well as the validity of the circuit-based model. These results
8  demonstrate that the developed framework can effectively reproduce both the dynamic
9  characteristics and the electrical output of the energy harvester. The extracted parameters

10  are summarized in Table 1.

(a) : (b) 20 - - ‘
Conductance Measurement
Susceptance Simulation
@n o~ 10} ]
= ! <
Q (] —t
g 2 3
I = b0
8 a =
e o 3
= § >
3 o 10
L n " _zg L L n
274 27.5 27.6 27.7 27.8 27.9 .00 0.05 0.10 0.15 0.20
11 Frequency (Hz) Time (s)

12 Figure 2. Parameter estimation and validation of the PM-PEH: (a) Admittance spectrum
13 obtained from impedance analysis, and (b) Comparison between simulated and measured
14  voltage responses under free-decay conditions.

15 Table 1. Extracted physical and electrical parameters of the PM-PEH.
Parameter Value Unit
M 20.12 g
D 0.14 Ns/m
K 605.92 N/m
G, 40.22 nF
0 0.0006664 N/m
L 86.5 mm
|4 1000 mm’
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3. Potential Energy Release Mechanism in the Plucking Process

This section systematically applies the theoretical model and the equivalent circuit
model to analyze the behavior of the piezoelectric energy harvester during a single plucking
process. The analysis is divided into two parts: quasi-static potential energy analysis and
dynamic analysis. The quasi-static analysis evaluates the potential energy distribution to
reveal transitions between different stability states, whereas the dynamic analysis examines

the system’s transient responses, including displacement and voltage outputs.

3.1. Quasi-static analysis

[

Potential Energy (J)

o
- o

0.03

Figure 3. Profile of total potential energy.

In the plucking motion of the piezoelectric energy harvester, the quasi-static process
refers to the phase in which the driving magnet M1 slowly approaches the driven magnet
M2. During this stage, the total potential energy of the system, comprising magnetic and
elastic components, undergoes significant redistribution. This process is illustrated clearly

by the potential energy profiles in Figures 3 and 4.

Figure 3 depicts the three-dimensional distribution of the total potential energy,

highlighting the ridge and trough for clearer understanding. Figure 4 further illustrates the
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evolution of the potential energy distribution during the movement of the driving magnet
MI. Specifically, Figure 4(a) presents a contour map of the potential energy as a function
of the driving magnet displacement b and the beam tip displacement u, providing an

overview of how the potential energy landscape transforms with varying b.

Figure 4(b) to (f) illustrate specific stages of this transformation. At the initial position
(h=—0.05 mm), the system has a single stable potential energy well (Well 1), corresponding
to a monostable state. As b increases to -0.003 mm, a secondary potential well (Well II)
forms, and the system transforms into a bistable configuration. When 5#=0 mm, Well I and
Well II are symmetrically positioned. With further increase in b, Well I gradually vanishes,
leaving a monostable state dominated by Well II at 5=0.003 mm. Finally, at 5=0.025 mm,
Well I disappears completely, and the system returns to a monostable state centred on Well
II. The transition highlights the strong influence of magnet displacement () on the stability
of the potential energy. It further suggests that the system may undergo a snap-through
when a well loses stability, in which case the resulting potential-energy drop determines
the timing and strength of the subsequent plucking-induced vibration.

(a) 0347 0J
| v v Total Potential Energy [l 1 B |

w
=

wn

=1

|
wh

Displacement w (mm)

1
|

=
S

50
Driving Magnet M1 Dispalcement A (mm)

/_ Total Potential Energy = - = Magnetic Energy - -+« Elastic Encrgy‘
= 03
‘; 1 5=-0.05mm Ik 1A=0003mm 4 f 1 6=0mm Joh o WVe=0003mm A | VA=0.025mm
g [ / 3 / A / \ f \
o 0.2
"N ' ¢ 3 3 Well |
= SWell I well 1 £ AWell 1T Well I/~ AWell Il
= K - . P ~ VS " -
s \ / o TS :," R \ weirn /==
S \ w / pd ' Y. 4 \ We S
s L ."\Nell I' Pk S "/._. R A \_\ \_ ,__'(
£ ook N~ L o . . . - el . e
=30 0 30 30 0 30 30 0 30 30 0 30 30 0 30
u (mm) u (mm) u (mm) u (mm) o (mm)
(b) (¢) (d) (e) ®

Figure 4. The potential energy analysis. (a) Contours of total potential energy. (b)-(f) The
variation of potential energy along the displacement of driving magnet M1 b: (b) Starting
position with a monostable well I. (c) Critical position at which the well Il appears. (d)
Intermediate position with two symmetric wells. (e) Critical position at which the well |
disappears. (f) Final position with a monostable well Il.
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3.2. Dynamic analysis

This section analyses the dynamic response of the PM-PEH under the open circuit
condition during the single plucking process using the proposed ECM. Four stages are
discussed, as indicated in Figure 5. During the simulation, do is 30 mm, and the driving

magnet M1 moves at a velocity of 0.4 m/s.

First, during the first stage I, the driving magnet M1 is far from the driven magnet M2.
Since the interaction magnetic force between them is weak, the piezoelectric beam sits
close to the equilibrium position with minor deformation, as indicated in Figure 5(a). Its
output voltage is nearly zero in Figure 5(b). If M1 moves closer to M2, an increased
magnetic force will deflect the piezoelectric beam during stage II. The maximum
displacement of the beam is obtained at this stage because M2 rapidly deviates from the
equilibrium position, while the driving magnet M1 continues to advance. As shown in
Figure 5(a), with the gradual increase of displacement, the response voltage also rises, as

illustrated in Figure 5(b).

(@) ~ LI v (b) 4o LI 1V
=
g 100} frmmmmmmmmmmmmmmmmmmameaemeaaaea- )
= ' £
= 50t = —
E E 2
L) qé w
= " 5 32
& 2 3
A -sof & -
= a
= o
-Z-100f =
A : : : 80 : : :
0.0 0.5 1.0 1.5 2.0 .0 0.5 1.0 1.5 2.0
Time (s) Time (s)

Figure 5. The dynamic process analysis in the time domain. (a) The displacement response
of driving magnet M1 and driven magnet M2. (b) The voltage response.

Once magnet M1 moves beyond the critical position, the repelling force can no longer
offset the elastic deformation of the beam. As a result, the beam is released and enters an
oscillatory state. In stage III, the beam displacement becomes asymmetric, as shown in
Figure 5(a), since M1 remains within the effective vibration range. This asymmetry is also
evident in the voltage waveform in Figure 5(b), where the voltage peaks on one side are

higher than on the other. In the final stage IV, as the driving magnet M1 moves farther
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from M2, the magnetic force becomes negligible. The beam thus vibrates symmetrically
around its equilibrium position. As shown in Figure 5, both the displacement and voltage

waveforms return to symmetry.

Furthermore, the equivalent circuit model is employed to evaluate the influences of
different initial distances do. Figure 6(a) illustrates the time-voltage response of the system
under varying initial distances (do= 30, 25, and 20 mm). As do decreases, the peak voltage
increases, indicating that more energy is captured during the plucking process due to the
stronger magnetic interaction between M1 and M2. This phenomenon is further analyzed
using the phase portraits shown in Figures 6(b)-(d), where a smaller do leads to a larger
limit position bc, implying a higher input-energy requirement to trigger the plucking event.
Physically, reducing do enhances the magnetic force gradient, resulting in a larger vibration
amplitude and higher electrical output. However, this improvement comes at the cost of
higher input energy, since a stronger interaction also raises the energy barrier that must be
overcome to initiate plucking. Therefore, selecting a proper initial distance is essential to

balance energy capture efficiency with input demand.

(a)
0
-110
—~ =220 &
3 110[d,=25 mm
v 0
[=1)]
& -110/
S -0
= 1o d,=20 mm
0
-110
220}
0.0 0.5 1.0 1.5 2.0
Time (s)
(b) () (d)
6 . . . . . . . 6 .
dy=20mm dy=25 mm dy= 30 mm
4 4 4
E E E~
20 20 b.=8.3mm 20 b=3mm
53 ‘2 §3)
K= =2 =
2 i b=172mm| o2 -2 2 2
4 4 4
-6 . . . ] -6 . . 6 . .
=30 =15 0 15 30 =30 15 0 15 30 =30 =15 0 15 30
Displacement # (mm) Displacement » (mm) Displacement » (mm)

Figure 6. Simulation result of time-voltage response and phase portrait under different do. (a)
The voltage waveform. (b)-(d) phase portrait: (b) do=20 mm, (c) do=25 mm, (d) do=30 mm.
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4. Analysis of Interface Circuit and Energy Management Module

While the analyses of potential energy distribution and dynamic responses clarify the
fundamental mechanisms governing the output performance, achieving reliable power
delivery in real-world applications requires further optimization. In particular, the design
of advanced interface circuits and the integration of efficient energy management modules
are critical for minimizing energy losses, stabilizing output, and ensuring adaptability

across diverse scenarios.

To provide a comprehensive assessment of the PM-PEH system, we developed an
equivalent circuit model that captures the entire energy harvesting process—from magnetic
plucking excitation to piezoelectric conversion, interface circuit operation, and final energy
delivery through the power management module, as illustrated in Figure 7. System-level
simulations were conducted in LTspice, and subsequent experimental validation confirmed

the accuracy and robustness of the proposed model.

SP-SECE
PZI PZ2
Lw Cu  Ra L,
Magnetic Forceyym - » sw|—ry
I_ —_— - ‘_ Ul }
| /J— —\ | | Hear LT vou
U | LTC3588-1 ~ z
| | ) Cy g
| ! : _ {vinz Pgood Pgood z
~ } =
| Ground | ] LS  omf
77777 Cuore oo
8 I = 1
< Ground

Figure 7. Comprehensive schematic illustrating the system-level equivalent circuit framework.

4.1. SP-SECE interface circuit analysis

The SP-SECE is an effective nonlinear interface that employs synchronized switching
to improve energy-harvesting performance. By overcoming key limitations of conventional
interface designs—such as energy backflow issue and strong load independence—the SP-
SECE circuit can significantly enhance the energy harvesting efficiency, particularly for

weakly and moderately coupled electromechanical systems.
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Figure 8. The three primary functional components of the electronic breaker.

Conventional implementations of the SECE circuit rely on external equipment. To
realize self-powered and self-sensing operation, additional circuitry for peak detection and
switch control is usually required. In this work, we adopt a self-powered SECE (SP-SECE)
configuration that employs an electronic breaker to achieve a truly self-powered interface.
As shown in Figure 8, the SP-SECE architecture incorporates an envelope detector, a
comparator, and a switch. The operating principle of the electronic breaker is described as
follows. As the mechanical oscillator moves from the equilibrium position toward the
displacement peak, the piezoelectric capacitor Cp is charged, and the piezoelectric voltage
Vp rises toward its maximum value Vpum. In parallel, the envelope capacitor C, is also
charged. Owing to the existence of R; and Ds, the peak of Ven occurs slightly later than that
of V) and is slightly lower than Vym. Afterward, this peak value of Ve is preserved on Ci,
while V) begins to decrease as the oscillator reverses its motion direction. During this
interval, the magnitude of the base—emitter voltage of the PNP transistor Q; increases until
it exceeds the turn-on threshold, at which point Q; starts to conduct. Consequently, Cx
discharges through Q;and Ds, which then drives Q> into conduction. The conduction of Q2
switches on the LC oscillation loop, enabling Cpto be rapidly discharged to approximately
zero. The residual energy in Cy is then balanced through the emitter—collector path of O
with that in Cp, ensuring that C, maintains the same voltage polarity as C, before the reverse
cycle begins. As a result, the envelope detector can operate properly over the entire

vibration cycle.
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Table 2. Component list of the SP-SECE circuit.

Designator Part number Variable Value
Di.s NSRO2100HT1G L, 1 mH
Q1 (PNP) MMBT5401 Cu 3 nF
Q2 (NPN) MMBTS5551 Cstore 47 pF
40 . Sim. V, Exp. V,
20 F
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Figure 9. Comparison of simulated and experimental voltage waveforms across the clamped
capacitance of the piezoelectric transducer integrated with the SP-SECE circuit.

More importantly, the active components used for peak detection and switch control,
typically implemented using a complementary pair of PNP and NPN transistors, can be
readily modelled and simulated in standard circuit simulation software. This facilitates the
systematic analysis and design optimization. Therefore, the SP-SECE circuit is well-suited
to the proposed self-powered system and is adopted as the primary interface circuit in this

study.

The electronic components used in the SP-SECE circuit are outlined in Table 2. Using
the identified system parameters of both PM-PEH and SP-SECE, Figure 9 compares the
simulated and experimental voltage waveforms under open-circuit conditions. The close
match validates the parameter identification procedure and demonstrates the accuracy of

the proposed equivalent circuit model in capturing system dynamics.
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Figure 10. Charging performance comparison of SEH and SP-SECE circuits under varying
storage capacitances. (a) Simulated and (b) experimental charging voltage; (c) simulated and
(d) experimental stored energy.

The charging performance of the SP-SECE circuit was evaluated via both simulation
and experiment, and the results are shown in Figure 10. For comparison, a conventional
PEH circuit, consisting of a bridge rectifier and a parallel storage capacitor [31], which is
commonly referred to as the standard energy harvesting (SEH) circuit, was also tested. The
charging voltage and stored energy of the SP-SECE and SEH circuits were analyzed across
capacitances of 22, 33, 47, 100, 220, and 330 pF. In these cases, the initial longitudinal

separation do was set to 26 mm, and the initial transverse distance bo was set to -0.1 m.

As shown in Figure 10(a) and (c), the simulation results reveal that the SP-SECE
circuit achieves higher efficiency than the SEH circuit, with its superiority becoming more
pronounced at larger capacitance values. The experimental results presented in Figure 10(b)
and (d) show the same trend that the SP-SECE circuit delivers consistently higher charging
voltage and stored energy across all tested capacitances. Specifically, with a 22 pF storage

capacitor, the SP-SECE circuit achieves 8.06 V and 714.60 uJ, compared with 7.77 V and
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664.10 pJ for the SEH circuit. For the storage capacitor with 330 pF, the values become
1.74 V, 501.85 wJ, and 0.73 V, 88.01 pJ, respectively.

The improved charging performance is attributed to the operating mechanism of the
SP-SECE circuit, which decouples energy transfer and energy charging into two separate
stages. By performing synchronous charge extraction, the SP-SECE circuit can effectively
mitigate the energy backflow issue that commonly occurs in the conventional SEH circuit.
Moreover, the increasingly pronounced superiority of the SP-SECE circuit at larger storage
capacitances indicates its load-independent behavior. In contrast, under the same excitation,
increasing the storage capacitance changes the effective electrical impedance of the SEH
circuit, leading to a greater deviation from the maximum power transfer condition and,

consequently, a more significant efficiency degradation.

Overall, the simulation and experimental results exhibit good agreement, verifying
the effectiveness of the equivalent circuit model. Although a minor discrepancy is observed,
the consistent trend further highlights the superior effectiveness of the SP-SECE circuit in

improving energy extraction under varying storage conditions.
4.2. Energy management module simulation

Previous studies have primarily employed equivalent circuit models to investigate
interface circuits and analyze energy extraction mechanisms. This work extends equivalent
circuit modeling to simulate power management modules and sensor operation. By
incorporating the energy management module and an equivalent sensor load into the circuit
representation, the proposed model enables comprehensive system-level analysis that

bridges energy harvesting, storage, and utilization.

To validate this capability, we implemented the energy management module using the
LTC-3588 chip and tested it with both SP-SECE and SEH circuits powering a temperature
and humidity sensor. The LTC3588 is a high-efficiency low-power management IC that
integrates a programmable undervoltage lockout (UVLO) function, which allows the self-

powered system to accumulate energy in the storage capacitor until a predefined turn-on
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threshold is reached. In this experiment, the motor moved at a constant velocity of 0.4 m/s.
The initial longitudinal separation and transverse distance were set to do=28 mm and by =

-0.1 m, respectively. The output voltage of the LTC3588-1 module was setto 1.8 V
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Figure 11. Simulated and experimental responses of the SP-SECE and SEH circuits when
connected to the energy management module supplying the temperature and humidity sensor.
Panels (a, b) show SP-SECE behavior, and panels (c, d) display the SEH counterpart.

Figure 11 compares the simulated and experimental results, where the equivalent
sensor load is represented by a constant resistor in LTspice to replace the physical device.
The close agreement between simulation and experiment confirms the reliability of the
model in capturing the behavior of the energy management module and sensor operation.
This validation demonstrates the model’s ability to predict critical operating states, such as
voltage thresholds and activation behavior. The simulation results further reveal the
superior performance of the SP-SECE circuit in enhancing energy harvesting efficiency.
As shown in Figure 11(a) and (b), the SP-SECE circuit enables the storage capacitor
voltage to exceed the activation threshold, thereby successfully powering the sensor. In
contrast, the SEH circuit fails to reach this threshold in both the simulation and experiment,

preventing activation of the energy management module.
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A detailed investigation of sensor operation reveals three successive stages. Phase I —
Startup: At this stage, the SP-SECE interface charges the storage capacitor, and the input
voltage gradually rises until it surpasses the activation limit of the EMU, 3.77 V. This
progression is clearly reflected in both the simulated and measured waveforms. Phase 11 —
Sensor Operation: Once triggered, the management module delivers a steady 1.8 V supply
to drive the temperature and humidity sensor, maintaining operation for about three
seconds, as illustrated in Figures 11(a) and (b). Phase III — Power Outage: When the stored
charge in the capacitor is exhausted, the input voltage drops below the activation point,

which disables the power management unit and causes the sensor to shut down.

(a) Simulation (b) : Measurement

Input Voltage (V)
E)utput Voltage (V)
Input Voltage (V)
Output Voltage (V)

0 I 2 3 4 5 0 1 2 3 4 5
Time (s) Time (s)
Figure 12. Comparison between simulation and experimental results for a wireless signal
transmitter with SP-SECE circuit: (a) Simulation result of input and output voltage of the energy
management module. (b) Experimental results of the input and output voltage of the energy
management module.

Further validation of the proposed system-level ECM was extended to a wireless [oT
sensing node. Unlike the temperature and humidity sensor, which operates continuously
once activated, the wireless [oT node sends intermittent signals every 0.1 seconds. In this
case, a time-varying resistor is adopted to emulate the dynamic power demand of the IoT
node. Figure 12 shows a comparison of the wireless IoT node’s simulated response with
experimental data. The model effectively captures the activation threshold behavior of the
energy management module and the periodic power dynamic patterns of the transmitter
during operation. Minor discrepancies between the simulated and experimental results are
observed during the shutdown stage, primarily due to changes in the sensor’s internal load
characteristics after it ceases operation. This deviation reflects the dynamic nature of real-

world load behavior, which the equivalent circuit model can approximate but not fully
20
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replicate. Future refinements could incorporate dynamic load modeling to enhance
simulation accuracy. The results demonstrate that, once the energy management module is
activated, it delivers a stable output voltage to the wireless IoT node, enabling signal
transmission every 0.1 seconds. This validates the model’s capability to predict transient
energy demands and the dynamic behavior of intermittent-load devices.

This section has validated the developed system-level ECM by showcasing its ability
to accurately simulate the energy management module and sensor operation. Under

identical excitation conditions, the SP-SECE circuit enabled the harvester to exceed the

O© 0 3 O N B~ W N =

activation threshold voltage and ensure stable sensor operation, whereas the SEH circuit

—
el

did not. The demonstrated capability to operate with both continuous and intermittent load

—
—

devices emphasizes its adaptability for practical use.
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15  (a) and SHE circuit (b). (c) Charging energy.

16 This section presents an experimental investigation of the output performance of the

17  PM-PEH system, where bo and do were primarily set to -0.1 m and 26 mm. As shown in
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Figure 13, the SP-SECE circuit exhibits superior charging performance compared with the
SEH circuit. The capacitor charging curves in Figures 13(a) and (b) demonstrate that the
SP-SECE circuit achieves both a higher charging rate and a higher charging voltage. A
comparison of charging energy in Figure 13(c) further highlights the advantage of SP-
SECE over SEH. Figure 14 analyzes the effect of different plucking velocities, showing
that in the test of charging a 47 uF capacitor, the SP-SECE circuit consistently outperforms
the SEH circuit across all tested velocities. Moreover, the results indicate that the SP-SECE
circuit maintains stable performance regardless of the velocity of the driving magnet,

underscoring its suitability for practical scenarios with unpredictable motion conditions.
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Figure 14. Charging voltage and energy comparison of the SP-SECE and SEH circuit with
different moving velocities.
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Figure 15. Workflow of the wireless loT node.
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Figure 15 illustrates the workflow of the PM-PEH powering a wireless IoT node,
further evaluating its practicality in real applications. Once sufficient energy is harvested,

the system operates through four stages defined by the input energy level and the device’s
22
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operating current. Immediately after the cold-start phase, the storage capacitor charges to
the activation threshold of the energy management module. Once powered, the system
drives the transmitter to broadcast signals every 0.1 seconds. When the stored energy is
depleted, the system enters the power-outage phase, during which the device ceases

operation.

Further experimental investigations in this section confirm the robustness and stability
of the PM-PEH system under variable motion conditions, demonstrating its capability to

power wireless devices and its practicality for energy-constrained applications.

6. Conclusion

This paper has presented a comprehensive analysis of a plucking-mode piezoelectric
energy harvester (PM-PEH) to address significant gaps in modeling, analyzing, and
optimizing the energy harvesting process. To this end, the dynamic model was developed
and transformed into the equivalent circuit model, obtaining a systematic understanding of
the PM-PEH’s electromechanical coupling behavior. Further, an impedance measurement-
based identification procedure ensured the developed equivalent circuit model’s accuracy
and reliability. The quasi-static potential energy conversion and the dynamic response were
analyzed to explain the basic mechanism responsible for energy harvesting. System-level
equivalent circuit simulations revealed the benefits of employing a self-sustained SP-SECE
interface, which enhances energy transfer efficiency. Building on this, the circuit modeling
framework was further expanded to incorporate the power management stage and sensor
operation, enabling an integrated system-level simulation that effectively links theoretical
analysis with practical application. The experimental verification confirmed the superiority
of the proposed PM-PEH system, which could reliably power sensors and wireless [oT
devices. This work offers a comprehensive circuit simulation approach along the complete
energy conversion chain. The findings provide a solid foundation for further research and
practical deployment of self-powered systems, especially in IoT applications and other

energy-constrained situations.
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