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Abstract—This paper presents a review on the development of 
power management systems (PMS) for triboelectric 
nanogenerators (TENGs). The TENG is a most recent technology 
to harvest ambient mechanical energy from the environment and 
human activities. Its invention was motivated by the prospect of 
building self-powered systems. The TENG has several appealing 
advantages, such as, high power density, high voltage output, high 
efficiency at low frequency and low cost. However, due to the 
TENG’s unique nonlinear electrical property and capacitive 
behavior, the development of its PMS has presented great 
challenges as compared to other energy harvesters. The objective 
of PMS design has evolved from boosting the peak output power, 
to increasing the energy stored in a capacitor, and to increasing 
the steady state output power of a resistive load by using a power 
converter. Driven by the need to build self-powered systems, the 
switches in the TENG PMS have evolved from active switches to 
passive switches. The past decade has witnessed exciting 
breakthroughs in the development of TENG PMS, yet there are 
still unlimited opportunities in exploring TENG’s energy 
generation mechanism and vast potential in boosting energy 
extraction from the TENG by designing effective power converter 
topologies.  

Index Terms—Energy harvesting, Triboelectric nanogenerator, 
power management, power converter  

I. INTRODUCTION 
 
    The triboelectric nanogenerator (TENG) is a most recent 
technology to harvest ambient mechanical energy from the 
environment and human activities. It was invented in 2012 by 
Zhong-Lin Wang and his group [1, 2], following the invention 
of the piezoelectric nanogenerator (PENG) in 2006 [3]. The 
development of both the PENG and TENG was motivated by 
the prospect of building self-powered systems – a system that 
is self-sufficient in energy which is harvested from its working 
environment [4-6]. Fig. 1 illustrates a self-powered system 
using energy harvested from TENGs to power electronic 
devices.        
    The self-powered or human powered systems have been a 
naturally appealing concept [7-9], for example, to charge a 
cellphone using the mechanical energy from walking [10],  and 
have been explored by researchers before the advent of the 
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nanogenerators. The feasibility of human powered wearable 
computing was explored in [8, 9] with detailed analysis of 
power generation through daily activities. Reference [7] 
presented three devices built inside shoes to harvest energy with 
3 different energy harvesting mechanisms, using a magnetic 
generator and piezoelectric materials. A backpack was 
developed in [11] to harvest energy while walking with loads. 
     Recent years have witnessed an upsurge of research efforts 
in energy harvesting for self-powered and human powered 
systems, which are propelled by the increasing needs for 
portable, wearable electronics and sensors, in internet of things 
and artificial intelligence [8, 12-20].  Almost all these electronic 
devices and sensors are powered by batteries, which have 
limited life span and need frequent replacement or recharging, 
posing inconvenience and challenges in many applications [5, 
8, 13, 15, 16, 21, 22].  Furthermore, the disposal of trillions of 
used batteries will present severe environmental issues. 
However, if the energy in the environment and human body can 
be harvested and used to power these electronic devices and 
sensors, it will provide a clean and sustainable solution to 
reduce or eliminate the impediment of batteries while avoiding 
a potential environmental crisis [8, 15, 23].  
    A conventional approach to harvest biomechanical energy is 
based on electromagnetic generators, which was adopted in [11, 
24-27] to harvest energy from walking. The piezoelectric effect 
enabled the development of more compact and lighter weight 
generators.  In [28], the energy expended during respiration by 

Fig. 1.  Illustration of a self-powered system using energy 
harvested with TENGs. A power management system is needed 
to convert the TENG’s output into a regulated form suitable for 
electronic devices. 
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the relative motion of the ribs was harvested and used to power 
implanted devices by using PVDF films. In [13], a hybrid 
piezoelectric/permanent magnet energy scavenging topology 
was proposed to harvest energy from human walking. A 
revolutionary development was made in [3], where the 
piezoelectric effect was explored at the nanoscale, with the 
invention of a piezoelectric nanogenerator (PENG) based on 
Zinc Oxide nanowire array.  This nanogenerator has a potential 
to harvest almost all forms of mechanical energy and has 
generated substantial amount of interest in research 
communities, with efforts devoted to searching for more 
advanced materials, enhancing its designs and widening its 
applications [29, 30].     
    The triboelectric nanogenerators (TENGs) came as the most 
recent breakthrough to harvest mechanical energy. According 
to Wang in [4], the TENG can be applied to harvest all kinds of 
mechanical energy that is available in our daily life, such as 
human motion, walking, vibration, mechanical triggering, 
rotational energy, wind, automobile motion, flowing water, 
rainfall, tides, and ocean waves [31-39]. As compared with 
other nanogenerators and electromagnetic generators, TENGs 
have many advantages and unique qualities, including, high 
power density, high voltage output, high efficiency at low 
frequency, low cost, light weight, robustness, high reliability, 
and flexible choices for materials [16, 29, 40-42].  A very 
appealing advantage of the TENG is environmental friendliness 
due to the use of low-cost organic materials, lower 
manufacturing cost, and lower CO2 emissions as compared with 
other types of energy harvesting technologies, such as PV 
technologies [43]. The TENGs are also called organic 
nanogenerators since the most useful materials are organic and 
can be very cheap and easy to manufacture, like papers, fabrics, 
polyester, and PTFE [4].  In [44], a recyclable and green 
TENG that can fully dissolve and degrade into environmentally 
benign end products is developed.  

    Nevertheless, with so many desirable advantages, TENGs 
appear to be the most difficult to be used directly due to the high 
voltage pulsed output and the high internal capacitive 
impedance. In fact, almost all electrical energies harvested with 
nanogenerators have their shortcomings. A power management 
system (PMS) must be used to convert the harvested raw energy 
to a well-regulated form which is suitable for electronic devices. 
The invention of the PENG in 2006 was followed by the 
development of its PMS’ in 2009–2011 [45-49] and presently 
there are commercially produced PMS for PENG available. 
Since the invention of TENG in 2012, tremendous efforts have 
been devoted to the development of its PMS via various routes, 
with some exciting breakthroughs as reviewed in [50]. More 
recently, a fully functional self-powered PMS for TENG was 
developed in [51]. However, due to the TENG’s unique 
nonlinear electrical properties and the capacitive behavior, the 
energy that can be extracted from the TENG depends on its 
interaction with the external circuit, and the maximum energy 
that can be extracted from the TENG by any circuit remains 
unknown.  There is still a vast potential to substantially increase 
the energy generation of the TENG and the output power of the 
PMS by searching for the most effective circuit topologies.    

 
    This paper gives a review on the existing power management 
systems for TENGs. The first attempt to improve the output of 
a TENG by using an external circuit can be dated back to 2013 
[52],  where an instantaneous discharging mechanical switch is 
designed to short circuit the TENG during certain operation, in 
order to increase the peak output power. During the past few 
years, the objectives of power management have evolved from 
increasing the peak output power to boosting the transferred 
charges, to increasing the energy stored in a capacitor, with the 
latest efforts focused on increasing the steady state output 
power of a resistive load via a power converter, such as a buck 
converter and a flyback converter.  Earlier works used 
MOSFETs and logic circuits for the power converters. 
Realizing that the MOSFETs and logic circuits need additional 
power supply, which defeats the purpose of self-powered 
systems, the most recent efforts turned to using passive 
switches, such as an SCR in [51] and a spark switch in [53].  
These recent results present strong proof of concept for self-
powered systems with the TENG as the energy harvesting unit. 
They also demonstrate the critical and indispensable role of 
power electronics in the power management of nanogenerators 
for self-powered systems.  However, it should be mentioned 
that none of these recent results have been published in a 
journal in electrical engineering.    

The purpose of this review is to introduce the problem of 
power management of nanogenerators to the electrical 
engineering community, in hopes of attracting the attention of 
more experts on power electronics to this meaningful, exciting 
and promising research area.  TENGs are perhaps the most 
fascinating energy harvesters, not only due to the energy 
generation mechanism of electrification and electrostatic 
induction, but also the unique electrical property with nonlinear 
time varying internal capacitance. After 10 years of research 
and many publications, it is still not clear what is the optimal 
strategy to extract the most energy from a TENG. Various 
circuit topologies have been proposed for the design of 
switched power flow paths, including, short circuiting the 
TENG when the internal capacitance is maximum or minimum, 
changing the connection of external capacitors between series 
and parallel connections, using different rectifiers such as 
halfwave, full wave and Bennet’s doubler and using different 
power converters such as buck converter and flyback converter.  
In our recent paper [54],  it was reported that the same PMS and 
TENG system produced two different steady states,  with the 
output power of one steady state 30% higher than the other, and 
the reason behind the difference is the TENG’s  nonlinear 
internal capacitance.  The nonlinear and time varying electrical 
property of the TENG seems to provide endless opportunities 
and a fascinating research platform, for power electronics 
engineers, to design circuit topologies to improve TENG’s 
energy generation. Other design challenges, such as energy 
storage, output regulation and power management of hybrid 
generators will also be discussed in this review.  
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II. TENG’S ENERGY HARVESTING MECHANISM AND  
ELECTRICAL MODEL 

 
    The triboelectric effect is an everyday experience. It is a type 
of contact electrification that happens when two surfaces of 
different materials come into contact and then separate.  The 
resulting electrostatic charges are generally a nuisance, but may 
cause real damages to sensitive electronics and be hazardous in 
the workplace and nature, such as causing a wildfire [4].  This 
same triboelectric effect was exploited for the first time to build 
a generator in [1, 2], later called triboelectric nanogenerator 
(TENG), to convert the otherwise wasted mechanical energy 
into useful resource for mankind. As such, the construction of 
a TENG is very simple and straightforward – with two surfaces 
of different materials, each attached to an electrode. The two 
surfaces are placed in such a way that a certain mechanical 
motion will drive them into contact and then separate them. Fig. 
2 shows the construction of a TENG, a photograph of a 
fabricated TENG, and the process for fabricating a TENG [55].  

When the TENG is pressed with fingers, the two surfaces come 
into contact. When the pressing force is removed, the 4 springs 
at the corners will drive the two surfaces apart. A TENG device 
with similar construction (but with flexible materials) can be 
placed inside the shoe to harvest biomechanical energy while 
walking. Since the first TENG was reported in [1, 2], 4 different 
types of TENGs have been developed based on 4 fundamental 
working modes (see Fig. 3 as duplicated from [5]), to harvest 
energy from different mechanical motions:  vertical contact 
separation mode [1, 2, 55, 56] (as pictured in Figs. 2,3a), in-
plane sliding mode [55] (Fig. 3b), single electrode mode [57] 
(Fig. 3c), and free-standing mode [58] (Fig. 3d). With these 4 
modes of TENGs, all kinds of mechanical energy can be 
harvested [4, 5],  ranging from finger typing, engine vibration, 
walking (mode 1, mode 3), to wind energy, hydropower (mode 

2), and raindrop, airflow, and rotating tire (mode 3, mode 4).  
These 4 types of TENGs have also been used to construct 
numerous active sensors, for example, pressure sensors, 
acoustic sensors, body motion sensors, vibration sensors, 
biosensors [5]. Later research efforts have been devoted to the 
optimization of structural and material designs to enhance the 
output power, the energy conversion efficiency, device 
robustness and to widen the applications of the TENGs [59-63]. 

As mentioned in the introduction, to convert the raw energy 
harvested by TENGs into regulated and steady power that is 
suitable for electronic devices, a power management system 
(PMS) is indispensable. To build a PMS for a TENG, it is 
fundamental to understand its electrical properties. 

A TENG generates electricity due to the coupling of contact 
electrification and electrostatic induction. Contact 
electrification provides static polarized charges and 
electrostatic induction is the main mechanism that converts 
mechanical energy to electricity. Although contact 
electrification has been documented for 2600 years, the 
scientific understanding of the mechanism remains debatable 
and inconclusive [64-67], thus there is no universal model for 
the description of charge generation from contact electrification. 
However, for a particular material, its triboelectric property can 
be quantitatively measured with a parameter, the triboelectric 
charge density, denoted as 𝜎.  In [67], a standard experimental 
method was developed to quantify the charge density of a series 
of materials. The charge density is the main parameter to 
determine the amount of charge generated due to contact 
electrification. Since the invention of the TENG, continuous 
efforts have been devoted to increasing the triboelectric charge 
density by modifying material composition, improving 
effective contact area and changing environmental conditions 
[68,69].  

Fig. 3.  4 modes of TENG operation [5] 

Fig. 2.  (a) Schematic of a TENG and (b) photograph of a 
fabricated TENG. (c) SEM image of gold nanoparticles coated on 
gold surface. (d) Process flow for fabricating the TENG [55] 
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For a contact and separation mode TENG, denote the short 
circuit charge due to contact electrification as 𝑄௦௖, the area of 
the electrodes as 𝑆, the distance between the triboelectric layers 
as 𝑥,  then by [70],  

                  𝑄௦௖ ൌ
ௌఙ௫ሺ௧ሻ

ௗబା௫ሺ௧ሻ
 ,                                                      (1) 

where 𝑑଴ is the effective dielectric thickness. The voltage (𝑉ሻ  
between the two electrodes of a TENG device has two 
contributions, one from the triboelectric charges, denoted as 
𝑉௢௖ሺ𝑥ሻ , the other from electrostatic induction due to its 
capacitive property (without the triboelectric charge, the device 
is basically a capacitor).  By the superposition principle, 𝑉 can 
be expressed as the sum of two terms [71]: 

               𝑉 ൌ െ
ொ

஼೅೐೙೒ሺ௫ሻ
൅ 𝑉௢௖ሺ𝑥ሻ,                                          (2) 

where 𝑄 is the transferred charges, and 𝐶்௘௡௚ሺ𝑥ሻ  is the 
capacitance between the two electrodes, which is given by  

                           𝐶்௘௡௚ሺ𝑥ሻ ൌ
ௌఌబ
ௗబା௫

,                 (3) 

where 𝜀଴ is the permittivity of free space. Under short circuit 
condition, 𝑉 ൌ 0, it follows from (1) - (3) that 

                       𝑉௢௖ሺ𝑥ሻ ൌ
ொೞ೎

஼೅೐೙೒ሺ௫ሻ
ൌ

ఙ௫

ఌబ
.                                    (4) 

From (2), it is clear that a TENG can be modeled as an open-
circuit voltage source in series with a time-varying capacitor, as 
illustrated in Fig. 5a, inside the red dashed box. The capacitance 
𝐶்௘௡௚  takes the maximum (minimum) value when the two 
triboelectric surfaces are in contact (at maximum separation). 
This property has been utilized for the design of switching 
strategies for a PMS. Circuit models for other TENG modes can 
be found in [4, 70, 71, 74, 75].  

     As the TENG is pressed and released, the separation 
distance 𝑥  becomes a function of time,  which in turn 
determines 𝐶்௘௡௚ሺ𝑥ሻ, 𝑉௢௖ሺ𝑥ሻ by (3) and (4). These nonlinear 
functions make it nearly impossible to derive analytical 
solutions for a TENG system, except for very special cases, e.g., 
when the load is a resistor or a capacitor [71]. A general method 
that works for all TENG systems is to utilize SPICE software 
[71,76]. In [51,54,77], LTspice is used for simulation.  

More recently in [78],  a simple and stable LTspice model for 
TENG is developed based on the Miller Theorem, by 
equivalently representing 𝐶்௘௡௚ሺ𝑥ሻ as the series connection of   
an arbitrary behavioral voltage source B2 and a constant 
capacitor C1, see Fig. 4, which shows an LTspice model for a 
TENG connected to a full bridge rectifier (The LTspice model 
can be downloaded via [79], together with another simulation 
model for a PMS). The voltage source B1 represents 𝑉௢௖ሺ𝑥ሻ; B2 
and C1 together realize the nonlinear 𝐶்௘௡௚ሺ𝑥ሻ  by Miller 
Theorem. All the parameters for the TENG are given in the list 
at the top-right and can be easily changed for a particular TENG. 
Note that the charge density 𝜎 ൌ 𝑄0/𝑆.  The voltage at node d, 

denoted as V(d), represents the distance function 𝑥, which is 
generated by the voltage source V1. It can be set up as a pulse 
function, a sinusoidal function, or an arbitrary piecewise linear 
(PWL) function provided as a plain txt file (an example can be 
found via [79]), which can be obtained from the measurement 
of the real displacement of a TENG device over a number of 
cycles. In the model in Fig. 4, V1 is a pulse function with period 
0.4 s, rise-time/fall-time 0.01s, staying at max value 1 (and min 
value 0) for 0.19s. The parameter 0.001 for E1 scales the pulse 
function such that 𝑥 = V(d) varies between 0 and 0.001m.  

Fig. 4: LTspice model for a TENG with a full bridge rectifier 

For a general AC energy harvester, such as a piezoelectric 
nanogenerator, a full bridge rectifier with a low pass filter 
would produce an acceptable output voltage (e.g., see [45]).   
However, such a simple treatment is not effective for TENGs, 
due to the internal capacitance 𝐶்௘௡௚. As the TENG is pressed 
and released periodically, both 𝑉௢௖ሺ𝑥ሻ  and 𝐶்௘௡௚ሺ𝑥ሻ vary 
periodically. To demonstrate the effect of 𝐶்௘௡௚ሺ𝑥ሻ  , 
simulation was conducted on the LTspice model in Fig. 4, with 
R1 = 200 kΩ and C2 taking 3 different values of 500 pF, 200 
nF, 20 𝜇F, respectively. The output voltage and average power 
on R1 for the 3 values of C2, are shown in Fig. 5b-5d.  
 

 

 

Fig. 5.  (a) Circuit model of TENG with a full wave rectifier and a 
capacitive filter.  (b)- (d): Output voltage and power under 3 
values of filter capacitance: 500 pF (b), 200 nF (c), 20 μF (d). 
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The output voltage produced with a small capacitance 500 pF 
is sharply pulsed with a peak voltage of greater than 100V and 
very short duration. As the capacitance is increased, the 
duration of the pulses is increased, and the peak-to-peak ripple 
size is reduced. However, the average power on the resistor 
reduces from 161.6 𝜇W (with 500 pF) to only about 1.63 𝜇W 
(with 20 𝜇 F). The result clearly demonstrates that the 
traditional approach cannot yield the maximal output power and 
well-regulated output at the same time. 

 

III. EARLIER DEVELOPMENT OF POWER MANAGEMENT  
SYSTEMS AND ENERGY STORAGE  

 
The objectives of power management for TENGs have 

evolved from enhancement of instantaneous output power, 
enhancement of current, to energy storage in 
capacitors/batteries, and to enhancement of steady output 
power at low voltage levels which are compatible with most 
electronics in applications. This section will review the earlier 
development of PMS for boosting the instantaneous output 
power, delivering the output energy to a resistive load, and 
storing the energy in a capacitor. The subsequent sections will 
be dedicated to the development of PMS for boosting steady 
output power at low voltage levels, by using various power 
converter topologies and switching strategies.      

 The first efforts to manage the power of TENGs can be dated 
back to 2013 [52], where a mechanical switch is built together 
with the TENG device (see Fig. 6). This switch short circuits 
the TENG when the two surfaces are in contact (𝐶்௘௡௚ = max) 
or at maximum separation ( 𝐶்௘௡௚  = min). This simple 
mechanism can significantly increase the instantaneous peak 
output power of the TENG by up to 1000 times, while 

maintaining the same output energy. In [80], a unidirectional 
mechanic switch is developed for a sliding mode TENG, and in 
[81], an electrostatic vibration switch in series with the TENG 
is developed, with similar functions.  

    Since the mechanical switch may complicate the structural 
design, an electrostatic vibrator switch and an air-discharge 
switch were developed in [82] and [83], to implement the same 
function of the mechanical switch. Switches of similar 
mechanisms were explored later in [84, 85] for maximizing the 
energy that can be delivered to a resistor in one cycle.    

    The next stage of PMS development is driven by the need to 
provide steady and stable power to electronics. A TENG’s 
direct output, for a resistive load, is alternating and contains 
high voltage pulses, which are not suitable for most consumer 
electronics. A simple solution is to store the pulsed energy in a 
capacitor or a battery [86, 87]. Fig. 7 depicts three rectifying 
topologies for storing the energy in a capacitor 𝐶௥௘௦, where Fig. 
7a is based on a full wave rectifier, Fig. 7b a half wave rectifier 
and Fig. 7c a Bennet’s doubler.   

Generally, there is a maximum saturation voltage for the 
storage capacitor 𝐶௥௘௦. Research efforts have been devoted to 
increasing the saturation voltage level.  In [88], the full wave 
rectifier topology was investigated. To increase the saturation 
level, a switch in parallel with the TENG is used to short circuit 
the TENG when 𝐶்௘௡௚ is at its maximum or minimum, with the 
same operation mechanism as the one presented in Fig. 6 [52]. 
It is reported that the saturation level of  𝑉௥௘௦ can be doubled as 
compared to what can be achieved with the topology in Fig. 7a.                   

   An interesting and somewhat surprising result in this 
direction is reported in [77, 89], where a Bennet’s doubler is 
utilized as a rectifier for energy storage (Fig. 7c). The Bennet’s 
doubler was later adopted for the development of an inductor 
free output multiplier in [90], and a programmed TENG in [91]. 
This topology requires no switch, since the diodes 
automatically turn the two capacitors from series connection 

Fig. 6.  A TENG with a mechanical switch, and the operation of 
the switch [52] 

Fig. 7.  Three rectifying topologies for storing energy in a 
capacitor 
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(when charged by the TENG) to parallel connection (when 
discharging), and vice versa. During the initial charging cycles, 
the increase of the energy stored in 𝐶௥௘௦   in Fig. 7c is much 
slower than the other two topologies in Fig. 7a, 7b. After many 
cycles, say 300, the energy stored in 𝐶௥௘௦   will exceed the 
maximum saturation level achieved by the other two topologies 
and continues to grow, exponentially, only to be limited by the 
breakdown voltage of the diodes and the capacitors.  The reason 
behind this exponential growth is the nonlinear and time 
varying capacitance of the TENG. If  𝐶்௘௡௚,௠௔௫/𝐶்௘௡௚,௠௜௡ > 2, 
the circuit will become unstable, causing the exponential 
growth. This condition is easily satisfied by most TENGs. 

Fig. 8 (from [77]) compares the charging of the capacitor 𝐶௥௘௦ 
under the 3 topologies for a TENG device with a contact force 
of 1.33 N, and the TENG is pressed and released at 5 Hz 
frequency.  Other parameters for the TENG device and the 3 
circuits can be found in [77].  

Fig. 8: Experimental comparison of the output characteristics of the 
half and full-wave rectifiers with Bennet’s doubler for the 10 × 10 𝑐𝑚ଶ 
device with contact force of 1.33 N. a. Variation of 𝐶்௘௡௚ in one cycle 
of operation measured by the technique in [77]. b. Charging curves 
across Cres for the three conditioning circuits. c. Stored energy per 
each cycle in Cres for the three conditioning circuits. d. Stored energy 
in Cres as a function of Vres 

The comparison in Fig. 8d shows the dependence of energy 
stored per cycle on the voltage across 𝐶௥௘௦, which demonstrates 
the unique nonlinearity of the TENG’s electrical property.  For 
the half wave and full wave topology, the energy stored per 
cycle reaches a peak value then decreases to 0, but for the 
Bennet’s doubler, it increases monotonically with 𝑉௥௘௦ . Thus 
theoretically, the energy stored in 𝐶௥௘௦   per cycle is unlimited, 
or only limited by the voltage rating of the circuit elements, e.g., 
800 V, as depicted in Fig. 8d.  In this regard, the maximum 
energy that can be extracted from a TENG device is unknown, 
or need to be well defined, by taking into account technical 

issues from implementation. To show the effectiveness of the 
strategy with a Bennet’s doubler,  the capacitance of 𝐶௥௘௦ used 
in [77] is a few nF and the voltage 𝑉௥௘௦  needs to be a few 
hundred volts, which is too high for typical small electronics. 
Another issue with this charging topology is that it takes 
hundreds of cycles to show the advantage over other topologies, 
which may be too slow if there is an immediate requirement for 
the energy. These issues need to be addressed with more 
advanced circuit topologies based on power converters, which 
will be discussed in subsequent sections.  

 

IV. SWITCHED CAPACITORS WITH MECHANICAL SWITCH 
 

Switching the capacitors from series connection to parallel 
connection seems to be a straightforward approach to stepping 
down the voltage.  This approach may provide an ideal solution 
to supplying power to small electronics since there is no need 
for bulky inductors or transformers [92]. The switched 
capacitors were used in [93] to construct a steep step-down 
buck converter to deliver an output voltage of about 1V. In [94], 
the switched capacitor strategy is employed to step down the 
output voltage of a contact and separation mode TENG for the 
applications in self-powered wireless sensor nodes.  

 
Fig. 9a shows a diagram of the PMS in [94] with two 

switched capacitors. The switching scheme seems to be simple. 
The capacitors are in series when charged by the TENG and in 
parallel when discharging to the load.  With a full wave rectifier, 
the capacitors are charged when the separation distance 𝑥 
increases from 0 to the maximum or decreases from the 
maximum to 0. Fig. 9b illustrates the 4 phases in a motion cycle.  

 

In phase I, the separation distance x increases from 0 to the 
maximum, and the capacitors are charged while in series 
connection. Phase II, x stays at the maximum, and the 
capacitors are switched to parallel and discharge immediately; 
Phase III, x decreases from the maximum to 0, and the 
capacitors are charged while in series; Phase IV, x stays at 0, 
the capacitors discharge while in parallel, and then get ready for 
the next motion cycle before x starts to increase.   

Fig. 9.  (a) Stepping down the voltage with switched capacitors 
[94], (b) Four phases of a motion cycle [85] 
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Due to the simple relationship between the TENG’s charging 
state and the mechanical motion, a mechanical switch can be 
designed based on the TENG’s motion. Note that the change of 
state for the switches in [94] is the same as the switch in [52]. 
Experiment is conducted with 2, 4, 8 switching capacitors and 
varying load resistance. As the number of capacitors is 
increased, the peak output voltage is reduced from around 60 V 
to 15 V, but the power remains about the same.  
 

    In [95], similar switching capacitor strategy was employed 
and a motion triggered mechanical switch is designed for a 
sliding mode TENG, see Fig. 10, for the change of connection 
of the capacitors based on the TENG’s motion. 
 

    The idea of switching capacitors is further explored in [96] 
with a more intricate design, called a fractal design, to switch 
the connection of many more capacitors (up to 96 in [96]).  

 

    Fig. 11a-11c show the fractal design of 2ே,𝑁 ൌ 1,2,3 , 
capacitors, respectively.  The topology of 2ேାଵ  design is 
obtained by replacing each capacitor in the 2ே  circuit with a 
basic connection in Fig. 11a.  A noticeable advantage over 
[95]’s design is that the switching is automatically implemented 
with the diodes, as with the automatic switch in [77, 92, 93], 
i.e., the capacitors are in series when charged, and in parallel 
when discharging.   Fig. 11d shows the circuit diagram of the 
PMS in [96], where FSCC represents the fractal network of the 
capacitors charged by the TENG via a half wave rectifier. 
Although the connection of the capacitors inside the FSCC is 
switched automatically, the main switch on top of the circuit is 
implemented mechanically based on the TENG’s motion.  The 
switch S1 is a manual switch for choosing the type of load. 

V.  POWER CONVERTER TOPOLOGIES WITH ACTIVE SWITCHES 
 
     Further driven by the application needs for supplying low 
voltage power to small electronics, research efforts in recent 
years have been devoted to converting the TENG’s high voltage 
output to a level which is compatible with the power supply 
voltage of typical portable electronics.  The well-established 
buck converter, flyback converter and buck-boost converter 
topologies in power electronics seem to be ready-to-use for this 
objective.  

    The first effort along this direction is reported in [72], where 
a flyback converter is used to step down the voltage across the 
diode bridge, 𝑉 ௘௠௣ to 𝑉ௌ௧௢௥௘ (see Fig.12), which is compatible 
with functional electronic devices.  

The operation of the circuit can be described as follows. 
Initially, 𝑉 ௘௠௣ = 0 and both switches are open. As the TENG 
is mechanically agitated, it charges 𝐶்௘௠௣ . When 𝑉 ௘௠௣ 
reaches an optimal value (where impedance match condition is 
satisfied), the switch J1 is closed and the energy in 𝐶்௘௠௣ is 

transferred to L1. When 𝑉 ௘௠௣ drops to 0, J1 is open and J2 is 
closed, causing the energy in L1 to be transferred to L2, then to 
the energy storage unit, typically a bulk capacitor, and then to 
the functional circuit. When the current of L2 decreases to 0, J2 
opens and prepares for the next cycle. The switches J1 and J2 
are implemented with MOSFETs and controlled by a logic 
circuit. The effectiveness of this PMS has been verified by 
experiment.  

Fig. 10. Switched capacitors for a sliding mode TENG [95] 

Fig. 11.  (a),(b),(c), Fractal design of switching capacitors.    
(d): a PMS based on fractal switching capacitors [96] 

Fig. 12.  A PMS based on a flyback converter [72] 
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To evaluate the efficiency of a PMS, two measures were 
defined in [72]. The first is called the board efficiency, denoted 
as 𝜂௕௢௔௥ௗ , is the ratio between the energy consumed by the 
functional circuits and the energy transferred from 𝐶௧௘௠௣ , in 
one cycle of TENG operation.  The second is called the total 
efficiency, denoted as 𝜂௧௢௧௔௟ , is the ratio between the energy 
consumed by the functional circuits and the maximum energy a 
TENG device can deliver to a resistive load (with an optimized 
resistance), when the resistor is directly connected to the TENG.  

It is reported that the PMS in [72] has a board efficiency 
𝜂௕௢௔௥ௗ ൌ 90% and a total efficiency 𝜂௧௢௧௔௟ ൌ 59.8%.    

    A similar but simpler PMS is presented in [85] ,  where the  
switch J2 is replaced  with a diode, as in a standard flyback 
converter, and the capacitor 𝐶்௘௠௣  is absent.  A notable 
difference as compared with [72] is the operation of the switch 
J1. Ideally, the switch is turned on as the separation distance 𝑥 
reaches the maximum or 0, and turned off before 𝑥 starts to 
change. It has the same intended operation as the switch in [52] 
but is connected with the TENG in series instead of in parallel.  
In the experiment, the intended function of the switch is 
implemented approximately with electronic devices, where a 
logic circuit detects the peak value of the rectified voltage and 
turns on a MOSFET immediately. Since a MOSFET needs a 
driver and the logic circuit needs steady power supply, the PMS 
will need additional power source, such as a battery, to be 
functional.   
 

Another PMS is developed in [97] based on a buck converter, 
see Fig. 13. The switch J1 is implemented with a MOSFET and 
controlled by a comparator. As in [72], the switch is turned on 
when the voltage 𝑈்  reaches a reference value. Again, this 
PMS needs an additional power source to be functional. The 
total efficiency reported for this PMS is 80.4%. The buck 
converter topology is also used in [98], with an addition of a 
backflow-restraining diode between the rectifier and the switch.   
    A buck-boost converter based PMS is developed in [99], as 
depicted in Fig. 14. The switch is controlled by a logic circuit 
based on the voltage across the storage capacitor 𝐶௜௡௧,௢௣௧ and 
the output voltage. The operation of the switch is similar to the 

other PMS.  Similarly, additional power source is needed for 
the logic control unit and for driving the switch.    
 

 

Fig. 14:  A PMS based on a buck-boost converter [99]  

The total efficiency of the PMS in [99] is reported as 50%.   
 It should be noted that the above PMS based on power 
converters all utilize a full wave rectifier for front end 
conversion.    

VI.  POWER CONVERTER TOPOLOGIES WITH PASSIVE  
ELECTRONIC SWITCHES 

 
The power converter topologies presented in the previous 

section have been demonstrated to be effective for converting 
the pulsed output of the TENG to steady power supply while 
stepping down the high voltage to a level suitable for most 
applications. However, the limitation of these topologies has 
been observed recently.  For the PMS discussed in Section 5, 
there is one or more active switches implemented with 
MOSFETs, which are controlled by logic devices. Since 
MOSFET drivers and logic devices need external power supply, 
a PMS based on active switches is not able to fulfill the original 
purpose of developing self-powered systems with a TENG 
device. The mechanical switches discussed in Section 3 are 
passive, but they generally complicate the design of the TENG 
and are not as durable and reliable as electronic switches. To 
address these issues, PMS with passive electronic switches 
have been developed in the last two years in [51],  [53], [100], 
[101].  

 

Fig. 15:  A PMS with a passive switch using programmable 
unijunction transistor (PUT) [100] 

The PMS presented in [100] utilizes a programmable 
unijunction transistor (PUT) to implement the switch, see Fig. 

Fig. 13.   A PMS based on a buck converter 
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15. As the TENG is operated, the voltage across C (1 𝜇𝐹ሻ 
increases until reaching 4V. Then the PUT turns on to transfer 
the energy from C to 𝑅௅ (1 𝑀Ω). When the capacitor voltage 
decreases to 0.5V, the PUT turns off. The voltage across 𝑅௅ is 
intermittent and varies between 3.7 V to 0.5 V when it is on. 
This simple PMS was utilized to drive a stopwatch in [100]. 
The onboard efficiency from C to 𝑅௅ is reported as 89%.  

The PMS in [100] is simple but the load voltage is not 
continuous. A more advanced PMS was developed in [51] to 
produce a continuous output by using a buck converter, which 
is similar to the one in Fig. 13, but the switch J1 is implemented 
with the combination of an SCR and a Zener diode. The 
complete circuit is shown in Fig. 16. 

    Here is a description of how the energy is transferred from 
the TENG to the load R, and how the SCR and the Zener diode 
D5 implement the function of the switch. For clarity, one cycle 
of energy transfer from the TENG to the load R is divided into 
5 phases.  Note that before the system starts, the voltage across 
𝐶௜௡  is 0, and the SCR and the Zener diode do not conduct 
(equivalent to the off state of a switch).   
 
Phase 1: After the TENG is agitated by mechanical force, 

charge is generated and stored in the capacitor 𝐶௜௡, 
causing an increase of 𝑉஼௜௡.   

Phase 2: As 𝑉஼௜௡ exceeds the breakdown voltage of the Zener 
diode D5 + 𝑉௢௨௧  , D5 starts to reverse conduct, 
injecting current to the gate of the SCR and triggering 
it to conduct (like the turning on of a switch), with 
the SCR’s voltage rapidly decreasing to 0.  

Phase 3: The SCR conducts. The energy stored in 𝐶௜௡  is 
transferred to the inductor L via a resonant 
mechanism, with 𝑉஼௜௡  decreasing to 0 and D6 
becomes forward biased.  

Phase 4: The forward conduction of D6 locks 𝑉஼௜௡ at around 0 
and keeps the current through 𝐶௜௡ and the SCR at 0, 
which is equivalent to turning off the switch and 
getting ready for the next TENG charge. During this 
phase, the energy stored in the inductor L is 
transferred to 𝐶௢௨௧ . This phase ends when the 

inductor current decreases to 0 and D6 stops 
conducting.  

Phase 5:  Energy in 𝐶௢௨௧ is transferred to the load R.  

For interested readers, the LTspice model for the circuit in Fig. 
16 is provided via the link at [79].    

  For the experimental system in [51], the TENG is subject to 
mechanical agitations of frequency ranging from 1Hz to 3Hz.  
Phases 2,3,4 together take less than 1ms, a very small fraction 
of the TENG’s motion cycle. Phase 1 and Phase 5 take most of 
a motion cycle and the previous Phase 5 nearly completely 
overlaps with the next Phase 1 (The TENG charges 𝐶௜௡ while 
𝐶௢௨௧ discharges to R).  

    In the configuration in Fig. 16, the switch implemented with 
an SCR and a Zener diode perfectly suits the TENG’s unique 
electrical property: pulsed charge with high peak voltage. In the 
experimental system, the peak voltage across 𝐶௜௡  after one 
cycle of TENG charge is around 500 V (for 𝐶௜௡  = 680 pF), 
much greater than the diode D6’s forward voltage (about 1 V). 
For this reason, almost all energy stored in 𝐶௜௡ is transferred to 
L in Phase 3 if an ideal SCR is used. Such a configuration would 
not be effective on other generators such as PENG and EMG, 
due to the low voltage across the output of the diode bridge.  

In Fig. 17a,  a prototype of the PMS in [51] is pictured 
together with a TENG device in an experimental setup. The 
TENG device measures 7cm square. It is activated by finger 
tapping. The oscilloscope in Fig. 17a shows the steady increase 
of the output voltage 𝑉௢௨௧ from 0 to a few volts after 16 seconds. 
The measured output voltage at 2 Hz and 3 Hz frequency of 
finger tapping is shown in Fig. 17b,c,d, where the green curve 
is 𝑉஼௜௡  and the orange curve is 𝑉௢௨௧ . Fig. 17b shows the 
transient response. Fig. 17c,d show the steady state responses 
at 2Hz and 3Hz.  In the experimental circuit for generating Fig. 

Fig. 16.    Complete circuit of the PMS in [51] 

Fig. 17.    (a)  TENG and PMS prototype in an experiment setup; 
(b)-(d) Output voltage 𝑉௢௨௧ (orange) and 𝑉஼௜௡(green) at 2Hz and 
3Hz TENG frequency 

Authorized licensed use limited to: Georgia Institute of Technology. Downloaded on March 11,2022 at 09:13:45 UTC from IEEE Xplore.  Restrictions apply. 



0885-8993 (c) 2021 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TPEL.2022.3156871, IEEE
Transactions on Power Electronics

17, 𝐶௜௡ = 680 pF, 𝐶௢௨௧ = 47 𝜇F, L = 3.3 mH, and R = 248 kΩ. 
The steady state output power is 167  𝜇W  at 2 Hz TENG 
frequency and 209  𝜇W  at 3 Hz.  The board efficiency is 
reported as 89.8%. However, it was later found out in [54] that 
there was a misconception about the computation of the board 
efficiency and this measure may not be well defined, as will be 
explained below.    

Further experiments with the TENG-PMS system revealed 
some fascinating interaction between the TENG and the PMS. 
An unusual steady state with about 30%  higher output power 
than that in [51] was reported in [54]. Detailed investigation 
reveals that the TENG has more energy to offer than expected 
from the original design of the PMS. As the buck converter (in 
Fig. 16) transfers the energy stored in 𝐶௜௡  to the output 
capacitor 𝐶௢௨௧, the TENG acts as a capacitor in parallel with 
𝐶௜௡ , and contributes an additional amount of energy 
proportional to its capacitance. Since the internal capacitance 
𝐶்௘௡௚ is time varying and takes the maximum value when the 
two triboelectric surfaces are in contact, the optimal timing for 
energy transfer from 𝐶௜௡ to 𝐶௢௨௧ is when the separation distance 
approaches 0.  

 Fig.18 shows the two modes of startup and steady state 
responses with a 2 𝑀Ω load and 1Hz TENG frequency. For 
mode 1, as observed in [51],  𝐶௜௡ transfers energy to 𝐶௢௨௧ when 
the separation distance is near the maximum. For mode 2, the 
energy transfer occurs when the separation distance is nearly 0. 
The output power for mode 2 is 98.14 𝜇𝑊, about 35% higher 
than that for mode 1 (72.65 𝜇𝑊).   

For both Mode 1 and Mode 2, there is direct energy transfer 
from the TENG device (without going through 𝐶௜௡), which is 
not considered in the computation of the board efficiency in [51] 
and previous works. Due to this additional energy contribution 
from the TENG, the board efficiency used in previous works 
may not be well defined. Since any additional sensor directly 
connected to a TENG will disrupt and reduce its energy 
generation, it is difficult to measure the total energy generated 
by a TENG device by experiment.  For this reason, [54] used 
simulation data to evaluate the total energy generation of the 
TENG and the energy consumption by every device.  For Mode 
1, the energy consumed by the load is about 70% of the total 
energy generated by the TENG; and for mode 2, about 71% - 

74%, much less than the board efficiency reported in [51] and 
previous works. This is partly due to the power loss in the 
bridge rectifier, and partly due to the unaccounted direct energy 
transfer from the TENG to the buck converter.   

 In [53], another PMS with passive switch is presented, where 
a transformer is used to step down the TENG’s high voltage, 
rectified by a halfwave bridge (see Fig. 19).  

     This PMS has a unique auto spark switch, which is triggered 
by a 7500V voltage across 𝐶௜௡.  As the TENG is mechanically 
agitated, it stores energy in 𝐶௜௡ via the halfwave bridge. As the 
voltage across 𝐶௜௡ reaches 7500V, the spark switch is closed 
and the energy stored in 𝐶௜௡  is instantly transferred to the 
primary side of the transformer, which in turn is transferred to 
the secondary side, and then to 𝐶௢௨௧.  The manual switch at the 
top right of the circuit chooses between two modes of 
applications. It stays either open or closed for each application.  

    To maximize the energy extracted from the TENG and to 
ensure the turn on of the spark switch, 𝐶௜௡ has a low capacitance 
around 25 pF. As claimed in [53], the advantages of the spark 
switch include low leakage current and high stability.   

The operation principle of the PMS in Fig. 19 is simple and 
straightforward.  The challenges are mostly on the construction 
of the spark switch, the transformer, the diodes and 𝐶௜௡, which 
all need to sustain a 7500V voltage.  In [53], the transformer is 
custom made with a high voltage skeleton to withstand the high 
voltage.  Another limitation is that the PMS requires a humidity 
below 60%.    Although there are some technical challenges and 
limitations for the PMS in [53], the results demonstrate the 
energy generation capability of the TENG. The TENG device 
used in [53] measures 10cm square. The output power of the 
PMS on a 200k resistor is 1.1 mW at 1 Hz TENG frequency 
and 2.9 mW at 3 Hz. The onboard efficiency form 𝐶௜௡ to 𝐶௢௨௧ 
at 1Hz is reported as 86.7%, and the total efficiency is 78.5%.  

The spark switch was also used in [101] to construct two 
PMS, one based on a buck converter, one based on a flyback 
converter, see Fig. 20.  The main objective in [101] is the 
optimization of the inductor in the converters.  

  

Fig. 18.    Two modes of startup and steady state responses [54] 

Fig. 19.    A PMS with a spark switch [53] 
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Table 1: Summary of existing technologies 

Reference 
work 

Output voltage/  
load type 

Rectifying  
stage 

dc-dc  
converter  

Type of switch Notes 

      
[52,80] AC/resistor no no mechanical design objective: 

boost peak output power 
[81-83] AC/resistor no no electrostatic, 

air discharge 
design objective: 
boost peak output power 

 

[88] DC/capacitor Full wave no mechanical design objective: 
increase saturation voltage  

[77,89] DC/capacitor Full wave, 
half wave, 
Bennet’s 
doubler  

 

no diode compare charging curves of 
3 rectifying methods, 

exponential growth in 
Bennet’s doubler 

[95] AC/capacitor no switched  
capacitor 

mechanical 2 capacitors, pulsed output, 
peak < 50V, 1.74𝜇W at 1Hz 

[94]  DC/resistor Full wave switched 
capacitor 

mechanical up to 8 capacitors, pulsed 
output, peak 15 – 60V 

[96] DC/resistor  Half wave switched 
capacitor 

diode 
/mechanical 

fractal design up to 96 
capacitors, constant output, 
< 17V, 37mW/𝑚ଶ at 1Hz 

[72,85] DC/resistor  Full wave flyback   MOSFET constant output,  
< 20 V,0.2mW 

[97]  DC/resistor Full wave buck MOSFET constant output 
< 4 V, 9 𝜇W at 1Hz 

[99] DC/resistor Full wave buck-boost MOSFET constant output 
< 20V, 52.5mW, at 170rpm 

[100]   DC/resistor  Full wave no PUT pulsed output 
< 4V, 6.7 𝜇W at 1Hz 

[51,54]  DC/resistor Full wave buck SCR constant output 
< 14 V, 98 𝜇W at 1Hz 

[53]   DC/resistor Half wave transformer spark constant output 
< 20 V, 1.1 mW at 1Hz 

[101] DC/resistor    Half wave buck, 
flyback 

spark constant output < 25V 
0.89 mW at 1 Hz 
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Fig. 20.  PMS in [101] based on a buck converter (A) and a flyback 
converter (B) with spark switch 

A summary of the existing technologies for TENG PMS, as 
discussed above, is presented in Table 1. Since the design 
objectives and the load types have been changed over the past 
decade, the output specifications are not unified.  Therefore, we 
use column 2 to specify the output voltage and load type, and 
the last column to provide some information on the main 
objectives of the design, or some key specifications for the 
output. It should be noted that the numbers should only be used 
as a reference, not for comparison, since the TENG devices 
used in the cited works are different in terms of size, material, 
construction, etc., and the output types are different (AC, DC, 
constant, pulsed). The energy efficiency numbers are not 
included in the table, to avoid controversy, since some of them 
may not be well defined, as explained earlier. 
 
 

VII.  PERSPECTIVES ON TENG’S POWER MANAGEMENT 
 
    The existing PMS reviewed in the above sections provide a 
strong proof of concept for self-powered systems based on 
triboelectric nanogenerators. However, before the self-powered 
devices enter the market and benefit the daily lives of 
humankind, substantial research efforts are required to address 
various issues which may arise from applications, such as 
maximum output power, maximum energy conversion 
efficiency, small size, durability, fast charging, energy storage 
capability and other user functions.  
 

A. Enhancement of output power 
    The maximum output power in [53] is a little above 1mW at 
1Hz TENG frequency (comparable to human walking), for a 
TENG device measuring 10 cm square. This amount of output 
power is sufficient to supply many health monitors, such as the 
blood pressure monitoring system in [102], which runs on as 
little as 56𝜇W. However, a smart phone may consume as much 
as 1 W when Google map is running [103], and 0.3 W when 
sending a message [104]. To expand the applications of self-
powered systems, joint efforts have been made from scientists 
and engineers from different fields. On one hand, continuous 
efforts have been made to reduce the power consumption of 
electronic devices [9, 21, 29, 30], for example, an ultralow 
power cellphone has been developed in [105], which runs on as 
low as 3.48 𝜇W. On the other hand, there has been ongoing 

research on increasing TENG’s output power and performance, 
from materials optimization to structural design [59-63, 106, 
107].  For power electronics engineers, our expertise can be 
contributed to the development of high-performance and high-
efficiency PMS that extracts the maximum output power from 
the TENGs with ultra-low or “zero” energy consumption.  

Although TENGs have been investigated by scientists and 
engineers for more than nine years in thousands of publications 
[59], its energy generation mechanism and potential are yet to 
be fully explored and exploited [5].  For a direct resistive load 
or a capacitive load (without any switch), the energy delivered 
to it for each motion cycle can be computed analytically [71]. 
However, it has been discovered that the energy extraction from 
a TENG can be significantly boosted by designing switched 
power flow paths, for example, by placing a switch in parallel 
with the TENG and turning on the switch when 𝐶்௘௡௚ reaches 
its maximum or minimum, and turning it off before 𝐶்௘௡௚ starts 
to change.  It is likely that there exist other switching topologies 
which will further boost the energy extraction.  

Other energy harvesters, such as solar panels and 
piezoelectric generators, have well defined maximum power 
and there exist strategies to extract the maximum power (see 
[49] for piezoelectric nanogenerators).  For TENGs, the 
maximum power is unknown or not well defined yet.   

    The PMS based on a Bennet’s doubler in [77, 89] seems to 
indicate that the maximum energy extraction from the TENG is 
unlimited, or only to be limited by the voltage ratings of the 
diodes and the capacitors. The energy extraction from the 
TENG increases exponentially after many motion cycles, 
owing to the nonlinear internal capacitance of the TENG. 
Although the objective in [77] is to store energy in a small 
capacitor, the mechanism of the Bennet’s doubler and the 
nonlinearity of 𝐶்௘௡௚ may be explored for building a practical 
power supply. The energy extracted and stored in a capacitor 
not only depends on the capacitance, but also the initial 
condition at the beginning of a motion cycle. What is the 
optimal capacitance? What is the ideal initial condition that can 
be practically reached and maintained while supplying a load? 
How to design a circuit to transfer the energy stored in the 
capacitor to a load? These questions may lead to interesting and 
challenging research tasks and in-depth investigation into 
TENG’s energy generation capability and effective extraction 
strategies.   

    As a unique energy harvester, the TENG’s fascinating 
electrical property was demonstrated in [54], via its interaction 
with a PMS. The same TENG combined with a PMS system 
produced two different modes of steady state output behavior.  
The first mode is the usual output as observed in [51], which is 
easy to produce.  The second mode’s output power is 30% 
higher than that of the first one, but it is somewhat tricky to 

Authorized licensed use limited to: Georgia Institute of Technology. Downloaded on March 11,2022 at 09:13:45 UTC from IEEE Xplore.  Restrictions apply. 



0885-8993 (c) 2021 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TPEL.2022.3156871, IEEE
Transactions on Power Electronics

produce as it requires manipulating the TENG’s motion. One 
interesting research problem is to design some control circuit to 
bring the system from the first mode to the second mode and 
stabilize the system at the second mode.  

These examples demonstrate that there are many questions to 
be answered about TENG’s energy generation capability, and 
there is a great potential to boost the output power by exploring 
the unique electrical properties of the TENG, especially the 
nonlinear capacitance.  

Another opportunity to boost the output power and 
efficiency of a PMS comes from the device level. The analysis 
of power consumption of the devices in [54] shows a modest 
efficiency of around 74%, and that the SCR and the diodes 
consume significant portion of the generated energy.  Note that   
a unique feature of TENGs is that they generate electricity with 
very high voltage (e.g. 1000 V) but low power (e.g. 1 mW). The 
semiconductor devices used in the prototype PMS must satisfy 
a voltage rating above 600 V. In the current semiconductor 
market, the devices with such high voltage rating usually handle 
at least a few hundred watts of power, with current rating 
greater than a few amperes, in contrast to the milliampere or 
microampere range in the PMS. The redundant capacity for 
handling much higher current than needed may be traded for 
much reduced size, lower leakage current in the diodes, lower 
forward diode voltage and faster turn on of SCR, which will 
lead to smaller inductor and reduced power loss. This will 
motivate the design of custom semiconductor devices that are 
specially tailored for handling the low power flow of the TENG 
PMS. 

B. Regulating output voltage or current 
    The output voltage in the current PMS designs depends on 
the resistive load, which is not regulated. When driving 
sensitive electronic devices, the output voltage should be a 
constant such as 3 V or 5 V, regardless of the load. One 
straightforward solution is to use another dc–dc converter to 
regulate the voltage or current.  

    The challenge in this task is the low power output of the 
TENG and of the power converter stage, usually around a few 
milli or micro watts. For this reason, some elements in 
traditional power converters, such as MOSFET driver, pulse 
generator, pulse-width-modulation and logic control ICs, 
should be avoided. The concept of self-oscillation may be 
explored to minimize the power loss.  In a recent paper [108], 
an LED driver based on self-oscillation boost converter is 
developed for high efficiency, low component count and small 
size. One controller IC is used to combine the functions of 
controller, pulse generator, pulse width modulation and 
MOSFET driver based on self-oscillation mechanism. The self-
oscillation concept maybe further explored in order to reduce 
power loss, cost and size. There may also exist a solution of 
using only one stage of power conversion for compact size and 

low power loss. Preliminary investigation shows that a JFET 
may be used to regulate the output voltage with low power loss. 
Further research needs to be conducted to achieve maximum 
load current at the fixed output voltage. 

C. Energy storage in a supercapacitor or battery 
    When the instantaneous output power harvested by the 
TENG/PMS system is less than what is needed by some 
applications, an energy storage device, such as a supercapacitor, 
will make it possible to serve those applications. With an 
energy storage device, the energy generated during exercise can 
also be saved for later use.  The desired functions of the PMS 
will include: 1) When mechanical energy is abundant, supply 
power to electronic device directly while saving extra energy to 
an energy storage element. 2)When mechanical energy is not 
present or not sufficient, supply power to electronic device 
using the energy from the storage unit. For supplying power to 
conventional electronic devices, the output voltage is usually 
between 3 V and 5 V. To maximize energy storage, the design 
objective is to maximize the current flowing into the storage 
device.   

D. PMS for hybrid nanogenerators 

TENGs have emerged as the most powerful and most 
promising technology for harvesting biomechanical energy, 
which is generally of low frequency. Recent efforts have been 
devoted to the integration of TENG with other types of 
harvesters to expand the power of the TENG and its application 
range, see e.g., [109-112].  A review on the progress of hybrid 
nanogenerators based on TENG can be found in [113]. In the 
nano energy community, almost all efforts have been devoted 
to the design of the hybrid generators for increased power 
density. There is inadequate research activity on the 
development of PMS for these hybrid generators. Simple 
parallel strategies for the integration of the outputs of hybrid 
nano-generators were presented in [114, 115]. The parallel 
connections in the existing works are very crude and not 
efficient. However, it reveals research opportunities for power 
electronics engineers to significantly improve the total output 
power of hybrid nanogenerators with advanced PMS that can 
effectively integrate several outputs which have very different 
electrical properties. The different voltage levels and the 
different internal properties of the nanogenerators require the 
energy of each generator to be processed separately by its 
respective PMS before transferred to the same energy storage 
unit. In contrast to TENG’s buck-converter based PMS, the 
PMS for PENG and EMG are usually based on boost converters 
due to the low output voltage for low-frequency biomechanical 
activities. Resources for addressing the above issues can be 
found from the literature on multi-input-single-output power 
converters.  In [116-118], various topologies are presented for 
integrating power sources of high/low voltage levels by 
combining a buck converter and a boost converter. These 
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topologies can be potentially adapted for power management of 
hybrid nanogenerators. However, challenges will be expected 
due to the differences in the electrical properties of the 
nanogenerators, and the need for self-powered PMS.   

 

VIII. CONCLUSIONS 
 
    Recent progress in the power management for TENGs has 
presented a strong proof of concept for self-powered systems 
with TENGs as the energy harvesting unit. It also demonstrates 
the critical and indispensable role of power electronics in the 
power management of nanogenerators for self-powered 
systems. This review is intended to introduce the problem of 
power management of TENGs to the electrical engineering 
community, and to present some promising research 
opportunities arising from TENG’s very unique electrical 
properties.  Over the years, numerous research works have 
proposed various circuit topologies for the design of switched 
power flow paths including, short circuiting the TENG when 
the internal capacitance is maximum or minimum, changing the 
connection of external capacitors between series and parallel, 
using different rectifiers such as halfwave, full wave and 
Bennet’s doubler and using different power converters such as 
buck and flyback. However, the maximum energy generation 
capability of TENG as well as its optimal energy extraction 
strategy remains unclear. To this end, this review is aimed at 
informing and evoking the interest of power electronics 
engineers and researchers in investigating these meaningful and 
intriguing problems.   
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