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SUMMARY

The emerging triboelectric nanogenerator (TENG) network shows great potential
in harvesting the ocean wave energy, which can help to achieve large-scale clean
wave power generation. However, due to the lack of an effective networking
strategy and theoretical guidance, the practicability of the TENG network is heavi-
ly restricted. In this paper, based on the typical spherical TENG, we investigated
the networking design of TENGs. Four fundamental forms of electrical networking
topology are proposed for large-scale TENG networks, and the influences of cable
resistance and output phase asynchrony of each unit to the network output were
systematically investigated. The research results show that the forms of electrical
networking topology can produce an important influence on the output power of
large-scale TENG networks. This is the first strategy analysis for the TENG
network, which provides a theoretical basis and a universal method for the optimi-
zation design of large-scale power networks.

INTRODUCTION

With the fast development of human society, non-renewable energy such as fossil fuel is being exhausted,
and the environment surrounding us is becoming worse and worse (Gielen et al., 2016; Kamat, 2007; Schier-
meier et al., 2008). Humans could face an unprecedented survival crisis in the future, thus it will be urgent to
develop a green and renewable energy (Brown, 1999; Chen et al, 2013, 2016, 2020a; Chen and Wang, 2017;
Clery, 2008; Tollefson, 2011; Zhang et al., 2016b, 2020; Zhou et al., 2020a). Covering about 70% of Earth's
surface, the ocean is magnificent and contains plenty of energy (Cho, 2015; Wang, 2017; Xi et al., 2019). The
ocean wave energy has great latent capacity for development and application, while the current technol-
ogy can not efficiently harvest it for various defects such as complex structure, low energy conversion effi-
ciency, and high maintenance costs (Falcdo, 2010; Scruggs and Jacob, 2009; Taylor et al., 2001; von
Jouanne, 2006; Wolfbrandt, 2006). Thus, a new energy harvesting technology is needed to efficiently scav-
enge the energy of the ocean wave.

In 2012, Wang's group invented the triboelectric nanogenerator (TENG) based on contact electrification
and electrostatic induction (Li et al, 2020a, 2020b; Wang, 2013). With the gifted advantages such as simple
structure, abundant material options, and low fabrication cost (Wang, 2014; Wang et al., 2015; Zhang et al.,
2014; Zhao et al., 2019), the TENGs have made remarkable achievements in the application field of micro-
power/nanopower sources (Ahmed et al., 2020; Chandrasekhar et al., 2017; Deng et al., 2020; Jin et al.,
2020; Liu et al., 2020a; Lu et al., 2019; Quan et al., 2015; Sutka et al., 2020; Yan et al., 2020; Yang et al.,
2013, 2014; Zou et al., 2020), self-powered sensors (Bu et al, 2018a, 2018b; Fu et al., 2017; Guo et al,,
2018; Meng et al., 2020; Pang et al., 2015; Su et al., 2020a, 2020b; Wang et al., 2018a; Zhou et al., 2020b,
2020c), high-voltage power sources (Bu et al., 2019; Fan et al., 2015; Nie et al., 2018; Yang et al., 2019a),
and large-scale blue energy (Chen et al., 2020b; Liang et al., 2019; Rodrigues et al., 2020; Xu et al, 2017,
2018; Yang et al., 2019b; Zhang et al., 2016a), which is to harvest the low frequency, irregular, and multidi-
rectional water wave energy. Recently, some remarkable works have been developed to improve the per-
formance of TENGs (Liu et al., 2020b, 2020c; Wang et al., 2018b). To further improve the efficiency of the
TENG for harvesting water wave energy, some literatures focus on the new structures of TENGs. However,
to develop large-scale water wave energy harvesting, the strategy analysis of TENG network remains to be
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Figure 1. Structure, Working Principle, and Output Characteristics of the Spherical Triboelectric Nanogenerator
(A) Imaginary picture of future large-scale TENG network for harvesting water wave energy.

(B) Schematic structure of the spherical TENG.

(C) Working mechanism of the spherical TENG. Variation of the short-circuit transferred charges (D), the short-circuit
current (E), and the shifted open-circuit voltage (F) with a water wave frequency of 1.25 Hz.

In this work, based on the typical ball-shell-structured TENG, we investigated the networking design of
TENGs. Different forms of electrical networking topology are proposed for large-scale TENG networks,
and the influences of cable resistance and output phase asynchrony of each unit to the network output
were systematically investigated. The research results show that the network forms have an important effect
on the out power of large-scale TENG networks. This is the first strategy analysis for the large-scale TENG
network, which provides a theoretical basis and a universal method for optimization design of large-scale
power networks.

RESULTS

Characterization of a Single TENG Unit

Figure 1A shows a schematic illustration of a large-scale TENG network on the sea for harvesting ocean blue
energy. The structure of the spherical TENG is shown in Figure 1B (more details are listed in Methods). The
working principle of the TENG is shown in Figure 1C. Triggered by the water wave, the Teflon ball can produce
a relative motion with the shell, and the ball rolls back and forth on two copper electrodes. Based on the con-
tact electrification, net positive charges are generated on the surface of copper which is easy to lose electrons,
and net negative charges are generated on the surface of Teflon ball which has a strong ability to get electrons.
During the rolling of the Teflon ball, potential difference will be built between the electrodes, driving charge
transfer between them through the external circuit to maintain the equilibrium state. To simulate the
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Figure 2. Output Characteristics of the Spherical TENG Network
(A) Photograph of the fabricated network.

(B) Schematic diagram of the circuit for the TENG network.

(C) The output voltage of the network when the unit amount increases from 2 to 16.

(D) The influence of unit amount on the charging performance of the TENG network.

(E) The short-circuit current of the network when the unit amount increases from 2 to 16.
(

F) The effects of unit amount on the matched resistance and average power of the TENG network.

fluctuation of the sea, wave generators were fixed in a tank with water to generate water waves, as shown in
Figure 1S. The frequency of water waves can be adjusted by controlling the wave generator. To present the
characteristic of the spherical TENG, the short-circuit transferred charges Qsc, the short-circuit current Isc
and the open-circuit voltage Voc of the spherical TENG were experimentally tested with a water wave fre-
quency of 1.25 Hz (The measuring instruments are list in Methods). The maximum short-circuit transferred
charges Qsc is 65.13 nC; the maximum short-circuit current Isc is 0.66 pA, and the maximum peak-to-peak
open-circuit voltage Voc is 139.46V, as shown in Figures 1D-1F, respectively. Here, the measured open-circuit
voltage is shifted to above zero for demonstrating the peak-to-peak value more clearly.

Characterization of the TENG Network

To investigate the output performance of the TENG network, a 4 X 4 array is fabricated based on the spherical
TENG, which is illuminated in Figure 2A. The electrical connection of the network is shown in Figure 2B, every
unit in the network is rectified before being connected in parallel. Figure 2C describes the influence of the unit
amount on the maximum peak-to-peak open-circuit voltage for the network with different frequencies. The
voltage almost keeps invariant as the amount increases, which is due to the parallel connection of the units.
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Another notable characteristic is that the output voltage of the network increases first and then decreases with
the rising of the frequency. This is because that the resonance frequency of the spherical TENG is about
1.25 Hz. When the water wave frequency gets to the resonance frequency, the motion amplitude of the Teflon
ball between the two electrodes is maximum. Considering that the open-circuit voltage of the device is directly
related to the motion amplitude, it will also get maximized at the resonance frequency. When the water wave
frequency is far away from the resonance frequency, the relative motion between the Teflon ball and the shell
gets weakened, and the output also decreases. To characterize the effect of the unit amount on the transferred
charges of the network, we used the TENG network to charge a capacitor of 47 uF for 30's, and the voltage of
the capacitor is shown in Figure 2D. With the increase of the unit amount, the voltage increases gradually. The
maximum voltage is 1.97 V with a water wave frequency of 1.25 Hz and a unit amount of 16. As the unit amount
increases, the peak of short-circuit current also improves, which is shown in Figure 2E. Moreover, the maximum
short-circuit current is achieved with a wave frequency of 1.75 Hz, which is a bit higher than the resonance fre-
quency. The reason is that the short-circuit current is the ratio between the amount of transferred charges and
the charge transfer time, according to | = dQ/dt. When the water wave frequency increases from 1.25 Hz to
1.75 Hz, the amount of transferred charges and the charge transfer time decrease at the same time. The charge
transfer time decreases larger than the amount of transferred charges, so the maximum short-circuit current is
achieved with a water frequency of 1.75 Hz. As illustrated in Figure 2F, the output power of the TENG network
has positive correlation with the unit amount, while the matched resistance of the network descends with the
increasing of the unit amount, which is attributed to the parallel connection of the units in the TENG network.

Effect of Cable Resistance and Networking Topology

A large-scale TENG network for blue energy can include hundreds or thousands of TENGs distributed in a
wide area of water, and the cables used to connect the TENGs in the network have a considerable length which
should have a great impact on the output due to cable impedance. Thus, the electrical networking topology,
which largely decides the cable impedance, should be optimized to minimize the negative effect. Here, four
fundamental forms of networking topologies are investigated by theoretical calculations. For simplicity, we
assume that all the TENGs in the network uniformly distributed in the ocean and output in the same phase.
The inductance and capacitance of the cables are neglected considering the relatively low values. The period
of output, open-circuit voltage, capacitance, and maximum average power of the single TENG are noted as T,
Voc, C, and Py, respectively. The external load resistance of the TENG network is Ry.

The first electrical networking topology is shown in Figure 3A. According to the Fundamentals of Electric
Circuits (Alexander and Sadiku, 2012), the maximum average power of the first electrical networking topol-
ogy can be deduced, as shown in the following Equations 1-11. Every two adjacent TENG units are con-
nected by cables. The length of the cable used to connect the two adjacent TENGs is I, and the resistance
of the cable can be given as follows:

R, = % (Equation 1)

where Sand p are the cross-sectional area and resistivity of the cable, respectively. The schematic diagram
of the lumped parameter model for the first networking topology is depicted in the left of Figure 3B, which
can be simplified to the right circuit of Figure 3B based on Thévenin's theorem. Since that all the TENGs are
connected in parallel, the open-circuit voltage of the entire TENG network can be described as follows:

Van = Voc (Equation 2)

where n denotes the integrated number of TENG units in the network. The effective open-circuit voltage of
the TENG network is given as follows:

1 T
U, = 7/ Vindt (Equation 3)
T Jo ,

The relationship between the internal impedance of the TENG network Z, ,, and the amount of integrated
TENG units n can be given by the following iteration equations:

Z.1=2c .
{Za = (Zorr Ra)//ZC (Equation 4)

where // denotes the parallel connection operation. The internal impedance (Z¢) of each TENG in the
network can be given as follows:
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Figure 3. The First and Second Networking Topologies of the TENG Network

(A-F) Cable connection (A) and circuit model (B) for the first networking topology. (C) The dependence of the maximum
average power, optimum load resistance, and retention efficiency on the amount of integrated units for the first
networking topology. Cable connection (D) and circuit model (E) for the second networking topology.

(F) The dependence of the maximum average power, optimum load resistance, and retention efficiency on the amount of
integrated units for the second networking topology.

1
=— Equation 5
c e (Equation 5)
The internal impedance of the TENG network can be expressed as follows:
Za,n = Ra.n +an,n (Equation 6)

where R, , is the resistance and X, , is the capacitive reactance of the TENG network.

The effective current of the TENG network can be calculated as as follows:
U,
Iy = —— (Equation 7)
(Ri+R.p)+ X2,

Then, the average power of the TENG network can be given as follows:

iScience 23, 101848, December 18, 2020 5




¢? CellPress

OPEN ACCESS

UR,

P,=PR=——""0 ——
Lt Ran) +
(Ri+Ran)™+ X2,

(Equation 8)

The optimum load resistance Ropt, which can absorb the largest power, satisfies the following equation:

0P, _ (Re,+X2,) - R?

R [Rarr e

=0 (Equation 9)

Thus, the expression of Ry, can be given as follows:

Ropt = \/R2+ X2, = |Za] (Equation 10)

Consecutively, the maximum average power of the network with the above condition is given as follows:

2 2 2
Ui _ Y Ys (Equation 11)

Pamax = = =
2(Ropt + Ran) 2(1 [RZ,+ X2, + Ra_,,) 2(|Zan| + Ran)

We define a retention efficiency as in (Equation 12), which can characterize the effect of cables and
networking on the output power for the TENG network

a, = Parmax X 100% (Equation 12)
ﬂPo

The dependence of Ropt, Pamax, and a, on the amount of integrated unit n can be obtained by iterative
numerical calculations. To get the results of numerical calculations, we set the initial value which can be got
by experimental tests and write Python scripts according to the formula. Then, we run the scripts to get the re-
sults of numerical calculations. According to experiment results, with a water wave frequency of 1.25 Hz, the
average power of a single TENG Py is 5.95 x 107 W and the capacitance Cis 6.40 x 10~ '° F. The cable length
I, needed to connect two adjacent units is 220 mm considering a spacing of 20 mm. The resistance of such ca-
blesis 2.20 x 103 Q with a typical cross-sectional area S = 2 mm? and a typical resistivity p = 2 x 10" Q-m. The
calculated results are depicted in Figure 3C. For the first networking topology, the optimum load resistance Ry
decreases rapidly with an increasing amount of TENG units and approaches a saturated value of about 760 Q
around the quantity of 1.09 x 10°. The average power shows a non-monotonic variation, achieving maximum
value of 0.80 W with the amount of 5.74 X 10°. The retention efficiency a, decreases rapidly with the initial rise of
the number of integrated units and then gradually saturates with the further increase of the amount.

The second electrical networking topology is shown in Figure 3D. According to the Fundamentals of Elec-
tric Circuits (Alexander and Sadiku, 2012), the maximum average power of the second electrical networking
topology can be deduced, as shown in the following Equations 13-18. All the TENG units are connected at
two points through cables. The length of the cable is noted as I, , The schematic diagram of the lumped
parameter model of the second networking topology and the simplified model is shown in Figure 3E.
Supposing that all the TENGs are organized into a network of y X y array, the resistance of each cable
can be expressed as follows:

Ib‘n =yla = la\/B

:plb,n
S

(Equation 13)
Ro

where n is the amount of integrated TENG units.

The relationship between the internal impedance of the TENG network Z, , and the amount of integrated
units n is given as follows:

Zypn = " :7+jan (Equation 14)

Since that all the TENGs are connected in parallel, the capacitive reactance of the second electrical
networking topology can be expressed as follows:

Xon = ——= (Equation 15)
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The computing method of the maximum average power for this electrical networking topology is the same
as that of the first electrical networking topology. Therefore, for the maximum average power of the second
networking topology, the network can be expressed as follows:

U

P max =
e 2(}an| + Rb,n)

(Equation 16)

The retention efficiency for the second electrical networking topology can be expressed as follows:

ap = Pomax X 100% (Equation 17)
nPo

The dependence of Ropt, Pomax: and e, on the amount of integrated units n can be obtained by numerical
calculations, as depicted in Figure 3F. With the increase of unit amount, the optimum load resistance Ropt
decays rapidly, while the maximum average power increases almost linearly. The retention efficiency ay
almost remains at 100%. Theoretical calculation results indicate that the resistance of the cable, for the sec-
ond networking topology, has little effect on the output power of the TENG network. Thus, the maximum
average power of the TENG network can be approximately given as follows:

Py = nPy (Equation 18)

The above results show that the first networking topology can lead to a significant decrease in the output
power of the TENG network. However, the cables used in the first networking topology should be much less
than the second topology, which are easier to be arranged and integrated with lower cost.

To take advantage of the first and the second networking topology, the third electrical networking topol-
ogy is proposed with a hierarchy structure, in which the TENG network is divided into several modules (h)
and each module includes multiple TENGs (m). Figure 4A shows the cable connection of the third
networking topology, and the schematic diagram of the lumped parameter model and the simplified
model is depicted in Figure 4B. In each module, the first networking topology is adopted for connection,
and the second networking topology is used for connections among modules. The third networking topol-
ogy can provide a compromising strategy between the two fundamental topologies. According to the
Fundamentals of Electric Circuits (Alexander and Sadiku, 2012), the maximum average power of the thied
electrical networking topology can be deduced, as shown in the following Equations 19-25.

As an example, we optimized a TENG network distributing in a water area of 1 km? based on the third to-
pology. The amount of the TENGs in the network is K = 8.26 x 107 considering a spacing of 2 cm between
two adjacent TENGs. All the TENG modules are connected at two points through equal length cables |,
which is the side length of the TENG network. The resistance of the cable used to connect each module
can be given as follows:

lc = Ia\/5

ol
R.= S

and the resistance of the cable used to connect the two adjacent TENGs for each module can be expressed
as follows:

(Equation 19)

pla
S
The relationship between the internal impedance of the TENG network Z. j, and the amount of integrated
modules h is given as follows:

Reim = (Equation 20)

_Re+Z,
" h
The relationship between the internal impedance of the TENG network module Z,,, and the amount of
TENGS (m) in each module can be given by the following iteration equations:

Zcop (Equation 21)

Z1 = ZC .
{Z = (Zo 1 + R/ Z¢ (Equation 22)

The internal impedance of the TENG network can be expressed as follows:
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Figure 4. The Third and Fourth Networking Topologies of the TENG Network
(A and B)Cable connection (A) and circuit model (B) for the third networking topology.

(C) The dependence of the maximum average power, optimum load resistance, and retention efficiency on the amount of

integrated modules for the third networking topology.

(D) The dependence of retention efficiency and cable length on the amount of TENGs in each module for the third

networking topology.

(E and F) Cable connection (E) and circuit model (F) for the fourth networking topology.

(G) The dependence of the maximum average power, optimum load resistance, and retention efficiency on the amount of

integrated modules for the fourth networking topology.

(H) The dependence of retention efficiency and cable length on the amount of TENGs in each module for the fourth

networking topology.
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Zep = Rep+jXen (Equation 23)

where R, j, is the resistance and X, is the capacitive reactance of the TENG network.

The computing method of the maximum average power for this electrical networking topology is the same

as that of the first electrical networking topology. Therefore, the maximum average power of the third

networking topology the network can be expressed as follows:
U2 U?

Pemax = = < Equation 24
2(Ropt + Rc,h) 2(}Zch| + Rc,h) ( quat )

The retention efficiency for the third networking topology is defined as follows:

O =

P
cmax o % .
P, 100% (Equation 25)

where P.nax is the maximum average power of the network for the third topology. To achieve a
relatively high retention efficiency of 99%, it can be calculated using the amount of the modules (h) in
the TENG network and the amount of TENG units (m) in each module. For this case, h is 2.56 x 10* and
m is 3224.

With a certain amount of TENG units (3224) in each module, the dependence of Rypt, Pemax, and ac on
the amount of integrated modules h can be obtained by numerical calculations, as depicted in
Figure 4C. With the increase of module amount, the optimum load resistance R, decays rapidly,
while the maximum average power increases almost linearly. The retention efficiency a. almost remains
at 99%.

Furthermore, with a certain amount of TENGs (8.26 x 107) in the TENG network, the dependence of reten-
tion efficiency and cable length on the amount of TENGs in each module for the third networking topology
were calculated in Figure 4D. With the increasing of the amount of TENGs in each module, the retention
efficiency shows little decline at first, then decreases rapidly. The cable length used in this whole TENG
network shows fast decline. The point of N, represents that there is only one TENG in each module, so
all the TENG units are connected at two points through cables as the second electrical networking topol-
ogy. At this moment, the third electrical networking is equivalent to the second networking topology. The
point of Nq represents that all the TENGs are contained within a single module. For this case, the third elec-
trical networking is equivalent to the first networking topology. The point of N3 represents that there are
3224 TENG units in each module. In this case, the retention efficiency is 99% which has been calculated,
while the cable length dropped by three orders of magnitude. This is significant for large TENG networks,
with the decrease of the cable length, the production costs and the complexity of the TENG networks can
be reduced, and the energy loss can be very low for the third networking topology.

The fourth electrical networking topology is schematically illustrated in Figure 4E, in which the TENG
network is divided into several modules (g) and each module includes multiple TENGs (g). The schematic
diagram of the lumped parameter model and the simplified model is depicted in Figure 4F. In each mod-
ule, the second networking topology is adopted for connection, and the first networking topology is used
for connections among modules. According to the Fundamentals of Electric Circuits (Alexander and Sa-
diku, 2012), the maximum average power of the fourth electrical networking topology can be deduced,
as shown in the following Equations 26-32. The length of the cable used to connect the two adjacent mod-
ules is Iy g, and the resistance of the cable can be given as follows:

laq=1hvq

_Plag
S

All the TENG units in each module are connected at two points through equal length cable, which is the

(Equation 26)
R4

side length of the module, so the resistance of the cable used in each module can be expressed as
follows:

la
Ryim = PT\FCI (Equation 27)
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Networking Topology Resistance (Q) Power (w) Efficiency Cable Length (m)
First (N4) 759.56 0.78 0.16 1.82x107
Second (N,) 2.41 494.47 100 1.67%10"
Third (N3) 2.41 489.11 99 6.94%107
Fourth (N) 100.71 5.91 1.2 1.03x10°

Table 1. List of Merits and Demerits for the Four Networking Topologies

The relationship between the internal impedance of the TENG network Z4 4 and the amount of integrated
modules g is given as follows:

Zd1 :Zq .
' Equation 28
{z,- @ oz (Fauaton 20
The relationship between the internal impedance of the TENG network module Z, and the amount of
TENGs (g) in each module can be given by the following equation:
Rém+Zc _Ram = 1
= :—+.
q 9 JjquC

The internal impedance of the TENG network can be expressed as follows:

z

q (Equation 29)

Z4g = Ryg+jXug (Equation 30)

where Ry 4 is the resistance and Xy 4 is the capacitive reactance of the TENG network.

The computing method of the maximum average power for this electrical networking topology is the same
as that of the first electrical networking topology. Therefore, for the maximum average power of the fourth
networking topology, the network can be expressed as follows:

U3 _ U3
2(Ropt + Rag)  2(|Zag|+Rug)

The retention efficiency for the fourth networking topology is defined as follows:

Pymax = (Equation 31)

ag = FEmo 5 1009 (Equation 32)
HPO

For the sake of comparison and evaluation, with the same amount of TENG units (3224) in each module as
the third networking topology, the dependence of Rypt, Pamax, and ag on the amount of integrated mod-
ules g can be obtained by numerical calculations, as depicted in Figure 4G. The optimum load resistance
Ropt decreases rapidly with an increasing amount of TENG units and approaches a saturated value of about
100.71 Q. The average power shows a non-monotonic variation, achieving a maximum value of 6.09 W with
the module amount of 1397. The retention efficiency agq decreases rapidly with the initial rise of the number
of integrated modules and then gradually saturates with the further increase of the amount and reaches to
1.2% at last.

What's more, with a certain amount of TENGs (8.26 x 107) in the TENG network, the dependence of
retention efficiency and cable length on the amount of TENGs in each module for the fourth networking
topology were calculated in Figure 4H. With the increasing of the amount of TENGs in each module, the
retention efficiency increases rapidly, and the cable length used in this whole TENG network rises. With
the increase of the cable length, the production costs and the complexity of the TENG networks can
grow, while the retention efficiency of the network would also be improved. The point of N; represents
that there is only one TENG in each module, so all the TENG units are connected as the first electrical
networking topology. At this moment, the fourth electrical networking is equivalent to the first networking
topology. The point of N, represents that all the TENGs are contained within a single module. For this case,
the fourth electrical networking is equivalent to the second networking topology. The point of Ny repre-
sents that there are 3224 TENG units in each module. In this case, the retention efficiency for this case is
1.2% which is much lower than that of the third networking topology.
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Figure 5. Influence of the Output Phase Asynchrony

(A) Schematic diagram of the circuit model for the TENG network.

(B) The fitting curve for the output voltage of the spherical TENG.

(C) Dependence of the correction factor 8 on the amount of integrated units.

To clearly show the merits and demerits of these four networking topologies, the optimum load resistance,
the maximum average power, the retention efficiency, and the cable length used in TENG networks are
summarized in Table 1 for above calculated cases with the same TENG unit and network scale. With the
third networking topology, the TENG network can maintain high efficiency with relatively less amount of
cables. For example, at the point of N3, the retention efficiency of the TENG network only decreases
1%, while the cable length used in the TENG network dropped by three orders of magnitude. That is mean-
ingful to large-scale TENG networks because the decrease of cable length can not only reduce the produc-
tion costs of the TENG networks but also lower the complexity of the TENG networks. Therefore, the third
networking topology can facilitate the practical application of TENG networks in large-scale water wave
energy, further implementing the blue energy dream.

The above topology optimization methods can be applied in TENG networks of any scale to improve
the performance. The reason is that the scale of TENG networks will not affect the optimization
process of electrical networking topology. It can be optimized, once the amounts of the units in
TENG networks are determined. For TENG networks with multiple layers, the efficiency can be calculated
similarly.

The network topology optimization method can also be applied to other structures of TENGs, as a universal
method. The reason why we use the spherical TENG here is that it is a typical structure in water wave energy
harvesting, which can make the theoretical work more easily understood. The structures of TENGs can only
influence the initial values of numerical optimization calculation such as the period of output, open-circuit
voltage, and capacitance of the single TENG, while those values of TENG output do not affect the major
optimization process of the networking.

Effect of Output Phase Asynchrony

The TENG has an alternative output; thus, the output phase asynchrony for all the TENG units in the
network should greatly influence the total output of the network, which is theoretically analyzed here.
We consider a simplified situation where the cable resistance is neglected, and the lumped parameter
model of the TENG network is illustrated in the left of Figure 5A, with a purely resistive load. The model
should be a linear system with independent sources and linear components, so the superposition theorem

iScience 23, 101848, December 18, 2020 1"
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can be applied and the model is equivalent to the superposition of a series of models demonstrated in the
right of Figure 5A. According to the Fundamentals of Electric Circuits (Alexander and Sadiku, 2012), the
influence of output phase asynchrony for all the TENG units can be deduced, as shown in the following
Equations 34-41. The stable current output of the TENG network through the load resistor can be ex-
pressed as follws:

in = g +iRo o+ g (Equation 33)

where ig , is the current in the nth model for superposition. The experimental measured output voltage of a
single TENG can be fitted well by a sinusoidal curve, as shown in Figure 5B. Therefore, similarly, we
describe the voltage on a load using the following expression:

U = Usin(wt + ¢, ) (Equation 34)

where Uis the amplitude of the output voltage, w is the angular frequency, and ¢,  is the initial phase angle of
the kth TENG unit. The amplitude U and the angular frequency w are assumed to be the same for all the TENG
units for simplification. For the linear circuit shown in Figure 5A, such voltage corresponds to a current of
sinusoidal form with the same angular frequency. Therefore, the current can be described as follows:

iRk = I'sin(wt + ¢;,) (Equation 35)

where lis the amplitude of the current and ¢;  is the initial phase angle of the current. When the output of all
the TENG units in the TENG network is completely synchronous with the same phase, the average output
power can be calculated as follows:

oIy PRt Rn2P[][sin(wt+¢,,)]'dt PR,
R T =72

where Tis the period of the output current for each unit. Considering the practical application of the TENG
network in water, the TENG units can hardly output in a synchronized way. While the amount of the TENGs
increases, the phase angles tend to uniformly distribute within (0, 27t) with asynchrony. In such a case, rec-
tifiers are often used in the circuit for each unit. According to (Equation 33), the current of the TENG
network through the resistor R_ can be described as follows:

sin| wt + — sin| wt + — sin| wt + —
n n n

5
k=1

In a single period of T, the absorbed energy by the load resistor can be calculated as follows:

T T n
E:/ iﬁRLdtzRle/ {Z
0 0 [ k=1

Therefore, the average power of the TENG network can be expressed as follows:
RlefoT Z
E_ &

2
sin (wt+2k7") ] dt
Fi=s= T

In order to clearly characterize the effect of the output phase asynchrony in the TENG network, a correction
n

factor @ is defined as follows:
2 T H 2km
I [ S|n(wt+T)
P k1

P, Tn?

The parameter g is the ratio between the average output power of TENG networks with phase asynchrony
and the average output power of TENG networks without phase asynchrony. The dependence of the
correction factor 8 on the amount of TENG units n can be obtained by numerical calculations, as shown
in Figure 5C. The correction factor 8 decreases rapidly with an initial increase of the quantity of integrated
TENGs, then saturates at about 0.81 with the further increase of the amount.

(Equation 36)

in =1 + 1 + 1 + -+ + llsin(wt + 21)|

sin (wt + ?) ’ (Equation 37)

2
sin (wt+2kTTc) H dt (Equation 38)

(Equation 39)

2
]dt

8= (Equation 40)

12 iScience 23, 101848, December 18, 2020

iScience



iScience

Considering the cable resistance and the output phase asynchrony, the maximum average power
of the TENG network with the third networking topology and matched resistance can be expressed as
follows:

P = na.8Po (Equation 41)

According to the above theoretical analyses, with a water wave frequency of 1.25 Hz, the maximum average
power is expected to be 14.22 kW from a TENG network that covers 1 km? water area with a depth of 5 m.
The amounts of the TENG network layers are 45 with setting the spacing between every two adjacent layers
as 2 cm.

DISCUSSION

In summary, we have fabricated TENG networks based on spherical TENG units and then demonstrated the
effects of water wave frequency and the amount of TENG units on the performance of the TENG network.
Moreover, four fundamental forms of electrical networking topology have been proposed for large-scale
TENG networks, and the influences of cable resistance and output phase asynchrony of each unit to the
network output were systematically investigated. The research results show that the network forms can pro-
duce an important influence on the output power of large-scale TENG networks. This is the first strategy
analysis for the TENG network, which provides a theoretical basis and a universal method for optimization
design of large-scale power networks.

Limitations of the Study

Four fundamental forms of electrical networking topology were proposed for large-scale TENG networks,
and the influences of cable resistance and output phase asynchrony of each unit to the network output were
systematically investigated, which have provided a theoretical basis and a universal method for the optimi-
zation design of large-scale power networks. However, experimental investigation can be conducted to
further validate, refine, and extend the theoretical calculation models for the four fundamental forms of
electrical networking topology.
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Figure 18, related to Figure 2. Setup for experimental test

Transparent Methods
Experimental Section
Fabrication of the TENG Unit.
The spherical TENG is composed of a shell, a Teflon ball and two copper electrodes,
as depicted in Figure 1b. In the fabrication of the device, firstly, two copper electrodes
were attached to the inner face of two polystyrenes (PS) hemisphere (with a radius of
4 cm), respectively. Secondly, a Teflon ball was put into one of the hemispheres, then
the two hemispheres were stuck together with an adhesive, forming a spherical shell.
Finally, the spherical shell is wrapped by another spherical shell (with a radius of 4.5
cm) to ensure waterproof performance.

Fabrication of the Network. There exist 16 spherical TENG units, integrated them



with 4x4 arrays. Every two neighboring TENG units in the network are mechanically
connected by nylon cable ties. The gap in every two neighboring TENG units is 2 cm.
Electrical Characterization.

The voltage, the transferred charges and the currents were measured by an
electrometer (Keithley 6514). The voltage used to calculate output power was

measured by an oscilloscope (Tektronix, MDO 3014) with a 100 MQ probe.
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