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Abstract—In energy harvesting, triboelectric nanogenerator
(TENG) exhibits the great potential capability of scavenging
the environmental kinetic energy into power electricity, which
can be a promising distributed power source for an Internet of
Things (IoTs) device. However, those TENGs usually generate
very high output voltage for the post-stage interface circuit,
and thus a high step-down AC-DC converter for efficient power
conversion is necessary. This paper proposes two bridgeless
quadratic buck AC-DC topologies for high-voltage step-down.
Then, one of the proposed topologies is analyzed with its
operation modes and voltage ratio between input and output.
The simulation results validate the topology feasibility and
analysis correctness.

Index Terms—energy harvesting, distributed power source,
bridgeless quadratic buck, high step-down

I. INTRODUCTION

By 2024, Wireless sensor nodes (WSNs) are predicted
to grow more than threefold compared with that given in
2019 [1]. This phenomenon is attributed to the digitalization
requirements of our physical world for a more intelligent
society with the help of artificial intelligence (AI). Through
these digital twins, which reflect the physical parameters
in our real world, more advanced control methods, precise
sensing technology, in-time monitoring, and Internet of things
can be possibly carried out by Al models and be accessible
for our daily usages [2], [3].

Those WSNSs, as bridges to connect the physical and digital
worlds, are important in the processing of digitalizing our
world. However, these WSNSs are sometimes installed in harsh
environments without easy access to the cable power supply.
For example, they can be located in wind turbine blade [4],
the human body [5], the high speed train railway [6], ocean
light beacon [7], pipeline of petrol supply chain [8], and so
on. Thus, a distributed wireless power source based on the
energy harvesting (EH) for those WSNs can be a promising
solution.

A triboelectric nanogenerator (TENG) mainly relies on
the contact charging and tight electrostatic coupling between
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Fig. 1. High step-down AC-DC converters required by WSN applications

various materials to generate electricity [9]. TENG can have
a flexible size with a simple structure to fit itself into different
operating conditions, which becomes a cost-effect hot topic
of the wireless power source for WSNs [10], [11]. However,
as shown in Fig. 1 TENG’s output voltage is typically high,
even up to 200Vac, which can raise a power conversion
challenge, since the post-stage circuit usually operate in a
3.3V or 5V condition. Hence, a high step-down interface
circuit is necessary to achieve a high efficient AC-DC power
conversion for these applications [12], [13].

Many interface circuits use a diode bridge to transfer AC
input to DC output. However, they are considered less effi-
cient compared with the bridgeless circuit [14]. The bridge-
less AC-DC converter circuits use dual converter cells to
handle the positive and negative AC input respectively. Thus,
they do not require a diode bridge to complete the AC-DC
conversion [15]-[17]. Several boost bridgeless, buck-boost
bridgeless, and buck bridgeless circuits have been already
proposed [18]-[20]. However, they are not targeting TENG
applications with very high output voltage. A more common
solution is just to use two-stage power conversion for the
high voltage step-down. A two-stage solution is apparently
not energy-effective and size-compact in energy harvesting
applications, not to mention that the energy harvested by
the TENG is typically low and precious. Hence, based on a
single-switch high step-down converter cell (named quadratic
buck [21]), this paper proposes high step-down bridgeless
circuits for those TENGs with high output voltages.

The remainder of this paper is as follows. Section II intro-
duces the quadratic buck converter cell and its conventional
AC-DC circuit topologies with a diode bridge, followed by
two proposed circuit topology. Then, one of the proposed
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Fig. 2. Quadratic buck AC-DC converter topology. (a) Quadratic buck
converter cell and (b) the relative circuit for AC-DC application.

circuit is analyzed with specific operation modes and voltage
step-down ratio. Simulation results and the control method
are presented in Section III. Finally, the conclusion of this
study is drawn in Section IV.

II. PROPOSED HIGH STEP-UP BRIDGELESS CONVERTERS
A. Conventional Quadratic Buck VS. Proposed Ones

Fig. 2 shows the quadratic buck converter cell and its
relative circuit for the AC-DC application. As indicated in
Fig. 2(a), the quadratic buck converter cell can be considered
as a two-stage cascaded buck topology with only a single
switch. Compared with the conventional two-stage cascaded
buck converters, the quadratic buck converter benefits from a
simpler topology structure and reduced switch drive circuit.
Theoretically, it can achieve the same voltage step-down ratio
as the two-stage cascaded buck converter [21]. Fig. 2(b)
shows the corresponding quadratic buck AC-DC converter
topology. It relies on a diode bridge to firstly transfer AC to
DC and then step down the rectified voltage to a stable output
voltage by the quadratic buck circuit. However, it employs
two rectifier diodes, which can cause extra conduction loss.

This paper proposes two quadratic buck cell-based bridge-
less AC-DC topology circuits, as shown in Fig. 3. Compared
with the conventional quadratic buck AC-DC circuit, each
proposed topology uses two quadratic buck cells to form
a bridgeless circuit and thus a diode bridge is eliminated.
As shown in Fig. 3(a) and (b), the proposed topologies are
derived by the quadratic buck cell arranged in the input-
parallel output parallel (IPOP) and input-parallel output-series
(IPOS), respectively.

However, the IPOP quadratic buck converter has a stray
current as the same as the IPOP bridgeless buck converter
explained in [16]. The main reason is the anti-parallel diode
across MOSFET, which offer a unwanted current path. This
problem can be actually solved in a near future by the mature
technology of a brand-new MOSFET totally without a body
diode. Compared with the IPOP topology rival, the IPOS
quadratic buck converter has no stray current and thus is
studied in the following sections.

B. Proposed Topology Operation Modes

Since the application is energy harvesting and the power
processing is relatively low (typical milliwatt to watt level),
the discontinuous conduction mode (DCM) of the converter
is chosen due to its advantages of low switching loss and
simple control method. Figs. 4 and 5 show the IPOS quadratic
buck converter operation modes in the positive and negative
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Fig. 3. Proposed bridgeless quadratic buck converters with high step-up
voltage ratio. (a) IPOP quadratic buck. (b) IPOS quadratic buck.
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AC input cycles, respectively. Due to the similarity of the
operation modes in the positive and negative AC input cycles,
the following parts only introduce the modes in the positive
AC input cycle.

Mode 1: When the switch S}, is turned on, the input AC
charges input inductor L; and storage inductor Ly; via the
rectifier diode Dg; and switch .S,. The middle capacitor Cr,;
charges storage inductor L, through diode D,. Meanwhile,
the output capacitor C}, is charged and C), discharged. During
this period, the currents 41,; and 41,1 in the inductors L; and
L, increase linearly. The capacitor voltage Vemi across Crg
and output voltage V., across C}, increases. The capacitor
voltage V., across C, decreases.

Mode 2: When S}, is turned off, the energy stored in the
inductor L, charges the middle capacitor Cy,; via diode D, .
The energy stored in Ly, finds its way to charge output
capacitor C,, through Dy,; and support the load Ry,. During
this period, 41,1 and 41,1 decrease linearly until to zero. Vi1
and V., increase and V,, decreases.

Mode 3: S, is in the off-state. ir,; and ir,1 keep zero.
Vem1 remains unchanged. C}, and C), charge the load Ry..
Vep and Vg, decrease.

Based on the operation modes, theoretical waveforms of
the key components are given in Fig. 6. Since there are two
inductors and one switch, one on-time duty cycle d,, and
two different off-time duty cycles dof and dgge are in Fig. 6.

C. High Step-Down Voltage Output

In order to analyze the voltage gain of the bridgeless
quadratic buck converter, necessary assumptions are given.
(1) The switching frequency is much larger than the AC input
frequency, and thus fs>>f1.. (2) The output capacitors and
the middle capacitors are large enough and Ve, Vin, Vomi,
and V0 are seen as a constant in switching cycles. (3) The
output voltage V,, is much less than the input voltage Vi,
and thus the AC input dead time can be ignored.
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Fig. 4. IPOS quadratic buck converter operation modes in the positive AC
input cycle with (a) Sp in ON-state, (b) Sp in OFF-state, and (c) Sp in
OFF-state, C}, and C, support load.

Assuming that the input voltage v;, has the peak voltage
as V and the angular frequency is w, then it has

Uin (t) = Vi sin(wt) (1)

In one switching cycle, the average input AC current can
be seen as the rectifier diode average current ipri,avg, as

[Vin sin(wt) —chl]dzn

: , tels, 5]
tin = ¢ = 2L1 fs w’' w
DRL&Vg 0 [0, %) U (W;Oé’ g]
2)

where a=arcsin(V,1/V) and fg is the switching frequency.
In the half cycle of the AC input, based on (1) and (2) the
input power can be expressed as

2 TL/2

C T o

[Efafm cos(a)]

2
€))
where m=V,,1/VA\r and 11, is an AC input cycle. The output
power P, is

_ Vaide,

Pill -
2r Ly fs

Vin (t)iin (t)d(t)

P, =V,?/Ry, “4)

On the other hand, considering the quadratic buck DC-DC
converter operation modes, the middle capacitor C},; can be
seen as the cascaded buck converter input voltage Vcy,1. Thus,
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Fig. 5. IPOS quad-boost operation modes in the negative AC input cycle
with (a) Sy in ON-state, (b) Sy in OFF-state, and (c) Sy in OFF-state, C,
and Cy, support load.
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Fig. 6. Key waveforms of the S-IPOP quad-boost converter.

the average current ipy avg Of the diode Dy is
(chl - VO/2)dc2)n

5
2Lplfs ©)
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TABLE I. Design Specifications of Proposed Converter

Symbol Parameters Quantity
fs Switching frequency 65kHz
fu AC input frequency  300Hz
1%y peak input voltage 200Vac
Vs Output voltage 5V
Ly=Ls Input inductors 22uH
Ly1=L,;  Storage inductor 3uH
Ci1=Cn2  Middle capacitor 200uF
Cp=C}, Output capacitor 4000pF
Ry, Resistor 2Q

The output power of V.1 for the post-stage is

. V2m — ‘/cm Vo/2 dgn
Pout,cml = chl'LD2,avg = ( eml 2Lp11fS / ) (6)
Considering the power balance between the middle capacitor

and the final output, it has P, cm1=F,, which leads to

Vemr 1 1 /1
=+ —4/- +4K
v, 1 a\ptHm

where K1:(2Lp1fs)/(RLdon2). Combining (3), (4), and (7),
it leads to the voltage ratio between V,, and Vi as

(7

m2:

z—au"csin(mzvo)—m2V° 1— Smg(mzvo) . 2V, *r Ly fs
2 VM VM VM - VI\%IRLd(Q)n
®)

Based on (8), it can be known that the relationship between
Vo/Vemi and do,, is hardly expressed clearly. The main reason
is that there is a dead time of the input current, which causes
the existence of a. If V.1 is not enough compared with Vy,
« can be ignored. Thus, it gives a simplified expression.

The average current ipy avg Of the diode D; is
[VM sin(wt) — ‘/le]ngn
2chmlLl fS

Considering the voltage balance of Cl,1, it has

1 TL/2 1 TL/2
/ iD27avgdt / Z'Dl,avgdt (10)
0 0

€))

iDLavg =

T1./2 L2
Thus, based on (5),(7), (9), and (10), it leads to
1 2 2mgy — 1)L
_ 2 Vo (ma-1L &)2:0 an
2m22 moT VM 2m2Lp1 VM

Based on (11), the voltage gain V,/Vy; can be expressed as

THEt e
_ T VT me (12)
Ky

Vo
VM
where Ko=(2mo-1)L1/L;.

Based on the design parameters Ly, fs, and Ry, given in
Tab. I and (12), Fig. 7 gives the theoretical voltage gain with
don as a variable. It can be seen that the higher inductance
of Ly can result in a higher voltage step-down ratio with
the same d,,. Since large inductance usually means a larger
size of an inductor, here L;=22 pH is chosen as given in
Tab. I. However, since the dead time of the input current is
ignored, it means that relatively larger d,, is actually used
in the converter, which implies d,,>0.035, when V,=5V and
Am=200V.

0 0.02
0.035

Fig. 7. Voltage gain of the proposed converter with L1 as a variable.
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III. SIMULATION VALIDATIONS

The proposed bridgeless quadratic buck converter circuit
in IPOS configuration is built in PSIM for simulation verifi-
cation with the parameters in Tab. I. A single-voltage closed-
loop control is adopted to achieve the 200Vac to 5V voltage
conversion. The AC input frequency is 300Hz to mimic an
EH generator output waveform [22]. Note that the AC input
frequency can be also set to other frequencies (e.g., S0Hz,
200Hz) and the proposed circuit is not sensitive to the AC
input frequency as long as it is much lower than the switching
frequency. The critical component simulation waveforms are
shown in Fig. 8.

It can be seen in Fig. 8(b) that the output voltage is stable
at 5V with a peak input voltage as high as 200Vac, which
explains that the high voltage step-down ratio is achieved in
the proposed converter. Specifically, the AC input voltage v,
is firstly converted to a middle voltage V.,1=Veme~45V, and
then V.1 and Vo is further step-down to output voltage.

Besides, critical components operate only in each AC input
cycle, which verify the bridgeless operation as demonstrated
in Fig. 6. The waveforms in switching cycles during the pos-
itive and negative AC input cycle periods are also presented
in Fig. 8(a) and (c). It shows that the inductors operate in
DCM. The simulation waveforms imply that the proposed
circuit operates well under the control loop and achieves the
desired output.

The on-state duty cycle do,-Tg is measured as 0.89us, i.e.,
don=0.059, which is slightly larger than the theoretical d,,
in Fig. 7. The reason is that for simplification, the dead time
of the input current is ignored. Thus, the slightly larger d,,
is expected in the simulation. Fig. 9 shows the dead time of
the input current in the simulation. Although the dead time is
not large, zero power is processed during these time periods,
leading to slightly larger duty cycle to achieve the same power
conversion. Note that the dead time issue is commonly-seen
in the buck-type AC-DC converters [17], which may takes
topology modifications to eliminate is. However, since the
AC-DC circuit in this application is not connected to the grid,
the harmonics caused by the dead time is not as important
as the circuit efficiency. Thus, the dead time issue in the
proposed circuit is acceptable.

IV. CONCLUSION

Based on a quadratic buck converter cell, this paper pro-
poses two high step-down bridgeless quadratic buck topolo-
gies as the interface circuit of TENGs. The proposed cir-
cuits use the quadratic buck cells to achieve the bridgeless
operation with a high step-down voltage capability, which
can handle the high output voltage of a TENG. Moreover,
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Fig. 8. Key waveforms of the proposed IPOS quadratic buck converter in switching cycle during (a) positive and (c) negative AC input cycles. (b) Waveforms
in AC input cycles

Fig. 9. Input current and voltage of the proposed converter.
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of the theoretical voltage gain analysis. Power loss analysis,
input voltage fluctuation impact, and performance comparison
with other converters will be given in the future work.
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