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ARTICLE INFO ABSTRACT

Keywords: Triboelectric-electret nanogenerators (T-ENG) are characterized by their high output voltage and small current
Triboelectric-electret (triboelectret) and therefore a relatively low output power, making them limited to small power consuming electronics. Here
nanogenerator we report a self-enhancing conditioning circuit (CC) that exponentially amplifies the output electrical energy

Bennet’s doubler

Power management circuit
Conditioning circuit
Kinetic energy harvester
T-ENG

converted from the mechanical domain of a T-ENG, in orders of magnitude compared to traditional CC. The
circuit, working on the principles of Bennet’s doubler device, is inductorless and uses only diodes as automatic
switches to reconfigure the charge storing capacitors between series and parallel modes. We previously reported
this circuit in saturation and stable mode for T-ENG and compared the performances with half-wave rectifier.
Here we investigate the circuit performance in exponential and unstable mode in comparison with half-wave and
full-wave rectifiers. Theoretical analysis is presented to study the operation of the circuit and to find out the
required conditions for the Bennet’s doubler to work in exponential boosting mode. Output performance of half
and full wave rectifiers are compared theoretically. Simulations and experiments are performed to verify the
theoretical discussions and to present the effect of non-ideal circuit elements on the output performance of the T-

ENG.

1. Introduction

With the development of Internet of things (IOT) and portable de-
vices, a vast variety of small electronic instruments are becoming parts
of our daily life. Powering such devices is a challenge that is to be
overcome, either by using rechargeable batteries or harvesting elec-
trical energy from ambient energy. Electrostatic kinetic energy har-
vesters (e-KEH) convert the kinetic energy of mechanical vibrations into
electrical energy by varying the capacitance of an electromechanical
transducer [1]. These transducers require an initial bias to work prop-
erly, which is provided either by an external power source [2], an
electret layer embedded in the variable capacitor of the device [3,4] or
a triboelectric contact between the capacitor’s electrodes [5]. Although
electrets are preferable to a battery, they can lose charge over the time
and render the harvester useless. Triboelectric charge generation can be
a solution to this problem, since successive contacts continuously ac-
cumulates triboelecric charge on the surface of dielectric materials [5].
Such e-KEH are called Triboelectric-Electret Nano Generator (T-ENG)
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[6], and the initial bias comes from the charge transfer between the
materials covering the electrodes of the harvester with different elec-
tronegativity conditions.

T-ENG is a promising technology to provide the power for small
electronic tools, however there are still several challenges on the way to
practical applications. Unlike non-contact electret-based e-KEHs, tribo-
based e-KEHs do not carry a pre-imposed charge and the surface density
of tribo-charges depends on many parameters like contact force, hu-
midity, coefficient of friction, surface energy, surface roughness or
electron affinity of the contacting surfaces [7-10]. Thus, the generated
charges are not uniformly distributed on the surface and the charge
density changes from one point to another point. Due to the nature of
triboelectric contact and charge generation, the tribo-charge density
hardly reaches the theoretical maximum as with corona-charged elec-
tret [11]. As a result, e-KEH’s that rely only on triboelectricity usually
produce less energy per cycle compared to other electret-based e-KEH’s.
Therefore, the biggest challenge is to manage the relatively small
quantity of charges produced by T-ENG in a way that increases the total
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efficiency of the electromechanical transducer. Various conditioning
circuits (CC) and configurations have already been introduced to en-
hance the total power produced by T-ENG’s. In [12], Thang et al. and Zi
et al. in [13] used a combination of serial and parallel mechanical
switches to improve the output power of the T-ENG. In [14], Zhu et al.
directly attached a transformer to the triboelectric harvester to enhance
the power. In [15], Niu et al. implemented a two stage logically-con-
trolled switching system in combination with coupled inductors to in-
crease the power transfer efficiency. In [16], Xi et al. used a MOSFET
switch controlled by a comparator to manage the charge flow from the
T-ENG. Cheng et al. in [17] investigated a new approach by connecting
the electrodes of the T-ENG to the ground through different switching
modes. In [18], Cheng et al. developed a two-step process for delivering
the energy to a load with series-switches and LC transformers. In [19]
Niu et al. succeeded in a time domain analysis of a TENG managed by a
full-wave rectifier. They optimized the output performance of a contact-
separation mode TENG by calculating the optimum capacitance load for
the maximum energy storage based on the characteristics of the TENG.
They also derived the charging time constant for the capacitive load. Zi
et al. in [20] designed an innovative charging cycle for a TENG con-
ditioned by a full-wave rectifier. By adding a mechanical switch con-
nected in parallel with the TENG they improved the maximum energy-
storage efficiency by 50%.

In this paper, we introduce the Bennet’s charge doubler as a new CC
for T-ENG that only uses diodes and capacitors. No mechanical switch
or external control is required to store the harvested energy in a re-
servoir capacitor. The main characteristic of this circuit is its ability to
exponentially increase the voltage across the reservoir capacitance. In
recent years, the attractiveness of the Bennet’s doubler and related
circuits for e-KEH is increasing [21-23]. Previously, we investigated the
power boosting features of the Bennet’s charge doubler for T-ENG in the
saturation mode [24]. Here, for the first time, we demonstrate the ap-
plication of the exponential mode for T-ENG’s.

2. Theoretical analysis
2.1. Modeling of the T-ENG

The physics of tribo-charge generation and storage due to repeated
contacts is still under study and a full insight into the process is missing
[25,26]. From the operational point of view, A T-ENG belongs to the same
family as electret-based kinetic energy harvester’s [6] that has been under
study for years [27-29]. The structure of the contact-mode triboelectric
energy harvester used in this study is shown in (Fig. 1). The transducer is a
variable parallel plate capacitor with two electrodes of aluminum and two
stacking layers of dielectrics; a 50 um-PFA layer and a double side tape to
stick it to the fixed electrode. The top electrode is forced by a magnetic
shaker to move in the vertical direction and make repeated contacts with
the top dielectric layer, and generates triboelectric charges. The contact
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force is measured by a force sensor. The generated surface triboelectric
charges Qr are stored on the surface of PFA and induced charges on the
top and bottom electrodes (Q,,- and Qg respectively) that vary with the T-
ENG’s capacitance variation. It is assumed that the stored triboelectric
charges on the surface of PFA are accumulated in energy traps very close
to the surface layer [30]. To simulate the characteristic of the Bennet’s
doubler, we adopted the lumped model presented by Hinchet et al in [6]
for representing the triboelectric harvester.

Using the Gauss law for the electrostatics of the structure we have:

Epragpra + Evaréair = —Qre/(0S) (€]
Seoair Evar — Qvar = 0 (2)
SEOEtapeEtape — Qiie =0 3)

where &4, €ppa and g, are the relative permittivity of the air, PFA
layer and adhesive tape respectively, and ¢, is the permittivity of the
vacuum. Eyqr, Eppa and Eqp, are the electric fields in the air gap, the PFA
layer and in the adhesive tape, respectively. Charge conservation
principle requires the following relation between Q,q, Qi and Qrg:

Qre + Quar + Quie = 0 @

Using the Poisson’s equation for the three charge distributions we
find that:

dtape dtape+dpFa
VT—ENG = - f Etapedx - f Ediedx
0 dtupe
dtape+dPFA+dvar
'/d‘t +dpra vardXx = _Elapedmpe — Eppadpra
ape
+ Evardvar (5)
after putting Eqgs. (1-4) into Eq. (5), we get:
Vimne = Q12 (deea , diape ) | Quar( dpra | diape | dvar
SEO EPFA Etape S50 EPFA Etape Eair (6)

A full proof for Eq. (6) is presented in section S1. Eq. (6) can be
further simplified by the following definitions:

1
Cr_ = &S
T=ENG = 0% 4pra , dtape , dyar
EPFA Etape Eair (7)
1
Cgie = €S
die 0 dpra drape
EPFA Etape (8)
QTE
Vig =
Cie 9

where Vg is a constant voltage, Cg. is the total capacitance of the two
dielectric layers with effective thickness of dgic= dpra/€epra + diape/ €tape
and Cr.gng is the total variable capacitance of the T-ENG. Finally, the T-
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Fig. 1. a. Structure of the T-ENG used in the experiments. b. Detailed and c. lumped models of the T-ENG used in the equations (from [6]).
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ENG is modeled by the following formula and the lumped elements
shown in (Fig. 1c) [6]:

Qvar

Vr_ene = —Vie +
Cr-enc

10)

With a periodic excitation of the top electrode by the shaker, the gap
distance of d,,- changes between a maximum and minimum value and
the total variable capacitance of the device Crgng (Eq. (7)) will change
between a maximum and minimum value as Cp,;, <Cr.gng=< Cmax- This
allows to define a very important characteristic parameter of the har-
vester denoted as “capacitance ratio”:

n= Cmax/cmin (11)

2.2. Theoretical development of Bennet’s doubler conditioning circuit

The concept of a machine or a doubler of electricity capable of
detecting minute quantities of electrical charges was first discussed by
Bennet et al. [31]. They devised an instrument made of three con-
ducting plates that increases the amount of stored charges on the plates
at each cycle of operation. Queiroz in [32] reinvented the idea by re-
placing the mechanical contacts by diodes acting as automatic switches.
The theory of Bennet’s doubler as a conditioning circuit for electrostatic
kinetic energy harvester (e-KEH) is investigated in [33]. We previously
introduced the first application of Bennet’s conditioning circuit for the
T-ENG in stable mode of operation and compared the performances
with the half-wave rectifier [34], Here we present the thorough theo-
retical analysis of the circuit in its unstable mode.

Bennet’s doubler belongs to a family of conditioning circuits that
implements a rectangular QV cycle [35]. The simplest form of a Ben-
net’s doubler circuit, its QV diagram in i cycle of the operation and the
state of diodes during this cycle are shown in (Fig. 2). The objective of
the analysis in this section is to find the dynamic evolution of charges
and voltages on the three capacitors Cypre, Cres and Crgng during one
cycle, and to derive the required conditions of the T-ENG for the Bennet
circuit to work in exponential (unstable) mode. For the simplicity of the
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demonstration, we use the following assumptions not restraining the
generality of the study: (i) the fixed capacitors are equal
(Cstore=Cres=C) and (ii) ideal characteristics are considered for the
diodes, which means zero voltage drop in forward bias and zero leakage
current in reverse bias.

At point A of the QV diagram in Fig. 2b, where Cr.gng= Cnax, the
voltages Vy, V,.s and Vr.gne are denoted as Vi ¢, Vies i and Vi_gng 13 also
at point D where Cr.gng = Cmin, the voltages are denoted as Vi j, Vies ;
and Vi_gng ;. Dynamic analysis starts at the beginning of the i cycle
when Cr.gng = Cnax and the voltages of all three capacitors are equal to
the same value as follow:

V;t_f = Vres_i = VT—ENG_i =V (12)

Starting from point A and moving toward point B, Cr.gyg decreases
from C,,q, and Vi gy start to increase above V;. All the diodes are off as
long as Vr5gng< 2V; and the transducers charge remain constant at
value of point A which is Q=Cp,(V; + Vig). At point B, where Cr.gng
= 2Cnin [1] we have Vrgng = 2V;, D, turns on and Cyr and C,. are
connected in series as in Fig. 2c. Moving from B to D, the harvester
gives a certain amount of charge (generated charge) to the series
combination of Cy,r, and Cy.s, which we denote by AQ,;. The generated
charge by transducer at the i cycle is written as:

AQgi = (Vi + V1E) Cnax—(Vr—eng; + ViE) Cpyiyy (13)

where the Vr5gng; is the transducer voltage (also the voltage on the
series combination of Cy,r and C,) at point D. This voltage can be
found by employing charge conservation law between the two points of
B and D (section S6) and finally the given charge to Cyyre and Cpe is
figured out as:

CC — 2Cphi C — Chin) Cmi
AQy = V——Hax_Tomit 4 vy ( max min) Cnin. Cnax — Comin
2 4+ Cw =+ Cpi
2 min 2 min
(14)

It is imperative to understand that AQ is the amount of charge
given by transducer to each of the capacitors Cyore and Ces. So, from Cr.
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Fig. 2. a. Typical connection of the T-ENG to the Bennet’s doubler circuit to store the output energy in Cy.s. b. QV diagram of the T-ENG with Bennet’s doubler in
steady-state. c. State of diodes in the B—D section of the QV diagram when charge storing capacitances of Cy,. and C,; are in series connection. d. State of diodes in
the E—A section of the QV diagram when charge storing capacitances of Cy,r. and Cy. are in parallel connection.
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NG = Cimax 10 Cr.gng = Crmin the total charge of the system of three ca-
pacitors changes as:

_AQgi"'AQgi"’AQgi = AQgi (15)

As Cr.png starts increasing from C,,;, at point D, the voltage of Vi gng
decreases and D, turns off. The harvester keeps its charge until Vr.
ENG = Vyar-Vrg drops below Vy, ; =V, ; at point E and D, and D turns on
simultaneously and Cgyre, Cres and Cr.gyg reconfigure in the parallel
mode as in Fig. 2d. Employing similar analysis as above, the charge
given to Crgng from point E to A by the parallel combination of Cgyre
and Cj; is AQg;, which means AQ,;/2 is reduced from each of them. As a
result, it is observed that during a complete cycle of operation each of
the capacitors Cyore, and Cres gain AQg; - AQg/2 = AQg/2 amount of
charge.

To derive the total charge and the voltage Viz7 at the beginning of
the i+ 1 cycle, the charge AQ; must be added to the total charges that
the capacitors had at the beginning of the i cycle. Therefore, the

charge balance equation is derived as follow:
Vizi(2C + Cmax) = Vi(2C + Crmax)+AQy (16)

where 2C is the equivalent of the two parallel capacitors. By substitu-
tion of Eq. (14) into the last expression we get:

Vi = Vi1 + Chax — 2Cmin Cc/2
2C + Cpax Chin + C/2
+ VTE(Cmax - Cmin) 1+ Cmin
2C + Cpax Chnin + C/2 a7

Formula 16 indicates that at the beginning of i+ 1 cycle the total
charge of the capacitors is higher than that of the total charge at be-
ginning of the i cycle. It also states that i"+ 1 cycle starts with a
slightly higher voltage Vizi. This increase is exponential if the coeffi-
cient multiplied by V; in Eq. (17) is larger than one, which means
Cinax> 2Cmin. Otherwise, when Cpq < 2Cnin the voltage across all the

capacitors would saturate after a certain amount of time depending to
the time constant of the circuit. Therefore, for 5 > 2 the Bennet’s
doubler works in exponential mode, while, for n < 2, the Bennet dou-
bler works in the saturation mode. The total energy delivered to the
network of the three capacitors is the sum of energy gained by each
capacitors in one cycle as follow:
AW = S 1Cpue (Vi + Vip)? = (Vi + Vi )+2002:-VD] o0
The converted energy is distributed across the capacitors Cqx, Cres
Cstore- For practical applications we should defined
Cinax < <Cstore< < Cres SO that most of the gained energy is stored in the
reservoir capacitor C,.. By respecting this definition and merging Eq.
(17) with 18 we have (section S7):

AW; = ‘/iz(Cmnx - 2Cmin)(l + Cmfax

2C
2Cnax — 3Cpi
+ ‘/IWE(Cmax = Cnin + CmaxM
2C
Cimax — Chni
+ VZ C max min ),

which is defined as stored energy in Cys in the i cycle of operation of
the T-ENG.

Although the exponential performance of the original Bennet’s
doubler is limited to the capacitance ratios above 2, there are specific
configurations that work in the exponential mode with ratios below 2
[33,36]. However, for the T-ENG’s with capacitance ratio of 1, the
Bennet’s doubler does not work in the exponential mode [37,38].

2.3. Charge-voltage evolution in half and full wave diode rectifiers

From analytical point of view, electrical evolution of full-wave and
half-wave rectifiers in combination with a T-ENG follows a rectangular
QV diagram [35,39]. Fig. 3a and c shows typical connection of T-ENG
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with the half and full wave rectifiers respectively. Fig. 3b and d in-
dicates typical QV diagrams of full and half wave rectifiers [1]. Theo-
retical development of diode states and charging of C,; is similar to the
formulation performed for the bennet’s doubler [1].

2.3.1. Half-wave conditioning circuit

For the case of the half-wave rectifier with the assumption of
Cres> >Cax, the converted energy in ith cycle of operation is for-
mulated as [1] (Section S8):

1+ Vies—i/ Vi
A"VLHW = V}E‘/res—icmax(l - M)

] (20)

where 7 is the capacitance ratio defined with Eq. (11) and V., is the
voltage across the reservoir capacitance of C,, at the i cycle. The
energy AW is a quadratic function of V,.; therefore, there is an optimal
value for V,,, that the converted energy is maximum as long as Vg, Cpnax
and C,;, are constant which is found as:

Vies_aw (Opt) = %VTE (’7 - 1)

The Vies aw (opt) is found by taking the derivative of AW; gy with
respect to V. ; from Eq. (20) and equating to zero. The maximum en-
ergy delivered by the half-wave rectifier is then equal to:

2D

1
AWax_aw = ZV%E Chin(n — 1) (22)

2.3.2. Full-wave conditioning circuit

For the full wave rectifier as shown in Fig. 3c, also with the as-
sumption of Cre> >Cpay, the converted energy in i cycle is [1]
(section S8):

1
1 - ‘/res—i]

the optimum value of reservoir voltage for the maximum delivered

A"Vi_FW = 2Vres—icmin (77 + 1)(VI‘E U
7 (23)

energy is:
1 -1
Vies_Fw (Opt) = _VTE(n ]
2 n+1 24
Therefore, the maximum converted energy is given by:
1 (n — 1)?
AW, ==V3Z in. > ————
max_FW 2 TE “~min (77 + 1) (25)

By dividing the maximum energy of the two bridge circuit we have
[40]:

AW,
max HW _ 1 n+1
AWma):_FW 2

Since in practice > 1, this formula exhibit the fact that half-wave
rectifier always converts a higher maximum energy compared to the
full-wave rectifier.

(26)

3. Experimental results and simulation analysis
3.1. T-ENG and experimental setup descriptions

In this study, we used three T-ENG’s, with contact area of 3 x 3 cm?,
5 x 5cm? and 10 x 10 cm® They all work in contact-release mode and
electric charge is generated on the dielectric surface by contact elec-
trification, which induces positive charge on the metal electrodes by the
principle of electrostatic induction. As shown in Fig. 1, they are made of
two aluminum electrodes. A double sided adhesive tape with thickness
of 80 um and relative permittivity of 3 is attached onto the bottom
electrode to hold the 50 um PerFluoroAlkoxy (PFA) polymer. The
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polymer is provided by GoodFellow [41] with a permittivity of 2.1. The
top electrode is isolated by an additional insulator and attached to the
force sensor, which in turn is attached to a magnetic shaker. The shaker
provides a vertical sinusoidal motion of the top electrode with a fre-
quency of 5Hz.

3.2. Characterization of the T-ENG

3.2.1. Dynamic T-ENG capacitance

The time variation of the transducer’s capacitance Crpgyg can be
measured using the technique described in [6,42]. From the measure-
ment, Cpax Cmin and 7 are derived. The proper setup for this technique
and the details of the method are reminded in the supplementary ma-
terial (section S2 and Fig. S1). Typical curve of the measured capaci-
tance variation is depicted later for each device.

3.2.2. T-ENG surface voltage
For the purpose of simulations, Vg can be found using the config-
uration presented in Fig. 3a and the following formula [1] :

Vres (sat)

Vig= —F ———
Cmax/Cmin -1

27)
where V,(sat) is the measured saturation value of V,.; obtained from
the setup.

3.3. Performance comparison between conditioning circuits

From Fig. 2a, as the triboelectric energy harvester starts, the voltage
across the reservoir capacitor C starts to build up exponentially under
conditions discussed in Section 2.2. To investigate the efficiency of the
Bennet’s doubler as a CC for the T-ENG’s, we compared the output
characteristics of the Bennet circuit with that of half-wave and full-
wave rectifier circuits (Fig. 3a and c). Fixed capacitance values are
selected as C,.s= 4.7 nF and Cg,.= 100 nF. The diodes used in the
circuits are commercially available 1n649 (Microsemi) with 835 V of
measured breakdown voltage. The overlapping area of the electrodes is
10 x 10cm? and the maximum applied force on the surface of the
polymer at the contact is F= 1.33 N. Fig. 4a shows the measured ca-
pacitance variation of the device with the technique introduced in
section S2. The maximum and minimum peaks of the curve are 708 and
160 pF respectively. After reduction of the 16 pF of shunt parasitic ca-
pacitance, Cpo,= 692 pF and C,,;;; = 144 pF, corresponding to a ratio of
n = 4.8. Fig. 4b shows the charging curves of V,; across the capacitance
C,s for all three CC. Half-wave and full-wave rectifiers quickly charge
the reservoir capacitance C,.; to a moderate saturation value, 165 V and
26 V respectively, but the Bennet’s doubler performance rises up to 835
V after 140 s Fig. 4c indicates the measurement of the energy per cycle
per time of the stored charges in C,.;. The insets show that the full-wave
rectifier indicates a better performance for the first five seconds, and
the half-wave for the first 32.6 s. After these, the harvester’s operation
of the converted energy per cycle stored in C,.s by the Bennet doubler
starts to outperform that of diode bridges. Fig. 4d shows the delivered
energy at each cycle as a function of the voltage across the reservoir
capacitance Cs From the inset figure, it can be viewed that the de-
livered energy of the Bennet’s circuit overcomes the one of the half-
wave bridge for output voltages above 127 V. For a low voltage load
with V,s= 3V the harvested DC power is 21.5 nW, 350 nW and 455 nW
for Bennet, half-wave and full-wave respectively. To handle the high
output voltage of the Bennet’s doubler and make it suitable for low
voltage electronics such as RFID’s or implantable biomedical devices
several architectures can be implemented. A simple concepts which use
direct switching of the output voltage and storing the energy into a
storage capacitor that derives the load is suggested in [33,43]. More
comprehensive approaches which employ flyback converters or step-
down DC-DC Buck converters are discussed in [44-48].
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Fig. 4. Experimental comparison of the output characteristics of the half and full-wave rectifiers with Bennet’s doubler for the 10 x 10 cm? device with contact force
of 1.33 N. a. Variation of Cr.gng in one cycle of operation measured by technique introduced in Section 3.2. b. Charging curves across C, for the three conditioning
circuits. c. Stored energy per each cycle in G, for the three conditioning circuits. d. Stored energy in C, as a function of V.

3.4. Simulation and comparison of the three conditioning circuits

3.4.1. Model parameter extraction

Using measurements of Crpyg and Vip, we performed lumped-
model simulations in LTspice of the three CC to have a deeper under-
standing of their performances. The variation of air gap d,. is ap-
proximated as a sinusoidal function with the following formula:

A — d
2

dyar = dpnin + it [sin(27ft) + 1]

(28)
where d,;;; and d;,q, are minimum and maximum gap between the top
electrode and PFA surface, corresponding to Cpq, and C,;, respectively
with respect to Eq. (7). Simulation parameters for the 10 x 10 cm?
device are given in Table 1.

It should be noticed that the measured value of C,,4, is smaller than
the value of Cr.gnc obtained from the Eq. (7) by setting di, = 0. Eq. (7)
gives 1.75 nF, while Cr. gy at rest and when a light constant force of

Table 1
Parameters for lumped model simulation of the 10 x 10cm? and 5 x 5cm? T-
ENG.

Area (cm?) 5X%x5 10 x 10
Frequency f (Hz) 5

PFA - &5 / dz (um) (from datasheet) 2.1/50

Adhesive tape — €3 / d3 (um) (from datasheet) 3/80

dmin / dmax (um) (from capacitance measurements) 47.4 / 184.8 77.4 / 564
Vrg (V) (from Eq. (27)) 54.92 43.42

0.12 N is applied gives 660 pF and 673 pF respectively, when measuring
it with a RLC impedance meter. This comes from the fact that the in-
terface at the contact is not fully conformal and local free space is
trapped between the two colliding surfaces. Previous studies of contact-
mode variable capacitive structures also confirm the same outcome
[49-52].

3.4.2. Output performance analysis based on QV cycle

As a powerful analytical tool, charge-voltage diagram of a capaci-
tive energy harvester has been used widely to compare and evaluate the
output performance of the device [20,53]. Fig. 5 compares simulated
QV cycles of the 10 x 10 cm? T-ENG, using data in Table 1, with the
Bennet doubler (Fig. 5a), half-wave (Fig. 5b) and full-wave (Fig. 5c)
bridges. As mentioned in Section 2.2, the enclosed area defined by the
QV curve quantifies the delivered energy by the T-ENG during the
corresponding cycle. As expected from Figs. 2 and 3 they all resemble a
rectangular QV cycle. The Bennet doubler has an unstable behavior
(Fig. 5a), while the two diode bridges have a stable behavior leading to
a saturation, which corresponds to a converted energy per cycle close to
zero [35,39]. Fig. 5d compares the delivered energy at various cycles
between the three circuits, showing again that the diode bridge out-
performed the Bennet doubler only at the beginning of the conversion
process.

3.5. Comparison of measured and simulated QV cycles

In this section we used a 5 x 5cm? T-ENG, each diode in the circuit
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is replaced by two low leakage diodes (MMBD1501A provided by
FAIRCHILD Semiconductor) with measured breakdown voltage of
280V. The diode model for LTspice simulations is provided by FAIRC-
HILD (section S5) [54]. C,.s= 5 nF for all three circuits and Cypre= 3.3
nF for the Bennet’s doubler. Maximum applied force at the contact of
top electrode with PFA surface is measured as 0.2 N with the force
sensor. The shaker provides vertical sinusoidal motion of the top elec-
trode at 5Hz. To measure charge-voltage evolution in time, we mea-
sured harvester’s current It gng and voltage Vrypgng for the first 30s.
Current measurements is performed with a Keithley 6485 picoammeter.
Fig. 6 displays simulated and measured QV curve of the T-ENG with
Bennet (Fig. 6a), half wave (Fig. 6b) and full wave (Fig. 6¢) rectifiers for
the 101st cycle of operation, corresponding to a time interval comprised
between 20 and 21 s Fig. 6d and e depict the simulated and measured
voltage and current of the T-ENG with Bennet CC respectively. Fig. 6f
indicates the charging curve of V, for the half-wave CC with saturation
value of V. (sat) = 76.9 V. Dynamic capacitance variation of the T-
ENG is measured (Fig. S2) using the technique explained in Section 3.2
with extracted values of C,,q, = 226 pF and C,;, = 94 pF. Thus, Eq. (27)
gives the value of V= 54.92 V which is used for simulating the T-ENG
using the lumped model presented by Eq. (10). For the purpose of si-
mulations, values of d,,;, and d,,q. required for Eq. (28) are calculated
using the measured values of Cy,, and C,,;, and Eq. (7). (Table S1)
Table 2 indicates extracted energy per cycles from QV cycles of
Fig. 6a, b and c. Each measured QV cycle is divided into smaller rec-
tangular to figure out the total enclosed area. To compensate for the
mismatch between the start of oscilloscope and picoammeter manual

adjustment is performed in time before calculation of the QV cycle. The
loading effect of the measurement setup is the main cause for the re-
duction in the measured It gy by picoammeter. Typical setup for
measuring the QV cycle of the T-ENG is presented is supplementary
material (Fig. S3).

4. Bennet’s performance under various capacitance variations and
non-idealities

4.1. Effect of capacitance ratio on output performance of Bennet’s doubler

In this section, we investigate the effect of applied force, capaci-
tance variation and non-ideal diodes on the output performance of the
Bennet’s doubler. Using the same configuration as in Fig. 1a, a new
triboelectric energy harvester is made with polymer area of 3 x 3 cm?.
Bennet configuration is the same as Fig. 2a with C,,;= 4.7 nF and
Cstore= 100 nF and MMBD1501A diodes. By adjusting the motion of the
shaker, vertical displacement of the top electrode is controlled and
desired values of Cpax, Cmin and 7 are obtained. For each amplitude of
the shaker, C,q and C,,;, values are measured three times with the
technique explained in Section 3.2 to make sure that the process is
repeatable. The curves of dynamic variation of capacitances are shown
in Fig. S4. Charging curves of V,.s across C,; is recorded for each am-
plitude of the shaker’s movement to compare the output characteristics.
The measured maximum contact force for the three tests are 1.33, 0.60
and 0.19 N and the corresponding capacitance ratios are 5.39, 4.38 and
3.52 respectively. Fig. 7a shows the charging curves of C, at 5Hz for
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b. Half-wave and c. full-wave conditioning circuits. d and e. Simulated and measured Vr.gng and Irgng With Bennet’s doubler. f. Measured and simulated V. for half-

wave rectifier used to extract V,.,(sat) to be used in Eq. (27).

Table 2

Comparison of measured and simulated energy extracted from QV cycle of the
T-ENG with Bennet’s doubler, half and full-wave rectifiers. Values extracted
from QV curves of Fig. 6.

Energy at 101st cycle Bennet’ doubler  half-wave full-wave
(nJ) rectifier rectifier
measured 230 61 21
simulated 253 62 27
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each value of 7. This figure shows that as the applying force and 7
increase, the charging rate of C,., increases too. The charging curves are
cut at V.= 560 V, which is the breakdown voltage of two diodes in
series. Fig. 7b indicates C,q. and C;, values as a function of maximum
applied force on the PFA surface: Cp increases linearly with force
while the C,,;, is almost constant. This is understandable since the in-
crease in the contact force removes the trapped air between the top
electrode and PFA surface at the contact causing the C,q, to increase
with force. Also, the small decrease of C,;, as the applied force
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charging curves of C, at 5 Hz for three different contact forces. b. Variations of measured Cy,q, and Cp, as a function of applied force. c. Variations of capacitance
ratio with applied force. d. Simulated QV cycle of the T-ENG at 6th cycle for increasing 7. e. Simulated QV cycle of the T-ENG at 201st cycle for increasing 7. f. Force
dependency of energy for initial and high cycles of operation. Simulation parameters are included in Table S1.

increases, is due to the motion of the shaker, which increases the
maximum distance between the top and bottom electrode. Conse-
quently, Fig. 7c shows the linear dependency of capacitance ratio 7 to
the applied force. Fig. 7d shows the simulated QV diagram corre-
sponding to the 6th cycle of operation of the T-ENG for the three dif-
ferent capacitance ratios. Employed parameters for simulations are

listed in Table S1. The area enclosed in each curve indicates the de-
livered energy AW. Calculation of the enclosed area by rectangle ap-
proximation shows that the delivered energy is 0.60nJ, 1.06 nJ and
3.94 nJ per cycle for = 3.52, 4.38 and 5.39 respectively. Fig. 6e in-
dicates simulated QV diagram for the 201st cycle of operation. The
delivered energy is 2.58, 3.11 and 21.01 nJ per cycle for = 3.52, 4.38,
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Fig. 8. a. Charging voltage of V,., across the capacitance C,.;, measured, simulated by MMBD1501A diode and two ideal models. b. Total energy stored in the C,. for
corresponding V,.s curves and the relative error of employing the diode model. Diode models are presented and discussed in Section S5.

5.39 respectively. Fig. 6f indicates the evolution of the delivered energy
per 6th and 201st cycle versus applied force, which shows the strong
dependency of the delivered energy at higher cycles of operations to the
applied force (and so the capacitance ratio).

4.2. Effect of non-ideality of diodes

The theoretical analysis presented in Section 2 considered the
diodes as ideal circuit elements with zero leakage current in reverse
bias and zero voltage drop in forward bias. The simulations in Section 3
used the diode model MMBD1501A from Fairchild [54]. To investigate
the effect of non-ideal parameters on the output performance of the
Bennet’s charge doubler, we compared in Fig. 8a the measured output
response of V. corresponding to = 5.39 with the ones simulated with
ideal and MMBD1501A diodes. The two ideal diodes have zero reverse
current, 0 V and 0.9 V of turn on voltage V; (on) in the forward bias
respectively. Diode models are discussed in Section S5 and their cur-
rent-voltage curves are shown in Fig. S5. By comparison, it can be in-
ferred that for the initial cycles of operation, all the simulated curves
can trace the measured voltage of V,., with a very good approximation;
however, for the ending cycles of operation only the curve simulated by
the diode model of MMBD1501A shows a good fit.

According to Fig. 8b, the stored energy in C,; is also affected if non-
idealities are not considered in simulations. The relative error of the
simulated curve by the diode model is depicted in Fig. 8b. It can be seen
that for almost the whole span of the operation of the T-ENG the re-
lative error is below 9%.

5. Conclusion

In this paper we investigated the performance of a new conditioning
circuit based on Bennet’s charge doubler in exponential mode in com-
parison with half-wave and full-wave circuits. This new CC is inductor-
less with no need for switches or external control. The distributed en-
ergy, charge, and voltage across the Bennet’s circuit is self-increasing
without saturation. The output energy managed by the Bennet’s circuit
is orders of magnitude higher compared to the other two. By theoretical
analysis based on charge-voltage evolution, the dynamics of the
Bennet’s circuit is studied. By virtue of analytical equations the required
conditions for the harvester are found so that the circuit can work in
exponential mode. Theoretical comparison of full-wave and half-wave
rectifiers are presented. Simulations and measurements of QV diagram
confirms better performance of the Bennet’s doubler CC. Measured QV
cycle of all three CC show an acceptable fit to the curve simulated by
the presented model. By experiments the validity of theoretical
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outcomes are investigated and the deviation from ideal conditions are
discussed. Effect of non-ideal elements on the output performance of
the Bennet’s doubler is verified through simulations and shows accep-
table error for estimation of the performance of the device. With the
current trend of switched and externally synced conditioning circuits, it
would now be interesting to investigate and compare the performance
of the Bennet’s doubler with full and half wave rectifiers in controlled-
switching mode.

Appendix A. Supplementary material

Supplementary data associated with this article can be found in the
online version at http://dx.doi.org/10.1016/j.nanoen.2018.06.034.
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