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ARTICLE INFO ABSTRACT

Article history: In electric power applications, autotransformemes ased to step-up / step-down single
Received 3 March 2016 or three phase line voltages. The autotransforrasrtie usual magnetic core but only
Accepted 2 May 2016 has one winding. Therefore, the autotransformer offier no interference or
published 26 May 2016 disturbance isolation. However, due to the magneatae and winding, the

autotransformer is heavy and bulky. Furthermore, dlatotransformer is difficult to
achieve high power efficiency. In this paper, wepmse a parallel-connected switched

Keywords: capacitor (SC) AC-AC converter with symmetrical afqgy. Unlike any transformer,
AC-AC converters, the proposed converter requires no magnetic elem&herefore, the proposed
Parallel connected converters, converter can achieve light weight, small convesige, high power efficiency, and
Switched capacitor circuits, high input power factor. Furthermore, due to thealpa-connected symmetrical
Step-up/step-down converters, topology, the proposed converter can realize aelargrent output and a small output
Symmetrical topology ripple. Concerning the proposed converter, opangtiinciple, qualitative analysis and

simulation evaluation are described. The simulapoogram with integrated circuit
emphasis (SPICE) simulation demonstrates the féigsiand effectiveness of the
proposed AC-AC converter.

INTRODUCTION

In electric power applications, auto-transformens used to step-up / step-down single or thresepliae
voltages. The autotransformer has the usual magregiie but only has one winding. Therefore, the
autotransformer can offer no interference or disnce isolation. However, due to the magnetic core
winding, the autotransformer is heavy and bulkytifermore, the auto-transformer is difficult to mste high
power efficiency. To overcome these problems, atudtor-less AC-AC converters have been designed by
using switched capacitor (SC) techniques. Unlikg taansformer, light weight and small converterestan be
realized by the SC AC-AC converters, because nanetagcomponent is required.

In 1993, Uenoet al (1993) proposed the first SC AC-AC converter.Ueno’s AC-AC converter, a
staircase AC waveform is offered by changing thanestion ofN (=2, 3, ...) charge-transfer capacitors.
Following this study, in order to enhance the ity of conversion ratios, a ring-type SC AC-A©rwerter
was suggested by Teradtaal (2004) and Eguclet al (2009). However, the circuit configuration of thieg
type AC-AC converter is complex. To simplify the SE-AC converter, Lazzarirt al (2012, 2013) and
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Andersenet al. (2013) proposed the 0.5x step-down / 2x step-@pAL converter. In the conventional
converter reported in (Lazzaret al 2012, 2013, Andersegt al 2013), the AC input is converted directly by
controlling bidirectional switches by two-phaseal@ulses. Following this study, Yaat al (2014) expanded
Lazzarin’'s AC-AC converter to realize the ratiold#h. As the conversion ratio of these SC AC-AC eoter
reported in (Lazzariet al 2012, 2013, Andersest al. 2013, Youet al 2014) is limited, the topology of these
AC-AC converters is simple. However, the converdloAC-AC converters reported in (Lazzaehal 2012,
2013, Anderseet al 2013, Youet al 2014) is difficult to achieve high power effic@gnand high input power
factor.

In this paper, a parallel-connected SC AC-AC coterenith symmetrical topology is proposed. Dudfte
parallel-connected topology, the proposed converder realize large current output, small outpuplepand
high power efficiency. Furthermore, high power éaatan be achieved, because the proposed conhetehe
symmetrical topology. To confirm the validity ofettproposed converter, simulation program with irseg
circuit emphasis (SPICE) simulations and theorktioalysis are performed.

The rest of this paper is organized as followssdation 2, the circuit configuration of the propdAC-AC
converter is presented. In section 3, the propafrtiie parallel-connected SC converter is analymedssuming
a four-terminal equivalent circuit. Simulation résware shown in section 4. Finally, conclusion &stdre work
are drawn in section 5.

Vin

Fig. 1: Conventional SC AC-AC converter.

Circuit Configuration:
Conventional AC-AC Converter:

Figure 1 shows the conventional SC AC-AC convepreposed by Andersest al (2013). The converter
topology of Figure 1 is based on the SC DC-DC cdeveroposed by Hart al (1997). The conventional AC-
AC converter consists of four bidirectional switstend three capacitors, where bidirectional swg&handsS,
are driven by non-overlapped two phase clock pulbed-igure 1, the input AC voltage is divided ket
capacitorC, and Cs;. By changing the connection of the flying capaci@®, the voltages of2, and C; are
averaged. Therefore, the conventional convertarsthe following output:

1
Vout :Evin : (1)

Of course, as reported in (Lazzaed al 2012, 2013, Anderseat al. 2013, Youet al 2014), the
conventional converter can achieve step-up cormersy swapping the input and output terminals. Heewe
there is still room for improvement in the convertepology. Due to the flying capacitor, the conienal
converter of Figure 1 is difficult to achieve higbwer efficiency and high input power factor.

Proposed Parallel-Connected AC-AC Converter:

Figure 2 shows the proposed parallel-connectedASEAC converter. The proposed AC-AC converter
consists of two converter blocks: converter-1 amdhverter-2. In the proposed AC-AC converter, the
bidirectional switches are controlled by two phakek pulses as shown in Figure 2. By shifting pirase of
clock pulses in the converter blocks, the prop@s@eAC converter achieves small ripple noise.

In the converter block, the input AC voltage isided by the capacito€; (or C3) and C, (or C,). By
swapping the connection @f; (or C3) andC, (or C,), the voltages o€, (or C3) andC, (or C,) are averaged.
Therefore, the proposed converter offers the falgveonversion ratios:

1
Vout :Evin . (2)
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Unlike the conventional converter of Figure 1, pneposed converter has no flying capacitors. feurtiore,
as you can see from Figure 2, the proposed comisatea symmetrical topology.

Therefore, the proposed AC-AC converter can a&hiegt only fewer capacitors but also smaller SC

resistance than the conventional AC-AC convertérc@drse, by increasing the number of stages, tbpgsed
AC-AC converter can enhance flexible conversioiosat

Converter-1

§T1§T2§T3<_»

S S S S

Fig. 2: Proposed SC AC-AC converter.

lin 1 :m
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T

Fig. 3: Four-terminal equivalent model.

Vin

Theoretical Model:
As an example, the characteristics of the prop@g@edAC converter are analyzed in a conversion rafio
1/2 theoretically. In the theoretical analysis, %@ input is assumed as a staircase AC wavefororder to

estimate the maximum power efficiency and the maxmoutput voltage. For the staircase AC wavefoima, t
proposed AC-AC converter behaves like a DC-DC camrveTherefore, we can analyze the proposed AC-AC
converter by using a four-terminal equivalent magl@wn in Figure 3, because it is known that anD&EDC
converter can be expressed by a K-matrix (Egethil 2009). In Figure 3R is called the SC resistance and

m, denotes the conversion ratio of an ideal transéoriim the theoretical analysis, these parametersierived
by using instantaneous equivalent circuits.

Figure 4 shows the instantaneous equivalent ¢g@iiFigure 2 in the conversion ratio of 1/2. ligw¥e 4,
R.n denotes the on-resistance of switches. In thelgtstate, the differential value of electric chargeC, (k=1,
2, ..., 4) satisfies the following equation:

iAq{ =0, (3)

whereAgr ((i=1, 2, ..., 4) andk=1, 2, ..., 4)) denotes the electric charge ofktle capacitor in Stat@:.
The interval of Statd; satisfies the following conditions:

4
T:ZTi and le...:TA:%, (4)

i=1

whereT is a period of the clock pulse amd(i=1, 2, ..., 4) is the interval of Stafie-

In StateT,, the differential values of electric charges ia thput and output terminal&gry vin aNAdAGr1 vous
are obtained as

StateT;:  Ady, =Adg +Agy
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and g, = -+, + A, ~q ©
where Ag;, =Ag; andAg; =Adg .

On the other hand, in Stale; Tz, andT,, the differential values of electric charges ie thput and output
terminals are obtained as

StateT,:  Aq,,, =Ad, +Ad,

and Ady, = ~Ady, +Ad;, ~Adg, +Ad;,, ©
where Agr, =Aqg;, and Ag;, = Ady, .

StateT; Agy, . =Adp +AG

and Ady,, = Aoy, —Ag; - Ay +Ady Q)

where Ay =Ad;, and Ag; = Ay, .
StateT,:  Ady,, =Adg;, +Ady,
and Ady, ,,, =Ady, ~Adg, +Ad;, ~Ady, , ®)
where Agr, = Aqg;, and Agy, = Ady, .
Furthermore, the instantaneous equivalent cigatisfies the following conditions:
Ay =Ady,, Ady; =Ad,, 9
Agr, =Adr, ., Ady, =Ady,
Aoy, =Ady, . Adr, =Ad,
Agr =Ag;, and Agp =Adg,
because the proposed AC-AC converter has a synealestructure.

. c Rz | Ron ! (53 Ron
" Tﬂ?i} Cﬂ;;% wf @ Mi} %_T
Ron Ron
lAqmw VDLME\«- |
A.q?:wa. % ‘r%ﬂm AQ'T":VH % H
Ron
T o] T T
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Vo l AGDy ot Vol ﬂ““
(e) @

Fig. 4: Instantaneous equivalent circuits: (a) Sthte(b) Statet,, (c) Statet; and (d) Statd.

Using (5) and (8), the average input current dedalverage output current can be expressed as
. _Aaqg, 13
| =—— = E
in T T qT Vin

i=1

and i, A0, —liAq (10)
T T ~ Ti Vout "

In (10), Agyin and Ag,oy @re electric charges W, andv,,, respectively. Substituting (3)-(9) into (8), we
have the relation between the input current anathput current as follows:

iin = _%iout . (11)

From (11), the conversion ratio in Figure 4 isadied asn=1/2.
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Next, in order to derive the SC resistaigg the consumed energy in one period is discussedi Figure
4, the consumed enerdy; in one period can be expressed as

4
WT = ZWTi = 4.VVTl , (12)
i=1
where
(aat f (a2
W, =—"—2R +——2
h = Ry 2R,
2 2
(a2 (n;)
+———2R, +—=2R,,.
T 2Rat T 2R,
Using (3)-(9), the consumed energy (12) is reemiths
Aq,, f
Here, the consumed energ¥ of the four-terminal equivalent circuit shown iigére 4 is obtained as
Ag, P
WI' = RSC#' (14)
Therefore, from (13) and (14), we have the SGstastces as follows:
Re =3 (15)

By combining (11) and (15), the parameters in Fédliare obtained as;=(1/2) andRs=(R,/2). Therefore,
the equivalent circuit of the proposed AC-AC cottieecan be expressed by the following determinant:

[IV } i B 1?2}[5 Ronl/z}{—v |} ' (16)

From (16), the maximum efficiency and the maximaunput voltage can be derived as follows:

_ RL
/7max - RSC + RL
and VOU[ max =( RL J(Vij : (17)
N Rect RN 2

Of course, the step-up mode can be analyzed bgaime method. Table 1 shows the comparison between
the proposed AC-AC converter and the conventior@AC converter. As Table 1 shows, the on-resistarice
the proposed AC-AC converter is smaller than thahe conventional AC-AC converter. In other wortise
proposed AC-AC converter can achieve higher po\ff@iency than the conventional AC-AC converter.

Table 1: Comparison of the SC resistances.

Conversion ratio 2% 12 x

Proposed converter 2R, %
Conventional converter 8R,, 2R,
Parallel-connected conventional converter 4R, R,

Simulation:

To investigate the characteristics of the propoA€JAC converter, SPICE simulations are performed
concerning the proposed AC-AC converter of Figuesng the conventional AC-AC converter of FigureTthe
SPICE simulations are performed under conditioaswh= 220V@50HzC, = ... =C; = 33uF, R, = 0.8, T
=10Qus, andT; = ... =T, = bus.

Figure 5 demonstrates the simulated no-load ouiplihge. As Figure 5 shows, the proposed AC-AC
converter can offer not only stepped-down voltalges also stepped-up voltages. Figure 6 demonstihtes
simulated power efficiency as a function of thepamitpower. As Figure 6 shows, the power efficientyhe
proposed AC-AC converter is higher than that ofdbeventional AC-AC converter. Concretely, in tlase of
the 1/2x step-down conversion, the proposed AC-AGverter can improve power efficiency about 18%iro
the parallel-connected conventional converter wihenoutput power is 3kW. In a range from 0.1kW kX,
the proposed AC-AC converter can achieve more 8@ efficiency. On the other hand, in the casenefax
step-up conversion, the proposed AC-AC convertariggrove power efficiency about 12% from the platal
connected conventional converter when the outpwepds 10kW. In a range from 0.5kW to 18.5kW, the
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proposed AC-AC converter can achieve more than &Wéiency. Of course, the power efficiency of the
proposed AC-AC converter depends on the on-resistaf bidirectional switches, clock frequency, cpa
values, and so on.

Figure 7 demonstrates the input power factor &snation of the output power. As Figure 7 shows th
input power factor of the proposed AC-AC convertehigher than that of the conventional AC-AC catere
Concretely, in the case of the 1/2x step-down crgior, the proposed AC-AC converter can improve grow
factor about 0.28 from the parallel-connected catigeal converter when the output power is 3kW. Trput
power factor of the proposed AC-AC converter is entiran 0.8 when the output power is higher thaBKW&
On the other hand, in the case of the 2x step-doewnversion, the proposed AC-AC converter can imgrov
power factor about 0.08 when the output power ikWLOThe input power factor of the proposed AC-AC
converter is more than 0.8 when the output powhigker than 2.5kW.

Vin
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Fig. 5: Simulated output voltage: (a) 1/2x step-down d)k step-up.
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Fig. 7: Simulated input power factor as a function of atigpower: (a) 1/2x step-down and (b) 2x step-up.

Conclusion:

For electric power applications, a parallel-connedSC AC-AC converter has been proposed in thiepa
The feasibility and effectiveness of the propos&itAC converter were confirmed by SPICE simulatiansl
theoretical analysis. The results of this studyaaréollows:

1. In the case of the 1/2x step-down conversibe, giroposed AC-AC converter can improve power
efficiency about 18% when the output power is 3kdh the other hand, in the case of the 2x step-up
conversion, the proposed AC-AC converter can impnpewer efficiency about 12% when the output power
10kW. As these results show, the proposed AC-ACvedar can achieve higher power efficiency than the
conventional AC-AC converter.
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2. In the case of the 1/2x step-down conversioa,proposed AC-AC converter can improve power facto
about 0.28 when the output power is 3kW. On themtand, in the case of the 2x step-down conversien
proposed AC-AC converter can improve power factooud 0.08 when the output power is 10kW. As these
results show, the proposed AC-AC converter canexehhigher power factor than the conventional AC-AC
converter.

The experiment concerning the proposed AC-AC cdavés left to a future study.
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