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Abstract

For vibration energy harvesting, we propose an inductor-less step-up ac/dc converter in this paper. To realize the inductor-less
design, the proposed ac/dc converter consists of two converter blocks: Cockcroft—Walton circuit and charge pump. Unlike
existing ac/dc converters for vibration energy harvesting, the proposed ac/dc converter can achieve less electro-magnetic
interference (EMI), because no magnetic component is necessary. Furthermore, owing to the Cockcroft—-Walton circuit, a full-
bridge circuit is not necessary to convert vibration energy. Therefore, small vibration energy, namely, as 0.3 V@1 MHz, can be
converted directly to dc voltage. Through theoretical analysis and simulation program with integrated circuit emphasis (SPICE)
simulation, the performance of the proposed converter with 6x voltage gain is investigated, where the proposed converter is
designed by assuming 0.18 um CMOS process. The proposed converter demonstrates that about 62% power efficiency can be
provided, where the output power is 30 uW, the output voltage is about 1.6 V, and the ripple factor is 0.8%. Furthermore, the
feasibility of the proposed ac/dc converter is confirmed by breadboard experiments. The inductor-less design provides us to
integrate the proposed ac/dc converter into a hybrid IC chip.
© 2019 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

Over the past few decades, wireless sensor network (WSN) systems [1] are receiving much attention for
monitoring various environment parameters. The bottleneck of the WSN systems is the limited lifetime of WSN
nodes, because the WSN nodes are usually driven by a battery source. For this reason, in order to extend lifetime
of WSN nodes, some of wasted energy are captured by energy harvesting collectors and are used as a power supply
source in recent years.
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There are several types of ambient energy sources, such as solar, wind, vibration, thermoelectric. Among others,
we focused on vibration energy, which is a kind of kinetic energy, because it widely exists in the ambient, including
the vibration of industrial machinery, transportation vibration, body movement, and so on. In the energy harvesting
collectors, the ambient energy is converted into electrical energy by power converters. To utilize vibration energy,
an ac/dc converter is necessary as a vital component of energy harvesting collectors. For this reason, several types
of ac/dc converters have been proposed in recent years. For example, Shi et al. [2] suggested the ac/dc converter
by combining a full-bridge circuit with two buck-boost converters. Wang et al. [3] designed the ac/dc converter by
combining a full-bridge circuit with a synchronized switching harvesting on inductor. Shareef et al. [4] realized the
ac/dc converter without full-bridge circuits. However, due to the magnetic component, such as inductors, these
existing converters becomes bulky. Furthermore, these converters are applied only for low frequency ac input.
To solve these problems, we undertake the development of an inductor-less ac/dc converter for vibration energy
harvesting.

In this paper, an inductor-less step-up ac/dc converter is proposed for vibration energy harvesting. Unlike existing
ac/dc converters for vibration energy harvesting, the inductor-less design of the proposed ac/dc converter is achieved
by combining two converter blocks: Cockcroft—Walton circuit [5] and charge pump [6—8]. Owing to the inductor-
less topology, small EMI can be provided by the proposed ac/dc converter. Furthermore, the proposed converter
can convert AC 0.3 V@1 MHz into a stepped-up DC voltage directly without full-bridge circuit. To clarify the
characteristics of the proposed converter with 6x voltage gain, theoretical analysis, SPICE simulations, experiments,
and performance comparisons are conducted between the proposed ac/dc converter and existing ac/dc converters
[2—4] for vibration energy harvesting.

2. Circuit configuration

The circuit configuration of the proposed ac—dc converter is shown in Fig. 1, where we assume that the input V;,
(= 0.3 V@1 MHz) is obtained by vibration energy harvesting. As Fig. 1 shows, the proposed converter consists of
two converter blocks: First converter block and Second converter block, where the first converter block is called the
Cockcroft—Walton circuit [5] and the second converter block is called the charge pump circuit [6—8]. Unlike existing
ac/dc converters, the proposed converter has no full-bridge circuit by cascading the Cockcroft—Walton circuit and a
charge pump circuit, where the charge pump circuit can be integrated into an IC chip by using CMOS technologies.
By driving switches S; and S, by two-phase clock pulses, the proposed ac/dc converter generates the output voltage:

Vout:2X3XVin=6XVin (1)

because the voltage gain of the first converter is 2x and the voltage gain of the first converter is 3x. Of course,
the voltage gain is proportion to the number of stages. Therefore, the voltage gain can be increased by the number
of stages.

3. Theoretical analysis

In this section, theoretical analysis is conducted by using the four-terminal equivalent model [9] shown in Fig. 2.
In Fig. 2, m is the turn ratio of an ideal transformer, Rgc is the internal resistance of the power converter, and R
is the output load. To simplify the theoretical analysis, we assume that 1. Parasitic elements are small, 2. Time
constant is much larger than the period of clock pulses, and 3. V;, is a square wave. The equivalent circuit of the
proposed ac/dc converter is derived by combining the equivalent circuits of the first converter block and the second
converter block.

In the first converter block, the instantaneous equivalent circuit is expressed as Fig. 3, where R, is the on-
resistance of the diode, V;;, is the threshold voltage, Agr, ., (i = 1, 2) is the electric charge of Vj, in State-T;, and
Aqr; v, is the electric charge of the output terminal in State-7;. In a steady state, the differential value Aq’}i of the
capacitors, Ci, Cy, and Cs, satisfy

Aqy, + Aqy, =0, where T=T,+ T, and T) =T, = T/2 @

Because the electric charges of Cj are the same at the start and end of the cycle 7. Using Eq. (2), we obtain the
following equations by using Kirchhoff’s current law:

Aqry v, = —Aq7, — Aqy,. Aqry ., = Aqp, + Aqf, + Agj, 3)
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Second converter block

Fig. 1. Circuit configuration of the proposed dual-input cross-connected charge pump with 6x step-up gain.
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Fig. 2. Four-terminal equivalent model.

Fig. 3. Instantaneous equivalent circuits of the first converter block: (a) state-T7; (b) state-T5.

Aqryw, = Aqp, + Aq,, Aqr., = Aqy, @
Aqj, = Agy,, and Aqgj, = Agy, (5)

From Egs. (2)-(5), the average input/output currents, I;, and I,, are expressed as

Agq,, A + A ) A A A
Iin — qvtn — QTl,v,,, qTZavm and Io — qvo — quvvo + qu,vo (6)
T T T T

Because the overall change in the electric charges, Agr, ., and Agy, ,,, is zero in the steady state. Therefore,
we have the following relation between the input and the output by substituting Egs. (2)—(5) into Eq. (6):

Iiy = —2I,andAq,,, = —2Aq,, @)

Therefore, the parameter m; is 2.
Next, we discuss the total consumed energy, Wy, of Fig. 3 in order to derive Rgc. From Fig. 3, Wy is expressed
as

(ACIvg)z

Wr = Wri + Wro = 2Ry T

, ®)
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Because the consumed energy in State-7 and State-7, is given by

2 2 2 2
) (A)  (ag,) (4¢,)  (443,) 2
1 1 qv, T i) (ACIU(,)
R =R and Wy, = R R =R
T, + Ry T U T2 d B + Ry B U
From Egs. (8) and (9), we get the internal resistance of the first converter block, Rgc1, as 2R;, because Wy of
Fig. 3 can be expressed as

Wr1 =Ry

.9

iy qUuut 2
Wr = o RscT (10)

Next, the instantaneous equivalent circuit of the second converter block is expressed as Fig. 4, where Ry, is the
on-resistance of the NMOS transistor, Rp,, is the on-resistance of the PMOS transistor, Agr, ,, (i = 1, 2) is the
electric charge of V; in State-T;, and Agqr, ,,,, is the electric charge of the output terminal in State-T;. In Fig. 4, the
differential value Aq’}i of the capacitors, Cy, ..., C7, and C,,,, also satisfy Eq. (2) in a steady state. Using Eq. (2),
we have

Aqu,U,' = Aqff"l - Aq';l - Aqgl’ Aqu«Uout = Aq% + Aq;{’:l’ (1 1)
Aqry.y, = —Aq}, + Aqy, — Daty, Aqryw,, = Aqq, + Aq, (12)
Agy, = —Aqy,. Aqy, = —Aqp,. and Agy = Aqy,, (13)
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Fig. 4. Instantaneous equivalent circuits of the second converter block: (a) state-T7; (b) state-T>.

From Egs. (2), (6), and (11)—(13), the average input/output currents, I; and /,,,, can be obtained as
I; = =31y, and Aq,, = =3Aq,,,, (14)

Therefore, the parameter m; is 3.
On the other hand, the total consumed energy of the second converter block is given by

Wr = Wri + Wry =2Wrpy, (15)

Because
4\2 6 \2 $\2
Wiy = 2R (243) 2R (245 2 (Ryon + R (443) 16
T1 — NonT1 + POI‘IT + ( Non + Pon) Ts ( )
Since Egs. (15) and (16) can be rewritten as
(Aqvuur)z
WT =4 (RNon + RPon) e —— (17)

T
We have the internal resistance of the second converter block, Rsca, as 4 (Ryon + Rpon) from Eq. (10). Finally,
by using m;, Rsc1, ma, and Rgc», the equivalent circuit of the proposed converter can be derived as shown in Fig. 5.
From Fig. 5, we can estimate the maximum output voltage and the maximum power efficiency as

R R
Vour = 6Vi X { L } and n = d (18)
Ry +9Rsc1 + Rsea Ry +9Rsc1 + Rsea
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4. SPICE simulation
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Fig. 5. Equivalent circuit of the proposed converter.

To clarify the characteristics of the proposed converter, the proposed ac/dc converter was designed by assuming
0.18 wum CMOS process. SPICE simulations were conducted concerning Fig. 1, where the parameters were set to
Vin=03 V@1 MHz,R,, =1 Q2,71 =T,=1MHz,C; =...=C3=10nF, and Cy = ... = C; = 100 pF, and
Cour = 200 pF. Although the IC integration of the first converter block is impossible due to the capacitor size, the
second converter block can integrate into an IC chip.

First, Fig. 6 shows the simulated output voltage as a function of time when R; = 100 k2. As you can see from
Fig. 6, the proposed converter can offer more than 1.5 V by converting a small input V;, = 0.3 V@1 MHz. Next, in
Fig. 7, the power efficiency of the proposed converter is demonstrated as a function of output power. The proposed
converter can achieve about 62% power efficiency when the output power is 30 uW. Then, the simulated ripple
factor is depicted in Fig. 8. When the output power is 30 uW, the ripple factor is about 0.8%. Finally, Table 1
shows the comparison of characteristics between the proposed ac/dc converter and existing state-of-the-art ac/dc
converters [2—4]. Unlike existing converters, the proposed converter can achieve small EMI, because no magnetic
component is necessary. Furthermore, the proposed converter can provide the stepped-up voltage by converting
the small input voltage, namely, 0.3 V@1 MHz, because the Cockcroft—Walton circuit is employed instead of a
full-bridge circuit. Since the input voltage of the proposed converter is smaller than that of the existing converters,
the power efficiency of the proposed converter is lower than that of the existing converters. Because the voltage
drops caused by diode switches become high in proportion to the decrease of the input voltage.
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Fig. 6. Simulated output voltage as a function of time.

5. Experiments

To validate the feasibility of the proposed ac/dc converter, the experiment was conducted concerning the
experimental circuit which was synthesized with commercially available ICs, namely, Schottky diodes 11EQSO3L,
photo MOS relays AQV 212, darlington sink drivers TD62004APG, a microcontroller PIC, and electrolytic
capacitors, on a breadboard. Fig. 9 demonstrates the measured output voltage when R; = 100 k2. As Fig. 9
shows, the experimental circuit can convert AC 0.3 V@1 MHz into DC 1.47 V. The measured output of Fig. 9 is
close to the simulated result of Fig. 6. Therefore, we can confirm the feasibility of the proposed ac/dc converter by
Figs. 6 and 9.
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. 7. Simulated power efficiency as a function of output power.
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Fig. 8. Simulated ripple factor as a function of output power.
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Fig. 9. Measured output voltage.

6. Conclusion

In this paper, an inductor-less step-up ac/dc converter has been proposed for vibration energy harvesting. The
performance evaluation and characteristic comparison revealed that 1. The proposed converter can achieve less EMI,
because no magnetic component is necessary; 2. Without full-bridge circuits, the proposed converter can offer the
6x stepped-up voltage from small vibration energy; 3. When the output power is 30 uW, the proposed converter
can achieve about 62% power efficiency; and 4. The feasibility was confirmed by breadboard experiments, where
the experimental circuit converted AC 0.3 V@1 MHz into DC 1.47 V.
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Table 1. Comparison of characteristics between the proposed ac/dc converter and existing ac/dc converters.

Topology Topology Magnetic Input voltage Frequency of Power efficiency
component input voltage
Proposed converter Cockcroft—Walton + charge pump Not necessary 0.3 V ~ 1 MHz 62%
(Input: 0.3 V)
Shi et al. [2] Full-bridge circuit + bidirectional buck-boostNecessary 35425V 50 Hz 80.6%
converter + buck-boost converter (Input: 25 V)
Wang et al. [3] Full-bridge circuit + synchronized switching Necessary N/A 13.5 Hz N/A
harvesting on inductor
Shareef et al. [4] Bidirectional switching converter Necessary Upto 35V N/A 80% (Input: 5 V)
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