
6630 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 39, NO. 6, JUNE 2024

Letters

A Dual-Output Rectifier-Based Self-Powered Interface Circuit
for Triboelectric Nanogenerators

Yirui Su , Graduate Student Member, IEEE, Masao Yanagisawa , Member, IEEE,
and Youhua Shi , Member, IEEE

Abstract—Triboelectric nanogenerators (TENGs) offer a cost-
effective solution for harvesting energy in Internet of Things
(IoT) devices. However, their practical application is limited due
to extremely high output voltage and low intrinsic capacitance,
alongside the nonself-powered nature of current interface circuits
and low transfer efficiency resulting from output voltage asymme-
try. Addressing these issues, this letter introduces a dual-output
rectifier-based interface circuit, innovatively designed to rectify
TENG output into two distinct voltage magnitudes, optimizing
for energy harvesting and switching generation. The experimental
results validate our approach, showing gains of 2.75 and 2.34 times
in terms of maximum output power over a full-wave rectifier
(FWR)-based design at 2 and 3 Hz, respectively. Furthermore,
under identical frequency and load conditions (1 MΩ at 2 and
3 Hz), the output gains reached 152 and 160 times that of the FWR.
Our approach brings about a significant advancement in TENG
integration for low-frequency and low-load IoT devices. This letter
is accompanied by two videos demonstrating the charge response
of 1 MΩ load at 2 and 3 Hz, respectively.

Index Terms—Energy harvesting (EH), interface circuit, self-
powered, triboelectric nanogenerators (TENGs).

I. INTRODUCTION

W ITH the remarkable growth of the Internet of Things
(IoT), various wearable electronics have seamlessly in-

tegrated into our daily life, creating a new dimension of in-
teraction between humans and devices. To remove the battery
reliance of these IoT devices, energy harvesting (EH) technolo-
gies, capable of collecting thermal, solar, electromagnetic, and
kinetic energy from the ambient environment, have emerged as a
promising solution. Among them, triboelectric nanogenerators
(TENGs) introduced in [1] have gained wide recognition due
to their cost-effectiveness, environmental friendliness, and im-
pressive output for converting low-frequency mechanical energy
into electricity.
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Fig. 1. (a) CS-TENG and (b) equivalent circuit of TENG.

TENGs operate based on contact electrification and elec-
trostatic induction principles. As illustrated in Fig. 1(a), the
process involves the generation of electrostatic charges on the
surface of specific materials through contact and separation.
These charges, driven by the resultant potential difference, flow
between the electrodes. Thus, a TENG can be modeled as a
series connection of a voltage source and a variable capacitor,
as depicted in Fig. 1(b). Four fundamental TENG modes have
been discussed in [2], of which the vertical contact-separation
mode (CS-TENG) is the simplest and most commonly utilized.
While efforts to enhance TENG power density and reliability
have predominantly focused on material and structural optimiza-
tion, TENG’s inherent capacitance-based nature limits effec-
tive energy transfer to the load. Consequently, similar to other
EH technologies, TENGs generally require an interface circuit
to enhance energy transfer efficiency and achieve impedance
matching with the connected load.

In the literature, numerous interface circuit designs have been
proposed to enhance TENG output. Bennet’s doubler [3] is an
unstable charge pump that feeds charges from the load back to
TENGs, increasing the output energy of TENGs exponentially
but at the cost of the requirement of many external motion
cycles. Synchronized switch harvesting on inductor (SSHI) [4],
[5], introduces an inductor in series or parallel with a switch
to provide an energy-returning path of TENGs to improve the
corresponding output, but it will decay without an optimal load.
Synchronous charge extraction (SCE) [6], [7], and prebiased
synchronous charge extraction (pSCE) [7] can boost the output
energy even under impedance mismatch between TENGs and
the following load, but the self-powered manner of the interface
circuit was not addressed. The fractal switched-capacitor con-
verter (FSCC) presented in [8] and [9] is composed of multiple
switched-capacitor pairs and utilizes a mechanical switch to
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Fig. 2. Proposed DOR-based interface circuit. To measure VP, we employed
a voltage divider for indirect voltage measurement, where, instead of using a
single 10 GΩ resistor as R1, a series combination of a 5 GΩ resistor and five
1 GΩ resistors was utilized. Thus, the voltage (Vmeasure) is measured with an
oscilloscope, and then VP is calculated by multiplying the observed voltage by
a factor of 10.1/1.1.

automate the step-down conversion of high-voltage energy from
TENGs, thereby enhancing output without the need for induc-
tors. However, FSCC’s efficiency may decrease if the actual
voltage conversion ratio differs from the one predetermined by
the fixed number of switched-capacitor pairs. Moreover, designs
based on integrated circuits, such as the high-voltage dual-input
buck converter [10], Multishot SCE with a buck–boost regulator
[11], and SSHI featuring both a buck and a switched-capacitor
dc–dc converter [12], face technological limitations, including
the fact that the voltage levels they can handle are significantly
lower than the open-circuit voltage of TENGs. This limitation
restricts the amount of energy that can be effectively harvested
from TENGs through these methods. In [13], a full-wave rectifier
(FWR)-based interface circuit employing a silicon-controlled
rectifier (SCR) combined with a Zener diode as a passive switch
is utilized to harness TENG output energy. However, the impre-
cise control of the switch, comprising the SCR and Zener diode,
only charges the load capacitance to the trigger voltage before
discharging it, resulting in suboptimal energy transfer efficiency.
Furthermore, the FWR-based ac–dc converter inherently limits
TENG output energy due to the asymmetric voltage [14] caused
by the converter.

As shown in Fig. 2, this letter proposes a novel and effective
self-powered dual-output rectifier (DOR)-based interface circuit
for CS-TENGs. In the proposed design, the TENG output is
deliberately rectified to two distinct voltage magnitudes, opti-
mizing for EH and switching generation. To minimize energy
loss, we generate a step-down switching control signal by har-
nessing the energy of a TENG moving from separation to contact
during the negative half cycle. Concurrently, the output of a
TENG moving from contact to separation during the positive
half cycle is stored in a temporary capacitor at the high voltage
level, stepped down and transferred to the load via a flyback
converter subsequently when the voltage level triggers the con-
trol module. This is done with the generated switching control
signal to maximize energy transfer efficiency. As a result, both
the low energy transfer efficiency issue caused by asymmetry
and the need for an external power source for switching signal

generation are addressed, paving the way for wider applications
of TENGs.

II. OUTPUT ANALYSIS OF CS-TENG WITH DOR

To better understand the voltage and charge transfer mecha-
nisms in a CS-TENG, we first analyze the output of a TENG with
DOR alone (depicted as the red block in Fig. 2), which consists
of four diodes (D1–D4) and two capacitors (CP and CN).

Following the analysis on “cycles for maximized energy
output” in [15], the output energy per cycle of a CS-TENG with
DOR can be expressed as

EDOR = VP ΔQP + VN ΔQN

= (VP + VN ) [CminVoc − CminVP − CmaxVN ] (1)

where ΔQP and ΔQN denote the transferred charges during
the positive and negative half cycle, respectively. Cmax and
Cmin are the maximum and minimum value of TENG’s intrinsic
capacitance. Voc is the TENG’s open circuit voltage, and VP and
VN indicate the voltages across the two temporal capacitors CP

and CN , respectively. For simplification, it is assumed that the
voltages VP and VN remain constant in the steady-state mode.

From (1), EDOR, which is the combined output from both the
positive and negative half cycle, depends on the voltages of the
temporal capacitors and the charges transferred. Furthermore, in
the steady-state condition, the total amount of charge transferred
during positive and negative half cycle should be equal, i.e.,
ΔQP=ΔQN . It is worth noting that the conventional rectifiers,
such as FWR and half-wave rectifiers (HWR) can be viewed as
specific cases of the DOR-based design. In the case of FWR,
VP=VN , and for HWR, VN= 0.

Let β denote the ratio of Cmax to Cmin, following (1), thus the
output energy per cycle of a CS-TENG with FWR and HWR
can be expressed as

EFWR = 2VP [CminVoc − (β + 1)CminVP ] (2)

and

EHWR = VP [CminVoc − CminVP ] (3)

respectively.
For energy to be harvested, the transferred charges in (1) must

be positive, which implies that

Voc > VP + βVN . (4)

For DOR, (4) suggests that the upper limits forVP andVN will
be Voc (when VN= 0) and Voc/β (when VP= 0), respectively,
also demonstrating that VP can reach higher voltage than VN .
As to FWR and HWR, the upper limits is Voc/(β+1) and Voc,
respectively.

To further study EDOR from positive and negative half cycle,
an LTSpice simulation is conducted on a CS-TENG with the
parameters given in Table I, and Fig. 3 shows results of them
with varying VN . It can be observed that the output from positive
half cycle is predominant because VP can reach much higher
levels than VN as implication of (4). EHWR and the maximum
output under FWR are also noted in Fig. 3(a), demonstrating
that the output potential of both DOR and HWR can be much
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TABLE I
MEASURED ELECTRICAL PROPERTIES OF TENG

Fig. 3. (a) Output energy per positive half cycle varying with VN . (b) Output
energy per negative half cycle varying with VN .

greater than that of under FWR as long as β> 1 due to the
nature of the asymmetric voltage [14] caused by the FWR-based
converter. Considering that DOR can rectify TENG’s output to
two orders of magnitude of different voltages, it is feasible to
keep VP as much as high and maintain VN at a specified low
level (e.g., 5 V). This enables efficient energy rectification from
the positive half-cycle, while keeping that from the negative
half-cycle minimal yet adequate for generating switching signals
in a self-powered manner.

III. PROPOSED DOR-BASED SELF-POWERED DESIGN

The proposed interface circuit, shown in Fig. 2, primarily
consists of a DOR, a flyback converter, and a self-powered
switching control module. The energy harvested during the
positive half cycle is stored in CP until the MOSFET switch (Q1)
closes, while the energy collected during the negative half cycle
is employed as the power supply and reference voltage for the
switching control module. With respect to the two outputs in
DOR, VP is divided by a voltage divider, formed by resistors
R1 and R2, to generate Vcomp for comparison. In contrast, VN ,
clamped by the Zener diode (Typ. 5.6 V), powers the nano power
comparator, U1. Subsequently, the voltage Vcomp and VN are
compared through U1, generating the switching control signal
for the MOSFET, Q1.

It is worth mentioning that to prevent the generation of an
overlapping switch signal due to the decrease of VN when the
TENG moves from separation to contact, presenting a risk of
inadvertently triggering the comparator and subsequently acti-
vating the MOSFET switch, a comparator with built-in hysteresis
is used. Furthermore, to mitigate the risk of increased switching
losses due to multiple energy transfers, a feedback capacitor CF

is added between the positive input and output of the comparator.
This enhancement boosts the hysteresis effect, ensuring that the
divided Vcomp consistently stays below the minimum VN after

Fig. 4. Operation principle of the proposed interface circuit.

VP releases energy. Consequently, this design adjustment effec-
tively prevents the comparator from being erroneously triggered
by the decreased VN , thus enabling the system to discharge
approximately once per cycle.

The operation principle of the proposed circuit is shown in
Fig. 4. When Vcomp < VN , the MOSFET remains OFF, resulting
in the proportional rise of Vcomp and VP . Once Vcomp surpasses
VN , the comparator activates the MOSFET. The threshold voltage
enabled to transfer the energy of VP is

VP,TH = VN ·
(
1 +

R1

R2

)
. (5)

Consequently, the output only from the positive half cycle is
transferred to the flyback transformer and the following load
subsequently. The output energy can be theoretically calculated
as

EProposed = VP,TH · ΔQP

= VP,TH · [CminVoc − CminVP,TH − CmaxVN ]. (6)

Similar to the above analysis, the energy dissipated by the
Zener diode and the comparator during the negative half cycle
can theoretically written as

EDissipated = VN · ΔQN

= VN · [CminVoc−CminVP,TH−CmaxVN ]. (7)

Considering that R1 and R2 used in the circuit are 10 GΩ
and 100 MΩ, respectively, the energy dissipated (EDissipated) by
the Zener diode and the comparator constitutes approximately
1% of the total energy (EProposed). However, it is important to
note that the actual impact on the overall output power slightly
exceeds this percentage due to the intrinsic limitations in energy
transfer efficiency within our proposed system.

It is worth noting that as the higher VP,TH, EProposed will
theoretically increase, as illustrated in Fig. 3. On the other hand,
for off-the-shelf TENGs with micro/nano-power output energy,
the control module with the nano-power consumption is selected
inevitably. Accordingly, considering the limited power driven by
the control module without using any external drivers directly,
a small signal MOSFET with a breakdown voltage rated at 600 V
is selected in our experimentation.
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Fig. 5. Experimental setup and the corresponding waveforms. (a) Photograph
of the self-manufactured CS-TENG and PCB. (b) Experimental setup. (c) Output
voltage on a 1 MΩ load at 3 Hz. (d) Output responses of primary current,
secondary current, and switch signal with enlarged view. (e) Voltage across
1 GΩ + 100 MΩ resistors and VN with 3 Hz excitations. (f) Voltage across
1 GΩ + 100 MΩ resistors and VN at 2 Hz.

IV. EXPERIMENTAL RESULTS AND DISCUSSIONS

A. Device and Circuit Fabrication

Our self-manufactured CS-TENG employs a spring-assisted
separation structure and consists of two copper sheets and a poly-
tetrafluoroethylene (PTFE) sheet. The TENG’s effective contact
area measures 120 mm × 90 mm. The PTFE sheet in the TENG
is 0.1 mm thick, with a maximum displacement of 1.2 mm in our
experiments. Fig. 5(a) illustrates the self-manufactured TENG
and PCB, while Table I presents the measured electrical prop-
erties of the TENG. For comparative evaluation, FWR, HWR,
and the proposed DOR-based designs have been implemented on
the same PCB. The experimental setup is depicted in Fig. 5(b),
where the top plate of the TENG is driven in a reciprocating
motion by a WaveMaker, with the frequency controlled by the
vibration console.

B. Evaluation Results

Given that voltages like Voc and VP can escalate to kilovolts
and are significantly affected by the input impedance of the
measuring instrument, using a standard probe for measuring the
voltage and output waveform at the node directly connected to
the TENG body is impractical due to the requirement for ultra-
high impedance (over ten of GΩ at several HZ). Therefore, like
the method introduced in [16], we employed a voltage follower
(OPA445) in conjunction with a voltage divider for indirect
voltage measurement. To measure VP , a series combination of

Fig. 6. Output power with varying loads at (a) 2 Hz and (b) 3 Hz.

a 5 GΩ resistor and five 1 GΩ resistors was utilized instead
of a single 10 GΩ resistor as R1, in order to accommodate
the operating voltage range. The voltage across these combined
resistors (1 GΩ + 100 MΩ) was monitored using the OPA445
as the voltage follower, and then VP was derived by multiplying
the observed voltage by a factor of 10.1/1.1.

For exhibiting the enhanced output energy of TENG with
our proposed circuit in sub-5 Hz practical applications, the
results of TENG working under 2 and 3 Hz are acquired in
the experiment. Fig. 5(c) shows the charge response of 1 MΩ
load at 3 Hz, the load is charged about to 13.3 V, corresponding
an output of 176.9 μW. Fig. 5(d) shows the primary current,
secondary current, and switching signal, with an enlarged view
of the primary current and switching signal. The switch-ON

period is approximately 2.5 μs, during which VP decreases,
and the energy stored in CTENG transfers to the primary coil,
leading to a surge current in the primary coil, of which energy
is transferred to the second coil subsequently with the switch
off. It is worth noting that our circuit deliberately excludes the
use of gate resistors or snubber/clamp circuits to dampen the
ringing. This is because a suboptimal design of these elements
would result in greater losses than not using them at all. For
instance, a gate resistor could increase switching losses, and
snubber/clamp circuits could absorb more energy than they
are designed to transfer, thereby dissipating more energy than
they are designed to transfer. Fig. 5(e) shows the corresponding
waveform of VN and the voltage across the combined 1 GΩ +
100 MΩ resistors for the TENG with 3 Hz excitations and 1 MΩ
load resistor. VN , used for power supply and reference voltage,
exhibits ripples from 4.8 to 5.1 V at 3 Hz. The system transmits
energy to the load once VP reaches 509.6 V and continues to do
so until the voltage reduces to around 476.5 V. Due to the use of
nano-power elements, the proposed circuit can also operate with
2 Hz excitations. As shown in Fig. 5(f), with 2 Hz excitations,
VN ripples from 4.5 to 4.8 V which is smaller than that of at 3 Hz.
This reduction is attributed to the decreased energy CN obtained
from the TENG during the negative half cycle, leading to a
lower Zener voltage that is maintained. Consequently, the system
transmits energy once VP reaching 480.2 V and continues to do
so until the voltage reduces to around 449.0 V.

Fig. 6 presents a comparison of the output power among
FWR, HWR, and our proposed DOR-based circuits with varying
load resistances at 2 and 3 Hz excitations, in which the load
resistance ranges from 100 KΩ to 10 MΩ, targeting practical
applications. At 2 Hz, the output power of the TENG with
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TABLE II
COMPARISON WITH OTHER INTERFACE CIRCUITS

our proposed circuit was 72.9, 110.3, and 112.9 μW for load
resistances of 100 KΩ, 1 MΩ, and 10 MΩ, respectively. This
represented a maximum gain of 274.7% over the highest output
of the FWR. At 3 Hz, the output power for load resistances of
100 KΩ, 1 MΩ, and 10 MΩ were 129.6, 176.9, and 172.2 μW,
respectively, corresponding to gains of 171.4%, 234.0%, and
227.8% over the FWR’s maximum output. Furthermore, under
identical conditions (1 MΩ load at 2 and 3 Hz), the output
gains with the proposed circuit reached up to 153.6 and 161.4
times those of the FWR-based design. For comparison, Table II
summarizes recently reported interface circuits and their key
performance metrics. These results clearly demonstrate that our
proposed DOR-based self-powered interface circuit can produce
satisfying output even with ultra-small loads.

V. CONCLUSION

A novel self-powered interface circuit utilizing a DOR is
proposed for contact-separation TENGs. This circuit effectively
rectifies the output into two distinct voltage magnitudes, specif-
ically optimized for EH and self-powered switching generation.
Experimental results indicate a substantial improvement in per-
formance over traditional FWR and HWR-based designs, even
under low-frequency and low-load conditions. Consequently,
this approach holds the potential to significantly advance the
integration of TENGs as a reliable and independent power source
in a variety of IoT applications.
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