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Abstract

For thermal energy harvester based on a step-up dc/dc converter, we present a cross-connected Fibonacci dc/dc converter and
its analysis method in this paper. The topology of the proposed converter has three features: cross-connection of two Fibonacci-
type converters, symmetrical design without smoothing capacitors, and inductor-less design by using switched-capacitor (SC)
techniques. From these features, high stepped-up voltage which is expressed as a power of two is provided by the proposed
converter. Unlike existing converters, the proposed converter achieves small internal resistance as well as small ripple factor,
because the output voltage is supplied to an output load in all clock phases. Furthermore, the inductor-less design offers
low electromagnetic interference (EMI) noise, small size, and light weight. As an example of the proposed converter, the
performance of the proposed converter with 8 x voltage gain was evaluated by theoretical analysis, SPICE simulations, and
breadboard experiments. Compared with existing dc/dc converters, namely, Fibonacci type converter, series—parallel type, and
charge pump, the proposed converter demonstrated high performance in the point of voltage gain, circuit size, power efficiency,
and response speed.

(© 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/).

Peer-review under responsibility of the scientific committee of the 6th International Conference on Power and Energy Systems Engineering (CPESE
2019).
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1. Introduction

Energy harvesting techniques provide the potential for infinite clean power. In the energy harvesting system,
unconventional energy, such as thermoelectric, light, vibration, is collected by energy harvesters. However, in the
thermal energy harvesting, power density of the energy harvesters is very low, and the collected voltage level is
insufficient to drive electric devices directly. For this reason, it is necessary to design efficient power converters
with high power efficiency as well as high voltage gain.
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In these last few decades, many attempts have been undertaken to design efficient dc/dc converters [1] for thermal
energy harvesting. Among others, an inductor-less step-up converter is receiving many researchers’ attention,
because it can achieve small size, light weight, and small EMI. For example, an inductor-less dc/dc converter
using Fibonacci converter [2,3] was designed to achieve high voltage gain. However, the ripple factor of the
Fibonacci-type converter is large. Of course, the ripple factor can be reduced by using a big smoothing capacitor
or a parallel topology. However, these techniques require a large occupational layout area. Apart from that, series—
parallel converters [4] and a family of charge pumps [5—7] were developed to offer inductor-less design. However,
the voltage gains of these dc/dc converters, which is expressed as Nx (=1, 2, 3...), is small. Although voltage
gain increases in proportion to the number of converter blocks, the circuit size of these converters becomes large.

In this paper, we propose a cross-connected Fibonacci dc/dc converter and its analysis method for thermal energy
harvester based on a step-up dc/dc converter. Unlike existing converters, the topology of the proposed converter has
three features: cross-connection of two Fibonacci-type converters, symmetrical design without smoothing capacitors,
and inductor-less design by using SC techniques. Therefore, the proposed converter can offer high voltage gain,
namely, 2 x (M =1, 2, 3, ...), small internal resistance, and small ripple noise without big smoothing capacitors.
By comparing the proposed converter with the existing converters, namely, Fibonacci type converter [2,3], series—
parallel type [4], and charge pump [5-7], the performance of the proposed converter is revealed through theoretical
analysis, SPICE simulations, and breadboard experiments.

2. Circuit configuration

Fig. 1 illustrates the circuit configuration of the proposed converter. As Fig. 1 shows, the proposed converter
consists of two Fibonacci type converters with cross-connection. The proposed converter by driving S; and S, by
two-phase clock pulses, @; and $,. Unlike existing converters, the proposed cross-connected converter generates an
output voltage in all clock phases. Therefore, small ripple noise and small internal resistance are achieved without
big smoothing capacitors. The output voltage of the proposed converter is given by

Vour =2" x Vi, (M >2) ¢))

where V;, is an input voltage and M is the number of converter blocks. Of course, by increasing the parameter
M, the voltage gain of the proposed converter increases exponentially. Since the voltage gain of the traditional
Fibonacci converter is expressed as {1, 2, 3, 5, 8, 13, ...}, the proposed converter can achieve higher voltage gain
than the traditional Fibonacci converter.

Converter block

]| T [ ——

D1 D1

02 02

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

3. Theoretical analysis

The general form of the proposed converter is analysed theoretically by utilizing the four-terminal equivalent
model [8,9] shown in Fig. 2, where m is the turn ratio of an ideal transformer, Rgc¢ is the internal resistance of the
power converter, and R, is the output load. The equivalent circuit of the proposed converter is derived by using the
instantaneous equivalent circuits shown in Fig. 3, where R,, is the on-resistance of S; (i = 1, 2), Aqr, ,,, is the
electric charge of V;, in State-T;, and Agr, ., is the electric charge of the output terminal in State-T;. To simplify
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Fig. 2. Four-terminal equivalent model.
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Fig. 3. Instantaneous equivalent circuits of the first converter block: (a) state-T); (b) state-T,.

the theoretical analysis, we assume the following conditions: 1. Parasitic elements are small and 2. Time constant
is much larger than the period of clock pulses, 7.

In a steady state, the differential value of electric charges Aq%j inGC;(@=12and(j=1,...,

Aqt) + Aqtd =0,

M)) satisfies
(2)

Because the overall change in electric charges is zero in the cycle 7. In Eq. (2), the interval of T and 7 satisfies
T =Ty +T,and T = T, = T/2. In Fig. 3(a), Aqy’ satisfies the following equations by using Kirchhoff’s current

law:

On the other hand, we have the following equations in Fig. 3(b):

Aquvvin = Aq;"il - Aq;’il’ Aqu,Uaul AqUW‘ + AQ’Il"iM’
1,2 2,1 2,2 2,3 1,3

Aqu = Aqu + Aqu J Aqu = Aqu + Aqu )
1,4 2,3 2,4 2,5 1,4 1,5

AqT, = A‘IT, + AQT, , A‘]T] = A‘IT, + AQT] )

AqlM_A 2,M— 1+Aq%;M

2,1 1,1 2,.M
AqTZ*UIn = Aqu - Aqu ’ Aqu Vout — AqOW + Aqu )

3)

“4)

®)

(6)

Aq%f = Aq}; + Aq}f, Aqu = AqTé + Aq%f,
Ag = Aqpl + Aqr’, Agp’ = Aqr + Aqz,
Aq%; Aql M-l Aq]]éM
From Egs. (2)—(6) and symmetric property of the proposed converter, Aq%j is expressed as
Agp? = —Aqp!,
1 1
1,2 1,1 2,2 1,1
Aqy, —EAqu and Agqz” = EAqu ,
1 1
1,3 1,1 2,3
Aqu = ZAqu and Aqu = 4AqT1 ,
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1 1
Agpt=—3Aqp! and Agp' = Aqp,

1
T oM-1

1
Agp'. and AgqpM = Agy', (7

LM
Aqr" = = Sh

Since the average input/output currents, I;, and I,,,, are expressed as

— Aqvin — Aquvvin + Aqu,vi,, and Iout — Aqvaut — AqTI»UUut + AqTZ-Uout , (8)
T T T T

We get the relation of [;,, and I,,,; by substituting Egs. (2)—(7) into Eq. (8):

Iin

1
ln ==l (m=2"),  Aq,, =44qz', and Aqy,, =54z ©)

Next, in order to obtain Rgc, we analyse the total consumed energy, Wr, of Fig. 3. Since the proposed converter
has a symmetrical topology, the consumed energy of Fig. 3(a) is equal to that of Fig. 3(b). Therefore, we obtain
Wy as

Wr = Wri + Wry =2Wrpy,

2 2
. (Aq}f) . (ALI%;I) - (Aq};Mfl) . (ACI%;M*I)
- X on on tee on on
T, + T, + + T, + T,
1,2\? 2.2\? LM M 1,m\>
(40r7) . (40) (dar) o (aa")  (dar)
Ron I Ron I e Ron - R(m R(m
+ T, + T, + + T + T, + T,
M—1 2
= {22M-D — A Vour )
= {2 X 3Ron <Z ot 1) + R,m} T (10)
k=1
where W, and Wy, is the consumed energy in State-7' and State-T5, respectively. Therefore, Rgc is derived as
M-1
Rse = 22M-D 5 3R (Z o+ 1) + Ron, (11)
k=1

Because Wy of Fig. 2 can be expressed as
A qvout 2
Wr = - RscT. (12)

Finally, the equivalent circuit of the proposed converter is expressed as

V; s O[T R v,
i — | 2™ SC out
=00l L) @
From Fig. 2 and Eq. (13), we have the output voltage and the power efficiency as

M RL RL
Vour =2 Vipg X | =———— and n=——"-—. (14)
Ry + Rsc Ri + Rsc

4. SPICE simulation

Concerning the proposed converter with 8x step-up gain, SPICE simulations were conducted in order to clarify
the characteristics of the proposed converter, where the circuit parameters were set to V;, = 400 mV, R,, = 1 €,
f=1MHz,and C;; = --- = C33 = C,,; = 500 pF. The simulated voltage gain is illustrated in Fig. 4, where
the proposed converter was compared with the existing converters, namely, Fibonacci type converter [2,3], series—
parallel type [4], and charge pump [5-7]. As Fig. 4 shows, the prosed converter can achieve the highest voltage
gain with simple circuit control. In proportion to the number of stages, the voltage gain of the proposed converter
increases exponentially. As a function of output power, the simulated power efficiency is demonstrated in Fig. 5. In
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Fig. 4. Simulated voltage gains as a function of the number of stages.
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Fig. 5. Simulated power efficiency as a function of output power.

the simulation evaluation for the existing converters, the smoothing capacitor 10nF was connected in parallel with
the output load R; in order to improve power efficiency. As you can see from Fig. 5, the power efficiency of the
proposed converter is the second highest among them. This result corresponds to the theoretical results shown in
Table 1. The power efficiency of the proposed converter is about 86% when the output power is 40 p W. Fig. 6
shows the transient characteristic when the output load R, is set to 500 k2. As Fig. 6 shows, the proposed converter
is the fastest among them, because a big smoothing capacitor is not necessary as shown in Table 1. The proposed
converter improves the settling time more than 200 us from the existing converters.
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Fig. 6. Simulated transient characteristics.
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Table 1. Performance comparison between the proposed converter and existing converters with 8x voltage gain.

Topology Power efficiency Gain Number of switches Number of capacitors Big smoothing capacitor
Proposed converter RL/(RL + 64 Ropn) 8x 20 7 No
Fibonacci type RL/(RL, 4+ 140 Ron) 8x 13 5 Yes
Series—parallel type Ry /(R. + 142 Ron) 8x 23 8 Yes
Charge pump RL/(RL + 44 Ryp) 8x 22 9 Yes

5. Breadboard experiment

Concerning the laboratory prototype of the proposed dc/dc converter, the breadboard experiment was conducted to
confirm the feasibility of the converter design, where the experimental circuit was assembled by using commercially
available ICs, namely, photo MOS relays AQV 212, darlington sink drivers TD62004APG, a microcontroller PIC,
and electrolytic capacitors. Of course, the proposed converter can be integrated into an IC chip, because the proposed
topology is an inductor-less design. However, in order to confirm the validity of the proposed topology, we conducted
the breadboard experiment. The IC implementation of the proposed converter is left to a future study.

Fig. 7 demonstrates the measured output voltage when Vin is about 400 mV and the output load RL is 510 k€.
Since the voltage gain of the experimental circuit is 8x, the ideal output voltage is 3.2 V. As Fig. 7 shows, the
measured output voltage of the laboratory prototype is 3.17 V for the ideal output 3.2 V. From the result of the
breadboard experiment, we can confirm the validity of the proposed topology.

DS0-X 30144 MY52161818 Wed May (2 1557:43 2018
(1 2 500 %7 3 IZ00%T 4 Ao 7 IS
L
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Fig. 7. Measured output voltage.

6. Conclusion

For thermal energy harvesting applications, this paper has discussed the synthesis and analysis of a cross-
connected Fibonacci dc/dc converter. Owing to the inductor-less design with symmetrical topology, the proposed
dc/dc converter can provide high voltage gain, small ripple factor, and small internal resistance. Through theoretical
analysis, SPICE simulations, and breadboard experiments, the performance of the proposed converter is revealed
that 1. The voltage gain of the proposed converter was the highest among that of the existing converters, namely,
Fibonacci type converter, series—parallel type converter, and charge pump, because the proposed converter has cross-
connected topology; 2. The settling time was improved more than 200 us by the proposed technique. Furthermore,
the ripple factor of the proposed converter was the smallest among that of existing converters, because a big
smoothing capacitor is not needed owing to symmetrical structure; 3. About 86% power efficiency was achieved
at 40 uW output power, because the theoretical analysis demonstrated that the internal resistance of the proposed
converter was smallest among the existing converters; and 4. The feasibility of the proposed converter was confirmed
by breadboard experiments, where the measured output voltage of the laboratory prototype was 3.17 V for the ideal
output 3.2 V.

The proposed inductor-less dc/dc converter can achieve high voltage gain. Thus, the proposed converter will be
available to develop an energy harvesting application, such as thermal energy watch.
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