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Abstract

For vibration energy harvesting, we propose a multiple-input single-output (MISO) step-up ac/dc converter with bipolar
tructure in this paper. Unlike existing ac/dc converters for vibration energy harvesting, the proposed ac/dc converter features

bipolar MISO topology that transforms several vibration inputs to provide a step-up voltage. Furthermore, the proposed
opology enables inductor-less designs. To clarify the effectiveness of the proposed converter, some computer simulations as
ell as breadboard-based experimental tests are performed. In the performed simulations, the voltage gain of the proposed

onverter with 2 modules reaches about 3.5 at 20mW and the power efficiency is about 92% at 20mW when the ac input is
.5V at 50Hz. Furthermore, the physical feasibility of the proposed topology is proved by the breadboard-based experimental
ests.
c 2020 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

In energy harvesting utilizing vibration energy, an ac/dc converter is one of the most important devices. In
ast studies, some kinds of ac/dc converters have been proposed for vibration energy harvesting. For example,
hareef et al. proposed a rectifier-less ac/dc converter using buck-boost converters [1]. Eguchi et al. developed an

nductor-less ac/dc converter by combining a Cockcroft–Walton circuit with a charge pump voltage converter [2].
istinguished from these single-input single-output (SISO) converters, some multiple-input single-output (MISO)

onverters have been developed in recent years. Although the existing MISO converter [3,4] requires magnetic
omponents, it can integrate some energy sources with smaller component count, smaller system size, and lower cost.
or example, Wang et al. suggested a single inductor boost MISO dc/dc converter for electric vehicles (EVs)/hybrid
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electric vehicles (HEVs) applications [3]. Zhang et al. developed a MISO buck converter for PV applications [4].
Up until now, some researchers have proposed MISO dc/dc converters for dc input sources. However, to the best
of our knowledge, a MISO ac/dc converter for vibration energy has not yet been developed.

In this paper, a MISO step-up ac/dc converter with bipolar structure is presented for vibration energy har-
esting. Unlike existing ac/dc converters for vibration energy harvesting, the proposed ac/dc converter features
bipolar MISO topology that transforms several vibration inputs to provide a step-up voltage. Furthermore, the

roposed topology enables inductor-less designs. The properties of the proposed topologies are investigated through
imulation Program with Integrated Circuit Emphasis (SPICE) simulations and breadboard-based experiments.

. Circuit topology

Fig. 1 illustrates the circuit configuration of the proposed MISO step-up ac/dc converter with bipolar structure.
he proposed converter consists of two stacked Cockcroft–Walton circuits, viz. positive converter block and negative
onverter block. In the positive converter block, the capacitors Cpi,1 (i = 1, . . . , N) are charged by the ac input

sources when the amplitude of Vin.pi is negative. On the other hand, the positive converter block offers a stepped-up
voltage when the amplitude of Vin.pi is positive. The operation of the negative converter block is opposite to that
of the positive converter block. Therefore, the proposed converter shown in Fig. 1 provides the following step-up
output:

Vout ∼= 2
N∑

i=1

(
Vmax .pi − Vth

)
+ 2

N∑
i=1

(Vmax .ni − Vth) , (1)

where Vmax .pi and Vmax .ni are the amplitude of the input sources and Vth is the threshold voltage of the Schottky
diodes. Concretely, the MISO ac/dc converter with 2 modules can be constructed with only 4 diodes, 4 capacitors,
and 2 input sources. As it can be seen from Fig. 1, the proposed converter allows a simple inductor-less circuit
configuration.

Fig. 1. Circuit configuration of proposed MISO ac/dc converter.

. Theoretical analysis

To help readers’ understanding, the simplest MISO ac/dc converter with 2 modules is analysed theoretically.
n the theoretical analysis, the four-terminal equivalent model of the proposed converter is derived by utilizing a
our-terminal equivalent model shown in Fig. 2, where mi is the conversion ratio of the ideal transformer and RSCi

s the internal resistance. In the following, we obtain mi and RSCi by assuming the conditions: (i) the input source
has a rectangular waveform and (ii) time constant is much bigger than the period of the inputs.

Fig. 3 illustrates the instantaneous equivalent circuits of the i th (i = 1, . . . , N) converter blocks, where the diode
is modelled by an ideal switch, the series resistance R , and the threshold voltage V . In this figure, ∆q
d th Tn ,vin.pi ,
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Fig. 2. Four-terminal equivalent model.

Fig. 3. Instantaneous equivalent circuits of ac/dc converter module: (a) Positive converter block; (b) Negative converter block.

∆qTp,vin.pi , ∆qTn ,vin.ni , and ∆qTp,vin.ni are the variation of the electric charge in the input terminals, and ∆qTn ,vo.pi and
∆qTp,vo.pi ∆qTn ,vo.ni and ∆qTp,vo.ni , are the variation of electric charge in the output terminals. Applying Kirchhoff’s
current law for Fig. 3a, the relationship regarding the variation of the electric charges can be obtained as

∆qTn ,vin.pi = ∆q pi,1
Tn

,∆qTn ,vo.pi = ∆q pi,2
Tn

,∆qTp,vin.pi = −∆q pi,1
Tp

, and ∆qTp,vo.pi = ∆q pi,1
Tp

+ ∆q pi,2
Tp

. (2)

n the other hand, applying Kirchhoff’s current law for Fig. 3b, we have

∆qTp,vin.ni = ∆qni,1
Tp

,∆qTp,vo.ni = −∆qni,2
Tp

,∆qTn ,vin.ni = ∆qni,1
Tn

, and ∆qTn ,vo.ni = −∆qni,1
Tn

− ∆qni,2
Tn

. (3)

n (2) and (3), the variation of electric charge in the j th capacitor, ∆q pi, j
Tn

, ∆q pi, j
Tp

, ∆qni, j
Tn

, and ∆qni, j
Tp

( j = 1, 2),
atisfy the following conditions in the steady state:

∆q pi, j
Tn

+ ∆q pi, j
Tp

= 0 and ∆qni, j
Tn

+ ∆qni, j
Tp

= 0. (4)

y rearranging (2)–(4), we get the relationship between input currents and output currents as

Iin.pi = −2Io.pi and Iin.ni = 2Io.ni , (5)

ecause the input current and output current satisfy

∆qTn ,vin.pi + ∆qTp,vin.pi = T Iin.pi ,∆qTn ,vo.pi + ∆qTp,vo.pi = T Io.pi ,

∆qTn ,vin.ni + ∆qTp,vin.ni = T Iin.ni , and ∆qTn ,vo.ni + ∆qTp,vo.ni = T Io.ni . (6)

n (6), T is the period of ac inputs. Therefore, for Fig. 3a and b, the parameters mpi and mni are 2 and −2,
espectively.

Next, we discuss the consumed energy of Fig. 3 to obtain the parameters RSC.pi and RSC.ni . In Fig. 3, the total
onsumed energy WT is given by
WT .pi = WTn .pi + WTp .pi and WT .ni = WTn .ni + WTp .ni , (7)
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where WTn .pi =
Rd

Tn

(
∆q pi,1

Tn

)2
, WTp .pi =

Rd

Tp

(
∆q pi,1

Tp

)2
,

WTp .ni =
Rd

Tn

(
∆qni,1

Tp

)2
, and WTn .ni =

Rd

Tn

(
∆qni,1

Tn

)2
.

(8)

n (7) and (8), WTn .pi and WTn .ni are the consumed energy in the negative state Tn . On the other hand, WTp.pi and
WTp.ni are the consumed energy in the positive state Tp. If Tn is equal to Tp, (7) can be rewritten as

WT .pi =
4Rd

T

(
∆qvo.pi

)2 and WT .ni =
4Rd

T

(
∆qvo.ni

)2
. (9)

Therefore, for Fig. 3a and b, the parameters RSC.pi and RSC.ni are 4Rd and 4Rd , respectively. By combining mpi ,
ni , RSC.pi , and RSC.ni , the four terminal equivalent model of the proposed converter can be expressed by Fig. 4,
here RL is an output load. Finally, the maximum power efficiency and output voltage can be estimated as

η =
RL

RL + 8Rd
and Vout =

{
2

(
Vmax .pi − Vth

)
+ 2 (Vmax .ni − Vth)

}
×

(
RL

RL + 8Rd

)
. (10)

Fig. 4. Four-terminal equivalent model.

4. Simulations

In this section, the characteristics of the proposed topology with 2 modules are evaluated by SPICE simulations,
where the parameters were set to Vin.p1 = Vin.n1 = 3.5 V, Ron = 1 �, and Cp1,1 = Cp1,2 = Cn1,1 = Cn1,2 = 33 µF.
n the SPICE simulation, the discussion on its control method is omitted to compare converter topologies. Fig. 5
hows the simulated output voltages and power efficiency. When the ac input is 3.5 V at 50 Hz, the voltage gain
eaches about 3.5 at 20 mW and the power efficiency is about 92% at 20 mW.

Fig. 5. Simulated results: (a) Power efficiency; (b) Gain.

5. Experiments

In this section, the feasibility of the proposed topology with 2 modules is confirmed by some experiments,
where circuit parameters were set to Vin.p1 = Vin.n1 = 3.5 V, Cp1,1 = Cp1,2 = Cn1,1 = Cn1,2 = 33 µF, f = 50 Hz
and 50 kHz, and RL = 510 k�. Fig. 6 demonstrates the measured output voltage of the experimental circuit. In this
figure, the output voltage is 1.78 V and 1.69 V for Fig. 6a and b, respectively. In other words, the voltage gain of the
experimental circuit is 3.58 and 3.45 for 50 Hz and 50 kHz, respectively. The drop in voltage gain is caused by the
threshold voltage of the Schottky diodes. As it can be seen from Fig. 5, the feasibility of the proposed inductor-less

MISO topology can be confirmed experimentally. Table 1 summarizes the comparison between the related works.
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Fig. 6. Measured output voltage of the experimental circuit: (a) f = 50 Hz; (b) f = 50 kHz.

Table 1. Characteristic comparison between the proposed topology and existing topologies.

Topology Type Input Efficiency

This work MISO stacked Cockcroft–Walton
circuit

Inductor-less step-up
MISO

Up to 3.5 V at 50 Hz
– 50 kHz

92%@20 mW (Sim.)

Shareef et al. (2019) [1] Parallel-connected bidirectional
switching converter

Inductor step-up and
step-down SISO

Up to 3.5 V at 65 Hz 80% (Sim.) 79%
(Exp.)

Eguchi et al. (2020) [2] Cockcroft–Walton circuit +

charge pump
Inductor step-up and
step-down SISO

0.3 V at 1 MHz 62%@30 µW (Sim.)

Wang et al. (2018) [3] MISO boost converter Inductor step-up MISO DC input n. a.
Zang et al. (2019) [4] MISO stacked boost converter

or MISO stacked buck converter
Inductor step-up or
step-down MISO

DC input >95% (Exp. (Peak))

6. Conclusion

For vibration energy harvesting, a MISO step-up ac/dc converter with bipolar structure has been proposed in this
aper. Through theoretical analysis, computer simulations, and experiments, the feasibility of the proposed topology
as confirmed. The proposed converter with 2 modules can offer a simple circuit configuration and small component

ount, such as 4 diodes, 4 capacitors, and 2 input sources. The power efficiency of the proposed converter reaches
2% at 20 mW for 3.5 V at 50 Hz inputs.
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