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Synchronous Pre-biasing of Triboelectric
Nanogenerator for Enhanced Energy Extraction

Madhav Pathak

Abstract—Triboelectric nanogenerator (TENG) is a class of am-
bient mechanical energy harvesters used to augment the battery
life of electronic devices such as sensors in implantables, wearables,
and internet of things applications. In this work, the fundamentals
of pre-biasing (precharging) the TENG at the start of the opera-
tion cycle to enhance the percycle extracted energy is presented.
The energy gain is mathematically formulated, and the optimum
pre-biasing voltage (equivalently charge) is derived by analyzing
the energy exchange between the mechanical and the electrical
domain over a periodic cycle. Further, a novel energy extraction
circuit (EEC) termed as “pre-biased synchronous charge extrac-
tion (pSCE)” is introduced to 1) realize synchronous pre-biasing
of TENG using the load battery itself and 2) achieve enhanced
energy extraction from TENG. Energy output percycle is derived
analytically for the pSCE circuit and compared to the state of the
art synchronous charge extraction (SCE) circuit. The experimental
implementation is performed for the proposed pSCE circuit that
shows a 6.65 fold gain over the full wave rectifier (standard EEC)
and 1.45 over the SCE circuit for a 5V battery load.

Index Terms—Energy harvesting, pre-biasing, switched circuits,
triboelectric nanogenerator (TENG).

I. INTRODUCTION

IRELESS sensor nodes used in the internet of things

(IoT), wearable, and implantable applications are com-
monly powered by an onboard battery. Harnessing the ambi-
ent mechanical energy via an integrated energy harvester to
charge the onboard battery is a green solution to prolonging the
battery life [1]. Recently, developed triboelectric nanogenera-
tor (TENGs) involving friction-induced triboelectrification and
electrostatic induction have shown promising potential as versa-
tile mechanical-to-electrical energy transducers [2], [3]. TENGs
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with its almost universal choice of materials and multiple oper-
ation modes [2] have been shown to harvest energy from variety
of sources such as wind/water flow [4]-[6], machine/structure
vibration [7], human body motion [8], [9], etc.

Motion transduction by TENG leads to variable output that
needs rectification to charge dc battery load, and thus, full wave
rectifier (FWR) can be considered the simplest energy extraction
circuit (EEC) [10]. Approaches to enhance TENG’s energy
output require improving the source to load matching. To this
end, several novel EEC architectures have been proposed in the
literature to increase the energy output beyond the FWR circuit
such as [11]-[17]. It is shown in [11] that all these different
EEC outputs are confined within the cycle for maximized en-
ergy output (CMEO), where the synchronously serial switched
flyback converter with the rectified TENG output can achieve the
CMEQO irrespective of the load value [14], [17]-[19]. This last
architecture has been proposed previously in the piezoelectric
context [20]-[22], by the name of synchronous charge extraction
(SCE), which is how we also refer to it in this article.

The aforementioned EECs may be viewed as passive EECs,
where no harvested energy is fed back to the TENG. In this work,
we propose synchronous pre-biasing (or precharging) of TENG
by feeding back some of the load battery energy to the TENG,
thereby realizing an “active” EEC, which enables to achieve
a net output beyond the CMEO limit. Here, synchronous pre-
biasing refers to charging the TENG capacitor at the start of each
half-cycle (at the minimum and maximum separation of TENG
plates) by using the battery. During the separation phase, pre-
biasing increases the electrostatic force between the two TENG
plates and thereby the transduced energy in form of work done
against it by the mechanical source, while during the contraction
phase, pre-biasing reduces the TENG charge to zero for no loss
of stored potential electrical energy to the environment. This
work provides the following major contributions.

1) A novel EEC termed as “pre-biased pSCE” is introduced
for the first time for synchronous energy extraction in-
tandem with synchronous pre-biasing of TENG.

2) The percycle energy output of the proposed pSCE circuit
is mathematically derived and is shown to exceed the SCE
circuit’s CMEO output at all load voltages.

3) Upper limits and optimum values, if any, on the pre-
biasing voltage for each half-cycle of TENG operation
are mathematically derived by analyzing the interplay of
mechanical motion and electrostatic forces.

4) The experimental implementation of the pSCE circuit
along with its synchronous switching controller is also
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Fig. 1.
TENG capacitance (Cp(t)) over a period of time 7.

presented, and an output gain of 1.45x over its peer
SCE circuit and 6.65x over the standard FWR circuit
is experimentally achieved. The comparative advantage
over those reported in prior works [12]-[17], [23]-[28]
is also reported, along with a quantitative comparison
summarized in Table V.

Note that while we perform pre-biasing using the load battery
itself, this can also be achieved by feeding back a fraction of the
output charge [28]-[30] or also by the use of LC circuit oscilla-
tion, i.e., by using a parallel or series synchronous switched
harvesting on inductor (P-SSHI/S-SSHI) circuit as EECs, as
presented in our earlier works [23], [24] and in [25]-[27]. A
key advantage of the proposed pSCE circuit as derived in this
work is a guaranteed output beyond CMEO at all load voltages,
unlike P-SSHI, S-SSHI EECs that may require additional power-
consuming maximum power point tracking (MPPT) circuit to
operate at their optimal load and to exceed the CMEO [24].

Also, it should be stated that while pSCE circuit architecture
has been explored previously for piezoelectric transducers [21],
[31], the analysis is entirely different in the case of triboelectric
transducers since it has a different circuit model: For a piezoelec-
tric transducer, capacitor appears in parallel to the source and is
fixed, whereas the triboelectric capacitor appears in series and is
time-varying. The work reported here innovates to deal with this
time-varying nature by smart discretization, i.e., by performing
analysis at the two extremities (plates fully contracted versus
separate); no such discretization is needed in the piezoelectric
case as the same set of time-invariant equations remain valid at
all instances. The triboelectric analysis framework is thus much
more intricate and has been developed in the presented generality
for the first time. Also, owing to the above differences in the
circuit model, the switching control circuits of the piezoelectric
setting do not work in the TENG setting, and new switching
circuits have been devised for the experimental implementation.

II. PRELIMINARIES: TENG MODEL

The most generic form of TENG operation is in contact-
separation mode where, as depicted in Fig. 1(a), the two parts
of the TENG, namely, a metal film acting as electrode 1 (upper
Al plate here) and a metal film covered with dielectric acting
as electrode 2 (bottom Al plate covered with a Teflon tape)
repeatedly comes in contact and separates under the influence
of an external motion. Repeated contact-separation between
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(a) Cross section view of a contact-separation TENG. (b) Equivalent circuit model of TENG. (c) Periodic variation of open-circuit voltage (Voc(t)) and

the two plates generates equal and opposite triboelectric static
charges on the two plates, with density, denoted o. Ignoring the
fringing field effect, the resulting field is given by

- —0 -

E,=—"1,
€0

e))

where ¢ is the electrical permittivity of air, and TI is the unit
vector pointing upwards in the direction of increasing x. The
voltage induced between the two electrodes by the above electric
field is termed as open-circuit voltage and is given by

ox(t)
€0 '

o(t) _
Voe(t) = —/0 E, 1 dr = 2)

Also, TENG forms a variable capacitor with air gap, x(¢) and
dielectric of thickness d between the two electrodes

o €0A d

Cr(t) = m; defy = —

Here, A is the contact surface area of the plates, and €, is the
relative permittivity of the dielectric layer, lowering its effective
thickness to de.

When TENG is connected to an external circuit, the movement
of the conduction charge (distinct from the triboelectric charge)
from one electrode to another, say Q¢ (t) [Refer Fig. 1(a)],
leads to a capacitor voltage, V.. (t) between the two electrodes.
Thus, the net TENG voltage (V) is the superposition of open-
circuit voltage (V;.), owing to the static triboelectric charge and
its induced electrostatic emf, and the TENG capacitor voltage
(V). owing to the free conduction charges on the electrodes

QCT (t)

Cr(t)

The above TENG operating equation leads to the circuit model
shown in Fig. 1(b) with a variable voltage source (Vo.(t)) in
series with a variable capacitor (Cr(t)) [32].

As visualized in Fig. 1(c), we designate one extremity of
TENG operation, where the two plates are in contact (z(t) = 0)
as State I. While State IT designates the other extremity of the
TENG operation, where the two plates are maximally apart
(2(t) = Zmax)- TENG electrical parameters Vo and Cr at these
two states are listed in Table I. Further for analysis convenience,
a system constant, ratio of maximum to minimum capacitance,

ox(t)

Vr(t) = Voe(t) = Vor (t) = ©)
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TABLE I
TENG PARAMETERS AT THE OPERATION EXTREMES
Operation Airgap Capacitance Open-circuit
State (x) (Cr) voltage (Vo)
State I Tmin = 0 CT,max = ;S;} Voc,min =0

A .

State 11 T max Cr,min = 5B | Voounax = =00

Fig. 2. SCE and pSCE circuit diagram (SCE portion of pSCE is enclosed in
the green box).

is introduced

C’T max Lmax+des Lmax
B = Somx - Tmatds _ Ty g 4)
C7 min desr et

III. SYNCHRONOUS CHARGE EXTRACTION

The circuitin the green box of Fig. 2 represents the SCE circuit
obtained by cascading a FWR with the flyback converter [14],
[17], [18]. With switch S open, TENG achieves its high open-
circuit maximum voltage (Vic,max). An efficient energy transfer
is made possible by closing the switch S at the extremes (States
I and II), thereby forming a L p-C'1 oscillator and enabling the
transfer of C'r energy to Lp (in one-quarter of the oscillation
cycle), and subsequently transferring that energy to the load
through L. Here, we start by deriving the TENG voltage and
charge at the extremes (States [ and IT) and use those to derive the
percycle energy extracted, confirming that it equals the CMEO.
This then serves as a baseline for comparing the achieved gain
in the extracted energy when pre-biasing is incorporated.

A. SCE Operation

The SCE circuit operation can be understood by following
the operation cycle diagram of Fig. 3(a) and the TENG voltage
waveform of Fig. 4(a). The cycle starts with the two plates
pressed together (xz = 0) with TENG voltage (V1) and TENG
capacitor charge ()¢, ) being zero. The switch S is opened, and
as the two plates are separated, TENG voltage increases with
TENG operating in open-circuit condition. When the plates are
maximally apart, V7 reaches the maxima, with )¢, still being
zero. This is State II [right top of Fig. 3(a)], with

11 17 11
Vi’ = Voe,max; QCT =0= VCT =0.
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At this point, switch S is closed resulting in State II+ [right
bottom of Fig. 3(a)] and simplifying the circuit to to a L,-C'r min
oscillator as shown in the right half of Fig. 3(b). Then, the
differential equation evolution of the TENG capacitor voltage
satisfies

d*Ve, (1)

Ve T t V:)c max
T cr(t) ’ —0. (5)

LpCrmin  LpCr min

Above can be solved with initial condition as V¢, (0) = VAL =
0 to obtain

VCT (t) = - V:)C,max CcosS (wééért) + V;)c,max
1
II
Wsanar =

/LpCT min
11+

where wgg is the resonance frequency of the oscillator. Switch
S is kept closed for one-fourth the L p-C iy oscillation cycle,
yielding

VLt o= Vo (57 ) = Ve (THE) = Vs

WSCE
where TSICIFj' denotes the switch-closure time at State II. At this
point, the TENG capacitor voltage is the opposite of the TENG
voltage source, and the overall TENG voltage VTI I+ has dropped
to zero (from the TENG operating equation [see (3)]). Then, the
TENG capacitor charge QICIT * can be derived as

I+ _ I+ _
VT - V;)c,max - VCT - V;)c,max -

11 17 17
QCTJr = CT +VCT+ = CT,minV;)c,ma)v (6)

V;)c,max =0

Thus, during TSICIE' , the TENG voltage (Vi (t)) falls from the
maxima (Voc max) to zero, while the current in the loop (I, (t))
rises sinusoidally from zero to it’s maxima (1 ﬁ; fmax) [refer to
“blue” curve of Fig. 3(c)]. During this time period the current in
the secondary inductor L g is blocked by the reverse-biased diode
D, with the energy transferred from TENG being stored as mag-
netic energy in the core of transformer. On opening the switch
S after TSICIQ , the primary inductor current quickly falls to zero
while the secondary inductor current shoots up to / ﬁ, fmax (for
turns ratio = 1), which in turn linearly decays to charge the load
battery. Note that since the switching period TSICIEF is designed
to be minuscule compared to the TENG operation period (7'),
the TENG capacitance Cp(t) and open-circuit voltage Vo (%)
are considered unchanged at C'r min and Vi max, respectively,
during the switching period.

With the start of second half-cycle, upper plate moves down-
ward with switch S open, to reach the starting position (z = 0)
and State I is achieved [left bottom of Fig. 3(a)]. Due to open-
circuit operation, the charge on the TENG capacitor is retained
from State 11+, however, the capacitance changes from Cr min
to C'r max, While the open-circuit voltage (V,o(t)) falls to zero
[Fig. 1(c)]. Thus

I _ I+ _
QCT - QCT - CT,minV;)c,max

_ QéT — _ ‘/Oc,max (7)
C'T,max B .

VZI{ - Voc,min - VCI'T =0
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(b) TENG voltage versus charge (Vo —

To extract the TENG energy, switch S is closed for one-fourth
the Lp-C7 max Oscillation cycle, entering State I+ [left top of
Fig. 3(a)], with oscillation frequency and switch S closure time
given by

s

o, I+
2w WSCE

I+ 1

— I+ _
Wscg =

—T
V LPCT,max TSCE

With S closed, the SCE circuit is simplified to a Lp — C'r max
oscillator as shown in the left half of Fig. 3(b). Similar to the
energy extraction process during State II+, energy is transferred
to the primary inductor, followed by to the secondary inductor
(when S is opened TSIC+E time later), and then to the battery
load. During the time switch S is closed, the TENG capacitor
discharges through the primary inductor, and hence V.. (¢) falls
to zero. This resets TENG for the start of the next cycle (and
State I+ ends)

11+
ﬁTSCE

®)

Vit = Voemn — VA =0-0=0; Q& =o0.

B. Percycle Energy Output

Cyclic TENG Voltage (Vi (t)) vs. TENG Capacitor Charge
(Qc(t)) diagram can be used to derive the percycle energy

(a) TENG voltage waveform plot (green under SCE vs. purple under pSCE). End of different circuit operation states are marked on both the waveforms.
Qc ) plot for SCE (areas 1-2) and pSCE (areas 1-6).

output (Feyere) [11]

T T
Frgee = / Vi lpdt = / VidQo,. ©)
0 0

Above equation shows that the energy output during the extrac-
tion step is equal to the area enclosed by the Vi curve against the
Q¢ axis. Using the TENG voltage (V) and capacitor charge
(Qc) derived at States I, I+, II, and I+ in the above section, the
Vr versus ()¢, plot for SCE is obtained as in Fig. 4(b). The first
energy extraction step, at the end of the first half-cycle, II-1I+,
translates to a line with a slope of —(CT’min)’l enclosing the
area of region “1” in Fig. 4(b) equivalent to the extracted energy
of El.s. While at the end of the second half- cycle, I-I+ step
with a slope of —(C7max) ! extracts energy Edlp equal to the
area of region “2”. The energy output found by computing the
enclosed triangular areas of the regions “1”” and “2” in Fig. 4(b)
are stated as follows:

1
I
ESCE = 5 X CT,minVZ)c,max X Vz)c,max

1 Vo,
ESCE - 5 X CT,minVZ)c,max ocBmax
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TENG schematic depicting mechanical motion (z(t)) and electrostatic force (F¢) with the SCE circuit during (a) separation of TENG plates, i.e., first

half-cycle and (b) retraction of the plates, i.e., second half-cycle. Comparative plots for the pSCE circuit during the (c) first half-cycle with relatively increased F

and (d) second half-cycle with relatively reduced Fe.

1 1
ESCE = EsCE + ESCE == (1+ ) C(T,mmVOQC max " (10)

2 B

Remark 1: The Vr versus ()¢, plot for SCE cycle matches
that of CMEO [11], [14]. Thus, all passive EECs i.e., without
pre-biasing, are limited to the area enclosed by the SCE’s Vi
versus ()¢, trapezoid, and in this sense, SCE is optimal among
all the passive EECs. Also, SCE’s energy output [see (10)] is
independent of the load voltage value, which is another desirable
feature eliminating the need for complex and power-intensive
MPPT.

IV. SYNCHRONOUS PRE-BIASING FOR ENHANCED EXTRACTION

Synchronous pre-biasing refers to charging the TENG capac-
itor before the start of each half-cycle to possibly increase the
energy output beyond the SCE output (CMEO). In this section,
the electromechanical energy transduction at each step of the
SCE circuit is first analyzed to motivate and quantify the effect
of the proposed pre-biasing.

A. First Half-Cycle

For the SCE circuit, starting at State I+ (z = 0), the charge
on the TENG capacitor is zero (QIC = 0). Hence, the charge
on the TENG’s upper plate (Q!™) and the lower plate (Q4™) are
given by

QI =Qra - QG =04 Qy =-Q{" =—0A (1)
In transitioning from State I+ (z = 0) to State I (z = T max), €X-
ternal mechanical excitation moves up the upper plate against the
electrostatic force of attraction (F' eI ) acting on it [Refer Fig. 5(a)].
Noting that the electric field due to the bottom plate that acts on
the charges of the upper plate is %Eg, using (1), we get

S (E) - ()

o1
e

I
I
Qtljl
QO
=~
+

__ 1/ B 12
— 9 (6 — 1>CT,m1n‘/oc_’max (12)

where to derive the last equality, we use the defining equations
of C'7 min> Voc,max» and 3 from Table I and (4), respectively.
The work W/ done by the mechanical source (and stored as
electrical potential energy) is proportional to the electrostatic
force, which in turn is proportional to the square of the upper
electrode charge ((Q!1)?). Thus, by pre-biasing (i.e., adding
extra charge) the TENG at State I+, T can be increased to
in turn increase the transduced energy. This establishes the
motivation behind pre-biasing, and in the following section, we
quantify this energy gain for the proposed pSCE circuit.
Remark 2: 1t is clear that the transduced energy in the first
half-cycle will continue to increase on increasing the pre-bias
charge. In practice, the upper limit may be set by the level of
available external mechanical force (equivalently acceleration).
For a given periodic mechanical force with fixed acceleration,
increasing the level of pre-biasing will increase the countering
electrostatic force that will eventually reduce the maximum
reachable separation between the two plates (xn.x) and, as
a result, decrease the TENG’s maximum open-circuit voltage
(Voe,max)- This feedback effect of the electrostatic force in a
vibration-driven electrostatic transducer on its mechanical mo-
tion and the transduced energy has been previously studied in
works such as [33], [34]. In a typical TENG application with a
moving part (upper plate in our case) of mass m, the deceleration
due to electrical attraction (F./m) is an order or two lower
in magnitude than the external mechanical acceleration. For
example, human walking provides 2—3 ms~? acceleration, while
a car engine compartment provides 12 ms~2[35]. In contrast, for
the TENG used in this work (moving mass, m = 113.7 g), the
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electrical deceleration is 0.013 ms~2 with no pre-biasing (SCE
operation) and 0.026 ms~2 when pre-biased at 30 V as derived
in Supplementary Note S.I. Thus, pre-biasing does not outpower
the mechanical acceleration to cause an appreciable reduction
in .« value. Thereby in most mesoscale implementations, the
pre-biasing level is limited only by the upper limit of the voltage
source available for pre-biasing, the voltage ratings of the circuit
components, or air electric field breakdown.

B. Second Half-Cycle

At the end of the first half-cycle, part of the transduced energy
is extracted and delivered to the load (El.g), while part of
it remains stored on the TENG capacitor. The charge on the
upper plate at this stage, i.e., at State II+ (Q{I ") can be found
using (6)

II II
1 t= QT,I - QCT+ =0A— C’T,min‘/;)c,max-

With the start of the second half-cycle, as shown in Fig. 5(b),
the direction of upper plate motion is reversed to match that
of electrostatic force. This results in positive work, i.e., a part
of stored TENG capacitor energy is dissipated back into the
environment. This energy loss can be derived similarly to (12)

Wejjzl <(Q{I+)2>1'max _ % ((UA - CT,minV;)c,max)Z>xmax

13)

2 GOA 60A
1 1

=z /C min‘/;)% max* 14
2</3<5—1>> Tomin Vo, (1

In the entire cycle, the net work done (the work done in the
first half cycle minus the energy lost in the second half cycle) is
extracted. Indeed adding the above energy loss W7 [see (14)]
to the extracted energy Fscg [see (10)] gives us the transduced
energy of the firstcycle WeI [ (12)]. Since, the three multipliers of
the common term £ C7 minVez. ey appearing in Wi, Escg, W/
satisfy

SRS WA S A W ey
<ﬁ(6—1)>+<1+5> (5_l>;*IWe + Esce|=|W/]

verifying the energy balance. We make a note that this the
first time such an energy balance among the mechanical energy
transduced, mechanical energy lost, and the electrical energy
extracted for a TENG with SCE as EEC has been demonstrated
to the best of our knowledge. For reducing the above energy loss
to zero, the pre-biasing charge should be added to turn the plate

charges (Q1" = —Q2™) to zero. Using (13)
IT 7
1 t= 0=0A- OT,min‘/oc,max — YWpb,opt — 0
IT
11 pb,opt oA
pb.opt C(T,min CT,min o ma
V
11 Yoc,max
= Vibopt = Fo1 (15)

However, pre-biasing voltage beyond twice the above derived
optimum value (VprI opt) would decrease the upper plate charge
below —[0A — C7 minVoe,max]» increasing the electrostatic at-

traction between the TENG plates beyond SCE, thereby causing
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Fig. 6.  pSCE circuit (a) Simplified circuit during pre-biasing at start of both
the half-cycle and (b) L1 inductor voltage (V7,, ), pre-biasing loop current (1 p1)
and, TENG voltage (V) during pre-biasing State I++.

a higher loss to the environment in the second half-cycle than
that of SCE. Thus

—9 V11 2‘/0c,max

i1 —
V pb,opt — B 1

pb,u

(16)

provides the upper limit to pre-biasing in the second half cycle
for it to remain favorable over SCE. In contrast, pre-biasing is al-
ways favorable in the first half-cycle and also overall, combining
the two half-cycles, as demonstrated in the next section.

V. PROPOSED PSCE CIRCUIT ANALYSIS

Here, we describe the proposed circuit that is used for pre-
biasing the TENG at the start of each half-cycle. To enable
the same with either polarity, four additional switches S1-S4
configured as H-bridge are added to the SCE circuit architecture
(see Fig. 2).

A. pSCE Operation

PSCE operation is obtained by extending the SCE operation
discussed above with two added states for pre-biasing at the
start of each half-cycle: State I++ (following I+) and State
II++ (following II+). Circuit operation can be understood by
following the operation cycle diagram of Fig. 7 and TENG
voltage waveform of Fig. 4(a). As in SCE, the operation com-
mences at z = 0, with all switches open and V,,. = 0 (State I+).
Then for pre-biasing, switches S1 and S3 are closed (State I++
at the left top in Fig. 7) to form the pre-bias charging loop,
Vg — S1 — Ly — Dy — Cp — S3 with the circuit simplified to
a L1-C7 max oscillator as shown in the left half of Fig. 6(a).
The corresponding circuit differential equation is similar to
(5). The TENG capacitor voltage V. (t) with initial condition
Ver (0) = I, (0) = 0 is obtained as,

1
Ve (t) = V(cos(whttt)) — Vg whit = ————.

On enabling S1 and S3 for half the oscillation cycle (denoted
TET), the TENG capacitor voltage reaches —2V5

m
VCIT++ s <w1++> = Ve, (Tp*F) = —2Vp.
P
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Fig. 7. Proposed pSCE circuit’s operation cycle.

Using the TENG operating equation [see (3)], with Vo, = 0

I++

Q
V]{++ _ _ ¥Cr

=2Vp = Q4T = —2CrmaVs. (17)

T',max

Thus, using the L1-Cp resonance, the pre-biasing voltage is pas-

sively boosted to twice the pre-biasing source (battery) voltage

by introducing the extra inductor L; (correspondingly L for the

second half-cycle). At this point, the two plates separate with

switch S open, and TENG voltage increases to reach its maxima

at State II. As no current has flown through TENG since the last
state, Q. = Qéf;*. Hence

IT
V%I = ‘/oc,max - QCT -
C'T,min

0c,max + QﬁVB (18)
Note the increase in the voltage by 23Vp compared to the SCE
circuit. At this stage, similar to the SCE circuit, switch S is
closed for one-fourth the L p-C'p min 0scillation cycle (TSICIEr ) to
achieve State II+. TENG voltage falls to zero, and the energy
is transferred to the primary inductor L,,, which is subsequently
transferred to the load via secondary inductor Lg. With the first
half-cycle complete, similar to the State I++ operation, the State
II++ operation is performed to pre-bias the TENG by closing
S2 and S4 (right bottom in Fig. 7) to form the Vg — Sy — Lo —
Dy — Cr — Sy loop, with the circuit simplified to a Lo-Cr min
oscillator as shown in the right half of Fig. 6(a). With initial
conditions: Vi, (0) = Voemax; Lo (0) =0, the TENG capacitor
satisfies

VCT (t) = VB (1 — COS(wl{—JI++t)) + V:)c,max

WIIPI++ _ ;

/ L2CT min
Since V.. (t) oscillates between Voemax and Voemax + 2Vp,
the TENG voltage Vr(t) = Voemax — Vo (t) oscillates between
0 and —2Vp. Thus, by controlling the duration over which
S2 and S4 are closed, i.e., the duration of pre-biasing, the
TENG voltage can be set to any value —Vplbl such that —2Vp

s, State II++

— X=X max

< =Vl <0 (Refer Supplementary Note S.II at for further
explanation). Then

QU-H-
Cr _ Ir
C1T,mir1

II
= QCT++ - C’T,min(‘/oc,max + ‘/prI)

IT++
VT = %c,max -

19)

Next, as per the periodic motion, the plates come together (z =
0) as in State I. Since the TENG is in open-circuit condition
during this movement, Q% = Q¢ . Hence
IT
Vj{ _ QéT _ 7‘/()c,max + ‘/pb
CVT,max 6

Again, at this stage, the TENG voltage is higher (in absolute
terms) over the SCE circuit [see (7)], meaning larger energy will
be recovered in going from State I to State I+. Next, the switch
S is closed for one-fourth the L,-Cr may oscillation cycle, i.e.,
for T4y to extract the energy from TENG (State I+ at the left
bottom in Fig. 7). TENG voltage falls to zero, completing one
full operation cycle.

(20)

B. Percycle Energy Output

As with the case of SCE percycle energy output calculation,
we plot the TENG voltage (V1) and TENG capacitor charge
(Qc,), derived above, at different states to obtain the Vr-Q ¢,
plot of Fig. 4(b). Note due to pre-biasing, the trapezoidal area
of SCE extends on both sides (beyond the regions labeled “1”
and “2” of SCE), adding the regions labeled as “3,” “4,” “5,” and
“6.” The pre-biasing adds charge —2C'r maxVp raising TENG
voltage to 2V during State I++ [see (17)], while during State
II++ adds charge C'r min VprI lowering TENG voltage to prIbI
[see (19)]. As a result, the energy extracted at the end of the
first half-cycle (E;SCE) is equal to the triangular area enclosed
by the extraction step, namely, State II to II+ line, and the Q¢
axis (areas “17+“37+“4”). Similarly, energy extracted at the end
of the second half cycle (E;SICE) is the triangular area between
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State I to I+ line and the (¢, axis (areas “2”+“5”+“6”)

1
E;{SCE = 5 X CT,min(Voc,max +2/8VB) X (Voc,max ""QBVB);
1 (‘/oc,max'i‘vlbl)
E;{AéCE = 5 X CT,min(‘/oc,max‘f'v;,lbl)xﬁp. (21)

The energy consumed from the load battery for the TENG pre-
biasing at the start of each half-cycle is equal to the product of
the battery voltage and the charge flow during the pre-biasing
periods. The consumed pre-biasing energy for the first half-cycle
(B e bias) and that for the second half-cycle (EL ;) are thus,
respectively, equal to the areas marked as “3” and “5” on the
Vr-Qc,. plot of Fig. 4(b)

E[{re—bias = 2C'T,max‘/gg = 2BCT,minV§

1

Egeovias = 5Cromin (Vi ).

pre-bias

(22)

Since the total extracted energy is the sum of areas “1” through
“6,” it can be said that the “invested energy” of “37+“5” is
recouped with a “return on investment” (in addition to the SCE
output of “1”7+2”) as “4”+“6.” Now, individually, the net energy
delivered to the battery load in the two half-cycles obtained by
deducting the respective pre-biasing energy from the extracted
energy can be expressed as

1
E[{SCE,nel = §CT,min |:(V:)c,max + QBVB)z — 4ﬂV§]

2
11 1 (V"C’ma" + VPIbI)
EpSCE,nel = §CT,min B

- (Vi @3

Sum of the above two equals the area enclosed by the pSCE
operation (regions “4”+“1”+“2”+“6”) on the Vp-Qc¢,. plot of
Fig. 4(b) and represents the net percycle energy extracted from
TENG

1
EpSCE,net = §CT.,min (%c,max + 2ﬁVB)2

(V;C,max + Vo ) ’
B

—48VE — (VD] . @4

C. Conditions for Pre-biasing

For the first half-cycle, Remark 2 above discussed that com-
pared to the SCE operation, pre-biasing increases the transduced
energy which can now be verified from energy point of view
by showing that EgSCE,nel at any arbitrary pre-biasing voltage

[substituting V; for 2V in (23)] is greater than E¢c, [see (10)]
and continues to increase with V),

EI{SCE,net - EsICE >0
= [(%c,max + ﬁV'pr)2 - 5(‘/1,11,)2] — ‘/:)%,max >0
B [2%c,max + (ﬂ - 1)‘/;;)] Vpr > 0.

11559

Since 5 > 1, the above inequality clearly holds, where the
left-hand side is an increasing function of Vplb (higher the pre-
biasing; higher the gain).

For the second half-cycle, we noted in Section IV-B that
pre-biasing beyond a limit increases the energy loss to the en-
vironment, so it becomes higher than the corresponding energy
loss of SCE. The same limit on the load voltage, beyond which
it is preferable to skip pre-biasing for the second half-cycle, can
be derived by way of energy considerations

11 11
E SCE,net — ESCE > 0

p
Voemas Vi) 1 aryz| _ Vet
6 (Vpb ) ﬂ Z 0
< 2V;)C,max - (ﬂ - 1)VprI Z 0
2V
N V]] < ocmax _, II ) 25
R CE VR =

This condition obtained based on energy considerations matches
the condition of (16) that was derived using the level of charge
on the two plates (and the corresponding level of electrostatic
attraction), providing a correctness check to our derivations.
Differentiating the above gain of pSCE circuit over SCE in the
second half-cycle (EXcg o — E4lg) with respect to V! and
equating it to zero provides the optimum level of pre-biasing as

v
ITI _ oc,max
Voo = (57

which is again consistent with the result of (15) derived from
the charges/forces perspective in Section I'V-B.

Another novel result can be deduced by mapping the derived
optimal battery voltage value V' . to the TENG parameters

(26)

V O Tmax
oc,max € _
-1 Tmactdett |

defr

o dest

V:DIbI,opt = 3 €
a constant value for a given TENG. This implies that the optimal
load voltage VprI opt d0es not depend on the operation parameters
such as amplitude (xny,x) Or operation frequency, and as such, no
dynamic closed-loop control is required to adjust the pre-biasing
voltage for optimized pSCE operation.

Remark 3: Since Vi < VI, (the former is the half of the
latter), it follows that it is favorable to operate at the optimum
pre-bias level of Vplbfopt in the second half cycle whenever it is
feasible. So, if V! | < 2V, then in the second half cycle, one
would pre-bias the TENG to the voltage —V,}/ . by appropri-
ately controlling the on-time of the switches S2 and S4 (note as
discussed just prior to eq. (19), itis possible to pre-bias the TENG
voltage to as low as —2V). On the other hand, in the suboptimal
case of 2Vp < Vi . the best one can do in the second half
cycle from the energy perspective is to pre-bias the TENG to
the voltage —2Vp. We next show that even in the suboptimal
operation of the second half cycle (namely, pre-biasing TENG
voltage to —2Vp in all cases), the net energy gain of pSCE
over SCE in the combined two half-cycles is positive for any

Vg value. This can be seen from the following sequence of
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Fig. 8. (a) pSCE circuit implementation. (b) Control circuit with peak detector and four pulse generators. (c) Cross-section diagram of TENG showing parallel

isolated Aux-TENG. (d) Schematic of control circuit waveforms.
equivalences:

EpSCE,net'V;bI:2VB] — Escg >0

(V;)c,max + 2VB)2
p

1
- 4(1 + B)Vg - (1 + B) ‘/Z)QC,max >0

= (V;)c,max + 26‘/B)2 +

1 1
B — ﬁ) Ve >0. (27

By definition, 8 > 1 and thus, the above condition is satis-
fied at all load values for any given TENG. Also, in the final
inequality of (27), the left-hand side is an increasing function of
Vg, implying that the energy gain of the pSCE circuit over the
SCE circuit shall continue to rise with increasing value of V.
Thus, barring an eventual reduction in x,x due to the increased
pre-biasing or air electric field breakdown (as discussed earlier
in Remark 2), there is no other upper limit on V5 as far as being
able to boost the energy output through pre-biasing. Pre-biasing
to a level higher than the presented design’s upper limit of twice
the battery voltage (£2Vp) is also possible, but only at the added
energy cost of dc/dc boosting. It is an easy exercise to check if
the net energy gain by introducing such a boosted pre-biasing
would be positive for a given TENG, and if so, a dc/dc boost can
be integrated if the application can afford its added area.

Remark 4: While our paper proposes and derives results
for pre-biasing the TENG operating in the generic contact-
separation mode, the results are also valid for the lateral sliding
mode TENG, which has similar time-varying capacitance and
open-circuit voltage characteristics [2]. However, for the free-
standing mode TENG, wherein a dielectric plate oscillates in
the air-gap of two stationary metal electrodes, the capacitance is
fixed and hence 8 = 1 [2]. In this case, both the half-cycles (up-
ward and downward stroke of the dielectric plate) are symmetric

& (6+ >Voc,max+(61)(

and both transduce energy from the mechanical source and in
that sense, are similar to the above described contact-separation
mode TENG’s first half-cycle. Thus, in line with Remark 2,
synchronous pre-biasing can also be used for the freestanding
mode TENG to increase the net energy extracted, and as such,
no upper limit exists on the level of pre-biasing (other than that
imposed by the breakdown voltage of the operating medium).

VI. CIRCUIT IMPLEMENTATION

The proposed pSCE circuit’s implementation with MOSFET
switches is shown in Fig. 8(a). The SCE circuit is implemented
in a similar fashion, minus the H-bridge portion of the pSCE.

A. Switching Controller

The pSCE circuit operates by switching at the extrema (States
I and II), with the NMOS switches receiving the signal from the
control circuit. Fig. 8(b) shows the control circuit that comprises
of a peak detector and four pulse generators that issues gate
pulse Vi for switching S and achieving the energy extraction
States I+ and II+, V5, for switching S1 and S3 and achieving
pre-biasing State I++, and Vo for switching S2 and S4 and
achieving pre-biasing State II++.

The peak detector identifies the operation extrema by tracking
the output voltage of an electrically isolated auxiliary TENG
(Aux-TENG) built with a fraction of area compared to the
main TENG that operates synchronously in parallel to the main
TENG as schematized in Fig. 8(c). The output voltage V7. of
Aux-TENG is differentiated by the CR circuit (V}, 1), to convert
the signal peaks into zero crossings, which trigger state change
of the comparator output V,, at States I and II as schematized
in Fig. 8(d). Independent Aux-TENG is used as an input for
the control circuit as opposed to the rectified voltage of the
main TENG to be able to distinguish State I from State II and
accordingly set the switching time TSICE or TS{CIE+ [see (8)] for
switch S, and additionally enable either pair of switches (S1,S3)
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or (52,54) to pre-bias the TENG with the correct polarity. Use
of Aux-TENG also avoids loading of the main TENG by the
control circuit and subsequent interference.

Further, four pulse generating arms of the circuit are designed
to generate a pulse at the rising edge of the input: Arm 3 receives
the comparator output and generates a pulse at State II (V).
Similarly, Arm 2 generates the pulse at State I (V) on receiving
the inverted comparator output. The pulse width is set by the RC
product of the respective delay unit. It is set to Tac and Tyoq for
the Arms 2 and 3, respectively. Both these signals are combined
through OR gate to produce signal V¢; for the NMOS S. Arm 1 is
used to generate a pulse for switching on NMOS S1 and S3 (V1)
at the falling edge of the signal V7 for the follow-up pre-biasing
of State I++. The source of S1 reaches voltage upto Vz by the
end of the pre-biasing action, hence to keep it turned ON, the
signal (Vz1) is shifted up from control circuit supply voltage
Vpp to Vp using the voltage level shifter. The pulse width of
this signal should be greater than or equal to half the L1-Cr max
resonator cycle (Tfﬁ*) to complete the pre-biasing action. At
the end of the half-cycle, the current direction reverses and is
automatically cut-off due to diode D; in the loop. Similarly, Vg
is generated using Arm 4 to switch on NMOS S2 and S4 for the
pre-biasing step of State II++. Note that the SCE circuit too
operates with the same switching controller of Fig. 8(a) barring
the Arms 3 and 4 of the circuit.

1) Control Circuit Delay: Here we quantify the control cir-
cuit’s time delay in detecting the TENG operation extremes,
and show how it is orders of magnitude lower than the TENG’s
operation cycle time and hence has a negligible impact on its
overall performance. The consequential source of delay is the
peak detector’s CR differentiator, introducing a quarter-cycle
delay to attain the zero crossings at States I and II. Referring to
the circuit of Fig. 8(b), the Aux-TENG is connected in series with
resistor Ry and a small valued capacitor C; (of the order of 1 pF)
compared to the minimum Aux-TENG capacitance rendering
the effective series capacitance as ~ Cy. The amplitude (|V}, 1)
and phase () of the voltage across Ry that is input to the
comparator can be derived as:

v C
|V£)T| _ < oc,mded) WextUa -
2 1+ (wex[RdCd)
0 = arctan (%deCd> = g — arctan (wex RaCla) -

(28)

Here, wey: is the external (mechanical) operation frequency. The
offset arctan(wexRqCy) to /2 in 6 is the undesirable delay
that can be written in time difference/delay (¢4) form as

arctan (wex  RaCla) ~ RO
~ d d-

4=
Wext
Clearly, this delay can be minimized by reducing the R;Cy
product. With a typical choice of Cy =1 pF, a R, of the or-
der of 100 M 2 is sufficient to produce large enough output
(1VHr| o¢ Voo max F2aCa by (28)) to trigger the zero-crossing in
the comparator. The above choice translates to a delay of the
order of ~ 10 y s that is negligible compared to TENG operating
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Fig. 9. Energy flow diagram for the pSCE operation. Loss 1 is electrostatic
environmental loss while Loss 2 and 3 are parasitic conduction losses.

time period (100 ms corresponding to operation frequency of
10 Hz for this work). The propagation delay added by the
comparator and other logic gates is again of the order of a few
us. Thus, the control circuit’s time delay is safely ignored for
analysis purposes.

B. Impact of Circuit Nonidealities

In practical implementation of the SCE/pSCE circuit, differ-
ent circuit parasitic losses impact the energy delivered to the
load as computed using the V7 — Q) ¢, plotin the above sections,
which we describe next.

1) Conduction Loss: First, in the SCE circuit, the resistive
losses occur due to the series parasitic inductor resistance and the
ON-state resistance of switch S, during the two energy extraction
steps of States I+ and II+. The full derivation of per-cycle energy
delivered to the load with consideration of the resistive loss is
provided in Supplementary Note S.III. In brief, this loss due to
cumulative series resistance, denoted Rg, can be modeled by
defining the series quality factor (()s) of the LpC7 resonator
loops formed by closing switch S for energy extraction. For
convenience, we use the “normalized” forms 0 <af < 1 and
0 <aff <1 of the quality factors during State I+ and II+,
respectively, as defined below:

— I 2
ol =% ;ch = LdLP,wé = ! — RSQ
RS LPCT,max 4LP

17 2

Wy LP RS

7 ._ 2;2”, I ._
ali=e QY =

- 1 _
Rs " "\ LpCrpmn  4L%

Now, the percycle energy delivered to the load can be stated as
[see (S6) of Supplementary Note S.II1]:

1 (ot IT 2
Esce = 3 (5 +a ) CT min Voe.max-
Here, while the two diode voltage drops (2Vp) in the FWR of
the SCE circuit has been ignored due to high voltage nature of
the TENG, it can be easily incorporated in the derivation.

Note since the SCE circuit acts as the extraction circuit in the
pSCE operation, the conduction loss of pSCE during the energy
extraction steps (marked as “Loss 2” in the energy flow diagram
of Fig. 9) can be modeled similar to the SCE circuit already pre-
sented above. The additional losses in the two pre-biasing paths
of Sy — L1 — S3 and Sy — Ly — Sy (“Loss 3” in Fig. 9) need
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Fig. 10. Ideal and simulated TENG voltage vs. charge plot for the SCE and
pSCE circuits at 15 V load. Enclosed area represents the net energy extracted
from one operation cycle of TENG.

to be incorporated as well. Letting L1 = Lo = Lp so that the
quality factor of the pre-biasing loops L1 Cr max and LoC'r min
are also ! and o/ during States I++ and II++, respectively, the
percycle energy delivered to the load V using pSCE circuit can
be stated as [see (S11) of Supplementary Note S.IV]:

1 2
EpSCE,net - §OT,min (OlII) (V;)c,max"'(l + al)/BVB)

(aI) (‘/oc,max'i‘(l + aII)VB)2
B

—2(1+a"+(1+a"HB) V3

_|_

(29)

for the case, where the TENG is pre-biased for half the LCp
resonator cycle, i.e., upto the maximum achievable voltage
during both States I++ and II++.

2) Leakage Current Loss: Both the SCE and pSCE circuits
operate with switches off most of the time (barring the short
duration at States I and II), and the leakage of charge through
the nonideal MOSFET switches and the reverse biased diodes of
the FWR results in lower voltage magnitudes at States I and II
and hence, lower extracted energy. The leakage current changes
dynamically as the TENG voltage varies during the operation
cycle and is also governed by the nonideal characteristics of
diodes and MOSFETs. To understand the effect of leakage on
energy extraction, we take the aid of simulation using SPICE
models of the diodes and MOSFETs used in the experimental
implementation of this work (The list of these off-the-shelf
components is provided in Supplementary Note S.V). Consider
the simulated circuit operation (plotted in dotted lines) for the
SCE and pSCE circuits at 15 V load in the form of TENG voltage
versus charge (Vr—Q¢,.) plot of Fig. 10: It can be observed
that leakage alters the operation contour from the envisaged
ideal operation contour (coplotted using solid lines), reducing
the enclosed area or equivalently the net extracted energy. In
case, the estimate of leakage charges (that depends on TENG
voltage as well as switch and diode characteristics) during the
switch OFF-times are available, the percycle energy results can
be revised, e.g., in the SCE circuit, the voltage at State II,
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TABLE II
MEASURED TENG PARAMETERS

Maximum open-circuit voltage: Ve max 27992 V

Minimum TENG capacitance: C min 75.97 pF

Maximum TENG capacitance: C7 max 239.23 pF
TENG capacitance ratio: 3 3.15

Fixed Substrate

Fig. 11. (a) Experimental Setup. (b) Disassembled view of TENG.
(c) Schematic cross-section diagram of the implemented TENG.

VAL = Voemax Will be revised t0 Voemax — (Crmin@? ), where
Qi is the leakage charge in the first half-cycle.

For the TENG with parameters of Table II, the ideal net
percycle energy output of the pSCE circuit at 15 V load as
per the area enclosed by Vr—Qc¢, plot is 6.34 uJ or 1.61
times the CMEO, as marked in Fig. 10. In contrast, the sim-
ulation shows the net extracted energy to be 3.96 pJ. Finally,
the net energy delivered to the load is further reduced to
2.51 pJ due to conduction losses during energy extraction and
pre-biasing steps. While there would be other losses such as
parasitic losses due to nonideal coupling in the transformer,
these results already closely match the ones experimentally
observed.

VII. EXPERIMENTAL IMPLEMENTATION
A. Experimental Setup

The overall experimental setup is shown in Fig. 11(a). TENG
with a contact area of 112.5 cm 2 is implemented as in the
schematic of Fig. 11(c). The fixed bottom plate is made of
Teflon (dielectric) of thickness 127 p m on top of an Al sheet
(electrode). The upper plate with the Al sheet (electrode) is
driven in a reciprocating fashion by a stepper motor (Applied
Motion STM 17Q-3AE) programmed using vendor-provided
software (Q Programmer) at 10 Hz frequency, with an amplitude
(Zmax) of 1.64 mm. An electrically isolated auxiliary TENG
(Aux-TENG) with 1/5th the main TENG area is created to oper-
ate synchronously in parallel [a blow-up of the same is shown in
Fig. 11(b)], and is tapped using electrodes 3 and 4 to provide the
input signal to the control circuit, issuing switching pulses to the
SCE/pSCE circuits in synchrony with the main TENG. Fig. 11(a)
also shows the implemented EEC and load. Output is measured
using the oscilloscope (Keysight DSOX2024 A) and the data is
collected through the NI’s data acquisition card and labview pro-
gram. The dc supply powers the control circuit so that the energy

Authorized licensed use limited to: lowa State University Library. Downloaded on March 29,2023 at 16:54:41 UTC from IEEE Xplore. Restrictions apply.



PATHAK AND KUMAR: SYNCHRONOUS PRE-BIASING OF TENG FOR ENHANCED ENERGY EXTRACTION

0.51in.

1.65 in.

Fig. 12.  PCB implementations of the (a) SCE circuit, pSCE circuit, and
(b) FWR circuit.

consumed by the control circuits of SCE/pSCE can be measured
noninterferingly.

B. TENG Characterization

TENG is characterized by the three main parameters: mini-
mum and maximum TENG capacitance (C7 min and C max ), and
maximum open-circuit voltage (Voemax), that are summarized
in Table II for our experimental TENG. Dynamic variation of
TENG capacitance is measured using the phase response based
method described in [28] and is plotted in Fig. S3 of Supplemen-
tary Note S.VI from which the maximum and minimum values
of the TENG capacitor are obtained. On the other hand, the
maximum open-circuit voltage is measured with the aid of the
FWR circuit as in [24], with details provided in Supplementary
Note S.VIIL

C. Implementation

Both the pSCE circuit and its switching controller are
implemented as per Fig. 8 using off-the-shelf components over
aPCB as shownin Fig. 12(a). Additionally, SCE and the standard
FWR circuits are implemented over PCB [shown in Fig. 12(a)
and (b), respectively] for performance comparison with the
proposed pSCE circuit. As mentioned earlier, the SCE circuit is
implemented similar to the pSCE circuit, barring the H-bridge
and the control circuit’s Arms 1 and 4 (refer Fig. 8) and same
transformer with turns ratio 2:1 (refer Supplementary Table S1
is used for both the circuits. The control circuit of both the SCE
and pSCE circuits are powered at voltage Vpp of 3 V with their
percycle control circuit consumption measured as 0.293 pJ and
0.423 pJ (at Vp =10 V), respectively. It should be noted that for
our validation experiments, off-the-shelf components are used
to implement the control circuit as a proof-of-study. Hence,
there is a large room for further optimization to reduce this
consumption, for example, by using a custom-designed IC. The
extraction circuits have been designed to have the onboard load
battery also supply the power needed for the switching actions
of both SCE and pSCE operations. In case a cold-start is needed,
the battery charging can first start in the passive FWR mode,
requiring no switching energy (as for example in [19]), and once
sufficient energy for SCE/pSCE action has been accumulated,
the switch to SCE/pSCE operation can initiate. Note that the
battery voltage needs to rise above the H-bridge path’s threshold
voltage of one diode and two switches, typically ~2 V, for the
pSCE action to start.
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VIII. RESULTS AND DISCUSSION

Given Voemax = 279.92 V and 8 = 3.15 (see Table II),
optimum pre-biasing voltage in second half-cycle (Vpﬂ,{opt) is
calculated to be 130.19 V. Since we employ battery load of at
most 16 V for testing, in our experiments it holds that 2Vp <
Vi op> and so following Remark 3, we pre-bias to —2Vp at State
II++ (The pre-biasing at State I++ is always at the maximum
possible level of 2Vp). The measured TENG voltage (Vr),
secondary inductor (load) current (I, ), and the control voltage
(Vo) waveforms for the pSCE circuit at 10 V' battery load are
shown in the center of Fig. 13. The two zoomed-in views at
States I and II show the rising primary inductor current (I, )
as the switch S is enabled by Vi for energy extraction, which
is followed by the rise of secondary inductor current (Ir,,) as
triggered by the fall of signal Viz (NMOS S turns OFF). The
zoomed-in views at States I and II also show the measured
pre-biasing control signal, Vg1 (resp., Vo), triggered by the fall
of Vg, and the pre-biasing current, Ipy that flows through the
Vp-S1-L1-D1-Cp-S3 (resp., Ipo through Vip-Sa-Lo-Do-Crp-
S4) path. Fig. 14 plots the measured periodic TENG voltage
waveforms, V() for the pSCE circuit with load voltage Vg
as 5, 10, 15 V along with the SCE circuit (as a base case). In
line with the derivations above, the pSCE circuit, pre-biased
with twice the battery load (]2V]), shows increasingly higher
TENG voltage magnitudes at both States I and II with rising load
battery voltage V and is always higher than its SCE counterpart
as observed from Fig. 14. This contributes to pSCE’s increased
percycle energy output as quantified in the following.

A. Comparison With FWR and SCE Circuits

The fundamental comparison of the first time presented pSCE
circuit is with its peer SCE circuit, together with the base case
FWR circuit. For our experimental TENG with the parameters
listed in Table II, the measured percycle energy output (Ecycie)
using FWR, SCE, and pSCE circuit as EECs against battery
loads are compared in Fig. 15. It is calculated as the product
of load voltage (V) and integration of the measured current
(charge) flowing through the load battery over one cycle. For
the pSCE circuit, the net percycle energy (Fpscknet) is plotted,
which is obtained by deducting the pre-biasing energy (Fpre-bias:
calculated as the product of V and the integration of pre-biasing
current, I p over one cycle) from the gross output energy (Epscg)-

As evident from Fig. 15, E¢ycc for FWR shows the expected
parabolic response with variation in load voltage [10], [24].
SCE circuit has a constant energy output irrespective of Vg as
expected from the circuit analysis in Sec. III and confirming
Remark 1. For the pSCE circuit, an increasing net energy output
trend is observed with the increasing value of Vp validating
the theoretical development in Section V. Table III lists the
gain of the pSCE circuit over SCE and FWR circuit at three
different load voltages. The pSCE circuit’s gain increases with
higher pre-biasing through the battery as the SCE output remains
constant. Initially, the gain over FWR decreases with rising Vp
due to the parabolic nature of FWR’s Eyj. butis expected torise
later at higher V. Further, the power density figures of FWR,
SCE, and pSCE circuits from our experimental implementation
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Fig. 13.  Measured TENG Voltage V-, secondary inductor (load) current I,  , and the control signal V¢ for the switch S over two operation cycles of the pSCE

circuit at 10 V battery load. Additionally, the zoomed-in views at States I and II plot the primary inductor current I, , during the energy extraction step of State
I+ (resp., State II+), the control signal V(51 for S1 and S3 (resp., Vg2 for S2 and S4), pre-biasing current I p1 (resp., I p2) during State I++ (resp., State II++).
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TABLE III
MEASURED ENERGY AND GAIN OF THE PSCE CIRCUIT OVER SCE AND FWR
CIRCUIT AT DIFFERENT BATTERY LOAD

Vi Epsce Epre-bias ESCE net Gain Gain
V) () (7)) (12)) over SCE | over FWR
5 1.455 0.018 1.437 1.453 6.653
10 1.853 0.052 1.801 1.821 4.934
15 2.185 0.088 2.097 2.120 4.705

TABLE IV
EXPERIMENTAL POWER DENSITY OF THE FWR, SCE, AND THE PSCE CIRCUITS
AT 10 V BATTERY LOAD

Circuit PCBarea Power density PCB+TENG | Power density
(cm?) (uW/em?) area (cm?) (uW/ecm?)
FWR 1.290 2.829 113.790 0.032
SCE 11.413 0.867 146.413% 0.068
pSCE 15.435 1.167 150.435% 0.120

[a] includes Aux-TENG area

at 10 Hz operational frequency and 10 V battery load are listed
in Table IV. It should be noted that we implement the TENG
only for circuit validation using readily available material such
as Aluminum and Teflon tape. The power density values can
significantly improve for the real-world implementations using
the recent advances in TENG materials and designs.

B. Comparison With EECs Reported in Literature

As mentioned in the Introduction, the CMEO defined in [11]
sets the upper limit for energy extracted by any passive method
(involving no pre-biasing) and serves as the reference for com-
parison, as has also been used in previous works such as [12]
and [13]. Thus, for comparison, the percycle energy output
(Feyele) using different circuit architectures is first normalized
against CMEO as

E,
Erorm = —2 5 100%;
CMEO
1 1
Ecmeo = 5 ( 1+ = ) Ormin Ve max-
CMEO 9 ( + 5) T, oc,max

Table V first lists the maximum theoretical output normalized
to CMEO (E},,,,) that the considered circuit architecture can
achieve at its optimal load with ideal circuit implementation. As
noted in Remark 1, SCE theoretically attains Ecygo (implying
its B . = 100%) at all load voltages. In contrast, the proposed
pSCE always outperforms SCE, and its energy output continues
to grow with the load voltage leading to an unbounded E; .,

(Refer Remark 3). Table V next lists the reported experimental
load voltage and the measured ., at that voltage. The energy
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TABLE V
PERFORMANCE COMPARISON WITH REPORTED EECS FOR TENG
S Normalized maximum Normalized
Circuit . Measurement .
Ref . theoretical output experimental
architecture . load "
(Eform) and comment output (Enorm)
< 25% 2675V
[24] FWR (max at 8 =1) (Optimal) 2043%
This
work FWR < 25% 15V 11.37%
Half wave
28] rectifier with 50% ~58 V 15.49%
parallel diode
Synchronous 25% 23%
switched (depends on load and .
[12] . . L ~90 V (mechanical
serial/parallel number of intermediate A
. . switching)
capacitor capacitors)
~. (v
[13] Synchronous < 50% ~70 V (m:czlﬁr?ifal
parallel switch (max at 8 =1) (Optimal) switching)
Bennet voltage Unbounded; limited
[28] doubler & by air breakdown ~50 V 58.43%
(needs 8 > 2)
Limited by quality
[24] P-SSHI factor; high optimal 15V 19.53%
load, so, impractical
Limited by quality 26.15 V
[24] S-SSHI factor; multiple T 172.8%
. i (Optimal)
transient cycles
100%
14 SCE (capacitor load) - 296%
100% 0
17 SCE (capacitor load) - 37.8%
This 100%
Work SCE (battery load) - 25.22%
This Unbounded; limited
Wo;k pSCE by air breakdown 15V 53.48%
(161.72% at 15 V)

[a] ignores control circuit energy consumption

outputs of FWR, S-SSHI, P-SSHI, and other such circuits listed
in the table depend on load voltage, and an optimized load is
needed to maximize the energy output, which requires an addi-
tional MPPT feature that consumes additional energy, and will
reduce the net energy output. A key advantage of the proposed
pSCE architecture is that it guarantees an energy output greater
than CMEO at any load voltage as derived in (27).

IX. CONCLUSION

This work proposed active pre-biasing of TENG using the
already present load battery for boosting the output energy
beyond the SCE architecture, one that is proven to operate at
CMEQO, but in a passive setting. It was shown that the increase
in output due to pre-biasing in the first half-cycle of TENG
operation (separation of the TENG plates) is attributed to the
increase in the transduced energy from the mechanical source. In
contrast, the gain in the second half-cycle (retraction of plates) is
due to a reduction in the dissipated TENG electrical (potential)
energy into the environment. We showed that this loss could
be reduced to zero by using an optimum pre-biasing voltage
that sets the plate charges to zero. It was further shown that
increasing the pre-biasing voltage increases the overall output,
and the upper limit to pre-biasing is essentially determined
by air dielectric-breakdown voltage or the level of available
mechanical excitation, namely, till the electrostatic attraction
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due to pre-biasing becomes comparable to the external excitation
force.

For implementation of the proposed technique, a pre-biased
pSCE circuit was presented to enable the pre-biasing of TENG
at the start of each half-cycle using the load battery. The en-
ergy output of the pSCE circuit and conditions on pre-biasing
voltages for net-benefit over the SCE circuit were mathemati-
cally derived. Experimental implementation of the pSCE circuit
validates the expected gain in the energy output. Using the
PSCE circuit with 5 V battery load, experimental gains of 1.453
over the SCE circuit and 6.653 over the standard FWR circuit
were achieved. A future research direction could explore the
use of low-power active dc/dc converters to achieve optimum
pre-biasing. We believe that the presented effort to increase the
energy output by designing a novel pSCE circuit will bring us
closer to the real-world feasibility of powering wireless sensor
nodes by TENG.
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