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ABSTRACT. For small power applications, a step-down switched-capacitor (SC) AC/DC
converter with series-connected converter blocks is proposed in this paper. Unlike a com-
mon AC/DC converter containing inductors or transformer, SC AC/DC' converters can
offer a stepped-down voltage without magnetic component by using SC technique. From
this reason, the SC AC/DC converters realize small circuit size and lightweight. The pro-
posed SC AC/DC converter provides stepped-down voltage with a smaller number of the
circuit components than conventional SC AC/DC converters owing to series-connected
converter blocks. Therefore, the proposed converter can offer smaller circuit size. In
this paper, to clarify the characteristics of the proposed converter, theoretical analysis
is performed. Furthermore, experiments show the validity of the proposed SC AC/DC
converter.

Keywords: AC/DC converter, Switched-capacitor circuits, Inductor-less circuits, Series-
connected converters

1. Introduction. In recent years, small power applications require about DC 12V. How-
ever, the voltage supplied by commercial power source is AC voltage, which is much higher
than 12V. Therefore, an AC/DC converter, which converts a high AC voltage to a low DC
voltage, is indispensable for mobile devices. With that in mind, the demand for small and
lightweight AC/DC converters is increasing in small power applications. However, com-
mon AC/DC converters, which have magnetic components, cannot satisfy such a demand,
because magnetic components are heavy and balky. By using the switched-capacitor (SC)
technique, the small and lightweight AC/DC converters can be realized with no magnetic
component.

Oota et al. proposed the first SC AC/DC converter in 1989 [1]. The AC/DC converter
generates the (N)x stepped-up voltage, where N is the number of capacitors composing
the AC/DC converter. On the basis of this study, Oota et al. proposed the step-down SC
AC/DC converter [2,3]. The topology of the step-down SC AC/DC converter is the same
as that of the first SC AC/DC converter but its control methods are different. When the
AC/DC converter offers a stepped-down voltage, the following operations are performed:
(1) all capacitors are connected in series, (2) all capacitors are charged by an input
voltage, (3) all capacitors are connected in parallel and (4) each capacitor is discharged
the partial voltage as the output voltage. By repeating these four steps, the AC/DC
converter generates a stepped-down voltage. However, in this SC AC/DC converter, all
capacitors must have a large capacitance, because the capacitors are charged only once
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in the four steps shown above. Furthermore, the SC AC/DC converter requires too many
circuit components to offer a large step-down gain.

To solve these problems, Eguchi et al. proposed a series-parallel type SC AC/DC
converter [4]. The capacitors of the series-parallel type SC AC/DC converter can be
smaller than that of the step-down SC AC/DC converter. However, the series-parallel
type SC AC/DC converter still requires many circuit components. Concretely, 3N — 1
power switches and N capacitors are necessary to assemble the series-parallel SC AC/DC
converter with NV stages. Being distinct from the series-parallel type SC AC/DC converter,
a simple inductor-less AC/DC converter using Cockcroft-Walton multipliers has been
proposed by Yamakawa et al. [5] and Eguchi et al. [6]. Unlike conventional SC AC/DC
converters, the Cockcroft-Walton AC/DC converter [5,6] consists of capacitors and diode
switches instead of power switches. Therefore, the Cockeroft-Walton AC/DC converter
realizes simple circuit configuration. However, the Cockcroft-Walton AC/DC converter
offers only the stepped-up voltage.

In this paper, a novel step-down SC AC/DC converter is proposed to reduce circuit
components. The proposed AC/DC converter consists of two converter blocks and a
full bridge circuit. These converter blocks are connected in series and offer 1/3x step-
down conversion. Therefore, the proposed converter achieves 1/9x (= (1/3)%*x) step-
down, because the input voltage of the second converter block is the output voltage of
the first converter block. Owing to the series-connected structure, the proposed converter
achieves the smallest number of circuit components in the past SC AC/DC converters.
From this reason, the proposed converter can be realized with small circuit size. To
clarify the characteristics of the proposed converter, theoretical analysis and experiments
are performed.

2. Circuit Configuration. Figure 1 shows the circuit configuration of the proposed SC
AC-DC converter. The output voltage of the proposed SC AC-DC converter is expressed

as

1 1 1
Vour = Voo = gvol = §Vi17 where V,; = g%y (1)

In (1), Vi is a rectified input voltage, V,; is the output voltage of the converter blockl
and V5 is the output voltage of the converter block2. Each converter block generates
1/3 times the input voltage, so the output voltage V,,; becomes the 1/9 (= (1/3)?) of
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F1GURE 1. Circuit configuration of the proposed SC AC/DC converter
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the input voltage. In the converter blockl, the input voltage is divided by the series-
connected capacitors (Cpa, C13 and C}4), and the output voltage is taken from one
capacitor (C}4). Therefore, the proposed converter generates a stepped-down voltage.
Furthermore, by controlling switches, C} ; is connected with each capacitor in parallel by
turns, so charges of these capacitors are balanced. Table 1 shows the comparison of circuit
components in the case of 1/9x step-down between the conventional series-parallel type
AC/DC converter [4] and the proposed AC/DC converter. As Table 1 shows, the proposed
SC AC/DC converter can reduce 15 circuit components from the conventional converter.
Therefore, the proposed converter can achieve smaller number of circuit components than
the conventional converter.

TABLE 1. Comparison of the circuit components in the case of 1/9x step-down

Conventional SC Proposed SC
AC/DC converter [4] | AC/DC converter
Power switch 26 12
Capacitor 9 8
Total 35 20

3. Equivalent Model. To clarify the characteristics of the proposed converter, theo-
retical analysis is performed, where the equivalent circuit is assumed as a four-terminal
equivalent model reported in [7-9].

Figure 2 shows the instantaneous equivalent circuits of the proposed converter. As
Figure 2 shows, the proposed converter has three states which are at T; (i = 1,2,3). In

AGT1,Vn AqT, v = —Aqr1,701) AqT2, v AqTy, Vel = —Aqr2, Vo1)
= — = —t
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FIGURE 2. Instantaneous equivalent circuits of the converter blocks: (a)
State-T1, (b) State-T5 and (c) State-Tj
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steady state, the differential value of the electric charge in C and Cyy (K = 1,2,3,4)
satisfies

3 3 3
T
Z:Aqflp;k =0 and ZAq%_k =0, where T' = ZTi and Ty =Ty, =T = 3 (2)

=1 =1

In (2), AqT and Aq%k denote the electric charge of the k-th capacitor in State-7; and T’
is the period of a clock pulse. From Figure 2, the differential values of electric charges in
Vit, Vor (= Vi) and Ve, Aqry vy Aaryv, s Aqr, v, and Agrv,,, are given as follows:

State-T1 : Aqp, v, Aqu Aqr v, = Aql Aq . Agry v, = Aq%f’
AthViQ = Aqu - AqT; ? Aq}f’ = Aqu + AqT; ? (3)
and Aq;f’ = Aq%ll + Aqi’f

State-T5 : Aqp, v, = Aq}f, Agqp, v, = Aq1’4 — Aql AqT2 , AqTQ, Vi Aq%’j
Aqr, v, = Aq%’j — Aq2 Aq , Aq Aq + Aq (4)
and Aq%’f = Aq%’; + AqT2

State-T5 : Aqp, v, = Aq}f, Aqry v, = Aq};l - Aq1’4 — Aq}’g, Aqry v,y = Aq%f
Agryv,, = Adyy — Adyy — Adpys Agp = Agg), (5)
and Aq%f = Aq?p’;’.

Using (3)-(5), the average input current and the average output current can be expressed

as
1 iA _ Agy, Y iA ~ Agy,
- T £ ar,\vi | = T 2 — T < ar,vio | = T
= — 3 = an o = — 2 = s
T £ qr; V. T 2 T - qT;,Vao T

where Agv,,, Aqv,,, Agy,, and Agy,, are electric charges in the input and output, respec-
tively. Substituting (3)-(5) into (6), we have the relation between the input current and
output current as follows:

_ 1 1 1
I, = —5102, where Aqy, = —Aqv,,, Aqy, = _gAQVog and Agy, = —gAqul. (7)

(6)

From (7), the parameter m; of the four-terminal equivalent model [5] is obtained as
Next, in order to obtain the parameter Rgc, let us consider the consumed energy in
one period. Using (2)-(5), the total consumed energy can be expressed as

3
Z 120R,, 2
WT — WTl 27T ( qVOQ ) Y (8)

2Ry, L2 L 2Rey (A 21)2 — 2Ron L2 | 2Ry, 2,12
where I/I/YT1 = T_12(AqT1) + T2 (AQTl) ) WTQ - Ty (AQTQ) + T, (AQTQ) and
71 on 27
WT3 2Ron (Aq;s) + 21;3 (AQT;) :
On the other hand, the consumed energy of the four-terminal equivalent model [5] can
be expressed as

Agy, 2
WT—( To) -Rgce - T. (9)

From (8) and (9), the parameter Rgc is obtained as Rgc = 40R,;,/9.



ICIC EXPRESS LETTERS, VOL.10, NO.8, 2016 2049

Finally, by combining m; and Rgc, the four-terminal equivalent model of the proposed
converter can be expressed as follows:

Therefore, we have the efficiency n and output voltage V,,; as follows:

Ry Rp 1
n R, + 401§on I t ( R, + 4019%0n) 9 (11)

4. Experiments. To verify the circuit topology of the proposed converter, experiments
are performed. The experimental conditions of the proposed converter are as follows: V;,
= 100V@60Hz and T" = 677us. Table 2 shows circuit components of the experimental
converter. The experimental converter was built on bread board with the commercially
available ICs shown as Table 2. In the experiments, to isolate the input source from the
output load, a small transformer was connected with the experimental converter. The
inductance ratio of the primary and secondary of the isolation transformer was set to
1:1. However, the actual turn ratio of the experimental transformer was 1:1.1 due to
the practical fluctuation. Therefore, the amplitude of the experimental input AC voltage
becomes about 156V (= 141V x1.1) in the experiments.

Figure 3 shows the measured output voltage of the proposed converter. In Figure 3, the
measured output voltage is 17.1V, where the ideal output voltage is 17.6V (= 158V /9).

TABLE 2. Circuit components of the experimental converter

Parts Components Models
Control block Micro controller PIC12F1822
Ontrot bloc Darlington driver IC | TD62083APG

. Diode 1N4007
Full-bridge block Capacitor 165uF
Switch AQW216EH
Converter block Capacitor 33uF
Load Resistance 10k
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FIGURE 3. Measured output voltage of the proposed converter
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From this result, the experimental converter can offer a 1/9x stepped-down voltage with
the smaller number of the circuit components. Therefore, the validity of the proposed
converter was confirmed.

5. Conclusions. A step-down switched-capacitor AC/DC converter with series-connec-
ted converter blocks has been proposed in this paper. Concerning the proposed converter,
theoretical analysis and experiments were performed to confirm the validity.

The results of this study are as follows: (1) the proposed SC AC/DC converter can offer
a stepped-down voltage with the smaller number of circuit components than the conven-
tional SC AC/DC converters, (2) handy theoretical equations to estimate properties of
the proposed converter were obtained by using a four-terminal equivalent circuit and (3)
the validity of the proposed converter was confirmed by the experiments. Therefore, the
proposed SC AC/DC converter can offer not only lightweight but also small circuit size.

The detailed simulation and the detailed experiments are left for a future study.
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