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1. Introduction

Trillions of sensors are envisioned with 
the pervasive interconnection as the cor-
nerstone of the modern Internet of Things 
(IoT), supporting the digital links that 
could span human intelligent life.[1–6] Real-
istically, the challenge of long-term, stable, 
and maintenance-free energy supply for 
massive sensors in the IoT definitely 
exerts a critical bottleneck role.[7] The 
IoT sensors with the features of random 
and disordered distribution,[8,9] could 
be powered by utilizing the eco-friendly 
and sustainable energy collection tech-
nologies especially natural wind energy 
harvesting, rather than conventional cen-
tralized generators.[10–13] Traditionally, 
natural wind energy is mainly captured 
by using fan blades of turbines to con-
vert wind energy into mechanical energy, 
which is then generated by electromag-
netic generators (EMGs).[14] However, 
within the limits of the armature winding 
coefficient and the magnetic flux density, 

Natural wind energy harvesting enables a far-reaching and sustainable 
solution to supply pervasive sensors in the Internet of Things (IoT). Electro-
magnetic generators (EMGs) struggle to harvest energy from breezes, which 
causes regrettable energy wastage. Herein, a triboelectric-electromagnetic 
hybridized nanogenerator (TEHG) is designed with a dual-rotor structure to 
consolidate harvesting band for high efficiency of triboelectric nanogenerators 
(TENGs) in breeze and the EMG in high wind speeds. The TEHG performs 
an efficient energy collection (41.05 W m−3) and a smooth output in the wind 
speed of 2−16 m s−1, attributed to the environmental self-adaptive coopera-
tion between TENGs and EMGs. The TENG output power contribution is 
more than 70% at low wind speeds (<5 m s−1). Moreover, a dual-channel 
power management topology (DcPMT) is established to co-manage outputs 
of two modules in TEHG. By virtue of the DcPMT hierarchically combining 
the isolated storage with undervoltagelockout strategy, the TEHG steadily 
supplies a standardized 3.3 V voltage for commercial electronics. Further-
more, a TEHG-based self-powered system is demonstrated for driving 
sensors to monitor meteorological information. The TEHG with DcPMT is 
advantageous in broad-band and high-efficiency of wind energy harvesting, 
thus exhibiting a great potential for elevating the environmental self-adapta-
bility and stability margin of the IoT.
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the operation of EMG requires a strong and stable wind speed 
(usually >4−6 m s−1), resulting in a wind turbine falling in start 
or being interrupted when wind speed is frequently fluctuating 
or below the start-up wind speed, leading to a significant reduc-
tion in the efficiency of wind energy harvesting.[14] More signifi-
cantly, the global average wind speed at the observation altitude 
of 10 m is reported to be only 3.28 m  s−1,[10,15] implicating an 
insufficient utilization of most current wind turbines for a huge 
amount of breeze energy. Therefore, to fill in the gaps in breeze 
energy collection and dampen avoidable energy wastage, more 
advanced broad-band wind energy harvesting technologies are 
desirable to be further developed.

In the last decade, triboelectric nanogenerators (TENGs), 
based on the coupling of triboelectrification and electrostatic 
induction, are increasingly considered as a promising environ-
mental energy harvesting technology due to its high efficiency 
and sensitive response especially for low-frequency energy har-
vesting.[16–19] Up till now, TENGs have been widely applied to 
scavenge the low-frequency mechanical energy such as human 
biological energy, environmental vibration energy, water wave 
energy, and wind energy.[20–25] Mechanism-wise, the TENG is 
suitable for harvesting low-speed wind energy while its energy 
conversion efficiency is inferior to EMG at high-speed winds. 
Considerable research recently report diverse hybrid strategies 
to address the limitation of any single harvesting method, dedi-
cating to broadening wind speed range and enhancing wind 
energy harvesting efficiency with the complementary output 
characteristics of TENGs and EMGs.[26–30] However, the existing 
hybrid designs for TENGs and EMGs generally utilize the iden-
tical driving devices to motivate both units in synchronous oper-
ation. The start-up wind speed and rotation speed (or frequency) 
of the two units are irrevocable regardless of changing environ-
ments, causing the hybrid wind energy harvesting devices to 
fail continuously and reliably supply the sensing terminals in 
the natural environment. Consequently, searching for an envi-
ronmental self-adaptive hybrid technology with advantages of 
TENGs in low wind-speeds while maintaining a high energy 
conversion at strong winds, could be prospective to realize the 
wide-range and high efficiency wind energy harvesting.

Moreover, the practical performance of the environmental 
self-adaptive broadband wind energy harvesting system at the 
applicable terminals remains contingent on the power manage-
ment electric circuit topology.[31] Numerous energy management 
strategies for TENGs have been proposed recently, via trans-
formers, DC buck conversions, or air discharge switches.[32–34] 
Nonetheless, the existing electric circuit topologies of switching 
methods lack features that incorporate self-adaptability and 
single-board integrity. While the wind energy harvesting system 
switches between slow and fast wind conditions, the substantial 
variations in matching impedance and output characteristics 
between the TENG and the EMG could emerge, and thus the 
power management circuits should be mandated to operate in 
separate topologies.[35–37] Meanwhile, the autonomous switching 
operation of the power management topology supposedly con-
sumes minimal energy, rendering an incompatibility with 
existing stand-alone switching devices with notable switching 
losses. The inefficiency caused by poor integration of energy 
management will shorten the continuous operation time of the 
self-powered system, which in turn deteriorates the information 

immediacy of IoT. Furthermore, the power management elec-
tric circuit topology design strategies with self-regulation fea-
tures are inspiring for performance boost studies of any dual or 
multiple hybrid natural energy harvesting.

In this work, a self-powered system based on triboelectric-
electromagnetic hybridized nanogenerator (TEHG) with a dual-
channel power management topology (DcPMT) is proposed to 
achieve high efficiency and wide-range wind energy harvesting. 
The TEHG is designed as a cylindrical structure and two co-
axial rotors are utilized for the TENG and EMG portions. For 
the purpose of overcoming the drawbacks of existing hybrid 
structures, the advantage of the proposed hybrid method relies 
on the concentric dual-axis rotational kinematic mode, which 
is the first reported structure in the field of wind energy har-
vesting that allows the EMG and the TENG to be operated at 
different wind speeds. By applying dual-rotation shift wind 
cups with calibrated arm lengths to motivate the rotators, the 
optimal aerodynamic characteristics enable the TENG and the 
EMG to, respectively, operate in their efficiency zones, facili-
tating the dual-stage even multi-stage energy harvesting. To 
enhance the output performance, the different hybrid forms of 
the TEHG were mathematically and experimentally compared. 
Based on the optimal design of the pole-pairs for the TENG and 
the EMG, the output power is enhanced and the total power 
curve becomes smooth. Moreover, the DcPMT is established 
and integrated on a printed circuit board (PCB) connecting 
with the TEHG to convert both the output from the TENG and 
EMG parts into a standardized DC supply for the commercial 
sensors. The proposed hierarchical topology design employs 
a combination of the isolated energy storage method and the 
undervoltage-lockout strategy for minimizing the static losses. 
On the basis of the above modifications, the environmental 
self-adaptive TEHG can effectively collect wind energy with 
a start-up wind speed dropping at 2 m  s−1, and the switching 
wind speed is ≈7 m s−1. The output power of the TEHG device 
increases with wind speeds and can reach a maximum value 
of 16.5 mW with a power density of 41.05 W m−3, in which the 
TENG output power contribution is more than 70% at low wind 
speeds, and an energy conversion efficiency of 40−60% can be 
maintained. Furthermore, a self-powered system consists of the 
TEHG with the DcPMT and commercial environmental sen-
sors were fabricated integrally to demonstrate the practicable 
feasibility. This batch-replicable hybrid structure of TEHGs 
and the single-board integrated DcPMT could potentially be 
installed in large-scale power grids and communication net-
works, which empowers the ubiquitous wind energy harvesting 
strategy over full speed regions, underpinning the future IoT 
infrastructure.

2. Results and Discussion

2.1. Structure and Working Principle of TEHG

As illustrated in Figure 1a, a wind-driven self-powered system 
with the capability of harvesting wind energy and driving the 
sensors to collect environmental information, contains a TEHG, 
a DcPMT, and an integrated commercial sensor chip. The real-
time data collected by the proposed self-powered system can be 
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wirelessly transmitted to the data terminal equipment (e.g., the 
laptop in this paper). The detailed structural view of TEHG is 
schematically presented in Figure 1b. Concretely, the TEHG is 
a cylindrical structure that consists of two coaxial dual rotating 
shaft wind cups with different arm lengths as a wind energy 
collection module, and an electro–mechanical transformation 
module that is enclosed in a drum-shaped acrylic encapsu-
lation. Herein, the wind cup with longer arm length is con-
nected to a thin and solid rotating shaft, while the shorter one 
is fixed on another wide-aperture and hollow rotating shaft. By 
penetrating the solid shaft into the hollow one, the two coaxial 
wind cups are capable of independently operating. Inside the 
drum-shaped package is a multilayer hybrid unit that consists 
of two rotors and a stator (Figure S1, Supporting Information). 
The annular one is EMG rotor that consists of a circular acrylic 
plate with eight evenly distributed strong magnet blocks inlay 
and three spokes to connect the plate to the hollow rotating 
shaft. The lower surfaces of these embedded magnets are flush 
with the annular plate, and the adjacent magnets have opposite 

polarity that produces an alternating magnetic field at the space 
below the rotor. Another radial rotator is the TENG rotor which 
consists of 12 fan-shaped units separated by equal central 
angle intervals, with a degree of 15° for each unit and interval. 
Specifically, each fan-shaped unit has a fluorinated ethylene 
propylene (FEP) film fixing on its two sides and covering the 
bottom space of the unit as a triboelectric surface. The film is 
also fan-shaped and appropriately larger than the unit, so that 
the middle part of the film could be naturally arched to con-
tact with the stator. The two rotors share the one stator, which 
also serves as the bottom lid of the drum-shaped package. This 
disk-shaped stator could be divided into two parts. The inner 
one is a discoid area which belongs to the TENG part, while 
the outer is annular and belongs to the EMG. For the TENG 
part, the inner part could be totally covered by the vertical pro-
jection of the TENG rotor. On the upper surface of the discoid 
area, there is a set of graphically complementary Cu electrode 
sectors. The sectors are insulated by fine grooves, and each of 
the sectors is fitly equal to the single fan-shaped unit of TENG 

Figure 1. Structural design of TEHG and the wind-driven self-powered system. a) Schematic illustration of wind-driven self-powered system, which 
consists of a TEHG as the generator, a commercial sensor chip as the load, and a DcPMT to store and manage the energy. b) Expanded structural 
schematic of TEHG, which contains two coaxial dual rotating shaft wind cups as the wind energy collection module without the specific requirement 
for the orientation, and a drum-shaped packaged electro–mechanical transformation module constituted by the annular rotator with strong magnet 
blocks, the radial rotator with FEP files, and the bottom stator for both rotators. c) Platform photograph of TEHG. d) SEM images for FEP film (i) and 
its partial magnification (ii). e) Schematic illustration of the energy flow of the wind-driven self-powered system.
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rotor. Moreover, each adjacent sector has the opposite polarity 
thus belonging to different electrode groups. By connecting 
the adjacent sectors at one end with some spokes, the sectors 
of same polarity constitute a congregate electrode in parallel. 
For the EMG part, eight Cu coils are imbedded in the annular 
area equidistantly and symmetrically, so that the vertical pro-
jection of the strong magnet blocks on the EMG rotor could 
fitly cover the center area of Cu coils. Furthermore, the vertical 
distance between the two rotors and the stator should be prop-
erly adjusted so that the FEP films of TENG are capable of con-
tacting and completely covering a congregate electrode without 
touching the other. Meanwhile, the distance between the EMG 
rotor and the stator should be kept at around 1 mm to avoid col-
lisions during high speed rotation.

As shown in Figure  1c, the device has dimensions of 
24  cm  ×  24  cm  ×  20  cm (L  ×  W  ×  H), showing a favorable 
structural simplicity and portability. In addition, the polymers 
as the core of the TEHG are also easily accessible even for the 
potential mass production. The scanning electron microscope 
image (i) of the FEP film and its partial magnification image  
(ii) are shown in Figure  1d. The untreated FEP film has a 
smooth surface at a nanoscale with the arithmetic average 
roughness Ra of 6 nm, which was obtained from the NanoScope 
analysis software. While the TEHG is driven by wind energy 
and outputs AC energy that varies with wind speed, the outputs 
of both the TENG and EMG need to be managed, stored, and 
normalized by the DcPMT to drive the sensor. The schematic of 
the energy flow of this progress is shown in Figure 1e. First and 
foremost, by the collaboration between the two parts of TEHG, 
the wide-range natural wind energy is harvested and converted 
into AC electric energy to be stored in the DcPMT. Since that, 
the DcPMT will ponder the magnitude of winds and the energy 
it stores to decide the way it powers the sensors. For the situa-
tion of breeze as well as the energy storage not being sufficient, 
the DcPMT will enter the mode of intermittent energy supply, 
driving the sensor intermittently after each period of energy 
storage. Another situation is that when the wind is strong or 
the energy storage is sufficient, the DcPMT will enter into the 
continuous energy supply mode, generating a stable DC voltage 
output of 3.3  V at the output to drive the sensor operation. 
Meantime, the extra power will also be stored in the DcPMT to 
provide a compensation when wind speed drops.

The working principle of the hybrid nanogenerator includes 
two parts: the TENG part and the EMG part. Concretely, the 
operation of the TENG part is based on the combination of 
contact triboelectrification and electrostatic induction, while 
the EMG part is based on Faraday’s electromagnetic induction 
effect. For the TENG part, Figure 2a illustrates the electricity 
generation process from the relative motion of FEP film and Cu 
electrode. We define the initial state as when the film completely 
covers an electrode (Figure  2a[i]), which is named electrode-A, 
and the adjacent electrode is the electrode-B. In the initial state, 
the FEP film is completely in contact with electrode-A, gener-
ating negative charges on the lower surface of the film through 
the triboelectrification. Correspondingly, equal positive charges 
in the loop will be attracted to the upper surface of electrode-A 
due to the electrostatic induction. As the FEP film moves from 
electrode A to electrode B, the electrostatic induction will drive 
the positive charges in the loop from electrode A to electrode B, 
generating a current flow via load from electrode A to electrode 

B (Figure  2a[ii]). By the time when the FEP film is detached 
from electrode A and completely overlaps with the electrode B 
(Figure  2a[iii]), all the positive charges will be attracted to the 
upper surface of electrode B, which is regarded as the end of the 
first half cycle of electricity generation. Thereafter, the FEP film 
start to move from electrode B to electrode A (Figure 2a[iv]), cre-
ating a reverse load current in the loop. Once the FEP film fully 
contacts with electrode-A again, a complete cycle of electricity 
generation by TENG is finished. In the condition of open-circuit, 
the charges cannot transfer between electrodes freely, thus the 
accumulated charges will create a periodic potential difference 
between the two electrodes by electrostatic induction shielding. 
For further understanding, Figure 2b visualizes the continuous 
variation of the open-circuit voltage (Voc) of the TENG through 
finite-element simulation using COMSOL. The maximum 
amplitude of Voc occurs when the FEP film completely covers 
one electrode without touching the other (Figure 2b[i,iii]). As the 
FEP film moves from one electrode to the other, the Voc gradu-
ally decreases to zero and then increases in the opposite polarity. 
The trans-zero point occurs when the FEP is in the middle of 
the two electrodes (Figure 2b[ii,iv]), where the charges are equal 
on the two electrodes.

Figure  2c shows the 3D model established in COMSOL to 
illustrate the electricity generation process of the EMG part. The 
model contains eight rectangular Cu coils evenly distributed 
along a circumference with a radius of 75 mm and eight compa-
rable sized strong magnet blocks which are placed above the coils 
with an interval of 1 mm. The dimensions of magnet blocks are 
20 mm × 10 mm × 3 mm (Lengh × Width × Height), and each adja-
cent magnet has opposite polarity. Herein, we define the magnet 
with opposite polarity as magnet-A and magnet-B, respectively. 
As the EMG rotor revolved, the rotated magnets will create an 
alternating spatial magnetic field at the bottom of the rotator. This 
alternating spatial magnetic field will generate an electromotive 
force in the coils due to the Faraday’s electromagnetic induction. 
The visualized continuous variation of voltage and magnetic field 
in the coils are demonstrated in Movies S1 and S2, Supporting 
Information, respectively. Moreover, the relative position of a 
coil to the magnet blocks is shown in Figure 2d. To more clearly 
visualize the relative motion of the magnet and the coil within 
one cycle, we have chosen to use the magnet as a reference to 
demonstrate the movement of the coil between the magnets. The 
variation in magnetic flux from the initial state (Figure 2d[i]) to 
the zero state (Figure 2d[ii]) will induce an electromotive force in 
the coil and drives the electric charges in the loop via the load. The 
maximum reverse magnetic flux linkage through the coil occurs 
when the coil overlaps with magnet-B (Figure  2d[iii]). As the 
rotator continues to revolve, the coil will move from magnet-B to 
magnet-A, leading to the reverse of magnetic flux. The generated 
electromotive force of the EMG part during one cycle is shown 
in Figure 2e, while the continuous variation of the magnetic flux 
as well as magnetic scalar potential is visualized through finite-
element simulation, as shown in Figure 2f.

2.2. The Output and Characteristics of TEHG

To test the output performance of TEHG, a wind turbine 
system with adjustable wind speed controlled by applied voltage 
(Figure S2, Supporting Information) is used to simulate the 
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wind energy with the wind speed range of 0–16.2 m s−1, and an 
infrared speed sensor is applied to measure the rotational speed 
of the TENG rotor and EMG rotor at different wind speeds. 
Subsequently, by using a CNC-regulated speed motor to pre-
cisely control the rotation speed of the two rotators, the open-
circuit voltage (Voc), short-circuit current (Isc), and transferred 
charge quantity (Qsc) of the TENG and EMG at different wind 
speeds could be accurately and steadily obtained. The output 
performance of this hybrid nanogenerator consists of two parts, 
which is the Voc, Isc, and Qsc of the TENG (Figure 3a–c) and 
the Voc and Isc of the EMG (Figure  3d,e). For the TENG part, 
Voc and Qsc shows an uptrend in breeze with wind speed range 
of 2–5.4 m s−1 then remain almost constant value of 300 V and 
120 nC, while Isc exhibit a positively proportional relationship 
with wind speed during the whole range, with the initial value 
of 2 µA to the maximum value of 30 µA. The reason why Voc 
and Qsc of the TENG remain essentially constant in the stable 

operation is the working principle of freestanding mode of soft-
friction TENG. The mechanism analysis of the TENG module 
is detailed in the Equations S1–S5, Supporting Information.

For the EMG part, the Voc and Isc denote the same trend with 
wind speed as shown in Figure  3d,e. It can be seen that the 
operation of EMG needs a start-up wind speed around 4 m s−1. 
The Voc and Isc of EMG exhibit a positively proportional rela-
tionship with wind speed from 4 to 16.2 m s−1, with the initial 
values of 0.23 V and 0.34 mA to the maximum value of 4.4 V 
and 8.7 mA, respectively. This linear relationship is consistent 
with the Faraday’s law, in which the electromotive force (Voc) 
induced in a coil is proportional to time-rate variation of mag-
netic flux linkage through a coil. Therefore, the induced Voc in a 
coil is expressed as Equation (1).

V N
t

d
d

oc = − Φ
 (1)

Figure 2. Schematics of working mechanism of TEHG. a) Schematic illustrates the charge distribution and current direction of the TENG part in a 
whole cycle (i–iv) and b) electric potential distributions at corresponding displacements by COMSOL employing the finite-element method (i–iv).  
c) Schematic view of the EMG’s 3D model established in COMSOL and d) the relative position of a coil to the magnet blocks during the rotation. 
e) Calculated electromotive force of the EMG in a whole cycle (i–v) through the finite-element simulation using COMSOL and f) magnetic flux and 
magnetic scalar potential in coil at corresponding displacements.
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where Φ is the total magnetic flux linkage in each turn of the 
coil and N is the number of turns of the coil. Assuming that the 
magnetic field generated by a rectangular magnet is uniformly 
distributed in the rectangular local spatial below the magnet, 
then the induced electromotive force in the coil can be esti-
mated as Equation (2).

t
B

S

t

B S
n

d
d

d ( )

d
d
d 120

d ( )

d

θ
θ

θ
π

θ
θ

Φ = =  (2)

where B is the magnetic flux density in the rectangular space 
below the magnet, S(θ) is the overlapping area of the uniform 
magnetic field with the coil, and θ is the radian of rotor rota-
tion. According to Ohm’s law, the Isc of EMG can be expressed 
as Equation (3).
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ddSS

dd120
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sc

oc

coil coilπ
θ

θ
= = −  (3)

where Rcoil is the internal resistance of the coil. According to 
Equations  (2) and (3), both Voc and Isc of EMG are linearly 

dependent on the rotational speed. As a result, when the EMG 
is operated at the wind speed above the start-up wind speed, the 
Voc and Isc will be enhanced as the wind speed increases from 
4 to 16.2 m s−1.

The complementary wind energy harvesting of the two com-
ponents of TEHG can be seen from their output power curves. 
Here, Figure 3f shows the output power of TENG, EMG, and 
the sum of both at different wind speeds, in which the load 
resistance of TENG is 10 MΩ and that of EMG is 300 Ω. The 
detailed contribution ratios of the TENG and EMG are shown 
in Figure S3, Supporting Information. In the low speed range 
(2–5 m s−1), the TENG can provide an output power from 0.12 
to 1.2 mW which significantly exceeds that of the EMG in same 
wind speed range, making TENG the major power contributor 
of the hybrid nanogenerator in breeze, where the EMG output 
power contribution is less than 30% based on our testing 
results in Figure 3f and Figure S3, Supporting Information. As 
the wind speed continues to rise, the output power of the TENG 
keeps rising with a maximum value of 5.2 mW, but the growth 
rate is inferior to that of the EMG. For the EMG, the output 
power appears in the range wind speed above 4 m s−1, and the 

Figure 3. Electrical measurements of the TEHG. a) Voc, b) Isc, and c) Qsc of the TENG under typical wind speeds. d) Voc and e) Isc of the EMG under 
typical wind speeds. f) Output power of TENG, EMG, and the sum of both at different wind speeds compared with the wind energy passing through the 
device, in which the load resistance of TENG is 10 MΩ and that of EMG is 300 Ω. Amplitudes of output voltage and current of the g) TENG and i) EMG 
under varied external load resistance, which are tested at the switching wind speed of 6.9 m s−1 for TENG and the saturation wind speed of 10.6 m s−1  
for EMG. h) Dependences of output peak power on varied resistive loads for TENG at 6.9 m s−1 and EMG at 10.6 m s−1.
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power will rapidly rise and exceeds that of the TENG at the 
wind speed of 6.5−7.2 m s−1 (switching speed area in the inset of 
Figure 3f). The switching wind speed is affected by three main 
factors, including the size of the wind cup, the arm length of 
the wind cup, and the mechanical–electrical load, where the 
load is not only the external electrical load in the narrow sense, 
but also the frictional resistance inside the rotating shaft. Once 
the transcendence is finished, the primary power contributor of 
the device will switch from TENG to EMG. As the wind speed 
continues to be magnified, the output power of EMG will keep 
increasing, until the wind speed exceeds 10.6 m s−1, the growth 
rate gradually slows down, and the output power finally keeps at 
the maximum value of 12 mW. The output power of the TEHG 
is calculated as the sum of the two components. Assuming that 
the wind blows vertically through the energy capturing device 
from the horizontal plane, the wind power Pwind through the 
cross section is

P S v0.5wind wind
3ρ= ×  (4)

where S is the effective cross-sectional area blown by the wind, 
which is calculated as 0.048 m2 for this wind energy harvesting 
device. ρ is the density of air, which is estimated as 1.2 kg m−3. 
The vwind is the wind speed from 0–16.2 m  s−1. As shown in 
the inset of Figure 3f, although the power curves of both TENG 
and EMG have large variability with the power of the wind (i.e., 
insufficient output in strong wind or incapable operation in 
low wind speed), the total output power of the hybrid nanogen-
erator aligns well with the power curve of wind energy before 
the wind speed rises to 12 m  s−1, demonstrating a character-
istic of wide-range and efficient wind energy harvesting of the 
TEHG.

Figure 3g–i shows the amplitudes of output voltage, current, 
and power under varied external load resistance of the TENG 
at the switching wind speed of 6.9 m s−1 and the EMG at the 
saturation wind speed of 10.6 m s−1. Here, we take the TENG, 
for example, as the load impedance increases, the amplitude of 
the output current drops while that of output voltage appears a 
reverse trend. The instantaneous output power shows a trend 
of increasing followed by decreasing, corresponding to a max-
imal output power of 2.5 mW at the load resistance of 10 MΩ. 
The trends of the EMG are similar with TENG, and the max-
imal output power of EMG is estimated as 11  mW while the 
matching impedance is 300 Ω.

2.3. Structural Optimization

2.3.1. Optimization of Aerodynamic Performance

To explore the aerodynamic performance, three wind cups with 
diameters of 5, 6, and 7 cm, and five replaceable arms with dif-
ferent rotating radii from 5 to 9  cm with an interval of 1  cm 
were custom-manufactured as shown in the schematic dia-
gram in Figure 4a and the photograph in Figure S4, Supporting 
Information. Figure  4b plots the inverse linear relationship 
between the start-up wind speed and saturation rotation speed 
as the arm length increases. By comparison, owning a smaller 
start-up wind speed of 2.9 m s−1, the wind cup with radius of 

6 cm can be combined with the 9 cm radius wind cup, which 
belongs to the efficient interval of the EMG part. Therefore, the 
arm lengths of the dual rotating shaft wind cups are selected 
as 9 and 6 cm, respectively. The process for the optimal param-
eters calibration from the detailed comparative analysis can be 
found in Figure S5a, Supporting Information. Furthermore, the 
diameters of the two wind cups are selected in different sizes 
to analyze the influence of aerodynamic performance as shown 
in Figure  4c. The start-up wind speed of wind cups shows an 
inverse proportional relationship with the diameter, while 
the saturation rotation speed shows an uptrend followed by a 
downtrend as the diameter increases. The wind cup with the 
diameter of 6  cm has the highest saturation rotation speed of 
480 rpm, which is much higher than the other two.

The reason for the variation of the start-up wind speed and 
saturation rotation speed with different arm lengths and diam-
eters is attributed to the torques. For any fixed-size wind cup, 
the driving force (Fwind) is proportional to the windward area 
of the wind cup (Scup) and the square of the velocity difference 
between wind and the cup (∆v), as shown in Equation (5).

F kS v kS v v( )wind cup
2

cup wind cup
2= ∆ = −  (5)

where k is the proportionality factor (kg m−3), Scup is the wind-
ward area of the wind cup, vwind is speed of the wind blowing 
through the wind cup in horizontal direction, and vcup is the 
linear velocity of the wind cup, which can be calculated by the 
rotational speed n (r min−1) as

v
R

n
30

cup
π=  (6)

where R is the arm length of the wind cup, as illustrated in 
Figure 4a. Thus, the wind cup can provide a torque as below.

T F R kS v R22
wind cup= = ∆  (7)

Once the device starts to rotate, the inducement of the 
torque will change into sliding friction with the torque of Tf. As 
the wind speed increases, the wind will compress the rotator to 
create more frictional resistance, resulting in an addition of the 
resistance torque as T∆. Besides, the electromechanical conver-
sion of the TEHG also requires a torque as Te. In stable opera-
tion, the driving torque will overcome the resistance torques 
above and form a balance, which can be expressed as Equa-
tion  (8). Then the rotation speed (n) can be calculated from 
Equations (5−7) as Equation (9).

T T T Te ff= + + ∆  (8)

n
v

R

T T

kS R

30 1 30 1ffwind

cup

1.5

π π
= 



 − + 





∆
−

 (9)

It can be seen that the rotation speed n consists of a linear 
part and a nonlinear part with the inverse of arm length (1/R). 
The curves of n versus 1/R at low wind speed of 4–5 m s−1 and 
high wind speed of 9–16 m  s−1 were experimentally tested to 
show the above variation process, as shown in Figure S5b, 
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Supporting Information. In addition, it follows from Equa-
tion  (9) that a larger D, that is, a larger Scup, yields a larger n. 
Meanwhile, as D continues to increase, the mass of wind cup 
becomes non-negligible and the wind cup requires a large 
driving torque in its rotation to balance the additional growth 
of T∆.

Based on the above experimental results and comparative 
analysis, a wind cup with 9 cm R and 6 cm D was chosen to be 
paired with another wind cup with 6 cm R and 6 cm D, which 
achieves a no-load aerodynamic characteristic of start-up wind 
speed at 1 m s−1. Once TENG and EMG are loaded, the aerody-
namic performance curves were measured and are observed to 
shift to the right, while the starting and switching wind speeds 
grow to 2 and ≈7 m s−1, respectively, which indicates the validity 
of the optimization for the aerodynamic performance as shown 
in Figure S5a and Movie S3, Supporting Information.

2.3.2. Optimization of Hybridization Forms

The hybridization form is an important influencing factor 
on the electrical output performance of the TEHG. There-
fore, Figure  4d−f displays the optimization of hybridization 
forms. Here, a vertical-hybrid TEHG is designed to be com-
pared with a lateral-hybrid TEHG to investigate the effect 
of the hybrid form on the output performance, as shown in 
Figure  4d. For the vertical-hybrid TEHG, the magnets and 
coils are fixed horizontally in the outer annulus of the cir-
cular rotor disk and stator, with the vertical projection of the 
magnet falling just in the center of the coil, completely cov-
ering the rectangular cavity of the coil. Distinctively, the EMG 
portion of the lateral-hybrid TEHG has a cylindrical rotor, 
and the magnet blocks are set uniformly on the side walls of 
the cylindrical rotor in a vertical position.

Figure 4. Structural parameters optimization of TEHG. a) Schematic diagram of aerodynamic tests for wind cups with different arm lengths. b) Sche-
matic diagram of relationships between the saturated rotation rates versus the start-up wind speed for the different arm lengths. c) Measured relation-
ship between the rotational speed and wind speed of wind cups with varied arm lengths. d) Schematic diagram of the vertical-hybrid TEHG and the 
lateral-hybrid TEHG. e) Schematic diagram of magnetic flux density calculation for lateral-hybrid TEHG. f) The voltage versus wind speed obtained by 
measurement for the vertical-hybrid TEHG and the lateral-hybrid TEHG. g) Output power variation curves of TENG with its p = 12 tested with a series 
of different load impedances. h) Comparison of the output power varies with wind speed for TENGs and EMGs with different p-values. i) Variation of 
the energy conversion efficiency of TEHG with wind speed for different p pairings.
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For the TENG part, an important goal is to provide the 
highest possible output current. In our previous work, the effect 
of disk TENG size on output current was discussed, showing 
a linear growth relationship between current and TENG area. 
For the EMG part, the weak voltage is an important limiting 
factor in small wind energy harvesting. According to Equa-
tion  (2), structural optimization is needed to make the dΦ/dt 
larger to boost output voltage. Ideally, the magnet blocks should 
be placed as close as possible to the coils to obtain a larger flux 
density. Furthermore, the flux density can be approximated 
by a point at a distance d from the magnet center as in Equa-
tion  (10) (as the schematic diagram in Figure S6, Supporting 
Information).

B
B
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ab

d a b d
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ab

d h a b d h
r tan

2 4
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2( ) 4( )22 22 22 22 22 22π
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+ +




 −

+ + + +










  

 (10)

where Br is the remanence of magnet blocks (1–1.2 T for NdFeB 
magnets), a, b, and h are the length, width, and thickness of the 
magnet block, which are equal to 20, 10, and 3 mm, respectively.

For the vertical-hybrid TEHG, the d is equal to 1 mm, so the 
B of vertical-hybrid TEHG can be calculated by Equation (10) as 
0.19 T. By studying the magnets passing over the upper surface 
of coils during rotation (Figure S6a,b, Supporting Information), 
the magnets and coils coincidence area (S) of the vertical-hybrid 
TEHG is a function of the rotation angle (θ). The function of S 
and θ consists of two parts can be obtained as below.
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where r is the distance from the center of the coil to the axis of 
rotation, which is 68  mm. Therefore, the induced electromo-
tive force waveform in each coil of the vertical-hybrid TEHG 
can be calculated by Equations (2) and (10–12). Further, the Voc 
waveform of the EMG at a wind speed of 10 m s−1 is calculated 
(Figure S6f, Supporting Information), which is a square wave-
like AC waveform possessing a maximum voltage of 2 V. More-
over, the Voc waveform simulated by COMSOL and obtained 
from experiments are also displayed (Figure S6g, Supporting 
Information) as a corroboration.

For the lateral-hybrid TEHG, both B and S are calculated 
differently than for the vertical-hybrid TEHG. Figure 4e shows 
the calculation of d for the lateral-hybrid TEHG, as shown in 
Equation (13).

d r r d a
a

r
( )• cos sin

/2
0= − − 



  (13)

where r is the distance of the coil center from the rotating shaft 
(70 mm), and d0 is set to 1 mm. Then, the B of the lateral-hybrid 
TEHG is calculated as 0.17 T by Equation (10), which is smaller 

than that of the vertical-hybrid TEHG. Here, S′ represents the 
projected area of the cross section of the magnetic field across 
the coil as shown schematically in Figure S6c,d, Supporting 
Information, and can be expressed as below.
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Similarly, the Voc waveform of the EMG in lateral-hybrid 
TEHG can be calculated by Equation (2) as shown in Figure S6f, 
Supporting Information. Compared with the vertical-hybrid 
TEHG, the Voc waveform of the lateral one is closer to the 
square wave, but the Voc amplitude is smaller.

Moreover, a lateral-hybrid TEHG was prepared to compare 
with the vertical-hybrid TEHG (Figure S7, Supporting Informa-
tion). Figure 4f shows the voltage versus wind speed obtained 
by measurement for the vertical-hybrid TEHG and the lateral-
hybrid TEHG. As the wind speed increases, the vertical-hybrid 
one can reach a maximum Voc of 2.3 V, while the maximum Voc 
of the lateral-hybrid one is only 1.8  V. In addition, the output 
voltage of the vertical-hybrid TEHG appears to be more stable 
compared to the lateral-hybrid TEHG. Therefore, considering 
the EMG as the main contributor to the hybrid generator at 
high wind speeds, the vertical-hybrid TEHG was finally chosen 
to ensure a strong and stable voltage output could be achieved 
under strong winds.

2.3.3. Optimization of TEHG Pole-Pairs

In the design of hybrid generators, both TENG and EMG can 
obtain greater power output by increasing their pole pairs. 
Herein, p represents the number of alternating current signals 
that will output at the generator electrodes for each rotation, 
and it also represents the number of sector cells of the rotor for 
the TENG. Meanwhile, p means the number of magnet pairs 
for the EMG rotator. For disk-like TENGs with fixed size, the Isc 
increases linearly with p as illustrated Equation S5, Supporting 
Information, which means that a larger p can improve the 
charge transfer rate. The same optimization applies to the EMG 
due to the coils being connected in series and the induced volt-
ages in the coils being synchronized. However, the additional p 
of EMGs requires the installation of more magnets and coils, 
thus making the mechanics of the EMG rotor weak and the 
mass of the device bulky. Collectively, the optimization of the 
pole pair value p should strike a balance between the output 
performance and the device weight.

Therefore, as shown in Figure S8, Supporting Information, 
three TENGs with p of 4, 8, and 12, and three EMGs with p of 
2, 3, and 4 were fabricated and analyzed. The output power of 
TENG and EMG with different p values at different wind speeds 
and a series of load impedances were attained to figure out the 
matching impedance (Rm) and maximum output power (Pm), 
as displayed in Figure S9, Supporting Information. Taking the 
TENG with p  =  12 as an example (Figure  4g), the Rm gradu-
ally decreases and basically stabilizes around 10 MΩ after the 
wind speed exceeds 7.9 m  s−1, while the Pm grows and finally 
stabilizes at a maximum value of about 5 mW. Compared with 
the TENG, the Rm of EMG remains ≈300 Ω regardless of wind 
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speed, while its Pm increases with wind speed and reach 12 mW 
with the wind speed at 10 m s−1. Furthermore, Figure 4h shows 
the power curves for each TENG at 10 MΩ load and each EMG 
at 300 Ω load for different wind speeds. Notably, the TENG can 
be started at about 2 m s−1 and its output power increases basi-
cally linearly with the wind speed at low wind speed. On the 
other hand, the start of EMG occurs when wind speed exceeds 
4 m s−1, then the EMG output power rises rapidly and overtakes 
the TENG around 6 m s−1. The saturation of the EMG output 
power occurs at the wind speed around 11 m s−1. Figure S10a,  
Supporting Information, indicates the output power as a super-
position of the two components. An excellent power curve 
requires smooth power growth as well as strong power output, 
which can be adjusted by the p-values of the TENG and the 
EMG. Figure S10b, Supporting Information, plots the efficiency 
curves of the TENG and the EMG, which are calculated by 
Equation (15).

P

P
•100%

wind

η =  (15)

In this work, the TENG achieves a maximum energy con-
version efficiency of 52% in the breeze, and the efficiency of 
the TENG decays continuously with the growing wind speed. 
Meanwhile, the EMG can only collect wind energy efficiently 
at stronger wind speeds, corresponding to a maximum effi-
ciency of 30% at a wind speed of 8.5 m  s−1. Once the wind 
speed exceeds the switching wind speed, the instantaneous 
energy conversion efficiency of EMG will exceed that of TENG. 
Figure  4i shows the total energy conversion efficiency (η) of 
TEHG. The optimization target is set to the highest efficiency 
curve covering the full wind speed interval from 2 to 16 m s−1. 
Therefore, an optimal p pairing (TENG 12 + EMG 4) was chosen 
to achieve an efficient (40–50%) and smooth power output with 
a maximum output power of 16.5 mW with a power density of 
41.05 W m−3 over a wide wind speed range of 2−11 m s−1.

2.4. Working Mechanism and Characteristics of DcPMT

Considering the difference in voltage amplitude and operating 
range between the TENG and EMG outputs of the hybrid gen-
erator, these two outputs cannot be simply connected in series 
or parallel to power the load. Here, a DcPMT for the TEHG is 
designed to manage the two electrical sources of the TEHG 
for common storage, management, and standardized DC 
voltage output. As shown in Figure 5a, the DcPMT consists of 
an energy collection-storage module and an energy manage-
ment module. In the energy collection and storage module 
(Figure  5a[i]), the output voltage of TENG is converted to DC 
by a bridge rectifier and then charged to Cstore by a diode. Com-
pared to the traditional diode rectification methods, the EMG 
output power flows through an additional low-frequency step-
up by a surface mounted boost transformer T before the rec-
tification using low power Schottky diode (the forward voltage 
of ≈0.2 V), considering that the output voltage of EMG is low 
under the breeze range. The reason for using low-frequency 
transformer is the weak output voltage of EMG, especially in 
low wind speed of 4.0–6.9 m s−1, where the Voc of EMG is less 

than 1 V, making it difficult to meet the voltage requirements of 
subsequent energy management circuits. In addition, there are 
differences in the voltage amplitudes of TENG and EMG at dif-
ferent wind speeds, so two diodes are used to limit the current 
flow and take part of the reverse voltage to protect the rectifier. 
On a related note, according to the testing results in Figure 4, 
the EMG output power contribution is less than 30% at low 
wind speeds, hence the overall TEHG output range character-
istics are accommodated in the electronic component selection.

Following the conversion of electrical energy from the TENG 
and EMG modules to the charge in Cstore using the above iso-
lated synchronous storage topology, the DC output still needs 
to be calibrated to the 3.3 V nominal voltage for the commer-
cial sensors. Consequently, an appropriate DC–DC conversion 
strategy plays a decisive role. Although the discrete electronic 
switching devices can be controlled to achieve a DC–DC con-
version, the high switching losses and large static currents will 
dissipate the energy that has been meticulously collected from 
the wind, resulting in poor output efficiency. Therefore, a hys-
teresis voltage control method is implemented in this paper 
to reduce the switching losses and an undervoltage-lockout 
strategy is introduced to enhance the continuous stability of the 
output voltage, especially in the case for sensors as light loads. 
Compared to the single-limit comparison schemes, for example, 
the LTC3459 with a quiescent current ≈10  µA, the hysteresis 
DC–DC strategy configured with positive feedback control 
can reduce the quiescent current to the nA level, thus signifi-
cantly suppressing switching losses. Specifically, considering 
that the quiescent current of LTC3588-1 chip is only 450 nA  
and the external topology can support undervoltage-lockout 
strategy, this paper develops the overall topology based on the 
integrated module of LTC3588-1 to compensate for the hyster-
esis voltage control, enabling a DcPMT design with minimized 
switching losses.

Figure  5a[ii] shows the energy management module based 
on a LTC3588-1 (Linear Technology) to manage the electrical 
energy stored in the Cstore and provide standardized typical 
voltage outputs. The LTC3588-1 chip is a micropower low-loss 
buck commonly used in piezoelectric or triboelectric nanogen-
erators. The chip provides four typical voltage outputs of 1.8, 
2.5, 3.3, and 3.6 V, which are selected and controlled via pins D1 
and D2. Here we take 3.3 V as an example to show the compo-
sition and schematic of the energy management module. The 
capacitors C1 and C2 are used to provide functional low and 
high potentials, and inductor L1 is used to connect Vout pin to 
SW pin for feedback signals in the hysteresis voltage control 
process. Cout is the output capacitor of the circuit and also acts 
as a filter. Finally, the PCB shown in Figure 5b can be fabricated 
according to the above schematic. For the follow-up practical 
applications, the external package design of the DcPMT would 
further introduce insulation, anti-vibration, and dust-proof 
features. The enclosure could be designed with a high perme-
ability shielding material in a hemispherical shape to avoid 
corona discharge damage.

After connecting the TEHG and load sensors to the ends 
of DcPMT, the wind energy can be collected, converted, and 
supplied to application. For the start of DcPMT, the terminal 
voltage of Cstore needs to be charged to 5  V. Figure  5c shows 
the voltage curves of TENG and EMG in the energy harvesting 
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and storage module of DcPMT for charging a 1 µF capacitor 
at different wind speeds, respectively. The charging voltage on 
the 1 µF capacitor is oriented toward the case of an off-load 
condition, which is intended to avoid the effects of the external 
load on the front charging section. It can be seen that the 
charging curve of TENG is basically linear, and the charging 
rate increases faster with higher wind speed. In contrast, the 
charging rate of EMG is faster, but the voltage is prone to satu-
ration. Specifically, at 4 m s−1 wind speed, the EMG can charge 
the capacitor up to 1 V, which cannot reach the start-up require-
ment of LTC3588-1, while the TENG can easily reach a capacitor 
voltage of 15 V or more to drive the DcPMT. As the wind speed 
grows, the saturation voltage of EMG gradually increases, and 
the fast charging rate of EMG becomes more obvious. When 
the wind speed increases to 6.9 m s−1, the saturation voltage of 
EMG increases to 8 V, and its charging rate before saturation is 
larger than that of TENG. This trend is more obvious when the 
wind speed increases to 9.6 m  s−1, and the saturation voltage 

of EMG increases to 12 V, so that Cstore can be charged to the 
operating voltage faster. It is worth noting that the TENG and 
EMG in operation are connected in parallel via diodes to charge 
Cstore within an uninterrupted and non-interfering manner. 
Figure 5d shows the maximum capacitor charging voltage that 
can be achieved by TENG and EMG at different wind speeds, 
where the saturated charging time for the EMG and the TENG 
are 2.5 s and 8.6  min, respectively, as an example with a  
7.9 m s−1 wind speed. It can be seen that the voltage of TENG 
can be basically stabilized above 100 V at different wind speeds, 
so that it can still charge the capacitor to the working voltage 
in light wind. The voltage of EMG is more obviously affected 
by wind speed, and it is difficult to realize effective utilization 
at low wind speed. As the wind speed increases, the voltage no 
longer becomes the limitation of EMG power supply, and its 
advantage of fast charging speed is given full play at this time.

In the operation of the energy management module, the 
voltage of Cstore enters the LTC3588-1 chip from the VIN and 

Figure 5. Schematic diagram of the DcPMT and its performance test. a) Schematic diagram and b) photograph of DcPMT. c) Capacitor charging 
curves and d) maximum capacitor charging voltages of TENG and EMG at different wind speeds. e) Start-up and operating principle test diagram of 
DcPMT. f) DcPMT start-up process at different wind speeds. g) Output voltage and current waveforms of DcPMT when wind resource or energy storage 
is sufficient and h) output voltage waveforms of DcPMT in intermittent supply mode when wind resource is scarce and energy storage is depleted.
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output from Vout pin, while PGOOD is used to give the logic 
signal to determine the output status of the DcPMT. Figure 5e 
shows the waveforms and relationships of VIN, Vout, and PGOOD 
during the output preparation of DcPMT at 6 m s−1 wind speed. 
The process can be divided into three stages. The first stage is 
the capacitor charging stage, where VIN is charged to 5  V by 
TEHG around 30 s. During this process, Vout and PGOOD are 
kept at 0 V and the DcPMT does not output externally. When 
VIN reaches 5  V, the LTC3588-1 chip starts to boot and enters 
the second stage, the preparatory stage of power supply. During 
this phase, VIN oscillates in a sawtooth pattern between 4 and 
5  V, while Vout is charged in stages and rises in steps. After 
about 30 s, Vout is charged to 3.3 V. At the end of the preparation 
phase, the PGOOD will generate a high signal, indicating that the 
DcPMT is ready and can enter the power supply phase. At this 
point, VIN is unlocked and the excess energy collected by TEHG 
will keep VIN rising and stored in Cstore. After the load is con-
nected, the power in Cstore will be supplied to the load as 3.3 V 
DC, thus standardizing the output voltage. Figure 5f shows the 
Vout waveform of DcPMT during charging at different wind 
speeds. At this time, the PGOOD output is 0 V, thus the charging 
process is carried out under no load. It can be seen that at a low 
wind speed of 4 m s−1, it takes about 100 s for Vout to be charged 
to 3.3 V. As the wind speed increases, the charging time of Vout 
gradually decreases. When the wind speed is 9.6 m  s−1, the 
charging process of DcPMT takes only 2 s to be completed. Nor-
mally, DcPMT will store the excess energy to compensate for 
the weaker wind scenario when the wind is strong. When the 
wind is strong or the energy storage is abundant, DcPMT can 
continuously output 3.3 V DC voltage. In this case, the output 
voltage and current waveforms of DcPMT varies with a series of 
load resistance as shown in Figure 5g. The test was conducted 
at 9.6 m s−1 wind speed, and it can be seen that the voltage and 
current waveforms are very stable, demonstrating excellent 
power supply quality. The reason why DcPMT can create stable 
voltage outputs is based on the selected ultra-low quiescent cur-
rent undervoltage-lockout strategy. By devising the external cir-
cuit, we modulated the output pattern of the LTC3588-1. During 
output preparation, the undervoltage-lockout mode allows 
charges to build up on the capacitor until the buck converter 
of LTC3588-1 can transfer the charge to the output. During the 
power-up, the LTC3588-1 automatically sleeps, and its input 
and output quiescent currents are pretty low at this time. The 
buck converter will turn on or off as needed to keep the output 
voltage at a stable interval.

Although DcPMT can provide continuous and stable DC 
voltage output when wind resources and energy storage are 
abundant, as an energy device for field applications, it needs 
to be designed to cope with extreme environmental condi-
tions where wind resources are scarce for long periods of time. 
Therefore, DcPMT provides an intermittent power supply mode 
for the sensor in the case of low wind power for a long period 
of time and insufficient energy storage. The voltage waveforms 
of DcPMT feeding a 100 kΩ load in intermittent supply mode 
are shown in Figure  5h, and the current is also displayed in 
Figure S11, Supporting Information. It is easy to see that the 
output voltage of DcPMT in intermittent power supply mode 
varies periodically, with the voltage decaying from about 3 V in 
each cycle, and after a period of time the voltage will return to 

3 V again and enter the next power supply cycle. It can be seen 
that the power supply cycle is affected by the wind speed. When 
the wind speed is 7.9 m s−1, the load could be powered every 5 s. 
As the wind speed decreases, the power supply cycle gradually 
increases. When the wind speed decreases to 4 m s−1, it takes 
30 s for the DcPMT to finish a supply cycle. The load current 
changes with the same period as the voltage. As the wind speed 
increases, the period of supply becomes shorter and the average 
value of current increases. From the fluctuations of the curves 
in Figure 5e,f,h, it can be derived that when the DcPMT is con-
nected to an external load, the charging and discharging will 
gradually maintain a dynamic balance. Therefore, unlike the 
charging voltage in the open circuit case, the charging voltage 
in the on-load case will not always be maintained at a high level 
so that the diode D2 in Figure 5a cannot be switched on. In fact, 
according to Figure S10, Supporting Information, the diodes 
D1 and D2 are passively switched on in turn, depending on the 
relative magnitude of the output contribution of the TENG and 
the EMG, especially in a wide wind speed range.

2.5. Demonstration

To demonstrate the performance of TEHG for wind energy har-
vesting and driving sensors, Figure 6a shows a TEHG-based 
self-powered sensing system consisting of a hermetically sealed 
TEHG, a DcPMT, and a sensor module (GY-39). The proposed 
TEHG provides energy to sensors in the power grid by efficiently 
harvesting wind energy, which synthetically demonstrates the 
complementary environmental friendliness associated on the 
scale from the nano-energy to the large-scale energy, and rep-
resents a forward-looking example of clean energy implementa-
tion. The sensor module GY-39 is a low-cost micropower sensor 
which is widely used in IoTs, weather monitoring, and smart 
farm climate monitoring. It can monitor environmental infor-
mation such as air pressure, temperature, humidity, altitude, 
and light intensity. GY-39 supports serial communication, and 
also can perform power-down hold on data or send through 
WIFI module. Furthermore, an axial blower is used to simu-
late the ambient wind energy and a laptop computer is used 
as a central controller to parse the sampled data transmitted 
through the serial port and display it simultaneously and visu-
ally. Moreover, the demonstration of the GY-39 acquisition of 
environmental signals driven by the TEHG-based self-powered 
system is shown in the Movie S4, Supporting Information. 
Under the switching wind speed of 7 m s−1 where the efficiency 
contributed by the TENG and the EMG modules are compa-
rable and are both higher than 30% (in Figure S10b, Supporting 
Information), the DcPMT can continuously drive the GY-39 for 
2–3 min after about 10 min charging. The effectiveness and sta-
bility of the power supply can be reflected by the working con-
dition of the sensor. Figure  6b[i–iii] shows the changes of the 
sampling results before and after the sensor was covered. In 
the initial conditions (Figure 6b[i]), the ambient light intensity 
monitored by the sensor was 132.00 lux. As the experimenter 
approached and gradually covered the sensor (Figure 6b[ii]), the 
ambient light intensity monitored by the GY-39 was refreshed 
and gradually decreased. When the sensor was completely cov-
ered (Figure 6b[iii]), the monitored light intensity was 3.60 lux.  
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During the demonstration, the sensor monitoring results were 
kept up to date in real time with a follow-up rate of less than 
1 s, demonstrating the good working condition of the sensor 
module under TEHG power supply. Figure  6c demonstrates 
how this self-supply sensing system works in the smart grid. 
The sensing systems are installed on transmission towers 
to collect climate and environmental information along the 
power transmission line. Each sensing system has a TEHG 
and DcPMT to collect and manage the abundant environmental 
energy in the field. This energy drives the sensors to collect 
environmental information and store or transmit it via a WIFI 
module. Ultimately, this information is received and parsed by 
a central controller, and the environmental conditions and oper-

ating conditions of the transmission line are thus controlled. 
The triboelectric material in the TEHG has good anti-friction 
properties and maintains electrical characteristics consistent 
with the initial state after long periods of operation, which facil-
itates the continuous reliability of the TEHG in the complex 
environment of the outdoor grid, as depicted in Figure S12, 
Supporting Information. Generally speaking, TEHG has the 
advantages of small size, simple structure, easy manufacturing, 
and cheap price, which makes it easy to be mass produced 
and installed on a large number of transmission towers. At 
the same time, due to its wide wind speed and high efficiency 
wind energy harvesting characteristics, it can be easily activated 
and harvest the wind energy from the natural environment 

Figure 6. Application test of TEHG-based self-powered system. a) TEHG application test platform built with GY-39 weather module and its b) test 
results. c) Schematic diagram of TEHG-based self-powered system in smart grid.
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in a durable and efficient manner. Furthermore, the DcPMT 
designed for the TEHG allows the output of electrical energy 
to be standardized to a typical voltage of 1.8–3.6 V, ensuring the 
stability of the sensor energy supply.

3. Conclusion

In summary, a TEHG-based self-powered system incorporating 
a DcPMT with high energy conversion efficiency for wide wind 
speeds is demonstrated in this work. The efficient energy col-
lecting spectrum is expanded by hybridizing a TENG with an 
EMG, and the coaxial multi-layered dual-rotation structure 
design in the TEHG enables the TENG module to start rapidly 
at slow wind speeds while maintaining the high energy con-
version efficiency by the EMG module in strong winds. This 
paper further investigates the effects of wind cup diameter 
and rotating arm length on the aerodynamic performance of 
the TEHG to optimize complementary pairings of the TENG 
and the EMG in terms of start-up wind speed and dynamics 
performance. Moreover, the influence of composite forms, the 
vertical-hybrid, and the lateral-hybrid on the waveform and 
amplitude of the TEHG output signals were compared and ana-
lyzed, and the vertical-hybrid TEHG was finally selected due 
to its higher and more stable voltage. For the purpose of the 
optimization toward hybrid harvesting switching intervals in 
relation to smoother output power curves, the numeration of 
pole pairs of the TEHG were then studied. Following the above 
structural optimization, the TENG can produce a 0.12−5.2 mW 
output power with increasing wind speed from 2 to 16 m  s−1, 
while the EMG contributes a 0.1−12 mW output power in the 
4−16 m s−1 wind speed range. Notably, the TENG is the domi-
nant output contributor of the hybrid generator within the slow 
wind speed region (<5 m s−1), which accounts for 70–100% of 
the total output, meanwhile the EMG output power contribu-
tion is less than 30% at low wind speeds. When the wind speed 
exceeds 7 m s−1, the EMG gradually becomes the main (50–70%) 
output component of the TEHG. Through the synergy between 
the two generating units, the TEHG can maintain an instan-
taneous energy conversion efficiency of about 40–50% over a 
wide wind speed range of 2−11 m s−1 with a maximum power 
density of 41.05 W m−3, demonstrating a wide wind speed and 
high efficiency wind energy collection and conversion capa-
bility. Furthermore, a DcPMT is designed and integrally fabri-
cated on single-board to modulate the AC voltage outputs of the 
TEHG from two separate channels. Owing to the hierarchical 
topology design that combines isolated energy storage with the 
undervoltage-lockout strategy, the electrical energy converted by 
the TEHG can be efficiently stored and converted to a typical 
DC voltage of 3.3 V to supply electronic sensors. A commercial 
meteorological monitoring module was chosen to demonstrate 
the application of the TEHG-based self-powered system. The 
meteorological module can be driven continuously for 2−3 min  
under 7 m  s−1 wind speed, and the refresh time of the moni-
toring data is less than 1 s, which could be sufficient for the 
field IoT scenarios. This work paves an effective and high-
efficiency harvesting approach for broadband wind energy, for 
further potential applications in the environmental self-adaptive 
and more flexible IoT.

4. Experimental Section
Fabrication of TEHG: As shown in Figure 1b, the fabricated wind energy 

harvesting system consisted of two main components, that is, from top to 
bottom, the double rotating shaft wind cups that consisted of two sets of 
wind cups with varied arm lengths, and a hybrid power generation module 
that contained a TENG and an EMG. For the double rotating shaft wind 
cups of TEHG fabrication, a solid aluminum alloy swivel shaft of 20 cm in 
length and 1.8 cm in diameter and another hollow aluminum alloy swivel 
shaft of 10 cm in length and 3.2 cm in diameter were machined, and the 
solid swivel shaft was fixed inside the hollow shaft using insulated bearings 
to form a concentric double swivel structure. Next, a 0.8  cm diameter, 
6 cm long aluminum alloy bracket was fixed at one end of each of the three 
6  cm diameter hollow hemispherical aluminum cups, and the other end 
of the bracket was fixed to the top of the solid rotating shaft, so that the 
distance from the center of the cup to the rotating shaft was 9 cm. Thus, a 
6 cm diameter, 9 cm rotating radius wind cup was made. The other 6 cm 
diameter aluminum cup was fixed to one end of three aluminum brackets 
of 0.8 cm diameter and 3 cm length, and the other end was fixed to the top 
of the hollow rotating shaft to make another cup with 6  cm arm length. 
Finally, the two concentric double rotating cups were mounted on the 
upper surface of the insulated housing with insulated bearings, so that the 
bottom of the solid rotating shaft was connected to the TENG rotor and 
the bottom of the hollow rotating shaft was connected to the EMG rotor. 
For the hybrid power generation module of TEHG fabrication, it consisted 
of three parts: the TENG rotor, the EMG rotor, and the stator disc. For 
the fabrication of the TENG rotor, an acrylic disc consisting of 12 sector-
shaped units with a 15° circular angle and 6  cm radius arranged at the 
same circular angle interval was cut by a laser cutting machine, and then 
a FEP film was fixed on both sides of each sector-shaped unit so that the 
film could naturally arch down and contact the stator. For the fabrication 
of the EMG rotor, a circular acrylic plate with an inner diameter of 12 cm 
and an outer diameter of 16 cm was first cut out with a laser cutter as the 
support structure of the rotor. Eight 20 mm × 10 mm rectangular holes with 
symmetrical circle centers were cut out of the ring, and eight rectangular 
strong magnets of the same size were embedded into each hole so that 
the bottom of the magnet block was flush with the bottom of the rotor 
disk. The polarity of the magnets should be noted during the insertion of 
the magnet blocks, making sure that the adjacent blocks were placed in 
opposite polarity. Finally, for the stator, two compartments were divided 
on the 16 cm diameter acrylic disc. The inner zone was a 12 cm diameter 
circle where copper foil was pasted for the TENG electrode. The copper 
foil was insulated by etching grooves on the surface of the copper foil, and 
24 sector electrode units were etched at an angle of 15° to the center of 
the circle, where the adjacent units were insulated from each other and the 
inter-sector units were connected by a spoke on one side, thus forming two 
graphically complementary sector electrode networks. The outer interval of 
the stator was circular in shape. Eight circularly symmetrical rectangular 
holes were cut in the circular interval, and a 200-turn rectangular copper 
coil was set in each hole, the top of which should be flush with the top of 
the rotor disk. The distance between the rotor and the stator was properly 
adjusted during installation so that the FEP film of the TENG rotor could 
just completely cover one sector of the electrode network on the stator 
without touching the other network. In addition, a gap of about 1  mm 
between the bottom of the EMG rotor and the stator was maintained to 
avoid collision during rotation.

Electrical Output Measurements: For the purpose of performance 
evaluation, the open-circuit voltage and short-circuit current of the 
TEHG device were measured by a Keithley 6514 system electrometer. For 
the multichannel measurement and demonstration, the voltage outputs 
were measured by an ADC (NI 9220, 16-channel voltage measurement 
module, ±10 V, National Instrument).

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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