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Power management strategies and the corresponding circuits are the unbypassable tough technologies toward
practical applications of triboelectric nanogenerators (TENGs). To power electronics, there are two main tasks
needed to be tackled for TENG, i.e., to convert the alternating current (AC) to direct current (DC), and to boost
the energy output. In this work, we present a power management strategy named Self-doubled-rectification of
TENG (SDR-TENG), which is the first AC to DC conversion method delicately customized based on the unique
features of TENG. The SDR-TENG divides each operation cycle of the TENG into two periods with different
output directions, and keeps the output of one period in the inner capacitor of the TENG and waits until the next
period to be released all together. In this way, the voltage output can at most be doubled, the energy output
increases two times, and the peak power output can be increased by a factor of four, compared to the traditional
bridge rectification, separately. More importantly, SDR-TENG can be easily achieved through only two diodes
and work compatibly with all other power management strategies. It is believed that this method may become a
standard power management module and can further broaden the applications of TENG devices across fields.

1. Introduction

The prosperity of the distributed portable devices and internet of
things (IoTs) has raised the demand of power sources with similar
distributed feature [1]. Compared to batteries, harvesting environ-
mental energy in each device to form a self-powered system has signif-
icant advantages in the sustainability, environmentally friendly and
low-cost operation. Triboelectric nanogenerator (TENG), which can
collect environmental and human motion energy, has proven to be an
effective power source for self-powered systems and attracted plenty of
interests in recent years [2-5]. Enhancing the output performance of
TENGs to meet the requirements of electronics is always desirable [6].
The conventional method is to improve the device figure of merit (FOM)
by appropriately selecting the pair of triboelectric layers and delicately
designing device structure [7-19]. More recently, the power manage-
ment technologies of TENG, which are more general, has shown its great
potential in improving the performance of TENG [20-30].

To make the alternating pulsed output of TENG applicable to elec-
tronics, the power management system usually can be divides into three
modules [31-33]: the alternating current to alternating current (AC/AC)
conversion, the alternating current to direct current (AC/DC) conver-
sion, and the direct current to direct current (DC/DC) conversion
(Fig. 1a). Over the past few years, great achievements have been made in
the AC/AC and DC/DC conversions of TENG. For example, Xi et al. [26]
and Cheng et al. [22] separately proposed synchronized switching sys-
tems for the AC/AC conversion of TENG, which make the output
approaching the ‘cycles for maximum output (CMEO)’ limit. Liu et al.
and Ghaffarinejad et al. [25] reported the application of Bennet’s
doubler circuit in the power management of TENG, which can bring an
exponential enhancement during the AC/AC conversion. Xu et al. [28]
designed a charge supplemental channel using a parallel diode to zero
check TENG in each cycle so that the performance can be greatly
enhanced. In addition, Park et al. [34] designed a dual-input buck
converter circuits for the DC/DC conversion of TENG, which solved the
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asymmetric output problem of TENG and reduced the energy loss.
Despite the works in the AC/AC and DC/DC conversions of TENG, there
is no work about the AC/DC module of TENG reported. To our knowl-
edge, all of the existing power management systems of TENG utilizes the
full-bridge or half-bridge rectification methods for the AC/DC conver-
sion, which are of no optimization according to the characteristics of
TENG.

Herein, in both theory and experimental verification, we first pro-
pose an AC/DC conversion method named self-doubled-rectification of
TENG (SDR-TENG), which can achieve at most four times of power
output compared with bridge rectification, and can solve the asym-
metric output problem of TENG for the more common capacitive loads.
For the SDR-TENG, each operation cycle is divided into two periods with
different output directions. During the operation, the charges of the first
period are locked and accumulated in the intrinsic capacitor of TENG,
and then together with the charges of the second half cycle be released to
the load. In this way, the equivalent voltage of the total transferred
charge can be doubled, leading to a two times increase in total energy
output and three times improvement in peak power output. Meanwhile,
as the positive output and negative output are put together, the energy
waste caused by the asymmetric output problem is naturally solved. The
SDR-TENG is easily achieved by connecting two diodes to the TENG,
even half less than the requirement of a full-wave bridge, and the results
fit well with the theory and simulation. More importantly, the optimi-
zation of the rectification method in this work is compatible with other
works in the AC/AC and DC/DC conversions of TENG. We believe the
proposed scheme could broaden the potential applications of TENG in
the self-powered systems as an effective power source.

Nano Energy xxx (xxxx) xxx

2. Result
2.1. Mechanism and simulation of SDR-TENG

The mechanism of SDR-TENG is illustrated in Fig. 1b and c. As
analyzed in previous publications [17], TENG device can be modeled as
the series connection of a voltage source and a capacitor. For the con-
ventional full-wave rectification, the output of TENG in the positive and
negative cycle directly passes the bridge and applied to the load (Fig. 1b
and c). As for the SDR-TENG, in the first period with negative output, the
diode D1 is short-circuited and D2 is open-circuited because the lower
electrode has higher voltage than the upper electrode. Consequently, the
free charges accumulated on the intrinsic capacitor of TENG to balance
the intrinsic voltage of TENG. At the second period, the voltage source
starts to decrease so that the voltage of the lower electrode is higher than
the upper electrode, which results in the open-circuit of DI and
short-circuit of D2. Therefore, during the second period, the output of
the voltage source together with the output of the capacitor pass the
diode D2 and applied to the load. Originated from the superposition
effect of the circuit, the voltage output can be doubled for symmetric
input; the power output, which is proportional to the square of the
voltage, can be at most increased by four times.

To prove the self-doubling effect, a physical model of TENG is
established using COMSOL Analysis, as shown in Fig. 2. For the sake of
simplicity and intuition, we choose the free-standing mode TENG.
However, it is believed that the self-double effect appeals to all types of
TENGs because of the same circuit model. As shown in Fig. 2a, for the
operation of bridge rectification, the output voltage of TENG varies with
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Fig. 1. The concept illustration of the SDR-TENG. (a) The flow of a power management system. (b) The operation of conventional bridge rectification. (c) The

operation of SDR-TENG.
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Fig. 2. The COMSOL simulation of a free-standing mode TENG for the regular bridge rectification and SDR-TENG. (a) The voltage distribution of the
operation of bridge rectification. (b) The voltage distribution of the operation of SDR-TENG. (c) The voltage distribution of (i) bridge rectification and (ii) SDR-TENG.

the motion. For the SDR-TENG, the device is short-circuited in the first
period so that the free charges on the conductive layers will be re-
arranged to balance the voltage, as shown in Fig. 2b(i). After that, the
external circuit is open-circuited and the free charges will be isolated on
the conductive layers and maintains a voltage difference of Vj. In the
second period, the polarized charge moves to another side and forms a
doubled voltage. As proven in Fig. 2c, the voltage distribution of SDR-
TENG is exactly doubled compared with bridge rectification.

2.2. SDR-TENG for resistive load

To fully demonstrate the advantages of SDR-TENG, the output of
SDR-TENG is simulated and compared with the output of regular bridge
rectification. A free-standing mode TENG device with parameters listed
in Table 1 and a sinusoidal excitation are proposed. Fig. 3a shows the
sinusoidal output of TENG without rectification. Apparently, for the full-
wave rectification, the positive output of TENG is remained and the
negative output of TENG is reversed with a voltage drop of due to the
diode, as shown in Fig. 3b. When using SDR-TENG, the output will be
cleared when the output of TENG is negative due to the short-circuit
brought by the diode. During this period, the intrinsic capacitor is
charged to resist the voltage of the polarized charge until the extreme
movement point. Afterward, when the output of TENG turns to positive,
the diode D1 is open-circuited and the output of TENG will be applied to
the load. The voltage applied to the load can be quantitatively calculated
by analyzing the state equation of TENG (detailed derivation in Sup-
plementary Note S1):

V.=V, sin(wr) + Vet 0

where Vo is the open-circuit voltage of the TENG, Vc is the initial voltage
of the capacitor at the second period, R is the load resistance and C is the
intrinsic capacitance of TENG. It can be observed, different from the

Table 1

Parameters used for simulating the SDR-TENG.
Polarized charge Intrinsic Area for each Excitation
density capacitance electrode frequency
50 pC/cm? 0.5nF 12 cm? 1Hz

usual sinusoidal voltage, the output of SDR-TENG contains two
competing parts: the sinusoidal part contributed by the electric field of
polarized charge, and the exponential part contributed by the capacitor
discharge. The voltage output of SDR-TENG shown in Fig. 3c is obvi-
ously higher than the output of bridge rectification, which only has the
sinusoidal part. In addition, there is only one diode-loss. The voltage
charge (V-Q) curve is the tool to investigate the output power of TENG.
The V-Q curve comparison of bridge rectification and SDR-TENG is
shown in Fig. 3d. Although the bridge rectification brings two parts of
the energy output, the total transferred charge and maximum voltage
are lower than that of SDR-TENG, hence the SDR-TENG brings obviously
higher energy output. The improved energy output is originated from
the higher input mechanical work to overcome the electrostatics from
the doubled electrical field, as proved in Fig. 2.

To investigate the effect of the load resistance, the voltage output of
SDR-TENG with various loads are plotted in Fig. 3e. With the increase of
the load resistance, the output voltage amplitude gradually grows to
twice of the maximum voltage of TENG. Moreover, the duty ratio (the
time with output divided by the period) increases from 50% to 100%
with the increase of the load resistance. The peak power comparison of
bridge rectification and SDR-TENG is plotted in Fig. 3f, which shows that
the bridge rectification and SDR-TENG have similar peak power with
small load, but SDR-TENG demonstrate as high as four times higher peak
power at load resistance larger than matching impedance. This phe-
nomenon is easy to understand through the status Equation (1): with the
small load, the charge pre-stored on the intrinsic capacitor will rapidly
run away due to the small time constant; while with the large load, the
pre-stored charge will be slowly released at high voltage, which brings
more power benefit. The energy output can be calculated by the inte-
gration of power with time, as detailed in Supplementary Note S2. It can
be observed that a maximum of three times improvement of energy
output can be made by using the SDR-TENG.

A free-standing mode TENG device with the parameters approaching
Table 1 is established to verify the proposed theory. The current signal
and voltage signal of the resistive loads strictly obey the Ohm’s Law.
Therefore, to get higher precision, we have measured the current out-
puts of SDR-TENG and bridge rectification and then obtained the voltage
output by multiplying the current with the resistances, as shown in
Fig. 4.
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Fig. 3. The simulation of SDR-TENG output under resistive load. (a) The sinusoidal input of SDR-TENG. (b) The output of full-bridge rectification. (¢) The output
of SDR-TENG for 10G € load. (d) The V-Q plot comparison of bridge rectification and SDR-TENG. (e) The voltage output of SDR-TENG under various load resistance.
(f) The output power of bridge rectification and SDR-TENG under various load resistance.

When the load resistance is as low as 1G Q, the output of bridge
rectification reaches a voltage amplitude around 55V (Fig. 4a). Mean-
while, as shown in Fig. 4b, the SDR-TENG brings an output voltage
amplitude around 62V, 12.7% higher than that of bridge rectification.
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However, it should be mentioned that the duty ratio of the output of
SDR-TENG is only about 60%, which results in the low transferred
charge and energy output. The transferred charge of two methods are
shown in Fig. 4c, which indicates although SDR-TENG provides higher
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Fig. 4. The experiment results of bridge rectification and SDR-TENG. (a) Voltage output of full-bridge rectification, (b) SDR-TENG and (c) transferred charge
comparison under load resistance of 1G Q. (d) Voltage output of full-bridge rectification, (e¢) SDR-TENG and (f) transferred charge comparison under load resistance
of 10G Q. (g) Voltage output of full-bridge rectification, (h) SDR-TENG and (i) transferred charge comparison under load resistance of 100G Q.
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voltage (current), the transferred charge is less because of the low duty
ratio. When the load grows to 10G Q, which is the level of the matching
impedance, the bridge rectification brings a voltage amplitude around
270V, as shown in Fig. 4d. The SDR-TENG results in a voltage amplitude
to 390V, which is 44% higher than that of bridge rectification. In
addition, the duty ratio increases to 80%. At this situation, the trans-
ferred charges of bridge rectification and SDR-TENG are nearly the
same. However, the SDR-TENG can provide higher power output due to
the higher voltage output. When the load resistance increases to 100G €,
which is much larger than the matching impedance, the voltage
amplitude of SDR-TENG reaches 550V, which is twice of the bridge
rectification, as illustrated in Fig. 4g and h. And the duty ratio is almost
100%, the transferred charge is also more than the bridge rectification.
The results fit well with the theory prediction in Fig. 3.

2.3. SDR-TENG for capacitive load

The stable voltage supply is essential for most of electronics.
Therefore, in most cases, there should be a filtering capacitor as the first-
level load before the electronics as the second-level load, which is
illustrated in Fig. 5a. Therefore, we more concern about the performance
of SDR-TENG with the capacitive loads.

To evaluate the advantage of SDR-TENG with capacitive loads, the
situations should be classified into two categories: the symmetric TENG
and asymmetric TENG. For free-standing mode TENG devices, the out-
puts are almost symmetric. The charging process of bridge rectification
can be expressed by Equation (2), while the charging process of SDR-
TENG can be expressed by Equation (3) and Equation (4), in which i
represents the numbers of half-period (detailed derivation in Supple-
mentary Note S2). The charging processes are furtherly plotted in Sup-
plementary Fig. S2, which indicates that the charging of SDR-TENG is
slower at first, its stable voltage reaches twice of the bridge rectification.
Obviously, the doubled voltage will bring doubled current and four-
times increased power for the load electronics.
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Fig. 5. The concept illustration for the SDR-TENG under capacitive load.
(a) The scheme of a TENG-Rectification-Capacitor system. (b)-(c) The output
for (b) full-bridge and (c) SDR-TENG with symmetric output of TENG. (d)-(e)
The output for (d) full-bridge and (e) SDR-TENG with asymmetric output
of TENG.
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The asymmetric output of TENG, which occurred widely in the
contact-separation mode TENG, single-electrode TENG and sliding
mode TENG, is always puzzling for the capacitive load. To maximize the
efficiency, we can assume there is an optimized voltage for the load
capacitor, and the energy output can be expressed by Equation (5),
where Q is the charge provided by the TENG, Qq is the maximum
charge the TENG can provide and Qyus.q is the charge be retained on the
intrinsic capacitor of TENG. Quuu and Queses can be expressed by
Equation (6), where § is the polarized charge density, S is the area of the
electrode and Cy;, is the intrinsic capacitance of TENG when reaches the
maximum displacement (i.e. the smallest capacitance). Therefore, the
voltage should be stabled at the half of the maximum voltage to get the
optimized output. For the asymmetric TENG, if the output of one di-
rection is lower than half of another direction, the lower direction will
be fully wasted, just shown in Fig. 4d. However, this problem is naturally
solved in the SDR-TENG system because the output of two directions are
put together, as shown in Fig. 4e.

E= Q X ‘/L = (Q!mal - Qwastzd) X Vc (5)
Orotat =6 X S; Ovasted = Cruin X Ve

5x 8)? 5x8
é(lXXC) whenV, = X

E=E,. = (6)

To verify the assumption and derivation, a free-standing mode TENG
with symmetric output and a contact-separation mode TENG with
asymmetric output are fabricated to examine the performance of SDR-
TENG. The voltage output of the free-standing mode TENG is plotted
in Fig. 6a, showing great symmetry with amplitude around 1200 V. The
output of SDR-TENG compared with bridge rectification are investi-
gated. Fig. 6b shows the output of SDR-TENG and bridge rectification
with the capacitive load of 100 nF. It is clear to see that although the
charging of SDR-TENG is slower than bridge rectification at first, a
nearly doubled stable voltage can be achieved, which agrees well with
the theory. Fig. 6¢c demonstrates the comparison with larger capacitor of
500 nF. Similarly, a nearly doubled stable voltage is obtained. The
asymmetric voltage output of the contact-separation mode TENG is
shown in Fig. 6d, of which the positive amplitude of 900 V and negative
amplitude of 400 V. The bridge rectification can bring a stable voltage
around 500 V (Fig. 6e) and obviously the negative energy is fully wasted
because of the diode bridge. While using SDR-TENG, an average voltage
of 700V is achieved and both directions of the output are used.

It should be mentioned that in the situation of connecting capacitive
load, the total energy output of TENG with SDR-TENG is the same as that
with the bridge rectification. What becomes higher is the final/stable
energy stored in the capacitor. The price is it takes longer time to charge,
which can be verified in Fig. 6b (c) and Supplementary Fig. S2.

3. Conclusion

We have developed the first AC/DC conversion strategy for TENG. By
continuous switching the diode short-circuit and open-circuit, each
operation cycle of TENG is divided into two periods with opposite di-
rections and the energy output is concentrated on one of the periods. In
this way, doubled voltage and four-times increased power output can be
obtained, and the energy waste caused by the asymmetry problem is
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Fig. 6. The experimental outputs for the SDR-TENG and bridge rectification under capacitive load. (a) The output of free-standing TENG. (b-c) The output
comparison of SDR-TENG (red) and bridge rectification (black) with (b) 100 nF and (c¢) 500 nF capacitive loads. (d) The output of contact-separation TENG. (e) The

output comparison of SDR-TENG (red) and bridge rectification (black).

naturally solved. In addition to the theoretical derivation and model
simulation, the performance of the SDR-TENG is also experimentally
demonstrated. A significant energy improvement is observed compared
with SDR-TENG and bridge rectification, especially for large resistive
load and small capacitive load. It is believed such a general, low-cost and
highly effective power management strategy will soon be applied to
various TENG devices and promote the industrialization and commer-
cialization of TENG.

4. Methods

Preparation and operation of the symmetric freestanding TENG
device. A typical freestanding device structure was utilized in this
project. The static part of this TENG was made of attaching two
3 x 4 cm? aluminum foil rectangular to a 3 x 9 cm? acrylic board first
with a separation of 2 mm. Sequentially, the PTFE tape covered all these
two Al electrodes onto the acrylic substrate. The movable object was
constructed by a 50 pm thickness 3 x 4 cm? nylon film mounted onto
another acrylic board, rubber foam as a buffering layer inside to enhance
the effective contact area and the output performance. To operate this
TENG, the static part and movable object were fixed onto a vertical stage
and a linear motor separately and facing each other. With the acceler-
ation of 5m s~2, the motion frequency was kept 1 Hz and no delay time
in this process.

Preparation and operation of the asymmetric contact-
separation TENG device. This preparation of this device is similar to
the freestanding TENG device. In the static part, 3 x 3 cm? PTFE film and
Al foil were attached to acrylic board and fixed to a stage. For the
movable object, same area Al foil and rubber foam were mounted to
another acrylic board. The movable object was actuated by linear motor
with the static part with a full contact-separation displacement of
30 mm. In this process, the acceleration is 5 m s~ 2, the motion frequency
is 1 Hz, and no delay time.

Electric measurement equipment. The output voltage signals and
charge transfer were captured using Keithley 6514 System Electrome-
ters. The functional motion was produced by Linear motor system
(Linmot Linear guide HO1-37x166,/180).
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