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An Energy Harvesting Interface Based on
Reconfigurable Piezoelectric Harvester Array

Zhiyuan Chen , Member, IEEE, Xianren Hao, Zhen Li , Yan Ma, Jing Wang , Xun Liu ,
Sijun Du , Senior Member, IEEE, Jun Han , and Xiaoyang Zeng , Senior Member, IEEE

Abstract—This article presents a reconfigurable piezoelectric
harvester array (RPA) designed for multi-input systems, which dy-
namically configures its structure based on the intensity of ambient
vibrations. The proposed architecture enhances system efficiency
by eliminating dc–dc converters and achieving maximum power
point tracking through a single power stage. It also widens the
input range by serially connecting PEH units, enabling operation
at lower excitation levels. Additionally, this series connection re-
duces equivalent parasitic capacitance, improving flip efficiency
and maximum output power improving rate (MOPIR).The pro-
posed RPA is employed with classical parallel-synchronous switch
harvesting on inductor technology and implemented using a 180 nm
CMOS process. Experimental results demonstrate a conversion
efficiency of up to 78%, an MOPIR of 5.93, and a minimum input
voltage of 0.36 V. This highly integrated, wide-input-range, and
energy-efficient scheme offers a novel approach to miniaturizing
PEH systems. We present detailed design principles, operational
mechanisms, and performance metrics, highlighting the RPA’s
potential as a scalable and environmentally friendly solution for
powering next-generation Internet of Thing devices.

Index Terms—DC–dc conversion, maximum power point
tracking (MPPT), parallel-synchronous switch harvesting on
inductor (P-SSHI), piezoelectric energy harvesting (PEH), reconfi-
gurable piezoelectric harvester array (RPA).

I. INTRODUCTION

W ITH the advent of the Internet of Things (IoT) era, more
sensor nodes are needed in nearly all fields such as

manufacturing, healthcare, and security to achieve better interac-
tion between humans and the environment. Piezoelectric energy
harvesting (PEH) technology has been extensively researched as
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a solution to power the vast array of sensor nodes in modern sys-
tems. This technology leverages PEHs to convert environmental
vibration energy into electrical energy. An interface circuit then
processes this energy to meet the power requirements of the load.

The interface circuit in [1] achieves ac-dc conversion using
a full bridge rectifier (FBR) and completes dc–dc conversion
through a Buck type dc–dc converter. Maximum power point
tracking (MPPT) is achieved with adaptive control technology.
This traditional method for converting ac sources is known
for its simplicity and stability. However, PEH is quite special
compared to traditional ac sources. In its equivalent electrical
model, in addition to the alternating current source iP, there
is also a parallel intrinsic capacitor CP of nF level. The iP
repeatedly charges and discharges CP due to phase changes in
each cycle, causing energy loss. To address this issue, several op-
timization techniques for the ac–dc rectification stage have been
proposed in academia, including synchronized switch harvesting
on inductor (SSHI) [2], flipping capacitor rectifier [3], [4], and
synchronized switch harvesting with capacitor and inductors [5].

Despite significant advancements in PEH interface circuit
design, conventional PEH structures still face several critical
challenges.

1) Low Efficiency Due to Two-Stage Power Conversion: Con-
ventional structures typically employ a two-stage cascade
design, necessitating dc–dc converters for MPPT. This
additional power stage introduces significant conversion
losses, reducing overall system efficiency. Even state-of-
the-art dc–dc converters struggle to maintain high effi-
ciency across a wide input range [6], further compromising
system performance.

2) Limited Input Range: Conventional PEH systems require
a minimum excitation level for startup and sustained op-
eration [7], [8], [9]. The PEH open-circuit voltage must
exceed a specific threshold, typically the forward voltage
of the rectifier. This high minimum input voltage impedes
system operation under low excitation intensities, often
resulting in prolonged idle periods in practical applica-
tions where environmental vibration intensity fluctuates
continuously.

3) Low Flip Efficiency: The conventional structure suffers
from lower flip efficiency due to the presence of a high-
value intrinsic capacitor in each PEH unit [10], [11], [12],
[13]. This parasitic capacitance leads to charge waste
during each half-cycle of vibration, significantly reducing
the power extraction efficiency. Consequently, the system
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Fig. 1. Comparison of the conventional and the proposed RPA-based piezoelectric energy harvesting interface circuit.

experiences a lower maximum output power improving
rate (MOPIR), limiting overall energy harvesting capabil-
ity.

Appropriate series or parallel connections of different piezo-
electric transducers (PTs) cannot only increase their bandwidth
but also adjust the array’s center frequency and equivalent
impedance, thereby enhancing output power under varying ap-
plication conditions. Given the performance advantages and
design flexibility of multi-input arrays, numerous researchers
have developed PEH interface systems based on PT arrays [14],
[15], [16], [17]. Du and Seshia [14] adjusted the series-parallel
relationship of two PT inputs based on vibration excitation in-
tensity and voltage on storage capacitors, thereby improving the
system’s input voltage range and energy extraction efficiency.
Du et al. [15] proposed the split-electrode synchronized-switch-
harvesting-on-capacitors (SE-SSHC) technique to further opti-
mize system performance. By dividing the PT electrode into
four regions and connecting these regions in series when the
piezoelectric current crosses zero to reduce the equivalent Cp,
the system achieved a maximum output power ratio of 8.2
times (with off-chip diodes) and 5.2 times (with on-chip diodes)
under low excitation levels. Meng [16] from the University of
Pennsylvania developed a technology based on off-chip induc-
tance sharing, simultaneously extracting energy from 6 PTs
and achieving a maximum power ratio of 3.65x under impact
vibration. In 2025, Fudan University proposed the cooperative
flipping synchronous switched-capacitor (CF-SSHC) rectifica-
tion technique [17]. Through cooperative work of multiple PT
units, CF-SSHC can effectively increase the number of flipping
phases, thereby achieving higher flipping efficiency and output
power, enhancing PEH efficiency.

To address these issues, this article aims to implement a PEH
interface circuit based on a reconfigurable piezoelectric har-
vester array (RPA). By adjusting the array configuration accord-
ing to the excitation intensity, the use of a dc–dc converter can be
avoided, improving the system’s effective output power. At low
excitation intensities, the open-circuit voltage of the RPA can be
increased by connecting PEH units in series, allowing the system

to collect energy at lower excitation intensities. Simultaneously,
when PEH units are connected in series, the equivalent intrinsic
capacitance of the RPA is reduced, increasing the MOPIR at low
excitation intensities. This scheme provides a good solution for
achieving energy self-sufficiency in wireless sensor systems in
the IoT era.

The rest of this article is organized as follows: Section II
introduces the operating mechanism of the proposed RPA-based
system; Section III discusses the implementation of the system
circuits. Section IV analyzes the test results. Finally, Section V
concludes this article.

II. PROPOSED PIEZOELECTRIC ENERGY HARVESTER BASED ON

RPA

A. Structure of the RPA

The comparison of the conventional and the proposed RPA-
based PEH interface circuit is shown in Fig. 1. For conventional
circuits, the ac voltage output by a single PEH is converted to
dc voltage VRECT through a ac–dc converter, which is then
converted to the load voltage VLOAD via a dc–dc converter. To
extract maximum power from the PEH under different excitation
levels, MPPT is typically required to adjust the voltage con-
version ratio (VCR) of dc–dc converters. In conventional PEH,
MPPT based on fractional open-circuit voltage (FOCV) operates
on a fundamental principle: the maximum power point voltage
(VMPP) maintains a constant ratio to the open-circuit voltage
(VOC) across various vibration excitations. This relationship can
be expressed mathematically as

VMPP = k × VOC (1)

where k is a constant coefficient, depending on the specific char-
acteristics of the piezoelectric harvester. It is worth mentioning
that adjusting the VCR of the dc–dc converter to achieve MPPT
essentially involves adjusting the input impedance of the dc–dc
converter. This adjustment enables the regulation of VRECT

(rectified voltage) to its optimal value (VMPP) under different
input excitations. The overall system efficiency (ηSystem) is the
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Fig. 2. Configuration of 12-node RPA under different vibration excitations.

product of the efficiencies of the ac–dc and dc–dc conversions.
In the dc–dc converter, the power switches continuously switch
between the on and off states under the control of the clock
signal, and the switching losses ultimately reduce the system
efficiency.

Therefore, we propose a RPA-based PEH interface circuit
based on RPA. It achieves MPPT by adjust the configuration
structure of the PEH without using a dc–dc converter. In the
mechanical domain, we uniformly divide a whole PZT piece
laterally, and assemble the upper and lower electrodes of the
divided sections. Compared to a single PEH, the PEH units
in the proposed RPA structure are closely arranged together.
It indicates that all PEH units maintain similar states during
vibration. In the electrical domain, each PEH can be equivalently
modeled as a parallel connection of an ac current source IPC and
an intrinsic capacitor CPC. The PEHs are arranged in an N-row
M-column RPA using power switches. Ignoring the parasitic
capacitance and resistance of the power switches, the entire
RPA can be equivalently modeled as an adjustable ac current
source IRPA in parallel with an adjustable capacitor CRPA. The
electrical parameters of the RPA can be related to the electrical
parameters of the PEH as follows:

VRPA = N · VPC (2)

IRPA =
P

N
· IPC (3)

CRPA =
P

N2
· CPC (4)

where VRPA is the open-circuit voltage of the RPA-based PEH
interface circuit, and VPC is the open-circuit voltage of a single
PEH. Where P is the total number of PEH units in the RPA, N
is the number of rows, and M is the number of columns in the
RPA configuration. In our implementation, P = 12 with various
configurations (N × M) including 1 × 12, 2 × 6, 3 × 4, 4 × 3,
and 6 × 2. From (2), it can be seen that by adjusting the number
of rows in the RPA, the equivalent output voltage of the RPA
can be changed. The MPPT implementation for the RPA-based
interface circuit system differs significantly from the traditional

structure. The rectifier output voltage is directly fixed to the load
voltage VLOAD. To achieve MPPT, it is necessary to satisfy

VRPA = k · VLOAD. (5)

Substituting (2) into (5) yields

N =
k · VLOAD

VPC
(6)

where VPC exhibits a positive correlation with the external
vibration level. Consequently, the RPA configuration (i.e., N)
can be adjusted based on the level of external vibration, ensuring
that the open-circuit voltage of the RPA satisfies the proportional
relationship in (6), thereby achieving MPPT.

Fig. 2 illustrates the configuration of 12-node RPA under
different vibration excitations. By configuring the switch array,
the RPA can switch among five modes, ranging from 1 × 12
to 6 × 2. Under a fixed VLOAD, the number of rows N in the
RPA decreases as the vibration excitation level increases. It is
noteworthy that while alternative configurations exist for the
12-unit RPA, optimal performance is achieved only when the
number of PT units is uniform across rows and columns. This
uniformity allows all PT units to simultaneously reach their max-
imum power points. Uneven distribution of units among rows
or columns would cause PT units to deviate from their optimal
operating points, thereby reducing overall system efficiency.

The proposed RPA-based structure has the following advan-
tages compared to the conventional structure.

1) Enhanced System Efficiency: In contrast to the conven-
tional two-stage cascade structures, the proposed architec-
ture eliminates the need for dc–dc converters. It efficiently
achieves MPPT using a single power stage, thereby im-
proving overall system efficiency.

2) Wide Input Range: Conventional PEH systems require a
minimum excitation level for startup and sustained op-
eration, necessitating that the PEH open-circuit voltage
exceeds a specific threshold. The proposed architecture,
however, achieves high RPA open-circuit voltage even at
low excitation level by serially connecting all PEH units,
thereby expanding the system’s operational range.

Authorized licensed use limited to: TU Delft Library. Downloaded on August 14,2025 at 11:29:30 UTC from IEEE Xplore.  Restrictions apply. 
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Fig. 3. Proposed piezoelectric energy harvesting system based on RPA and
P-SSHI.

3) High Flip Efficiency: The proposed RPA-based structure
reduces the equivalent parasitic capacitance when PEH
units are connected in series, thereby enhancing the flip
efficiency and MOPIR.

B. Performance Analysis of the RPA

Fig. 3 illustrates the proposed PEH system based on RPA and
P-SSHI. In this configuration, VARRAY represents the voltage
across the RPA, and VD is the forward voltage drop across
the diode in the rectifier. When the RPA delivers power to the
load capacitor CRECT, the rectifier’s dc output voltage VRECT

satisfies the relationship: VARRAY = ±(VRECT + 2VD). As
IRPA crosses zero, switch SW conducts, forming an LC circuit
with CRPA and inductor L, which quickly flips the voltage
polarity across the RPA. Due to nonideal factors such as parasitic
resistance, an equivalent resistance RBF exists in the LC circuit.
This resistance causes damping losses after the polarity flip,
calculated as

VFS = (VRECT + 2VD) · ϕ(N) (7)

where

ϕ(N) = 1− eβ(N) , β(N)

= −π ·RBF

√
PCPC

4 ·N2 · L− P ·R2
BF · CPC

(8)

where ϕ(N) represents the voltage flipping efficiency which
varies with different RPA configurations. RBF is the parasitic
resistance (Ω) of the inductor L, N represents the number of
piezoelectric elements connected in parallel within each series-
connected group, and L is the inductance (H) of the SSHI circuit.
P is the total number of piezoelectric elements in the array,
and CPC is the individual capacitance (F) of each piezoelectric
element.

Based on this model and assumptions, the vibration period of
the PEH is denoted as T, and the charge generated by the RPA
every half cycle is

Qtotal−RPA =

∫ T
2

0

IRPA · sin ωt dt = 2CRPAVRPA. (9)

The charge extracted by the P-SSHI rectifier from the RPA
every half cycle is

QSSHI−RPA = Qtotal−RPA − VFSCRPA

= CRPA [2VRPA − (VRECT + 2VD) · ϕ] . (10)

Consequently, the energy harvested by the P-SSHI rectifier in
each half-cycle is expressed as

ESSHI−RPA = VRECT ·QSSHI−RPA

= VRECTCRPA [2VRPA − (VRECT + 2VD) · ϕ] .
(11)

Finally, the output power of the proposed SSHI-RPA system
is derived as

PSSHI−RPA = 2fVRECTCRPA [2VRPA − (VRECT + 2VD) · ϕ]

= 2
P

N2
fVRECTCPC [2NVPC − (VRECT + 2VD) · ϕ]

(12)

where f = 1/T.
Subsequently, by deriving the outpower with respect to

VRECT, the optimal VRECT,OPT is determined where the deriva-
tive equals zero

dPSSHI−RPA

dVRECT
= 4fCRPA [VRPA − ϕVD − ϕVRECT] (13)

dPSSHI−RPA

dVRECT
= 0

yields−−−→ VRPA = ϕ · (VRECT + VD) (14)

VRECT,OPT =
VRPA − ϕ · VD

ϕ
=

N · VPC − ϕ · VD

ϕ
. (15)

The maximum output power is then given by

PSSHI−RPA,MAX = 2
P

N2
fVRECT,OPTCPC

[2NVPC − (VRECT,OPT + 2VD) · ϕ] . (16)

To evaluate the ratio of actual output power to theoretical
maximum output power for the proposed RPA-SSHI system,
we define the efficiency of the SSHI-RPA system as follows:

Efficiency =
PSSHI−RPA

PSSHI−RPA,MAX
. (17)

This efficiency metric quantifies how closely the system’s
performance approaches its theoretical maximum. An efficiency
value of 1 indicates that the system is operating at its theoret-
ical maximum power output. Values below 1 suggest room for
performance improvement.

C. MPPT Scheme Based on RPA

Fig. 4 illustrates the relationship between output power and
open-circuit voltage of a 12-node RPA under different combina-
tions. It shows that the output power is proportional to the open-
circuit voltage for all 12-node RPA configurations. For lower
open-circuit voltages (VPC), higher output power is achieved by
connecting more PEH units in series within the RPA (N = 12);
whereas, with larger VPC values, the PEH units in the RPA are
primarily connected in parallel. Adjusting the combination of
RPA can be equivalent to adjusting the open-circuit voltage of
the RPA; therefore, under a given VPC, selecting the optimal N
based on the value of VPC can achieve MPPT.
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Fig. 4. Relationship between output power and open-circuit voltage of 12-
node RPA under different combinations.

Fig. 5. Efficiency of RPA-based system versus rectifier voltage (VRECT)
under different combinations.

Fig. 5 illustrates the efficiency of RPA-based system versus
rectifier voltage (VRECT) under different combinations. A tradi-
tional single PEH can be equivalent to the RPA configuration at N
= 1, achieving MPPT by adjusting VRECT. The figure indicates
that at N = 1, 2, 3, 4, 6, the optimal VRECT,OPT are 1, 2.5, 7, 12,
25 respectively. However, when N = 12, VRECT,OPT exceeds
30V, far surpassing practical application scenarios. The optimal
VRECT,OPT increases with increasing N.

Fig. 6 illustrates the calculated efficiency versus input excita-
tion (VPC) when VRECT is set at 4.2 V. It is evident that if the
system adjusts the RPA configuration based on VPC, it can har-
vest energy within a VPC range of 2–6.5 V while maintaining an
efficiency of over 68%. Theoretically, the maximum efficiency
can reach 100%, and this efficiency will not be further reduced
by the introduction of a dc–dc converter. Although traditional
schemes can also achieve a theoretical efficiency of 100%, the
inclusion of a subsequent dc–dc converter will significantly
reduce the maximum efficiency of the entire system.

III. CIRCUIT IMPLEMENTATIONS

Fig. 7 shows the schematic diagram of the proposed sys-
tem. The entire interface circuit is composed of four primary
modules: the power switch array, the P-SSHI active rectifier,

Fig. 6. Theoretical calculation of efficiency versus input excitation (VPC) for
different 12-node RPA configurations.

the Biasflip controller, and the MPPT module. The RPA is
formed by twelve PEH units and the power switch array. RPA’s
AC output is rectified through P-SSHI circuitry, functioning
either in Vload mode (powering devices directly) or Vbat mode
(efficiently charging a 3.7–4.2V battery with optimized current).
Upon changes in excitation strength, the MPPT module acti-
vates and it then adjusts the switch array configuration based
on the VOC value. The Biasflip controller manages the on-off
state of the LC flipping loop, activating the power switch via
VG1/2 output when iRPA crosses zero. Due to variations in
the inherent capacitance (CRPA) of the RPA under different
configurations, the LC resonance period fluctuates. To address
this, on-chip Schottky diodes are employed to achieve pas-
sive adaptive turn-OFF of the LC circuit. In the following sec-
tions, we will sequentially present the circuit structure of each
module.

A. Power Switch Array

Fig. 8 illustrates the structure of the power switch. Each
power switch comprises parallel-connected PMOS and NMOS
transistors, with the substrate of the power transistor using active
body biasing technology. RPA switching occurs in hundreds
of nanoseconds through 3600 μm/0.5 μm MOSFETs, signifi-
cantly faster than piezoelectric vibration periods. The system
dynamically reconfigures during operation without interrupting
energy harvesting, enabling efficient adaptation across various
environmental conditions. To optimize area efficiency, the power
switch array is designed hierarchically. Specifically, two PEH
units and three power switches form a cell 2 unit. When the
control signal VSEL0 is high, the two PEH units are connected
in parallel; otherwise, they are connected in series. Following a
similar structure, two cell 2 units form a cell 4 unit, and three
cell 4 constitute the RPA. The whole RPA employs 33 power
switches and 10 inverters. Notably, despite incorporating 33
power switches and 10 inverters in the design, the power switch
array has minimal impact on harvester efficiency, consuming
only 5.2 nW of static power, which accounts for merely 0.3%
of the total power consumption. The table in Fig. 8 delineates
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Fig. 7. Block diagram of the proposed piezoelectric energy harvesting system.

Fig. 8. Structure of the power switch array.

the relationship between VSEL[2:0] and the corresponding RPA
configurations.

B. Dual-Mode Active Rectifier

The active rectifier employed in the proposed system is de-
picted in Fig. 9. As the proposed system dynamically adjusts
the RPA configuration based on excitation strength, IRPA varies
over a wide range from μA to mA. This wide current range
poses challenges in dimensioning the four MOS transistors. If a
high W/L ratio is employed, comparators require stronger driving
capabilities; otherwise, signal delays due to load capacitance
would result in energy losses. Moreover, when small currents
pass through large-sized power transistors, the resulting voltage
drop becomes too small, potentially causing anomalous com-
parator detection [18], [19], [20]. Conversely, if MOS transistors
with low W/L ratios are used, the forward voltage drop VD of the
active diodes increases under high IRPA conditions, which would
similarly reduce the power collection efficiency of the system.
To address this, a dual-mode active rectifier is implemented,
featuring a main path and an auxiliary path. In Fig. 9, the

Fig. 9. Dual-mode active rectifier.

smaller MP1, MP2, MN1, and MN2 function as the main switch
transistors in the primary path, while the larger MP3, MP4, MN3,
and MN4 act as auxiliary switch transistors in the secondary path.
The primary path is continually active, but the auxiliary path is
activated by the VSP control signal only under conditions of
high excitation strength. The VSP signal is derived by encoding
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Fig. 10. Bias Flip Controller.

Fig. 11. MPPT control module.

the array’s control signals, VSEL[2:0]. The system can self-start
without Vrect precharging through the parasitic full-bridge rec-
tifier formed by MOSFET body diodes in the active rectifier.
These diodes initially function as a passive bridge for startup
charging, before transitioning to efficient active rectification
once sufficient voltage is reached.

C. Bias Flip Controller

To minimize chip area and system power consumption, the
zero-crossing detection functionality is implemented by the
comparators within the active rectifier. Assuming IRPA > 0, VG1

is high, and VG2 is low, MN1 and MP2 are conducting, while MN2

and MP1 are cut OFF, rectifying VRPA. When IRPA crosses zero,
the output signals VG1/2 from CP1/2 switch from high to low,
turning off the NMOS transistors, with VG1/2 also serving as the
input signals for the flipping control module. Fig. 10 illustrates
the bias-flip controller. The hysteresis comparators, serving as
the input module for the bias flip controller, is used to filter out
any jitter that might occur at the zero-crossing point, and together
with two subsequent inverters, it is utilized to detect the falling
edge of VG1/2. The delay unit, inverter, and AND gate in the
bias flip controller then form a single pulse generator.

D. MPPT Controller

The MPPT controller, illustrated in Fig. 11, produces the
signal VSEL based on the open-circuit voltage VOC to optimally
configure the combination of the RPA. Our system employs an
FOCV-based MPPT approach that performs a complete scan
during startup or restart to determine optimal RPA configuration.
This design choice is based on power consumption and stability
considerations. Continuous MPPT execution would consume

Fig. 12. Chip photograph.

additional energy, which is unnecessary when vibration condi-
tions remain relatively stable. The MPPT controller consists of
four main components: a peak detection circuit, a 4-bit ADC,
a digital control unit, and an encoder. When the reset signal
VRST generates a high-level pulse, it triggers the system’s mode
indication signal VMODE, switching from the operational state
to the MPPT state. In this mode, the active rectifier is deactivated
while the RPA array is configured to a 1x12 mode, and the peak
voltage in the peak detector is reset to zero.

During MPPT operation, whenever the peak detector iden-
tifies the peak voltage of VRPA, VGN produces a rising edge
signal. To prevent false detection when the VRST pulse occurs
during the positive half-cycle of VRPA, the detected value is
only fed into the 4-bit ADC for comparison with the reference
voltage after VGN has appeared twice. VGN is a pulse signal
generated by the peak detection circuit when detecting VRPA

peaks, and the system requires two VGN pulses to confirm a
true detection, preventing peak detection errors when VRST

occurs during the positive half-cycle of VRPA and ensuring
complete cycle observation. The result of this comparison is
then encoded into VSEL[2:0] to ensure the optimal configuration
of the RPA mode. Subsequently, VMODE transitions from high
to low, signaling the completion of the MPPT cycle.

IV. MEASUREMENT RESULTS

The proposed circuit is fabricated using a 180 nm CMOS pro-
cess and occupies a chip area of 2.33 mm2. The chip photograph
is depicted in Fig. 12. For testing, we employ custom PEHs,
each measuring 3 mm by 45 mm, with an inherent capacitance
of approximately 15 nF per PEH. To ensure that all 12 PEH units
exhibit roughly the same amplitude and phase, they are mounted
together on a fixture and affixed to the same vibrating end. In our
experimental setup, a Keithley 2614B source meter connected
to the Vload port served as the system load, operating in voltage
source mode to simulate different load conditions while simul-
taneously measuring current to calculate output power at each
operating point.

Fig. 13 shows measured waveforms during MPPT, demon-
strating the transition from 1 × 12 mode to 3 × 4 mode.
The mode switching of the RPA is a controlled and responsive
process managed by the MPPT controller. It follows a defined
state machine sequence, with transitions governed by deliberate
control logic rather than sudden or unstable behavior. Initially,
with VOC = 3 V, the RPA operates in a 1 × 12 mode for

Authorized licensed use limited to: TU Delft Library. Downloaded on August 14,2025 at 11:29:30 UTC from IEEE Xplore.  Restrictions apply. 



15956 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 40, NO. 10, OCTOBER 2025

Fig. 13. Measured waveforms during MPPT.

Fig. 14. Measured output power (POUT) versus open-circuit voltage (VPC)
under different configurations.

energy harvesting. In this configuration, the auxiliary switches
are disabled, and the forward voltage VD across the active diodes
is approximately 180 mV. At time t1, VOC decreases to 0.8 V,
causing the PEH circuit to cease effective energy harvesting. At
moment t2, the MPPT function is activated, and following a brief
reconfiguration, the RPA is adjusted to a 3 × 4 mode, allowing
the system to resume effective energy harvesting operations.
Notably, in this 3 × 4 mode, VD is reduced to about 10 mV,
primarily due to the change in current flowing through the
rectifier. The switching occurs during a clearly defined MPPT
operation phase (between t 2 and t 3) and is triggered after VOC
decreases. During transition, the rebuilt voltage VRBT increases
from 1.43 to 2.57 V due to CRPA reduction. These results align
well with theoretical predictions. The switching mechanism is
managed by the MPPT controller, which generates the VSEL

signal based on VOC to optimize RPA configuration.

Fig. 14 illustrates the measured output power (POUT) versus
open-circuit voltage (VPC) under different configurations. It
can be observed that at lower VPC values, the system outputs
higher power when the PEH units are connected in series.
Correspondingly, at higher VPC values, parallel connection of
PEH units yields higher output power. At VPC = 0.42 V, the
output power in the 6 × 2 mode is 1.4 μW higher than in
the 4 × 3 mode, representing a 60% increase. Additionally, in
the 1 × 12 mode (which can be equated to a traditional single
PEH structure), the system only begins to operate and harvest
energy when VPC exceeds 1.6 V, whereas in the 6 × 2 mode,
it can effectively harvest 1 μW of power at just VPC = 0.36 V.
Therefore, the proposed interface circuit effectively broadens the
system’s input range. Since the proposed system can achieve
optimal RPA configuration based on environmental excitation
without requiring additional dc–dc conversion, at any specific
open-circuit voltage and fixed load voltage (VLOAD), there exists
an optimal combination of VPC and RPA configuration that
enables the system to operate very close to the maximum power
point, achieving up to 99% MPPT efficiency.

Fig. 15 shows the relationship between the system’s flip
efficiency and VLOAD. When VLOAD is lower, the flipping loss
is greater due to higher resistance in the switch array; however,
as VLOAD increases, flip efficiency significantly improves. Si-
multaneously, although passive shutoff of the LC circuit using
diodes results in some flipping loss due to the forward voltage
drop across the diodes, the system still achieves notable flip
efficiency.

Although the proposed MPPT mode differs from traditional
configurations, MOPIR tests were still conducted for a bet-
ter performance comparison. Under fixed excitation strength,
different RPA arrangements result in varying optimal VLOAD,
which may exceed the normal operating range of the chip under
some test conditions. Consequently, for convenience in testing,
the RPA was set to a 2× 6 mode. As shown in Fig. 16, when VPC

is fixed at 1V, the proposed circuit outputs a maximum power
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TABLE I
COMPARISON OF THE PERFORMANCE

Fig. 15. Relationship between the flip efficiency and VLOAD.

of 61.1 μW, compared to the theoretical maximum of 10.3 μW
for the FBR, where VD is set at 0.15 V. Hence, the MOPIR can
reach 5.93x.

Fig. 17 shows the corresponding test results for the proposed
dual-mode active rectifier. To reduce VD in the 1 × 12 mode,
the incorporation of auxiliary switches significantly enhances

Fig. 16. Measured output power (POUT) versus load voltage (VLOAD).

energy harvesting when the RPA is configured in 1 × 12 mode.
For example, when VOC = 1.28 V, the auxiliary path contributes
to a 15% increase in the system’s output power. Conversely, in
the 6 × 2 mode, operating solely with the main path is more
effective for energy collection.

Table I compares the performance of the proposed PEH
system with state-of-the-art systems. Our design features an
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Fig. 17. Test results for the proposed dual-mode active rectifier.

RPA array comprising 12 PEH units, facilitating multi-input
energy harvesting. Through the serial connection of PEH units
within the array and the application of P-SSHI technology, our
design achieves a maximum MOPIR of 5.93 times. Despite the
incorporation of Schottky diodes in the LC circuit leading to
some energy loss, the flipping ratio remains high at 0.78. Our
design innovatively modifies the RPA structure to implement
MPPT, thereby avoiding the switching losses typically associ-
ated with dc–dc converters and achieving an MPPT efficiency
of up to 99%. The system comprehensively implements the
requisite ac–dc conversion, voltage transformation, and MPPT
functionalities essential for PEH, providing an effective solution
for energy self-sufficiency in sensor nodes during the Internet
of Things era.

V. CONCLUSION

This article presents a novel PEH scheme combining an RPA
with P-SSHI rectification technology. The proposed scheme
achieves dc–dc conversion functionality without introducing
additional passive devices and can adjust the RPA configuration
based on excitation intensity to realize MPPT. Furthermore,
it expands the input range and improves flipping efficiency
through serial connection of PEH units. Experimental results
demonstrate a reduced minimum input voltage of 0.36 V, a
conversion efficiency of up to 78%, and a maximum MOPIR
of 5.93.
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