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ABSTRACT Triboelectric nanogenerator (TENG), advantageous in high energy density and flexibility, is
promising as a sustainable energy source but can hardly be used to power edge devices directly due to
its high-voltage ac output and varying capacitive impedance. To address it, this work proposes a power-
conditioning interface with a fully integrated dual synchronous switch harvesting on capacitors (D-SSHC)
rectifier for triboelectric energy extraction. Furthermore, a full digital duty-cycle-based (DCB) maximum
power point tracking (MPPT) algorithm is developed to optimize the energy harvesting efficiency with
simple implementation and continuous tracking. Designed and fabricated in a 0.18-um BCD process, the
proposed interface can extract energy at a maximum output voltage of 70 V. According to the measurement
results, it achieves 99% MPPT efficiency and an energy extraction improvement of 598% compared to a
full-bridge rectifier.

INDEX TERMS Energy harvesting, maximum power point tracking (MPPT), power management, rectifier,

switched-capacitor converter, synchronous switching, triboelectric nanogenerator (TENG).

I. INTRODUCTION

DGE computing and Internet of Things (IoT) technolo-

gies have rapidly advanced in recent years, enhancing
convenience in daily life. However, the widespread use of
electronic devices, primarily powered by batteries, raises
concerns about environmental pollution and limits device
lifespan. Unlike batteries, energy harvesting technologies
can continuously obtain energy from the environment,
making them a more sustainable and eco-friendly alternative.
Mechanical energy harvesting is one of the most popular
approaches due to its accessibility and robustness in many
applications, and the method of converting and managing
mechanical energy efficiently has gained much research
interest. In the past decade, a novel method to convert
mechanical energy to electrical energy was proposed, the
triboelectric nanogenerator (TENG) [1]. It shows improved
compatibility and high energy density and thus is suitable
for mechanical energy harvesting in variable scenarios, e.g.,
human movement, moving vehicles, and water wave [2],
[3], [4], [5]. However, managing triboelectric energy is
challenging. The model of a typical TENG is composed
of an alternating current source (I7) and a small varying
capacitor (Ct) connected in parallel. Due to the small Cr,

High-efficiency power
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FIGURE 1. TEH system to power loT devices.

the static charge induces high ac voltage amplitude, which
can hardly be utilized directly by electronic devices.

To utilize the triboelectric energy, a power-conditioning
interface is needed to manage the input power and convert it
to a low-voltage dc output, of which the typical structure is
shown in Fig. 1. In prior works, several dedicated rectifiers
were proposed and applied for triboelectric energy harvesting
(TEH) [6], [7]. To tackle the asymmetric output of a TENG
caused by the varying Cr, a dual-output rectifier (DOR)
was proposed with two output capacitors [8], [9], [10],
[11]; however, this bridge-configured passive rectifier sets
threshold for energy extraction related to the output voltage
and energy will only be rectified when the input voltage
is higher than the output. Consequently, when the input

(© 2025 The Authors. This work is licensed under a Creative Commons Attribution 4.0 License.
For more information, see https://creativecommons.org/licenses/by/4.0/
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voltage is lower than the output, energy cannot be extracted
by the interface but is wasted in charging/discharging the
internal capacitor of the TENG. In comparison, a half-
bridge rectifier [12] and Bennet’s doubler [13], [14] discard
the energy in the negative-Vr semi-period to achieve better
energy extraction performance in the positive-Vr semi-
period, which still introduces energy wastage.

A better way to extract energy from TENGs is to use active
interfaces employing bias-flip or synchronous electrical
charge extraction (SECE) techniques. The inductor-based
bias-flip technique, i.e., synchronized switch harvesting on
inductor (SSHI), was first proposed for piezoelectric energy
harvesting [15], and has been demonstrated effective in TEH
in [16] and [17]. It flips the voltage across the inherent
capacitor when I7 crosses zero so that the output voltage
can reach the threshold voltage with little charge waste.
Regarding the SECE technique, the full-bridge rectifier
(FBR) is directly connected to a buck-boost dc—dc converter.
The source is opened until the voltage on Cr reaches
extrema, and then the dc—dc converter extracts all the charge
from C7. Due to the high open-circuit voltage amplitude
of TENG (Vpc), a multishot SECE interface was proposed
to extract triboelectric energy in small pieces to restrict the
input voltage within the technical tolerance [18]. In compar-
ison, the bias-flip technique has better output performance
than the SECE interface since the flipped voltage forms extra
load to the TENG so that additional mechanical energy can
be harvested, resulting in higher electrical energy output.
Nevertheless, both SSHI and SECE utilize inductors. Due
to the high voltage on the TENGS, inductors with high-
quality factors are required for high efficiency, resulting in
bulky TEH systems. On the other hand, the capacitor-based
bias-flip technique, i.e., synchronized switch harvesting on
capacitors (SSHC), was proposed for the piezoelectric energy
harvesting [19], [20], [21], [22], [23]. It is integrable with
on-chip capacitors, achieving improved robustness and long-
term reliability by reducing the risk of mechanical failure
and loose connections; however, directly using it in TEH
will result in poor performance due to the time-varying
Cr. Another recently proposed switched-capacitor-based
TEH interface is the electrostatic charge boosting (ECB)
rectifier [24], [25]. It achieves better performance than the
bias-flip technique in TENG with varying Cr; however, it
relies on a high Cr variation ratio and a relatively low Vgc,
limiting its applications.

Though the bias-flip rectifier provides promising
performance among other active circuits, its output power is
not always the maximum as it is affected by the extracting
voltage. Therefore, locating the maximum power point
(MPP) and maintaining the extracting voltage at this MPP
is necessary to ensure the greatest extraction performance.
The conventional methods to achieve MPP tracking (MPPT)
consist of perturb and observe (P&O) [26] and fractional
open-circuit voltage (FOCV) [27]. The P&O technique
is advantageous in accurate tracking but is power-hungry
and complicated to implement. The FOCV method utilizes
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FIGURE 2. Bias-flip rectifier and the associated waveform for piezoelectric energy
harvesting.

the mathematic relationship between Vpc and the voltage
corresponding to the MPP, Vjpp, to maximize the power
output. It needs to sample the Vo of the TENG, which is too
high to be directly sampled and results in a waste of energy
during the sampling period and low MPPT efficiency when
Voc is fast-varying. Another MPPT technique proposed
recently is the duty-cycle-based MPPT (DCB-MPPT) [28].
It reveals the relationship between the conducting duty cycle
of the rectifier and the output power. In piezoelectric energy
harvesting, the MPP is reached when the conduction duty
cycle of the rectifier is 50%. Utilizing this method in TEH is
attractive due to its simple implementation and continuous
high-accuracy tracking. However, a TENG has a different
model from the piezoelectric transducer (PT) so a new DCB
algorithm is needed for TEH.

In this work, we propose a fully integrated dual-SSHC
(D-SSHC) rectifier with a DCB MPPT technique, designed
with a small form factor to facilitate compact packaging
and enhance mechanical robustness [20]. The proposed
circuits can achieve continuous MPPT for TENGs with
time-varying Cr. The following sessions are organized as
follows. Section II introduces the fundamentals for the DCB
MPPT and the TENG characteristics. Section III presents the
theoretical analysis of the DCB MPPT algorithm for TENG.
Section IV presents the system implementation, including
the top architecture and the details of key blocks. Section V
presents and discusses the measurement results. Section VI
draws the conclusion.

Il. BACKGROUND

A. DCB MPPT FUNDAMENTALS

The DCB MPPT technique was first proposed for piezoelec-
tric energy harvesting, where the PT shares an equivalent
electronic model similar to TENG’s concerning an ac source
in parallel with an inherent capacitor. The difference is that
the capacitor of a PT is constant, while that of a TENG can
be time-varying. When a bias-flip rectifier is applied to a
PT, the waveform of the voltage on it (Vp) is symmetric in
the positive- and negative-Vp cases thanks to the constant
capacitance, as illustrated in Fig. 2. Due to the flipping
loss, Vp cannot reach Vrgc immediately after the flipping
but will be built up slowly by the intrinsic current source.
Apparently, a higher Vrgc results in a longer build-up time.
When Vp is lower than VRrgc, this period, namely, the cut-
off period of FBR (T¢p), is found to correlate with the
power output (Pout). Denoting the cut-off duty cycle as
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FIGURE 3. (a) Structure and model of an RS-TENG. (b) lllustrated waveform of an
RS-TENG.

Dco = Tco/(Top/2), where T,, represents the operational
period of the transducer, the mathematic correlation between
Dco and the MPPT efficiency (nmppr), i.€., the normalized
Pout with respect to the maximum power output Pypp, iS
given as [28]

P
O | —cos*(xDco). (1)
Pypp

nmppT(Dco) =

In this case, the MPP can be easily tracked by detecting
the Dco of a bias-flip rectifier. Compared to other MPPT
techniques, the DCB MPPT eliminates the need to measure
the Vo or the current output, making it suitable to be applied
to TEH.

B. TENG OUTPUT UNDER BIAS-FLIP RECTIFIER
Different from PT, TENG has asymmetric output in positive-
and negative-I7 phases, so the relationship between its nyppT
and Dcop becomes very different from that in piezoelectric
energy harvesting. Besides, they have a distinct mechanical
operation, which also affects the optimum Dco at MPP
(DCO,mpp)‘

To test and validate the proposed rectifier and MPPT to
be presented later, a rotational-sliding TENG (RS-TENG)
is fabricated in-house, which is advantageous in harvesting
energy from rotational mechanical movement with a small
form factor and long-term stability. A model of RS-TENG
is illustrated in Fig. 3(a), which contains a fixed electrode
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surfaced by a Kapton layer and a moving electrode coated
with gold. Either electrode consists of two 90° connected
metal sectors. During the operation, the triboelectric charge
is generated from the friction between the Kapton layer and
the moving electrode, which induces electrostatic potential
between the electrodes. As a result, RS-TENG outputs
alternating current, and the electrodes generate a time-
varying capacitor between them.

The fundamental expression of It and Cr can be written
as follows:

d
Ir = E(US(I)) (2)
€oS(1)
- 7 3
cr dair + dKapton/ €r =

where o represents triboelectric charge density on the Kapton
layer, S(¢) is the time-dependent overlapping area between
electrodes, ¢y denotes the vacuum permittivity, da and
dgapton Tepresent the width of the air gap and thickness of
the Kapton layer, respectively, and ¢, represents the relative
permittivity of the Kapton material.

Denoting that the RS-TENG is operating under a constant
angular velocity 6y, It turns out to be a constant value
independent from the time, while Cr shows a first-order rela-
tionship with respect to time. Their representative waveforms
are presented in Fig. 3(b) and their approximated expressions
are shown in the following equations:

IT ~ 0r200

T
Case 1: 0<t< — 2
B 200 Cr= (ﬂ(l — B)bot + ﬁ) Chin

“)

It~ —Jr290
b T
— <t

Case 2: — 2 5
B =T o~ (ﬂ(ﬁ— 1ot + 1>Cmin )

where r corresponds to the radius of the sector, and B
represents the capacitance varying ratio (8 = Cnax/Cmin)-
Due to the symmetry in the electrodes, we only need to
analyze the performance in one cycle, which corresponds to
a rotation angle range of [0, 7 /2).

Then, the output of the RS-TENG, when applied to a
bias-flip rectifier, can be analyzed. Fig. 4 illustrates the
waveforms of the voltage on an RS-TENG (Vr) in two
situations. Due to the varying capacitance, we achieve two
cut-off periods in the positive- and negative-I7 semi-period
with Vr lower than VRgc, i.e., Tco,p and Tco,,, respectively.
Both of them are monotonically increasing with the increase
of VrRec. However, when VRgc arrives at a certain value, the
rectifier is completely cut off in the negative-IT semi-period
due to the increasing Cr, resulting in a constant 7cp, , equal
to half of the cycle as shown in Fig. 4. If the MPP occurs in
this case, the MPPT based on Tcop,, cannot work. Therefore,
we choose to use Dco = Tco,p/(Top/2) to implement the
DCB MPPT for TENG.

VOLUME 5, 2025
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FIGURE 4. Waveform of bias-flip rectifier for TENG in different conduction
conditions.
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FIGURE 5. MPPT efficiency (yuepr) Versus output voltage considering the system’s
breakdown voltage with yr, = 77, = 30% and g = 2.2.

lll. THEORETICAL ANALYSIS ON THE MPP DUTY CYCLE
OF TENG

As shown in Fig. 4, the rectifier can operate in two
different conduction conditions based on the Vrgc level: 1)
conduction in both positive and negative periods (Cond-PN)
and 2) conduction in positive period only (Cond-P). The
two conditions are analyzed and combined to achieve the
system’s real Dco,mpp-

A. COND-PN: THE RECTIFIER CONDUCTS IN BOTH
POSITIVE- AND NEGATIVE-I+ SEMI-PERIOD

In this case, triboelectric energy is extracted in both semi-
periods, which usually occurs due to the small Cr variation
ratio, B, or low-voltage flipping efficiency. Therefore, the
power output in Cond-PN in one cycle Egye py can be
derived as [29]

Ecycle,PN = _[,3(1 - 77F,n) +1- UF,p]CminVI%EC
Osp
+2QspVrec | when VRgc < ————
B - nF,p)Cmin
(6)
where nf , and nf , represent the voltage flipping efficiency

when I switches from positive to negative and from negative
to positive, respectively; Qsp represents the output charge of
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I within one semi-period (7, /2) derived from the following
equation:

Top
> T,

Osp = / 2 I (Oldt = 07260 7
0

Substituting (7) to (6), the expression of Vrgc when
Ecycle—pN Teaches the peak can be derived as

arZGOTop
2[,3(1 - 77F,n) +1- nF,p]Cmin‘

Since the RS-TENG is open during Tco,p, the expression
of V7 with regard to time during Tcp  can be derived as

®)

VREC,MPP,PN =

B1F.nCrmin VREC + 0726t

Vr pn(t) = ©)

2
|:_(1 - /3)90l + ﬂj| Chin
b g

As Vr py reaches Vrgc at t = T¢p,p, we could derive the
relationship between Vrgc and the current Tco,p as follows:

2
or<6pTco,
VREC,PN = 5 P .(10)
|:.3(1 — NFn) + ;(1 - ,3)90Tc0,p:| Crnin
Denote Do as
Tco,p 26y
Dco = — = —T . 11
Cco Ton/2 —Tcop (11)

Given that the interface is operating at the MPP, i.e.,
Vrec.pNn = Vrec,mpp,pN, (8) can be substituted to (10),
and then the expression of Dcp at MPP in Cond-PN,
Dco.mpp.pN, can be derived as

/3(1 - nF,n)
2B — Bira —Fp

Dco,mpp,PN = (12)

B. COND-P: THE RECTIFIER ONLY CONDUCTS IN THE
POSITIVE-IT SEMI-PERIOD

In Cond-P, Vr can never reach Vrgc in the negative-I7 semi-
period possibly due to the high 8 or high flipping efficiency.
Thus, the triboelectric energy is only harvested in the positive
semi-period, and the energy harvested in one cycle could be
derived as [29]

Ecycle,p = _(1 - nF,pnF,n)CminvlzzEC
+ (14 nr.n) OspVRrEC

Osp
hen V, —_. 13
(W en Vrec = B - nF,p)Cmin) (13)

Then, the expression of Vrgc mpp in this condition can
be derived as

(L4 npn)or?6oT,p
4(1 - nF,pnF,n)Cmin'

VREC,MPP,P = (14)
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FIGURE 7. Simplified schematic of the power stage of the D-SSHC rectifier.

And the expression of V7 with regard to time during Tco,p
can be derived as

170 (1F,pCmin VREC + Qsp) + 01260t

VT,p(l‘) = (15)

=(1 = B)bot + B | Cmin
T

After substituting t = Tco,, and VRec = VREC,MPP,P
to (15), Dco,mpp in Cond-P becomes

B(1 = nrn) — nEn(2 4 nFp — NFp1E..)

/3(1 + 77F,n) +1—=nFn— an,pnF,n
(16)

Dco,mpp,p =

C. REAL Dco,ypp OF TENG

According to (12) and (16), the optimal Dco corresponding
to MPPs in Cond-PN and Cond-P differs. A simple way to
find the systematic MPP is to compare the Ecycle in both
conditions and select the higher one and its corresponding
Dco,mpp as the target optimum Dcgp. By substituting (8)
to (6) and (14) to (13), the theoretical maximum power
output in both conditions can be derived, respectively, as

1 Osp
1- nrp + /3(1 - 77F,n) Crin

Ecycle, MPP,PN = (17)

204

ratios of Ecycle, PN (6) to Ecycle, MPP,PN, and Ecycle,p (13) to
Ecycle,mpp,p, respectively. This plot of nvppr versus VRec
in a certain situation shows a power output valley between
Vrec.mpp.pN and Vrec,mpp, p- If the technical voltage of the
chip is located within this valley, VRgc can never reach
VREC,mpp,p, and the practical MPP should be Ecycle, Mpp,PN
despite that Ecycle MpP,PN < Ecycle,Mpp,p. Therefore, if
VRrEC,MpP,p is greater than the technical voltage, the energy
output at the maximum Vrgc should also be considered.
Furthermore, Dco mpp in the context of TEH is theoreti-
cally determined by B, nrp, and ng ,, which are somewhat
dependent on the features of the transducers and rectifiers.
However, it is worth noting that, in many practical scenarios,
e.g., the combination of RS-TENG and the proposed bias-
flip rectifier presented in this work, the B and flipping
efficiencies remain constant. From the perspective of long-
term stability, the major aging factor for the RS-TENG is the
wear and tear of the Kapton layer, which leads to a reduction
of dkapton in (3). However, variations in electrode spacing,
whether due to aging or other factors, do not affect 8 since it
is the fraction of Crax and Cpip, Which is solely determined
by the overlapping area between electrodes. Moreover, since
dKapton 18 typically 2—4 times smaller than dyi, and when
accounting for its permittivity, the effective contribution of
the Kapton layer is even smaller—resulting in less than
10% variation in total capacitance due to wear. In this case,
the flipping efficiencies, which depend on both the TENG
capacitance and the flipping capacitance of the D-SSHC
rectifier, also barely vary. This ensures stable Dco mpp and
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FIGURE 8. Operational phases of the D-SSHC rectifier.

sustained MPPT efficiency over prolonged operation. Under
such conditions, a one-time trimming would be sufficient
to enable the TEH system to operate at or near its optimal
point over an extended period.

IV. SYSTEM IMPLEMENTATION

Fig. 6 presents the top architecture of the proposed system,
which is mainly composed of three blocks: 1) a dual-SSHC
(D-SSHC) rectifier; 2) a buck converter; and 3) a sensing
and logic controller. Details are introduced in the following
sections.

A. D-SSHC RECTIFIER

For the SSHC technique, its flipping efficiency becomes
stable when the voltage on each flipping capacitor is settled,
i.e., the voltage across the flipping capacitor before and after
the flipping is the same. In piezoelectric energy harvesting,
due to the constant capacitance in the PT, one SSHC block
is enough to flip the voltage in both directions. However, in
TEH, V7 voltage levels at different flipping moments differ
due to the varying Cr, e.g., as described in the Cond-P in
Section III-B. In this case, sharing one SSHC block for every
flipping moment will lead to significant degradation in the
flipping efficiency.

Consequently, two switched-capacitor banks (SSHC-P and
SSHC-N) are employed in the proposed TEH interface to flip
Vr to accommodate both flipping polarities for optimal flip
efficiency. The switched capacitors are implemented with on-
chip metal-oxide-metal capacitors (MOMCAPs) controlled
by laterally diffused MOSFET (LDMOS) switches. Each
switch consists of two LDMOS transistors with their source
terminals connected together to avoid latch-up through their
body diodes. In addition to the switched capacitors, the D-
SSHC rectifier also includes an FBR with active switches
(Mgp, Mgn 1, Mgn .1, and Mpy) to extract energy.

To show the operational principle of the D-SSHC rectifier
clearly, a simplified schematic of the proposed D-SSHC
rectifier is presented in Fig. 7, with MOSFETsS replaced by
switch symbols. The detailed operational phases of the D-
SSHC rectifier are shown in Fig. 8. During most operation
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FIGURE 9. RSS. (a) Circuit diagram. (b) Waveforms around the positive flipping
moment when Mpy is turned off and turned on, respectively. (c) Waveforms when
actively checking the rectifier state while the rectifier is conducting and cut-off,
respectively.

times, the SSHC blocks are disabled, while the FBR extracts
energy by utilizing the body diodes of the LDMOS and
5-V MOSFET in Mgp, Mgy, and Mpy. The forward voltage
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drop on the body diodes is typically around 600 mV, which
is much lower than the extracted voltage Vgrgc; thus the
loss on the diodes is negligible. Mpy is turned on at
a certain moment to sense the rectifier state, which will
be elucidated in the following section. When the positive
flipping moment (V7 is positive, Cr is minimum, and I7
crosses zero) reaches, a 5-stage SSHC-P block is enabled
to flip Vr, while an 8-stage SSHC-N block is enabled to
flip V7 at the negative flipping moment (V7 is negative, Cr
is maximum, and I7 crosses zero). More stages and larger
flipping capacitance are used in SSHC-N due to the larger
Cr at the negative flip moment. Due to the limited chip
area, the flipping capacitance in each SSHC-P cell is 10 pF
while that in each SSHC-N cell is 25 pF. Besides, different
from the conventional SSHC rectifiers, which use flying
capacitors, this D-SSHC rectifier always grounds one node
of the flipping MOMCAPs to reduce the number of high-
voltage switches and gate drivers, and eliminate the effect
of plate parasitic capacitance. To build the current loop and
eliminate the passive diode loss, Mgp and Mgy are turned
on synchronously during the flipping operation to ground
one side of the TENG.

B. RECTIFIER STATE SENSING

To track the real Dcp and apply DCB MPPT to the TENG,
detecting the state of the TENG is necessary. In this work, a
rectifier state sensor (RSS) is utilized as shown in Fig. 9(a).
When the TENG’s state is not tracked, Mpy and Mgy L
perform as passive diodes as Vpy and Vgy are at low
level, while Vgy g is equal to 1.8V to partially turn on
Mgn.g. In this way, when Viy < 1.8V, Vzcp copies Vy;
otherwise, Vzcp = 1.8V so that the low-voltage comparator
and logic gates are protected. Fig. 9(b) left illustrates the
waveforms of the significant signal in RSS when TENG
comes to the positive flipping moment. The decrease of Vr
changes the state of the rectifier from conducting to cut-
off, and meanwhile, Vp decreases while Vy increases. When
Vv crosses 0V, the signal RS switches from low to high,
indicating the detected positive flipping moment. In this way,
Vy increases slowly since Vp decreases in the meantime,
leading to a long delay between the real Ipr-crossing-zero
moment and the flipping moment. To fasten the detection,
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FIGURE 11. (a) Block diagram of the digital implementation and (b) workflow of the
digital-DCB MPPT algorithm.

one way is to turn on Mpy so that Vp is pulled up and the
decrease of Vr will be completely reflected in the increase
of Vi as shown in Fig. 9(b) right. In that case, the delay of
detection is improved by approximately 50%. Additionally,
RSS can be used to actively detect whether the rectifier is
cut-off or conducting, as shown in Fig. 9(c). The detection
is implemented by pulling up Vp and then checking the
voltage level of Vzcp. If the rectifier is cut-off, V7 is lower
than Vrpc so after Vp is pulled up, Vzcp is usually higher
than OV, which can be sensed by RSS. On the other hand,
when the rectifier is conducting, turning on Mpy eliminates
the forward voltage drop on it and thus, will decrease Vp
from VRgc + Vp to Vrgc, where Vp represents the forward
voltage drop on a passive diode. This results in a voltage
drop on Vzcp which will recover soon, and RS will stay
low as Vzcp is always lower than 0 V. In this way, the state
of the rectifier is sensed actively, which assists in measuring
Tco and tracking the MPP of TENG. Last but not least,
since RSS is sensitive to voltage signal and Vzcp varies in a
wide range, the comparator in RSS employs a preamplifier
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FIGURE 14. Measured waveform in a number of periods and the zoomed-in figures
showing the voltage flipping moments 69 V.

with pMOS input pair to achieve high input impedance and
a wide input range, whose schematic is presented in Fig. 10.

C. PHASE LOGIC AND DIGITAL DCB MPPT

The phase logic of the proposed interface, including the
digital DCB MPPT processing, is processed by the digital
processor block, whose simplified block diagram is shown
in Fig. 11(a) while the workflow is presented in Fig. 11(b).
Thanks to the proposed RSS, the positive flipping moment
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FIGURE 16. Measured waveform when D¢, exceeds Dco uep- In this measurement,
the buck converter is disabled to deactivate the MPPT.

could be detected accurately so that the SSHC-P can operate
at the right time. Regarding the negative flipping moment,
since the rectifier may not conduct during the negative-It
semi-period, there could be no rectifier state switching at the
negative flipping moment; therefore, the negative flipping
moment is estimated by the digital processor according to the
operational period (7)) of the TENG. Assisted by the clock
signal from a current-starving oscillator operating at 20 kHz,
the counter in the digital processor digitizes the time (fea1).
When the positive flipping moment is detected, the signal
ZCD goes high, triggering the digital processor to record the
current frey and then reset fy. After two periods, the time
interval between two adjacent positive flipping moments, i.e.,
the period Ty, is achieved. Afterward, the negative flipping
moment can be estimated to be coming in T,,/2 after the
recent positive flipping moment, and the SSHC-N block will
be operating then.

After measuring T,,, the digital processor could derive
Tco.mpp according to the calculated Dco, mpp. As aforemen-
tioned, the trackable Dco mpp is normally within the range
of 0.4-0.7 so the digital processor will first set Dco mpp =
0.5 as the default value, ie., Tcompp = T,p/4. After
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TABLE 1. Measured performance of the proposed interface with three different Voc
values.

Voc | PExt,max | VRec,mMmpPP | nmppT | FOM*
100V 29.0 yW 43.7V 93.7% 585%
130V 59.8 uyW 56.0V 99.0% 598%
145V 85.4uW 62.6 V 96.0% 562%

* Figure of Merit (FoM) corresponds to the enhancement of the power
output of the proposed harvester compared to that of a passive FBR.

the calibration based on the observed flipping efficiency,
the real Tcompp is set. Then, the digital processor will
request RSS to actively check the state of the rectifier when
treal = Top/2 + Tco,mpp. At this moment, if the rectifier
is conducting, it means the current T¢cp is lower than the
expected Tco,mpp and VrRgc has not reached the MPP. In
this case, the buck converter will not work so that VRgc can
be continuously charged to a higher level. Otherwise, if the
rectifier is cut off at the detection, the signal Over_MPP goes
high, revealing that Vrgc has exceeded the MPP point and
should be decreased; therefore, the buck converter operates.
In this process, since the digital processor only operates
simple recording and calculations under very low frequency
(20kHz) and supply voltage (1.4 V), the power consumption
of the digital processor is quite low. The detailed power
consumption is illustrated in the following section.

V. MEASUREMENT RESULTS

The proposed TEH interface is implemented in a 180-nm
BCD process. Fig. 12 presents the micrograph of the chip,
with an active area of 2.47 mm?2. The RS-TENG prototype
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used in the experiment is presented in Fig. 13. The disks have
a radius of 45mm and contain one electrode composed of
two symmetrically aligned sectors. The measured maximum
Cr of this prototype is 140pF and the minimum value is
70 pF; therefore a capacitance varying ratio of 8 = 2 is
employed in the DCB MPPT algorithm.

Thanks to the high-voltage tolerance of LDMOS devices
and the MOMCAPs, the system is fully on-chip integrated
and can efficiently extract energy from a TENG at a maximal
output voltage of 70V. Fig. 14 shows that the interface
works well when Vrgc = 69 V, which can occur when
the MPP of a TENG exceeds 70 V. The rising edge of the
RS signal triggers voltage flipping at the positive flipping
moment, and the negative flipping moment is precisely
estimated from period measurement. Thanks to the proposed
RSS, the positive flipping moment is precisely detected when
Vr only drops for around Vry. Besides, the flipping process
is fast, with the positive flipping taking around 40 ps and the
negative flipping taking 70 ps thanks to the small C7. Due
to the limited area on the chip, the flipping capacitors have
relatively small capacitance, resulting in a flipping efficiency
of around 25% in both situations.

The process of MPPT is illustrated in Fig. 15. Based
on the measured B and flipping efficiency, Dco mpp is
calculated at 45%. When the cut-off duty cycle is lower
than the theoretical Dco mpp, the interface disables the buck
converter and lets Vrgc increase with harvested energy.
When T¢o reaches Tco mpp, the MPP arrives with the current
VRec equal to 53.3 V. Then, the buck converter operates to
regulate Tco at 45% to achieve the optimum triboelectric
energy extraction.

Fig. 16 presents how RSS performs when Dcop exceeds
Dco,mpp. In this situation, when Vp is pulled up at Tco, mpp,
the rectifier is cut off, and thus, V will increase, which is
precisely detected as the signal RS shows. This waveform
also shows the situation that Vr, the voltage difference
between Vp and Vy, could differ before SSHC-P and SSHC-
N. Hence, employing two separate SSHC blocks for flipping
at either moment can ensure better flipping efficiency in this
case.

The robustness of the digital DCB MPPT in TEH was
demonstrated. During the experiment setup, we first press
the rotating disk in the RS-TENG onto the fixed disk. The
friction between two disks will generate a static charge
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TABLE 2. Comparison table of the state of the arts.

JSSC’20 [9] JSSC’21 [10] TC?]Sﬁ—]I 21 JSSC’22 [17] JSSC’24 [25] This work
Process 0.18-ym BCD | 0.18-yum BCD | 0.18-pm BCD 0.18-um BCD 0.18-um BCD 0.18-ym BCD
Transducer TENG TENG TENG TENG TENG TENG
Inherent Capacitance Varying Varying Varying Constant Varying Varying
Energy Extraction Dual-Output Dual-Output
Methods FBR FBR P-SSHI MCS-BF ECB D-SSHC
Fully Integrated Rectifier Yes Yes No No Yes Yes
Bias-Flip employed No No Yes Yes Yes Yes
. . Capacitor- Capacitor-
Bias-Flip Type N/A N/A Inductor-based Inductor-based based based
DC-DC Conversion Dual-Input Dual-Input Buck+SC Reconfigurable SC Buck Buck
Buck Buck
Inductance 1 mH 10 mH 1 mH 10 mH 10 pH 10 uH
Conditional
MPPT Employed Yes Yes No No Yes
ploy (B> 6)
MPPT Method FOCV FOCV N/A N/A Aug) _%SPT Digital DCB
MPPT Efficiency 97% 89.7% N/A N/A 99% 99%
Max. Input Voltage (V) 70 70 70 130 (2-chip) 195 (3-chip) 70 70
Extracted Power (W) 45-16 39 -105 722 1211 823 127.6 85.4
Max. Ppx71/PrBRr N/A N/A 1.62 3.14 2.14 14.0 5.98

on the Kapton layer. Then, we recover the gap between
the disks to avoid the interruption from the friction. The
parameters needed in the DCB MPPT (8 and the flipping
efficiency) are measured under this condition. In this case,
the static charge will gradually diminish as time passes,
resulting in a decrease in the Voc of TENG while other
parameters are constant. In this way, the insensitivity of the
DCB MPPT to V¢ can be demonstrated. Fig. 17 shows the
energy extracted by the D-SSHC rectifier when 8 = 2 and
the operational frequency is 70 Hz while V¢ is varying. The
maximum extracted power (Pgxt) is achieved at 85.4 uW
when VRgc =62.6 V. The maximum power output and the
MPPT efficiency (nvppr) under each situation are presented
in Table 1. Due to the inevitable time dependence of V¢,
the measured power output deviates from the theoretical
constant-Vpc condition, leading to minor variations in MPPT
efficiency. It is shown that in all three situations, nvppr is
higher than 93%, with the peak nyvppt among them reaching
99% when Voc =130V. This shows good robustness of the
DCB MPPT in TEH and also verifies the effectiveness of
the theoretical Dco mpp expression. Meanwhile, the interface
achieves an energy extraction improvement of 598% at the
maximum compared to an FBR implemented with the same
BCD process with the proposed rectifier.

The simulated power breakdown of key blocks is presented
in Fig. 18. The overall power consumption is 1078 nW,
which consumes less than 2% of the harvested energy. A
significant amount of power (682.8nW) is consumed to
control and drive the D-SSHC power stages due to the high
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voltage and parasitic capacitance of the LDMOS switches.
Since most blocks are designed with 1.8-V MOSFET and
driven by 1.4V, the power consumption of each of the
remaining blocks is suppressed to lower than 100nW,
making the system self-sustained and practical in IoT
application scenarios.

Table 2 compares this work with state-of-the-art designs.
This chip was evaluated with an RS-TENG to show its MPPT
and energy extraction performance. However, the proposed
D-SSHC rectifier combined with the DCB MPPT algorithm
offers broad applicability and robustness. It can effectively
track the MPP across various TENG architectures and a
wide range of operating conditions, including cases where
the capacitance variation is moderate or the system is subject
to mechanical wear. This generality makes the proposed
approach well suited for real-world deployment in diverse
TENG-based systems. Furthermore, the proposed system
achieves a small form factor by employing a few off-chip
components, including a 10-x«H inductor and a 0805-package
1-uF capacitor. Last but not least, this work is the first to
employ a digital DCB-MPPT technique in TEH, achieving
up to 99% MPPT efficiency, as defined by the ratio of
the power extracted by the MPPT algorithm to the actual
peak output power across the full Vrgc range. Advantageous
in continuous MPPT without much interruption to the
energy source, the proposed rectifier achieves high MPPT
efficiency and energy extraction improvement not requir-
ing the TENG to have a higher capacitance varying
ratio.
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VI. CONCLUSION

This article presents a TEH interface employing a fully inte-
grated D-SSHC rectifier and digital DCB MPPT algorithm.
The proposed rectifier achieves miniaturization and improves
the flipping efficiency when facing the asymmetric output
of TENG caused by the varying intrinsic capacitance. This
article elucidates the theoretical analysis of the DCB MPPT
for such a TENG. With the obtained theoretical Dco mpp, the
MPP of a TENG can be easily tracked, leading to high MPPT
efficiency and improved energy extraction performance.
This chip was designed and fabricated with 0.18-um BCD
process with a technical voltage of 70 V. According to the
measurement results, it achieves a maximum 99% MPPT
efficiency and 5.98 times improvement in energy extraction
compared to a conventional FBR.
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