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Abstract

Piezoelectric energy harvesting technology empowers systems with self-sustainability for
applications in distributed scenarios, such as the Internet of Things (IoT). Although extensively
studied, existing studies fail to integrate all essential system units within a unified paradigm for
analysis. This study addresses this research gap by developing a comprehensive system-level
equivalent circuit model (ECM) that incorporates a transient motion (TM)-driven piezoelectric
energy harvester (PEH), a self-powered synchronous electronic charge extraction (SP-SECE)
circuit, an energy management unit (LTC3588-1 module), and two distinct types of electronic
devices. Within this framework, the ECM can simulate the whole operating process of the
TM-PEH, from mechanical excitation through energy conversion & storage to the operation of
electronic devices. Experiments were conducted, and the results perfectly aligned with
simulation findings. Both simulation and experimental results demonstrated that the SP-SECE
circuit increased harvested energy by nearly five times compared to the standard energy
harvesting (SEH) circuit when charging a capacitor of 330 uF. This superior energy harvesting
capability enables the operation of electronic devices under conditions where the SEH circuit
would fail. Moreover, the established system-level model demonstrates its adaptability for
simulating both continuous and intermittent load devices. These findings underscore the
model’s potential for optimizing energy harvesting systems and improving the design of
self-powered IoT applications in an unprecedented manner from a holistic perspective.
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1. Introduction

The rapid advancement of the Internet of Things (IoT) has
provided great convenience to our daily lives [1] and indus-
trial production [2] while increasing the demand for a dis-
tributed, eco-friendly energy solution across diverse scenarios
[3, 4]. The pressing need for sustainable energy has ushered
in the development of efficient and reliable energy supply
systems. Mechanical energy ubiquitously exists in the ambi-
ent environment, manifesting in activities such as vibrations
of roads and bridges, as well as the operation of production
lines. Converting mechanical energy into electricity provides
a promising solution for scattered energy supply needs of per-
vasive IoT nodes [5, 6]. Among various energy transduction
mechanisms, including piezoelectric [7], electromagnetic [8],
and triboelectric [9], piezoelectric transduction has garnered
significant attention due to its structural simplicity, high power
density, and cost-effectiveness [10].

In the community of piezoelectric energy harvesting, a can-
tilever beam subjected to steady-state and continuous base
excitation is a standard design [11, 12]. However, this design
has the limitation of a narrow operational bandwidth [13].
In contrast, the environmental vibrations in real-world scen-
arios are inherently unpredictable, random, transient, and dis-
continuous. A slight deviation from the resonant frequency
would lead to a drastic reduction in power output, posing
significant challenges for the practical applications of piezo-
electric energy harvesters (PEHs) [14]. Researchers have pro-
posed a lot of strategies to broaden the operational bandwidth
of PEHs, including introducing nonlinearities [5], utilizing
self-adaptive structures [15], and employing frequency up-
conversion (FUC) mechanisms [16]. Among these methods,
beam plucking is an FUC technique well-suited for harvesting
energy from ultra-low-frequency vibrations [17-20]. While
optimizing the mechanical structure can lead to performance
improvements, it is also important to acknowledge that a PEH,
being an electromechanical system, has its performance also
influenced by the interface circuits [21-23]. Although a stand-
ard energy harvesting (SEH) circuit offers the advantage of
simplicity, it suffers from an energy backflow issue that limits
its efficiency [24]. To address this drawback and boost con-
version efficiency, researchers have developed a variety of
interface circuits, such as synchronous electric charge extrac-
tion (SECE) [25, 26] and synchronized switch harvesting
on an inductor (SSHI) circuits [27, 28]. Studies have shown
that an advanced interface circuit can help boost efficiency
by over several hundred percent. However, traditional meth-
ods for analyzing mechanical dynamics and interface cir-
cuits are remarkably different. To bridge research in both
fields, the equivalent circuit modeling (ECM) method has been
developed [29, 30]. This approach allows for incorporating

interface circuits, like SECE and SSHI circuits, in the simu-
lation analysis when modeling a PEH.

In addition to interface circuits, from the practical applic-
ation point of view, an energy management unit (EMU) is
crucial to regulate a reliable output voltage for the power
end, given the unpredictable nature of ambient excitations.
However, previous studies are confined to interface circuit-
level simulations [31-33]. This hinders the thorough analysis
and optimization of piezoelectric energy harvesting systems
towards practical applications. A truly system-level simulation
should include the EMU and electronic appliances with com-
plicated nonlinear power characteristics. This study addresses
above-mentioned gaps by developing a genuinely system-
level ECM and applying it to analyze a TM-PEH. This ECM
synthesizes mechanical dynamics, interface circuit features,
energy management modules, and sensor operation to enable
a comprehensive simulation that connects the theories with
practical applications.

2. Mechanical structure overview

Figure 1(a) illustrates the physical prototype of the TM-PEH
and the experimental setup for testing. This TM-PEH can
be used as a self-powered motion detector [34]. It consists
of a piezoelectric cantilever beam with an attached tip mag-
net (M1) and another driving magnet (M2). The piezoelec-
tric cantilever beam can be mounted on the door frame, and
the driving magnet can be installed on the door. As the door
opens or closes, the repulsive magnetic force between M1 and
M2 causes the beam to bend, thereby storing elastic poten-
tial energy into it. After the stored energy reaches a predefined
threshold, it will be automatically released and transformed
into kinetic energy, resulting in the underdamped vibration of
the beam. In this process, the piezoelectric transducer affixed
to the beam converts part of the kinetic energy into electrical
energy. In the established experimental setup, door movement
was emulated using a linear motor (Kollmorgen©, SMD175),
which operated at a constant velocity. Figure 1(b) shows the
printed circuit board for regulating the AC output from the
TM-PEH, which encompasses the SEH/SP-SECE circuit and
the EMU (Linear Technology©, LTC3588-1). A SEH cir-
cuit converts the AC voltage output from the TM-PEH to
DC. Alternatively, an SP-SECE boosts efficiency and achieves
AC-DC conversion. Subsequently, an EMU further stores the
energy and regulates the output. When the stored energy falls
below a certain threshold, the energy management circuit
cuts the power supply to the electronic appliance. Once the
stored energy reaches the desired threshold, the EMU estab-
lishes the supply and activates the operation of the electronic
devices [34, 35]: a hygrothermograph and an IoT node (Nordic
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Figure 1. Experimental setup and system schematic (a) experimental setup of the TM-PEH, including a linear motor, piezoelectric beam, tip
magnet (M1), driving magnet (M2), the interface circuits, the energy management unit, and electronic devices. (b) Layout of the interface
circuits, energy management unit, and sensors: a hygrothermograph and a wireless IoT node. (c) Dynamic motion process of the TM-PEH:

(1) initial position, (ii) critical position, and (iii) stop position.

Semiconductorn©, RF52832). An oscilloscope (Tektronix©,
MDO34) was used to accurately capture the working wave-
forms in the experiments.

The dynamic process of the TM-PEH is elucidated in
figure 1(c). A single plucking process can be divided into two
distinct stages: the potential energy pre-charging stage and
the energy-release stage. At the beginning of the first stage,
the distance between the two magnets is too large to generate
strong magnetic forces, and the piezoelectric beam remains
unbent. At this moment, the total potential energy U, Stored
in the beam is nearly zero. Subsequently, as the linear motor
moves at a velocity of v, simulating the opening-door process,

the magnetic repulsive force exerted on M1 by M2, which is
mounted on the linear motor, increases, leading to the bending
of the piezoelectric beam. In this process, the positive work
done by M2 is gradually converted into the elastic potential
energy U, stored in the piezoelectric beam. When M2 reaches
the critical position, the elastic potential energy stored in the
piezoelectric beam reaches its maximum limit. As M2 fur-
ther moves, the magnetic force applied on M1 can no longer
counterbalance the restoring force of the piezoelectric beam.
Therefore, the potential energy will be released and trans-
formed into the kinetic energy of the beam, leading to its
underdamped vibration. During the vibration, the mechanical



Smart Mater. Struct. 34 (2025) 05LTO1

D Letters

energy oscillates between potential and kinetic forms, and the
piezoelectric transducer converts a portion of the mechanical
energy into electricity.

According to many theories [36, 37], the TM-PEH can
be represented as a lumped single-degree-of-freedom (SDOF)
model, and the governing equations are formulated as follows:

{Mii+Di4+Ku+€)V =F, (u,b) 0

I=0i—C,V,

where M represents the equivalent mass, K denotes the equi-
valent stiffness, and D stands for the damping coefficient.
Additionally, V, represents the voltage across the piezoelec-
tric element, while / indicates the output current when the PEH
is connected to a general load. C, and ¢ denote the clamped
capacitance and electromechanical coupling coefficient of the
piezoelectric transducer, respectively. u represents the trans-
verse displacement of the free end of the beam.

Based on the dipole—dipole interaction model [38], the
magnetic force F,,(u,b) exerted by M2 on M1 can be derived
as:

3uommy 3du
Fon (u,b) = %{(”—b)‘FM
54 du
r@[(”bHﬂuZ]} 2)

where d indicates the longitudinal distance between the centers
of the two magnets; ¢ is the angle of deflection, which corres-
ponds to the angular displacement of the beam tip; r|, denotes
the distance between M1 and M2 centers; m; and m, are the
magnetic moments of M1 and M2, respectively; po denotes the
vacuum permeability. Based on the geometric relationships, ¢,
d, and r, can be formulated as follows,

¢ ~sin~! (u/L) 3)
d=dy+L(1 —cos¢) 4)
rp=1/(u—b)’ +d& )

where L represents the distance from the fixed end of the piezo-
electric beam to the center of M2, and dy denotes the initial
longitudinal separation between the two magnets. b indicates
the transverse distances between the centers of the two mag-
nets. The intrinsic parameters for the experimental setup are
listed in table 1.

Although the lumped SDOF model introduced above has
been widely used, it is primarily suited for relatively simple
loads. In practical scenarios, sophisticated loads, such as inter-
face circuits incorporating transistors, introduce nonlinearit-
ies that substantially complicate, and in some cases preclude,
analytical solutions to equation (1). To explore and analyze
a more sophisticated electrical load, it is necessary to lever-
age the ECM approach for effective analysis. The fundamental
principle of the ECM approach is grounded in mechanical-
electrical analogies, established by identifying relationships
between mechanical variables that exhibit a mathematical
structure analogous to those in the electrical domain.

Table 1. Intrinsic parameters of the TM-PEH.

Description Value
Length of beam L (mm) 86.5
Volume of Tip magnet M1 (mm?) 1000
Volume of driving magnet M2 (mm?) 6000
Magnetic constant 1o (Hm™") 47 x 1077
Residual flux density of magnets B, (T) 1.33

In the established ECM for the TM-PEH, the motion
of the driving magnet M2 is emulated by a current source
connected in parallel with a capacitor, while the magnetic
force is modeled using an arbitrary behavioral voltage source
that is governed by a custom control function. The mech-
anical domain is modeled using circuit components such as
inductor L,,, resistor R,, and capacitor C,,, which corres-
pond to the equivalent mass, damping coefficient, and stiff-
ness, respectively [39]. As for the electromechanical coupling
term in equation (1), the piezoelectric transducer is modeled
using a combination of arbitrary behavioral voltage and cur-
rent sources. Once the mechanical structure and piezoelec-
tric transducer are represented in this equivalent circuit frame-
work, various electrical components, including interface cir-
cuits and EMUs, can be integrated for comprehensive system-
level analysis.

To experimentally determine the equivalent circuit para-
meters, this study used an impedance measurement-based
method [40, 41]. This approach enables the identification of
the equivalent circuit parameters by analyzing the admittance
spectrum obtained from an automated impedance analyzer.
Figure 2(a) plots the experimentally obtained admittance
spectrum using an impedance analyzer (Analog Discovery
Impedance Analyzer). The slight asymmetry observed in the
conductance curve can be attributed to the nonlinear behaviors
of the fabricated PEH. Based on the measured data, the equi-
valent components L,, R,,, C,, and C, were calculated. The
electromechanical coupling coefficient § was determined from
the open-circuit voltage response under the harmonic excita-
tion at a constant acceleration of 0.1 g. The identified paramet-
ers are summarized in table 2.

Figure 2(b) presents a comparison of the free-decay test
responses of the piezoelectric cantilever beam, obtained from
both experimental measurements and simulations utilizing the
identified lumped parameters. The good agreement between
the two results validates the parameter identification method.

3. Interface circuit analysis

Utilizing the ECM approach and identified parameters, we
built an ECM incorporating the TM-PEH and the inter-
face circuit, specifically the SEH and SP-SECE circuits. The
SP-SECE circuit possesses both energy-boosting and load-
independent characteristics, making it well-suited for weakly
coupled piezoelectric energy harvesting systems in practical
applications [42]. Since our system involves an EMU inter-
faced with nonlinear loads, the SP-SECE circuit was chosen
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Figure 2. Impedance measurement-based parameter identification and model validation: (a) admittance spectrum of the TM-PEH and (b)
comparison of simulated and experimental voltage responses in free decay oscillation.

Table 2. Experimentally identified equivalent parameters of the
TM-PEH.

Description Value
Equivalent mass of beam with tip magnet M1 M (g) 20.12
Equivalent damping coefficient D (Ns m~') 0.14
Equivalent stiffness K (N m™ ) 605.92
Clamped capacitance C, (nF) 40.22
Electromechanical coefficient 8 (N m_]) 0.000 6664
Dimensionless electromechanical coefficient k2, 0.0182

over other interface circuits, such as the SP-P-SSHI. The simu-
lation was performed in LTspice, and experiments were carried
out to validate the simulation results. The dimensionless coup-
ling coefficient k,, of the fabricated TM-PEH in this study was
calculated to be 0.0182, as listed in table 2. According to previ-
ous studies [43, 44], this value classifies the system as weakly
coupled.

Figure 3(a) compares the piezoelectric voltage waveforms
of the SP-ECE circuit obtained from simulations and experi-
mental measurements. In these cases, the initial longitudinal
separation dy was set to 2.6 cm, and the transverse distance
b, with an initial value of —0.1 m, varied as the linear motor
moved at a constant velocity of 0.4 m s~! . According to
equation (2), the transverse distance could be expressed as
b = by + 0.4 ¢t during the experiment. The simulation res-
ult matches well with the experimental one, effectively illus-
trating the main characteristics of the SP-SECE circuit: the
voltage is flipped to zero once it reaches the peak due to the
synchronized switching operation. Furthermore, figure 3(b)
shows the charging performance of the SP-SECE circuit given
different capacitances. The excellent agreement between the
simulated and experimental data further substantiates the reli-
ability of the ECM approach.

Based on the simulation model, we also investigated the
advantages of the SP-SECE circuit compared to the SEH cir-
cuit in the application of charging capacitors. Six different
capacitors, 22, 33, 47, 100, 220, and 330 uF, were used in
the simulation. Figure 3(c) demonstrates that the SP-SECE
circuit can always charge the capacitors to higher voltages.

Figure 3(d) presents a direct comparison of the energy har-
vested in capacitors of different values. It is evident that the
harvested energy by the SEH circuit drops sharply when char-
ging larger storage capacitors, primarily due to the aggravated
impedance mismatch. In contrast, the SP-SECE circuit exhib-
its a more gradual decline, consistent with the widely recog-
nized load-independent nature attributed to its decoupled two-
phase operation mechanism. The observed slight decrease for
the SP-SECE circuit might result from the increased parasitic
loss associated with the switching components [45]. In the
simulation of charging a capacitor of 330 uF, the SP-SECE
circuit collects nearly five times more energy, representing a
remarkable 496% increase compared to the SEH circuit.

In addition to circuit simulation, the capacitor-charging
tests of the SP-SECE and SEH circuits were performed exper-
imentally. The results listed in table 3 confirm that the SP-
SECE circuit consistently harvests more energy across all
tested capacitors. For the 330 F capacitor in the experimental
test, the SP-SECE circuit harvested 411.62 uJ more energy
than the SEH circuit, indicating an improvement of 468.12%,
nearly fivefold. These results align well with the simulation
findings, underscoring the effectiveness of the SP-SECE cir-
cuit in boosting efficiency and validating the accuracy of the
ECM.

4. System-level simulation

In previous studies, the application of the equivalent circuit
method was restricted to the analysis of interface circuits [31,
33], such as SECE and SSHI circuits. However, in addition
to interface circuits, EMUs are crucial for practical applic-
ations, as different electronic devices often exhibit distinct
power consumption characteristics. Prior studies did not con-
sider these factors and failed to thoroughly analyze the oper-
ational dynamics of the whole system, comprising the PEH,
interface circuit, EMU, and load device, from both mechan-
ical and electrical perspectives. In this work, we extend the
framework of ECM to incorporate EMUs and power con-
sumption characteristics of load devices. Only through this
approach can a comprehensive system-level simulation be
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Figure 3. Simulation and experimental results for the TM-PEH shunted to interface circuits: (a) open-circuit voltage waveforms from
simulation and experiments for the TM-PEH shunted to an SP-SECE circuit; (b) capacitor-charging performance of the SP-SECE circuit
predicted by simulation and tested by experiments; (c) simulated comparison of charging voltages under varying capacitances for the SEH
and SP-SECE circuits; (d) simulated comparison of charging energy for the SEH and SP-SECE circuits, including an inset showing the

percentage increase in charging energy.

Table 3. Capacitor-charging performance of the SP-SECE and SEH
circuits in the experiment.

Charging voltage (V)  Charging energy (uJ)
Capacitance (uF) SP-SECE ~ SEH  SP-SECE SEH Increase
22 7.34 7.16 592.63 563.92 5.1%
33 6.13 5.68 620.02 532.33 16.47%
47 53 4.32 660.12  438.57 50.52%
100 3.33 2.01 554.45 202.01 174.47%
220 2.13 0.998  499.06 109.56 355.51%
330 1.74 0.73 499.55  87.93 468.12%

established, encompassing the entire process from energy har-
vesting to management and utilization. Figure 4 demonstrates
the system-level ECM of the whole system, which includes
the TM-PEH, the interface circuit, the EMU, and practical
external loads. The electronic components used in the SP-
SECE circuit are outlined in table 4.

The results presented in figure 3 and table 3 prove that
the SP-SECE circuit exhibits greater efficiency than the SEH
circuit in the simple capacitor-charging test. Through the
system-level simulation, we further substantiate the advant-
ages of the SP-SECE circuit in practical applications by com-
paring it with the SEH circuit in the application of power-
ing a hygrothermograph and a wireless IoT node (Nrf52832)

through a typical EMU, i.e. the LTC3588-1 module. In the
experiment, we first used the current probe of the oscillo-
scope to characterize the distinct current consumption profiles
of the two electronic devices. The hygrothermograph oper-
ates in a continuous mode, consistently monitoring the tem-
perature and humidity. During operation, it draws a steady
current of about 54.5 pA under a supply voltage of 1.8 V.
Therefore, the hygrothermograph was directly emulated by
a constant 33 K resistor in the LTspice model, as illus-
trated in Part IV (Electronic Load 1). In contrast, the IoT
node functions in an intermittent mode, activating periodic-
ally for 330 us in each 1 s cycle, with a peak operational
current measured of approximately 24.12 mA. To replicate
this intermittent behavior, the IoT node was modeled using
a time-varying resistor, controlled by a voltage-controlled
switch that is driven by a pulse voltage source in LTspice
simulation, as illustrated in Part IV (Electronic Load 2) of
figure 5.

In both the experiment and simulation, we monitored and
recorded the voltages at the input and output pins (V;i, and V)
of the LTC3588-1 module. Specifically, the input pin is con-
nected to the storage capacitor of the SP-SECE circuit, while
the output pin is directly used to power the applicable loads.
Figure 5 demonstrates the simulation and experimental results
of Vi, and V,, under the conditions where the initial longit-
udinal separation was set dyp = 2.8 cm, the initial transverse
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Table 4. Component list of SP-SECE circuit.

Designator ~ Part number Variable  Value
Dis NSRO2100HT1G L, 470 uH
Q,(PNP) MMBT5401 Cs 3nF
Q2(NPN) MMBT5551 Cs 47 uF
distance was by = — 0.1 m, and the motor moved at a con- e Phase II—sensor operation: once the output port of the

stant velocity of 0.4 m s~! . Besides, the under voltage lockout
(UVLO) settings of the LTC3588-1 module were configured
with a minimum turn-on threshold voltage of 3.77 V, a turn-
off threshold voltage of 2.87 V, and a stabilized voltage of
1.8 V while outputting. Figures 5(a) and (b) present the res-
ults of using the SP-SECE circuit to power the hygrother-
mograph. The simulation results are in excellent agreement
with the experimental observations, where V;, rises beyond
3.77 V to a maximum value of around 4.51 V, thereby suc-
cessfully triggering the UVLO function of the EMU and out-
putting a regulated 1.8 V V. Given the power generation
capability of the TM-PEH and the SP-SECE circuit, the oper-
ation process of the whole system can be divided into three
phases:

e Phase [—energy harvesting: during this phase, the energy
harvested by the TM-PEH is regulated by the SP-SECE cir-
cuit and gradually charges the storage capacitor until the
input voltage surpasses the turn-on threshold (3.77 V) of the
LTC3588-1 module. This phase is characterized by a gradual
voltage increase of Vi,, as observed in both the simulation
and experimental results.

LTC3588-1 module is activated, it delivers a stable voltage
of 1.8 V to the hygrothermograph, which undergoes a cold
start before entering its normal operating mode. In this
mode, it monitors the ambient temperature and humidity,
displaying the information on the screen. This phase lasts
about 3 s, as depicted in figures 5(a) and (b).

Phase III—power outage: after the electrical energy in the
storage capacitor is depleted, V;, drops below the lockout
threshold of the LTC3588-1 module, the power supply V
is interrupted. Consequently, the hygrothermograph stops
functioning due to an inadequate energy supply.

However, as shown in the subfigures in the second row, i.e.
figures 5(c) and (d), when using the SEH circuit, the energy
collected in the storage capacitor, indicated by Vy,, can never
reach the threshold 3.77 V. As aresult, V,; remains zero under
the control of the UVLO function of the LTC3588-1 module,
and only Phase I were observed in this case.

The above hygrothermograph application demonstrates
that the developed system-level simulation model effectively
captures the power dynamics of the EMU and the electrical
load in the TM-PEH system, which could not be analyzed in



Smart Mater. Struct. 34 (2025) 05LTO1

D Letters

2.0
e T 1.6
s Vivio =3.77 \ —
< 3 L 1.23
= 3
T I n 08>
—-Sim. V,, {0.4
L —— Sim. V,,
0 1 2 3 4 gl
(a) Time (s)
2.0
v Vinio= 87 o
<3 A '”“1.22
N 3
) | 08>
-Sim. V,, {0.4
; —Sim. V,,
0 1 > 3 2 e
(c) Time (s)

5 2.0

b .‘./uw.o SEI \

1.6

)
w

s 3 e
>E 2 I’ 08 E
o
[ ’! Il [
U —-—--Exp. Vi, 10.4
I — Exp.Vo,
|
OO 1 2 3 4 50'O
(b) Time (s)
5 2.0
4 ‘/ Vo =377 ) 16
< 3 1.2 S
< 3
= 5 | 08>
1 —=Exp. Vi |n4
Exp. Vo .
00 1 2 3 4 50'O
(d) Time (s)

Figure 5. The simulation and experimental results for the TM-PEH powering the hygrothermograph via different interface circuits and the
LTC3588-1 module: (a) simulation and (b) experimental results of input and output voltages of the LTC3588-1 module with the SP-SECE
circuit; (c) simulation and (d) experimental results of input and output voltages of the LTC3588-1 module with the SEH circuit.
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Figure 6. The operational current of the wireless IoT node operating in the intermittent mode. (a) experimental result; (b) simulation result.

previous studies. Notably, under the same excitation condi-
tion, the SEH fails to activate the hygrothermograph due to
its limited energy harvesting efficiency, which stems from its
inherent energy backflow issue [24]. In contrast, the SP-SECE
circuit successfully powers the hygrothermograph for approx-
imately 3 s, benefiting from its energy-boosting capability in a
weak electromechanical coupling system [46, 47]. This res-
ult demonstrates that the system-level simulation facilitates
efficient design, evaluation, and optimization of self-powered
sensing/monitoring systems directly on a laptop, thereby redu-
cing reliance on costly and time-consuming trial-and-error
experiments in the laboratory.

The hygrothermograph operates in continuous mode,
which is reflected by the gradual and smooth decline of the

input voltage shown in figures 5(a) and (b), indicating a steady
power consumption. In many other practical applications, we
may have electronic devices working in intermittent modes.
To further showcase the effectiveness and versatility of the
developed system-level ECM, a wireless IoT node operating
in intermittent mode was tested. First, its operational current
was measured under a DC power supply with an output voltage
of 3.6 V. As shown in figure 6(a), the results indicate that an
advertisement packet is transmitted every 1 s, during which
the power consumption significantly increases. Between trans-
mission events, the [oT node enters standby mode, drawing
a relatively low current. In LTspice, the periodically varying
power consumption was emulated using a time-varying res-
istor with the value defined through conditional statements
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Figure 7. The simulation and experimental results for the TM-PEH powering the hygrothermograph via the SP-SECE circuit and the
LTC3588-1 module: (a) simulation and (b) experimental results of input and output voltages of the LTC3588-1 module.

to replicate the experimentally identified power consump-
tion profile. A pulse voltage source, in combination with a
voltage-controlled switch, was utilized to alternate between
the transmission and standby states. The corresponding sim-
ulation setup is detailed in Part IV (Electronic Load 2) of
figure 5, and the simulated operational current is shown in
figure 6(b).

Given that the SP-SECE has already demonstrated super-
ior efficiency, only the SP-SECE circuit was utilized in the
second case study to eliminate redundancy. Figures 7(a) and
(b) illustrate the time-history voltage responses of Vi, and V
obtained from the simulation and experiment. In this case, the
turn-on and turn-off threshold voltages of the LTC3588-1 unit
were 4.73 V and 3.75 V, respectively, with a regulated voltage
output of 3.6 V. Additionally, the initial longitudinal separa-
tion dy was reduced to 2.4 cm to enhance the energy input
from the magnetic force. The results show that the value of
Vin gradually increases, and once it exceeds the 4.73 V turn-
on threshold, the UVLO function of the LTC3588-1 module is
triggered, a stabilized voltage of 3.6 V is supplied to the IoT
node, which transmits advertisement packets every 1 s. The
good agreement between the two datasets confirms the reli-
ability and accuracy of the system-level ECM. Notably, the
improved ECM can accurately predict the activation timing
of the wireless IoT node, benefiting from the refined model-
ing of the TM-PEH, interface circuit, EMU, and power char-
acteristics of the electronic device. In addition, it exquisitely
reveals the periodic energy consumption pattern of the IoT
node during operation: the voltage decline is more stairwise
rather than smooth. The interval between the two voltage drops
is 1 s, coinciding perfectly with the advertisement interval
of the IoT node. Slight discrepancies between the simulation
and experimental results are observed, especially in the last
phase. These discrepancies might arise from several factors,
including variations between the actual electronic components
and those used in the simulation software, as well as inac-
curacies in identifying the power characteristics of the IoT
node.

Overall, the above two case studies have well-validated
the extended framework for system-level simulation of

self-powered systems, accounting for mechanical dynam-
ics, piezoelectric transducers, interface circuits, energy man-
agement modules, and external loads exhibiting complex
dynamic behaviors, including intermittent modes. Future
work will focus on extending the framework to incorporate
more complex mechanical structures and electronic devices,
thereby enhancing its applicability and robustness in practical
scenarios.

5. Conclusion

In conclusion, this paper has presented an extended frame-
work for building ECMs of self-powered systems. Within
this framework, we have studied a TM-driven PEH (TM-
PEH). Regarding the interface circuit, we examined a SEH
circuit and a SP-SECE circuit. Both simulation and experi-
mental results indicated that the SP-SECE circuit showcased a
higher energy harvesting efficiency, especially for larger stor-
age capacitors. Given the TM-PEH under the same excita-
tion conditions, the SP-SECE circuit could harvest almost five
times more energy than the SEH circuit in charging a 330 uF
capacitor.

Unlike previous studies limited to the analysis of interface
circuits, we further extended the simulation model to incor-
porate an EMU and two electronic devices (a hygrothermo-
graph and a wireless IoT node) into consideration. The hygro-
thermograph was represented by a constant resistor in the
simulation model, as it worked in continuous mode. In con-
trast, the wireless IoT node operated in intermittent mode. The
periodic behavior was emulated by using a time-varying res-
istor, a pulse voltage source, and a voltage-controlled switch
in LTspice. With elaborately designed load settings, the simu-
lations enable us to differentiate between the two operational
modes. Similar to the experimental observation, the simu-
lated voltage response of the IoT node powered by the TM-
PEH exhibits a periodic energy consumption pattern during
operation. Moreover, the system-level simulations can accur-
ately capture the operational dynamics of the whole system,
especially the power dynamics of the EMU and practical
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load devices. The methodology and results presented in this
paper provide valuable insights and guidelines for designing
self-sustained systems utilizing energy harvesting technology
from a holistic perspective, considering the synergy of cross-
disciplinary knowledge.
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