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ABSTRACT

This study presents an enhanced quasi-zero-stiffness galloping-based piezoelectric energy harvester (EQZS-GPEH) for efficient wind energy
harvesting and self-powered wind speed sensing. It employs a five-magnet configuration to expand the QZS region, thus effectively reducing
the cantilever beam stiffness, lowering the onset wind speed, and amplifying the dynamic response. The experimental results demonstrate
that the EQZS-GPEH delivers a maximum power output of 1.55 mW at a wind speed of U= 4.834 m/s and a load resistance of R, = 0.7 MQ,
representing a 294% improvement over the traditional galloping-based piezoelectric energy harvester (T-GPEH) and a 142% improvement
over the conventional QZS galloping-based piezoelectric energy harvester (CQZS-GPEH). Beyond enhanced performance, the EQZS-GPEH
also exhibits a highly linear relationship between vibration frequency and wind speed (R* > 0.99), enabling accurate wind speed estimation.
Leveraging this characteristic, an analog-to-digital converter circuit was developed to process harvester output and estimate wind speed,
achieving a relative error of <5% compared to reference instrumentation. Integrated with the EQZS-GPEH, this forms a fully self-powered
wind speed sensing system. These results demonstrate the EQZS-GPEH as a high-performance self-sustaining solution for distributed energy
harvesting and sensing, making it highly promising for future IoT applications.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0308844

06:8S¥1 920z Arenuer go

The Internet of Things (IoT), a key technology of the future, is
reshaping industry and daily life through closed-loop systems that
integrate sensing, communication, and edge computing, driving
advances in areas such as intelligent manufacturing,] smart cities,” and
healthcare.” However, reliance on chemical batteries for distributed
devices poses environmental risks and high follow-up maintenance
costs, making ambient energy harvesting an attractive and sustainable
alternative.”

Wind, as a ubiquitous natural resource, can excite structural
vibrations through flow-induced phenomena such as vortex-induced
vibration (VIV),” galloping,” and flutter."’ These vibrations can then
be converted into electricity through piezoelectric, electromagnetic, or
triboelectric transduction. Galloping is a self-excited aeroelastic insta-
bility whose amplitude increases with wind speed, making it highly
suitable for broadband wind energy harvesting.'""'* Piezoelectric trans-
ducers are widely adopted in such galloping energy harvesting systems

because of their high power density, simple structure, and ease of
integration.

Various strategies have been proposed to enhance the performance
of galloping-based piezoelectric energy harvesters (GPEHs), such as
adding small attachments,”” designing multi-degree-of-freedom
structures,* and introducing nonlinear magnetic forces.” " In particu-
lar, magnetic coupling has been widely explored for developing high-
performance energy harvesters due to its potential advantages in
enhancing output power' ™’ and tuning structural dynamic
characteristics.”** Among various magnetic coupling configurations,
certain designs enable the formation of quasi-zero-stiffness (QZS)
regions,””* which can result in favorable nonlinear dynamics for broad-
band and ultra-low frequency energy harvesting.”° By appropriately
introducing a QZS region, the GPEH can operate efficiently not only at
low-wind speeds but also over an expanded operational bandwidth.””**
Moreover, GPEHs hold strong potential for environmental sensing,
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as demonstrated by studies in which they powered temperature and
humidity sensors, validating their great promise for self-powered sens-
ing applications.””

Research on self-powered wind speed sensing using GPEHs
remains limited, primarily due to the combined limitations of low
energy output, high signal-processing power requirements, and inef-
fective energy management for practical applications. In this work, we
present an enhanced quasi-zero-stiffness galloping-based piezoelectric
energy harvester (EQZS-GPEH) integrated with an ultra-low-power
analog-to-digital converter (ADC) to achieve a fully self-powered wind
speed sensing system.

The proposed EQZS-GPEH [Fig. 1(c)] comprises a cantilever
beam with a PZT-5 sheet bonded near its fixed end and a cuboid bluff
body carrying magnets on its top and bottom surfaces. Removing the
bottom magnets yields a conventional QZS galloping-based piezoelec-
tric energy harvester [CQZS-GPEH, Fig. 1(b)], while further removing
the top magnet reduces it to a traditional GPEH [T-GPEH, Fig. 1(a)].

By tuning the distance d; between magnet A and magnet B, the
repulsive force can counteract the restoring force of the cantilever
beam, thereby achieving a QZS region. Unlike the top magnet arrange-
ment, magnets D and E are positioned beneath magnet C. This config-
uration of magnets further offsets the restoring force of the cantilever
beam, enabling the QZS region to extend over a wider displacement
range.

A monostable design is adopted for all three GPEHs to avoid
multi-stable potential barriers and enhance energy harvesting effi-
ciency. The distance between magnet A and magnet B (d;) was set to
16 mm to ensure that the magnetic repulsive force provides sufficient
stiffness softening without inducing an undesired deviation of the
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FIG. 1. (a) Traditional galloping-based
piezoelectric energy harvester (T-GPEH);
(b) conventional quasi-zero-stifiness GPEH
(CQZS-GPEH); (c) enhanced quasi-zero-
— stiffness GPEH (EQZS-GPEH); and (d)
20 _ cozsGeEH potential energy (E,) profiles of the three
- - EQZS-GPEH GPEH configurations.
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static equilibrium position. Based on a similar balance of stiffness mod-
ulation and stability considerations, the distance between magnet C
and magnet D (d,) was set to the same value. To make sure that the
bluff body can overcome the repulsive force of the bottom magnets
and achieve large vibration amplitudes, the distance between magnet
D and magnet E (h;) was set to 12 mm. This value corresponds to the
minimum safe spacing relative to the magnet’s radius, ensuring strong
nonlinear interaction while avoiding excessive repulsive force. This
value corresponds to the minimum safe spacing relative to the 6 mm
magnet radius, ensuring strong nonlinear interaction while avoiding
premature saturation of the repulsive force. Table I lists the shared
physical parameters used in all three GPEH configurations.

The potential energy E, can be generally obtained by integrating
the restoring force F,(y) of the cantilever beam over the displacement
range: E, = [ 5 Fr(y)dy. As shown in Fig. 1(d), the potential energy
of the EQZS-GPEH is markedly reduced by the five-magnet configura-
tion, resulting in a distinct flat region where E, approaches zero. For
the CQZS-GPEH, a smaller zero-E, region is observed near y =0 due

TABLE I. The common physical parameters of three GPEHSs.

Components Dimensions
Cubic bluff body 35 x 35 x 120 mm?
Cantilever beam 200 x 25 x 0.7 mm®

PZT-5 sheet 30 % 20 x 0.4 mm>

Circular magnets 6’1 x 3mm’
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to its two-magnet configuration. In contrast, the T-GPEH exhibits the
highest potential energy, with E, = 0 only occurring at y = 0.

In this study, the widely adopted lumped-parameter modeling
approach is used.”” ” Incorporating the magnetic forces into consider-
ation, the governing equations of the EQZS-GPEH are formulated as
follows:

My + Coy + Kopy + 0V, = Fo + Fy,

) ) vV, (1)
0y =GV, +-L,
Ry

where y is the displacement of the bluff body, Mg C,p5 and K gare the
equivalent mass, damping coefficient, and stiffness, respectively. F, is
the aerodynamic force, and F,,, is the magnetic force generated by the
special five-magnet configuration. 0 stands for the electromechanical
coupling coefficient, C, represents the clamped capacitance of the pie-
zoelectric transducer, V), is the output voltage across the load resistance
R;. Based on the quasi-steady theory, the aerodynamic force F, can be
empirically expressed as a polynomial function: ™

F, = 0.50UDLY 4, (%) , )
i=1

where p represents the fluid density, U is the wind speed, 4; (i=1, 3,
5, ...) denotes the aerodynamic force coefficients, which can be deter-
mined from the experimental data at specified attack angles using
the least squares method.”” The dipole-dipole model™ is utilized to
qualitatively calculate the potential energy between magnet A and
magnet B:

Up = —Bas - s = @V("’B 5 rBA) m, )
4n N

where V is the gradient operator;’**’ By, represents the magnetic field
generated by magnet A at the location of magnet B; m, and my, are the
magnetic moments of magnets A and B, respectively; 1, is the vacuum
permeability; rp4 is the vector from the magnetic moment source of
magnet B to that of magnet A, with rg4 = /y* + d? denoting its
magnitude. Hence, the magnetic force on magnet B exerted by magnet
A, Fgy, can be derived from Eq. (3):

FBA = —VUm = —@V {(Vw) ~mA]
47

"BA

31y mpmy (g -tha)Fpa+ (g Fpa)ma+ (firy - Fpa) g

4 R R . . . b
4mryy —5(fig-Fpa) (s 7pa)T A

(4)

where mp and m, are the magnitudes of mp and m,, respectively. g,
My, pa are the unit vectors of mp, m,, and 4, respectively. In our
study, mp - my = —1, since my is parallel to mpg; mp - 34 = cosa,
o is the angle between mp and rps, and thy - Fp4 = —coso.
Consequently, F4 can be simplified as:

Fpy = Tt (—#pa + firy coso — i cos o 4 5 cos’aipy). (5)
BA

The projections of m, and mp along the y-axis are 0. Hence, the
y-axis component Fgy, denoted as F,y, is given as:

pubs.aip.org/aip/apl

3ugmpm N N .
F, = LﬁA (5 cos’ofpy — rBA)sm o, (6)
4mry,

where cos o = d,/rgs, sin & = y/rg,. Then, the magnitude of F,, can be
derived as:

3
F,, = w (5cos?a — 1)sino

4nrg,
_ Spomma (Sdf )y

anrg, 24 BA
_ 3ugmpmy Sydi y )

47 (yZ_;’_dZ)% ( Z+d2)§ ’
i J 1

Similarly, the y-axis component of the magnetic force generated
by the bottom magnets, denoted as Fy, can be expressed as:*

Fp = Fp1 + Fi
5(y — 0.5h;)d3 y—0.5h;
3pgmpmy ) (= 05m) + B [(y—0.5m)" + ]
4n L Sly+05h)d} y+0.5h

Kl
2

[(r+05m) +&]F [(y+0.5m)’ +a3]
®)

where Fj, is the y-axis component of the magnetic force between mag-
net C and magnet D, Fy, is the y-axis component of the magnetic force
between magnet C and magnet E.

The total magnetic force generated by the five-magnet configura-
tion, denoted as F,,,, can be eventually expressed as:

F, = Fy, +F,. &)

By substituting Eqgs. (7)-(9) into Eq. (1), the governing equations
of the proposed EQZS-GPEH are derived. Furthermore, the governing
equations of the CQZS-GPEH and T-GPEH can be obtained by setting
F,=0and F,, =0, respectively.

To assess the performance of the proposed EQZS-GPEH, experi-
mental tests were conducted in a large circulating wind tunnel. The
voltage outputs from the three GPEH prototypes were measured using
a dual-channel oscilloscope (Analog Discovery 2), and their displace-
ment responses were gauged using a high-resolution Doppler laser
sensor (SG6150).”

Figures 2(a) and 2(b) show the RMS voltage output (V) and
displacement amplitude (Y,..) of the three GPEHs vs wind speed.
The T-GPEH exhibits the highest onset wind speed of 3.964 m/s
and achieves a maximum V,,,; of 31.67V and Y., of 9.65mm at
U=5.182 m/s. In comparison, the CQZS-GPEH and EQZS-GPEH
exhibit lower onset wind speeds (2.92 and 2.224 m/s) and higher
voltage outputs (38.56 and 52.18V). Their Yy, values (10.88 and
18.16 mm) also exceed that of the T-GPEH. These results demonstrate
the superior performance of the EQZS-GPEH, especially at lower wind
speeds.

Figure 2(c) presents the time-history voltage responses of the
three GPEHs at three different wind speeds. At U=2.224 m/s, the
EQZS-GPEH exhibits an unstable voltage response. This voltage fluc-
tuation is primarily attributed to the nonlinear magnetic force, whose
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FIG. 2. (a) Open-circuit RMS voltage (V;ns) of the three GPEHS; (b) maximum displacement response (Ymax) Vs wind speed; (c) time-history voltage outputs at three different
wind speeds; (d) spectra at U= 3.964 m/s; (e) vibration frequencies vs wind speed; and (f) comprehensive comparison of the three GPEHS.

magnitude is pretty sensitive to the distance between the magnets."’
Furthermore, the magnetic interaction introduces strong nonlinearity
into the effective stiffness of the system, and this nonlinearity becomes
more pronounced with variations in the wind speed.”” As a result,
even minor fluctuations in wind speed at U= 2.224 m/s can affect the
system’s dynamic response, leading to voltage instability in the EQZS-
GPEH.

Figure 2(d) shows the voltage spectrograms of the three GPEHs
at U=3.964 m/s. Vibration frequencies of the EQZS-GPEH, CQZS-
GPEH, and T-GPEH are determined to be 7.09, 8.50, and 11.11 Hz,
respectively, through fast Fourier transform (FFT) analysis."’
The reduced vibration frequency of the EQZS-GPEH is attributed to
the magnetic forces, which counteract the elastic restoring force of the
cantilever beam, thereby softening the structure. Furthermore, as dem-
onstrated in Fig. 2(e), the vibration frequency of the EQZS-GPEH
(feqzs-cpen) decreases to 4.19 Hz when U= 2.398 m/s due to the sig-
nificant stiffness reduction caused by the softening effect of the mag-
netic force. As the wind speed increases, Yy, gradually rises, enabling
the EQZS-GPEH to overcome the magnetic softening effect, resulting
in a gradual increase of fzqzs Gpen-

As shown in Fig. 2(e), the vibration frequency of the T-GPEH
(fr-gpen) decreases slightly with wind speed, from 11.11 to 10.99 Hz,
due to the aerodynamic negative damping. " The CQZS-GPEH, with a
single magnet pair, has a stiffness between the T-GPEH and EQZS-
GPEH: its frequency drops to 7.73Hz at U=2.92 m/s and rises to
9.18 Hz at U=5.182 m/s. Figure 2(f) compares the three GPEHs in
terms of operational range, onset wind speed, V5 Yinao and fre-
quency variation. The EQZS-GPEH exhibits the broadest operational
bandwidth (2.398-5.182 m/s), lowest onset wind speed (2.224 m/s),
largest V,,,, (52.18 V), highest Y., (18.16 mm), and greatest frequency

variation (4.58 Hz), confirming it as the optimal design for efficient
wind energy harvesting.

As shown in Fig. 3(a), at the wind speed of 4.834 m/s, the RMS
voltage outputs V,,,, of all three GPEHs increase as the load resistance
R; rises, with the EQZS-GPEH consistently exhibiting higher Vs
than the other two. Figure 3(b) shows the RMS power output (P,
with the change of load resistance at U=4.834 m/s, where P,
=V, /Ry Based on these results, the optimal power outputs of the
EQZS-GPEH, CQZS-GPEH, and T-GPEH are determined to be 1.55
mW, 0.64 mW, and 0.39 mW at R; = 0.7 MQ, respectively. As shown
in Fig. 3(c), the P,,,s of the EQZS-GPEH and CQZS-GPEH are at least
237.36% and 38.01% higher than that of the T-GPEH, respectively.

Subsequently, capacitor charging tests were conducted with the
results presented in Fig. 3(d). After 480 s, the voltage across all three
capacitors exceeded 5.0V, with a clear upward trend. Figure 3(e)
depicts the relationship between vibration frequency (f) and wind
speed (U) for each GPEH, fitted from frequency variation data, with
all three devices achieving a high fit quality (R* > 0.97). Here, the indi-
cator of fit quality R* can be calculated by

n N2
> (-7
i=1
R2 = 1 - lni_z, (10)

> (1)

i=1
where f; is the true value of vibration frequency, f ; is the predicted
vibration frequency, f is the average value of f;, and n is the sample
size. R* reflects the fit quality between the regression line and actual
values. The T-GPEH’s vibration frequency basically remains constant
when wind speed changes. Hence, it cannot distinguish between
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FIG. 3. (a) RMS voltage (V,s) vs load resistance (R;) at U= 4.834 m/s; (b) RMS power (P,ns) vs load resistance (R;) at U= 4.834 m/s; (c) growth rate of P,,s (GRP) of the
CQZS-GPEH and EQZS-GPEH compared with the T-GPEH at U = 4.834 m/s; (d) capacitor charging performance of the EQZS-GPEH at U = 4.834 m/s; (e) fitted linear rela-
tionship between vibration frequency (f) and wind %afg?(U) for the three GPEHSs with corresponding indicator of fit quality (R?); and (f) performance comparison of the proposed

EQZS-GPEH with previously reported harvesters.””

different wind speeds. In comparison, the EQZS-GPEH exhibits the
largest frequency variation and the highest fit quality (R>=0.994),
identifying it as the most promising candidate for the wind speed sens-
ing application. Hence, the EQZS-GPEH is used for the wind speed
sensing application. A comprehensive comparison between different
designs is shown in Fig. 3(f), further highlighting the superiority of the
proposed EQZS-GPEH.

The application of the EQZS-GPEH for self-powered wind speed
sensing is shown in Fig. 4. The EQZS-GPEH powers an analog-to-digi-
tal converter (ADC) circuit that measures its voltage to estimate wind
speed; together, they form the self-powered ADC (SP-ADC) system.
The circuit includes a voltage regulator, rectifier, storage capacitor,
energy management unit (LTC3588-1), and microcontroller
(nRF52832), with details shown in Figs. 4(b) and 4(e). Figure 4(f)
presents the PCB implementation, and the components are listed in
Table II.

The AC voltage from the EQZS-GPEH is first regulated, with the
low-amplitude voltage signal across resistor R; fed to MCU pins P04
and P05 for sampling, frequency calculation, and wind speed sensing.
To avoid signal clipping during ADC sampling, a protection circuit
composed of a filtering capacitor (Cp) and two Zener diodes (Do, D;)
limits R; voltage to a maximum of 1.8 V. Meanwhile, the AC voltage
across resistor Ry is rectified to charge the energy storage capacitor
(Csto), with a parallel switch to dissipate excess energy. The undervolt-
age lockout (UVLO) function of the EMU allows energy to accumulate
in Csro, and its buck converter delivers power once Vgro reaches a set
threshold, ensuring a stable supply to the MCU.

The application test was conducted in the circulating wind tun-
nel, as shown in Fig. 5(a). First of all, as shown in Fig. 5(d), when oper-
ating at a wind speed of 4.486 m/s, the EQZS-GPEH lit up 66 LEDs,
spelling out “HKUST(GZ).” To further demonstrate its potential, a
more challenging application was conducted to evaluate the SP-ADC
system, which comprises the EQZS-GPEH and ADC circuit, for wind
speed sensing. Given that the vibration frequency of the EQZS-GPEH
is around or below 10 Hz, the SP-ADC system operated at a sampling
frequency of 100 Hz to ensure accurate voltage signal acquisition.

Figure 5(f) shows that during the initial start of the SP-ADC sys-
tem, Csro was first charged to 5.10 V. The EMU then regulated the
capacitor voltage to 3.35 V. Once the sampling operation began, electri-
cal energy stored in Cgro was delivered to the MCU, causing Vsro to
drop to 3.73 V within 2.1 s. After the SP-ADC system completed the
sampling operation, the EMU’s UVLO function was activated, and the
buck converter was disabled. Subsequently, energy continued to accu-
mulate in Cgro to support the next MCU operation. At U= 4.486 m/s,
the system maintained an operation cycle interval of approximately
163.0 s, with the interval decreasing as the wind speed increased. To
further boost the power output and reduce the cold-start time, future
work will focus on improving the efficiency and robustness of the sys-
tem by incorporating more advanced interface circuits such as self-
powered synchronous charge extraction (SP-SECE)"” and self-powered
synchronized switch harvesting on inductor (SP-SSHI) circuits.™

Based on the linear relationship between wind speed and the
vibration frequency of the EQZS-GPEH, the wind speed (U) can be
estimated using the fitted curve shown in Fig. 3(e),

Appl. Phys. Lett. 127, 203904 (2025); doi: 10.1063/5.0308844
Published under an exclusive license by AIP Publishing

127, 203904-5

06:8S¥1 920z Arenuer go


pubs.aip.org/aip/apl

Applied Physics Letters

ARTICLE pubs.aip.org/aip/apl

(@ T s s s s e = -I Architecture of the SP-ADC system I- ———————————————————
| Generator Regulator Rectifier Storage EMU
|
" EQZS-GPEH AC~ DC+ Coro  Wero ) LTC3588-1 by
| 4 + Buck
] s control
| 3 -
) 2
UVLO
' | |
| < = = GND GND =
! \/ £l
| AC~ pos- ] nRF52832 a)»
1 \
\
- o - , SR @ - - - - - ] - - - - - \
|
[N
) P 1 Vero : y | uF Xx:E% moog?—.pooon f
| | Vi Ve f—H—— = !
! i Powian?t N opvarf— T = i
| LR Iy 10 uH _I_ |
l 1 (- | = GND |
[N} Rs | ! Vee |
: . | | 10 uF |
) GND -
BB e B v Mgt _ e .
© © !
¢ = = = =1 Regulator |[— ===~ p o= imim= MCU =i =i f
|
A AC~ AINI~ | ! o — . !
| —O—[Y]—‘ | | H= |
| R ] GND SWDI0 —— - ]
! [ AN2- Ly = = : !
| P04~ Iy oo /i H= ] S |
29 16 [ z; om
] | = HE= : - 1
| e = D, [ _XX:EEE pE= | ¢ '
| Ry T G | | e raverast f SInart 1
N D, (. Ezspnzssneect E':l »:’/’ Materials |
| o LTI svstﬁms |
| ) VarFs2832 = T :

e

FIG. 4. (a) The architecture of the SP-ADC system; (b)—(e) circuit diagram and detailed illustration of different components of the SP-ADC circuit; and (f) the printed circuit

board (PCB) implemented SP-ADC circuit.

U = 0.59f — 0.11. (11)

Figures 5(g)-5(i) show that the SP-ADC system provides results
highly consistent with those of a commercial oscilloscope, achieving a
small relative error of less than 5% for vibration frequency, wind speed,
and RMS voltage across R;. To further validate, the vibration fre-
quency analyzed by the fast Fourier transform (FFT) method is plotted
in Fig. 5(g), and the estimated wind speed is plotted in Fig. 5(h). Both
the wind speed and vibration frequency identified by the SP-ADC

TABLE . The electronic elements used in building the SP-ADC circuit.

Components Value/model
Ry 20 MQ
R, 1 MQ
G 10 uF
Dy, D, SZMMSZ4678T1G
Rectifier MBI10S
CSTO 3300 ,UF
Rs 1kQ
Switch TS1305-TZ50HBM

system exhibit relative errors below 5%. Furthermore, Figs. 5(j) and
5(k) show the time-history voltage across R; and its spectrum at
U=4.486 m/s, further confirming the high accuracy of the SP-ADC
system. As the cantilever beam undergoes repeated cyclic loading,
long-term operation may induce fatigue in both structural and piezo-
electric components. Therefore, to support long-term use, future work
may consider adopting cantilever beams with higher fatigue limits,
durable piezoelectric materials, and magnets with high coercivity and
environmental stability.

In this work, we proposed an enhanced quasi-zero-stiffness gal-
loping piezoelectric energy harvester (EQZS-GPEH) that features a
five-magnet configuration to reduce cantilever beam stiffness and cre-
ate an expanded QZS region over a larger displacement range.
Experimental validation that this expanded QZS significantly improves
energy harvesting performance. The EQZS-GPEH achieved a maxi-
mum RMS voltage of 52.18 V, a displacement amplitude of 18.16 mm,
and a power output of 1.55 mW at R;= 0.7 MQ and U=4.834 m/s,
representing a 294% improvement over the traditional GPEH
(T-GPEH) and a 142% improvement over the conventional QZS-
GPEH (CQZS-GPEH). In addition, the harvester demonstrated excel-
lent sensing capability, exhibiting a highly linear relationship between
vibration frequency and wind speed (R*= 0.994), providing the possi-
bility for wind speed estimation. Leveraging this characteristic, a
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FIG. 5. (a) Wind tunnel test section; (b) prototyped EQZS-GPEH in the wind tunnel; (c) experiment setup; (d) EQZS-GPEH lighting up 66 LEDs at U= 4.486 m/s; (e) enlarged
view of the SP-ADC circuit; (f) time-history voltage from the SP-ADC system at U=4.486 m/s; (g) vibration frequency from the FFT, oscilloscope and SP-ADC system;
(h) wind speed estimated by the oscilloscope and the SP-ADC system; (i) RMS voltage on Ry sampled by the digital oscilloscope and the SP-ADC system; and (j) voltage histo-
ries on Ry and (k) the corresponding spectra sampled by the digital oscilloscope and the SP-ADC system at U= 4.486 m/s.

self-powered analog-to-digital converter (SP-ADC) system powered
solely by the EQZS-GPEH was developed, achieving wind speed mea-
surements with a relative error of <5% compared to reference instru-
mentation. These findings demonstrate the EQZS-GPEH as a reliable
and scalable energy harvesting solution capable of powering autono-
mous sensor nodes and supporting long-term, maintenance-free envi-
ronmental monitoring, positioning it as an enabling technology for
widespread IoT infrastructure deployment. Future studies may focus
on validating the long-term stability and reliability of the SP-ADC sys-
tem under real outdoor conditions, particularly in the presence of fluc-
tuating wind gusts and atmospheric turbulence. Moreover, to improve
the accuracy of the magnet force model, more precise modified dipole
models could also be employed in future studies for a comprehensive
theoretical analysis.
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