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Abstract—The existing studies on adjustable-parameter 

interfaces (APIs) have demonstrated their effectiveness in 
enhancing the output power and bandwidth of piezoelectric 
energy harvesters (PEHs). However, current self-sensing 
approaches remain constrained by information-poor 
signals or reliance on external sensors, restricting multi-
parameter interface applicability. Moreover, under 
sensorless conditions, the mutual modulation between the 
piezoelectric response and adjustment behavior 
fundamentally impedes the realization of automation. To 
overcome the challenge, we propose a sensorless control 
scheme that interprets the electrical signal characteristics 
of piezoelectric elements in real time to provide 
instantaneous feedback for dynamic adjustment of 
interfaces. Specifically, a displacement information 
recovery module is designed to recover the displacement-
related information required for control from the energy-
harvesting signal, while a periodic phase correction (PPC) 
technique is developed to resolve the mutual modulation 
between sensing and adjustment. On this basis, a large-
step MPPT strategy is developed for the dual-parameter 
interface (energy extraction phase φ and voltage inversion 
ratio β), achieving rapid autonomous convergence. A 
prototype implementing the proposed method was 
fabricated and experimentally validated on two PEHs (PEH-
1 and PEH-2). Experimental results show that both 
configurations successfully achieve sensorless fast auto-
tuning, with 5.6-fold and 2.1-fold bandwidth improvements 
over traditional rectifiers for PEH-1 and PEH-2, respectively. 

 
Index Terms—Piezoelectric energy harvesting, 

adjustable-parameter interfaces, self-sensing, automatic 
control. 

I. INTRODUCTION 

NERGY harvesting has been widely studied as an effective 

method to power small-scale electronic devices such as 

monitoring sensors[1], fault detection [2], [3], smart devices 

[4], health care [5], [6], actuators [7]. In environments with 
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abundant vibrations, piezoelectric energy harvesters (PEHs) 

have emerged as an especially promising solution for high 

power density for microscale applications [8]. However, when 

vibrations deviate from the resonant frequency or there is an 

impedance mismatch between the mechanical part and the 

electric part, the output power significantly decreases. To 

address this issue, researchers have proposed various 

adjustable-parameter interfaces (APIs) for frequency and 

impedance matching by introducing tunable interface 

parameters [9], [10], [11], [12], [13], [14]. The aforementioned 

studies fully demonstrate the significant role of APIs in 

maximizing energy harvesting over a broader bandwidth. 

Moreover, many aspects of the MPPT process have already 

been automated. For example, Morel et al. [15] proposed a fast-

convergence self-adjusting synchronous electrical charge 

extraction (SECE) circuit with tunable short-circuit duration; 

Jiang et al. [16] developed a rectifier-less piezoelectric energy-

harvesting interface with a sense-and-track MPPT; Moon et al. 

[17] presented a high-voltage power management integrated 

circuit using an efficient perturb and observe technique; and 

Yue et al. [18] introduced a bias-flip rectifier with duty-cycle-

based MPPT. However, the above studies rely solely on peak 

detection or voltage comparison, providing limited sensing 

information that is insufficient to support complex multi-

parameter interface auto-tuning. Then researchers conducted 

studies on multi-parameter automation. Gao et al. [19] proposed 

a prototyped self-sensing synchronous switch bidirectional 

energy conversion circuit (BBEC), Chen et al. [14] proposed a 

self-adaptive optimized synchronous electric charge extraction 

(SA-OSECE) circuit, and Decroix et al. [20] presented a two-

load characterization method (TLCM) and a resistive short-

circuit (RSC) interface. For most APIs, the tunable parameters 

are physically referenced to the mechanical oscillation cycle. 

Therefore, displacement-related timing information, especially 

the cycle phase and displacement extrema, serves as the natural 

feedback basis for interface tuning. For this reason, these multi- 
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Fig. 1. (a) Schematic of displacement information recovery. (b) 

DIR module circuit topology. 

 

parameter studies generally rely on external sensing devices, 

such as accelerometers, piezoelectric patches, or laser 

displacement sensors, to monitor vibration information in real 

time for control assistance, which limits the applicability of 

these API circuits outside laboratory settings. 

In the absence of external sensor support, using the electrical 

signals generated by piezoelectric elements in response to 

mechanical excitation as the sensing signal source offers a good 

solution. Related studies [21], [22], [23], [24], [25] have shown 

that piezoelectric energy harvesters can support sensing or 

monitoring functions for environmental and motion-related 

information, thereby enabling self-powered sensing nodes. 

However, this energy-supplied sensing concept is different 

from the present work. Here, the intrinsic piezoelectric signal is 

not used as an environmental sensing output, but as the carrier 

of displacement-related timing information required for 

sensorless autonomous tuning of the adjustable-parameter 

interface. 

Accordingly, we consider replacing external sensors with 

piezoelectric elements to obtain displacement-related feedback 

directly from the intrinsic electrical response. In this case, the 

distortion considered here is not ordinary measurement noise or 

generic waveform imperfection, but the self-induced 

modulation of the sensing signal caused by interface adjustment 

itself: the same piezoelectric voltage simultaneously carries the 

harvesting response and the displacement-related timing 

information, while the adjustment of (β, φ) perturbs that signal 

and distorts the feedback information, ultimately leading to a 

loss of control during the regulation process. 

To address these challenges, this paper proposes a sensorless 

control scheme for APIs, capable of real-time analysis of the 

electrical signal characteristics from piezoelectric elements, 

providing instant feedback for dynamic adjustment of multi-

parameter interfaces. Based on this scheme, we developed a 

large-step dual-loop MPPT strategy and designed a prototype, 

which was experimentally validated on two PEHs. To the best 

of our knowledge, this is the first multi-parameter interface  

TABLE Ⅰ 
TUNING-RELATED VARIABLES & KEY SIGNAL DEFINITIONS 

Symbol Definition 

φ/φₓ Piezoelectric energy extraction phase, where x 

denotes a specified target phase 

Δφ/Δφn 
Amount of phase drift, where n denotes the 

cumulative drift over n cycles 

β/βi 

Energy extraction inversion ratio, where i 

denotes a specified inversion ratio during the 

tuning process 

βopt-x 
Optimal operating inversion ratio under a 

fixed phase φx 

(βinit, φinit) 
Initial operating parameters at the start of 

tuning 

(βopt, φopt) Global optimal operating point 

Vpzt Piezoelectric voltage signal 

VLPF Bias signal after low-pass filtering 

Vthre Threshold signal 

Vtiming 
Timing signal, a pulse square wave containing 

displacement-related timing information 

 

control scheme that operates without reliance on external 

sensors or manual intervention. Experimental results 

demonstrate that both configurations successfully achieve fast 

sensorless self-tuning control, yielding bandwidth 

improvements of 5.6 times and 2.1 times over traditional 

rectifiers on PEH-1 and PEH-2, respectively. 

The remainder of this paper is organized as follows. Section 

II introduces the principle of the sensorless control scheme. 

Section III presents the architecture of the designed interface. 

Section IV presents the experimental results and comparison. 

Finally, conclusions are drawn in Section Ⅴ. For clarity, the 

definitions of all phase-related variables used throughout the 

paper are summarized in Table Ⅰ at the beginning of Section Ⅱ. 

II. PRINCIPLE OF SENSORLESS CONTROL SCHEME 

For effective API control, the controller must know where 

the PEH is within the mechanical oscillation cycle; therefore, 

displacement-related timing information is the key feedback for 

tuning the extraction phase and inversion ratio. In the absence 

of dedicated sensors, the inherent piezoelectric electrical signal 

becomes the exclusive carrier of mechanical vibration 

information. We developed a displacement information 

recovery (DIR) module that processes a low-pass filtered 

piezoelectric voltage (VLPF) through threshold-based validation 

(Vthre) to extract displacement-related timing information 

(Vtiming), as shown in Fig. 1(b). Vtiming carries mechanical 

vibration information in its pulse-width, which enables direct 

processing by the microcontroller unit (MCU).  

Evidently, as shown in Fig. 1(a), displacement information and 

adjustment behavior are strongly coupled. Variations in system 

parameters inevitably lead to variations in the piezoelectric 

signal, which in turn disrupts displacement information. 

Therefore, decoupling the Vtiming and Vpzt signals is essential for 

achieving stable regulation.  

To address this issue, we propose a periodic phase correction 
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Fig. 2. (a) Operational logic of periodic phase correction approach. (b) Demonstration based on experimental waveforms. 

 
Fig. 3. (a) Principle of determining phase step size. (b) Target phases setting. 

 

approach, as illustrated in Fig. 2, based on a hybrid control 

strategy that alternates between open-loop and closed-loop 

stages. During the open-loop phase, the energy extraction phase 

gradually drifts from the reference phase φₓ to φₓ+Δφₙ over n 

operational cycles, allowing continuous power harvesting while 

tolerating controlled phase deviation. Once n cycles are 

completed, the system transitions to the closed-loop stage where 

the MCU's PWM peripheral actively adjusts the time delay to 

correct the phase back to φₓ, after which operation immediately 

reverts to the open-loop stage. This compound control strategy 

ensures that the phase remains within a predefined tolerance 

range, as illustrated in Fig. 2(a). 

It should be noted, as shown in Fig. 2(b), that although closed-

loop control effectively achieves phase correction, it also 

introduces disturbances due to mechanical vibration, leading to 

noticeable fluctuations in the filtered signal VLPF. In contrast, 

open-loop control avoids these fluctuations but inevitably results 

in gradual phase drift, which accumulates into a deviation Δφₙ. 
The magnitude of Δφₙ is closely related to the number of open-

loop cycles n, while the direction of drift depends on the timing 

delay set during the open-loop stage. The value of n is selected 

by balancing the settling of the recovered timing signal and the 

allowable cumulative phase drift. Specifically, n should be 

large enough for Vtiming to recover a stable period and amplitude 

after phase correction, while remaining small enough to keep 

the accumulated drift Δφn within the prescribed correction band. 

Following this criterion, n=6-9 cycles is used in this prototype. 

This compound control strategy ensures that the phase remains 

within a predefined tolerance range, as illustrated in Fig. 2(a). 

When the system operates at the target phase φₓ, the phase 

remains consistently confined within the interval [φₓ-Δφ, φₓ+Δφ], 

thereby enabling stable and efficient regulation. 

In this study, due to the presence of phase drift, the scale of phase 

adjustment becomes an important factor to consider. Although 

small-step phase adjustments are theoretically effective, they 

introduce non-negligible errors that hinder automatic control. 

In particular, overlapping phase drift intervals cause significant 

comparison errors, leading to failure of automatic optimization 

in practice. Therefore, we progressively increase the step size 

according to the procedure illustrated in Fig. 3(a) until the phase 
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Fig. 4. Flow chart of proposed large-step MPPT. 

 

drift ranges before and after adjustment become non-

overlapping. By repeating the above process, the whole 

adjustable interval (π) is divided into a number of intervals, as 

shown in Fig. 3(b).  

Before introducing the automated optimization process, it is 

necessary to clarify how the dual parameters β and φ influence 

the equivalent stiffness, damping, and output characteristics of 

the system in the FT-OSECE circuit adopted in this study, so that 

the regulation mechanism and purpose can be better understood. 

According to [13], the piezoelectric voltage Vpzt is non-

sinusoidal, and can be expressed as 

{  
  𝑉𝑝𝑧𝑡 = 𝛼𝑥𝑚𝐶𝑃 ((cos𝜑 − 2𝛽 cos𝜑1 + 𝛽 ) − cos𝑤𝑡)                 𝜑 ≤ 𝑤𝑡 ≤ 𝜋 + 𝜑
𝑉𝑝𝑧𝑡 = 𝛼𝑥𝑚𝐶𝑃 (− (cos𝜑 − 2𝛽 cos𝜑1 + 𝛽 ) − cos𝑤𝑡)   𝜋 + 𝜑 ≤ 𝑤𝑡 ≤ 2𝜋 + 𝜑 

 (1) 
Here, 𝛼 is the piezoelectric force factor, 𝐶𝑝 is the capacitance 

of the piezoelectric element, and xm denotes the displacement 

amplitude of the piezoelectric beam under harmonic excitation. 

In this sense, the present framework is mainly developed for 

harmonic or quasi-periodic excitation, where a stable cycle-

level phase reference can be established for phase-controlled 

interface tuning. By performing Fourier decomposition, its 

fundamental frequency component V1 can be obtained as 𝑉1 = 𝛼𝐶𝑝 (𝑎1 + 𝑗𝑏1)𝑥̃ (2) 
where 𝑥̃ is the complex expression of the displacement, and 𝑎1 = 1 + 2𝜋 sin(2𝜑) 1−𝛽1+𝛽 and 𝑏1 = 4𝜋 (cos 𝜑)2 1−𝛽1+𝛽. 
Substituting these into the system's equations of motion 𝑀𝑥̈ + 𝐷𝑥̇ + 𝐾0𝑥 + 𝛼𝑉 = 𝑀𝛾, we obtain −𝑀𝑤̅2𝑥̃ + (𝐾0 + 𝑎1 𝛼2𝐶𝑝) 𝑥̃ + 𝑗 (𝐷𝑤̅ + 𝑏1 𝛼2𝐶𝑝) 𝑥̃ = 𝑀𝛾̅ (3) 
where K0 is the short-circuit stiffness of the harvester, 𝑀 and 𝐷 are the equivalent mass and mechanical damping, 𝛾 is the 

base acceleration. Accordingly, the equivalent stiffness Keq and 

electric damping De can be defined as 𝐾𝑒𝑞 = 𝐾0 + 𝑎1 𝛼2𝐶𝑝 , 𝐷𝑒 = 𝑏1𝑤̅ 𝛼2𝐶𝑝 (4) 

It should be noted that Eqs. (2)-(4) describe the quasi-steady, 

cycle-averaged influence of (β, φ) on the equivalent stiffness 

and electrical damping, rather than the instantaneous behavior 

of every transient switching cycle. In the proposed PPC scheme, 

the open-loop phase drift is periodically corrected before 

accumulating excessively, so that the actual operating phase 

remains close to the condition assumed by the FT-OSECE 

model. Therefore, the residual mismatch mainly acts as a 

bounded implementation error in tuning accuracy, rather than a 

fundamental conflict with the Fourier-based formulation. 

It can be observed that a1 acts as the stiffness regulation 

factor, governing the magnitude of the equivalent stiffness. 

Correspondingly, b1 serves as the damping regulation factor, 

modulating the electrical damping of the system. Therefore, 

maximum output power can be achieved by tuning a1 to modify 

Keq, thereby aligning the equivalent resonant frequency with the 

excitation frequency, and by tuning b1 to regulate De, so that the 

electrical damping equals the mechanical damping, which 

realizes maximum power transfer. Second, the adjustment of b1 

also enables bandwidth extension, since increasing the effective 

electrical damping broadens the operational frequency range of 

the harvester. 

To realize the above objectives of tuning equivalent stiffness 

and electrical damping, we propose a large-step MPPT strategy 

that employs a dual-loop regulation scheme to achieve optimal 

tracking of (β, φ), as shown in Fig. 4. The procedure operates as 

follows: the inner loop adjusts βi under a fixed phase φx , and 

measures the corresponding output power Pout (βi, φx). This 

process continues until the power ceases to increase, at which 

point the corresponding operating condition is recorded as the 

local MPP, denoted by (βopt-x, φx). Meanwhile, the outer loop 

performs a large-step adjustment of the phase φx, and compares 

the output power across different local MPPs. When no further 

increase in power is observed, the corresponding parameters are 

identified as the global MPP, denoted by (βopt, φopt). 

III. DESIGNED INTERFACE ARCHITECTURE 

To verify the feasibility of the proposed sensorless control 

scheme, we developed an automated API based on the 

frequency-tuning optimized synchronous electric charge 

extraction (FT-OSECE) interface [13], which incorporates two 

key parameters—the piezoelectric energy extraction phase (φ) 

and the inversion ratio (β)—to achieve frequency and 

impedance matching. Figure 5 illustrates the architecture of the 

interface, which includes a low-power microcontroller unit 

(LPMCU), energy harvesting channels (EHCs, including 

OSECE-based channel and half-bridge channel), an energy 

management unit (EMU), a DIR unit, a wireless unit, an ADC 

signal conditioner, and a low-voltage selector (LVS) [26].  

The operational principle of the system is as follows: When 

the system is subjected to vibration excitation, the half-bridge 

channel automatically starts harvesting energy and stores it in 

the capacitor-based storage path (the front-end capacitor Csto 

and the LTC3588-based EMU). Once sufficient energy is 

accumulated, the harvesting channel switches to the OSECE-

based channel. Concurrently, the DIR unit and LPMCU are 

activated. The DIR unit processes the piezoelectric signal Vpzt 

through filtering, biasing, and level shifting to generate the 

timing signal Vtiming. The LPMCU analyzes the vibration state  
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Fig. 5. Architecture of designed automated API. 

 

 
Fig. 6. Experimental platform and schematic diagram. 

 

of the PEH in real time via the Vtiming signal and, based on the 

designed large-step MPPT strategy, controls the turn-on timing 

and duration of switches NM1 and PM2. During this process, 

the LVS assists in enabling the PM2 switch, and ADC signal 

conditioner acquires changes in energy storage to support the 

MPPT strategy. 

In this architecture, the DIR module provides sensorless 

phase-reference extraction, the PPC technique provides phase-

reference stabilization, and the large-step MPPT strategy 

provides automatic optimal-parameter search. These three 

functions are indispensable and jointly support the overall 

sensorless autonomous tuning performance demonstrated in 

this work. 

It is worth noting a small but important design detail of the 

DIR module: a high-impedance front-end divider attenuates the 

open-circuit piezoelectric voltage, such that the peak-to-peak 

voltage of VLPF remains below 1.6 V. Specifically, the open-

circuit piezoelectric voltage Vpzt is attenuated by a 10 MΩ / 200 
kΩ divider, limiting the attenuated signal to approximately 
±0.78 V under the tested conditions; therefore, Vbias=0.9 V was 

selected to keep the biased VLPF safely within the MCU input 

range. A resistive bias network (R2-R5) centers the filtered 

signal at Vbias =0.9 V, with the comparator threshold Vthre 

aligned to this bias voltage. Although Vbias and Vthre are both set 

to 0.9 V, they have different roles: Vbias provides the DC offset 

for the attenuated piezoelectric signal, whereas Vthre defines the 

virtual zero-crossing level for the comparator. As a result, the 

comparator triggers when the filtered signal crosses the preset 

threshold (aligned with Vbias), generating a robust timing pulse, 

Vtiming.  

In addition, our design incorporates application-oriented 

vibration sensing and wireless transmission capabilities. Upon 

completing optimal parameters (βopt, φopt) tracking, the system 

initiates comprehensive vibration information acquisition from 

the PEH and transmits the information wirelessly to the 

terminal.  
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Fig. 7. Experimental waveforms of the L-MPPT method. (a) VLPF, Vthre and Vtiming. (b) Vpzt and Vsto. (c) Acceleration. (d) 

Displacement. (e) Zoomed view of power-up instant. (f) Waveform of DIR. (g) Zoomed views of different stages. 

 

TABLE Ⅱ 

CHARACTERISTICS OF PEHS & COMPONENT LIST 

Symbol Definition / Value PEH-1 PEH-2 

Cp PZT Capacitance 220 nF 212 nF 

α Piezoelectric Coefficients 4e-3 16e-3 

Qm Mechanical Quality Factor 270 100 

QI Circuit Quality Factor 3 3 

k2
m Coupling coefficient 0.04 0.028 

fr Resonant Frequency 35.8 Hz 86.0 Hz 

M Terminal Mass 22.5g 98.5g 

R1,6,7 10 MΩ - - 

R2 5.6 MΩ - - 

R3 2.4 MΩ - - 

R4 3.9 MΩ - - 

R5 1.5 MΩ - - 

NM1 Si2309 - - 

NM2 BSS138PW - - 

PM1 Si2392 - - 

L1-3 MSD1278T-105 - - 

D1-3 NSR02100HT1G - - 

C1 0.3 nF - - 

C2 10 nF - - 

U1 ADA4505-1ARJZ-R7 - - 

 

IV. EXPERIMENTAL VALIDATION 

The fabricated prototypes, denoted as PEH-1 and PEH-2, are 

shown in Fig. 8(a). Both PEHs use PZT-4 patches (Jiayida©) 

as energy harvesting elements: PEH-1 on a beryllium-copper 

substrate (137×62×1.2 mm³) with 0.2-mm-thick patches (7200 

mm2), and PEH-2 on a steel substrate (92×65×2 mm³) with 0.4-

mm-thick patches (7200 mm2). An integrated four-layer 

modular printed circuit board (PCB) was specially fabricated 

based on the proposed interface, as shown in Fig. 8(a). The 

layout of each module is detailed in the silkscreen. The PEHs 

are connected to the Vpzt and GND pins on PCB, and fixed to 

the base of a shaker (The Modal Shop©, 2075E-HT). Fig. 6 

illustrates the entire experimental platform and its schematic. 

The closed-loop system consists of the shaker, power amplifier, 

computer software (MATLAB©), and data acquisition card 

(NI©, PCIe-6343), which provides excitation with constant 

acceleration. An accelerometer and a laser sensor (SUNX©, 

HL-C203BE) are employed to measure acceleration and 

displacement. A current probe (Tektronix©, TCPA) is used to 

measure the system operating current, and an oscilloscope 

(Tektronix, MDO3024) is used to measure and observe the 

signals. 

Fig. 7(b) demonstrates the three-stage adjustment process of 

the proposed interface under controlled excitation conditions 

(0.05 g acceleration, 36.8 Hz frequency). Initially, when the 

system is in an energy-deficient state, it operates in the cold-  
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Fig. 8. (a) Fabricated prototype (PCB) and PEHs (PEH-1 and PEH-2). (b) Waveforms and results of self-adjustment experiments. 

 

 
Fig. 9. Results comparison: measured results of designed interface, theoretical results of SEH and FT-OSECE. 
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Fig. 10. Application experiment. (a) State machine of ambient adaptive wireless micro-energy systems and schematic diagram of 

sensorless generator. (b) Demonstration of BLE application. (c) Waveforms of the micro-system. (d) Zoomed waveforms of 

ambient detection phase. 

 

TABLE Ⅲ 

DIR MODULE ERROR EVALUATION 

Frequency 

[Hz] 
34.6 35.1 35.6 36.1 36.6 

eT [%] 0.0147 0.0052 0.0083 0.1913 0.2418 

*: eT=|Ttiming-Tdisp|/ Tdisp×100%, where Ttiming is the period extracted from the 

rising edges of Vtiming, and Tdisp is the displacement period obtained from the 
laser displacement sensor 

 

start stage. The SEH half-bridge circuit spontaneously extracts 

vibration energy into the storage capacitor Csto, and the EMU 

transfers energy from Csto to the regulated supply capacitor. 

Once the 3.3 V threshold is reached, the LTC3588 activates the 

LPMCU and DIR units, as shown in Fig. 7(e), thereby 

triggering the transition from the half-bridge channel to the 

adjustable OSECE-based channel. The self-tuning stage then 

starts, during which the large-step MPPT algorithm rapidly 

converges to the optimal parameters (βopt, φopt), after which the 

system enters the optimal-operation stage. Thus, Fig. 7 provides 

a complete time-domain view of the cold-start, self-tuning, and 

optimal-operation stages. 

Fig. 7(b) labels the PEH states at five different parameters 

during the self-regulation process, and the five states are zoomed 

in Fig. 7(g). In the initial state (①), the parameters (β₁, φ₁) are set 

to (0.11, 0.58) and Vpzt amplitude is 12 V; in the final optimized 

state (⑤), the parameters (β₅, φ₅) are set to (0.35, 0.45), with a 

Vpzt amplitude of 15 V. Fig. 7(c) and (d) show the variations in 

acceleration and displacement, while Fig. 7(f) displays the real-

time waveforms of VLPF, Vthre, and Vtiming. 

This study conducted two sets of PEH experiments, with the 

characteristic parameters of the PEHs listed in Table II. The two 

PEHs provide representative single-mode cases with different 

resonant frequencies and electromechanical parameters, allowing 

us to examine whether the same DIR-PPC-MPPT framework can 

be applied without redesigning the core control principle. Fig. 8(b) 

summarizes the autonomous self-adjustment results for both 

PEHs. For PEH-1, under 35.5 Hz and 0.5 m/s² excitation, the 

operating point is automatically adjusted from the initial state (βinit, 

φinit) = (-0.05, 0.76) to the final state (βopt, φopt) = (0.49, -0.65). A 

similar autonomous tuning process is also observed for PEH-2 

under 86.4 Hz excitation. Fig. 9 further shows that the proposed 

interface broadens the effective harvesting bandwidth for both 

PEHs within the considered harmonic-excitation scope. 

To verify repeatability, the key frequencies determining the -3 

dB bandwidth and the peak power were measured 10 times under 

identical excitation and loading conditions, and the resulting 

bandwidth and peak-power variations remained within about 3%. 

In addition, a continuous PPC test lasting about 2 h confirmed that 

the extraction phase remained bounded around the target value 

without observable cumulative drift, supporting the long-term 

robustness of the DIR-PPC control process. The DIR timing 

accuracy was evaluated by comparing Vtiming with the laser-

measured displacement at five frequencies. The filtering-

induced phase error is nearly constant and does not affect the 

final optimization result, so the possible DIR phase jitter was 

quantified using the normalized period mismatch eT. As shown 
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TABLE Ⅳ 

COMPARISON WITH STATE-OF-THE-ART SOLUTION 

References [14] [15] [18] [20] [27] [28] This work  

Harvesting 

technique 
SA-OSECE 

Shorted 

SECE 
SSHI RSC PS-SECE TCAS FT-OSECE 

Tuning 

parameters 

(Nb of 

tuning) 

voltage reversal 

ratio β, 

extraction phase φ 

(2) 

SC duration 

ΔΦ 

(1) 

cut-off duty 

cycle 

(1) 

SC duration 

ΔΦ, 

Load RRSC 

(2) 

extraction 

phase φ 

(1) 

amplitude VC, 

phase θC 

(2) 

voltage reversal 

ratio β, 
extraction phase φ 

(2) 

Technology MCU 
IC 

(0.6 μm) 

IC 

(0.18 μm) 
MCU 

IC 

(0.6 μm) 
MCU MCU 

MPPT 

strategy 
P&O P&O DCB TLCM P&O O&O P&O 

Tracking 

efficiency 
92%* 94% 98% - 94% - 84% 

FoM(a) 

(convergence) 
1.2%* 21.3% - 65.7%* 3.8% - 5.39% 

FoM(b) 

(bandwidth) 
1081%* 368% - 734%* 446% - 1133% 

Power 

consumption 

[µW] 

63.71 0.03 0.307 21.5~28.5 0.6 - ＜70 

Sensing 

method  

vibration 

detection 

peak 

detection 

voltage 

comparison 

vibration 

detection 

peak 

detection 

vibration 

detection 

vibration 

detection 

Additional 

sensors 

piezoelectric 

patches 
none none accelerometer none accelerometer none 

*: Calculated or estimated from the paper          -: Not reported 

(a) FoM (convergence) = Qm / (𝜏 fres), where 𝜏 is the convergence time of the MPPT algorithm [15] 

(b) FoM (bandwidth) = bandwidth of the output power over the natural bandwidth of the transducer (fres / Qm) [15] 

 

in Table III, eT remained below 0.5%, indicating that the jitter 

has little influence on phase-controlled tuning. 

The higher operating frequency of PEH-2 (about 2.54 times that 

of PEH-1) increases the interface’s wake-up rate and, 

consequently, its energy consumption. Under off-resonance 

excitation, the harvested energy is reduced, whereas the high-

frequency MCU operation remains almost unchanged and thus 

dominates the output power budget. Meanwhile, the reduced 

vibration amplitude flattens the power-versus-parameter 

response, so that the power increment produced by adjacent (β, 

φ) adjustments becomes much smaller than that near resonance. 

In this low-output regime, the energy variation between 

successive MPPT steps becomes very small and is easily buried 

in measurement noise and random fluctuations, so that the 

incremental changes used by the MPPT algorithm are no longer 

reliably distinguishable. As a result, a noticeable reduction in 

tuning accuracy is observed for both PEHs under off-resonance 

conditions.  

From a system-level perspective, the practical benefit of the 

proposed interface should be evaluated in terms of net power after 

subtracting the circuit overhead, i.e., Pnet = Pharvested - Poverhead. 

Under the representative PEH-1 operating condition, Pharvested ≈ 

1.22 mW and the measured total interface overhead is about 69.3 

μW, yielding a positive net power of about 1.15 mW and a post-
harvest energy utilization efficiency of about 94.3%. If only the 

added MCU and DIR overhead is considered, the corresponding 

utilization efficiency is about 95.7%. Therefore, although the 

added sensing and control circuits consume power, their overhead 

remains only a small fraction of the harvested energy. Moreover, 

the broadened bandwidth in Fig. 9 should be interpreted together 

with the self-sufficient operating region: within the 

experimentally identified self-sufficient range, the harvested 

power remains higher than the circuit overhead, so the system is 

net-energy-positive; outside this range, positive self-powered 

operation is not claimed. 

Additionally, experiments on self-starting and external power 

supply startup were conducted to explore the performance limits. 

The self-starting region (white) indicates that the system can start 

with zero stored energy, while the self-sufficient region (orange) 

indicates that the system can continue operating after startup. The 

boundary values were determined experimentally by gradually 

reducing the available harvested power and checking whether the 

prototype could still autonomously complete cold start, activate 

the control circuitry, and maintain stable self-adjusted operation 

after startup. Under these criteria, the corresponding boundary 

output powers are 0.2 mW for PEH-1 and 0.32 mW for PEH-2. 

These values are practical reference thresholds for the present 

prototype rather than universal theoretical limits, since they 

depend on the harvester characteristics, excitation conditions, and 

circuit power consumption. 

To assess the practical applicability of the proposed 

hardware-control co-design, we developed an ambient adaptive 

wireless micro-energy system (WMS) based on Bluetooth low 

energy (BLE, ADA14580), as shown in Fig. 10(a). The basic 

logic of the system is that, after completing the self-starting and 

self-tuning stages, the system will operate at the optimal point. 

Then, every 12 seconds, all energy harvesting channels are 

briefly disabled to acquire the open-circuit piezoelectric signal 
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and calculate the excitation frequency (accuracy: 0.1 Hz) and 

piezoelectric amplitude (accuracy: 0.1 V). When a significant 

change in excitation is detected, the system will re-initiate the 

search for the optimal operating point. Figures 10(b) and (c) 

show the wireless micro-energy system operating from zero 

energy storage, functioning as a BLE slave, collecting and 

transmitting excitation information, with a smartphone 

receiving the information. For this application-oriented 

prototype, the measured cold-start latency of PEH-1 under the 

representative tested excitation of 0.5 m/s² is about 90 s, defined 

as the time from the onset of vibration with zero initial stored 

energy to the establishment of the regulated 3.3 V output and 

MCU activation. 

Table Ⅳ compares the proposed sensorless automatic 

parameter tuning scheme with current advanced automatic API 

control technologies. For a clearer comparison, these methods 

can be roughly divided into three categories: sensorless single-

parameter methods [15], [18], [27], multi-parameter methods 

assisted by external vibration sensing or model-based 

characterization [14], [20], [28], and the proposed sensorless 

dual-parameter scheme. Existing sensorless methods [15], [18], 

[27] are limited by the low information content of self-sensed 

signals, and thus can only support single-parameter automatic 

tuning. Meanwhile, current multi-parameter automatic control 

schemes [14], [20], [28] have not yet eliminated the reliance on 

vibration sensors or additional characterization, due to the 

inherent complexity of multi-parameter interface control. 

In terms of control accuracy, the proposed method achieves 

a tracking efficiency of 84%, which is lower than that of some 

sensor-assisted or single-parameter methods. For example, the 

homologous dual-parameter work [14] reports a tracking 

efficiency of 92%. This moderate loss in tracking accuracy 

mainly reflects the challenge of realizing dual-parameter 

autonomous tuning without external vibration sensors. 

Nevertheless, the proposed method still enables fully sensorless 

optimization of both β and φ, which is the main distinction from 

prior sensor-assisted dual-parameter approaches. 

In terms of convergence and bandwidth improvement, the 

proposed large-step P&O strategy achieves a convergence FoM 

of 5.39%, which is about 4.5 times higher than the estimated 

1.2% of [14]. More importantly, the bandwidth FoM reaches 

1133%, which is higher than those of [15] (368%), [20] (734%), 

and [27] (446%), and slightly higher than the homologous dual-

parameter work [14] (1081%). Therefore, although the 

proposed method sacrifices a moderate amount of tracking 

accuracy, it provides a competitive bandwidth enhancement 

while eliminating additional vibration sensors. This comparison 

indicates that the proposed scheme offers a practical trade-off 

between control accuracy, convergence speed, bandwidth 

improvement, and sensorless autonomy. 

V. CONCLUSION 

The practical implementation of APIs has long been 

constrained by the absence of self-sensing capabilities, where 

existing sensing-enabled harvesters fail to autonomously adjust 

multi-parameter interfaces. However, in the absence of 

additional sensors, two critical challenges must be resolved: (1) 

accurate recovery of mechanical vibration information from 

inherent electrical signals, and (2) effective decoupling between 

parameter adjustment behaviors and dynamic responses. To 

address these challenges and enable autonomous adjustment in 

APIs, this paper proposes a sensorless control scheme that 

achieves real-time recovery of displacement-related 

information from piezoelectric signals, along with PPC 

technique to decouple displacement information and 

adjustment behavior. In order to validate the proposed scheme, 

we developed a large-step MPPT strategy and implemented a 

functional prototype interface for experimental verification. 

Experimental results show that both configurations successfully 

realize sensorless fast auto-tuning, with 5.6-fold and 2.1-fold 

bandwidth improvements over traditional rectifiers for PEH-1 

and PEH-2, respectively. 

The proposed method is mainly intended for compact self-

powered PEH systems using APIs under harmonic or quasi-

periodic excitation, especially in remote or unattended 

scenarios where the vibration contains a stable dominant 

frequency or several discrete periodic components, such as 

rotating machinery in gas pipeline stations, offshore platforms, 

and mining or tunnel ventilation systems; meanwhile, its tuning 

accuracy degrades under off-resonance low-gradient conditions, 

and the startup threshold and net-energy performance remain 

implementation-dependent. 
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