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ABSTRACT

For new renewable clean energy, triboelectric nanogenerators (TENGs) have shown great potential in response to the world
energy crisis. Nevertheless, the alternating-current signal generated by a TENG needs to be converted into a direct-current
signal to be effective in applications. Therefore, a power management circuit, comprising a clamp rectifier circuit and a
mechanical switch, is proposed for the conversion and produces a signal having a low ripple coefficient. The power management
circuit adopts a clamp circuit as the rectifier circuit to increase the rectified voltage, and reduces the loss resulted from the
components by reducing the use of discrete components; the electronic switch in the buck regulator circuit is replaced with a
mechanical switch to reduce cost and complexity. In a series of experiments, this power management circuit displayed a stable
output voltage with a ripple voltage of 0.07 V, crest factor of 1.01, and ripple coefficient of 2.2%. The TENG provides a feasible
method to generate stable electric energy and to supply power to low-consumption electronic devices.
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1 Introduction

In recent years, with the growth in energy demand, various
environmental pollution problems caused by fossil energy use are
becoming increasingly severe [1-3]. As far as different
miniaturized devices are concerned, lithium batteries are
conventionally adopted as the preferred source of power [4].
However, their manufacture leaves a large carbon footprint and
their cost is not conducive to replace batteries in some particular
environments [5]. Therefore, developing renewable clean energy
and promoting renewable energy development has become the
inevitable option to solve the energy crisis of today. As an effective
method to harvest renewable clean energy from the environment,
triboelectric nanogenerators (TENGs) have attracted wide
attention in the contemporary world [6, 7].

First invented by Wang's group in 2012, the TENG displays
many advantages, such as low-cost convenient fabrication and
diversity in construction materials [8-11]. A TENG harvests weak
energy from various environments, such as wind [12-14], oceans
[15], ambient vibrations [16], sound waves [17], raindrops [18],
and biomechanical [19] systems. A TENG executes periodic
charge transfers between its two electrodes, resulting in an
alternating-current (AC) output signal. However, the operation of
various miniaturized devices requires a stable direct-current (DC)
signal [20, 21]. The electric energy generated by a TENG cannot
be effectively applied to a miniaturized device, hence the need for
a DC signal processing circuit [22-25]. To convert AC signals into
DC signals, a bridge rectifier circuit is commonly adopted [26-29].

The rectified signal has a significant ripple, and thence the
pulsating DC signal needs filtering. The standard method is with a
step-down regulator circuit [30-32]. The rectifier circuit is
combined with a buck regulator circuit to form a power
management circuit that is widely used in energy harvesting.
However, both these circuits have a number of discrete
components, many of which are energy-consuming that create
energy losses. This inevitably interferes with the TENG operations
and creates an inconvenience to back-end applications.

Herein, to achieve a stable output with a low ripple coefficient, a
power management circuit combining a clamp circuit and a
mechanical switch is proposed. The circuit includes a rectifier
module consisting of a clamp capacitor and a rectifier diode.
Leakage current is thereby diminished by reducing the number of
rectifier diodes. The clamp capacitor stores the energy of the
negative half cycle of the AC signal, which is superimposed with
the positive half cycle voltage of the AC signal to improve the
voltage output. The buck regulator circuit for the generator
includes a mechanical switch, which replaces the electronic switch
for on-off operations, thus avoiding the interference caused by
current leakage from the electronic switch. This power
management circuit provides a more stable electric energy output.
Its design achieves a stable output voltage with a ripple voltage of
0.07 V, crest factor of 1.01, and ripple coefficient of 2.2%. This
circuit improves the output signal characteristics and generates
stable power output enabling the TENG to become a reliable
power supply for electronic equipment.

Address correspondence to Tinghai Cheng, chengtinghai@binn.cas.cn; Zhong Lin Wang, zhong.wang@mse.gatech.edu

TSINGHUA
N UNIVERSITY PRESS

@ Springer

Research Article



https://doi.org/10.1007/s12274-021-3828-7

2

2 Structure and operation principle

2.1 Structure of power management circuit

In this research, the mechanical-switch-type TENG (MS-TENG)
consists of a supporting component, a power generation unit, a
rotating shaft, a mechanical switch, and a conductive slip ring
connected to the switch (see Fig.1(a)). Figures 1(b)-1(e) show
separately these various components of the MS-TENG. The
mechanical switch comprises a stator, which is composed of
polylactic acid (PLA), acrylic sheet with copper strips attached,
and a rotor which is composed of PLA with a copper strip
attached. The rotor contains two symmetrical structures; one at
the end of the rotor that combines with the stator to form switch
S, and the other a terminal which combines with the stator to
form switch S,. Switch S is inserted in the buck regulator circuit,
whereas switch S, is used instead of diode D, to suppress charge
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backflow and verifies the restraining backflow functioning of
diode D, (Fig.S1 in the Electronic Supplementary Material
(ESM)).

In the operation process of the mechanical switch (Fig. 2(a)),
the mechanical switch S; is used to instead of a common
electronic switch in the buck regulator circuit. The switch on the
rotating shaft is connected to an external wire through the
conductive slip ring, and the copper strips on the acrylic sheet are
connected to another external wire. These two wires act as
connectors of the switch. The rotating shaft drives the switch to
rotate clockwise. When the copper strip attached to the switch
comes into physical contact with the copper strips on the acrylic
sheet, the switch is turned on. As the switch continues to rotate,
the copper strips are no longer in contact, and thus the switch
disconnects the circuit.

The power management circuit (Fig. 2(b)) consists of a rectifier
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Figure1 Mechanical-switch-type triboelectric nanogenerator (MS-TENG). (a) and (b) Schematic diagram of the overall structure. Photographs of (c) MS-TENG, (d)

generation unit, () mechanical switch.
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Figure2 The power management circuit and its flow diagram: (a) operational process of mechanical switch, (b) power management circuit, and (c) flow diagram of a

power management circuit.
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module and a buck regulator module. The rectifier module
consists of a clamp capacitor and a rectifier diode. The buck
regulator module consists of two capacitors, two diodes, an
inductor, and a switch. Power management (Fig. 2(c)) begins with
an AC signal generated by the TENG which is changed into a
pulsating DC signal by the rectifier module, which has a
significant ripple and needs to be processed by the buck regulator
module to stabilize the output. The buck regulator module uses a
typical buck regulator circuit, which includes inductor L and
output capacitor C, to form a low-pass filter to pass the input DC
component and suppress the harmonic input component. When
the circuit operates in a steady-state, the voltage V across the load
resistor R; has a significant DC component with only a tiny ripple.

2.2 Operation principle of circuit

A clamp circuit is used as a rectifier module (Fig. 3(a)), consisting
typically of a rectifier diode and a clamp capacitor. When the
current flows into the TENG in a counterclockwise direction
(Fig. 3(b)), the branch circuit of the clamp diode D, is equivalent
to a short circuit and current flows through it because of the
forward conduction characteristics of the diode. Concurrently, the
load is clamped, and the TENG charges clamp capacitor C;. When
the current flows out of the TENG in the clockwise direction
(Fig. 3(c)), the clamp diode branch circuit is equivalent to an open
circuit and, with the reverse turn-off characteristic of the diode,
the current flows only through load R;. The voltage at both ends
of the load is generated by a superposition of the voltage across the
clamp capacitor and the voltage across the generation unit.

The difference between our buck regulator module (Fig. 3(d))
and a standard buck regulator circuit is that a mechanical switch
S, is used to control the on-off operation of the circuit. At the
same time, a backflow-restraining diode D, is added to prevent
charge on the input capacitor C, from flowing back to the rectifier
module. The initial voltage across the load is 0 V (Fig. 3(e)). When
switch S, is in the off state, the input capacitor filters the pulsating

DC signal generated by the rectifier module for the first time.
When switch S, is in the on-state (Fig. 3(f)), the branch circuit
with the freewheeling diode D; is equivalent to an open circuit.
The filtered primary signal passes through the low-pass filter
composed of the output capacitor C, and inductor L. Meanwhile,
the output capacitor is being charged, and its voltage rises. When
switch S, is turned off again, the input voltage U; discharges across
the input capacitor, and the back-end circuit forms a loop through
the freewheeling diode. When the switch is turned on, the
inductor current increases and stores energy in the inductor; when
the switch is turned off, the inductor current decreases thereby
releasing energy. By this fluctuation, a ripple current generated by
the inductor flows to the output capacitor to generate a ripple
voltage. When charging of the output capacitor is faster than
discharging over one cycle, the capacitor voltage increases, which
slows charging and quickens discharging in the following cycle.
The rate of increase in capacitor voltage slows down. When
charging is slower than discharging, the capacitor voltage
decreases, and charging diminishes. Discharging increases in the
following cycle, and the rate of decrease of the capacitor voltage
slows, thereby achieving finally a charge-discharge balance.

3 Results and discussion

3.1 Rectification circuit test

The clamp rectifier circuit (Fig. 4(a)) and the conventional bridge
rectifier circuit (Fig. 4(b)) were both tested. In a comparison, the
clamp circuit requires few discrete components, and for the same
load, circuit losses are low. The clamp circuit uses 4.7 nF
polypropylene capacitor (also called CBB capacitor) with a
withstand voltage of 2,000 V, the voltage superimposed by the
clamp capacitor and the TENG improve the load voltage output.
To analyze more intuitively the differences between the two
rectifier circuits, specific comparisons were made (Table S1 in the
ESM). Time variations of the output voltage under load resistances
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Figure3 Power management circuit: (a) rectifier module and (b) and (c) its operating principle, and (d) buck regulating module and (e)-(g) its operating principle.
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Figure4 Comparison of two rectifier circuits: (a) and (b) circuit diagrams, (c) comparison of output after and before rectification, and (d) output characteristic curves

of the two circuits under various loads.

of 10 MQ, 20 MQ, 50 MQ, 100 MQ, and 1 GQ were recorded
(Fig. 4(c)); here, V¢ denotes the original voltage without the
rectifier module, Vo the output voltage across the load after
bridge rectification, and V¢ the output voltage across the load
after clamp rectification. In addition, the voltage and current
curves (Fig. 4(d)) of the bridge rectifier (dashed lines) and clamp
rectifier (solid lines) were measured under different loads. In a
comparison, under identical loading, the latter has higher output
characteristics.

3.2 Voltage regulator circuit test

The AC signal generated by TENG is converted into a pulsating
DC signal after passing through the rectifier circuit, but often has a
significant ripple voltage and hence cannot be applied in
subsequent steps. A typical processing method is to connect a filter
capacitor C, in parallel across the load. With our resistance-
capacitance (RC) voltage regulator circuit (Fig.5(a)), the AC
component in the pulsating DC signal rectified by the clamp
circuit flows to ground through the capacitor because it restrains
and stores the DC component. Similarly, the backflow-restraining
diode D, added after the clamp circuit prevents any discharging
back towards the clamp circuit. The output voltage for three load
resistances Ry (1, 10, and 100 MQ) were recorded (Figs. 5(b)-
5(d)). In addition, for fixed output capacitance of 0.1 uF, the
output voltage during charging were recorded for various load
resistances (Fig. 5(¢)). With increasing filter capacitor C,, the
voltage rise time increases, and the value of the output voltage V,
is determined by the load resistance R;. From Fig. 5(f), when the
load resistance is fixed at 1 M), the output capacitance C, rises
from 0.1 to 100 pF, and the voltage rise time increases with

(a) (b)

increasing capacitance. The output voltage remains unchanged.
Furthermore, with fixed output capacitor C, of 10 pF, the voltage
rise time and the output voltage increase with increasing load
(Fig. 5(g)). The voltage rise time is determined from the resistance
and the capacitance; with the rise in both, the time taken for V, to
reach a steady-state increases. Because the impedance between the
load resistor and the TENG must match, the steady value of the
output voltage V, is related to the load resistance but is
independent of the capacitance.

3.3 Power management circuit test

An alternative method to deal with pulsating DC power signals is
to use a buck regulator circuit to step down and stabilize the
rectified output. Compared with a RC voltage regulator circuit,
this circuit adds a switch S, an inductor L, an input capacitor C,
and a freewheeling diode D,. The input capacitor performs a
primary filtering on the pulsating DC signal. With on-to-off
switching, the energy in the input capacitor is transmitted to the
back-end circuit. In this paper, the input capacitor uses the same
CBB capacitor as the clamp capacitor, and the output capacitor
uses an electrolytic capacitor with polarity.

The change in the output voltage (Figs. 6(a)-6(c)) was recorded
for a load of 10 MQ), an output capacitance of 1 pF, and input
capacitances of 1, 10, and 100 nF (Figs. 6(a)-6(c), respectively).
With capacitive reactance matching between the MS-TENG and
the input capacitor, the voltage V; on the input capacitor C
increases accordingly as the input capacitor approaches the
internal capacitive reactance of the MS-TENG. Figures 6(d)-6(f)
show the influence of a varying inductance on the output voltage
and voltage rise time when input capacitance is 1 nF, the output
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Figure5 Charging characteristics for the RC voltage regulator circuit: (a) circuit model, (b)-(d) output voltage variation curves obtained for three output
capacitances, (e) output voltage curves for five different loads and fixed output capacitance, and (f) and (g) curves of the voltage rise time and output voltage variation
obtained by varying the output capacitance and load resistance, respectively.
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Figure 6 Testing the mechanical-switch-type TENG: (a)-(c) output voltage variation of the voltage rise time and output voltage for various input capacitances and
different loads without a backflow-restraining diode, (d)-(f) influence of varying the inductance on voltage rise time and output voltage under different loads, and
(8)-(i) output characteristics for a fixed load resistance of 1 M(}, and an output capacitance of 10 pF.

capacitance is 1 pF, and the load resistance is 1, 10, and 100 MQ
(Figs. 6(d)-6(f), respectively). With increasing inductance, the
voltage rise time decreases and the output voltage rises. During on-
off switching of the inductor, energy storage and discharge
alternate repeatedly. Inductors store electric energy within the
magnetic field of the circuit. The larger the inductance is, the
larger the stored and released electric energy will be. The voltage
rise time is also shortened accordingly. When an AC signal flows
through the inductor, time varying magnetic lines of force appear
around the inductor. These lines of force generate an induced
electromotive force at both ends of the coil, equivalent to a new
power supply. With increasing inductance, the induced
electromotive force increases, and accordingly, the output voltage
also increases.

Figure 6(g) shows the time variation of the output voltage for
the MS-TENG with a fixed load of 1 M, an input capacitance of
1 nF, and an output capacitance of 10 pF. The time dependence of
the output voltage for various inductances is given in Fig. 6(h),
and the variation of output voltage and ripple coefficient with
inductance is given in Fig. 6(i). The experimental tests show that
the ripple voltage is 0.07 V, the crest factor is 1.01, and the ripple
coefficient is 2.2%. The voltage rises with increasing inductance,
whereas the ripple coefficient is stable at approximately 2%. The
ripple voltage, crest factor, and ripple coefficient reflect the stability
of the output voltage; the lower these values are, the more stable
the output is. The specific method of calculation is explained in
the ESM.

4 Conclusions

In summary, a power management circuit designed by combining
clamp rectifier circuit and mechanical switch is proposed, which
can convert AC signal generated by TENG into DC signal with
low ripple coefficient. The clamp rectifier circuit comprises a

clamp capacitor and a rectifier diode, which can improve the
power transmission efficiency by reducing discrete components, at
the same time, the output voltage is increased by the clamping
effect of the diode. The buck regulating circuit based on
mechanical switch filters the pulsating DC signal generated by the
rectifier unit into a stable DC signal with a low ripple and finally
outputs a stable voltage with a ripple voltage of 0.07 V, crest factor
of 1.01, and ripple coefficient of 2.2%. This circuit can resolve
significant ripple and high crests in the output voltage of
conventional power management circuit. This research has
demonstrated a feasible approach for a TENG device to harvest
renewable clean energy from the environment and convert it into
a stable electric energy signal that can readily power electronic
equipment.

5 Experimental section

5.1 Fabrication of the MS-TENG

The MS-TENG has dimensions of 140 mm (length) x 100 mm
(width) x 100 mm (height). The supporting component, power
generation unit, rotating shaft, and mechanical switch are all made
by three-dimensional (3D) printing, and the printing material is
PLA. The flexible membrane (thickness 100 pm, width 60 mm)
uses fluorinated ethylene propylene (FEP). Sixteen copper
electrodes (thickness 100 um, width 15 mm, length 60 mm) are
evenly distributed on the power generation unit.

5.2 Electrical measurement

Rotating mechanical energy output by a two-phase hybrid
stepping motor (57BYGH56D8EIS-P, Aokong, China) is used to
power MS-TENG. The output signal of the generator is harvested
by an electrometer (6514, Keithley, USA). The display and storage
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of data are performed by installing the software LabVIEW with
the computer.
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