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ABSTRACT. Environmental pollution has a great impact on the earth due to demand en-
ergy. Therefore, clean energy harvesting systems are one of the key technologies to solve
the environmental pollution problem. Together with the development of clean energy har-
vesting and energy conversion into electrical energy, another important area of research
will be the development of high-efficiency converters. This paper proposes one form of
switched-capacitor (SC) DC-DC converters that can be improved to become a chip at the
smallest possible size, viz. a Fibonacci parallel-connected SC' DC-DC converter for energy
harvesting system. The proposed converter can realize high voltage gain with KN x Vi,
(N, K =1,2,3,...), and minimize the occupational chip area by untroubled from the rip-
ple noise problem, because a stepped-up voltage charges an output capacitor every clock
cycle. Unlike traditional converters, the ripple noise of the proposed converter becomes
quite small. Therefore, the proposed converter is appropriate for energy harvesting sys-
tems utilizing uncommon energy sources. The assessment of the proposed converter is
rendered by theoretical analysis and experiments.

Keywords: Charge pump, Cross-connected topology, Energy harvesting system, Fi-
bonacci converters

1. Introduction. Clean energy harvesting [1-5] is one of the most promising technolo-
gies to solve the environmental pollution problem. In energy harvesting systems, ambient
energy is collected by energy harvesting devices and is converted by power converters.
Therefore, in the development of efficient energy harvesting systems, the design of the
high-efficiency converters is a key issue. A widespread converter is the inductor convert-
er, which can achieve high efficiency. However, it suffers from electromagnetic interfer-
ence (EMI) and large volume of magnetic components. This paper proposes one form of
switched-capacitor (SC) DC-DC converters [6-8] that can be improved to become a chip
at the smallest possible size. The size and signal of energy harvesting systems utilizing
uncommon energy sources, such as force, and vibration, are normally small. Therefore,
the converter should have a high voltage gain [9,10]. In around this decade, a lot of SC
DC-DC converters have been continuously studied. For example, several types of charge
pump converters were proposed by Wang et al. [11] and Yun et al. [12,13]. The voltage
gain of the charge pump converter is expressed as N x V;,, (N = 1,2,3,...), where N
is the number of stages and V;,, is a DC input. However, the voltage gain of the charge
pump converter is small. Therefore, the charge pump converter requires many circuit
components to achieve a high voltage gain, because the energy harvesting device pro-
vides a small voltage. The Fibonacci SC DC-DC converter was suggested by Eguchi et
al. [14-17]. The voltage gain of the Fibonacci converter can provide high voltage with
last state plus second-last state, viz. Vy_1+Vn_o (N =1,2,3,...). The drawback of the
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Fibonacci converter is a large occupational chip area. The Fibonacci converter requires
a large output capacitor to reduce output ripple, because a stepped-up voltage charges
an output capacitor a half clock cycle. The SC DC-DC converter with SCVM (switched
capacitor voltage multiplier) topology is designed by Chang and Kuo [18-20]. By con-
necting series-parallel type SC converter cells in series, the SCVM converter can provide
a high voltage, viz. N x M x V;,, (N,M =1,2,3,...). However, the SCVM suffers from
low power efficiency, because some series-parallel type SC converter cells are connected
in series to achieve high gain. The cross-connected charge pump [21,22] was suggested by
Eguchi et al., where the voltage gain of the converter is 2N x V;,, (N =1,2,3,...). The
cross-connected charge pump can minimize the size of the output capacitor, because the
electric charge of an output capacitor is provided to an output load in all clock cycles.
However, the circuit size becomes large by connecting many stages to make high voltages
gain when input voltages are small.

In this paper, we present a Fibonacci parallel connected SC DC-DC converter for energy
harvesting systems. The proposed converter can realize high voltage gain with KV x V},
(N,K = 1,2,3,...), and minimize the occupational chip area by untroubled from the
ripple noise problem, because a stepped-up electric generated in the output capacitor is
charged every clock cycle. Unlike traditional converters, the ripple noise of the proposed
converter becomes quite small. Therefore, the proposed converter is suitable for energy
harvesting systems. The performance of the proposed converter is clarified by theoretical
analysis and experiments.

The rest of this paper is organized as follows. First, the topology of the proposed
converter and its operation principle are described in Section 2. Next, the characteristics
of the proposed converter are analyzed theoretically in Section 3, where the theoretical
formulas for calculating the maximum power efficiency and output voltage are derived
by using a four-terminal equivalent model [23,24]. Then, to confirm the feasibility of the
proposed topology, some experiments are conducted in Section 4. Finally, the result and
future study of this work are briefly summarized in Section 5.

2. Circuit Configuration.

2.1. Traditional converter. Figure 1 illustrates the circuit configuration of the tradi-
tional Fibonacci converter with N stages, where the switches S; and Sy are controlled by
the two-phase clock pulses ®; and ®,. The output voltage of the traditional Fibonacci
converter is expressed as

Vour = Vo1 4+ V—a (N >0), (1)

where the parameter N is an integer number that shows the number of stages of the
traditional Fibonacci converter. Substituting N with (N = 1,2,3,4) into (1), the output
voltage of the traditional Fibonacci converter becomes

Vour = Vin + Vi = 2Vi, (N =1),
Vout = Vin +2Vipy = 3Vin, (N =2),
Vot = 2Vin + 3Vin = Vi, (N =3),
and Vo = 3Vi + 5V =8V, (N =4). (2)
In the traditional Fibonacci converter, the stepped-up voltage V,,; charges the output

capacitor Cy,; a half clock cycle. Therefore, to reduce output ripple, a large output
capacitor is required.
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Ficure 1. Circuit configuration of the 4-stage traditional Fibonacci converter

2.2. Proposed converter. Figure 2 depicts the block diagram of the proposed converter
with NV stages, where the switches S1,..., Sk are controlled by the K-phase clock pulses.
The output voltage of the traditional Fibonacci converter is equal to

Vour = KN x Vi, (N, K >0). (3)

As (3) shows, the proposed converter can provide higher voltage gain than the traditional
Fibonacci converter. Unlike the traditional Fibonacci converter, the stepped-up voltage
V,ut charges the output capacitor C,,; every clock cycle. Therefore, the circuit size of the
proposed converter is smaller than that of the traditional Fibonacci converter, because a
big output capacitor is not required. For this reason, the proposed converter is reasonable
to become a chip for energy harvesting systems utilizing an uncommon source.
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(2nd) Fibonacci converter with NV stages 51 (@] e 0] e
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F1GURE 2. Block diagram of the proposed converter with N stages

3. Theoretical Analysis and Comparison. The total energy consumption of the pro-
posed converter is analyzed theoretically by using the four-terminal equivalent model
[23,24] shown in Figure 3. In this figure, the total energy consumption can be calculated
by
WT = RSC(Aquut>2/T' (4)
In the proposed converter, the instantaneous equivalent circuits are expressed by Figure
4, where R,, is the on-resistance of the switch. In these figures, the differential value
of electric charges Agy/ of the capacitor C;; ((i = 1,2,...,K) and (j = 1,2,...,N))
satisfies N N N
G + DG + -+ Adid =0, (5)
because the sum of the variation of Agy/ is zero. In (5), the period T' satisfies
T:T1+T2++TKandT/K:T1:T2::TK (6)
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FIGURE 4. Instantaneous equivalent circuits in state-1

Vout

Since the proposed converter has symmetrical structure, the topology of all instanta-
neous equivalent circuits is the same. Therefore, the proposed converter can be analyzed
by only the instantaneous equivalent circuits of state-1 (when the switch S; is on) shown
in Figure 4. Applying the Kirchhoff’s Current Law to Figure 4, the differential value of

electric charges in state-1 can be expressed as
AthVout AqOUt + Aq£7N7
2,1
AthVm = AqT1 - Aqu

Agp = Aq3’1 == Ay # Mgy,

Agr? = Agpy? + Mgt

Aq1,2 _ Aq 2 Aq(TIl(fl)’z #* Aq£’2,

Agz, Aq(K D3y Aqu R

Agr! = Mgy = = Agyy 7 = Mgy = Agry

AgpN = AgpN Y+ AgpY,
Aq%lN - Aqu — .= Aqu £ Aq;lN )
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Furthermore, the average input and output current, I, and I,,;, can be expressed as
Lin = Aqy, /T = (Aqry v, + Aqpy v, + 0+ Bqpev,)/T

and Lot = Aqy,,, /T = (Aqq, v, + AQTZ,VOm + o+ AT o) /T (8)
By calculating (6)-(8), the relationship between I;;, and I, is obtained as
Ly = —K" x Ly and Agy, = —K" x Agy, . (9)

Next, the total energy consumption is analyzed for the time period 77 in order to obtain
the total energy consumption equation in terms of (4). From Figure 4, the total consumed
energy is obtained as

N 2 N 2
_ 2 (k B 1>Aqvout E AQVout
WT =k 'E_l 2]%on {W + — (k B 1)Ron ]{]{*i+(N*1)}
Aq‘/out ?
bRy A ]| (10)

The number of total switches can be expressed as NK(K + 1) + K. The number of
total capacitors can be expressed as NK + 1.

Based on the above-mentioned theoretical analysis, the theoretical evaluation is con-
ducted concerning the following three samples. The first is the traditional Fibonacci
converter with 4 stages shown in Figure 1. The second is the proposed converter-1 shown
in Figure 5. The third is the proposed converter-2 shown in Figure 6. From (9) and
(10), we derived the characteristics shown in Table 1. As it can be seen from this table,
the component count of the traditional converter is smaller than that of the proposed
converter. However, the power efficiency of the proposed converters is higher than that
of the traditional converter, because the internal resistance of the proposed converters is
small. Moreover, the voltage gain of the proposed converter-2 is the highest.
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FIGURE 5. Circuits configuration of the proposed converter-1 (2 blocks
with 3 stages)
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FIGURE 6. Circuits configuration of the proposed converter-2 (3 blocks
with 2 stages)

TABLE 1. Comparison of the number of circuit components and characteristic

T Number of | Number of | Voltage Power officion
ype switches | capacitors | gain OWEr CTCICHCY Tmax
Fibonacci converter 13 5 7 Ry /(140R,, + Ry)
Proposed converter-1
(2 blocks with 3 stages) 20 7 7 Ry /(6470n + Iy )
Proposed converter-2
(3 blocks with 2 stages) 27 7 ) Ry /(101 Fon + Rir)

4. Experimental Results. To confirm the feasibility of the proposed topology, some
experiments were conducted. In the performed experiments, the conditions are as follows:
the input voltage V;,, = 400 mV, the capacitors C1; = C1 9 = C13 = 4.7 uF, Cppp = 4.7
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F1GURE 7. Measured voltage gain
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uF, and 22 pF, the clock frequency f = 50 Hz, the output load Ry, = 68 k) — 2.2 M.
Figure 7 demonstrates the comparison in voltage gains. As it can be seen from Figure 7,
the voltage gain of the proposed converter-2 is the highest. Figure 8 shows the comparison
in power efficiency. As it can be seen from Figure 8, the proposed converter-1 can achieve
the highest power efficiency.

5. Conclusions. In this paper, we proposed a Fibonacci parallel-connected SC DC-DC
converter for energy harvesting systems. The results of theoretical analysis and experi-
ments revealed the effectiveness of the proposed converter. The results of this work are as
follows: 1) The proposed converter can realize high voltage gain and is flexible to design
with K% voltage gain, 2) The power efficiency of the proposed converter is higher than
that of the traditional converter, because the proposed converter has a small internal
resistance, 3) Owing to the symmetrical topology, the proposed converter can reduce the
size of output capacitor. From these results, energy harvesting systems will be more ef-
ficient by using the proposed converter that has high voltage gain, high power efficiency
and small size.

In a future study, we are going to experiment with the conditions of the same integrated
circuit for the design of high-efficiency converter chips.
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