International Journal of Innovative
Computing, Information and Control ICIC International ©)2016 ISSN 1349-4198

Volume 12, Number 5, October 2016 pp. 1411-1421

DESIGN OF A THREE-PHASE SWITCHED-CAPACITOR AC-AC
CONVERTER WITH SYMMETRICAL TOPOLOGY

Ker EcucHr!, WANGLOK Do!, SORANUT KITTIPANYANGAM!
KANJI ABE! AND ICHIROU O0OTA?

I'Department of Information Electronics
Fukuoka Institute of Technology
3-30-1 Wajiro Higashi, Higashi-ku, Fukuoka 811-0295, Japan
eguti@fit.ac.jp; dwl12345@naver.com; { mam14011; mam15001 }@bene.fit.ac.jp

2Department of Information, Communication and Electronic Engineering
National Institute of Technology, Kumamoto College
2659-2 Suya, Koushi-shi, Kumamoto 861-1102, Japan
oota-i@kumamoto-nct.ac.jp

Received February 2016; revised June 2016

ABSTRACT. In this paper a novel three-phase direct ac-ac converter is proposed in order
to offer sinusoidal three-phase voltages. To achieve light weight and small size, the pro-
posed ac-ac converter is designed by switched-capacitor (SC) techniques. While keeping
the frequencies of the input and output voltages equal, the proposed converter provides
stepped-up or stepped-down voltages to output loads. Unlike conventional SC ac-ac con-
verters, the proposed converter has symmetrical topology without flying capacitors. By
reducing the number of capacitors, the proposed ac-ac converter can improve power effi-
ciency as well as input power factor from conventional converters. In the case of delta-
wye, delta-delta, wye-delta and wye-wye connections, the operation principle, qualitative
analysis and simulation evaluation are described in order to clarify the characteristics
of the proposed converter. The results of the simulation program with integrated circuit
emphasis (SPICE) simulation demonstrate the effectiveness of the proposed ac-ac con-
verter.

Keywords: ac-ac converters, Switched-capacitor circuits, Switching converters, Sym-
metrical topology, Three-phase

1. Introduction. In power distribution systems, a three-phase transformer is commonly
used to offer stepped-up or stepped-down three-phase voltages [1]. However, the three-
phase transformer is difficult to achieve high power efficiency due to core losses and copper
losses. Furthermore, due to the magnetic core and winding, the transformer is heavy and
bulky. To overcome these problems, several types of an inductor-less ac-ac converter have
been designed by using switched-capacitor (SC) techniques [2-11]. Due to the inductor-less
topology, the SC ac-ac converter can realize light weight, small size, no flux of magnetic
induction, and so on.

To the best of our knowledge, the first SC ac-ac converter was suggested by Ueno et al.
[2,3]. To light an electroluminescent lamp, the first SC ac-ac converter offers a stepped-up
modified sinusoidal waveform [2,3] by changing the connection of N (= 2,3,...) charge-
transfer capacitors by N-phase clock pulses. Following this study, in order to enhance the
flexibility of conversion ratios, the ring-type SC ac-ac converter was proposed by Terada
et al. and Eguchi et al. [4-6]. Unlike the first SC ac-ac converter, the ring-type SC ac-
ac converter can provide stepped-up or stepped-down voltages by controlling transistor
switches by N-phase clock pulses. However, the circuit topology of the ring-type SC
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ac-ac converter is complex. To simplify circuit topology, Lazzarin et al. and Andersen
et al designed a direct ac-ac converter [7-9] by using SC techniques. By connecting a
flying capacitor to charge-transfer capacitors alternately, the direct ac-ac converter can
achieve not only step-down conversion but also step-up conversion [7-9]. Following this
study, You and Hui expanded Lazzarin’s ac-ac converter to realize the conversion ratio
of 1/4 [10], because the direct ac-ac converter reported in [7-9] achieves only 1/2x step-
down or 2x step-up conversion. However, the conventional ac-ac converters reported in
[2-10] are the single-phase ac-ac converter. For this reason, the direct ac-ac converter
was expanded to a three-phase converter topology by Lazzarin et al. [11]. However,
due to the existence of flying capacitors, the conventional three-phase ac-ac converter
[11] is difficult to achieve high input power factor and high power efficiency, because
the instantaneous equivalent circuits of the conventional three-phase ac-ac converter have
asymmetrical converter topology. In other words, there is still room for improvement in
the converter topology of the conventional three-phase ac-ac converter.

In this paper, an SC three-phase direct ac-ac converter is proposed in order to offer
sinusoidal three-phase voltages. While keeping the frequencies of the input and output
voltages equal, the proposed converter provides stepped-up or stepped-down voltages
to output loads. Unlike conventional SC ac-ac converters, the proposed converter has
symmetrical topology without flying capacitors. By reducing the number of capacitors,
the proposed ac-ac converter can achieve not only high power efficiency but also high
input power factor. To demonstrate the effectiveness of the proposed ac-ac converter,
simulation program with integrated circuit emphasis (SPICE) simulations and theoretical
analysis are performed.

The rest of this paper is organized as follows. In Section 2, the circuit configuration
of the SC ac-ac converters is presented. In Section 3, the characteristics of the SC ac-ac
converter are clarified by assuming a four-terminal equivalent circuit. To confirm validity
of circuit design, simulation results are demonstrated in Section 4. Finally, conclusion
and future work are drawn in Section 5.

2. Circuit Configuration.

2.1. Conventional three-phase ac-ac converter. Figure 1 illustrates the circuit con-
figuration of the conventional three-phase ac-ac converter in the case of delta-wye con-
nection [11]. As you can see from Figure 1, the conventional ac-ac converter has three
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FiGUrE 1. Conventional three-phase ac-ac converter in the case of delta-
wye connection
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modules: Modules-A, B and C. In this case, the voltage gains of the conventional three-
phase ac-ac converter of Figure 1 are expressed as

Vey 1 VeN 1

— =—and — = ——, (1)

Van 2 Vap 23
where the phase-shift between Viy and Vyy is —60° and the phase-shift between Vgy
and Vg is —90°. Of course, other connections, such as delta-delta, wye-delta and wye-
wye connections, can be realized by changing the connections between converter modules.
Table 1 shows the summary of the voltage gain and phase-shift.

TABLE 1. Voltage gain and phase-shift of the three-phase ac-ac converter

Connection Voltage gain Phase shift
DeliarWe | =5 904 385 =555 | Bt Vo and V00
WoeWse | B = and $22 = 555 | it Y
Delia-Delta| {25 = and 2 = & | o0 1 S Vi
Wye-Delta | ¢ = and 2 =4 | B0 Nt Ve 0

F1GURE 2. Converter module of the conventional three-phase ac-ac converter

As an example of the operation principle of the module, Figure 2 illustrates the circuit
configuration in the case of 1/2x step-down conversion. The topology of the converter
module is based on the SC dc-dc converter suggested by Anderson et al. and Hara et
al. [9,12]. As Figure 2 shows, each module consists of four bidirectional switches and
three capacitors, where switches S; and Sy are driven by non-overlapped two-phase clock
pulses with constant switching frequency and duty cycle. Of course, the converter module
can offer not only the 1/2x stepped-down voltage but also the 2x stepped-up voltage by
swapping the input terminal and the output terminal.

Figure 3 illustrates the instantaneous equivalent circuits of the converter module in the
case of the 1/2x step-down conversion, where the bidirectional switch is modeled by an
ideal lossless switch and an on-resistance R,,. As you can see from Figure 3, the voltage
conversion is performed by connecting the flying capacitor C; to the main capacitors C,
and Cj5 alternately.
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FIGURE 3. Instantaneous equivalent circuit of the conventional module:
(a) State-T7 and (b) State-T5
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FIGURE 4. Proposed three-phase ac-ac converter in the case of delta-wye
connection: (a) circuit topology and (b) converter module

TABLE 2. Number of circuit components

Number of capacitors | Number of switches
Proposed module 2 8
Conventional module 3 4

2.2. Proposed converter. Figure 4 illustrates the proposed three-phase ac-ac converter
in the case of delta-wye connection. As you can see from Figure 4(a), the proposed ac-
ac converter has three module blocks, where each module consists of eight bidirectional
switches and two capacitors. Unlike the converter module of Figure 2, the proposed
module block of Figure 4(b) has symmetrical converter topology.

Table 2 shows the comparison of the number of circuit components between the pro-
posed module and the conventional module. As you can see from Table 2, the number
of switches for the proposed module is larger than that for the conventional module.
However, the number of capacitors for the proposed module is less than that for the
conventional module block, because the proposed module has no flying capacitor.

Figure 5 illustrates the instantaneous equivalent circuits of the proposed module in
the case of the 1/2x step-down conversion. By changing the connection order of C; and
C5, the proposed module achieves voltage conversion. Therefore, unlike the conventional
module block, the number of capacitors connected to the I/O terminals is constant. Of
course, the proposed module can offer not only the 1/2x stepped-down voltage but also
the 2x stepped-up voltage by swapping the input and output terminals.
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FIGURE 6. Four-terminal equivalent circuit

3. Theoretical Analysis. In a conversion ratio of 1/2, the characteristics of the pro-
posed module are analyzed theoretically, where the ac input is assumed as a pulse ac
waveform in order to estimate the maximum power efficiency and the maximum out-
put voltage. For the pulse input, the proposed module behaves like a dc-dc converter.
Therefore, the theoretical analysis is performed by using a four-terminal equivalent circuit
shown in Figure 6, because it is known that an SC dc-dc converter can be expressed by
a K-matrix [13,14]. In Figure 6, Rg¢ is called the SC resistance and m, is the conversion
ratio of an ideal transformer. These parameters are derived by utilizing instantaneous
equivalent circuits of Figure 5.

In steady state, the differential value of electric charges Aq{,ﬁi in Cy (k = 1,2) satisfies
the following equation:

Agy, + Agy, =0, (2)

where Agf, ((i =1,2) and (k = 1,2)) denotes the electric charge of the k-th capacitor in
State-T;. The interval of State-T; satisfies

T
T:T1—|—T2andT1:T2:§, (3)

where T is a period of the clock pulse and T; (i = 1,2) is the interval of State-T;.
In State-T7, the differential values of electric charges in the input and the output, Agy, ,,
and Agqrp, ,,, are expressed as

Athvi = Aq%—’l a‘nd Aqu,Uo = _Aq%l + Aq%l (4)

On the other hand, in State-T5, the differential values of electric charges in the input and
the output, Agr, ., and Agr, ,,, are expressed as

Aqr, v = Agr, and Agr, o, = Agr, — Ay, (5)
In (4) and (5), the following conditions are satisfied:
Agr, = Agy, and Agj, = Aqy,, (6)
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because the proposed module has symmetrical topology. Using (4) and (5), the I/O
currents, ¢; and i,, can be expressed as

o AQW _ Aqu,vi + Aquvi

. Aqvo _ AquyUo + AqT27U0
i and 7, =

T T T T ’ 0

because the overall change of I/O currents is zero in steady state. In (7), Ag,, and Agq,,
are electric charges in v; and v,, respectively. Substituting (2)-(6) into (7), we have the
relation between the input current and the output current as follows:

. 1.
i = o (8)
Therefore, the conversion ratio in Figure 6 can be obtained as m; = 1/2.
Next, in order to derive the SC resistance Rgc, the consumed energy in one period is

discussed. The consumed energy Wy in one period can be expressed as

Wi = Wiy, + Wi, = 2Wa, 9)
where
(Agh)’ (Ag3,)?
Wy = 2I0) op o \8I0) op
) M

In (9), dielectric loss is not considered to estimate the maximum power efficiency and the
maximum output voltage. Using (2)-(6), the consumed energy (9) can be rewritten as

Ag,,)?
Wy = qT") Ron. (10)
Here, the consumed energy Wr of the four-terminal equivalent circuit shown in Figure 6

is expressed as

Agy,.,)’
Wi :RSC%. (11)

Therefore, from (10) and (11), the SC resistance Rg¢ in Figure 6 can be obtained as
Rsc = Ron. (12)

Finally, by combining (8) and (12), the equivalent circuit is given by

[”:{3192“5 Rf"H_UZO], (13)

because the four-terminal equivalent circuit of Figure 6 can be expressed by the K-matrix.
From (13), the maximum efficiency and the maximum output voltage can be derived as

RL RL Vj
T and vy e = () (M) 14
Rsc+ Ry 0 <R50+RL><2) (14)

Of course, other conversion modes can be analyzed by the same method. Table 3 shows
the comparison between the proposed module and the conventional module in conversion
ratios of 1/2 and 2. The theoretical analysis of other conversion modes will be described
in Appendix. As you can see from Table 3, the proposed module can achieve not only
fewer number of capacitors but also smaller SC resistance than the conventional module.
In other words, the proposed ac-ac converter can achieve higher power efficiency than the
conventional ac-ac converter.

771’1’1 ax
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TABLE 3. SC resistance obtained by theoretical analysis

2x Step-up | 1/2x Step-down

Proposed module block 4R, R,,
Conventional module block S8Ry 2R,

4. Simulations. To clarify the characteristic of the proposed converter shown in Figure
7, SPICE simulations are performed under conditions that input voltage V, = Vp =
Ve = 200V@50Hz, ¢ = Cy = 33uF, Cybyy = 100nF, R,, = 0.83Q2, T" = 10us, and
D(=Ty/T) = 0.45 (5% of dead time), where C,,; is a filter capacitor.

Figure 8 demonstrates the simulated voltages of the proposed three-phase ac-ac con-
verter with a balanced three-phase resistive loads, where Zp = Zg = Z7y = 100§2. As
you can see from Figure 8, the proposed converter can offer the output voltages shown in
Table 1. Figure 9 demonstrates the simulated power efficiency in the case of delta-wye
connection. To save space, the simulation result of other connections is omitted in this
paper, because the power efficiency does not depend on the connections. As you can see
from Figure 9, the power efficiency of the proposed three-phase ac-ac converter is higher

FiGUrRE 7. Circuit configuration of the proposed three-phase ac-ac con-
verter with balanced resistive loads: (a) delta-wye configuration, (b) delta-
delta configuration, (c) wye-delta configuration, and (d) wye-wye configu-
ration
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FIGURE 8. Simulated voltages with balanced resistive loads: (a) delta-
wye configuration, (b) delta-delta configuration, (c) wye-delta configura-
tion, and (d) wye-wye configuration
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FIGURE 9. Simulated power efficiency with balanced resistive loads in the
case of delta-wye configuration

than that of the conventional three-phase ac-ac converter. Concretely, the proposed con-
verter can improve power efficiency more than 11% when the output power is 3kW. In
the range of 300W to 4.5kW, the proposed ac-ac converter can achieve more than 85%
power efficiency. Figure 10 demonstrates the simulated input power factor in the case
of delta-wye connection. As Figure 10 shows, the input power factor of the proposed
ac-ac converter is higher than that of the conventional ac-ac converter. Concretely, the
proposed converter can improve input power factor about 0.4 when the output power is
3kW. The input power factor of the proposed ac-ac converter is more than 0.85 when the
output power is higher than 3kW.
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FIGURE 10. Simulated input power factor with balanced resistive loads in
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5. Conclusions. A novel three-phase SC ac-ac converter has been proposed in this paper.
Unlike conventional SC ac-ac converters, the proposed converter has symmetrical topology
without flying capacitors. Therefore, the proposed converter can reduce the number
of capacitors from the conventional converter, though the circuit topology is complex.
Concretely, the proposed three-phase ac-ac converter can reduce three capacitors from
the conventional three-phase ac-ac converter.

The validity of circuit design was confirmed by SPICE simulations. The SPICE simula-
tion demonstrated that the proposed three-phase ac-ac converter can offer the converted
three-phase voltages in the case of delta-wye, delta-delta, wye-delta and wye-wye con-
nections. Furthermore, the proposed ac-ac converter improved 11% power efficiency and
0.4 input power factor from the conventional ac-ac converter. As these results show, the
proposed three-phase SC ac-ac converter can achieve not only high power efficiency but
also input power factor.

The circuit evaluation through experiments is left to a future study.
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Appendix.
A.1. Proposed converter in a conversion ratio of 2. In a conversion ratio of 2, the
characteristics of the proposed module are analyzed theoretically, where the ac input is
assumed as a pulse ac waveform.

In the steady state, the differential value of electric charges in Cy (k = 1,2) satisfies
(2). In State-T3, Aqr, ,, and Agr, 4, are obtained as

Aqri; = —Aar, + Mg, and Agry , = Agr, . (15)
On the other hand, in State-T5, Agr, ,, and Agr, ,, are obtained as
Aqr, v = Aqr, — Mgy, and Agr, ,, = Agr,. (16)
Substituting (2), (6), (15) and (16) into (7), we have
i = —2i,. (17)

From (17), the conversion ratio is obtained as m; = 2.
Next, the consumed energy Wr in one period can be expressed as (9). Using (2), (6),
(15) and (16), the consumed energy (9) is rewritten as

Ag,,)”
Wy = B yp (18)
T
Therefore, from (11) and (18), we have the SC resistance:
Rsc = 4Ron. (19)

By combining (17) and (19), the equivalent circuit of the conventional module block can

be expressed as
vi | | 1/2 0 1 4R,, Vg
R ER IR @

A.2. Conventional converter in a conversion ratio of 1/2. In a conversion ratio of
1/2, the differential value of electric charges in Cy (k = 1,2, 3) satisfies (2). In State-T},
Agr, »; and Agr, ,, are obtained as

Aqr, p, = Aq%1 + Aq?p1 and Agqp, ,, = —Aq%1 — Aq?p1 + Aq%. (21)

On the other hand, in State-T5, Agp, ,, and Agr,,, are obtained as
Agry v, = Mgy, and Agry, = Aqr, — Agr, + Ay, (22)
Substituting (2), (6), (21) and (22) into (7), we have (8). Therefore, the conversion ratio

my is 1/2
Next, the consumed energy Wy in one period can be expressed as

Wp =Wp, + Wop,, (23)
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where ) )
Agi Agi
Wi, = (Ad) 2R,, and Wy, = (Aar,) 2R .
T1 T2
Using (2), (6), (21) and (22), the consumed energy (23) is rewritten as
. (Aqvo)2
Wr = T 2R on. (24)
Therefore, from (11) and (24), we have the SC resistance:
RSC = 2Ron- (25)

By combining (8) and (25), the equivalent circuit of the conventional module can be

expressed as
v, | |2 0 1 2R, Vg
=10 e o 5] (o

A.3. Conventional converter in a conversion ratio of 2. In a conversion ratio of
2, the differential value of electric charges in Cy (k = 1,2,3) satisfies (2). In State-T7,
Agr, », and Agr, ,, are obtained as

Aqr, v, = Aq%1 — Aq%1 — Aq%1 and Agqr, ,, = Aqilp1 + Aq%l. (27)
On the other hand, in State-T5, Agp, ,, and Agr,,, are obtained as
Aqr, p, = Aq%2 — Aq%2 + Aqé’},2 and Aqp, ,, = Aq%. (28)

Substituting (2), (6), (27) and (28) into (7), we have (17). Therefore, the conversion ratio
my is 2.

Next, the consumed energy Wr in one period can be expressed as (23). Using (2), (6),
(21) and (22), the consumed energy (23) is rewritten as

Ag,,)”
Wy = qTo) 8 Ron. (29)
Therefore, from (17) and (29), we have the SC resistance:
RSC = 8Ron- (30)

By combining (17) and (30), the equivalent circuit of the conventional module can be

expressed as
vi | | 1/2 0 1 8R,, Vo
HEERIIE e o



