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Triboelectric nanogenerators (TENGs) generate high AC voltages that are often rectified using stable charge
pumps. This paper provides for the first time a comprehensive general theory that determines the optimal
electrical bias conditions for this class of rectifiers. In this work, the proposed generic formulas have been applied
to full-wave and half-wave diode bridges. Key figures have been demonstrated like for instance the optimal bias
voltage or the maximum converted energy. It is confirmed that half-wave rectifiers always have a higher satu-
rated voltage, as well as higher maximum energy per cycle, but at the cost of longer start-up time. On the
contrary, full-wave rectifiers perform better only when the output voltage is much lower than the internal
triboelectric voltage of the TENG. These rectifiers followed by a buck DC-DC converter have also been studied in
details, often required to provide a low output voltage. We showed that the optimal buck’ switch activation is
between .5 and .7 of the charge-pump saturation voltage, depending on the hysteresis of the switch, and that the
charging time of the output capacitor is at least twice as fast with a half-wave rectifier than with a full-wave

rectifier. The theoretical results were confirmed by simulations and experiments using a plasma switch.

1. Introduction

Triboelectric nanogenerators (TENGs) [1] are particular electrostatic
kinetic energy harvesters (e-KEH) [2] that couple the principles of
contact electrification and electrostatic induction through the variation
of a transducer capacitance [3]. Basically, the physical contact of two
materials with different abilities of attracting electrons traps electrons
inside at least one tribo-electret layer, which is an insulator. Opposite
charges are induced on the surfaces of the two neighboring electrodes,
and a current will occur between them to rebalance the electrostatic
field when their capacitance changes due to the application of external
mechanical forces.

TENGs typically generate high-voltage open-circuit pulses, with peak
voltages ranging from tens of volts to several kV. Efficient storage of
such high pulsed AC voltage to power low DC voltage electronic devices
remains a practical problem and a voltage AC-to-DC rectifier is needed.
The power management circuit (PMC) can be made of passive charge
pumps implemented with electrical diodes or with mechanical switches
[4,5]. The most common rectifiers are Full-wave (FW) and half-wave
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(HW) diode bridges that can be considered as stable charge pumps
(SCP) because of the saturation of their output voltage, and the condi-
tioning circuits from the Bennet doubler family are unstable charge
pumps (UCP). In addition, it has been proposed to use PMC based on the
synchronous technics such as SECE (for Synchronous Electrical Charge
Extraction) or SSHI (for Synchronous Switching Harvesting on Inductor)
[6]. These technics have been initially proposed for piezoelectric gen-
erators and further applied to TENGs [7-9]. It consists in using an
inductive DC-DC convertor activated synchronously with the motion of
the mobile electrode for externally controlling the TENG’s current.
However, these types of direct energy transfer are inefficient due to
the large difference between the capacitance of the TENG and the output
(storage) capacitance of the rectifier [10,11]: indeed, a large output
capacitor is usually required to store a sufficient amount of harvested
energy, especially when a low DC voltage is required. Significant
improvement of several orders of magnitude can be obtained with a
two-stage PMC [10,11]: an intermediate value buffer capacitor is first
quickly charged to an optimized high voltage corresponding to the
maximum energy extraction rate, then the energy is steadily transferred
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to the larger-capacity and low-voltage reservoir with this maximum
power. This requires the use of a dedicated switch, so motion-triggered
switches [9,12,13], electronic switches [7,8], electrostatic vibration
switch [14,15] or micro-plasma switches [11] have been developed.

The voltage of the buffer must be maximized, as the energy trans-
duction evolves with the square of this voltage [2]. For this reason, UCP
such as the Bennet doubler might be appropriate [16-18], as they
eliminate the limiting nature of the voltage saturation of HW/FW rec-
tifiers. However, UCP may not always be appropriate because it requests
a minimum capacitance variation for every cycle, which is typically 2 for
the conventional configuration [17,18]. Moreover, if the converted en-
ergy needs to be available in a very short time, HW and FW rectifiers
may be more efficient than UCP [19,20].

In a previous work, the operation principles of FW and HW rectifiers
in a 1-stage PMC, using time-domain evaluations or charge-voltage (QV)
cycles [20] have been explored. In this paper, the focus is both theo-
retically and experimentally on the optimized operating voltages of
these rectifiers while employing a hysteresis switch in a 2-stage PMC,
which has not been studied before. In the following section, the basic
operating principles are theoretically derived for any type of stable
charge pumps for the first time, and we applied the obtained formulas to
FW/HW rectifiers. Then, we analyzed the power transfer efficiencies
using different types of switches in the 2-stage PMC, and studied the
optimized voltages in different configurations. Finally, the proposed
theory is demonstrated by experiments with a TENG.

2. Theoretical analysis of one stage conditioning circuits
2.1. The transducer electrical model

The structure and its equivalent capacitive model of the electrostatic
transducer used in this study are shown in Fig. 1. The dielectric layer
attached to the lower electrode is an electret of dielectric constant &. It
can be charged by different techniques such as corona discharge, soft x-
ray or triboelectric contacts [21], so it is called the tribo-electret (TE)
layer. It is assumed to have a localized Qrg charge on an (infinitely) thin
layer on the surface that remains constant. In the case of TENGs, the
latter assumption is true after a few cycles of motion as long as the
contact force does not increase. The upper electrode is free to move
along the vertical axis, dy,r varying from O to some maximum value
allowed by the device geometry. The top and bottom electrodes have the
charges Qyar and Qgje respectively. The electrical equation is derived
using the neutrality assumption generally accepted in circuit theory.
This assumption states that any electrical component is electrically
neutral. That implies the following equality:

Qvar + QTE + Qdie =0 (1)

QrE is equal to the surface charge density of the dielectric multiplied
by its contact area S, with charge density 6 = Qrg/S. Considering Qrg as
a known constant quantity (it can be derived by indirect measurements
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Fig. 1. Structure of an electrostatic kinetic energy harvester corresponding to a
metal/dielectric TENG. Structural diagram for gap-closing motion (a) and
capacitive model (b).
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[22,23]), using the Gauss theorem the voltage across the TENG’s ter-
minals can be expressed as
d i dv T

=t —“) +Ore

Sé‘ggdie S€U

ddic
SeoEdie

(2

Vreng = Qvar(

Note that by convention, the voltage Vigng is defined as the voltage
difference between the top and bottom electrodes, with the top electrode
considered conventionally positive. In this work, the positive TENG
current itpng is defined by convention as flowing into the positive (top)
electrode, and thus

 dQu Qg
ITENG = a dt 3
Setting
S
C ie = lie 3 Cvar = 4
d €0€q; dae SOdW (C))

The capacitance that can be physically measured across the TENG’s
terminals called Crgng is defined as
Cvarcdle S

=¢ S
Cyar + Cie Odvur + duie / €die 2

Creng =

where Cgie is the capacitance of the tribo-electret layer having the
relative permittivity €4, and is equal to the maximum capacitance
value of the TENG. Cy, represents the variable part of the TENG’s
capacitor due to the displacement of the moving electrode.

The quantity Vg = Qre dic_ jg called “built-in voltage of the TENG™:

Seotdic

O O odge
Cdie CTimax Edie€0

©

Vg is the internal bias voltage created by the tribo-electret layer. It is
a constant value that corresponds to the average surface voltage of the
tribo-electret layer, which can be measured directly using an elec-
trometer (but its value will be quite inaccurate due to its non-uniformity
over the whole layer surface) or indirectly measured using dedicated
methods [22,23], even if the charged surface is not accessible.

Finally, by injecting (5) and (6) into (2), a charged TENG can be
modelled as a variable capacitor and a DC voltage source connected in
series (Fig. 2a):

Qvar

Vrene = Vie + = Vig + Viar @)
Creng

Quar is the charge stored by the top electrode. It cannot be measured
directly, however, its derivative is equal to the electric current flowing
through the TENG electrodes, as mentioned earlier. The quantity 2 —

CrenG
V.. is the voltage across an equivalent variable capacitance. This

quantity is an internal variable of the model. It does not correspond to
any measurable voltage, and it is related with Vgng (which is directly
measurable) by (7). It should be noted that the built-in charge of the
dielectric layer defines the polarity of the TENG, and that swapping its
terminals leads to a different electrical equation. Indeed, swapping the
terminals is equivalent to multiplying the left hand-side of (7) by — 1
(see Fig. 2b).

€))

Moreover, since Qg is an internal parameter of the model and is not
directly measurable, we can now define Qy,r — -Qvar, which corresponds
to interchanging the order of the terminals of Cy,;, and doesn’t affect the
model (see Fig. 2¢). The new equation of the device becomes

Qvar

CTENG

Vieng = —Vie + (C)]

Since the order of the Crgng and Vg is not important, swapping the
terminals is equivalent to changing the sign of the charge Qrg (compare
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Fig. 2. Electrical equivalent models of the TENG. Model corresponding to Eq. (7) (a), the same model with swapped terminal corresponding to the Eq. (8) (b), the

equivalent model of the latter corresponding to the Eq. (9) (c,d).

Eq. (7) and Eq. (9), Figs. 2a and 2d). It can be seen that Eqgs. (7), (8) and
(9) are different, and therefore the behaviour of the circuits is sensitive
to the polarity used to connect the TENG and to the sign of the built-in
charge Qrg. This point must be taken into account when analysing non-
symmetrical circuits such as half-wave rectifier and Bennet’s doubler
(see sect. IL.E).

The first model derived specifically for a TENG was presented by Niu
etal. [24,25]. Although expressed differently, the model presented here
is strictly equivalent. The model used in this paper expresses the voltage
Vreng by the charge of the top electrode Qy,; as is traditionally done for
electret kinetic energy harvesters, whereas Niu’s model expresses the
voltage Vreng by the charge of the bottom electrode Qgie. In that case,
Vreng is given by

= (10)

Cvar CTENG

—Org — Qaie  Oe 1 1 Qi
Vieng = Vi 4 o1 —Bde _ BT o e
TENG = Ve Creng Crene Qre Car M Case) Crene
9 Qe

Expressing Qg in terms of the surface charge density of the TE layer
o leads to

ox(t) Qe
&  Creng

(1)

VTENG = -

Again, since Qgje is an internal quantity, it can be replaced it by -Qgje,
which means that the positive device current is redefined as entering the
positive (upper) terminal (see Eq. (3)). We get

+ Qdic

£ Creng

ox(t)

Vieng = — 12)

This model corresponds to an equivalent circuit comprising a vari-
able capacitor Crgng and a variable voltage source, whose variations are
mathematically linked to that of Crgng.

The two models are strictly equivalent in the sense that Qgije and Qyar,
being different and not directly measurable, have the same time deriv-
ative and therefore define the same electrical current itgng. However,
the model in Fig. 2 has a distinct advantage: it includes a DC voltage
source instead of a variable voltage source, which makes the analysis
and modeling much simpler. For instance, energy conversion is only
performed by the variable capacitor, since the DC voltage source in se-
ries with a capacitor doesn’t generate energy in average when operating
in the periodic mode. This allows one to re-use the analysis tools
developed for the kinetic energy harvesters using variable capacitors
and electret-biased transducers. This model will be used in our work.

In this article, the analysis is done under the following convention:
after shorting the TENG at Crgng=Cr max (initialization of Qy,y), in open
circuit configuration, the voltage Vrgng increases and becomes positive
when Crgng decreases. Such a behaviour corresponds to a negative
charge Qg and hence to the model shown in Fig. 2¢,d.

The value of Vrg has a direct effect on the energy conversion per-
formance of the TENG: indeed, all key performance figures are propor-
tional to V&g, so maximizing Vg is sought. Since Vrg is proportional to
the surface charge density o, researchers have developed various

methods to increase o [26,27]. The influence of the thickness and
permittivity of the tribo-electret layer has also been discussed [28].

In this paper, it is assumed a motion of the mobile electrode such that
the capacitance varies periodically with period T, with only a maximum
and a minimum in one a period, and with a fixed max/min ratio

CT ma . P
n= Cle‘"i“, where Ct max and Cr i, represent the maximum and minimum
- -

value of Creng respectively.

2.2. Generic dynamics of capacitive charge-pumps using TENGs

TENGs can be used in a range of capacitive charge pumps that
generate a DC output voltage: half-wave and full wave rectifiers, voltage
multipliers, unstable charge pumps [16-18], etc. The operation of these
charge pumps results in an increase of the voltage on Cree, output
capacitor of the charge-pump, throughout the variation cycles of Cgng.
This evolution is governed by the following generic law:

Vi =aV;+p 13)

where a and f are coefficients depending on the TENG parameters and
the charge pump architecture, V; being the output voltage at the i
cycle. A cycle of a capacitance variation starts at the moment when
Cteng=Ct max- This voltage evolution corresponds to an energy accu-
mulation on the capacitor Cect, which can be calculated as follows:

El — Crecl Vlz (14)
2
The energy produced during cycle i is given by
Crec Crec
AE =2 @V + ) - V] =52 [(@ = 1)V + 20V, + 4] (15)

In most practical cases, « is close to unity.

2.3. Key quantities for stable charge-pumps using TENGs

For analysis, it is useful to introduce an additional parame-
ter ¢=1-—a so that @ =1 — e. Some figures are interesting for the
practical use of charge pumps in the energy converters.

o The saturation voltage (as i—oo0): The charge pump saturates if and
only if @ < 1. In this case the saturation voltage Vg, is found from
(13) knowing that

s

==V = —— = g (16)

Ve =
1—a

Voor1 = Ve +f =

e The maximum energy converted during one cycle and the cor-
responding output voltage. If o < 1, Eq. (15) has a maximum over
Vi which is given by

(i - l)ﬁ Crec( ﬁz
e R

a7
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If ¢ < <1, these formulas simplify as follow

_ Crecl ﬂ_z

b AEH]&X - 2 2€ (1 8)

Vop = >~

2¢e

The energy generated at the beginning, when the output voltage is
close to zero. According to (15), this energy is given by

Crec&

AE, = Tﬂz 19

The transient time. This is the number of cycles required to reach
95% of the saturation voltage, when started from zero. To find it, V;
should be expressed explicitly. Solving the recurrence Eq. (13) gives

Vi= (vr/g)(lfe)#/g

where Vj is the output voltage (the pre-charge of Crer) at the
beginning of the cycle i = 1.

Note that if € is positive (this is always the case for the saturated
charge pumps) and close to zero (usually the case in practice), the
equation can be rewritten as

(20)

Vi~ (Vof'g)exp(fie)Jr'g (21)

The number of cycles required to reach 95% of saturation iz, can
be obtained from this equation by requiring

V; =0.95 g Vo=0 22)
Leading to
1 3
I = ——1n0.05 ~ = (23)
€ €

Average energy per cycle after i first cycles. In some cases, it is
interesting to know the average energy per cycle (average power)
when the charge pump starts from zero output voltage and run i
cycles. The corresponding formula is obtained from (21) by setting
V() =0:

1 CreclVi2 1 Crec& ﬁ i :
Enii=—————==—(~[1—-(1- 2
W ST Ty T (J (1=eyl] @9
If ex1, it can be simplified to
_ 1 C‘rec!Vi2 _ 1 Crecl ﬂ . :
Epgi = T3 =773 E[l — exp(—ie)] (25)
Crena Vrena )SDl D4
i v‘l'(ll' C‘re(i;
Vi AN
D2 | D3

(@)
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In the next two sections the analysis of the full-wave and half-wave
rectifiers will be presented, with the aim of finding the parameters a
and f. Then, the generic formulas just presented will be used to compare
the circuits.

2.4. Dynamic equations for full-wave rectifiers

The analysis of the FW rectifier starts from the following initial state:

Vs = Vg;
Vvar = VTE - V{

i

(26)

Creng = CT,max

where V; is the output voltage of the rectifier (the voltage the capacitor
Crect, See Fig. 3). The subscript i denotes the cycle number. An upper bar
on i denotes the voltage value when Cteng=Ct max (V;), and the lower
bar denotes the voltage when Crgng=CT min (V). An ideal diode model
has been used: the forward voltage and reverse leakage current of the
diodes are zero. The minus sign in front of V;; in the second equation of
(26) is due to the fact that the previous cycle (i-1) ended with diodes D4
and D2 conducting.

The operation of the full-wave rectifier (Fig. 3a) and the energy
conversion process can be characterized by the QV cycle presented in
Fig. 3b. The circuit state starts at the point A and follows the clockwise
direction.

2.4.1. Evolution from Cr max t0 CT min

Segment A—B: As Crgng decreases, its voltage increases and as far as
Vreng = Vo — Ve <V, the diodes are OFF, Qy,r is constant and is
equal to

Ql = CT_max(VTE - Vs;) (27)

. . . Q
The point B is characterized by the value of Crgng equal to VTE+IV~;'

Starting from this point, the diodes D1 and D3 are ON, and the capacitor
Crect is in series with the TENG, so that “+ ” terminal of Cyect is connected
to “+ ” terminal of Ctgng. During the segment BC, the sum of charges on
these two capacitor’s electrodes is constant and is equal to Q* . Calcu-

lated from point B, it gives
0" =01+ Creeat Vg = Cr_max(Vie — V) + Creat Vg (28)

At point C, the same charge is redistributed differently over Cye.t and
CreNg, then

Q" = Cr_nin(Vre + Vi) + Crea Vi (29)
Equating these two expressions gives
max (Ve — Vg Crect Vi — min VTE
v, — GV = V) + CouVy = Cr ¥ o

CTimin + Crccl

2.4.2. Evolution from Cr min t0 CT max
The same analysis allows one to calculate the voltage V; at the point

‘kQTY{lT
Q1 A B
E
Q? e D c
Vi
< Viar
X — Crmit
by [z Vg
O / L, Vre ///“ Vg + Vi
Vie Vil [Vee=Va Vg v
Vre — Vi

Fig. 3. (a) Schematic of a full-wave rectifier, (b) QV cycle of the variable capacitor Crgng in a full-wave rectifier, where Q.. and Vy,, represent the charge on and the

voltage across Crgng respectively.
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E. As Creng starts to increase from point C, its voltage decreases and all
diodes are off. The charge of Cteng is constant as far as Vi, > Vg — Vi,

Then from point C to point D, it is equal to
QZ = CTimin(VTE + Vsl) (31)

The point D is characterized by the value of the variable capacitance
given by Starting from the point D, diodes D2 and D4 are ON and

Q
Vre—Vyi*
Crect is connected to the TENG, so that the “-” terminal of Cyect is con-
nected to “+ 7 terminal of Cy,. During the segment DE, the sum of
charges on these electrodes is constant. At point D, it is expressed as

Q** = Q2 - Creclvs{ = CT_min(VTE + Vsﬁ) - Crecl si (32)

Note that the charge on the electrode “-* of Cyec is taken with the
minus sign.
At point E, the same charge can be expressed:

Q** = CT7n1ax(VTE - Vg,‘_l) - Creclvgi‘_l (33)
Equating these two expressions leads to
v Cr_min (VTE + Vq) = Creet Vsi — Cr_max Ve 34
§ |+_l B _CTimax - Crcc( ( )
Combining (30) and (34):
_ Crccl - CTJnin Crccl - CTimax 2Crccl(CT7max— CTimin)
si+l s CT,max + Crecl CT,min + Crecl “:(CT,max + Crecl)(CT,m'm + Crecl)
(35)
Setting ¢ = £==. and 5 = g, we get
(-1 {—nq 2l(n-1)
sitl Vs . (36)
S S R (Y

This recurrence equation fully characterizes the dynamics of the
voltage Vs, with « et 8 in (13) given by

_e-1 &—-n

NS R g 87)
_ 24(n—1)

G (ETiEn) 8

2.5. Dynamic equations for half-wave rectifiers

The half wave rectifier (Fig. 4a) operates similarly with the full wave
rectifier, except that the Cpe capacitor is only charged during the for-
ward (Cpax —Cmin) phase. The corresponding QV cycle is presented in
Fig. 4b. Again, the analysis of the HW rectifier starts from the following
initial state:

D2
Crenc Vrena { l
: VYI'“" Cr(:('t +
AN\
Vre D1
(a)

(b)
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Vs = st
Vyar = Vg

CTENG = CT_max

(39)

2.5.1. Evolution from Cr max t0 CT min
During the phase AB, the charge is constant and is equal to

Ql = CTfmaxVTE

As Creng decreases, the voltage Vg, increases till Vi, > Vig + V. At
point B this becomes an equality, the diode D1 becomes ON and the
capacitor Cpect is in series with the TENG, so that “+ ” terminal of Crect is
connected to the “+  terminal of Cy,,. The total charge on the electrodes
“+ 7 of both capacitors is constant during this segment. At point B it
reads

(40)

Q* =0+ CreclV;; = CTimax Ve + CreclV;; (41)

At point C the same charge, redistributed differently over Cet and
Cyar is:

Q" = Cr_min(Vie + Vi) + CreatVii (42)
Equating the last two expressions gives
C maxv Crcc Vi — C minv
Vv, = T TE + Vi T_min VTE (43)

C‘T,min + Crecl

2.5.2. Evolution from Cr min t0 CT max
Since during the phase CD and DE the diode D1 is off, the voltage V;
doesn’t change till the end of the cycle, consequently

Ve —=V.=V Crect TV CT,mux—CT,min _ é’ TV n—- 1
T Yl i+ G Crmn+ G CHLTT ]
(44)

This recurrence equation fully characterizes the dynamics of the
voltage Vs, with a et g in (13) given by

¢

=i 4%
=1

ﬁ—VTEﬁ:H (46)

2.6. Comparative analysis of half wave (HW) and full wave (FW)
rectifiers

2.6.1. Key quantities of FW and HW rectifiers

Now, the generic formulas derived in section IIB can be applied to the
full wave and half wave rectifiers for comparing the key performances of
the two circuits.

The following hypotheses are made for the comparative analysis:

‘k Q'UU-’I'
A B
@1 ' E
Q2 \C.
Ve P '
_ Crmintt

T Quen =t v

: O Vi 7 VirT Ve

Ve + Vi

Fig. 4. (a) Schematic of a half-wave rectifier, (b) QV cycle for the variable capacitor Crgng in a half-wave rectifier, where Qy,, and Vy,, represent the charge on and

the voltage across Crgng, respectively.



H. Zhang et al.

® Crect is such as Crect> >Crmax, as a consequence {1 and . For
both rectifiers, this means e<1. This hypothesis is generally verified
in applications, given the typical capacitance values of TENGs

e Zero initial voltage of Cit is considered, i.e. Vo = 0 in the formulas
(20) and (21).

Given these, the formulas for the parameters of the full wave and half
wave rectifiers are summarised in Table 1.

One can see that all energy characteristics are proportional to the
square of Vrg. Clearly, a larger Vrg leads to a higher saturated voltage,
but more importantly a higher energy per cycle. This is consistent with
the figures of merit of TENGs which are typically proportional to the
square of the surface charge density of the triboelectric layer [29,30]. In
this paper, the focus is on the influences of # and ¢, while assuming
constant Vrg and Cr_min.

2.6.2. Comparison of half-wave and full-wave charge-pumps

From the above table, it can be seen that HW rectifiers are more
efficient than FW rectifiers: they allow a higher maximum energy AEpx
at the optimum voltage, by a factor of (4 + 1)/2. This maximum energy
requires the HW rectifier to have a higher output voltage V,, by a factor
of # + 1, and which places a higher requirement on the interface elec-
tronics, which must support and handle a significantly higher voltage.

However, there is one situation in which the FW rectifier provides a
higher energy per cycle than a HW rectifier: at the beginning of the
pumping process, when Vit is small comparing to Vrg. Comparing the
values AEj for the two networks, it can be noted that the energy per
cycle is 4 times greater for the FW than for HW networks. This may
explain why the FW diode bridge is still largely used for rectifying the
TENG output: FW provides better performances when working at volt-
ages much below the optimum one, which is often the case when
working with a 1-stage power management circuit and/or when the
charging time is a critical issue.

The FW rectifier saturates at a lower voltage than the HW rectifier by
a factor of 5 + 1, which is always greater than 2 (since # > 1). Moreover,
for a high 5 the saturation voltage of the FW rectifier is practically in-
dependent of 5 and is close to Vg, whereas for the HW the saturation
voltage is nV1s. However, the FW rectifier reaches saturation at a shorter
time, by a factor 2(n+1), which is at least 4.

2.6.3. Simulations from the obtained formulas

The evolution formulas of the two charge-pumps have been applied
to simulate their behaviour. Simulations of the voltages across Cy.. with
different capacitance variations and with different values of C.. are
shown in Fig. 5a and Fig. 5b. As expected, a higher saturated voltage is
obtained with increasing capacitance ratio for HW rectifiers (the

Table 1
Formulas for FW and HW rectifiers.
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parameter 7), while for FW it gradually tends towards Vig when
increasing #. In both cases, the saturated voltages are not related to the
value of the storage capacitance (the parameter (), as predicted by the
analysis (Fig. 6b). Therefore, higher maximum energy per cycle is ach-
ieved with higher capacitance variation, as shown in Fig. 5c and d.
Fig. 6¢, and the maximum energy per cycle is independent from the
storage capacitance value (the parameter (). Consequently, increasing
the capacitance variation is a keyway to improve the performances for
both FW and HW rectifiers, and this remains true regardless the condi-
tioning circuit for any electrostatic transducer [2].

As shown in the simulations, in agreement with (15), the energy per
cycle is initially increasing with time going on to approach a maximum
value, and then it drops to zero due to saturation of the output voltage
(see Fig. 6a and b). As with the saturated voltage, there is a larger energy
per cycle at the i cycle (AE™Y or AEHY) and also a larger maximum
energy per cycle (AE'™ or AEM™) with a larger capacitance change.
Generally, AEM™ > AE™Y, except for the early cycles corresponding to
very low TENG bias voltages. The storage capacitance has little impact
on the maximum energy per cycle but its value has a strong influence on
the time needed to reach the optimal voltage corresponding to the
maximum energy. It is important to consider this property when
designing power management circuit, the goal of which usually to
quickly charge a large storage capacitor. This motivates the use of a two-
stage power management architecture.

3. Analysis of the 2-stage power management circuit

Like any charge pump ending in a saturation, the FW and HW rec-
tifiers have an optimal regime corresponding to a maximum converted
energy per cycle. This regime is determined by the value of the satura-
tion output voltage Vi, the energy converted per cycle is close to AEpax
if the voltage across Cret is close to Vi, (which, for the two circuits
considered here, is equal to Vs,t/2). However, if a charge pump reaches
saturation, then the energy converted per cycle drops to zero. To avoid
this, an additional circuit is needed that remove the energy from the
capacitor Crec; SO to maintain its voltage at the optimal level Vip:. The
rate of this energy removal is equal to the maximal converted power
AEna,/T, and the average value of the current is equal to AEmay/(VopcT),
where T is the period of the mechanical cycle. This operation cannot be
achieved by connecting the load to Crec: indeed, Vop is at least of the
same order as the built-in voltage of the TENG V7 (tens or hundreds of
volts), and it is therefore hardly compatible with a useful load requiring
supply voltage typically of a few volts. This second power conversion
stage plays two roles: (i) a DC-DC conversion from Vopt to Vsgore to
generate a low voltage for the load, (ii) a transfer of the energy accu-
mulated by the charge pump from Cpect to Cstore (and to the load) with

Generic formulas

Full wave rectifier (e<1)

Half wave rectifier (e<1)
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the optimum transfer power AE.x/T, keeping the voltage across Crect
close to Vopt.

In the following, the previous theory has been applied on HW and FW
rectifiers to the analysis of the 2-stage PMC (2SPMC) (Fig. 7a). In the st
stage, the output capacitor of the rectifier Creet acts as a high-voltage

buffer, and the second stage consists here in a buck DC-DC down con-
verter. It consists of a controlled switch, an inductor, and a freewheel
diode. The output capacitor Cgore is large (Csiore >> Crect) and held at
Vstore by the 2-stage PMC. For the switch control, there are two main
options: (i) a full-hysteresis switch (FHSW) that is turned ON at some
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Fig. 7. Simulation results of the two-stage power management circuit (2SPMC). (a) Schematic of the 2SPMC. (b) Energy and average energy per cycle in C. using
the HW rectifier. (c) Voltage across Gy, with pr‘f’ 0.5VHW (red-dashed line) or VZ,"[V 0.7VHW (green line), for 2SPMC with a HW rectifier and full-hysteresis
switch (2SPMC_HW_FHSW), or a narrow-hysteresis switch (2SPMC_HW_NHSW). (d) Comparison of total stored energy curves using different configurations. (e)
Energy per cycle in Cyyor, average energy per cycle and at the i cycle using HW without the switch (black and grey curves, same data as that in b), using HW rectifier

and 2SPMC with different optimized voltage setups and switches (colored lines).

high voltage of Vi, and is turned OFF when V.. reaches 0 V; (ii) a
narrow-hysteresis switch (NHSW) that is turned ON when Vi is slightly ECSY = 5 yle I’ 47)
above Vi, and turned OFF when Vi, is slightly below V.. The FHSW is

easier to obtain and to control, but the NHSW leads to greater converted

where V}, is the voltage across Cyect at which the switch is turned ON, and
power as it will be demonstrated in the following.

y is the energy transfer efficiency of the DC-DC converter based on a
practical hardware implementation. If the energy transfer from Cpect to
Cstore takes a negligible time compared to the charging time of Ciec, the

3.1. Impact of the switch hysteresis average power received by Core can be calculated as
3.1.1. The full hysteresis pFHSW _ EEHS‘W (48)
At each actuation of the switch, in the case of the full hysteresis, the o inT

output capacitor Cgore receives the energy
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where i is the number of cycles required by Vi to reach V}, from zero,
and T is the period of one pumping cycle at the first stage. This number
can be calculated with (21) by letting Vo = 0:

In (1 _ E€rect—2st Vh> (49)

ﬁrecl—Zsl

FACE——

€rect—2st

where €reer—2g and f._oq correspond to ¢ and g for the rectifier in the 2-
stage PMC respectively. We obtained

2

%ycmcl Vi

1 €Erect—2s
~tin(1 - v, )T

FHSW __
Puv -

(50)

It can be seen that there is an optimal V}, maximizing PL*". How-
ever, it cannot be expressed analytically from Eq. (50). The simulation in
Fig. 7b shows that for the HW charge pumps used in the first stage, the
optimal value of V}, is 0.7V, An identical result would be obtained
with the FW rectifier (V;, = 0.7VEY).
3.1.2. The narrow hysteresis

The performance of the narrow hysteresis switch configuration can
be evaluated in a similar manner. The energy transferred at each switch
actuation cycle of is given by

1
B = 1Ca -V Q)

where Vj is the low activation voltage of the switch. Assuming that V}
and Vj, are close to Vg, the energy generated on Vi by the first stage at
each pumping cycle can be considered almost constant and equal to
AEpax. If the increase from Vj to Vj, lasts k cycles of the TENG capaci-
tance variation, the energy transferred is given by Eg>" = ykAEm.y.
The average power generated on Core can be calculated as follows:
PNHSW _ ykAEmax _ }’AEmax

= = 2
7 = 52

Ideally, Vi, and V) should be as close to V, as possible, which means
that the ideal configuration is for k equal to 1. However, this will
maximize the number of switch actuations, which consumes some
power, especially if electrical control is needed to synchronize with the
charge pump. For this reason, it is best if the hysteresis loop is not too
narrow. The optimal value of k is related to the energy cost of activating
the Buck switch, and it must be optimised for each particular hardware
implementation.

3.1.3. Simulation results

In Fig. 7b, it can be observed that the energy per cycle for the HW
PMC at the ih cycle AE!W reaches its maximum value for VI =
0.5VHW which is consistent with the formulas in Table 1. A similar
result is obtained with the FW rectifier. However as mentioned earlier,
the average energy per cycle AE,,, ; reaches its maximum for a voltage
on Cpect Of 0.7V, This means that for the FW and HW rectifiers in a 2-
stage PMC, the highest charging efficiency with a full-hysteresis switch
is obtained if the switch is ON at 0.7V, whereas with a narrow-
hysteresis switch, the switch should be ON/OFF around 0.5Vy,, at
least if the power required to operate the switch is negligible.

Fig. 7c-e compare simulations of the 2-stage configuration with both
FHSW and NHSW strategies. Fig. 7c shows the voltages across C.. when
using a 2-stage PMC with different switch actuation voltages and full- or
narrow- hysteresis switches. Fig. 7d shows the corresponding total en-
ergy in Cyoe. With only the HW diode bridge as PMC, the output voltage
and so the collected energy saturate, and then energy per cycle (i.e. the
power) reaches zero after some time (Fig. 7e). On the other hand, the
total harvested energy using the FHSW or NHSW strategies increases
continuously since C,..; has never been charged to saturation due to the
switch that regularly releases the harvested energy stored in C,.. Thus,
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the inherent drawback of the voltage saturation in stable charge-pumps
such as FW and HW rectifiers is overcome.

Furthermore, by comparing in Fig. 7e the total energy harvested
using the 2-stage methods with different switch controls, as expected,
the best performance is obtained with V., = 0.5V (solid blue plot),
which yields an average energy per cycle in steady-state operation that
reaches the maximum theoretical value of the HW (~8.8 uJ/cycle). The
green line shows the evolution of the energy per cycle for a 2-stage PMC
with a HW rectifier and a full-hysteresis (FH) switch with setting V,,, =
0.7V 'which is supposed to be the optimal voltage of the FH opera-
tion. The steady-state energy per cycle is 7.2 pJ. For sake of comparison,
the red line shows the evolution for the same configuration but for
Vh=0.5VIV: the steady state energy per cycle is now 6.4 pJ, which is less
than the case for V;,=0.7VlV. These results are in good agreement with

sat
the theory: (i) they confirm the superiority of the energy conversion of
the configuration of the narrow hysteresis, (ii) they confirm the optimal

value of thresholds for the configuration of full and narrow hysteresis.
3.2. Charging time of a large capacitor

Most systems are supplied with only a few volts delivered by a bat-
tery or large capacitor to limit the voltage variation. However, if a large
(and discharged) capacitor is connected at the output of a FW or HW
rectifier in a typical single stage configuration, at low voltages the
incoming power (the energy per cycle AEy) is very low and the charging
process can take a long time. As explained above, the problem can be
solved by using a power management circuit with a 2-stage PMC where
the buffer capacitor Crct can be kept relatively small. In this section we
estimate the gain in the charging time provided by a 2-stage PMC
compared to a 1-stage one when charging Csore to a certain voltage
Vstoree TWo configurations have been considered: the 1-stage PMC with
Cstore connected at the output, and a 2-stage configuration with Csore
connected at the output of the 2nd stage while C;¢ is connected at the
output of the 1st stage. In what follows, Cgsore> >Crect™> >Cmin,
Cmax> >Cmin and Vpg> >Vgore. These assumptions correspond to most
practical cases and will allow us to simplify the formulas.

Considering that Vyore is much smaller than Vg, with a 1-stage PMC,
the energy at each cycle can be considered as constant and equal to AE,
(see Eq. (19)). Therefore, the charging time (i.e. the number of cycles) to
charge Cstore is given by:

Cuore 12 2
i - Egore _ %Vsmre _ Vsmrc (53)
Ctst ™ AE, G 2 2
0 2 ﬁs(ore—lst ﬂstore—lsx
Here Cec; in the previous equations has been renamed to Csiore and
to ﬂslorcflsl'

With the 2-stage configuration, the charging time can be estimated as
the sum of the times required for the 1st stage to charge Crect to Vopr, and
then to charge Cstore t0 Vitore by transferring AEpax at each cycle. First
ic,... »> the charging time of Cyect, is calculated with (21) by setting Vo= 0
and V=V taken from (18). It leads to:

1

€rect—2st

In2 54)

et ot =

where €25 corresponds to e for the rectifier in the 2-stage PMC.
ic, 0y the charging time of Cyore in the 2nd stage, can be calculated by
assuming that the energy transfer rate is constant and equal to AEpax
(from (18)) per cycle (dissipative effects in the transfer have been
neglected, i.e. y = 1):

C 2 3 V2
i Exore *‘2‘“° Vsmre Citore 2€rect—2st store (55)
Cstore—
store~2st AE . Cr2ecr Precas” Creat ,ﬁrec—2sl2

2€rect-2st

The charging time is then calculated as follows:
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4
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If Cstore™ >Crects icrect2st is negligible compared to icstore-sts the
charging time gain can be simplified to

2
1 Crect ﬂrec—Zsl
2
2€rect—251 Cslore ﬁsmre—lst

Gehtime = 57)

2
Ctore—1st _
Crect—2st

2
Prec—2u”
; =

Since for both HW and FW rectifiers we have

Pstore—1st

2
(g.J) , we obtained
rect

Cslore

Gch.time ~ 2,
€rect—2st Crecl

(58)
Replacing €2 With its expressions from Table 1, we obtain for the

FW rectifier G, ~ and for the HW rectifier Gy, ~ 56
291G

nime- 1t can be observed that the gain provided by a 2-stage
configuration using a HW rectifier is at least twice that obtained using
a FW rectifier and increases proportionally with 7.

Cotore

4Cr

_max

s Cstore
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4. Experimental results

Experiments were performed with a contact-separate mode TENG
based on a macro-shaped conductive polyurethane foam (C-PUF) [31].
One advantage of this device is that its capacitance variation can easily
be adjusted by varying the contact force. The setup is shown in Fig. 9.
The TENG excited with a vibration shaker (MODAL SHOP K2007E01),
controlled by a signal generator (Tektronix AFG3102) with a frequency
of 5Hz. The capacitance variation was measured using the method
described in [22], showing variations from 5 = 1.39 to 5 = 3.37 with
contact forces from 2 N to 10 N. The output voltage of the capacitors was
monitored with high-impedance followers (OPA 445), and capacitor
dividers were used to adapt the signal to the voltage limitation of the
amplifier. The inductor value of the DC-DC buck converter is 100 mH.
Two low-loss diodes were in series to increase the inverse breakdown
voltage up to 600 V.

4.1. Performances of the FW and HW rectifiers in the 1-stage
conditioning-circuit

First, experiments using single FW and HW rectifiers to charge Cie
were performed (circuits in Fig. 3a and Fig. 4a), whose goal is to
demonstrate the optimal regimes of the FW/HW rectifiers. The time
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Fig. 8. Electrical performances of the TENG charging a capacitor with FW or HW rectifiers in a one-stage conditioning circuit. Voltage across the storage capacitor
versus time with different TENG’s capacitance variations (a) and output capacitances Cy.. (b) charged with full-wave (dash line) and half-wave (solid line) diode
bridges. (c) Voltage and total stored energy versus time when capacitance variation is 3.37. Energy per cycle in Cy. versus voltage across Cy.. with different TENG’s
capacitance variations (d) and and output capacitances Cy.. (€). Comparisons of the energy per cycle and average energy per cycle for FW and HW rectifiers (f).

Energy per cycles for HW (g) and FW (h) rectifiers versus the operation time.

10



H. Zhang et al.

evolution of the voltage across C. with different TENG’s max-to-min
capacitance ratios (1) and C,. values are shown in Fig. 8a,b. With a
capacitance variation of 7 = 3.4, the saturated voltage of HW is
VW ~ 580V, while that of the FW is VI ~ 190V, resulting in the
maximal total stored energy of the HW ~ 9 times higher than that of FW
(Fig. 8c). The maximum energy per cycle is ~10 uJ/cycle (HW) and ~6
wJ/cycle (FW) (Fig. 8e). When 7 decreases from n = 3.4 to 5 = 1.4, the
saturated voltage drops to ~174V and ~104V for HW and FW,
respectively (Fig. 8a).

The voltage across C,..; using the HW rectifier firstly increases with a
lower slope than with the FW, and then increases faster after a few
operation cycles, confirming again that FW has better performances only
at the beginning of the charging [20]. This can also be seen in the
energy-per-cycle graphs shown in Fig. 8d-f.

The maximum energy per cycle is independent of the value of C,.
(Fig. 8e), and a larger C. leads to a longer time to approach the
maximum energy per cycle (Fig. 8g,h). Then, for a given number of
operation cycles, a smaller C,.., and a higher capacitance variation result
in a higher maximum energy per cycle. As in the theoretical analysis, the
energy per cycle versus output voltage reaches a maximum value at
0.5VHWV_ Likewise, the maximum average energy per cycle (calculated
from a fully discharged C.) is appearing at a higher maximum output
voltage, around 0.7V (Fig. 4f).

In this experiment, the output voltage for the maximum energy per
cycle is 80 V with the FW rectifier, corresponding to an energy per cycle
of 6.2 pJ/cycle, while the maximum average energy per cycle is at 120 V
for an energy per cycle of 4.7 pJ/cycle. With the HW rectifiers, the
maximum energy per cycle is at a voltage ~280 V, corresponding to an
energy per cycle of 10.2 uJ/cycle, while the maximum average energy
per cycle is at the voltage of 370 V for an average energy per cycle of 8.2
wJ/cycle.

4.2. Performances using the two-stage power management circuits

In the following, the performances of two-stage management circuits
are compared with the 1-stage configuration. The two-stage configura-
tion is implemented with a Buck DC-DC down converter having an
electrostatic plasma switch made of a flexible copper wire of 120 p pm in
diameter and a fixed plate in aluminium. The ON and OFF actuation
voltage can be adjusted by varying the stiffness of the copper wire and its
distance with the 2nd electrode thanks to a 3-axis displacement platform
[32]. The switch was connected on one side to the buffer capacitor (Cie.)
and on the other side to the output capacitor Cgqe. The setup of the
2-stage PMC is shown in Fig. 9.

The electrical performances of five conditioning-circuit configura-
tions to charge Cyor have been compared, i.e., (i) FW_only; (ii) HW_only;
(iii) 2-stage PMC with a FW rectifier and full-hysteresis switch
(2SPMC_FW_FHSW) setting ON voltage at 0.7VEY ~ 140V; (iv) 2SPMC
with a HW rectifier and full-hysteresis switch (2SPMC_HW_FHSW)
setting ON voltage at 0‘7V:§V ~ 360V; and (v) 2-stage PMC with a HW
rectifier and narrow-hysteresis switch (2SPMC_HW_NHSW) setting ON
voltage at ON voltage at 0.5V ~ 280V. the buffer capacitor Cye ~ 5

nF, the reservoir capacitor Cyoe =22 pF and the Buck inductor is of
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Buck converter

ollowcr 1
C
) »Of),pff Vibrago,.
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CSlorc

Fig. 9. The schematic of the automatic hysteresis electrostatic switch and the
electrical setup.
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100 mH.

The charging curves of C, and Cyore under the configurations (iii),
(iv) and (v) are shown in Fig. 10a, b and c, respectively. The voltage
across Cyore increases step by step synchronously with the switch actu-
ation. The narrow-hysteresis is obtained at the cost of a higher frequency
switch actuation compared to the full-hysteresis switch. The charging
curves of Cyr for the five configurations are summarized in Fig. 10d,
which shows that the 2-stage HW rectifier with the narrow hysteresis
results in the fastest charging speed, while only the HW is the slowest.

After reaching a maximum of 9.8 pJ with only the HW rectifier, as
predicted by the simulations, the energy per cycle quickly decreases
towards zero because of the charge pump saturation. In steady-state, the
maximum average energy per cycle in C,.; is obtained with the narrow
hysteresis and the HW, but is only 7.0 uJ/cycle (Fig. 10e). The difference
is attributed to the inherent energy dissipation of the switch and ca-
pacitors. The maximum average energy per cycle in  Cyore is 3.9 pJ/
cycle, 56% of that of C., because of the further dissipations of the
switch, capacitors and inductors. This corresponds to a total energy
transferring efficiency of 40% (3.9/9.8). With the FW and the narrow
hysteresis switch, the total energy transferring efficiency is of 20% (2/
9.8). With a 1-stage PMC, the efficiency tends to be zero at the steady
state because of the output voltage saturation.

To quantitatively compare the charging efficiency of different con-
ditioning circuits, we normalized the charging time for different circuit
configurations by setting the time of FW only to charge Cg. to 8 V as
100%, which is shown in Fig. 10f. It can be concluded that 85.5% of the
charging time is saved using the 2-stage PMC with the HW rectifier
compared to 1-stage PMC with a FW rectifier. Further improvement can
be achieved if the switch can be optimized for a better control of the
hysteresis and a reduction of its current leakage and energy consump-
tion [11].

5. Conclusions

This paper has presented a comprehensive analysis for the rectifi-
cation of the AC signal generated by an electrostatic kinetic energy
generator based on stable charge pumps. It led to new generic formulas
for various quantities, such as the optimal bias voltage, the maximum
energy converted, or the number of actuation cycles required to reach
these values. Then, exact formulas for half-wave and full-wave diode
bridges were derived, based on the transducer capacitance variations
and its internal bias voltage. The voltage dynamics of the energy har-
vested per cycle when charging a capacitor using a TENG with full-wave
and half-wave rectifiers were also analysed and compared. Possible
discrepancies between these formulas and the experimental results can
be caused by various parasites in the setup, such as reverse current in
diodes or input capacitances of measuring instruments.

In addition, how a two stages power management circuit can be used
to avoid the output voltage saturation V, has been investigated. It has
been shown that the theoretical optimum ON actuation value V,, of the
switch ranges between 0.5V, (when using an ideal narrow hysteresis
switch) and 0.7V, (when using a full-hysteresis switch, as it is usually
the case in experiments).

Experimental validations were performed using a conductive and
macro-shaped polyurethane foam (C-PUF) [31] for the TENG, and a raw
plasma switch [32] for the 2-stage PMC implementation. While the HW
rectifier provides higher power conversion per cycle at the optimum
output voltage, at low output voltage, the FW rectifier wins by a factor of
4 in terms of power generation. By combining a half-wave rectifier and a
DC-DC converter controlled by a narrow hysteresis switch, charging
time of a 22 pF capacitor to 8 V can be saved by 85.5% compared to a
full-wave rectifier. However, the final energy transfer efficiency (40%)
can be further improved by improving the efficiency of the automatic
switch. One possibility is to use microelectromechanical systems
(MEMS) technologies [11] to fabricate and package the switch, so that
the turn-on and turn-off voltage can be controlled more precisely.
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Fig. 10. Electrical performances of the two-stage conditioning circuits with the setup in Fig. 9. (a) Voltages across Cre and Cyore With a FW rectifier and a full-
hysteresis switch (2SPMC_FW_FHSW), (b) Voltages across Cr.; and Cyore With a HW rectifier and a full-hysteresis switch (2SPMC_HW_FHSW). (c) Voltages across
Crect and Cyore with a HW rectifier and a narrow-hysteresis switch (2SPMC_HW_NHSW). (d) Curves of charging a 22 uF capacitor with different conditioning methods.
(e) Energy per cycle and average energy per cycle in Cy. (red) and Cgre (navy) with different methods. The red dash line indicates the energy per cycle in Cre, while
the red block line indicates the energy per cycle in Cg,r under the configuration of 2SPMC_HW_NHSW. The blue dotted line indicates the energy per cycle in Cre,
while the blue circle line indicates the energy per cycle in Cyor under the configuration of 2SPMC_FW_FHSW. (f) Normalized charging time of charging a 22 pF

capacitor to 8 V using different methods.
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